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ABSTRACT: A ~60 yr physical and chemical data set
from 4 coastal stations around Australia plus remotely
sensed SeaWiFS and phytoplankton taxonomic data
were used to evaluate the temporal and spatial variation in phytoplankton ecology. The most consistent
trend observed at all stations was a long-term increase
in surface salinity of ~0.003 ± 0.0008 psu yr–1. All stations showed positive trends in temperature, with the
fastest surface warming (0.0202°C yr–1 over 60 yr) in
the western Tasman Sea. Long-term trends in warming and stratification were more evident in some
months and were not well characterized by annual
averages. There was no general pattern of increasing
stratification (0 to 50 m); only some stations and a
few months showed significant changes. Long-term
trends in surface nitrate and phosphate concentrations
were either not significant (3 instances) or positive
(5 instances) and were up to 6.1 nM phosphate yr–1. A
pronounced decline in silicate was evident at the 3 east
coast stations, with concentrations falling by as much
as 58 nM yr–1 over the last ~30 yr. The western Tasman
Sea experienced a ~50% decline in the growth rate
and biomass of the spring bloom from 1997 to 2007,
while other sites showed significant temporal variability in chlorophyll a that was associated with the Southern Oscillation Index (SOI). Diatoms tended to dominate the microplankton, especially during periods of
low stratification. In conclusion, the physical, chemical
and biological properties of Australian temperate
waters have changed considerably over the last 60 yr
in response to variation in the SOI and the strengthening East Australian Current.
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Resale or republication not permitted without
written consent of the publisher

*Email: peter.a.thompson@csiro.au

Sea surface temperature (SST) image showing southerly flow
of the East Australian Current (left); long-term increase in this
flow has led to more dinoflagellates and weaker spring blooms
(right) off SE Australia.
Image courtesy of P. Bonham, C. Rathbone, L. Bell (CSIRO)

INTRODUCTION
In their 2007 synthesis, the Intergovernmental Panel
on Climate Change (IPCC) used only 30 physical and
biological marine data series compared to 527 suitable
data series from terrestrial biological systems (Rosenzweig et al. 2007). As a result, the total number of significant biological changes identified in marine and
freshwater systems was < 0.3% of their terrestrial counterparts (Rosenzweig et al. 2007). While the high cost of
marine research and the IPCC’s stringent requirements
for data inclusion may explain the terrestrial bias, there
is a clear knowledge gap that the marine science community must address (Richardson & Poloczanska 2008).
The ocean has been the subject of a number of large,
© Inter-Research 2009 · www.int-res.com
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In the present study, we investigated temporal
cooperative international programs aimed at better unpatterns of physical and chemical properties and comderstanding processes including biogeochemical cypared them with local phytoplankton floristic data
cling and carbon flux (e.g. World Ocean Circulation Ex(where available) and satellite-derived estimates of
periment [WOCE], Joint Global Ocean Flux Study
chl a. The analyses were undertaken to examine the
[JGOFS]); however, there are very few long-term data
seasonal dynamics of the regions, to find evidence
series that can be used to evaluate the effects of climate
of long-term surface warming, increased strength or
variability or climate change. Three of the longest time
period of vertical stratification possibly resulting in a
series, Bermuda Atlantic Time Series (BATS), Hawaii
diminished nutrient availability in the euphotic zone,
Ocean Time Series (HOTS) and Ocean Station Papa
and to compare these with changes in phytoplankton
(OSP), are all based in the northern hemisphere and
biomass and composition.
in the deep (> 4400 m) ocean. They are therefore representative of only some ocean biogeochemical
provinces (Longhurst 1995, 1998) and may not be suitMATERIALS AND METHODS
able for assessing climate impacts in the coastal ocean.
Despite the general lack of marine baseline data, there
Oceanographic context. Like elsewhere in the
are some recent documented changes in phytoplankton
global ocean, primary production in Australian waters
dynamics including alterations to species distributions,
is regulated by physical processes that influence light,
phenology (annual bloom dynamics) and species comtemperature and the provision of nutrients; processes
position (Beaugrand 2004, Edwards & Richardson 2004,
that have broadly consistent latitudinal patterns (RudHays et al. 2005). Analysis of remotely sensed chlorojakov 1997). The Australian continent is unusual, with
phyll a (chl a) data from the global ocean has also
shown strong increases in biomass in some regions
(Gregg et al. 2005) and modelling suggests biomass
could decrease or increase depending upon location
(Sarmiento et al. 2004). These variations in biomass
could have flow-on effects including increased mismatches in reproductive timing (Cushing 1974) between predators and prey (Richardson & Schoeman
2004, Wiltshire et al. 2008). As phytoplankton are responsible for > 40% of global carbon fixation and are
the basis of marine food webs (Falkowski & Raven
2007), a decrease in the efficiency of trophic transfer
could reduce fisheries production (Chassot et al. 2007)
and impact biogeochemical cycling and
carbon export to the deep ocean.
The longest records to assess climate
impacts on temperate phytoplankton in
the southern Pacific and Indian Oceans
come from 4 monitoring stations around
Australia. Two monitoring stations (Port
Hacking 50 m and Maria Island) were
established in 1944, a third (Rottnest
Island) in 1951 and the fourth (Port Hacking 100 m) in 1953 (Fig. 1). Now in operation for over 55 yr, these data sets are well
suited to assessing changes in the physical and chemical properties of continental shelf waters and evaluating their
potential impacts on phytoplankton ecol- Fig. 1. Location of coastal monitoring stations (s) in temperate Australia where
ogy. For example, increased vertical measurements of temperature, salinity and nutrients were made at: ~0, 10, 20, 30,
stratification due to surface warming is 40 and 50 m, ca. monthly since ca. 1944 (see Tables 1 & 2 for specific details). Also
hypothesized to decrease the upwards shown are nearby locations where phytoplankton samples for pigments or cell
counts (m
n) were collected (see Table 3 for details) and areas (h) from which reflux of nutrients and cause a decline in motely sensed ocean colour data were obtained from NASA’s Goddard Earth
phytoplankton abundance (Scavia et al. Sciences (GES) Data and Information Services Center (DISC) via the GES-DISC
Interactive Online Visualization and Analysis Infrastructure (GIOVANNI) program
2002).
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poleward flowing currents along both east and west
coasts, transporting warm tropical ocean waters southward. The seasonality of the flow is different between
coasts, with the west coast Leeuwin Current transporting 2 to 3 Sverdrups (Sv) southward (at 32°S) in summer, rising to 5 Sv in winter (Feng et al. 2003), while on
the east coast the East Australian Current (EAC) flow
ranges from 7 Sv in winter to 16 Sv (at 28°S) in summer
(Ridgway & Godfrey 1997). Most of the EAC abruptly
turns east at ~32°S while about a third continues south
towards Tasmania and the Maria Island station (Fig. 1;
Ridgway & Godfrey 1997).
Significantly, the southerly flow of the Leeuwin Current suppresses upwelling (an unusual feature for an
eastern boundary current that results from poleward
flow) that would otherwise supply nutrients to the
surface and enhance productivity. As a result, phytoplankton biomass and primary production in southwest
Australian waters are relatively low compared to the
east coast, and show a winter rather than a spring maximum (Jitts 1969, Koslow et al. 2008). Interannual variability in Leeuwin Current flow and sea surface temperature is related to the El Niño–Southern Oscillation
(ENSO) phenomenon (Feng et al. 2003). In contrast,
waters of similar latitude on the Australian east coast
are approximately twice as productive (Jitts 1965) and
show a spring phytoplankton bloom with a second
bloom in late summer to early autumn (Humphrey
1963, Hallegraeff & Jeffrey 1993, Ajani et al. 2001).
Sporadic increases in primary productivity on the
southeast coast are the result of EAC activity that uplifts
nutrient-rich slope water onto the shelf and close to the
surface (Oke & Middleton 2001), sometimes in association with warm-core (Tranter et al. 1986) or cold-core
(Gibbs et al. 1997) eddy formation, often resulting in
coastal diatom blooms (Hallegraeff & Reid 1986).
Physical and chemical measurements at coastal stations. With some exceptions, the sampling frequency
at the 4 coastal stations ranged from ca. weekly to
monthly between 1944 and 2005 (Table 1). Generally

