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Physical, geochemical and biological observations across the Tasman Front off southeast

Australia provide the first detailed view of the relationship between physical forcing and

biological properties within the frontal system. At the beginning of the austral spring of

2004, high resolution measurements were taken using a CTD and a towed undulating

vehicle along transects perpendicular to the Tasman Front at 152�000E, 153�000E and

153�300E. The front was characterised by a sharp surface gradient in physical and

biological properties and a sub-surface intrusion of low-salinity water. In general the

surface temperature changes across the front from 19 �C in the Coral Sea waters to the

north to 17 �C in the Tasman Sea waters over �10 km. Over the same distance we

observed (1) an increase of the mixed layer depth from �40 to �100 m; (2) a 3–8-fold

increase in the depth-integrated chlorophyll; (3) an order of magnitude increase in

biovolume of particulate matter in the size range of 357–2223mm; (4) a 2-fold increase

in filtered particulate organic matter; (5) a 3% increase in d13CPOM; and (6) a 4%
increase in d15NPOM. The particulate matter in the warmer Coral Sea waters is well

approximated by a linear fit of the normalised biomass size spectrum (NBSS) with a

slope of between �0:95 and �0:99, while the Tasman Sea waters have a more non-linear

and less negative (�0:59 to �0:8) spectrum. The low-salinity intrusion that penetrates

to within 40 m of the surface between the Coral Sea and Tasman Sea waters is

biologically unproductive, with low oxygen, fluorescence and particulate matter counts.

The unproductive low salinity intrusion of the Tasman Front contrasts with the highly

productive intrusion observed at the Gulf Stream Front off Cape Hatteras, USA.

Observations are consistent with Coral Sea and Tasman Sea waters being found in close

proximity with steep gradients in biological properties across the front suggesting

minimal cross-front mixing. North of the front, the stratified, oligotrophic Coral Sea

waters are relatively unproductive, while the vertically well-mixed waters south of the

front exhibit strong biological activity.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The physical properties of the waters off southeast
Australia are dominated by the presence of the East
ll rights reserved.

+612 9385 7123.

).
Australian Current (EAC), a strong western boundary
current that advects Coral Sea waters southward. A second
water type, Tasman Sea water, is found south of the Coral
Sea water. The interface between these two water types,
the Tasman Front, was identified in the 1970s (Denham
and Crook, 1976; Stanton, 1979).

The Tasman Front is characterised by strong thermal
gradients that produce significant along-front velocities.
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This eastward flowing jet lies between 31�S and 37�S and
begins at the separation point of the EAC at approximately
31�S (Mulhearn, 1987; Grant and Dickens, 2002; Roughan
and Middleton, 2002). The jet forms 1–3 meanders,
which periodically (2–3 times a year) pinch to form large
warm-core eddies.

While there has been a number of physical studies,
both observations (Stanton, 1979; Mulhearn, 1987) and
modelling (Oke and Middleton, 2001; Tilburg et al., 2001),
and even a significant number of paleo-oceanographic
studies of marine sediments of the Tasman Front (Grant
and Dickens, 2002), there have been few biological
observational studies. Those that have been conducted
have related the physical features of the front directly to
properties of the fish communities (Griffiths and Wadley,
1986). No detailed measurement of the biogeochemical
properties of the Tasman Front and their links to physical
processes has been undertaken.

A process-oriented view of the links between physical
and biological properties has been undertaken for other
frontal systems such as the Carribbean–Atlantic Front
(Corredor et al., 2003), a front in the Agulhas Current
system (Llido et al., 2004) and the subtropical front in the
Indian Ocean (James et al., 2002). At a fourth front, the
Azores Front, detailed measurements have shown a strong
link between physical properties and the spatial distribu-
tion of chlorophyll a and primary productivity (Fernández
and Pingree, 1996); an abrupt change in the phytoplank-
ton size spectrum, associated with more than an order of
magnitude increase in the 28–72mm size fraction (Kahru
et al., 1991); and an increase in the standing crop and
changes in the vertical distribution of the micronekton
(Angel, 1989). The large changes in physical properties
across the Tasman Front are also likely to cause significant
changes in biogeochemical properties (Bakun, 2006).

Of particular interest is the studies of fronts in western
boundary current systems. Intensive observational studies
have been undertaken of the Gulf Stream Front off Cape
Hatteras, USA. These studies have identified the front
as the boundary between continental shelf waters and the
Gulf Stream. Additionally, low-salinity waters from the
continental slope have been observed to form an intrusion
between the two water masses (Ford et al., 1952;
Lillibridge et al., 1990; Churchill and Berger, 1998), in
some cases reaching the surface. The low-salinity intru-
sion has been observed to be associated with elevated
primary production, as demonstrated by high fluores-
cence and oxygen levels (Lillibridge et al., 1990).

The entrainment of continental shelf waters into the
EAC has also been observed (Tranter et al., 1986;
Cresswell, 1994). However, without high resolution sur-
veys of temperature and salinity at the Tasman Front, no
observation of a low-salinity intrusion of shelf waters
between Coral Sea and Tasman Sea waters has been
published. Numerical models have suggested the possibi-
lity of such an intrusion. Roughan et al. (2003) followed
particle trajectories along density surfaces for an annual
climatology of the waters off southeast Australia. Some
trajectories are uplifted onto the shelf with the potential
to become part of the Tasman Front. Additionally, Baird
et al. (2006) released a time-dependent tracer at depth in
a simulation of wind-driven flow and showed that
offshore fronts associated with an EAC meander/warm
core eddy contained water initially uplifted on the shelf
(Fig. 13, Baird et al., 2006). However neither model has
sufficient resolution to resolve an intrusion of the fine
scale observed in the Gulf Stream.

