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a b s t r a c t

Phytoplankton abundance and distribution along the east coast of Australia are driven primarily by the
southward flowing East Australian Current (EAC), which transports tropical water masses to temperate
latitudes. The Solitary Islands Marine Park (SIMP, �301S) is located north of the EAC separation point
(�321S) in this tropical–temperate transition zone. In this study, we describe the oceanographic context
(wind, current and nutrient load) during a wind-driven downwelling and a current-driven upwelling
event, both sampled in austral winter only ten days apart. We investigate the effect of these contrasting
oceanographic conditions on phytoplankton abundance, composition and distribution along a cross-shelf
transect. During downwelling we find a cross-shelf transition in microphytoplankton composition from
an offshore- to an inshore-community associated with nutrient gradients (nitrate and silicate). Strong
vertical mixing leads to increased occurrences of benthic diatoms in near-shore surface waters. During
upwelling conditions, elevated nutrient availability results in maximum microphytoplankton abun-
dances (mainly oceanic diatoms) and increased species richness on the mid-shelf. An increase in
dinoflagellates and silicoflagellates (mid-shelf) and the appearance of tropical phytoplankton (especially
picoplankton and dinoflagellates, offshore) signals a strong impact of the EAC across all shelf commu-
nities. Nanoplankton are a major part of the winter phytoplankton community during both oceano-
graphic regimes (�40–50% of TChl a). Our findings provide evidence of EAC-driven, nutrient-rich, slope
water intrusion in the SIMP as expressed by cross-shelf phytoplankton variability. We suggest that rapid
(�weekly) changes in phytoplankton composition along the east Australian coast are likely to be
enhanced by the climate change-induced warming/strengthening of the EAC.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the light of climate change and associated worldwide chan-
ging oceanographic regimes, the study of phytoplankton as primary
producers within the marine realm is crucial. Phytoplankton
(photosynthetic microalgae) are responsible for �50% of the global
annual net primary production and link the atmospheric and the
oceanic carbon cycle via the biological carbon pump (Field et al.,
1998; Falkowski and Oliver, 2007; Falkowski and Raven, 2007).
Equally, at the base of the marine food web, phytoplankton are of

indispensable nutritional value to higher trophic organisms, and
their abundance and distribution patterns ultimately affect the
sustainability of all marine life. As a result of global warming, shifts
in phytoplankton peak production periods, species range expan-
sions and alterations in community structures are expected
(Hallegraeff, 2010). These adaptations might disrupt established
food-web interactions, impact primary productivity and influence
biogeochemical cycles.

Subtropical western boundary currents (WBCs), which trans-
port warm tropical water to the mid-latitudes, are hotspots of
climate change-induced sea surface temperature (SST) warming
(Wu et al., 2012). These authors reported a rapid increase in SSTs
of WBCs, at a rate 2–3 times faster than the global mean ocean
surface warming, and associated with a poleward shift and/or
intensification of these currents. As a consequence changes in
coastal physical forcing mechanisms and biological properties
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have been observed, such as in the Agulhas (Lutjeharms, 2006),
Kuroshio (Chen et al., 2006) and East Australian Current
(Thompson et al., 2009). In oligotrophic WBC systems, productivity
is enhanced in regions of upwelling of cold, nutrient-rich, bottom
water in the euphotic zone; thus, local oceanography and phyto-
plankton productivity are tightly linked (e.g. Probyn et al., 1994;
Lutjeharms and De Ruijter, 1996; Thompson et al., 2009, 2011).

Along the Australian east coast, phytoplankton abundance and
distribution are driven primarily by the southward flowing East
Australian Current (EAC). The EAC is the WBC of the South Pacific
sub-tropical gyre and flows (with up to 2 m s�1) from its formation
point (�10–151S) along the continental shelf break, until it sepa-
rates from the coast (�321S) (Godfrey et al., 1980; Ridgway and
Dunn, 2003). At the separation point the current bifurcates into the
eastward flowing Tasman Front and a southward directed compo-
nent; the latter being comprised of a sequence of quasi-permanent
eddies travelling along the shelf and a residual southward EAC flow
reaching down to Tasmania (Fig. 1). The EAC's influence appears to
have increased poleward due to climate change over the past 60
years (Ridgway, 2007; Hill et al., 2008), while seasonal and decadal
variability has also been documented (Ridgway and Godfrey, 1997;
Ridgway and Hill, 2009). EAC strengthening together with increas-
ing insolation and topographically induced vertical mixing has led
to the promotion of nutrient enhanced phytoplankton blooms in
spring and summer (Hallegraeff and Reid, 1986; Ajani et al., 2001;
Thompson et al., 2011; and references therein). However, sporadic
nutrient enrichment favoring primary production on the east
Australian continental shelf has also been reported, especially in
the EAC separation zone, and may be by wind or current-driven
(Oke and Middleton, 2001; Roughan and Middleton, 2002, 2004,
Rossi et al., in preparation).

Phytoplankton research along the east coast of Australia has
been conducted sporadically since the 1930s (e.g. from Dakin and
Colefax, 1933, 1940; to Wood, 1961a, b, 1964a, b) and was
centralised at the long term sampling station Port Hacking, Sydney

(�341S), since 1960 (Ajani et al., 2001, in press; and references
therein). More recent investigations have addressed broader
regional areas from Port Stephens (321S) to Jervis Bay (351S)
(Hallegraeff and Jeffrey, 1993; Lee et al., 2001, 2007) and Lakes
Entrance (381S) (Bax et al., 2001). Tropical phytoplankton com-
munities have been identified and described around northern
Australia (between �10 and 251S) by Hallegraeff and Jeffrey
(1984). Ultimately though, there is a lack of detailed taxonomic
information regarding phytoplankton composition and distribu-
tion for �1000 km along the east Australian coastline north of
Sydney.

This study is undertaken in the Solitary Islands Marine Park
(SIMP) located north of the EAC separation point in the tropical–
temperate transition zone of Eastern Australia (Fig. 1 �301S).
The bathymetry of the region is complex, including numerous
coastal and offshore reefs, as well as eight islands fringed by
shallow rocky reefs (NSW MPA, 2008). Due to the irregular
topography combined with episodic encroachment of the EAC,
cold bottom water intrusions and northward flowing counter
currents, small-scale variations of the circulation and water
temperature changes are typical in the area (Malcolm et al.,
2011). The impact of such temperature gradients (generally span-
ning 16–27.5 1C) and variations in the shelf circulation is not
known but it is thought that they may strongly affect the
distribution of planktonic organisms (Boland and Church, 1981;
Roughan and Middleton, 2004; Roughan et al., 2011).

In this study we compare the phytoplankton composition and
distribution in the SIMP under two contrasting oceanographic condi-
tions: (1) a wind-driven downwelling event and (2) a current-driven
upwelling event. Both scenarios closely followed each other during a
12-day field campaign in the SIMP during the austral winter of 2011,
thereby providing a unique opportunity to investigate the phytoplank-
ton response to rapidly changing oceanographic conditions during the
same season. We describe the general oceanographic background,
including nutrient concentrations (nitrate and silicate), and analyse the
associated biological response through a detailed taxonomic phyto-
plankton survey.