data gaps are few and relatively short (months) but
measurements of phosphate at Port Hacking were not
made from 1985 to 2003 and at Rottnest Island no data
were collected from 1956 to 1969 (Table 1). Analysis of
silicate concentrations commenced in the 1970s. Typically, discrete bottle samples were collected at 0, 10,
20, 30, 40 and 50 m depths (Table 1) and analysed for
salinity, dissolved oxygen and dissolved nutrients.
Most analytical methods evolved from manual (Major
et al. 1972) to automated (Cowley et al. 1999) during
the ~60 yr and the precision improved. Temperature
was measured using reversing thermometers mounted
on the sides of the sampling bottles with a precision
better than ± 0.02°C. Bottle samples were analysed for
salinity with precision better than 0.003 psu, originally
by chemical analysis but for most of the data set by
conductivity, currently with a Guildline Autosal™ 8400B
instrument. Measurement of dissolved oxygen was by
Winkler titration with precision better than 6 µM. Analytical techniques for nitrate and/or nitrite (Wood et al.
1967), silicate (Murphy & Riley 1962) and phosphate
(Armstrong 1951) were originally manual but adapted
for automation and are currently performed using
Quick-Chem™ methods on a flow injection LACHAT®
instrument. Data for all 4 coastal stations can be
downloaded from the CSIRO Marine and Atmospheric Research Data Trawler (www.marine.csiro.au/
warehouse/jsp/loginpage.jsp). Profiles of temperature,
conductivity and chl a by fluorescence were commenced in 1997 using a Sea-Bird SBE25 at the Port
Hacking stations by the New South Wales (NSW)
Department of Climate Change.
Phytoplankton data. Phytoplankton species data were
collected near Maria Island, Rottnest Island (Fig. 1) and
at the Port Hacking 100 m station (PH100m) during independent sampling programs, but all with only limited
temporal coverage (Table 2). In the case of Rottnest Island, the phytoplankton data are from the mouth of the
Swan River Estuary (Blackwall Reach, ~34 km away)
which is fully marine during late summer (Thompson

Table 1. Summary of coastal monitoring station locations used to examine long-term changes in physical and chemical ocean
properties. Sampling was approximately monthly, although occasionally some higher frequency observations were obtained.
Note change in sampling depths for the Port Hacking 100 m station in 1985
Location

Maria Island
Port Hacking 50 m
Port Hacking 100 m
Rottnest Island
a

Depths sampled (m)

Start
(year)

End
(year)

Latitude
(°S)

Longitude
(°E)

0, 10, 20, 30, 40, 50
0, 10, 20, 30, 40, 50
0, 10, 20, 30, 40, 50, 75, 100 (to 1985)
0, 10, 25, 50, 75, 100 (to 2005)
0, 10, 20, 30, 40, 50

1944
1944a
1953a

2005
2004
2005

42.6
34.1
34.1

148.2
151.2
151.3

1951b

2001

32.0

115.4

Gap in PO4 measurements from 1985 to 2003
b
Gap in nutrient measurements from 1957 to 1968; measurements recommenced in 1970

113.5–114.5
113.5–114.5
Integrating tube
0–6 m

30 fields of
view or 400 cells
sample–1

1994–2007

Weekly
(649)

32.1

115.8
Swan River,
Blackwall Reach
Near Rottnest
Island

29–31(N)
31–33(S)

151.2–151.3
(50 m)
151.3–151.4
(100 m)
34.1
Variable
(24)
1997–2002
(sampling
continued but
not analysed)
First 100 cells
Vertical haul
(0.2 m diam.,
35 µm mesh
net over 100 m)

43.3
Variable,
ca. weekly or
monthly (631)
1996–2005
30 fields of
view or 400 cells
sample–1 + HPLC
pigments
Integrating
tube 0–12 m

151.3
At Port Hacking
100 m station
Port Hacking
100 m

34.1–34.2
(50 m)
34.1–34.2
(100 m)

148.2–149.0
42.2–43.0
Huon Estuary,
3–15 locations
Near Maria
Island

147.1

––––––––––––––––––––––––––––––––––––––––––––– Phytoplankton cell counts –––––––––––––––––––––––––––––––––––––––––––––
Location
Depths sampled
Analytical
Span
Frequency
Latitude Longitude
(m)
methods
(no. samples)
(°S)
(°E)
Station

1998) and has a phytoplankton community similar to further offshore (Thompson et al. 2007). Two subsets of
depth-integrated Swan River Estuary phytoplankton
data from 1994 to 2007 were analysed: (1) weekly samples in February, when river runoff is negligible and the
water at this station is fully marine; and (2) all weekly
samples from January to April (~15 per year). For Maria
Island, phytoplankton samples were available from the
mouth of the Huon Estuary, approximately 120 km away,
from 3 to 15 stations. These stations were sampled
weekly or monthly during 1996–1998 and 2004–2005.
The dinoflagellate community in the Huon Estuary is
similar to that found 150 km offshore (Thompson et al.
2008) and that at Maria Island (P. A. Thompson unpubl.
data). All phytoplankton samples were preserved with
acid Lugol’s solution (Parsons et al. 1984). Near Maria
and Rottnest Islands, flexible tubes were used to collect
vertically integrated samples. At the Port Hacking 100 m
station, a 35 µm mesh plankton net was hauled from
100 m to the surface (Ajani et al. 2001), samples were
settled (after Lund et al. 1958) and the first 100 cells observed were identified and counted. A maximum of 30
fields of view or 400 cells (whichever came first) were
enumerated in samples from near Maria Island and
Rottnest Island. Cells were examined at 100, 200 or
400 × magnification and identified at least to family, but
where possible, to genus or species. Pigment samples
(only near Maria Island) were analysed by HPLC using
methods developed by Wright et al. (1991) for extraction
and gradient elution.
Remotely sensed chl a. The Sea-viewing Wide Fieldof-view Sensor (SeaWiFS) operated from September
1997 collecting ocean colour data in the visible and far
red region of the spectrum (412, 443, 490, 510, 555, 670,
765 and 865 nm wavelengths). The 10 yr (September
1997 to September 2007) of ocean colour data used in the
present study were downloaded using the GES-DISC
Interactive Online Visualization and Analysis Infrastructure (GIOVANNI) as part of NASA’s Goddard Earth
Sciences (GES) Data and Information Services Center
(DISC) chl a product. GIOVANNI provides SeaWiFS estimates of chl a averaged over 8 or 30 d; both were used
as a proxy of phytoplankton biomass depending upon the
temporal scale under investigation. The areas assessed
were immediately seaward of the coastal stations (Fig. 1)
and varied in spatial extent from ~1.2 × 102 to ~2.5 ×
104 km2 (Table 2). A relatively large area close to the
coastal station was used, constrained by (1) relatively low
spatial heterogeneity in mean annual chl a with variation
less than a factor of 2 across the entire area, (2) no land or
shallows (no depths < 20 m) and (3) consistent temporal
trends. The continental shelf waters seaward of the
coastal stations are low in chl a and light attenuation (e.g.
extinction coefficient for PAR ≈ 0.05 m–1 offshore of Rottnest, Thompson et al. 2007), such that remote sensing