The aim of this paper is to present high-resolution
observations of physical and biological properties of the
Tasman Front in order to understand the physical–biolo-
gical coupling in this undersampled region. This paper
analyses the biological observations taken from R/V
Southern Surveyor cruise SS0408 along three sections
perpendicular to the Tasman Front at its western end in
the early austral spring of 2004. Observations include
biogeochemical properties such as nutrient concentra-
tions (NO3, PO4, Si), oxygen, fluorescence and chlorophyll,
as well as particulate size distribution in the zooplankton
size range, surface particulate matter (PM) stoichiometry,
and d15NPOM and d13CPOM isotopic signatures across the
Tasman Front. Particulate size distributions, often char-
acterised by the normalised biomass size spectrum (NBSS)
(Zhou and Huntley, 1997) or the Pareto distribution
(Vidondo et al., 1997) indicate the behaviour of the
macrozooplankton component of the food chain. Isotopic
signatures, in particular that of d13CPOM, can indicate
changes in cell size structure or growth rate of the
phytoplankton community (Bidigare et al., 1999). This
combination of observations provides a broad view of
the lower trophic levels of a pelagic ecosystem and sheds
light on the relationship between physical forcing and
biological response.
2. Methods

2.1. Study site

The cruise took place at the beginning of the austral
spring, in September 2004. The evolution of the EAC
during this time can be approximated using the BlueLink
Reanalysis (Fig. 1). In mid-August 2004, the poleward
extension of the EAC was strong while the Tasman Front
extension was relatively weak. On 29 August a significant
meander of the EAC had formed around 34�S 154�E. By the
5 September the poleward extension of the EAC had
weakened and the EAC was dominated by the Tasman
Front extension. The water at the Tasman Front from 152.5
to 153:5�E had originated from the shelf break a few days
earlier. The Tasman Front appears to be a point of
convergence, with water originating from both the
separation point at 32�S and from off Sydney at 34 �S.

A complementary view of the sampling area on 5
September can be obtained using observations alone
(Fig. 2). The Tasman Front, the interface of Coral Sea and
Tasman Sea waters, here defined by the 18 �C contour at
the surface, meanders about 34�S, with a large intrusion
northward at 157 �E. The geostrophic velocities (based on
sea-surface elevation) suggests that the cooler region to
the south has a closed clockwise rotation resulting in
some transects with a northward component, and some
with a southward component. The cooler region had been
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a coherent cold-core eddy propagating slowly northwest
for approximately a month.

The along-front velocity recorded by shipboard ADCP
was generally found to be in geostrophic balance with the
across-front density gradient. Across the three sections of
the front, the along-front velocity was directed towards
the east. The observed current was weakest at Section 3
(across the continental slope) with a maximum observed
along-front current of 0:4 m s�1 flowing towards the
northeast. At Sections 1 and 2, the along-front current
was directed eastwards with the current maximum
between 1.0 and 1:1 m s�1.

A time series of the evolution of sea-surface tempera-
ture, elevation and calculated geostrophic velocities deter-
mined from satellite measurements can be viewed at http://
www.marine.csiro.au/remotesensing/oceancurrents.

2.2. Sampling strategy

Three sections were sampled along transects perpen-
dicular to the Tasman Front over a three-day period in
September 2004 (Table 1).

Section 1 along 153:5�E was first sampled using the
CSIRO towed device called the Bunyip (a highly modified
SeaSoar supporting a CTD and optical plankton counter,
OPC) in a southward direction over a distance of 45 km.
Eight hours later the southern 20 km of the Bunyip transect
was sampled using the CTD, again travelling to the south.
22 Aug 2004

Temperature [°C] Temperature [°C]

100 km d−1 100 km d−1
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151E 1
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Fig. 1. Temperature and velocity fields from the Bluelink Ocean Data Assimilati

applied to a global ocean general circulation model with a 10 km resolution arou

prior and at the time of the field sampling program. The solid white line is the 2

length of the arrow gives the distance travelled in one day.
Section 2, along 153�E, was sampled twice during the
cruise, but only the second sampling will be detailed in
this paper. Section 2 was sampled using the Bunyip in a
northward direction, followed 7 h later by a CTD transect
in a southward direction. Both transects are 18 km long.
The CTD transect is well centred on the front, while the
Bunyip transect was centred slightly north of the front.

Section 3, at approximately 152�E, was undertaken in
an NNW-SSE direction to be perpendicular to the front.
Section 3 was sampled by the Bunyip in a NNW direction
over a distance of 35 km, and then 4 h later by a CTD
transect over a distance of 20 km in an NNW direction.