2. Methods

2.1. Sampling design and instrumentation

Sampling was undertaken at the 25, 70 and 100 m isobaths in a
cross-shelf transect off the east coast of Australia on 28 May and
07 June, 2011 (Fig. 1). The most inshore located station (CH1) is
located within the SIMP, whereas the other two stations (CH3 –

mid-shelf and CH5 – offshore) are located in the adjacent Solitary
Islands Marine Reserve. Station CH5, is most influenced by the
intrusion of the EAC onto the shelf. This cross-shelf transect,
henceforth identified as the CH-line, extends about 26 km off
Coffs Harbour, Australia.

Station CH3 is also the site of a long-term in-situ oceanographic
mooring (CH070) which is part of the NSW Integrated Marine
Observing System (IMOS). The mooring is instrumented with
seven temperature loggers at 8 m intervals through the water
column from the bottom to within approximately 15 m of the sea
surface, while a bottom Acoustic Doppler Current Profiler (ADCP)
measures the current velocity again at 8 m intervals in the vertical
(Roughan et al., 2010; Schaeffer et al., 2013). Data from this
mooring as well as hourly land-based wind observations (Austra-
lian Bureau of Meteorology, BOM, Fig. 2) were analysed to describe
the oceanographic context. The wind stress was calculated from
the 10 m wind velocity and time series were low-pass filtered
following Wood et al. (2012). Both current and wind data are

Fig. 1. Sampling location. Insert showing sea surface temperature (GHRSST from
NOAA AVHRR products) and geostrophic current velocity vectors from altimetry
(NOAA) of 06 June 2011. The location of the sampling sites (CH1, CH3 and CH5,
circles), the BOM station (black square) measuring wind and the permanent IMOS
mooring station (crossed circle) measuring temperature (T) and velocity (V) are
shown. Contours of the coastline and the 50, 100, 250, 500, 1000, 2000 m isobaths
are shown as black lines, while the offshore delimitation of Solitary Islands Marine
Park is indicated by the black dashed line.
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rotated to an along/across-shelf coordinate system, positive values
being northward/eastward, respectively (Schaeffer et al., 2013).

2.2. Hydrographic sampling

Sampling was undertaken on the RV Bombora (NSW Office of
Environment and Heritage vessel) by the deployment an auto-
matic SBE32 rosette water sampler (Sea-Bird Electronics, Inc., USA)
equipped with 12�5 L Niskin-bottles (General Oceanics, USA).
The rosette was fitted with a SBE 911plus Conductivity–Tempera-
ture–Depth profiler (CTD) (Seabird Electronics, Inc., USA) and an
ECO FLNTU fluorescence sensor (Wetlabs, Inc., USA).

At each station, the CTD was lowered to within 5 m of the
seabed after a 3 min surface soak. Water samples were taken at
20–30 m intervals throughout the water column. In addition,
surface samples were collected in a 10 L plastic bucket. The CTD
profiles were visualised in real time, allowing for an adaptive
sampling strategy to capture the depth of the deep Chl a
maximum. As CTD casts lasted for a maximum of 20 min and boat

drift with the mean current was negligible, we assumed that the
CTD and rosette sampled the same water and thus we refer to the
start times and coordinates only.

Data post-processing was conducted using the Seabird SBEData
Processing software (Sea-Bird Electronics, Inc., USA) following IMOS
CTD processing protocols (http://imos.org.au/anmndocuments.html).

2.3. Sample preparation and analysis

Preliminary sample preparations were conducted at sea within
30 min of sample collection.

2.3.1. Nutrients (dissolved nitrate and silicate)
About 1 L of Niskin water from each sampling location was

used to triple rinse a syringe, a 0.45 μm filter and three 10 mL
sample tubes. The tubes were filled 75% with seawater filtered
through the syringe filter, labelled, frozen and sent for analysis
packed in dry ice (at the Commonwealth Scientific and Industrial

Fig. 2. Wind and current observations. (a) Raw and low-pass filtered along-shelf wind stress observations (blue and red lines respectively) (N m�2), (b) along-shelf current
velocity (m s�1) and (c) temperature (1C) from the CH070 mooring between 15 May–15 June 2011. The grey dashed lines indicate the dates of the two sampling cruises
discussed in this paper. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Research Organization, CSIRO, Floreat, Western Australia). The
concentrations, of nitrateþnitrite (hereafter nitrate) and silicate,
were determined by colorimetric methods using a Lachat 8000
autoanalyser, following the WOCE protocol (Gordon et al., 1993).

2.3.2. Total chlorophyll a (TChl a)
For total Chl a analysis, 1 L samples were filtered onto What-

man GF/F filters (while protected from sunlight) and stored frozen
(�20 1C) until extraction in 8 mL 90% acetone within 3 days of
collection. All samples were analysed for Chl a with a TD700
Turner fluorometer after overnight extraction at �20 1C without
grinding. Samples were acidified with 10% HCl to correct for
phaeopigments, and Chl a concentrations were calculated accord-
ing to Parsons et al. (1984).

2.3.3. High-performance liquid chromatography (HPLC)
Duplicate samples for HPLC analyses were prepared fromwater

collected at 0 and 20 m and/or the Chl a maximum depth at all
stations to enable spatial comparisons for different depths and
locations. Two liters were filtered (as in Section 2.3.2) onto pre-
combusted 25 mm GF/F filter papers (Whatman Ltd., UK) and
stored in liquid nitrogen until further analysis (at CSIRO Hobart,
Tasmania). HPLC analysis followed a modified version of the Van
Heukelem and Thomas (2001) technique. The method is based on
acetone pigment extraction for 15–18 h, pigment separation using
a C8 column and a binary gradient systemwith an elevated column
temperature (55 1C) (for further details see Clementson, 2010).
Pigments were identified by retention time and absorption spec-
trum from a photo-diode array (PDA) detector and concentrations
of pigments were determined from commercial and international
standards (Sigma Aldrich Missouri, DHI Denmark). A Waters
Alliances HPLC system was used and separated pigments were
detected at 436 nm using Waters Empower software.

A first approximation of the relative percentage of micro-, nano-,
and picoplankton (420 mm, 2–20 mm, o2 mm, respectively) was
derived from HPLC data following a linear regression model (Uitz
et al., 2006; Ras et al., 2008). The model uses the sum of seven
weighted diagnostic pigments (Table 1) to calculate fractions of
each size class with respect to total phytoplankton biomass (TChl a).
We used microscopic analysis to verify species attributions from
HPLC, therefore reducing the risks of mis-interpreting pigment
associations (e.g. the same pigment can occur in several phyto-
plankton taxa and/or not all species are limited to the indicated size
range, see Uitz et al. (2006)).

2.3.4. Microphytoplankton (420 mm) abundance
At each sampling location 2 L of water were fixed in opaque plastic

containers with 6 mL of Lugol's acid solution for later concentration
by sedimentation (48 h), identification and enumeration under an
inverted microscope. A minimum of 400 cells were counted per
sample at 200� magnification following Utermöhl (1958), and
identification was made at the lowest taxonomic level possible by
an analyst with advanced taxonomic expertise. Taxonomic guides used
included Dakin and Colefax (1940), Wood (1954), Crosby and Wood
(1958, 1959), Wood et al. (1959), Wood (1961a, b), Tomas, 1997 and
Hallegraeff et al., 2010. Additional literature authored by Hallegraeff
and Jeffrey, 1984, Ajani et al. (2001) and Stidolph et al. (2012) were also
referred to.