SeaWiFS chl a (1997–2007)
Latitude
Longitude
(°S)
(°E)
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Table 2. Description of the spatial and temporal sampling for phytoplankton at or near coastal monitoring stations (see Table 1) and areas assessed for chlorophyll a (chl a)
biomass using SeaWiFS
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would detect chl a to ~20 m. A deep chlorophyll maximum (DCM) is likely in summer (Koslow et al. 2008), although a DCM should not bias the assessment of temporal trends over time spans >1 yr. At Maria Island, the
growth rate of the spring bloom was calculated from a linear regression of the natural log of the remotely sensed
mean monthly chl a concentrations over the period from
July to October (4 mo) over the area from 42.2 to 43° S by
148.2 to 149.0° E (Table 2). One growth rate (=1 regression) was estimated for each year from 1997 to 2006.
Data analysis. To remove seasonal effects, at each site
the depth-specific monthly mean value was averaged
across the entire data set for each parameter (salinity,
temperature, density, nitrate, phosphate, silicate, dissolved oxygen and chl a) and then subtracted from each
value in the relevant month (Makridakis et al. 1998). The
residual variation was examined for association with
known <10 yr cycles such as ENSO from the Australian
Bureau of Meteorology (www.bom.gov.au/silo/) and the
Southern Annular Mode from the US National Oceanic
& Atmospheric Administration (www.cdc.noaa.gov/data/
climateindices/). The long-term trends were calculated
as simple linear regressions of seasonally detrended observations of salinity, temperature, density, nitrate and
phosphate over the entire duration of the available data
set, irrespective of any data gaps (see Tables 1 & 3),
making for the most direct comparison between sites.
We note that the observed temporal variation was not
monotonic and some of the intermediate variation (1 to
50 yr) was ascribed to other causes such as ENSO. To
assess whether the long-term rates of change in temperature and salinity were seasonally consistent, linear
regressions were carried out for each month separately
using depth-averaged values. Rainfall data were obtained from the Australian Bureau of Meteorology
(BOM, Stn 66037, Sydney Airport). Stratification (Δσt )
was calculated from density (after Fofonoff 1985) at the
surface (σt0) minus either density at 50 m (i.e. Δσt50 = σt0 –
σt50) or 100 m (PH100m station only).
Physical indices for PH100m. A variety of potential
mechanisms have been suggested to contribute to
upwelling (Roughan & Middleton 2002) and the variability in chl a at Port Hacking. In order to further elucidate the mechanisms, 4 indices were calculated in
addition to the Southern Oscillation Index (SOI) and
examined for correlations with the monthly 1997 to
2007 SeaWiFS-derived chl a anomalies. Temperature
anomalies were calculated as the difference between
the Bluelink reanalysis (BRAN) ocean state (Oke et al.
2008) and the CSIRO Atlas of Regional Seas climatology (version 2006a, Ridgway & Dunn 2003). From September 1997 to December 2006, BRAN 2.1 fields were
used, while BRAN 2.2 fields were used from January
2007 onwards. Monthly alongshore wind anomalies
were obtained from the US National Center for Atmo-
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spheric Research (NCAR) 1⁄4 degree 6 hourly reanalysis
(www.cdc.noaa.gov/data/reanalysis/reanalysis.shtml,
Kalnay et al. 1996) minus a climatology calculated from
the reanalysis over 10 yr. Wind speed anomalies were
similarly calculated using both alongshore and crossshore winds from the NCAR reanalysis. The final
index, the fraction of EAC water, Θ100, was used as a
measure of the source waters at the Port Hacking station. A value of 1 implies the water at Port Hacking
over the last ~10 to 20 d has come from only southward
flow alongshore (i.e. 100% EAC waters). A value of
0 implies only Tasman Sea water. For a derivation of
Θ100, see Appendix 1. The index Θ100 is useful in distinguishing temperature anomalies that result from horizontal water mass movement versus those cooling
events that are more localised and non-upwelling. It
also provides a measure of the relative strength of the
EAC.

RESULTS
Seasonal dynamics by site
In this section of the ‘Results’ we present analyses of
the seasonal dynamics at each site. Generally, these seasonal trends are removed from the analyses presented in
‘Detailed location-specific changes’. This section also
contains station inter-comparisons for long-term stratification and temperature trends by month as well as
winter nitrate concentrations versus temperature.

Temperature
All stations showed similar patterns of seasonal surface
water temperature variation, but the annual minima occurred in August for Port Hacking, September for Maria
Island and October for Rottnest Island (Fig. 2A). The Port
Hacking 50 (PH50m) and PH100m stations had the greatest
seasonal amplitude (~5.3°C, Fig. 2A) followed by Maria
Island (~5.0°C) and Rottnest Island (~3.2°C).

Salinity
All stations were highly marine (> 35 psu) throughout
the year, with seasonal amplitudes of < 0.5 psu (Fig. 2B).
Unlike temperature, the seasonal dynamics of surface
salinity were markedly different across sites (Fig. 2B),
with salinity increasing during winter on the east coast
reaching maxima in July at the PH50m and PH100m
stations, and decreasing on the west coast at Rottnest Island to a minimum in July. Maria Island had a
seasonal salinity minimum in spring.

Mar Ecol Prog Ser 394: 1–19, 2009

Diatoms:dinoflagellates
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Rottnest Island
Port Hacking (50 m)
Maria Island
Port Hacking (100 m)

A) Temperature

22
20
18

Salinity

0.4
0.2

G) Taxa

0.0
100

5

14
12

35.6

35.2

34.8

H) Temperature rise

3
2
1
0
–1
–2
2

–0.5

Stratification change
(Δσ t century –1)

1.5

–1.0

–1.5

C) Stratification

3

6

8

10

12

10

12

I) Stratification

Less
stratified

1.0
0.5
0.0

–0.5

D) Nitrate

–1.0

1

More stratified
2

4

6

8

Time (month of year)
6

J) July surface data

2
5
1

Nitrate (µM)

Silicate (µM)

4

Time (month of year)

0

Chl a (µg l –1)

300

4

0.0

2

200

Time (day of year)

B) Salinity

Δσt (kg m–3 – 1000)

0.6

0

36.0

Nitrate (µM)

0.8

16

Temperature change
(°C century –1)

Temperature (°C)