During the CTD transects, fluorescence, temperature,
salinity and oxygen were electronically measured, and
nutrients (NO3, PO4, Si) and bottle oxygen taken at the
surface and depths of 25, 50, 75, 100, 150, 200, 250, 400
and 500 m. Nutrient analysis followed techniques de-
scribed in Cowley et al. (1999) and has an approximate
accuracy of 0:02mM. Filtered PM samples were taken at
the surface of each of the CTD stations. The Bunyip varied
between the surface and 120 m and sampled temperature,
salinity, and, using an optical plankton counter, the size
distribution of PM.

2.3. Chlorophyll a analysis

Water sampled for chlorophyll a analysis was spiked
with 1 ppt saturated MgCO3 solution and filtered through
Temperature [°C]

100 km d−1

 2004

53E 155E

05 Sep 2004

151E 153E 155E

24 14 16 18 20 22 24

on System (version BRAN2.1), an ensemble optimal interpolation system

nd Australia (Oke et al., 2005). Fields are given for 2 weeks prior, 1 week

00 m isobath. Current arrows are in km d�1 (1 m s�1 ¼ 86:4 km d�1). The

http://www.marine.csiro.au/remotesensing/oceancurrents
http://www.marine.csiro.au/remotesensing/oceancurrents
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Fig. 2. Synoptic ocean properties on 5 September 2004. Left—Sea level anomaly (surface colour) and atmospheric pressure (white contours). Right—Sea

surface temperature (SST) averaged over a 9 day period (surface colour), geostrophic velocity (black arrows) and sea level (white contours). The locations

of the sections are shown in the bottom right of the right panel. Courtesy of David Griffin at CSIRO.

Table 1
Details of the instrument deployments in chronological order

Section Transect Start Finish

1 Bunyip 3rd 2155 33�230S 153�300E 4th 0050 33�460S 153�300E

1 CTD (7–12) 4th 0838 33�360S 153�300E 4th 1535 33�460S 153�300E

2 Bunyip 4th 1920 33�410S 153�000E 4th 2038 33�310S 153�000E

2 CTD (13–18) 5th 0544 33�340S 153�000E 5th 1302 33�440S 153�000E

3 Bunyip 5th 1857 34�050S 152�060E 5th 2130 33�500S 151�500E

3 CTD (19–23) 6th 0146 33�580S 151�580E 6th 0617 33�500S 151�500E

CTD station numbers are given in brackets. Days in September 2004. Time is local (Sydney) Eastern Standard Time.
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a 47-mm diameter, 1.2-mm glass fibre filter under low
vacuum within 30 min of collection. Filters were then
folded, blotted dry, wrapped in aluminium foil and stored
at �20 �C until analysis. Chlorophyll a concentration was
calculated using the method of Jeffery and Humphrey
(1975). The samples were primarily taken at the surface
and used for the calibration of the CTD fluorometer
(fluorescence ¼ 4:6639ðChl aÞ þ 52:6655, r2 ¼ 0:73).
2.4. Particulate matter

Size-resolved PM (organic and inorganic) was mea-
sured using an optical plankton counter (OPC). The OPC is
a Focal Technologies Corporation Model OPC-2T with a
sampling aperture of 2� 10 cm. The OPC optically
measures the equivalent spherical diameters (ESDs) of
particles that pass through the instrument with a 250-Hz
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sampling rate and records the number of counts every
0.5-s interval. The particle sizes are recorded digitally into
4096 bins with a width varying between 5 and 15mm.

The calculations of the total biovolume (volume of
biological material per m3) and the size distribution of
particles are based on a running average of the counts in a
particular size class over 6 s. The volume of flow through the
OPC is based on distance measured over a 6-s interval. The
choice of time interval is a trade-off between a larger time
period to obtain a higher particle count to accurately
estimate the size distribution, and a shorter time period to
provide better spatial resolution. The spatial averaging is
along the instrument trajectory perpendicular to the front.
The optical plankton counter was mounted on the Bunyip
which moved vertically as it passed through the frontal
zone. As the Bunyip’s vertical velocity is approximately
1 m s�1, a long-period averaging most affects vertical
resolution. A 6-s interval provides the best spatial resolution
of size distribution for water with a biovolume of
40:5� 10�6 m3 m�3. The biovolume for much of the Coral
Sea waters is so low that no sensible size-distribution data
can be spatially resolved. Instead, size distribution was
averaged for the length of the path of the towed device
through surface Coral Sea water. For comparison, a similar
averaging was undertaken of surface Tasman Sea water data.

For Section 1 the flow meter on the OPC was not
operating so flow through the instrument was estimated
using the across-ground velocity of the ship and a
correction based on the local velocity measured using
the ship acoustic Doppler current profiler. Based on
comparing this calculated flow with the observed flow
through the instrument as measured when the flow meter
was operating on Sections 2 and 3, the estimated flow is
within 20% of the actual flow.