When the genus could not be determined (e.g. due to overlying
particles in the sample or morphological degradation) diatoms
were classified as “undefined centric” or “undefined pennate”.
The lower size limit that could be determined was �10 mm.
Dinoflagellates were determined to genus level in most cases
except for a few distinct species. To facilitate identification of
thecate dinoflagellates 100 mL of a Calcofluor White Stain working
solution (20 mg mL�1) was added to each 3 mL sample 30 min
prior to counting (Fritz and Triemer, 1985). All dinoflagellates
belonging to the genera Alexandrium/Gonyaulax/Heterocapsa/
Scrippsiella spp. were grouped in a complex. Distinct Gymnodinium
spp. and Gyrodinium spp. 420 mm were included in the counts.
Smaller individuals were difficult to distinguish from each other,
and equally from a numerous small unidentifiable flagellates, and
were therefore excluded from the counts. We relied on HPLC
analysis to estimate the quantity and composition of small sized
phytoplankton. Dinoflagellates 420 mm that could not be classi-
fied were counted as “undefined dinoflagellates”.

2.4. Statistical analyses

Changes in the mean species richness of microphytoplankton at
each station under upwelling and downwelling conditions were
investigated via a Two-Way Crossed Analysis of Variance (ANOVA)
using Minitab V16. We defined two factors within the ANOVA:
“Oceanographic condition” (OC; composed of the two levels
downwelling and upwelling) and “Station ID” (SI; composed of
the three levels CH1, CH3 and CH5), which were tested for their
combined and separate effects on the microphytoplankton species
richness. Residual plots were visually checked and no violations
were obvious. As aimed at detecting differences in the tropical
species input into the study area depending on the oceanographic
context, the temperate silicoflagellate species found were
excluded from this ANOVA (see results, Table 2).

Table 1
Pigments, SCOR abbreviations and phytoplankton classes associated according to Jeffrey et al. (2005).

Pigment SCOR abbreviation Taxonomic distribution

Chlorophyll a Chl a All photosynthetic algae and higher plants
Divinyl chlorophyll a DV Chl a Prochlorococcus spp.
Divinyl chlorophyll b DV Chl b Prochlorococcus spp.
Alloxanthin Allo Cryptomonads, some dinoflagellates with endosymbionts
19′-Butanoyloxy-fucoxanthin But-fuco Chrysophytes, some prymnesiophytes, some dinoflagellates with endosymbionts
Fucoxanthin Fuco Diatoms, prymnesiophytes, brown seaweeds, raphidophytes, some dinoflagellates with endosymbionts
19′-Hexanoyloxy-fucoxanthin Hex-fuco Prymnesiophytes, some dinoflagellates with endosymbionts
Lutein Lut Red seaweeds, green algae, higher plants
Neoxanthin Neo Green algae, euglenophytes, higher plants (9′-cis isomer); brown seaweeds, chrysophytes (all-trans)
Peridinin Perid Photosynthetic dinoflagellates, except those containing endosymbionts of other algal classes
Prasinoxanthin Pras Prasinophytes (e.g. Micromonadophyceae)
Violaxanthin Viola Higher plants, green algae, eustigmatophytes, brown seaweeds
Zeaxanthin (photoprotective pigment) Zea Prochlorophytes, cyanobacteria (coccoid), green algae, most chrysophytes, raphidophytes

Pigment names in italic font indicate biomarker pigments used to calculate phytoplankton size classes derived from HPLC following Uitz et al. (2006) and Ras et al. (2008).
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Table 2
Concentrations of diatom, dinoflagellate and silicoflagellate (cells L�1) per sampled depths (m) at the three sampling stations CH1, CH3 and CH5 during downwelling and upwelling events.

Downwelling (28 May 2011) Upwelling (07 June 2011)