24

1.0

E) Silicate
0
0.4

F) Chl a

0.2
0.0

4
3
2
1

2

4

6

8

10

Time (month of year)

12

0
10

12

14

16

18

20

22

Temperature (°C)

Fig. 2. Monthly mean surface (A) temperature, (B) salinity, (C) vertical stratification, (D) dissolved nitrate and (E) dissolved silicate
from coastal monitoring stations around temperate Australia from 1942 to 2007 (see Table 2 for sample details). (F) Satellitederived mean monthly chlorophyll a between 1997 and 2007 from areas near each coastal station (see Fig. 1 for details) and (G)
running average ratio of diatoms:dinoflagellates (sample details in Table 2). Long-term trends in monthly (H) surface temperature and (I) vertical stratification at coastal stations (Table 3, Fig. 1) from least squares fit of the monthly temperature anomaly versus time; error bars are SE of the slope. (J) Regressions of surface temperature with surface nitrate at coastal stations (see Table 3).
Lines are extended to axis for clarity; heavy long dash is the mean of all data, others as stipulated in key
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Nutrients
Low surface nitrate concentrations (< 0.5 µM) were
typical of all stations during the austral summer
(Fig. 2D). All stations showed a slight rise in average
surface nitrate in March with concentrations at Rottnest Island and Port Hacking then declining in April
before rising steadily to peak in winter. The amplitude
of these annual nitrate cycles was significantly different between stations, with peak surface concentrations
in mid-winter nearly 10 times greater at Maria Island
compared to Rottnest Island. Average surface phosphate concentrations had similar seasonal dynamics to
those for nitrate, such that the average monthly surface
values (12 per station) were highly correlated with
average monthly surface nitrate across all 4 stations
(r2 = 0.74, p < 0.001, n = 48, data not shown). Across all
stations, the average NO3:PO4 ratio was a long way
below Redfield (1958) at 4.2 ± 1.9. The average surface
silicate concentrations had seasonal dynamics that
were consistent with those for nitrate at both Port
Hacking stations, but markedly different at Rottnest
Island where silicate remained high throughout the
year (Fig. 2E).

Stratification
The seasonal pattern of stratification was similar at all
stations with a minimal difference in density between
the surface and 50 or 100 m observed during mid-winter
(Fig. 2C). The strength of stratification was similar for
Rottnest and Maria Islands, but was up to 5 times greater
at Port Hacking during late summer, mainly due to
colder waters at depth. The seasonal weakening of stratification at Port Hacking was closely associated with a
rise in the concentration of surface nitrate, suggesting a
classic temperate zone mixing–light –nutrient control of
the dominant phytoplankton responses.

SeaWiFS chl a (1997–2007)
All east coast stations showed seasonal chl a maxima
in spring, with PH50m having the greatest chl a concentrations (Fig. 2F), averaging 0.37 ± 0.11 mg m– 3. In contrast, chl a reached a maximum during winter at Rottnest Island, with concentrations < 0.2 mg m– 3 from
September to April.
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position across sites (Fig. 2G). At Rottnest Island, there
was little seasonality in the diatom:dinoflagellate ratio,
which averaged 48% diatoms. Near Maria Island, the
diatom:dinoflagellate ratio peaked in spring and midsummer. Unlike the other stations, at PH100m the cell
counts did not resolve any cells less than 35 µm (mesh
size) and small cells of both taxa were not enumerated.
Large diatoms tended to dominate the phytoplankton
community at PH100m with some dinoflagellates appearing in early summer.

Long-term changes in physicochemical parameters
There was a significant increase in average surface
temperature at all stations with the greatest warming
(2.02°C century–1) at Maria Island and the lowest (0.74°C
century–1) at Port Hacking (Table 3). While all stations
showed significant increases in surface temperature
(Table 3), the rates of change were not uniformly distributed throughout the year (Fig. 2H). For example, at
Maria Island in January the depth-averaged temperature increased (p < 0.001) fastest at 3.1 ± 0.4°C century–1
(Fig. 2H). All stations showed significant warming during spring (September) and autumn (May), but no station
showed a significant change in July. There were also
long-term increases in surface salinity (ranging from
0.23 to 0.41 psu century–1) at all 4 stations (Table 3). At
Maria Island, long-term trends in stratification were not
found in any month. At the other stations, trends in stratification were quite variable depending upon the month
of the year (Fig. 2I). Significant long-term reductions in
stratification were found for October at PH50m, during
March at PH100m and in June and July at Rottnest Island.
Significant long-term increases in stratification were
limited to April, May and June at PH50m. Surface nitrate
concentrations increased significantly at PH100m and
Rottnest Island, at a rate of 0.56 and 0.40 µM century–1,
respectively. Surface phosphate concentrations also
increased at all stations except PH100m (Table 3). In
strong contrast with phosphate and nitrate, all east coast
sites showed a significant decline in surface silicate concentrations ranging from –2.3 to –5.8 µM century–1. Two
stations, PH50m and Rottnest Island, also experienced
long-term declines in surface dissolved oxygen concentrations (Table 3).

Detailed location-specific changes
Maria Island

Phytoplankton
The phytoplankton results indicate considerable differences in the seasonal dynamics of community com-

Of all the stations, Maria Island experienced the greatest warming from 1944 to 2005 (Table 3), but the degree
of stratification from 0 to 50 m did not change signifi-
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Table 3. Long-term (>10 yr) linear trends in surface (0 m) ocean properties after seasonally detrending data by removing monthly
means. Unless otherwise indicated, probabilities for all trends were < 0.001; ns: not significant. The last row shows the linear
regression results for surface July nitrate concentrations as a function of July surface temperature (as in Fig. 2I) with the intercept
in brackets and slope italicised
Maria Island

Port Hacking
100 m

Port Hacking
50 m

Rottnest Island

Maximum span (years analysed)
1944–2005
1953–2005
1944–2004
1951–2001
Maximum total no. observationsa
3273
9263
9882
2736
Temperature (°C century–1)
2.02
0.746
0.744
1.23
Salinity (psu century–1)
0.346
0.232
0.269
0.407
–1
Nitrate (µM century )
ns
0.556
ns
0.400 (p = 0.008)
c
Phosphate (µM century–1)
0.530
0.611c
0.313
Silicateb (µM century–1)
–5.84
–1.97
–2.30
ns
Dissolved oxygen (µM century–1)
ns
ns
–12.9
–49.1
Relationship between July
–1.04
–0.31
–0.45
0.22
temperature (°C) and July nitrate
(15.3)
(6.95)
(9.57)
(–4.0)
concentration (µM) at surface
p < 0.004
p < 0.001
p < 0.001
p = 0.048
a
For any parameter. bSilicate measurements commenced in 1970 at all sites. cGap in PO4 measurements from 1985 to 2003