The distribution of biomass with size is analysed using
two idealised distributions: the NBSS and the Pareto
distribution. Following Platt and Denman (1977), the
normalised biomass bðwÞ is the total biomass bðwÞ in the
size class characterised by weight w divided by the width
of the size class Dw:

bðwÞ ¼
bðwÞ

Dw
(1)

The slope of the NBSS is given by

S ¼
q lnb
q ln w

� �
(2)

where the bar represents a linear fit of the difference for
sizes X420mm. To calculate the NBSS, the raw binning by
the instrument was further binned into nominal bin sizes
with ESDs of 106, 208, 312, 420, 531, 645, 761, 880, 1001,
1123, 1247, 1373, 1501, 1630, 1760, 1891, 2024, 2158, 2292,
2248, 2565, 2703, 2842, 2981, 3122 and 3263mm. The
limits of these bins are 75, 142, 249, 357, 468, 582, 698,
816, 936, 1058, 1182, 1307, 1434, 1562, 1692, 1823, 1955,
2088, 2223, 2358, 2495, 2632, 2770, 2910, 3050, 3191 and
3332mm. For more details see Suthers et al. (2004, 2006).
The lowest three size bins showed anomalously low
counts and are assumed to be below the detection limit
of the instrument. Bins are included only up to, but not
including, the first bin to record a zero count.
The Pareto distribution has a probability density
function defined as (Vidondo et al., 1997; Cavender-Bares
et al., 2001):

pdfðsÞ ¼ ckcs�ðcþ1Þ (3)

where s is the size of the particle (such as the weight class,
w), and c and k are the distribution’s shape and scale
parameters, respectively (Vidondo et al., 1997). The main
advantage of the Pareto distribution in this application is
the insensitivity of analysis to the presence of the zero bin
readings, which is a problem in the calculation of the
NBSS from large size classes with finite sample volumes.
An efficient estimator of�c is the slope of the logarithm of
the probability that a particle of random volume W will
exceed a size w, log10 Prob(WXw), against log10 w. The
slope of the NBSS is an unbiased, but inefficient, estimator
of �c (Vidondo et al., 1997). As a result, within the
limitations of the data, and its fit to a Pareto distribution,
the slope of the NBSS should be approximately equal to
the slope of log10 Prob(WXw) against log10 w. The OPC
records the time and size of each particle detected,
allowing the Pareto distribution to be calculated without
further binning of the raw digital signal that is necessary
for the NBSS.

In this paper, the slope of the NBSS and the shape
parameter of the Pareto distribution are presented for
surface Coral Sea and Tasman Sea waters at each transect.
For the spatially resolved view of size distribution, only
the shape parameter of the Pareto distribution is shown.
The plots of the Bunyip transects were obtained by linear
interpolation of the data onto an along-transect depth grid
with a vertical resolution based on the change in depth
during the 6 s over which samples were averaged and a
horizontal resolution based on the distance between the
descents and returns to the surface.

2.5. Surface particulate organic matter (POM)

Samples of particulate matter were taken to determine
concentrations of particulate organic carbon (POC), parti-
culate organic nitrogen (PON), and the d13CPOM and
d15NPOM isotopic signatures. Four litres of water were
sampled from just below the surface using the CTD bottles
and filtered on 47-mm diameter, 1.2-mm precombusted
(450 �C for 1.5 h) glass fibre filters under low vacuum
within 30 min of collection. The filters were frozen within
a further 30 min and kept frozen until analysis.

3. Results

3.1. Fluorescence, oxygen and nutrients

The temperature, salinity, fluorescence, oxygen and
nitrate (NO3) observations across the front from the three
CTD transects are shown in Figs. 3–5.

3.1.1. Section 1 (153:5�E)

Section 1 is characterised by a mixed-layer depth in the
Coral Sea waters of �25 m and a mixed-layer depth of
�80 m in the Tasman Sea waters (Fig. 6). A surface
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Fig. 3. CTD transect on Section 1 ð153:5�EÞ. North–south transect with Tasman Sea waters to the left (south) and Coral Sea waters to the right (north).

Panels show (A) fluorescence, (B) nitrate, (C) oxygen from the CTD (greyscale) and bottle oxygen (contours), (D) salinity (greyscale) and temperature

(contours). Fluorescence and CTD oxygen are 2 m depth averages from a lowered CTD instrument. Black triangles indicate the locations in the cross front

direction of the CTD stations. The bottle oxygen and nitrate are obtained from bottle samples from locations indicated by white dots. The transect was

undertaken in a southward direction from 0838-1535 on the 4th September Eastern Standard Time.
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fluorescence maximum is evident with a spatial dis-
tribution enclosed by the 35.6 salinity contour (Fig. 3A
and D). The depth-integrated chlorophyll increases from
8 mg Chl a m�2 in the Coral Sea waters to�60 mg Chl a m�2

in the Tasman Sea waters. High fluorescence corresponds
with low nitrate, a result of uptake by phytoplankton.
While the outcropping of 17 �C temperature and the 26.0
st contours (not shown) indicates the potential of
upwelling of deeper Coral Sea waters to the surface, the
steep salinity gradient suggests little advection of water
along these isopyncals. An intrusion of high nutrient, low
oxygen and low salinity can be seen between 50 and
100 m depth at the north end of the transect.

