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Summary 

 

      The Great Australian Bight (GAB) was for many years thought to be an area of 

limited biological productivity due to a perceived lack of nutrient enrichment 

processes.  These conclusions, however, were based on data from few studies in the 

western GAB which were assumed to reflect conditions throughout the entire GAB.  

More recent studies have reported the occurrence of coastal upwelling in the eastern 

GAB (EGAB) during summer/autumn (November-April), characterized by low sea 

surface temperatures and elevated concentrations of chlorophyll a, which suggests 

that certain areas of the GAB may be highly productive during certain times of the 

year. 

      The eastern Great Australian Bight (EGAB) forms part of the Southern and Indian 

Oceans and is an area of high ecological and economic importance.  Although it 

supports the largest fishery in Australia (the South Australian Sardine fishery, annual 

catches since 2004 ~ 25,000 to 42,500 t), quantitative estimates of the primary 

productivity underlying this industry are open to debate.  Estimates range from < 100 

mg C m-2 day-1 to > 500 mg C m-2 day-1.  Part of this variation may be due to the 

unique upwelling circulation of shelf waters in summer/autumn (November-April), 

which shares some similarities with highly productive eastern boundary current 

upwelling systems, but differs due to the influence of a northern boundary current, the 

Flinders current, and a wide continental shelf.  Shelf waters encompass an area of 

~115,000 km2, and the diverse coastal topography forms part of one of the longest 

stretches of southward facing coastline in the world.  In summer-autumn, winds are 

upwelling favourable, and the Flinders current running along the continental slope 

causes the upwelling of the deep permanent thermocline from around 600 m depth 
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(dynamic uplift), allowing nutrient rich cold water to entrain onto the shelf.  In winter-

spring, the EGAB is dominated by westerly downwelling-favourable winds, and 

upwelling via the Flinders current is suppressed.  Thus, the area is highly dynamic, 

with significant spatial and temporal variations in meteorology and oceanography 

which may drive variations in nutrient enrichment and productivity.  This study 

represents the first intensive investigation of the primary and secondary productivity 

of the EGAB, and was designed to evaluate the general hypothesis that spatial and 

temporal variations in meteorology and oceanography in the EGAB will drive spatial 

and temporal variations in phytoplankton size structure, and primary and secondary 

productivity.  It examines variations in primary and secondary productivity in the 

EGAB during the upwelling and downwelling seasons of 2004, and the upwelling 

seasons of 2005 and 2006. 

      Daily integral productivity calculated using the vertically generalised production 

model (VGPM) showed a high degree of spatial variation.  Productivity was low 

(<800 mg C m-2 day-1) in offshore central and western regions of the EGAB.  High 

productivities (1600-3900 mg C m-2 day-1) were restricted to hotspots in the east that 

were influenced by the upwelled water mass.  There was a strong correlation between 

the depth of the euphotic zone and the depth of the mixed layer that suggested that 

~50% of the euphotic zone lay below the mixed layer depth.  As a result, high rates of 

primary productivity did not require upwelled water to reach the surface.  A 

significant proportion of total productivity in the euphotic zone (57% in 2005 and 

65% in 2006) occurred in the upwelled water mass below the surface mixed layer.  

This result has implications for daily integral productivities modelled with the VGPM, 

which uses surface measures of phytoplankton biomass to calculate productivity.  

Macro nutrient concentrations could not be used to explain the difference in the low 
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and high productivities (silica >1 μmol L-1, nitrate/nitrite >0.4 μmol L-1, phosphate 

>0.1 μmol L-1).  Mixing patterns or micro-nutrient concentrations are possible 

explanations for spatial variations in primary productivity in the EGAB.  On a global 

scale, daily rates of primary productivity of the EGAB lie between the highly 

productive eastern boundary current upwelling systems, and less productive coastal 

regions of western and south eastern Australia, and the oligotrophic ocean. However, 

daily productivity rates in the upwelling hotspots of the EGAB rival productivities in 

Benguela and Humbolt currents. 

      Temporal variation in mixing and primary productivity was examined in 

upwelling influenced nearshore waters off south western Eyre Peninsula (SWEP) in 

the EGAB.  Mixing/stratification in the region was highly temporally variable due to 

the unique upwelling circulation in summer/autumn, and downwelling through 

winter/spring.  Highest productivity was associated with upwelled/stratified water (up 

to 2958 mg C m-2 d-1), with low productivity during periods of downwelling and 

mixing (~300-550 mg C m-2 d-1), yet no major variations in macro-nutrient 

concentrations were detected between upwelling and downwelling events (silica >1 

μmol L-1, nitrate/nitrite >0.4 μmol L-1, phosphate >0.1 μmol L-1).  We hypothesise that 

upwelling enriches the region with micro-nutrients.  High productivity off SWEP 

appears to be driven by a shallowing of mixed layer depth due to the injection of 

upwelled waters above Zcr.  Low productivity follows the suppression of enrichment 

during downwelling/mixing events, and is exacerbated in winter/spring by low 

irradiances and short daylengths. 

      Phytoplankton abundance and community composition was also examined in the 

shelf waters of the EGAB.  Phytoplankton abundances were generally higher in near 

shore waters compared with offshore waters, and during the summer/autumn 
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upwelling season compared with the winter/spring downwelling season.  Three 

distinctly different phytoplankton communities were present in the region during the 

upwelling and downwelling seasons of 2004, and the upwelling season of 2005, with 

distinctions manifest in variations in the abundance of dominant types of 

phytoplankton, and differences in average cell sizes.  In summer/autumn, waters 

influenced by upwelling were characterised by high phytoplankton abundances 

(particularly diatoms) and larger average cell sizes, while the warmer high-nutrient-

low-chlorophyll (HNLC) waters in the region had lower phytoplankton abundances 

and smaller average cell sizes.  The winter/spring community was made up of low 

abundances of relatively large cells.  Diatoms always dominated, but evidence of Si 

limitation of further diatom growth suggests there may be an upper limit to diatom 

productivity in the region.  The maximum observed diatom concentration of ~164,000 

cells L-1 occurred in February/March 2004, in an area influenced by the upwelled 

water mass.  Variations in phytoplankton biodiversity in the shelf waters of southern 

Australia appear to be related to variations in the influence of upwelling in the region. 