cantly in any month (Fig. 2I). At this station, the annual
spring bloom occurred some 3 to 4 mo after the winter
minimum in stratification (Fig. 3A), presumably due to
the ~80 m deep mixed layer (Condie & Dunn 2006), producing a light-limited environment for phytoplankton
growth (Sverdrup 1953). Mean depth-averaged annual
nitrate concentrations (sampled monthly at 5 depths in
the upper 50 m) have remained relatively constant over
the last ~60 yr (Fig. 3D). In contrast, mean annual depthaveraged silicate concentrations have been highly variable since measurements started in 1970. Some of the
variability appears associated with the SOI, with high
silicate concentrations present just before or during high
SOI years (Fig. 3D), but mean annual SOI was not correlated with silicate. Overall, there was a very strong
downward trend in depth-averaged (0 to 50 m) silicate
concentrations which reached an annual mean value
of < 0.6 µM in 2006, with the NO3:Si molar ratio rising
to 5.3 (Fig. 3D).
Near Maria Island, chl a concentrations were minimal during winter and rose in the spring to annual
maxima in either September or October during 1997 to
2007 (Fig. 3A). Growth rates of this spring bloom have,
however, declined steadily by ~8% per year (Fig. 3B;
p = 0.004): they were 0.40 mo–1 in 1997 and fell to
0.17 mo–1 in 2006. This trend was robust whether
growth rates were calculated over 3, 4 or 5 mo (from
July to September, October or November, respectively,
and across a much larger region, from 36 to 48° S by
152 to 167° E, Fig. 1). In addition, near Maria Island the
peak in spring bloom biomass has been declining
(p = 0.011) at about 6% yr–1 (Fig. 3C). This biomass
response is in contrast to the average annual biomass
across the majority of the Tasman Sea that has been
increasing at a rate of 0.13 µg chl a l–1 decade–1 (1997
to 2007, p < 0.001). In the nearby Huon Estuary, there
has been a strong rise in the peridinin:chl a ratio

(= photosynthetic dinoflagellates:all phytoplankton)
from 1997 to 2004 (Fig. 3E), while fucoxanthin : chl a
(≈ diatoms:all phytoplankton) has remained relatively
constant.

Port Hacking
The surface waters at PH50m tended to be colder and
less saline, with higher concentrations of nitrate, silicate and chl a (Fig. 2), and were generally less stratified than those at PH100m (Fig. 2C). The long-term average oceanic warming at Port Hacking was less relative
to other stations, with both PH50m and PH100m showing
a modest but significant increase in temperature of
~0.7°C century–1 (Table 3). Long-term trends in salinity
were ~0.25 psu century–1 at both PH50m and PH100m
(Table 3), whereas changes in stratification were
restricted to specific months. At PH50m, stratification
increased during autumn and early winter (April, May
and June; p = 0.05, < 0.001 and 0.027, respectively,
Fig. 2I) and decreased in spring (p = 0.008). Further offshore, PH100m showed a long-term decrease in stratification (p = 0.03), but only during March (Fig. 2I).
PH100m was the only station to show no long-term trend
in surface phosphate concentration (Table 3). Surface
nitrate concentrations showed a strong positive long
term trend at PH100m, but no significant trend was
found at PH50m. Silicate concentrations have fallen significantly at both stations over the past 60 yr at a rate of
~2 µM century–1. Over all depths, the long-term average NO3:Si molar ratios were 1.74 (n = 7761) and 1.79
(n = 4549) at PH100m and PH50m, respectively. Surface
concentrations of dissolved oxygen declined significantly at PH50m.
Temporally limited phytoplankton data from Port
Hacking comprised two 1-yr data sets based on 35 µm
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Fig. 3. (A) SeaWiFS monthly mean chlorophyll a (chl a) data from GIOVANNI over the area 42.2 to 43.0° S by 148.2 to 149.0° E. For
each year, a growth rate was estimated from the regression of loge chl a versus time; a single example is shown for 2002. (B)
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September 2007 (see Table 2, Fig 1). (A) Port Hacking 50 m long-term (1944–2005) mean monthly surface nitrate concentrations
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mesh net tows (Hallegraeff 1981, Ajani et al. 2001) and
did not allow an analysis of long-term changes in
phytoplankton biomass or species composition. Based
on these limited data, the phytoplankton at PH50m were
diatom-dominated with the dinoflagellates reaching
their greatest proportion of the community (~11% of
cells) during February (Figs. 2G & 4A), the time of
maximum stratification.
SeaWiFS chl a anomalies (observations minus monthly
mean) showed substantial (~+100% of monthly mean)
episodic blooms (Fig. 4B). In the last 10 yr, the largest
of these occurred in August 1998, October 2002 and
January 2007 (circled peaks in Fig. 4B). There were
vertical profiles of fluorescence for 2 of these anomalous blooms that show substantial chl a over depths
from 10 to 50 m (Fig. 4C). Depth-integrated chl a (fluorometer inferred) in these blooms ranged up 93 mg m–2
(January 2007) or about 3 times the long-term depthaveraged value (~30 mg m–2). Unlike Rottnest Island,
the pattern of these anomalies was not correlated with
simultaneous SOI values; however, when lagged 4 mo,
the SOI versus chl a relationship was significant (p =
0.016). The time series (Fig. 4B) is suggestive of a trend
for blooms to be associated with the transition from
negative to positive SOI. Such transitions often bring
rainfall to southeast Australia (Cai & Cowan 2008), and
monthly SeaWiFS chl a anomalies at Port Hacking
were strongly and positively correlated with Sydney
rainfall (Fig. 4F, n = 120, p < 0.001).
Some factors influencing phytoplankton dynamics
were only seasonal, such as the strong negative correlations between the chl a anomaly and SOI and
temperature during summer (Table 4, Fig. 4D). The
negative, non-significant correlation of chl a with
southward alongshore winds (R = –0.32, Table 4), and
a weak, non-significant positive correlation with Θ100
(R = 0.16) indicates that the summer temperature
anomaly was due to upwelling-favourable winds rather
Table 4. Seasonally grouped correlation coefficients (R) of
physical indices versus SeaWiFS-derived monthly chlorophyll
a anomalies at the Port Hacking 100 m station (monthly mean
values from September 1997 to September 2007, n = 30 per
season). Θ100: fraction of East Australian Current water (see
Appendix 1 for details); SOI: Southern Oscillation Index. Bold
plus italic values are significant at p < 0.05 while bold values
are significant at p < 0.01. Wind speed data based on US
National Center for Atmospheric Research 1⁄4 degree 6 hourly
reanalysis (Kalnay et al. 1996)
Season

Nov–Jan
Feb–Apr
May–Jul
Aug–Oct

Temperature
–0.53
–0.01
0.36
0.21

Alongshore Wind
wind
speed
–0.32
–0.02
–0.14
–0.18

0.05
0.12
–0.24
0.43

Θ100

SOI

0.16
–0.27
0.40
–0.02

–0.57
0.10
–0.19
–0.01
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than northward transport of cool Tasman Sea surface
waters (the latter would have produced a negative correlation with Θ100). The SOI index did not correlate significantly with chl a anomalies in the other seasons.
The Θ100 index was positively correlated (=stronger
EAC) with SeaWiFS chl a near Port Hacking in the
late autumn-early winter months (May to July, Table 4,
Fig. 4E). Of the Port Hacking physical indices, the
strongest trend over the last decade was the increasing
fraction of EAC water or Θ100 (Fig. 4G), which suggests
a strengthening of the poleward extension of the EAC
as predicted by global climate models (Cai 2006).