3.1.2. Section 2 (153�E)

The Section 2 transect has similarities with Section 1,
but the intrusion of low oxygen, nutrient rich water is
more pronounced. The depth-integrated chlorophyll is less
across the whole transect, ranging from 15 mg Chl a m�2 in
the Coral Sea waters to �40 mg Chl a m�2 in the Tasman
Sea waters (Fig. 4A). The high-nutrient, low-oxygen and
low-salinity intrusion is an approximately 10 m thick layer
about 5 km into the Tasman Sea waters at a depth of
�50 m (Fig. 4C).
3.1.3. Section 3 (152�E)

Section 3 contained the deepest mixed layers seen in
both the Coral Sea and Tasman Sea waters, with depths
as much as 120 m in the Tasman Sea waters (Fig. 6).
The mixed-layer depth in the Coral Sea waters is
between 25 and 50 m. The depth-integrated chlorophyll
increases from 11 mg Chl a m�2 in the Coral Sea waters
to �50 mg Chl a m�2 in the Tasman Sea waters (Fig. 5A).
The transect shows interleaving of water types with
an intrusion of low salinity (�35:3) water at 50 m
depth 5 km south of the centre of the transect.
Further interleaving is seen at 50 m depth 5–10 km
north and is characterised by low fluorescence (Fig. 5A),
low oxygen (Fig. 5C), and high nutrients (Fig. 5B).
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For further details see Fig. 3.
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3.2. Particulate matter (PM)

The size-distribution and slopes of the NBSS in the
surface mixed layer (depth o50 m) for the Tasman Sea
(defined as To18 �C) and Coral Sea (defined as T418 �C)
waters along the three sections are shown in Fig. 7. The
Coral Sea waters at Section 1 ð153:5�EÞ had the most linear
biomass size spectrum, with a slope of �0:99 (Fig. 7B). At
the other sections, Coral Sea water has a slightly non-
linear spectrum, with a small dome centred on an
equivalent spherical diameter (ESD) of 1001mm (Fig. 7D
and F) and slopes of �� 0:94.

In the Tasman Sea waters a dome centred at �1247mm
is most pronounced at Section 1 ð153:5�EÞ and produces a
slope of �0:59 (Fig. 7A). The dome is present in the other
transects (Fig. 7C and E) and results in slopes of the NBSS
of �0:72 and �0:78. Without the dome the slopes of the
NBSS in the Tasman Sea waters would be �0:08 less
negative. The correspondence between the Pareto dis-
tribution shape statistic and the slope of the NBSS is best
for the more linear spectra, as expected (Vidondo et al.,
1997).

The particle counts are sufficiently high in waters with
a biovolume above 0:5� 10�6 m3 m�3 to gain a spatially
resolved view of PM. Physical properties and measures of
PM from the three sections are graphed in Figs. 8–10. In
these figures, Panel A displays the salinity and potential
density, Panel B the total volume of PM in the size range of
357–2223mm, and Panel C the Pareto shape statistic,
which corresponds to the slope of the NBSS.

3.2.1. Section 1

At Section 1 there is high biovolume of PM immedi-
ately to the Tasman Sea side of the front (Fig. 8B). The PM
maximum is situated in slightly denser water than the
fluorescence maximum (Fig. 3A), a result of the PM
maximum being slightly below the fluorescence max-
imum (Fig. 8).

The Pareto shape statistic (Fig. 8C) takes a value
between �1:0 and �0:5 in the Tasman Sea waters. In the
few Coral Sea regions with high counts the range is
between �1:25 and �0:95. In general the flattest slopes
(least negative) occur in regions of high biovolume. The
intrusion of low-salinity water (o35:55 in Fig. 8A)
contains very low biovolume (o0:5� 10�6 m3 m�3), and
no sensible shape statistic could be obtained (Fig. 8C).

3.2.2. Section 2

The spatial distribution of physical and PM properties
on Section 2 (Fig. 9) look similar to Section 1 (Fig. 8, noting



ARTICLE IN PRESS

0

50

100

150

200

250

300

P
re

ss
ur

e 
(d

ba
r)

Fluorescence (dimensionless)

34
38
42
46
50
54
58
62
66
70
74

Nitrate (mmol m−3)

0
2
4
6
8
10
12
14
16
18
20

−505

0

50

100

150

200

250

300

P
re

ss
ur

e 
(d

ba
r)

O2: CTD (% saturation) and Bottle (mmol m−3)

cross front distance [km]

70
74
78
82
86
90
94
98
102
106
110

−505
cross front distance [km]

Salinity and Temperature (°C)

34.9
35
35.1
35.2
35.3
35.4
35.5
35.6
35.7
35.8
35.9

Fig. 5. CTD transect on Section 3 (approximately 152�E). The transect was undertaken in a northward direction from 0146-0617 on 6 September eastern

Standard Time. For further details see Fig. 3.

M.E. Baird et al. / Deep-Sea Research I 55 (2008) 1438–1455 1445
the reduced overall length of Section 2). One significant
difference is the low salinity intrusion is less diffuse in
Section 2 (Fig. 9A). The biovolume contours again
following density contours, obtaining the highest biovo-
lume of PM reached on the cruise of 6� 10�6 m3 m�3. As
with Section 1, the highest biovolume occurs between the
16:5 and 17:0 �C temperature contours.

3.2.3. Section 3

The Section 3 Bunyip transect was primarily in the
Tasman Sea waters and has higher biovolume of PM along
the 17 �C contour (Fig. 10). The biovolumes in the Tasman Sea
waters were less than those found at Sections 1 and 2 (which
are downstream of Section 3, but sampled earlier), and the
shape statistic of the Pareto distribution more negative.