      Meso-zooplankton abundance and community composition was examined in the 

coastal upwelling system of the EGAB.  Spatial and temporal variations were 

influenced by variations in primary productivity and phytoplankton abundance and 

community composition, which were driven by variations in the influence of 

upwelling in the region.  Peak meso-zooplankton abundances and biomass occurred in 

the highly productive upwelling influenced nearshore waters of the EGAB.  However, 

abundances were highly variable between regions and years, reflecting the high 

spatial and temporal variations in primary productivity and phytoplankton abundance 

that characterise the shelf waters of the region.  Spatial and temporal variations in 

community composition were driven by changes in the abundance of classes of meso-
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zooplankton common to all regions in both years of this study.  Meroplanktonic larvae 

and opportunistic colonizers dominated the community through the upwelling season, 

in response to increased primary productivity and phytoplankton blooms.  Differences 

in community composition between upwelling influenced waters and the more HNLC 

regions appear to be reflected in the relative abundances of cladocera and 

appendicularia, with cladocera more abundant in productive upwelling influenced 

areas, and appendicularia thriving in the more HNLC regions of the EGAB.  Highest 

potential grazing rates in the EGAB occurred in nearshore regions with highest meso-

zooplankton biomass, most likely in response to the high phytoplankton biomass that 

occurs in the same regions.  Peak meso-zooplankton grazing rates in the EGAB were 

~80% less than those measured in south west Spencer Gulf in March 2007, and ~35% 

greater than grazing rates in the Huon Estuary in February 2005. 

      Productivity in the EGAB shows significant spatial and temporal variation, with 

changes reflecting regional and seasonal variation in meteorology and oceanography, 

and the water masses present in the region.  The overall productivity of a 

summer/autumn upwelling season was highly dependent on within-season variations 

in wind strength and direction, which dictate the number, intensity, and duration of 

upwelling events.  Rates of primary productivity measured in the EGAB at a given 

time depended on the meteorological and oceanographic conditions in the region in 

the lead up to, and during, the sampling event.  We hypothesise that during upwelling 

events, high productivity in the EGAB is driven by the enrichment of waters above 

Zcr, but below the surface mixed layer, with micro-nutrients.  Low productivity within 

summer/autumn upwelling seasons follows the suppression of this enrichment during 

downwelling/mixing events, and the overall productivity of the upwelling season will 

depend on the number, duration and intensity of these downwelling/mixing events.  

 x



Low productivity during winter/spring is driven by the absence of upwelling, low 

irradiances and short daylengths. 
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1. Introduction 

 

      Production in the ocean refers to the harnessing of solar energy to produce organic 

compounds that can be utilised by other trophic levels.  Primary producers (the 

phytoplankton) form high-energy organic compounds from nutrients and light via 

photosynthesis.  Phytoplankton are responsible for more than 95% of marine 

photosynthesis (Falkowski and Kolber 1995).  Their health and productivity underpin 

the marine ecosystem, since they form the primary food source in the oceanic food 

web.  Herbivorous secondary producers feed on the phytoplankton, and are in turn 

preyed upon by carnivorous higher consumers.  Thus, light energy harnessed by the 

phytoplankton is gradually transformed into products available for consumption by 

higher trophic levels as it moves up the food chain. 

        As micro-organisms in a dynamic environment, phytoplankton are dependent on 

oceanographic processes like upwelling and vertical mixing to bring nutrients from 

depths below the euphotic zone (so-called ‘new’ nutrients, inorganic Si, P, and N as 

NOx) to levels where they may be utilized for photosynthesis (Margalef 1978).  The 

dynamic nature of these processes means both nutrients and phytoplankton are 

distributed randomly through the water column, and phytoplankton are exposed to 

constantly fluctuating nutrient supplies, irradiances, and turbulence.  As a result, the 

overall productivity, size distribution and community composition of the 

phytoplankton in a given region in the ocean will be primarily affected by the 

availability of nutrients and light (Olivieri and Hutchings 1987; Daneri et al. 2000; 

Aiken et al. 2008), which will be dictated by spatial and temporal variations in the 

meteorological and oceanographic processes which govern their supply. 
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      Early estimates of marine primary productivity suggested that the open sea, about 

90% of the global ocean, had a low productivity.  Estimated rates of productivity 

ranged from 50 g C m-2 year-1 for open seas, to 100 g C m-2 year-1 for costal zones.  

Highest rates of primary productivity were 300 g C m-2 year-1 for highly productive 

upwelling areas, which were estimated to total only 0.1% of the ocean surface (Ryther 

1969).  The advent of satellite technology has provided more accurate estimates of 

productivity at much higher spatial resolution.  Measurements of sea surface 

temperature (SST) and surface fluorescence can be used to model primary 

productivity across vast areas of the ocean.  These estimates generally appeared to 

confirm those of Ryther (1969), with global patterns in primary productivity provided 

through the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) and Moderate 

Resolution Imaging Spectroradiometer (MODIS) projects indicating low productivity 

in the open ocean and higher productivity in coastal and upwelling zones.  There are 

limitations, however, to primary productivity estimates from satellite data.  Satellite 

mounted sensors are unable to recognise any deep chlorophyll maxima, or detect 

productivity occurring below near-surface waters.  With euphotic depths across the 

global ocean ranging between ~30-180 m 

(http://daac.gsfc.nasa.gov/oceancolor/locus/LOCUS_NASA_water_quality_info.shtml) there 

is likely to be a significant amount of primary productivity occurring below the 

surface that would not be picked up in satellite estimates.  Indeed, Waite & Suthers 

(2007) emphasise that deep water chlorophyll maxima (DCM) occur off the 

Australian coast at depths of 100 to 200 m and contain 40 – 80% of the chlorophyll a 

in the water column.  Hanson et al. (2007) related the DCM in the Leeuwin current 

waters off south-western Australia to nitrate concentrations that were generally higher 

than in the overlying surface waters.  They concluded that oceanographic conditions 
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in Leeuwin current waters were driving variations in nitrocline depth relative to 

euphotic depth (Zeu), leading to variations in the contribution of the primary 

productivity of the DCM to overall water column productivity.  This highlights the 

need for satellite estimates of primary productivity to be validated with measured 

rates and estimates based on measured data. 

      The most productive pelagic ecosystems in the world’s oceans occur off the north 

western and south western coasts of Africa and America, in areas dominated by 

eastern boundary currents and wind induced coastal upwelling (Ryther 1969; Mann 

and Lazier 2006).  In these areas, equatorward longshore winds drive Ekman transport 

of water offshore at the surface, with nutrient rich water upwelled from below 

(Tomczak and Godfrey 1994; Mann and Lazier 2006).  The strength and duration of 

upwelling favourable winds may be highly variable and will depend on local 

meteorological conditions, which may lead to large variations in rates of primary 

productivity.  Estimates for these areas range between 1000-3500 mg C m-2 d-1 in the 

Benguela current upwelling system off southern Africa (Brown et al. 1991), and 800-

5100 mg C m-2 day-1 in the Humboldt current upwelling system off the coast of Chilè 

(Daneri et al. 2000).  The ecosystems supported in these regions are of high economic 

and ecological importance, due to the commercial fisheries and abundant sea-life they 

sustain. 