Rottnest Island
The ocean at Rottnest Island has become warmer
and more saline, with higher nitrate, phosphate and
lower oxygen concentrations, on average, over time
(Table 3). It has also become less stratified during winter (p = 0.003, p < 0.001, for June and July, respectively,
Fig. 2I). Surface nitrate concentrations at Rottnest
Island tended to be variable with near-zero values
recorded in every month of the year (Fig. 5A). In spite
of the high temporal variability, there was a seasonal
trend and fitting the data to a Gaussian curve showed
a significant (p < 0.0001, n = 462) rise to ~0.7 µM
in June. Silicate concentrations showed less seasonal
variation than nitrate (data not shown) and no interannual trend (Table 3) or correlation with SOI (data not
shown). Over the 31 yr between 1970 and 2002, silicate
concentrations (0 to 50 m) were high relative to other
coastal stations, averaging 2.28 µM. The mean nitrate
concentration (0 to 50 m) was 0.59 µM, giving an average NO3:Si molar ratio of 0.26. The seasonal peak in
surface nitrate was consistent with the minimum in
stratification that also occurred in June (Figs. 2C,D &
5A). Unlike the other stations, however, there was no
temporal offset between the seasonal minimum in
stratification and annual maximum in chl a.
The phytoplankton biomass across most of southwestern Australia (28° to 34° S by 114° E to shore;
Fig. 1) showed a positive correlation between annual
chl a anomalies and mean SOI. For example, in the region from 31° to 33° S by 114° E to 115° E (Fig. 1), annual chl a anomalies were correlated with SOI (p =
0.027, Fig. 5B). The linear relationship between SOI
and chl a, although somewhat dependent upon the exact region selected, tended to be even stronger if only
negative SOI years were included (p = 0.009, Fig. 5B).
Positive SOI years (1999, 2000) showed greater than
normal chl a concentrations (Fig. 5B) and this was most
evident during summer and autumn (Fig. 5C). Anomalies were calculated as the deviations from the 8 d average chl a concentrations fit to a Gaussian model; the
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Fig. 5. Rottnest Island (32.0° S, 115.4° E) data sampled at 0, 10, 20, 30, 40 and 50 m ca. monthly from 1951 to 2001 (see Table 1 for
details). (A) Nitrate concentrations (small dots), running average (solid black line), Gaussian model fit to data (thick grey line) and
mean monthly stratification at the surface minus density at 50 m (m; Δσt50). (B) Annual chlorophyll a (chl a) deviations from mean
concentrations estimated from SeaWiFS NASA GIOVANNI over the period from September 1997 to September 2007 plotted
against the Southern Oscillation Index (SOI). S: south; N: north (see Fig. 1). Solid line is regression through all data (p = 0.027);
dashed line is through negative SOI values only (p = 0.007). (C) Monthly mean north (positive values are from the south) wind
speed from GIOVANNI MERRA at 10 m over 30 to 36° S by 110 to 120° E from 1997 to 2007 versus monthly chl a anomaly; (s) all
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symbols are weekly samples (right-hand y-axis) for January to April from 1994 to 2007; dotted line is regression (p = 0.012)

anomalies were significantly (p < 0.001) correlated
with SOI values (data not shown). There were no negative chl a anomalies associated with predominately
northerly winds (Fig. 5C), although the overall correlation was weak (p = 0.13), albeit slightly stronger in
summer (p = 0.07). Monthly mean log10 diatom abundance in February showed a strong relationship (p =
0.034) with annual mean SOI (Fig. 5E). Similarly,
weekly samples from January to April also showed
a significant (p = 0.012) relationship between log10 diatom abundance and monthly mean SOI.

DISCUSSION
Long-term changes in ocean properties and their
implications for phytoplankton
Climate change impacts cannot be detected without
long-term observations because oceanic properties,
including phytoplankton biomass, vary significantly
across a range of spatial and temporal scales (Platt &
Denman 1975). Our analysis of ~60 yr of observations
from 4 coastal stations detected long-term changes in
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Fig. 6. Conceptualization of the oceanic properties and their long-term trends on the west and east coasts of Australia in the vicinity of Rottnest Island and Port Hacking (50 m), respectively. Current arrow size indicates relative volume of flow. SOI: Southern Oscillation Index; EAC: East Australian Current. Locations are identified in Fig. 1; statistical analysis of trends can be found in Table 3

surface temperature, salinity and dissolved nutrients
that have the potential to impact phytoplankton production and species composition (conceptualized in
Fig. 6). The rates of change in temperature identified
in the present study are consistent with those from
other oceanographic regions (Levitus et al. 2005), with
greatest increase at Maria Island in the western Tasman Sea, a body of water known to be warming
quickly (Ridgway 2007). On average, stations showed
their greatest long-term temperature changes during
spring and autumn, effectively lengthening the phytoplankton growing season. Changes in salinity, while
statistically significant, are probably not of sufficient
magnitude to have a direct impact on phytoplankton
growth rates or the resulting community composition.
They do, however, indicate changes in the oceanic
environment arising from a range of potential locationspecific mechanisms (see below) that could indirectly
impact on phytoplankton.
In contrast to modelling studies, which predict a 5%
decrease in global ocean productivity due to the
reduced vertical transfer of nutrients (Cox et al. 2000,
Bopp et al. 2001), the present study shows little evidence of increasing vertical stratification, except at
PH50m where it was limited to April, May and June (late

autumn-early winter). The other 3 stations showed
declines in stratification at various times of the year.
Importantly, there was no indication of a decline in
mid-winter nitrate concentrations or surface temperatures. A decline in vertical mixing has been inferred as
the cause of decreases in subsurface concentrations of
dissolved oxygen concentrations in most of the world’s
oceans (Plattner et al. 2002); however, the declines in
surface dissolved oxygen observed at Port Hacking
and Rottnest Island are unlikely to imply a decline in
vertical mixing. They may reflect changes in oxygen
solubility, horizontal transport of low dissolved oxygen
waters or a shift in the ratio of remineralization of
organic matter relative to primary production. At present there are limited data to distinguish the likelihood of these alternatives, but a more rapid organic
matter decay associated with warmer temperatures is
suggested.
The finding of greatest significance for phytoplankton production in the present study is the long-term
decrease in dissolved silicate concentrations in east
coast waters, reaching annual mean concentrations at
Maria Island below the half saturation value for diatom
uptake, potentially restricting their growth (Paasche
1973). Even in the 1960s, low silicate was proposed to
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limit diatoms on the east coast of Australia (Grant
1971), but the concentrations have declined significantly since then; by 2006 the NO3:Si ratios at Maria
were 5 times the expected Redfield ratio of ~1 (Redfield 1958). Clearly, silicate, rather than nitrate, will
increasingly become the limiting nutrient in these
waters. Thus we anticipate shifts in east coast diatom
species, long-term declines in east coast diatoms as a
proportion of the total phytoplankton community (e.g.
Edwards et al. 2001) and a reduction in primary productivity if the decline in silicate concentrations continues. The availability of silicate is also strongly linked
with vertical carbon flux (leading to deep ocean carbon
sequestration), to such an extent that variation in silica
supply is suggested as the cause of the 40% reduction
in pCO2 during the last interglacial period (Harrison
2000).
All stations showed a significant change in at least
one ocean property, but the patterns were not always
consistent between sites, even at PH50m and PH100m
which are only ~3 km apart. Oceanographic conditions
at PH50m tended to be colder and less saline, with
greater concentrations of nitrate, silicate and chl a
than those at PH100m, indicating steep onshore–offshore
gradients along this section of coast with its relatively
narrow continental shelf. Both Port Hacking stations
showed significant trends of increasing salinity and
decreasing silicate and in both cases the rates of
change were greater nearshore. In addition, both stations exhibited warming, but only PH50m had significant long-term trends in concentrations of phosphate
and dissolved oxygen. The ~10 yr longer time series at
PH50m contributes to the trend for increasing phosphate as the lowest concentrations were observed in
the 1940s. The downward trend in dissolved oxygen at
PH50m and not PH100m might reflect the greater degree
of benthic–pelagic coupling nearshore and the temperature-dependent recycling of organic matter.
The majority of data used in the present study arose
from a monitoring design conceived in the 1940s. After
> 60 yr, it is evident that the physical and chemical data
collected at approximately monthly intervals and vertically at approximately 10 m intervals were adequate
for the description of long-term trends. They were also
adequate to resolve seasonal dynamics. The amount of
biological sampling was more limited and indicates
the need for more frequent observations and greater
depth resolution to adequately characterize plankton
responses, particularly in view of satellite sensors that
cannot detect subsurface (> 20 m) chl a distributions. In
addition, there are >10 phytoplankton bioregions proposed for the regional seas of Australia (Hayes et al.
2005), suggesting significantly more monitoring stations are needed to characterize these. Regardless of
the limitations of the sampling, the data suggest that