3.3. Surface POM

The trends in surface POC, PON, and the d15NPOM and
d13CPOM isotopic signatures across each of the Tasman
Front sections are shown in Fig. 11. For comparison, the
distance is given as kilometres from the 18 �C contour. The
d15NPOM data from Section 3 contain two outliers, with the
samples from 15 km north and 3 km south of the 18 �C
contour being �20%. It is difficult to explain why the
enrichment is seen on the ends of the transect, but not in
the centre, and why it occurs without any signal in the
dissolved inorganic nutrient concentrations (Fig. 5B). POC
varies between 4 and 14 mmol C m�3 while PON varies
between 0.8 and 2:5 mmol N m�3 (Fig. 11). POC and PON
generally increase along transects from the Coral Sea
waters to the Tasman Sea waters. When fitted for all
transects, the gradients across the front of PON � 6.625
and POC are similar, 0.161–0.164 km ðmmol C m�3Þ

�1,
suggesting the changes in POM are occurring at the
Redfield (Redfield et al., 1963) ratio. The C:N ratio is
slightly below the Redfield ratio (Fig. 11). The isotopic
signatures of both d15NPOM and d13CPOM increase along the
transects from the Coral Sea waters to the Tasman Sea
waters (Fig. 11). Sections 1 and 2 have the clearest trend of
increased enrichment in d15NPOM and d13CPOM across the
front. When plotted against local variables temperature,
fluorescence, oxygen and nitrate, the clearest trend in
d13CPOM is with fluorescence (Fig. 12), with less clear
trends observed with the other variables.
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4. Discussion

4.1. General properties of Tasman Front

The Tasman Front between 152�E and 153:5�E in the
spring of 2004 was characterised by a surface temperature
change from 19 to 17 �C and potential density changes
from 25:5 to 26:0 kg m�3 over a distance of �10 km across
the front. A layer of low-salinity water was evident in all
transects, lying between the warm Coral Sea waters and
cooler Tasman Sea waters, and penetrating from depth to
within 40 m of the surface.

The Coral Sea waters are characterised by (1) mixed
layer depths of 25–50 m; (2) depth-integrated chlorophyll
of 15� 7 mg Chl a m�2; (3) less than 1� 10�6 m3 m�3

biovolume of PM in the size range of 357–2223mm;
(4) �5 mmol C m�3 filtered POM; (5) a slope of the NBSS of
between �0:95 and �0:99 with a relatively flat spectrum
and a small dome centred at an ESD of �1001mm and
(6) isotopic signatures of POM of d13CPOM ¼ �26% and
d15NPOM ¼ 6% (Table 2).

In contrast, Tasman Sea waters have (1) mixed layer
depths of 80–120 m; (2) depth-integrated chlorophyll of
56� 15 mg Chl a m�2; (3) up to 6� 10�6 m3 m�3 biovolume
of particulate matter in the size range of 357–2223mm;
(4) �8 mmol C m�3 filtered POM; (5) a slope of the NBSS of
between �0:59 and �0:8 with a significant dome centred at
an ESD of �1247mm and (6) isotopic signatures of POM of
d13CPOM ¼ �23% and d15NPOM ¼ 10%.

The contrasting physical properties and origins of the
two water masses drives these biological differences. At a
typical EAC speed of 1 m s�1, the Coral Sea water has been
advected from waters off tropical north eastern Australia
in the last 10–20 days, bringing oligotrophic stratified
waters south. As a result, nutrients and depth-integrated
Chl a are low, and the biomass size-spectrum is close to
the �1:0 typical of oligotrophic waters (Suthers et al.,
2006). In contrast, the sampled Tasman waters have been
circulating within a cold-core eddy for approximately a
month prior to sampling. The residence time within the
eddy is sufficiently long that the nutrients are generally
depleted resulting in a larger biomass of phytoplankton
than in the Coral Sea waters. The time within the eddy
may also have allowed a significant portion of the primary
production to be consumed by larger zooplankton,
explaining why a greater fraction of the zooplankton
biomass is found in larger size classes in the Tasman Sea
waters relative to the Coral Sea waters.

The intrusion of low-salinity water is characterised
by salinity of less than 35.5, and has similar salinity,
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nitrate and oxygen properties to water found at 60–80 m
on the continental shelf off Diamond Head (31�450S)
sampled on 7 September. The low-salinity water con-
tains low concentrations of chlorophyll and zooplankton
(or biovolume), but high concentrations of nitrate.
This water is typical of slope water that has been lifted
up onto the continental shelf through a combination
of physical processes such as wind stress, bottom
stress and topographic steering (Roughan and Middleton,
2002).

As mentioned in the Introduction, an intrusion of low-
salinity continental slope water has been observed in the
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Gulf Stream off Cape Hatteras (Churchill and Berger, 1998).
The biological properties of the low-salinity intrusion at
the Tasman Front contrast with the similar phenomena
in the Gulf Stream. The Gulf Stream intrusion is formed
from water that has resided on the generally wider,
shallower shelf and is known to penetrate to the surface,
resulting in high biological activity. In contrast, the
observed intrusion at the Tasman Front is biologically
unproductive, with unused nutrients. In part this is due
to slope waters originating from a deeper depth on
the southeast Australian continental shelf, and not reach-
ing the surface at the front. The sampling was also
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conducted in early spring, when primary productivity
at depth is more likely to be light limited. It may be
that under a different physical scenario (e.g. a stronger
EAC in summer) the low-salinity intrusion becomes
productive.
While the Coral Sea waters were relatively low in
phytoplankton relative to the Tasman Sea waters, the
opposite was true of larval fish. The Coral Sea waters
contain a greater diversity and biomass of larval fish than
the Tasman Sea waters. This finding, related to the sources
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of the different water masses, will be reported more fully
elsewhere.
4.2. Water mass analysis at Section 2