      The size distribution of the phytoplankton community has an important influence 

on the amount of productivity that occurs within a given region of the ocean.  The 

efficiency of energy transfer up the food chain depends on the number of steps 

required to transfer carbon from phytoplankton to fish.  This in turn depends on the 

size distribution of the phytoplankton community.  Photo-autotrophic picoplankton 

(phytoplankton <2 µm) include both prokaryotic (cyanobacteria) and eukaryotic 
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(diatoms, silicoflagellates, cryptomonads, green algae, and members of the 

Eustigmatophyceae and Prasinophyceae families) algal species (Johnson and Sieburth 

1979, 1982; Takahashi and Bienfang 1983; Takahashi and Hori 1984; Chisholm 1992; 

Aiken et al. 2008).  The size, physiology and biochemistry of pico-phytoplankton 

provide a significant advantage over other phytoplankton size classes during periods 

of low or pulsed nutrient supply, or low irradiance (Stockner and Anita 1986; 

Stockner 1988; Raven 1998; Aiken et al. 2008).  Pico-phytoplankton are too small to 

be eaten directly by meso-zooplankton, and pass into a food web known as the 

microbial loop.  The small algal cells are eaten by ciliates and protozoans, which are 

then large enough to be preyed upon by meso-zooplankton.  In this way, previously 

inaccessible carbon is made available to the zooplankton via the ‘repackaging’ of the 

pico-phytoplankton into suitably sized particles (Hewes et al. 1985).  Pico-

phytoplankton are dominant in low nutrient zones such as oligotrophic open ocean 

gyres, areas which have low carbon biomass, low concentrations of chlorophyll a, and 

low productivity, (Aiken et al. 2008).  Smaller cells, and thus the less productive 

microbial loop, tend to dominate phytoplankton assemblages during long periods of 

stratification (Peterson et al. 1988; Teira et al. 2001; Aiken et al. 2008).  These cells 

are more effectively able to acquire and use nutrients than larger cells, and thus have 

an advantage when nutrients are in short supply (Raven 1998), due to a combined 

effect of a thinner boundary layer (and thus reduced impact of diffusion limitation), 

and a very large surface area to volume ratio, which provides a larger area for solute 

exchange per unit volume (Raven 1998).  In addition, sinking rates of natural pico-

phytoplankton populations have been found to be immeasurable (Takahashi and 

Bienfang 1983).  Pico-phytoplankton remain suspended in the euphotic zone in 

stratified waters where larger cells may quickly sink away from the light. 
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      The larger size classes of phytoplankton include the nano- and micro-

phytoplankton.  Nano-phytoplankton (2-20 µm) grow in regions with some input of 

‘new’ nutrients, which typically have moderate carbon biomass, chlorophyll a 

concentrations and productivity (Aiken et al. 2008).  Micro-phytoplankton (2-2000 

µm) include the diatoms and dinoflagellates, and bloom in high nutrient environments 

such as upwelling zones.  These areas have high biomass, high concentrations of 

chlorophyll a, and high productivity (Aiken et al. 2008).  When the primary 

productivity of a region is dominated by larger algal cells (typically diatoms), the 

carbon flux from algae to fish is more direct.  Fewer steps are required before carbon 

is in a form that can be utilized by higher trophic levels.  Production of this sort 

involves the more efficient classic food chain, and supports most of the large fisheries 

in the world (Ryther 1969; Webber and El Sayed 1987; Cushing 1989; Mann 1993; 

Tilstone et al. 1999; Teira et al. 2001).  In these regions, where ‘new’ nutrients are 

brought into well-lit surface waters, turbulent vertical mixing reduces the impact of 

diffusion limitation due to the larger boundary layer of large cells, and ensures the 

large cells remain suspended in the euphotic zone. 

      Understanding the distribution and community dynamics of the zooplankton is 

also important when examining the fate of marine primary production and the flux of 

carbon through marine ecosystems.  As primary consumers, zooplankton form an 

important link between primary producers and higher trophic levels, effectively 

repackaging autotrophic carbon into larger particles which are more readily available 

to secondary consumers and beyond (Swadling et al. 1997; Clark et al. 2001).  

Copepods are the most abundant of the marine meso-zooplankton (200-20,000μm 

body length, Parsons and Takahashi 1973; Omori and Ikeda 1984), and have been 

shown to dominate zooplankton communities in waters off central Chile (Grunewald 
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et al. 2002), during the Joint Global Ocean Flux Study (JGOFS) of the equatorial 

Pacific (Roman et al. 1995), and in studies of the northeast Atlantic (Clark et al. 

2001), the Arabian sea (Roman et al. 2000), and off southwestern Africa (Verheye et 

al.1992).  In recent years, however, another group of zooplankton have come under 

increasing scrutiny for their contribution to marine food webs and their importance in 

the transfer of phytoplankton carbon to higher order consumers.  The micro-

zooplankton are heterotrophic organisms which can pass through a <200 μm mesh 

screen.  Micro zooplankton communities are dominated by oligotrich and tintinnid 

ciliates, but also include rotifers and heterotrophic dinoflagellates (Froneman and 

Perisinotto 1996; Froneman et al. 1996; Dolan et al. 2000).  While rarely dominating 

zooplankton communities, micro-zooplankton still play an important role in marine 

food webs.  They form an important food source for meso-zooplankton in the absence 

of suitably sized phytoplankton cells, and by consuming the smaller size classes of 

phytoplankton that dominate the oligotrophic ocean, these organisms make available 

to higher trophic levels areas of primary productivity that would otherwise be 

unavailable. 

      The impact of meso and micro-zooplankton on primary production varies widely 

between different oceanic regions.  Despite dominating zooplankton communities, 

copepods are no longer thought to be the major consumers of marine primary 

production (Calbet and Landry 1999; Sautour et al. 2000).  In highly productive 

waters such as upwelling regions, large diatoms typically dominate the algal 

community.  These cells are large enough to be directly consumed by copepods, and 

the resulting classic food chain, from diatoms to meso-zooplankton to higher trophic 

levels, supports most of the world’s large fisheries (Cushing 1989; Mann 1993; 

Tilstone et al. 1999; Teira et al. 2001).  More recent studies, however, have reported 
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that a considerable part of the copepod diet consists of heterotrophic flagellates and 

ciliates, the micro-zooplankton (Roman and Gauzens 1997; Calbet et al. 2000; Calbet 

2001).  Feeding on phytoplankton is often insufficient to meet the metabolic costs of 

marine copepods, and selective feeding on micro-zooplankton often occurs (Calbet 

and Landry 1999; Roman et al. 2000; Nejstgaard et al. 2001).  There is increasing 

evidence demonstrating that smaller phytoplankton are primarily consumed by micro-

zooplankton, especially in unproductive waters where the grazing impact of micro-

zooplankton may be four times higher than the impact of meso-zooplankton (Landry 

et al. 1993; Sautour et al. 2000; Calbet 2001; Nejstgaard et al. 2001). 