Station
CH1 CH3 CH5 CH1 CH3 CH5

Depth (m) 0 21 0 20 40 69 0 60 90 0 26 0 30 50 0 35 62

Centric diatoms (cells L�1)
Anaulus minutus 0 0 0 0 0 0 0 0 0 41 0 0 0 0 0 0 10
Asteromphalus spp. 0 0 0 0 0 0 0 0 0 0 0 0 20 0 0 0 5
Bacteriastrum elongatum 0 0 0 10 0 0 41 0 0 0 7 0 0 0 0 0 0
Bacteriastrum furcatum/delicatulum 0 0 0 0 41 0 0 0 0 0 0 21 0 0 0 0 0
Bacteriastrum hyalinum 0 0 31 0 31 0 0 0 0 20 0 0 0 0 20 7 0
Bacteriastrum spp. 20 0 31 0 0 0 0 0 11 20 0 62 0 0 29 0 0
Chaetoceros atlanticus 20 20 51 15 31 20 10 29 21 0 0 103 41 41 4 27 0
Chaetoceros coronatus 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0
Chaetoceros curvisetus 0 0 0 0 0 0 0 0 0 0 0 41 0 0 0 0 0
Chaetoceros lorenzianus 0 0 0 0 0 0 0 0 0 0 0 41 0 0 25 0 0
Chaetoceros peruvianus 82 0 10 0 10 0 0 0 26 0 0 0 0 0 0 0 5
Chaetoceros spp. Hyalochaete 0 31 51 31 123 10 143 20 122 41 0 290 184 368 90 109 92
Chaetoceros spp. Phaeoceros 61 10 82 10 41 20 51 37 79 20 0 83 20 20 29 14 5
Cerataulina pelagica 41 0 0 5 20 0 0 16 0 0 0 0 0 20 4 14 0
Climacodium frauenfeldianum 41 61 31 36 0 82 102 0 74 143 27 166 102 286 25 20 46
Coscinodiscus spp. 0 20 20 0 31 0 10 4 0 0 7 0 0 0 4 0 10
Cyclotella spp. 0 0 0 5 0 0 0 0 0 20 0 0 0 0 0 7 0
Dactyliosolen fragilissimus 41 71 10 20 31 51 71 102 132 41 0 331 286 204 41 27 15
Guinardia flaccida 20 0 0 0 0 0 0 0 0 20 0 0 327 41 0 7 0
Guinardia striata 245 265 265 184 31 133 214 106 159 143 48 331 592 1184 74 61 117
Helicotheca tamesis 20 31 0 0 0 0 0 0 0 143 95 41 286 102 4 7 15
Hemialus hauckii 0 0 0 5 0 0 0 0 0 0 0 21 41 20 8 0 5
Hemialus membranaceus 0 0 0 0 20 0 0 0 0 0 0 0 0 41 12 20 5
cf. Lauderia annulata 41 31 0 0 0 0 0 0 0 20 7 21 225 490 8 27 5
Leptocylindrus danicus 0 0 0 0 0 0 163 0 37 20 0 310 531 817 41 0 10
Leptocylindrus mediterraneus 143 0 31 0 0 0 0 0 0 0 0 21 0 0 8 0 10
Paralia sulcata 123 51 0 0 0 0 0 0 0 245 136 124 0 0 0 0 0
Planktoniella sol 0 0 0 5 0 0 0 0 5 0 0 0 41 0 0 0 5
Proboscia alata 0 0 31 20 10 0 41 12 16 0 0 41 0 0 0 14 0
Rhizosolenia fallax-type 123 174 41 51 61 31 51 69 69 61 20 62 163 306 49 20 41
Rhizosolenia setigera-type 61 20 10 5 10 0 0 20 16 0 20 0 41 123 0 20 5
Thalassiosira spp. 368 235 123 66 204 51 20 57 5 470 320 352 1715 1429 131 102 128
Triceratium dubium 0 0 0 5 0 0 0 0 0 0 7 0 0 0 0 0 0
Undefined centric 41 31 123 77 71 41 306 41 74 82 14 269 551 368 4 388 454
Pennate diatoms
Amphora spp. 0 0 0 10 0 0 0 0 0 61 14 0 0 20 0 7 10
Asterionellopsis glacialis 0 0 0 0 0 0 0 0 0 0 0 0 0 82 0 0 0
Ceratoneis closterium/Nitzschia longissima 102 766 347 362 153 306 225 110 164 1389 197 1014 551 1144 69 157 102
Climacosphenia moniligera 82 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Diploneis spp. 551 204 0 15 51 0 0 0 0 204 82 21 41 0 16 82 82
Meuniera membranacea 20 0 0 0 10 0 31 0 16 0 0 290 0 20 4 0 5
Navicula spp. 490 163 61 31 41 51 10 0 0 41 20 41 41 20 29 75 56
Nitzschia/Lioloma/Thalassiothrix spp. 204 31 235 107 133 102 61 61 26 306 95 372 327 653 65 61 56
Pleurosigma spp. 61 41 41 20 143 61 0 0 5 41 27 41 20 41 4 34 26
Pseudo-nitzschia spp. 347 327 745 148 541 153 20 98 116 163 14 869 368 1368 90 197 36
cf. Pseudo-nitzschia subcurvata 429 112 82 199 61 408 163 98 42 1389 61 1200 1674 898 41 116 112
Rhabdonema adriaticum 20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Thalassionema nitzschioides/frauenfeldii 0 0 0 0 0 0 0 8 0 0 41 124 20 82 4 54 66
Undefined pennate o40 mm 3614 1072 306 112 317 255 276 106 185 3288 1191 952 470 1123 486 694 347
Undefined pennate 440 mm 388 194 225 77 143 61 163 45 32 408 61 269 265 225 57 109 71
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Dinoflagellates (cells L�1)
Alexandrium/Gonyaulax/Heterocapsa/Scrippsiella spp. 225 71 61 148 102 71 153 53 58 449 82 331 184 306 86 136 20
Ceratium fusus 20 0 10 0 0 0 10 0 0 0 0 0 0 0 0 0 0
Ceratium lineatum 0 0 10 5 20 0 0 4 11 20 7 21 20 41 4 0 0
Ceratium massiliense 0 0 0 0 0 0 0 0 0 0 0 21 0 0 0 0 0
Ceratium pentagonum 0 0 0 0 0 0 0 0 0 0 0 0 20 0 0 0 0
Ceratium ranipes 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5
Ceratium tripos 0 0 0 0 0 0 0 0 0 0 0 0 20 0 0 0 0
Ceratium spp. 0 0 10 15 10 0 0 0 0 0 0 0 0 0 0 0 0
Ceratocorys horrida 0 0 0 5 0 0 0 0 0 0 7 0 0 0 0 0 0
Dinophysis spp. 0 0 0 0 0 0 0 0 0 0 0 21 0 0 4 0 5
Gymnodinium spp. 163 51 41 31 10 31 20 25 21 82 20 124 102 61 4 27 0
Gyrodinium spp. 265 123 112 46 71 133 82 131 69 143 27 145 265 327 57 299 71
Karlodinium spp. 0 20 10 0 10 0 10 0 5 0 0 0 0 0 0 41 0
Ornithocercus thumii 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0
Oxytoxum constrictum 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0
Oxytoxum laticeps 0 10 41 36 31 51 20 12 11 82 0 0 0 41 12 34 5
Oxytoxum milneri 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0
cf. Oxytoxum variabile 61 92 20 56 71 51 82 49 85 41 27 103 123 61 41 61 0
Oxytoxum scolopax 0 10 0 5 0 0 10 4 11 0 0 21 0 20 4 7 0
Podolompas bipes 0 10 0 0 0 0 0 0 0 0 0 0 0 0 0 7 0
Podolompas palmipes 0 0 0 0 0 0 0 0 0 0 0 0 20 0 4 0 0
Pronoctiluca spp. 0 0 0 0 0 20 0 8 0 61 0 62 0 41 16 0 0
Prorocentrum cordatum 102 41 102 26 153 61 10 25 79 20 34 21 41 163 0 14 0
Prorocentrum dentatum 0 20 0 5 10 0 0 4 11 0 0 124 82 0 0 0 0
Prorocentrum lima 41 0 31 0 0 0 10 0 0 20 0 0 0 20 0 0 0
Prorocentrum rostratum 0 0 0 0 10 0 0 0 0 0 0 0 0 0 0 0 0
Prorocentrum spp. 143 51 10 112 61 51 20 61 32 286 75 228 143 368 110 88 0
Protoperidinium elegans 0 0 0 5 0 0 0 0 0 0 0 0 0 0 0 0 0
Protoperidinium bipes 0 0 0 0 0 0 0 0 5 0 0 21 82 61 4 0 0
Protoperidinium spp. 0 61 20 15 20 10 41 25 21 163 20 83 143 163 8 68 20
Pyrocystis lunula 0 0 0 0 0 0 0 0 0 0 0 0 20 0 0 0 0
Schuetiella mitra 0 0 0 0 0 0 0 0 5 0 0 0 0 0 0 0 0
Dinoflagellate undefined 102 123 92 66 102 143 133 90 26 163 14 124 163 184 53 82 56
Silicoflagellates (cells L�1)
Dictyocha fibula 82 20 31 31 31 31 71 37 101 265 102 310 163 265 102 41 26
Dictyocha speculum 0 0 10 0 0 0 10 0 37 123 0 21 0 20 0 0 0
Dictyocha spp. 0 10 10 5 0 10 31 4 48 0 14 124 41 41 33 14 15
Total abundance (cells L�1) 9005 4676 3604 2251 3073 2501 2890 1572 2074 10761 2941 9827 10578 13723 2022 3403 2185

Grey shading indicates the most abundant species for each sampling station (by combining the five most abundant species per depth at each station).
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Similarities in microphytoplankton species composition
between SI and OC were tested via Crossed Analysis of Similarities
(ANOSIM) (Clarke, 1993). To visualise multivariate interactions and
to ordinate sampling locations based on their similarity in micro-
phytoplankton composition we applied non-metric multidimen-
sional scaling (nMDS) using PRIMER Version 6.1.12 (Clarke and
Gorley, 2006). Distance-based redundancy analysis following
Legendre and Anderson (1999) was used to test interactions
between environmental and/or physico-chemical variables and
microphytoplankton species distribution using the DistLM (Dis-
tance-based linear Model) procedure of the PRIMER add on
PERMANOVAþ Version 1.0.2. Variables chosen were depth, tem-
perature, salinity, nitrate and silicate concentrations at the respec-
tive microphytoplankton sampling locations.

Within the ANOVA and the ANOSIM we chose to average the
species richness per station, i.e. all samples collected at the same
station were treated as replicates (depth had no significant impact
on the microphytoplankton community distribution; see results
Section 3.7). ANOSIM, nMDS and DistLM were conducted based on
log10(Xþ1) transformed microphytoplankton abundance data and
Bray Curtis similarity. In the DistLM we used forward selection on
Akaike's Information Criterion (AIC) to select the minimally
adequate model.