The oxygen, fluorescence, nitrate (from the CTD) and
biovolume (from the Bunyip) from Section 2 have been
plotted on a T–S diagram (Fig. 13). The TS plots using the
CTD electronic instruments (Fig. 13, oxygen and fluores-
cence sampling every 2 m) show the Tasman Sea water,
Coral Sea water and low salinity intrusion. The TS plot
from the Bunyip (Fig. 13, biovolume), with higher resolu-
tion in the horizontal, shows a broader region of water
mass mixing at the front.

The panels in Fig. 13 further clarify a number of points
made earlier. The slope water has a density of
1025.0–1025.6, which is intermediate between the Coral
Sea and Tasman Sea water. The biovolume TS diagram
shows that the highest biovolume occurs in the Tasman
Sea waters, albeit at the edge that mixes with the slope
and Coral Sea waters. The highest oxygen is in surface
waters (compare with Fig. 4C) composed of a mixture of
Coral Sea and Tasman Sea waters. While it is clear that the
Tasman Sea waters are more productive than Coral Sea
waters, proximity to the front also aids productivity.

4.3. Biological transformations

Particle volumes can be converted to carbon content
using 0:126� 106 g C cell�1

¼ 1 m3 cell�1 (Hansen et al.,
1997, Table 1), and nitrogen content using the Redfield C:N
ratio of 6:625 mol mol�1. To convert from biovolume
(m3 m�3) to biomass in nitrogen (mmol N m�3) divide
by 5:26� 10�5 m3 mmol N�1. The maximum biovolume
reached is 6� 10�6 m3 m�3, which corresponds to
12 mmol N m�3—approximately the dissolved inorganic
nitrogen concentration measured at 200 m depth. How-
ever, given that the biovolume measured is only within
the 357–2223mm size range, the highest biovolumes can
only be reached through mechanisms that concentrate
plankton, such as zooplankton vertical migration.
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Table 2
Summary of biogeochemical properties in the Coral Sea and Tasman Sea

waters

Coral Sea Tasman Sea

Mixed layer depth (m) 25–50 80–120

Depth-integrated Chl a (mg Chl a m�2) 1577 56715

Biovolume of particulate matter (m3 m�3) o1� 10�6 1� 6� 10�6

Particulate organic matter (mmol C m�3) �5 �8

Slope of the NBSS �0.95 to �0.99 �0.59 to �0.8

Centre of NBSS dome ðmmÞ �1001 �1247

Particulate organic matter d13CPOM ð%Þ �26 �23

Particulate organic matter d15NPOM ð%Þ 6 10
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The largest Chl a concentration measured was
3 mg Chl a m�3 (although 1 mg Chl a m�3 was more typical
for surface waters), which approximately corresponds to 9
and 12 mmol N m�3 for typical populations of 1 and 5mm
phytoplankton cells, respectively (Baird et al., 2004). The
concentrations of Chl a can be accounted for by utilisation
of deep nutrients without the need to invoke concentrat-
ing mechanisms such as positive buoyancy.
4.4. Comparison of sections

The shape of the salinity intrusion varies between the
three sections. At Section 3 (�152�E) the salinity intrusion
is a broad region north of the front at �100 m depth, with
a small pocket of pinched-off water found south of the
front at 30–50 m depth (Figs. 5C and 10A). At Section 2 the
intrusion is a thin, coherent layer that reaches to within
40 m of the surface (Figs. 4C and 9A). At Section 1 the
intrusion appears as a broad region like Section 3,
although the pinched-off water mass is absent (Figs. 3C
and 8A).

The along-front flow of the Tasman Front at the time of
sampling would move Coral Sea water from Section 3 to
Section 1 in about 5 days (Fig. 2). The two water masses
seen at Section 3 have been brought together within the
last few days (Fig. 2). At Section 3 the Tasman Sea waters
are moving eastward faster than the Coral Sea waters,
although this is reversed at Section 2 and 1, where the
Coral Sea waters are close to the core of the EAC.

At Section 3 in the Tasman Sea waters there appears
to be greater biovolume of particulate matter, and
more negative slope of the NBSS as measured by the
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OPC (Fig. 8B and C) and a higher concentration of the
filtered organic matter (Fig. 11) is present. This suggests
that the zooplankton community assemblage is changing,
perhaps as a result of growing to larger size classes,
resulting in greater biovolume in the larger bins. Conclu-
sions, however, of the origins of the differences between
sections are speculative, as the along-front distance
between transects is too great to get an adequate three-
dimensional view of the front or to account for any
inherent spatial variability or patchiness along the front.