      The Great Australian Bight (GAB) was for many years thought to be an area of 

limited biological activity, much like the open sea, due to a perceived lack of nutrient 

enrichment processes (Motoda et al. 1978; Young et al. 2001).  Primary productivity 

estimates ranged from 11 to 22 mg C m-2 hr-1.  Using the conversion equation of 

Keller (1988) these hourly productivities suggest a daily rate of between 50 and 160 

mg C m-2 day-1.  It was assumed that these low productivities of the western GAB 

were representative of the entire GAB.  However, there is significant potential for 

large spatial variations in primary productivity in an area as vast as the GAB.  Indeed, 

recent studies in the eastern GAB (EGAB) have reported the occurrence of coastal 

upwelling in summer-autumn (November-April), characterized by low sea surface 

temperatures and elevated concentrations of chlorophyll a (Kampf et al. 2004; 

McClatchie et al. 2006; Ward et al. 2006).  Middleton and Bye (2007) suggest that the 

upwellings that occur off Kangaroo Island and the Bonney coast are important drivers 

of the ecology of the region.  However, they also point out that “Our understanding of 

upwelling here is again derived from a few studies and many questions remain as to 

the details and dynamics of this important system”.  This lack of detailed 
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oceanographic information is not unique to the GAB, but is emphasised by Carr et al. 

(2006) in their assessment of primary productivity estimated from ocean colour, sea 

surface temperature (SST), solar irradiance and mixed layer depth. 

      The circulation of the EGAB and south east Indian Ocean (SEIO) is unique in the 

global ocean.  Shelf waters encompass an area of ~115,000 km2, with a wide 

continental shelf and diverse coastal topography that forms part of one of the longest 

stretches of southward facing coastline in the world.  The area is highly dynamic, with 

significant temporal variations in meteorology and oceanography which may drive 

variations in nutrient enrichment and productivity.  In summer-autumn (November-

April), the wind stress curl in the SEIO south of the continental shelf is positive, and 

leads to equatorward Sverdrup transport of water in the deep ocean.  This northward 

Sverdrup transport is deflected to the west as it reaches the continental slope, resulting 

in a northern boundary current flowing from east to west along the slope, which is 

known as the Flinders current (Bye 1972; 1983; Middleton and Cirano 2002, 

Middleton and Bye 2007).  The Flinders current, analogous to western boundary 

currents, causes the upwelling of the deep permanent thermocline from around 600 m 

depth (dynamic uplift), allowing nutrient rich cold water to entrain onto the shelf.  

The mean wind stress over the continental shelf is upwelling favourable at this time.  

Prevailing south-easterly winds drive Ekman transport of water offshore in the surface 

layer and cold water is upwelled from below (Hertzfeld and Tomczak 1997; 1999; 

Middleton and Platov 2003).  This only occurs in areas of the EGAB with favourably 

angled coastlines, such as south-western Kangaroo Island, and south-western Eyre 

Peninsula (Middleton and Bye 2007).  Strong upwelling events have also been 

reported to occur off the western coast of Eyre Peninsula in the absence of these 

upwelling favourable winds (Griffin et al. 1997), which suggests that upwelling in 
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this region of the EGAB cannot be explained by the wind field alone.  Upwelling in 

the EGAB in the absence of favourable winds results from the eastern intensification 

of anticyclonic currents on the continental shelf.  Current meter observations indicate 

a mean north-westerly flow along the coast and south-easterly flow over the shelf 

break (Bye 1983; Schahinger 1987; Evans and Middleton 1998), with the circulation 

of the GAB dominated by the presence of an anticyclonic gyre set up by the 

prevailing wind stress field (Hertzfeld and Tomczak 1997; 1999).  Anticyclonic 

oceanic circulation in a basin of uniform depth provides convergent flow toward the 

centre of the gyre in the surface Ekman layer, and divergent flow in the bottom 

Ekman layer, with upwelling along the edges.  This effect is intensified on the eastern 

edge of the gyre due to the bottom slope (Hertzfeld and Tomczak 1997; 1999).  Thus, 

strong coastal upwelling in the EGAB may be the combined result of the upwelling 

favourable south-easterly winds blowing along the coast, and the eastern 

intensification of the wind driven anticyclonic circulation on the continental shelf, and 

can still occur in the absence of upwelling favourable winds.  Upwelling in the EGAB 

is visible in analyses of sea surface temperature (SST) which reveal the presence of 

significantly colder water near the coast in the EGAB in summer-autumn (14-15oC), 

with warmer waters offshore (18-20oC) (Herzfeld 1997; Herzfeld and Tomczak 1997).  

The warm water has origins in the shallow waters of the north-western GAB and is 

driven eastward by the passing of anticyclonic weather systems.  This water mass has 

a distinctly higher salinity than the waters of the Leeuwin current, which doesn’t enter 

the GAB until mid May (Herzfeld 1997; Herzfeld and Tomczak 1997). 

      In winter-spring (May-October), the EGAB is dominated by westerly 

downwelling-favourable winds, which lead to the formation of a continuous eastward 

coastal current along the shelf break from Cape Leeuwin to the east coast of 

 9



Tasmania.  This current results from the change in coastal sea level caused by the 

onshore Ekman transport of the wind field (Cirano and Middleton 2004).  The 

presence of this coastal current suppresses the upwelling associated with the Flinders 

current, which flows underneath the coastal current within the permanent thermocline 

at around 600 m depth (Middleton and Cirano 2002).  Coastal winds are downwelling 

favourable during winter (Cirano and Middleton 2004), and a continuous eastward 

current exists on the continental shelf (Bye 1983; Godfrey et al. 1986).  Sea surface 

temperatures are lower inshore than offshore in winter, but the water column is well 

mixed, with no evidence of cold water intrusion or coastal upwelling.  The water mass 

over the continental shelf has low nutrient levels (NO3 <0.02 μM), high salinities (>36 

ppt) and medium temperatures (~ 17°C) (Ward et al. 2001).  The Leeuwin current 

enters the GAB in mid May, interacting with the warm surface water established in 

summer to produce a continuous band of warm water across the GAB. This water is 

gradually isolated from the coast and influenced by winter cooling, so that by late 

September-early October, SSTs are uniform across the GAB (Herzfeld, 1997; 

Herzfeld and Tomczak, 1997). 