3. Results

3.1. Oceanographic conditions and nutrient concentrations

Moored current and temperature measurements (CH070) revealed
a sequence of changes in the oceanographic conditions at the study
site. Our samplings took place on 28 May and 07 June 2011, thus
within a �1 week interval.

Three days prior to our first sampling, a strong downwelling
favourable wind was blowing (southerly wind, 25–26 May, |τ|
40.1 N m�2, Fig. 2a). The immediate ocean response (observed
at the mid-shelf mooring CH070) was a northward coastal flow
(up to 0.6 ms�1, May 26–27, Fig. 2b) and a gradual homogenisation
of the water column (T�22.5 1C, 27–29 May, Fig. 2c). The southerly
wind-induced vertical mixing was noticeable over the entire
continental shelf: during our sampling (28 May), the temperature
range was o1 1C over a 90 m gradient (Fig. 3a). The downward
sloping isopycnals (towards the coast) confirm a downwelling
response to the along-shore wind stress. While the EAC waters
were homogenised over the mid-shelf, we noted a local density
maximum at the inner shelf (within a 12 km distance from the coast).

Shelf waters could be divided into two water masses. The inner
shelf was characterised by a local maximum of silicate (�1 mmol L�1)

Fig. 3. Interpolated cross-shore sections (distance versus depth) along the CH-line (30.251S) on 28 May 2011. (a) Temperature (1C) (with density s in kg m�3 contoured) as
measured by the CTD; white lines represent the positions of the cast. (b) Total chlorophyll a (TChl a) concentrations (in mg m�3). (c) Dissolved silicate and (d) nitrate
(mmol L�1). Black circles/diamonds represent the sampling depths for TChl a/nutrients, coloured according to their measured values.
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(Fig. 3c) and depleted nitrate within the water column (o0.3
mmol L�1) (Fig. 3d). The mid- and outer shelf was homogeneous with
both low silicate (0.7–0.9 mmol L�1) (Fig. 3c) and low nitrate
(o0.6 mmol L�1) (Fig. 3d) concentrations.

The period immediately prior to, and during, the second
sampling date (07 June) was characterised by weak winds and a
southward along-shelf current flow (Fig. 2). The southward flow
reached velocities between 0.2 and 0.5 ms�1 (Fig. 2b) and was
associated with SSTs of �22 1C at the mooring CH070 (Fig. 2c).
Satellite derived geostrophic velocities and SSTs (Fig. 1; 06–09
June, 2011) showed this along-shelf current with an associated
EAC encroachment onto the shelf. The EAC was characterised by
warm sea surface temperatures (approx. 23–24 1C), while SSTs on
the shelf were colder by 2–3 1C (Fig. 1). On 07 June, during the
second sampling period, the temperature decreased in the bottom
layer (�19.5 1C, CH070, Fig. 2c), leading to a vertical temperature
gradient of �4 1C in 90 m of water (Fig. 4a). A slight upward slope
(towards the coast) of the isopycnals was observed at the seafloor
with a vertical uplift of 20 m over a distance of 10 km between 16
and 26 km offshore (Fig. 4a). The dense/cold bottom waters had
high nutrient concentrations (�6 mmol L�1 of nitrate and
�1.75 mmol L�1 of silicate) (Fig. 4c and d), while the inner shelf

was characterised by a local silicate maximum (�1 mmol L�1)
(Fig. 4c).

Prior to our sampling (21–25 May, 2011) another (stronger)
upwelling event was identified from the current and temperature
observations. Again, encroachment of a strong and warm EAC
(0.8 ms�1, 22–23 1C), lead to the uplift of cold water of 18–19 1C
(Fig. 2).

3.2. Total Chlorophyll a (TChl a) concentrations

During the downwelling event (28 May), the inner shelf was
characterised by high TChl a concentrations (0.3–0.6 mg m�3,
Fig. 3b). On the mid- and outer shelf (homogenous water mass)
TChl a concentrations were, by comparison to the inner shelf,
patchy (0.1–0.3 mg m�3).

During the upwelling event (07 June), most of the shelf (inner
and mid-shelf) was characterised by relatively high TChl a con-
centrations (0.3–0.5 mg m�3) (Fig. 4b). In the core of the EAC
(offshore), the TChl a concentrations were an order of magnitude
lower (�0.03 mg m�3). Offshore below the EAC (at 90 m depth),
TChl a concentrations were very low (0.02 mg m�3) (Fig. 4b).

Fig. 4. Interpolated cross-shore sections (distance versus depth) along the CH-line (30.251S) on 07 June 2011. (a) Temperature (1C) (with density s kg m�3 contoured) as
measured by the CTD; white lines represent the positions of the cast, (b) Total chlorophyll a (TChl a) concentrations (mg m�3). (c) Dissolved silicate and (d) nitrate
(mmol L�1). Black circles/diamonds represent the sampling depths for TChl a/nutrients, coloured according to their measured values.
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3.3. Distribution of micro-, nano-, and picoplankton derived from
HPLC

TChl a determined by fluorometry was slightly underestimated
in comparison to HPLC derived values but both measurements
were highly positively correlated (R2¼0.80, linear regression
analysis). HPLC-determined TChl a was used to calculate the
relative contribution of the different size classes to the whole
phytoplankton community. As TChl a values did not vary con-
siderably through the water column, depth integrated averages
were plotted for each size class per station (Fig. 5).

We found that the phytoplankton community was mainly
composed of nanoplankton at all stations (generally 40–50% of
TChl a), except for CH1 during the downwelling event where less
nanoplankton was found (Fig. 5a). Picoplankton represented
22–38% of the phytoplankton during both oceanographic condi-
tions (Fig. 5). The greatest variance in abundance derived from
HPLC was found in the microphytoplankton size class, which made
up 16–34% of TChl a depending on the station (Fig. 5).

We consistently found high DV Chl a and DV Chl b (represen-
tative of prochlorophytes) at all locations during both, upwelling
and downwelling (data not shown). The photoprotective pigment
Zea was also consistently found, indicating the presence of
cyanobacteria, chrysophytes and raphidophytes. Zea-containing
chlorophytes and prasinophytes may also have been present as
suggested by low concentrations of Neo/Viola/Lut (chlorophytes)
and Pras (prasinophytes) at nearly all sampling locations (data not
shown) (for pigment abbreviations and characteristics of phyto-
plankton taxa see Table 1 and Jeffrey et al. (2005)).

In the nanoplankton size range, relatively high concentrations
of Hex-fuco simultaneously with But-fuco suggest the presence of
prymnesiophytes. Hex-fuco may originate from rarely occurring,
Hex-fuco containing dinoflagellates, such as few Karlodinium spp.
(undefined species of this genus were found sporadically at most
sampling stations, Table 2), But-fuco and low concentrations of
Allo (not shown) might suggest the presence of chrysophytes and
cryptomonads, respectively. However, both groups were not
included in our microscopy analyses, therefore, their presence
remains speculative.

The main fraction of the microphytoplankton was linked to the
presence of diatoms, which were characterised by relatively high
concentrations of the marker pigment Fuco (data not shown).
The dominance of diatoms over other microphytoplankton was
supported by our microscopy data (see, Section 3.4; Table 2).