variation in the boundary currents around Australia,
the Leeuwin Current and the EAC, are the primary
factors determining the change in shelf-scale biological oceanography. These large oceanic currents transport planktonic species plus their pelagic habitat
including heat, salt and nutrients southwards on both
coasts. On the eastern Australian coast, the strengthening EAC (Ridgway 2007, Hill et al. 2008) is extending the distribution and abundance of some planktonic
species. For example, in the 1950s the heterotrophic
dinoflagellate Noctiluca scintillans was reported to
have a strong presence in Moreton Bay (Wood 1954,
1964) and then large blooms were observed off NSW in
the 1990s (Ajani et al. 2001, Dela-Cruz et al. 2002,
2003). In 2002, N. scintillans arrived in SE Tasmania
where it is now the dominant mesoplanktor (Thompson et al. 2008); a journey of ~2000 km over ~50 yr.

Maria Island
At Maria Island, the seasonal phytoplankton
dynamics are determined by wind- and temperaturedriven mixing and consequent nutrient input into surface waters during winter (Harris et al. 1987), with the
peak of the spring bloom some 3 mo later. Mesoscale
variation in the front between EAC and subantarctic
waters also contributes significantly to the seasonal
and interannual variation in nutrient concentrations
(Harris et al. 1987). Over the ~30 yr record analysed
here, the dissolved silicate concentrations have fallen
precipitously, such that in 2006 the average NO3:Si
molar ratio at Maria Island was well below Redfield
(1958) and substantially lower than the other Australian coastal stations. Several mechanisms could be
responsible for the decline in surface silicate: the
reduction in regional rainfall and runoff, a reduction
in the upwards flux of dissolved nutrients, an increase
in the downwards flux of particulate Si, or the
increased poleward transport of lower nutrient (silicate) surface waters. Previous work has shown the
EAC is strengthening and intruding further south
(Ridgway 2007, Hill et al. 2008). We therefore hypothesize that the poleward transport of this relatively
warm, low silicate water along the western edge of
the Tasman Sea is the primary cause for the decline in
silicate concentrations at Maria Island and at Port
Hacking. From 1997 to 2007, the spring bloom biomass (chl a) at Maria Island has decreased by ~50%
as has its growth rate. This decline could be an artifact of the surface bias of remotely sensed chl a, possibly an increase in the average depth of the chl a. If
true it would still imply a substantial change in the
phytoplankton ecology of the region. In the Ligurian
Sea, a similar decline in silicate was associated with a
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decline in the fast-growing diatoms within the spring
bloom (Goffart et al. 2002). Thus at Maria Island the
dramatic fall in silicate concentrations may explain
the slower development of the spring bloom and the
regional shift towards dinoflagellates. In waters close
to Maria Island, the diatom Skeletonema spp., with its
low half-saturation constant for Si uptake (Paasche
1973), has replaced a range of Pseudo-nitzschia species as the dominant diatom taxon (Thompson et al.
2008) while dinoflagellates have increased (present
study). A similar shift in flora towards dinoflagellates
has been observed in continuous plankton recorder
data from the North Atlantic (Edwards & Richardson
2004), but insufficient data were available to investigate whether the cause was a reduction in surface
dissolved silicate concentrations. Importantly, dinoflagellates often have inferior nutritional values in
phytoplankton–copepod –fish food webs relative to
diatoms (McQuatters-Gollop et al. 2007), and their
increasing dominance could have profound implications for fisheries production.

Port Hacking
In general, El Niño conditions (negative SOI) in
southeastern Australia are associated with warmer
waters, lower nutrient concentrations (Lee et al. 2001)
and reduced temperature stratification (Lee et al.
2007). As a result of the Ekman transport associated
with the southward flow of the EAC, the continental
shelf along the NSW coast has cold, nutrient-rich water
relatively close to the surface (Baird et al. 2006). During summer, when the EAC flow is faster, this cold,
nutrient-rich water is much closer to the surface than at
the other coastal stations. The shallow depth of this
nutrient source means less energy is required to transport it into the euphotic zone, making this region susceptible to nutrient enrichment due to upwelling
triggered by relatively weak physical forcing. The
intrusions of deeper water onto the shelf results from
4 different mechanisms: (1) wind-driven upwelling,
(2) upwelling due to the EAC intruding onto the shelf,
(3) acceleration of the EAC as the shelf narrows and
(4) separation of the EAC from the coast (McLeanPadman & Padman 1991, Roughan & Middleton 2002).
Frequently, upwelling occurs north of Port Hacking,
often at ~31°S (Rochford 1975, Tranter et al. 1986,
Cresswell 1994, Gibbs et al. 1997, Oke & Middleton
2001) and, as shown in the present study, the resulting
phytoplankton bloom is subsurface by the time it arrives
at Port Hacking (~34°S). These upwelling-favourable
conditions are known to have a link with SOI atmospheric (Hsieh & Hamon 1991) and local weather conditions (McLean-Padman & Padman 1991). The strong
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negative summer correlations between SOI and temperature with the chl a anomaly indicate more phytoplankton biomass is present in summers when more
cold water is pushed into the coastal zone, probably
due to upwelling-favourable winds. In late autumn and
early winter (May to July), a relatively strong EAC and
warmer conditions were associated with more chl a as
the cooling and deep mixing that would normally
restrict primary production and result in a sharp, winter decline in chl a were reduced. More chl a in spring
was positively correlated with wind speed, indicating
an association with vertical mixing. The strongest
trend over the last decade at Port Hacking was the
increasing fraction of EAC water (Θ100). This indicates
a strengthening of the poleward extension of the EAC
as predicted by global climate models (Cai 2006),
encouraging us to predict continued increases in chl a
during late autumn and early winter. Periodic algal
blooms have been reported since the 1960s (Humphrey
1963, Hallegraeff & Reid 1986, Pritchard et al. 2003),
and SeaWiFS data showed 3 large chl a anomalies at
Port Hacking between 1997 and 2007. The previous
blooms have been largely diatom-dominated and
1997–1998 samples indicated a general dominance by
diatoms with dinoflagellates becoming relatively more
abundant during late summer. While no long-term
trends in phytoplankton abundance or composition
were detected, the increasing strength of the EAC, a
strong warming trend in autumn and low and declining silicate concentrations (Grant 1971, present study)
suggest the autumn bloom will contain an increasing
component of flagellates.