      The summer/autumn shelf circulation south of Australia shares some 

characteristics with the highly productive upwelling systems outlined above, and like 

these systems, spatial and temporal variations in local meteorological conditions may 

lead to large variations in rates of primary productivity in the region.  The physical 

oceanographic processes leading to the circulation detailed above, however, differ 

from those driving the upwelling circulation of the north and south western coastlines 

of Africa and America.  The shelf circulation in the EGAB is not caused by upwelling 

alone, but by a combination of the actions of the Flinders current and associated 

dynamic uplift, adjustment to wintertime density anomalies, local winds and eastern 
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intensification of the anticyclonic circulation (Herzfeld and Tomczak 1999; Middleton 

and Platov 2003).  The absence of eastern boundary currents and the distinctive 

circulation associated with the highly productive upwelling regions mentioned above 

characterize the upwelling observed in the EGAB in summer/autumn as a uniquely 

specialised coastal upwelling system. 

      While there have been many studies concerning the oceanography and circulation 

of the GAB (Bye 1972, 1983; Godfrey et al. 1986; Schahinger 1987; Griffin et al. 

1997; Herzfeld 1997; Hertzfeld and Tomczak 1997; Evans and Middleton 1998; 

Hertzfeld and Tomczak 1999; Middleton and Cirano 2002; Middleton and Platov 

2003; Cirano and Middleton 2004; Kampf et al. 2004; Middleton and Bye 2007), few 

have examined the biology of productivity in the region.  The only information for the 

region consists of estimations of standing stock via surface chlorophyll a 

measurements (Motoda et al. 1978; Kampf et al. 2004; McClatchie et al. 2006; Ward 

et al. 2006).  There have been few, if any, direct measurements of primary or 

secondary productivity in the region, and little is known about the abundance, 

composition, and spatial and temporal distribution of the phytoplankton and 

zooplankton communities.  In summarizing information on primary and secondary 

productivity in Australian waters, Waite and Suthers (2007) suggest there is an overall 

dominance of small pico- and nano-plankton in shelf and coastal regions, and that the 

microbial food web dominates Australian phytoplankton dynamics and productivity.  

This study represents the first intensive investigation of the primary and secondary 

productivity of the upwelling regions of the EGAB, and was designed to evaluate the 

general hypothesis that spatial and temporal variations in meteorology and 

oceanography in the EGAB will drive spatial and temporal variations in 

phytoplankton size structure, and primary and secondary productivity.  While 
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acknowledging the importance of the pico-phytoplankton to global productivity, this 

study focuses on the nano- and micro-phytoplankton which are more likely to be 

dominant in upwelling influenced ecosystems.  Sampling took advantage of annual 

sardine surveys conducted by researchers from the Aquatic Sciences division of the 

South Australian Research and Development Institute.  While providing excellent 

spatial coverage of the EGAB, the timing of these cruises meant investigations into 

productivity in the region were limited to snap-shots in time.  As stated by Waite & 

Suthers (2007), however, “clearly oceanographers have yet to establish a 

comprehensive understanding of the processes governing productivity in Australian 

coastal waters”.  This study will provide baseline data regarding spatial and temporal 

variation in primary and secondary productivity in the EGAB, and guide future 

studies into productivity in the region at finer spatial and temporal scales. 
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2. Hot-Spots of Primary Productivity: An Alternative 

Interpretation to Conventional Upwelling Models 

 

 

2.1. Abstract 

      The eastern Great Australian Bight (EGAB) forms part of the Southern and Indian 

Oceans and is an area of high ecological and economic importance.  Although it 

supports a commercial fishery, quantitative estimates of the primary productivity 

underlying this industry are open to debate.  Estimates range from < 100 mg C m-2 

day-1 to > 500 mg C m-2 day-1.  Part of this variation may be due to the unique 

upwelling circulation of shelf waters in summer/autumn (November-April), which 

shares some similarities with highly productive eastern boundary current upwelling 

systems, but differs due to the influence of a northern boundary current, the Flinders 

current, and a wide continental shelf.  This study examines spatial variations in 

primary productivity in the EGAB during the upwelling seasons of 2005 and 2006.  

Daily integral productivity calculated using the vertically generalised production 

model (VGPM) showed a high degree of spatial variation.  Productivity was low 

(<800 mg C m-2 day-1) in offshore central and western regions of the EGAB.  High 

productivities (1600-3900 mg C m-2 day-1) were restricted to hotspots in the east that 

were influenced by the upwelled water mass.  There was a strong correlation between 

the depth of the euphotic zone and the depth of the mixed layer that suggested that 

~50% of the euphotic zone lay below the mixed layer depth.  As a result, high rates of 

primary productivity did not require upwelled water to reach the surface.  A 

significant proportion of total productivity in the euphotic zone (57% in 2005 and 
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65% in 2006) occurred in the upwelled water mass below the surface mixed layer.  

This result has implications for daily integral productivities modelled with the VGPM, 

which uses surface measures of phytoplankton biomass to calculate productivity.  

Macro nutrient concentrations could not be used to explain the difference in the low 

and high productivities (silica >1μmol L-1, nitrate/nitrite >0.4μmol L-1, phosphate 

>0.1μmol L-1).  Mixing patterns or micro-nutrient concentrations are possible 

explanations for spatial variations in primary productivity in the EGAB.  On a global 

scale, daily rates of primary productivity of the EGAB lie between the highly 

productive eastern boundary current upwelling systems, and less productive coastal 

regions of western and south eastern Australia, and the oligotrophic ocean. However, 

daily productivity rates in the upwelling hotspots of the EGAB rival productivities in 

Benguela and Humbolt currents. 

 

2.2. Introduction 

      The geographical boundaries of the Great Australian Bight (GAB) are ill defined 

but it spans an area from about 32°S to 35°S, and about 125°E to 135°E, (Motoda et 

al. 1978, Middleton and Bye 2007).  Moore and Abbott (2000) suggest that the GAB 

forms a northern limit of the Southern Ocean and has two ecological regions, the Mid-

latitude Gyre Region and Mid-latitude Coastal Region.  Longhurst et al. (1995) 

classify the GAB as part of the coastal Indian Ocean in the province of Australia 

Southwest (AuSW).  They also recognise that south of the coastal Indian Ocean 

province the GAB merges into the Southern Ocean, the South Subtropical 

Convergence (SSTC). 