3.4. Microphytoplankton abundance

Microphytoplankton counts revealed 46 diatom, 32 dinoflagellate
and three silicoflagellate taxa (excluding the three groups of undefined
pennate and centric diatoms and dinoflagellates). Total abundances of
all taxa counted ranged from 1.57�103 cells L�1 (CH5 60m) to

9.01�103 cells L�1 (CH1 0m) during the downwelling event and
from 2.02�103 cells L�1 (CH5 0m) to 13.72�103 cells L�1 (CH3
50m) during the upwelling event (Table 2).

During both oceanographic events, high microphytoplankton
abundances were found at CH1, with maximum abundances at the
surface while microphytoplankton abundances at CH5 were much
lower (Table 2). Generally, diatoms contributed the major propor-
tion of microphytoplankton in this study (Table 2).

Microphytoplankton abundance patterns at CH3 differed greatly
during upwelling and downwelling events. During downwelling,
the microphytoplankton abundance at CH3 was similar to values
found at CH5, whereas during upwelling microphytoplankton
abundances were much higher at CH3 than those encountered at
CH5 (Table 2). Total microphytoplankton abundance at CH3
increased with depth until the maximum value observed during
this study was reached close to the seafloor (Table 2). A full species
list documenting phytoplankton abundances at each station is
recorded in Table 2.

3.5. Microphytoplankton species richness

Average species richness at the stations CH1, CH3 and CH5
changed from 3371, 3373 and 3174 during downwelling to
3274, 4072, 3874 during upwelling, respectively). A statistically
significant difference in species richness was found between upwel-
ling and downwelling events (Table 3) but not between stations.
The increased species richness during the upwelling event, particu-
larly at CH3 and CH5, was partly due to the appearance of some
temperate diatoms (although these occurred in relatively low cell
numbers) such as Asterionellopsis glacialis, Asteromphalus spp., Chae-
toceros curvisetus and C. lorenzianus (Table 2). Moreover, tropical
dinoflagellate species such as Ceratium massiliense, C. ranipes,
Ornithocercus thumii, Oxytoxum milneri, Podolompas palmipes and
Pyrocystis lunula, which were absent during downwelling, were
found during the upwelling event.

3.6. Microphytoplankton species composition

Non-metric MDS (nMDS) of microphytoplankton abundance
data per sampling location revealed a reliable ordination as indi-
cated by a 2D stress of 0.17 (Fig. 6) and demonstrated consistency
with the microphytoplankton abundance patterns described in
Section 3.4.

The phytoplankton composition characteristic for a sampling loca-
tion was highly dependent on a complex correlation of OC and SI as
determined by ANOSIM: Two-way Crossed ANOSIM revealed statisti-
cally significant differences in the variability of microphytoplankton
composition between all stations and between both oceano-
graphic regimes (Table 3). Inter-correlation of OC and SI can also
be inferred from the scattered distribution of sampling locations
via nMDS (Fig. 6).

nMDS showed that phytoplankton composition at all stations
during the downwelling event was relatively dissimilar. Ordination of
station CH1, CH3 and CH5, in a vertical direction on the nMDS plot
(Fig. 6) suggests a cross-shelf transition in microphytoplankton
composition from an offshore to an inshore community (or vice-
versa). The inshore station's community was characterised by the
increased presence of three diatom genera: Diploneis, Navicula and
Pleurosigma (Table 2). We also found maximum abundances deter-
mined during this oceanographic regime and elevated abundances of
the dinoflagellate taxa Alexandrium/Gonyaulax/Heterocapsa/Scripp-
siella spp. at CH1 (Table 2). Taxa typically found at the mid-shelf
station were Pseudo-nitzschia spp., cf. Pseudo-nitzschia subcurvata and
Nitzschia/Lioloma/Thalassiothrix spp. (Table 2). In contrast, the off-
shore station was characterised by elevated abundances of Chaeto-
ceros spp. (Hyalochaetes), Dactyliosolen fragilissimus, Leptocylindrus

Fig. 5. Phytoplankton size class fractionation. Percentages of pico-, nano- and
microphytoplankton associated with total chlorophyll a (TChl a) derived from HPLC
analysis during (a) the downwelling, 28 May and (b) the upwelling, 07 June 2011.
Error bars represent standard deviations from the mean.
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danicus and undefined centric diatoms (Table 2). It should be noted
that although inshore, mid-shelf and offshore communities could be
categorised, some taxa occurred in high abundances at all stations
during the downwelling event, e.g. Guinardia striata, Ceratoneis
closterium/Nitzschia longissima and undefined pennate diatoms
o40 mm (Table 2).

Ordination of the microphytoplankton abundance data col-
lected during the upwelling event revealed a similar species
composition at station CH3 throughout all depths (Fig. 6). This
station differed in species composition from all other sampling
locations during both oceanographic events. Under upwelling,
ordination of the microphytoplankton abundance data did not
show a cross-shelf gradient in community composition as seen
during downwelling. Microphytoplankton species driving the
similarity in community composition between all depths at CH3
were generally diatoms identified as an “offshore-community”
during downwelling; viz. D. fragilissimus, Chaetoceros spp. (Hyalo-
chaetes), L. danicus. High abundances of the taxa described as a
“mid-shelf community” during downwelling in addition to the
presence of the diatoms Chaetoceros atlanticus, G. striata and
Thalassiosira spp. at CH3 characterised the upwelling event. This
community generally showed increasing abundances with depth

(Table 2). At the inshore station the dissimilarity in species
composition between depths (0 m and 26 m) (Fig. 6) could be
described by a few species found either only at the surface (e.g.
Chaetoceros spp. (Hyalochaetes and Phaeoceros)) where total
abundance was generally elevated, or only at 26 m (e.g. Coscino-
discus spp., Thalassionema nitzschioides/frauenfeldii) (Table 2).
Elevated abundances of the grouped dinoflagellate taxa Alexan-
drium/Gonyaulax/Heterocapsa/Scrippsiella spp., Prorocentrum spp.
and the silicoflagellate Dictyocha fibula were noted during upwel-
ling at the inshore and the mid-shelf station (Table 2).

3.7. Influence of environmental variables on phytoplankton
distribution

Marginal tests in the DistLM revealed temperature and silicate
concentrations were significant variables in explaining the variation
in microphytoplankton composition at all three sampling stations
during downwelling and upwelling (Table 3). Depth, salinity and
nitrate were defined as statistically insignificant in explaining the
variability in microphytoplankton composition (Table 3). Tempera-
ture alone was responsible for explaining 15% of the variation in
microphytoplankton composition. The sequential (cumulative)
inclusion of silicate, nitrate and salinity increased the explained
variation in microphytoplankton composition to 27%, 36% and 44%,
respectively (Table 3). It should be noted that upon the addition of
salinity into the sequential test, the analysis became insignificant
(Table 3). Therefore, salinity seemed to play a minor role in the
global model explaining the variation in microphytoplankton dis-
tribution compared to the variables temperature, silicate and nitrate
(in descending order).

The variables temperature, nitrate and depth were positively
correlated as indicated by the clustering of vectors in the ordina-
tion plot (Fig. 6). The strength of these three variables increased
towards offshore (indicated by the left-oriented vectors simulta-
neously with the allocation of all offshore sampling locations in
the ordination plot). Temperature, nitrate and depth therefore had
an overall impact on the microphytoplankton community along a
horizontal rather than a vertical gradient during both oceano-
graphic events. Increased silicate concentrations were correlated
with offshore microphytoplankton composition during the upwel-
ling (Fig. 6). The local silicate maximum inshore during

Table 3
Summary of ANOVA, ANOSIM and DistLM results.