Rottnest Island
On the west coast of Australia, the poleward-flowing
Leeuwin Current delivers its peak volume of warm,
relatively silicate-rich water in mid-winter (Feng et al.
2003), reducing the capacity of convective cooling to
deepen the surface mixed layer. As a result, the winter
mixed layer depths are considerably less than on the
east coast of Australia (40 to 60 m as opposed to > 75 m;
Condie & Dunn 2006). The presence of Leeuwin Current water reduces stratification over 0 to 50 m (e.g. at
Rottnest Island) and is associated with a shelf-scale,
mid-winter phytoplankton bloom. The strong association between SOI and chl a concentrations (present
study) suggests more nutrients are injected into the
surface mixed layer in weak El Niño or La Niña years.
This could be due to the increased strength of the
Leeuwin Current (Feng et al. 2003), but the major
phytoplankton anomalies (an increase in chl a biomass
and a greater proportion of diatoms) were associated
with a positive SOI and occurred during late summer
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when the Leeuwin Current was relatively weak. We
propose that this anomalous summer bloom arises in
the more productive (Hanson et al. 2005) northward
flowing and predominantly summer Capes Current
(Pearce & Pattiaratchi 1999). We propose that summer
La Niña atmospheric conditions produce a stronger
Capes Current due to the anomalous low pressure over
northwestern Australia that increases the frequency
of northward winds (c.f. Jones & Trewin 2000, their
Fig. 3). The Capes Current flows landward of the
Leeuwin Current and brings colder and more nutrientrich water into the euphotic zone of the nearshore
region in the southwest (Gersbach et al. 1999). Based
on unpublished current meter data (G. Cresswell pers.
comm.), these winds result in more Capes Current
water being transported substantially further north.
This nutrient supply mechanism may explain some of
the cross-shelf variability observed in phytoplankton
biomass in the southwest region (Pearce et al. 2006).

Mechanisms of change in ocean properties
The increased salinities observed at Australian temperate coastal stations could arise from increased
transport of relatively high salinity water southwards
by the EAC and Leeuwin Current along east and west
coasts, respectively. Both currents are, however, relatively fresh closer to the tropics (Feng et al. 2003,
Boland & Church 1981, respectively). Thus increased
evaporation in these currents as they move southwards is more likely to explain this trend. At latitudes
of 15 to 30°, the global ocean has greater surface
salinity due to high net evaporation (Levitus et al.
1994, Condie & Dunn 2006) in association with atmospheric Hadley cells (Baumgartner & Reichel 1975,
Schmitt et al. 1989). In addition, some component of
the increased salinity along temperate Australian
coasts must be associated with the long-term (>10 yr)
drying trend across temperate latitudes in terrestrial
Australia (Timbal et al. 2006), resulting in higher evaporation and lower freshwater runoff. The net increase in salinity at Rottnest Island is equivalent to
a decline of 0.6 m of freshwater being mixed into
the upper 50 m of the ocean. Such a result is consistent with the well-documented 41 yr drying trend of
~0.7 mm yr–1 observed in SW Australia since 1958
(Timbal 2004, Timbal et al. 2006). Similarly, the decline in precipitation over eastern Australia (Cai &
Cowan 2008) could be responsible for a portion of the
increasing salinity at Port Hacking and Maria Island.
Thus reduced freshwater input and increased evaporation and transport (e.g. Feng et al. 2003, Ridgway
2007, Hill et al. 2008) could be driving salinity changes
in Australian coastal waters.

We propose that the east coast decline in surface silicate is due to a change in the long-term supply from
southward-flowing EAC water (Ridgway 2007, Hill et
al. 2008). We speculate that the warm (buoyant) EAC
waters are progressively stripped of dissolved silicate
by diatoms during its southward transport. The silica is
exported from surface waters as particulate silica
(Kamykowski et al. 2002), while a greater portion of N
and P are remineralized. Increased poleward transport
by strengthening temperate gyres could make this
mechanism a potential threat to diatom-based production in all temperate zones (e.g. Behrenfeld et al. 2006),
a suggestion that is consistent with phytoplankton observations in the North Atlantic (Edwards & Richardson 2004).

CONCLUSIONS
Climate models predict that the ocean’s physical
circulation and chemical properties will shift significantly in the coming decades, affecting phytoplankton production and floristics (Boyd et al. 2008). Our
analysis of long-term coastal data sets demonstrates
changes have already occurred in a range of ocean
properties within Australia’s continental shelf waters.
For most properties, the magnitude of change varied
by season and the timing has important implications
for the biological responses. Changes such as stratification and surface nutrient and chl a concentrations
at the 4 Australian coastal stations were not consistent with predictions by existing spatially coarse,
global climate change models, indicating the need
for greater emphasis on regional observation and
interpretation. Only with improved observations can
we hope to link local- and regional-scale environmental changes with their biological responses.
Achieving this level of observation is a significant
challenge for the marine science community, but
necessary if we wish to understand the impacts of
climate variability and the consequent implications
for our marine ecosystems.
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Appendix 1. Derivation of Θ100, the fraction of East Australian Current (EAC) water
The origin of the water that resides on the continental
shelf at Port Hacking at a particular time is a function of the
past strength and direction of currents. In order to avoid
specifying a particular time period (as the appropriate time
span will vary with current strength), a simple numerical
model has been constructed using velocity fields from a
data-assimilating hydrodynamic model BlueLink Reanalysis
(BRAN) that has been verified against observations (Oke et
al. 2008, Schiller et al. 2008). The Θ100 parameter is derived
from a simple model that considers a box with an area 1 m
wide by 1 m deep in a cross-shelf plane, and 100 km in the
alongshelf direction, which is flushed by water from either
the north (EAC water) or the south (Tasman Sea water). The
rate of flushing depends on the magnitude of the depth-
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averaged alongshore current. The time derivative of the
fraction of EAC water, Θ100, is given by Θ100’ = (v – –
|v |Θ100)/L, where v is the depth-averaged alongshore current (negative = southwards) at Port Hacking (obtained
from BRAN), v – is the depth-averaged alongshore current in
the roughly southward direction (i.e. if v < 0, v – = –v, else v –
= 0) and L is the alongshore length of the box. As an example, a constant current of 1 m s–1 into the 100 km long box
will be diluted to 1/e of the original contents in 100 km ×
1000 m km–1/86400 s d–1 = 1.16 d. During the 10 yr analysis
period, the flushing time of the box was generally 10 to 20 d.
Over time, Θ100 varied between 0 and 1 but the mean
monthly average values over 10 yr varied between a minimum in June of 0.6 and a maximum in August of 0.85
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