      The GAB for many years was thought to be an area of limited biological activity, 

due to a perceived lack of nutrient enrichment processes (Motoda et al. 1978; Young 
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et al. 2001).  Primary productivity estimates ranged from 11 to 22 mg C m-2 hr-1and 

nitrate and phosphate concentrations were <2 µg L-1.  Using the conversion equation 

of Keller (1988) these hourly productivities suggest a daily rate of between 50 and 

160 mg C m-2 day-1.  It was assumed that these low productivities of the western GAB 

were representative of the entire GAB.  More recently, Longhurst et al. (1995) 

suggest primary productivities of 550 mg C m-2 day-1 for AuSW and 370 mg C m-2 

day-1 for the SSTC or an annual productivity of 199 and 136 g C m-2 year-1.  These 

annual figures are significantly higher than the average figures estimated by Ryther 

(1969) of 50 for open seas, 100 for coastal zones and 300 g C m-2 year-1 for upwelling 

areas.  Recent studies in the eastern GAB (EGAB) have reported the occurrence of 

coastal upwelling in summer-autumn (November-March), characterized by low sea 

surface temperatures and elevated concentrations of chlorophyll a (Kampf et al. 2004; 

McClatchie et al. 2006; Ward et al. 2006).  Middleton and Bye (2007) suggest that the 

upwellings that occur off Kangaroo Island and the Bonney coast are important drivers 

of the ecology of the region.  The supposition is that upwelling brings nutrient rich 

water into the euphotic zone that promotes primary productivity.  However, they also 

point out that “Our understanding of upwelling here is again derived from a few 

studies and many questions remain as to the details and dynamics of this important 

system”.  This lack of detailed oceanographic information is not unique to the GAB 

but is emphasised by Carr et al. (2006) in their assessment of primary production 

estimated from ocean colour, sea surface temperature (SST), solar irradiance and 

mixed layer depth. 

      The upwelling circulation of the EGAB is unique in the global ocean.  Shelf 

waters encompass an area of ~115,000 km2, with a wide continental shelf and diverse 

coastal topography that forms part of one of the longest stretches of southward facing 
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coastline in the world.  Summer/Autumn meteorology in the EGAB is dominated by 

high pressure systems and south easterly winds which produce an anticyclonic gyral 

circulation in the GAB (Herzfeld and Tomczak 1999; Middleton and Platov 2003).  

Equatorward Sverdrup transport of water in the south east Indian Ocean results in a 

northern boundary current flowing from east to west along the slope, the Flinders 

current (Bye 1972; 1983; Middleton and Cirano 2002).  This current is analogous to 

western boundary currents, and drives the upwelling of cold water from ~250m depth 

onto the continental shelf south of Kangaroo island (Middleton and Platov 2003; 

Middleton and Bye 2007).  However, due to the wide shelf that characterises the 

region, upwelling in the EGAB is effectively a two step process.  Water upwelled 

through the action of the Flinders current forms a sub-surface pool south and west of 

Kangaroo Island as it is driven to the north, then west along constant depth contours 

(Middleton and Bye 2007).  A second upwelling event, driven by prevailing south 

easterly winds, is then required to bring the cold water from the Kangaroo Island pool 

to the surface via Ekman transport of water offshore in the surface layer, and the 

upwelling of water from below (Herzfeld and Tomczak 1997; 1999; Middleton and 

Platov 2003).  This only occurs in regions with coastlines that are parallel to the 

south-easterly winds, which are comparable to the temporally variable longshore 

winds that drive upwelling in eastern boundary current systems (Middleton 2000; 

Middleton and Platov 2003).  Such regions in the EGAB include south western Eyre 

Peninsula (SWEP) and south western Kangaroo Island (SWKI) (Middleton and Bye 

2007). 

      The upwelling circulation described above does not persist constantly throughout 

the upwelling season.  Upwelling occurs between December and March as a series of 

2-4 upwelling events which are interspersed by periods of weak downwelling and 
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mixing.  The strength and timing of these events is determined by the passage of high 

pressure systems through the region (Middleton and Bye 2007).  In an area as large 

and dynamic as the EGAB, variations in meteorology and oceanography produce 

significant potential for spatial variations in nutrient enrichment of surface waters 

which may result in significant spatial variations in primary productivity. 

      While it is generally assumed that upwelling brings cold water rich in nitrogen and 

silica from great depths into surface waters, promoting primary productivity, there 

may also be occasions where a bottom layer of nutrient rich water exists on the 

continental shelf encompassed within the lower euphotic zone, that drives high 

primary productivity and promotes the formation of deep chlorophyll maxima (DCM).  

For example, Hanson et al. (2007) found that pigment concentrations and 

phytoplankton carbon in Leeuwin current waters off south-western Australia were 

significantly higher in the DCM, which generally occurred toward the base of the 

euphotic zone.  The DCM was associated with increased nitrate concentrations, with 

generally low nutrient concentrations in the overlying surface waters.  Hanson et al. 

(2007) concluded that changing oceanographic conditions in Leeuwin current waters 

were driving variations in nitrocline depth relative to euphotic depth (Zeu), leading to 

variations in the contribution of primary productivity in the lower regions of the 

euphotic zone to overall water column productivity.  The upwelled water of the 

Kangaroo Island pool outlined above may present another example of a bottom layer 

of water that provides nutrient enrichment toward the base of the euphotic zone.  

Waters in the layer above the Kangaroo Island pool most likely have origins in the 

waters of the central GAB to the west of Head of Bight, an area of the GAB with 

limited communication with deep water from off the shelf, and therefore unlikely to 

be enriched with N and Si.  The influence of the Kangaroo Island pool on primary 
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productivity in the EGAB will depend on variations in the intensity of 

upwelling/downwelling events in the region, and the depth of the surface mixed layer 

and the Kangaroo Island pool relative to Zeu. 

      With the complex and dynamic meteorology and oceanography of the EGAB in 

mind, we propose a conceptual model that relates nutrient enrichment and irradiance 

to primary productivity in the EGAB.  The model outlines four possible scenarios that 

may be encountered when sampling the shelf waters of the EGAB (Fig. 2.1).  The first 

scenario details conditions that may be expected to occur during periods of 

downwelling and mixing, where there is no enrichment of shelf waters and probably 

low productivity.  The next scenarios describe the onset of upwelling that sees deep 

water brought onto the shelf south of Kangaroo Island moving to the north and then 

west to form the Kangaroo Island pool.  Scenario two occurs when Zeu is shallow, and 

does not encompass any of the Kangaroo Island pool, and is likely to result in low 

productivity.  In Scenario 3, Zeu is deep enough to include some of the water from the 

Kangaroo Island pool, resulting in high productivity in a bottom layer toward the base 

of Zeu, and low productivity in the surface layer.  Scenario 4 describes conditions that 

are likely to be found after a second upwelling event has occurred, with upwelled 

water from the Kangaroo island pool reaching the surface near the coast off SWKI or 

SWEP, and is likely to result in high productivity throughout the water column.  