ANOVA
Crossed (OC and SI),
differences between OC

Crossed (OC and SI),
differences between SI

Separate (OC) ANOSIM
Crossed (OC and SI),
differences between SI

Crossed (OC and SI),
differences between OC

p 0.041 0.455 0.455 p, R (Global) 0.001, 0.604 0.003, 0.82

F 5.17 0.84 4.96
p, R (CH1
and CH3)

0.007, 0.609

DF 1 2 1
p, R (CH1
and CH5)

0.01, 0.708

p, R (CH3
and CH5)

0.56

DistLM Depth (m)
Temperature
(1C)

Silicate
(lmol L�1)

Nitrate (lmol L�1) Salinity (psu)

Marginal tests
(Res. DF¼15)

p 0.326 0.006 0.024 0.097 0.32
Pseudo-F 1.0886 2.6145 1.993 1.5272 1.1873
Proportional 0.0677 0.1484 0.1173 0.0924 0.0733

Sequential tests

p – 0.003 0.002 0.032 0.053
Pseudo-F – 2.6145 2.2245 1.8096 1.8662
Cumulative – 0.1484 0.26519 0.35497 0.44178
Proportional – 0.1484 0.11676 0.089786 0.086812
Res. DF – 15 14 13 12

Best solution AIC¼104.1, R2¼0.44178, RSS¼4308.4, No. of variables¼4 (temperature, silicate, nitrate, and salinity)

OC¼oceanographic condition, SI¼station ID, proportional/cumulative¼proportional/cumulative variance explained, AIC¼Akaike's information criterion, RSS¼residual sum
of squares. p-Value at a significance level of 0.05, test statistics: F (ANOVA), R (ANOSIM) and Pseudo-F (DistLM), and DF¼degrees of freedom.

Fig. 6. Phytoplankton species composition. nMDS plot showing ordinated sampling
locations (sampled during upwelling and downwelling) based on microphyto-
plankton abundance data. Vectors visualise the fitted environmental/physico-
chemical variables (depth, temperature, salinity, nitrate and silicate) as suggested
by our DistLM model. Vectors are based on Spearman correlation, their length/
direction indicate strength of effect/correlation of the variable on the ordination
plot. The circle is a unit circle.
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downwelling (see Section 3.1, Fig. 3) explains the direction of the
respective vector to the lower part of the MDS plot, where all
inshore sampling locations were ordinated (Fig. 6). The positioning
of the salinity vector slightly towards the right relative to the
temperature, depth and nitrate vectors, indicates a strong impact
of salinity at station CH3 during upwelling (Fig. 6), which is
consistent with increasing density at depth in the water column
(Fig. 4a). Nevertheless, the impact of salinity should be interpreted
with caution (see first paragraph of Section 3.7).

4. Discussion

Our observations demonstrated marked and rapid changes in
phytoplankton composition that occur within a few days under
contrasting oceanographic conditions of wind- and current-forcing
in the Coffs Harbour region (�301S) (Fig. 7), and confirm the local
importance of short-term fluctuations in nutrient supply and
vertical mixing in driving cross-shelf community structure.

4.1. Oceanographic conditions

Large and high frequency fluctuations in coastal water tem-
perature off the Coffs Harbour region, Eastern Australia, are usually
either wind-driven, or caused by flow patterns of the EAC (Rossi
et al., in preparation). Our study was conducted in early winter
when the EAC is generally weaker than in summer (Ridgway and
Godfrey, 1997). We observed significant spatial patchiness in
temperature across the shelf, as well as rapid temporal changes
in temperature. Such variability has previously been shown sig-
nificantly to alter the abundance of larval fish assemblages in the
area (Fowler et al., 2006). In this study, we have shown that the
local phytoplankton communities also respond rapidly to changing
oceanographic regimes, which concurs with changes observed in
temperature and nutrient availability.

Our analysis suggested that phytoplankton responded to changes
in hydrological properties driven by the wind (downwelling case) and

by the EAC encroachment onto the shelf (upwelling case). Other
processes might also affect the water masses over the continental
shelf. In fact, satellite images of sea-surface temperature showed that
small scale instabilities (fronts, sub-mesoscale eddies) were simulta-
neously occurring on the shoreward flank of the EAC. Because of their
relatively small scale and distance offshore, we did not see an impact
on the inner shelf circulation. However, this observation highlights the
potential periodic influence of such sub-mesoscale and mesoscale
features in modifying the circulation and stratification of the shelf
waters. Such features could add significantly to the complexity of
oceanographic forcing impacting phytoplankton populations under
the right conditions.

4.2. Historical context

TChl a concentrations and frequently found phytoplankton taxa
were consistent with previous investigations from the Port Hack-
ing long-term station, �530 km south of the SIMP, during winter
(Jeffrey and Carpenter, 1974; Hallegraeff and Reid, 1986; Ajani
et al., 2001). The total number of microphytoplankton taxa found
during this study (�80) is lower than values reported by Ajani
et al. (2001)) probably due to our comparatively short sampling
period (2 days versus weekly sampling across one year by Ajani
et al. (2001). Our results confirm the dominance of nanoplankton
during winter along the Australian east coast (40–50%), in line
with findings by Hallegraeff (1981) from Port Hacking. Small-sized
phytoplankton can efficiently acquire nutrients due to their
high surface:volume ratio (Eppley et al., 1969) and thus occur
constantly throughout the year at the Port Hacking station (50–
80% of TChl a), except in spring/summer (10–20% TChl a) when
elevated nutrient uplift favors diatom growth (Hallegraeff, 1981).
Here we found that, although on a very short temporal and small
regional scale, a current-driven upwelling event and local nutrient
enrichment lead to a decrease/increase in nanoplankton/diatom
abundance over the mid-shelf relative to the downwelling event.

Fig. 7. Phytoplankton response to oceanographic conditions. Schematic cross-shore sections showing total phytoplankton abundance (circles; including diatoms,
dinoflagellates and silicoflagellates) at each sample location during (a) downwelling (28 May 2011) and (b) upwelling (07 June 2011). Dashed lines represent schematic
isopycnals reproduced from Figs. 3 and 4, with the bold dashed line (in b) being the schematic EAC delimitation. Direction and size of arrows indicate effects and movement
of water masses influencing phytoplankton abundance and distribution. The two dark-ringed circles indicate locations of maximum phytoplankton abundance found under
each oceanographic condition. Respective enlarged circles indicate the difference in species composition resulting from (a) downwelling: Diploneis, Navicula and Pleurosigma
spp. and (b) upwelling: Chaetoceros spp. (Hyalochaetes), C. atlanticus, Dactyliosolen fragilissimus and Leptocylindrus danicus (see text).
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4.3. Microphytoplankton abundance and composition during
downwelling

During the downwelling event, we found a clear transition
from an inshore to an offshore phytoplankton community while
TChl a concentrations and microphytoplankton abundances were
maximised inshore.