4.5. Size distribution of particulate matter

4.5.1. Pareto distribution versus NBSS

Two measures of the size distribution of PM are
used—the Pareto distribution and the NBSS. The shape
parameter of the Pareto statistic and the slope of the NBSS
should be approximately the same, with the method of
the Pareto distribution being a more efficient means of
obtaining the same result (Vidondo et al., 1997). The NBSS
approach was tried using all non-zero bins, or using bins
only up to, but not including, the first zero bin. The use of
all non-zero bins produced a significantly different result,
with a tendency to less negative slopes at low biovolume
because points that would increase the negativity of the
slope were excluded. Of course, a zero reading is a result
in itself, and the exclusion of it from the analysis is
inappropriate. Furthermore, the Pareto distribution shape
statistic was more like the slope of the NBSS determined
using all bins up to, but not including, the first zero
reading, rather than the NBSS determined using all non-
zero bins. As a result, all analysis using the NBSS used data
only up to, but not including the first zero bin reading.

Comparisons of the two estimates using a 6-s sampling
period demonstrates that the two descriptions give
spurious results below a biovolume of 0:5� 10�6 m3 m�3.
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Above 0:5� 10�6 m3 m�3, the results are more similar if
the slope is close to �1, which coincides with the most
linear spectra. If indeed the biomass distribution follows
lines of st and is influenced by total biovolume, the Pareto
shape statistic appears to give a more resolved view of the
biomass distribution than the slope of the NBSS. The better
resolution probably arises as the Pareto distribution does
not lose information through the binning process, and is
not susceptible to zero counts in a particular bin.

4.5.2. Steepness of the slope

The slopes of the NBSS measured in the Coral Sea
waters have little variability and are in agreement with
measurements taken at Cato Reef in the southern Coral
Sea of between �0:95 and �1:3 (Suthers et al., 2006). This
is consistent with the view that oligotrophic regions have
relatively flat spectra around a typical value of �1 (Kerr
and Dickie, 2001).

The Tasman Sea waters have a less negative slope of
between �0:59 and �0:8. Slopes of the biomass spectrum
can take large ranges (Zhou, 2006 gives examples between
�0:6 and �1:5) depending on non-linearities in the
spectrum. Closer inspection shows that the less negative
slope is caused primarily by a dome at an ESD of 1247mm.
As pointed out earlier, the dome may be caused by the
movement of biomass to higher weight classes due to the
approximately 1 month the water has been circulating in
the cold-core eddy.

4.6. Isotope ratios

4.6.1. Carbon isotopes

Laboratory experiments demonstrate that the fractiona-
tion of carbon during assimilation by phytoplankton is a
positive function of phytoplankton growth rate and the
surface area to volume ratio of the phytoplankton cell, and a
negative function of the concentration of dissolved carbon
dioxide in the water column, CO2ðaqÞ (Popp et al., 1998).

The solubility of CO2 increases with decreasing
temperature, so the change in temperature from the Coral
Sea to the Tasman Sea waters alone should lead to a more
negative d13CPOM. However, the observed trend is opposite
to that expected from changing solubility of CO2ðaqÞ.

In nutrient-limited populations growth rate is a
positive function of nitrate. Increasing nitrate should
increase growth rate, producing less fractionated PM, as
observed. However, the correlation between nitrate and
d13CPOM is relatively weak (Fig. 12). A secondary biological
factor is the phytoplankton cell surface area to volume
ratio, SAVR (Popp et al., 1998; Baird et al., 2001). Larger
cells, with a smaller SAVR, fractionate d13CPOM less. In the
higher biomass, Tasman Sea waters, a shift in the
phytoplankton community to larger cells may account
for some of the d13CPOM decrease. A third biological
factor may be explained by high productivity in the
Tasman Sea waters. High productivity has the potential to
remove CO2ðaqÞ, leading to lower concentrations and a
more positive d13CPOM.

During the IronEX II experiment (Bidigare et al., 1999),
an enrichment of d13CPOM of approximately 2% was
associated with a change in phytoplankton d13Cphy of
4%, illustrating that a change in phytoplankton growth
rate or size distribution could easily account for the 3%
change in d13CPOM across the Tasman Front, without the
need to include the effect of a change in CO2ðaqÞ. In any
case, the d13CPOM trend across the front is the opposite to
the global average of increasingly negative d13CPOM

towards colder high latitudes (Michener and Schell,
1994), and appears to be influenced more by biological
rather than by physical processes.

4.6.2. Nitrogen isotopes

An enrichment of 2–6% d15NPOM is expected between
an animal’s diet, and the animal itself (Michener and
Schell, 1994). A relatively weak trend of increasing
d15NPOM is observed, which could suggest a different
initial source of nitrogen or perhaps that the PM in the
Tasman Sea waters was representative of 1–2 steps higher
in the food chain. Again, without more data, these are
speculative explanations. Size-resolved isotopic fractiona-
tion data could provide more insights, and may be
considered for future studies of the Tasman Front.

4.7. Summary

The Tasman Front off southeast Australia in the austral
spring of 2004 was characterised by a sharp surface front
of physical properties between Coral Sea and Tasman Sea
waters. An intrusion of low-salinity, continental slope
water lay between the two water masses and penetrated
to approximately 40 m depth. This represents the first
observation of a coherent layer of slope water within the
Tasman Front, and is observed as far as �150 km off the
continental shelf. The Tasman Sea waters were productive,
with high phytoplankton and zooplankton concentrations,
while the Coral Sea waters, and particularly the low-
salinity intrusion, were unproductive. The Tasman Front is
a physically dynamic region that separates two major
water masses and two very different biological regions.
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