Primary productivity levels measured in the EGAB during the upwelling season are 

likely to depend on which of these scenarios is occurring in the region at the time of 

sampling, and where in the region the sampling is done. 

      This study aims to investigate spatial variation in primary productivity in the shelf 

waters of the EGAB.  It was designed to evaluate the hypotheses that spatial 

variations in meteorology, oceanography and coastal topography drive spatial 
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variations in nutrient enrichment in the EGAB, and that nutrient enrichment and 

primary productivity will be highest in the regions of the EGAB influenced by the 

upwelled water mass.  The primary productivity models of Behrenfeld and Falkowski 

(1997a; 1997b), and Platt et al. (1990; 1991) were coupled with surface chlorophyll 

measured directly (extraction) and chlorophyll depth profiles measured via 

fluorescence. In addition, measurements were made of the vertical attenuation 

coefficient and temperature to provide estimates of the depths of the euphotic zone 

and the mixed layer. 

 

2.3. Methods 

      Research cruises were undertaken during February/March 2005 and 2006, at 

stations outlined in Figure 2.2.  Sampling was carried out aboard the RV Ngerin and 

proceeded as follows. 

 

2.3.1. Measurements of physical parameters 

      Pressure, conductivity and temperature were measured using a Seabird SBE 19 

plus Conductivity Temperature Depth recorder (CTD) (Sea-Bird Electronics Inc., 

Bellevue, WA, USA), which was lowered to within 10 m of the bottom at each 

station, and to 70 m at stations >80 m depth.  Depth and density were derived from 

pressure, temperature and conductivity during data processing using Seabird SBE 

Data Processing win32 software.  Surface contour plots and cross-shelf depth profiles 

of temperature and density were produced in Surfer® (Golden Software Inc., Golden, 

CO, USA) using a kriging interpolation algorithm.  A Biospherical QSP-2300 

underwater PAR sensor with log amplifier (Biospherical Instruments Inc., San Diego, 
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CA, USA) was used to measure underwater irradiance.  The natural log of irradiance 

was plotted against depth, with the slope of the regression through these points 

providing the coefficient of downwelled irradiance, or Kd.  The euphotic depth (Zeu) 

was calculated by substituting Kd into a derivation of the Beer-Lambert equation 

(Kirk 1994). 

 

 4.6 /eu dZ K=       (1) 

 

      Mixed layer depths (MLD) were calculated using a density based criterion 

according to Kara et al. (2000). 

 

2.3.2. Measurements of nutrient concentrations 

      Water samples for nutrient analysis were collected at selected stations using a 

Niskin bottle (Fig. 2.2).  Fifty ml of each sample was filtered through a Whatman 

GF/C filter and retained for analysis by the Water Studies Centre at Monash 

University, Victoria, Australia.  Dissolved Si (APHA-AWWA-WPCF 1998c), 

nitrate/nitrite (NOx) (APHA-AWWA-WPCF 1998a), and phosphate (APHA-AWWA-

WPCF 1998b) were determined by flow injection analysis with a QuickChem 8000 

Automated Ion Analyser. 

 

2.3.3. Measurements of phytoplankton biomass and primary productivity 

      Water samples were collected from 3 m depth at each station for chlorophyll 

analysis.  A 1 L sample from each station was filtered through a Whatman GF/C filter 

and the filter kept in the dark at < -5ºC until returned to the laboratory.  Samples were 
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extracted in 90% methanol over 24 hours, with absorbances read at 750 nm 

(background) and 665 nm (chlorophyll a) using a Hitachi U-2000 spectrophotometer 

with 1 cm pathlength.  Chlorophyll concentrations were calculated using the formulae 

of Talling and Driver (1963).  Chlorophyll was also measured in CTD casts as 

fluorescence using a Chelsea Aquatracka Mk3 fluorometer (Chelsea Technologies 

Group, Surrey, UK) attached to the CTD.  Contour plots of extracted surface 

chlorophyll a concentrations, and cross-shelf depth profiles of chlorophyll 

fluorescence were produced in Surfer® (Golden Software Inc., Golden, CO, USA) 

using a kriging interpolation algorithm. 

      Spatial correlations between physical parameters, nutrient concentrations and 

chlorophyll a concentrations were examined via mantel tests in PC-Ord 5 (McCune 

and Mefford 1999).  Essentially, these tests look to correlate potential differentiation 

with geographical distance.  Data were tested for 19 stations across the EGAB in 

February 2005 and 10 stations in February/March 2006.  The three matrices compared 

in the tests included (1) Physical data (temperature and density), (2) Nutrient data (Si, 

NOx, FRP, in µmol L-1), and (3) Biological data (extracted chlorophyll a 

concentration).  The distance measure used was Sorensen (Bray-Curtis).  The 

standardised Mantel statistic (r) was calculated via randomization using the Monte 

Carlo test (5000 iterations, 0.1 significance level). 

      In February/March 2006, primary production was examined using a Walz phyto-

PAM.  Samples collected at the three nearshore stations in the eastern and central 

regions were dark adapted for > 30 minutes prior to measurement.  Samples were 

corrected for background fluorescence using GF/C filtrate, then exposed to a series of 

irradiances to provide estimates of relative specific electron transport rates.  These 

estimates were used to construct rapid light curves, and when fitted to the model of 
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Ralph and Gademann (2005), corrected for the absence of photoinhibition, provided 

values for the photosynthetic efficiency (α), the irradiance corresponding to light 

saturation of photosynthesis (Ik), and the maximum specific electron transport rate 

(ETRB
max).  Specific electron transport rates can be converted into specific rates of 

photosynthesis using conversion factors which consider the absorption cross section 

of photosystem 2 in natural phytoplankton populations, and the number of electrons 

required to produce one molecule of oxygen (Korner and Nicklisch 2002, Estevez-

Blanco et al. 2006, Kromkamp et al. 2008).  Maximum specific electron transport 

rates were converted to maximum specific photosynthetic rates (PB
max) using a 

conversion factor of 0.156 (Korner and Nicklisch 2002).  Maximum specific 

photosynthetic rates were converted from units of mg O2 (mg chl a)-1 h-1 to units of 

mg C (mg chl a)-1 h-1 according to (Parsons et al. 1984), assuming a molecular 

photosynthetic quotient of 1 (Ganf and Horne 1975). 