The elevated abundances of species representative of the
genera Diploneis, Navicula and Pleurosigma at the inshore station,
especially at the surface, are consistent with vertical re-suspension
of benthic diatoms during the downwelling event. All three diatom
genera are regarded as benthic indicator species (Crosby and
Wood, 1959; Hallegraeff et al., 2010) and their elevated abun-
dances in the surface waters (and low concentrations during
upwelling conditions) is of note. Diploneis, Pleurosigma and Navi-
cula do not dominate the diatom community during the winter
months at the Port Hacking station (Jeffrey and Carpenter, 1974;
Hallegraeff and Reid, 1986; Ajani et al., 2001) and latitudinal
differences are unlikely to play a role as these species generally
occur in most Australian waters (Hallegraeff et al., 2010).

Changes in the cross-shelf microphytoplankton community
varied clearly with nutrient (nitrate and silicate) concentrations.
During downwelling, a local silicate maximum concurrent with a
minimum in nitrate concentration was determined inshore and
may explain the high abundances of the (silica-requiring) diatoms
Diploneis, Navicula and Pleurosigma. However, as silica and nitrate
concentrations were generally low (the majority of diatoms do not
grow below a silica concentration of 2 mmol L�1; Smetacek, 1999),
we assume that most of the available nutrients had been already
taken up by the microphytoplankton prior to sampling.

Terrestrial nutrient inputs originating from local river systems
might have played a role during this time, especially for silicate,
classically delivered via weathering from land (Limmer et al.,
2012). However, while April rainfall was more than twice the
annual average, May rainfall was substantially lower than average
(http://www.bom.gov.au/climate/data/, Station MO 59040, Coffs
Harbour, NSW, 30.311S, 153.121E), complicating a clear assessment
of the potential for runoff to influence coastal nutrient supply.

Alternatively, the preceding strong upwelling event (21–25
May 2011, Section 3.1) might have enhanced nutrient availability
and phytoplankton growth in the area. Highly silicic acid-requiring
phytoplankton (such as diatoms) had most likely grown prior to
our sampling until they reached limitation. At this point other
taxa, which do not require large amounts of silica for growth,
became more dominant. This would explain the presence of a high
percentage of nano- and picoplankton (�30% each of TChl a) and
increased abundances of the dinoflagellates Alexandrium/Gonyau-
lax/Heterocapsa/Scrippsiella spp. A similar situation occurs off the
west coast of Australia, where the strength of the Leeuwin Current,
known as a significant source of silica in autumn, can determine
the probability of diatom growth regionally (Lourey et al., 2006),
with nanoplankton favoured when this supply is not present.

4.4. Microphytoplankton abundance and composition during
upwelling

During the upwelling event the response of microphytoplankton
to elevated nutrient input was identified on the mid-shelf. This
response was the greatest recorded microphytoplankton abundance
found during this study (as reflected in TChl a concentrations,
microscopy, increased species richness and a change in species
composition). As our sampling was timed in the middle of the
upwelling event microphytoplankton might have not yet fully
responded to the enhanced nutrient availability. This would explain
why TChl a and microphytoplankton abundances were only slightly

higher at the mid-shelf during the upwelling than at the inshore
station during the downwelling event.

The uplifted cold slope water was enriched in both silica
(2–2.5 mmol L�1) and nitrate (8–9 mmol L�1), which, in all likelihood,
led to the enhanced growth of microphytoplankton. Statistically, the
impact of depth-related environmental variables on the microphyto-
plankton composition was overridden by small-scale, cross-shelf differ-
ences in our model. This might be because most sampling locations
were in the upper water column (0–40m) (maintaining consistency
with the shallow depth inshore) and did not include deep measure-
ments. However, the statistical result supports the importance of short-
term nutrient pulses (45 mg L�1 of nitrate) in enhancing the growth of
diatoms, which can then divide rapidly under nutrient-repletion
(Hallegraeff, 1981; Hallegraeff and Reid, 1986).

Diatom species found at CH3 have been commonly identified at
the offshore (located above the 100 m isobath) Port Hacking
station but were never reported as important contributors to the
winter phytoplankton community at Port Hacking (e.g. Guinardia
striata, Pseudo-nitzschia spp.; Jeffrey and Carpenter, 1974;
Hallegraeff and Jeffrey, 1984; Hallegraeff and Reid, 1986; Ajani
et al., 2001). In addition to these common species, diatoms from
the “offshore community” during the preceding downwelling
(D. fragilissimus, L. danicus, Chaetoceros spp.; see Section 3.6) were
also abundant at the mid-shelf station during upwelling. This
coastward movement of the “offshore community” along with the
appearance of tropical dinoflagellates at CH3 and the increased
percentage of tropical picoplankton (e.g. Prochlorococcus) at CH5
would appear to be indicative of the strong EAC influence on
phytoplankton communities during upwelling.

Most of the tropical dinoflagellates we found during upwelling
conditions (see Section 3.5), were previously recorded by
Hallegraeff and Jeffrey (1984) from Northern Australia but are
not listed as part of the temperate phytoplankton community of
Australian coastal waters (Hallegraeff et al., 2010). The occurrence
of these dinoflagellates in the SIMP region during the investigated
upwelling event implies the southward transport of these species
by the EAC. Our classification of a “tropical” species is based on
recent regional and international literature (Hallegraeff and Jeffrey,
1984; Hallegraeff and Reid, 1986; Tomas, 1997; Ajani et al., 2001;
Hallegraeff et al., 2010).

An increased abundance of dinoflagellates (Alexandrium/
Gonyaulax/Heterocapsa/Scrippsiella spp., Prorocentrum spp.) and
the silicoflagellate, Dictyocha fibula, was also detected during the
upwelling event. The presence of these taxa during winter is
consistent with previous investigations off Port Hacking, where
these taxa usually range between 10–103 cells L�1 (Jeffrey and
Carpenter, 1974; Hallegraeff and Reid, 1986). We assume that the
increased abundances of the dinoflagellates and D. fibula observed
during upwelling, particularly on the mid-shelf, were associated
with enhanced nutrient availability. Increased silica concentra-
tions are likely to have favoured the growth of D. fibula.

5. Conclusions

This study is the first detailed taxonomic investigation of the
winter microphytoplankton community in the SIMP (�301S, east
Australian tropical–temperate transition zone, upstream of the
EAC separation point). We provide key groundwork towards the
explanation of cross-shelf phytoplankton responses to distinctive
oceanographic regimes in this region, where physical conditions
change rapidly (on daily to weekly scales). During the observed
downwelling period we found a transition in phytoplankton
composition from an inshore to an offshore community. In con-
trast, during upwelling conditions we found phytoplankton abun-
dances to peak on the mid-shelf. Elevated species richness
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offshore, mainly due to the appearance of tropical dinoflagellates,
was indicative of a strong EAC influence during upwelling condi-
tions. During both oceanographic events we found diatoms to be
the phytoplankton class that was most sensitive to changes in
temperature and nutrient, especially silicic acid, concentrations
across the continental shelf.

Longitudinal (cross-shelf) phytoplankton distribution patterns
(as described here) might be affected by the strengthening EAC
beyond the expected poleward range expansions of warm-water
phytoplankton species, as a result of climate change in the oceanic
environment. Specifically, our investigation allows us to hypothe-
sise that a potential increase in the frequency of upwelling events
along the east Australian coast (caused by EAC strengthening) may
lead to a persistent shift of “offshore” phytoplankton communities
towards the coast. Baseline investigations aimed at natural varia-
bility of phytoplankton temporally (seasonally and annually) and
spatially (tropical–temperate) are required as a reference for
future research monitoring long-term changes in oceanography
and associated phytoplankton dynamics along the east Australian
coast and WBC delimited coastlines.
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