 

2.3.4. Modelling primary production 

      The vertically generalised production model (VGPM) of Behrenfeld and 

Falkowski (1997b) was used to estimate primary productivity (PPeu) in the waters off 

south western Eyre Peninsula according to equation 2: 

 

0

0

0.66125
4.1eu opt surf eu irr

b IPP P C Z D
I

=
+

× ×    (2) 

 

Where Pb
opt is the optimal specific photosynthetic rate, Io is the daily mean surface 

irradiance, Csurf is the extracted surface chlorophyll concentration, Zeu is the euphotic 

depth, and Dirr is daylength in decimal hours.  Io from all coastal weather stations in 
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the EGAB was provided by the Australian Bureau of Meteorology.  Calculations for 

each station made use of the Io from the closest weather station. 

      CTD-measured sea surface temperature (SST) was used to calculate Pb
opt 

according to the relation: 
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Euphotic depth (Zeu) was calculated from Csurf according to equation 4 
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Dirr was obtained from astronomical information on the Geoscience Australia website 

(www.ga.gov.au/geodesy/astro).  Contour plots of PPeu were produced in Surfer® 

(Golden Software Inc., Golden, CO, USA) using a kriging interpolation algorithm. 

      As a means of examining the contribution of the surface mixed layer to overall 

productivity in the euphotic zone, the above model was run using mixed layer depth in 
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place of Zeu,.  Bottom layer productivity was calculated as the difference between 

productivity in the euphotic zone and productivity in the surface mixed layer. 

      To test the validity of VGPM estimates of primary productivity, independent 

estimates of daily integral primary productivity (PZeu, T) were calculated according to 

the model of Platt et al. (1991): 

 

, *(1 exp( (2 / )(1 )))
eu d eu

B m
eu mZ TP Z DBP I K Z Mπ= − − −   (5) 

 

Where Zeu is the euphotic depth, D is daylength in decimal hours, B is biomass 

(concentration of chlorophyll a), PB
m is the maximum specific photosynthetic rate, Im

* 

is the dimensionless irradiance at local noon, and M is the optical transmittance for 

the surface mixed layer (M = exp (-KdZeu)).  The mean maximum specific 

photosynthetic rate measured by the Phyto-PAM for the region in question was used 

for PB
m.  Im

* was calculated as Im
o/Ik, where Im

o is the maximum daily (noon) surface 

irradiance, and and Ik is the irradiance corresponding to the onset of light saturation of 

photosynthesis.  Im
o was provided by the Australian Bureau of Meteorology from the 

weather station at the Adelaide Airport (34.952ºS 138.520ºE), the closest station to 

the study area that collects half hourly global solar data.  The mean Ik measured with 

the Phyto-PAM for the region in question was used in calculations of Im
*.  Daily 

integral primary productivity in the surface mixed layer was calculated by substituting 

MLD for Zeu in equation 7.  Daily integral primary productivity in the bottom layer 

was estimated as the difference between productivity in the surface mixed layer and 

productivity in the euphotic zone. 
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2.4. Results 

2.4.1. Spatial variation in physical parameters 

      SST plots reveal the presence of two different water masses in the EGAB.  Cold, 

upwelled water (15-16°C) is visible in coastal waters off SWKI and SWEP.  The 

upwelled water is confined in narrow regions close to the coast, squeezed between the 

coast and the large mass of warmer water (18-22°C) intruding from the west.  This 

general pattern was evident in SST maps for Feb/Mar 2005 and 2006, but there were 

significant variations in patterns of SST between years.  Upwelled water was visible 

off SWKI and SWEP in Feb/Mar 05, but only off SWEP in Feb/Mar 06, and 

temperatures off SWEP in Feb/Mar 06 were >2°C colder than those measured in 

Feb/Mar 05 (Fig. 2.3). 

      Temperature depth profiles reveal a mass of cold water moving across the shelf 

toward the coast in a bottom layer, which reaches the surface at certain stations (such 

as Q1 and 2, and L2 and 3 in Feb/Mar 05, and L1 to 4 in Feb/Mar 06).  The cold water 

flows underneath a large surface mass of warmer water (Fig. 2.4). This pattern 

appears to exist across the shelf, but decreases in intensity from east to west.  In both 

years, coldest temperatures were observed in the bottom layer of stations on transect F 

(off SWKI).  Temperatures on the three transects examined were ~2°C colder in 

Feb/Mar 06 (Fig. 2.4).  Density depth profiles indicate that this colder water is denser 

than the overlying warmer water (Fig. 2.5). 

 

2.4.2. Spatial variations in the light regime 

      Mean Kd and Zeu varied between regions and years (Table 2.1).  Kd’s were higher 

and consequently euphotic depths shallower in the nearshore compared with the off-
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shore regions.  Mixed layer depths (MLD) were also shallower in nearshore compared 

with the off shore regions.  The euphotic depths were always > 15 m deeper than 

mixed layer depths.  There was a strong positive correlation between Zeu and mixed 

layer depth (r = 0.900 in 2005, 0.897 in 2006) that suggested that the surface mixed 

layer made up 46% of the euphotic zone in 2005 and 51% of the euphotic zone in 

2006 (Fig. 2.6).  Ratios of Zeu:MLD ranged between 1.4 and 2.8 in Feb/Mar 05, and 

1.1 and 3.5 in Feb/Mar 06. 

 

2.4.3. Spatial variation in nutrient concentrations 

      Mean nutrient concentrations varied both between and within years (Table 2.2).  

Surface (3 m depth) phosphate concentrations ranged from 0.1 to 0.8 and from 0.2 to 

0.6 μmol L-1 in the bottom layer below the thermocline.  NOx ranged from 0.4 to 1.3 

in the surface and 0.5 to 2.6 μmol L-1.  The range for surface Si was 1.3 to 29.4 and 

1.1 to 6.4 μmol L-1 in the bottom layer.  In the eastern and central regions, the areas 

most influenced by the upwelling plume, concentrations of FRP and NOx were 

generally higher in the bottom layer than the surface waters (Table 2.2). 

 

2.4.4. Spatial variation in phytoplankton biomass and primary productivity 

      Surface extracted chlorophyll a concentrations were highest in areas influenced by 

the upwelled water mass.  Chlorophyll concentrations in most of the EGAB ranged 

between < 0.1 and 0.6 μg L-1.  However, in Feb/Mar 2005, concentrations as high as 

2.1 μg L-1 were measured in the surface waters off SWKI, and concentrations of 3.3 

μg L-1 were measured in surface waters off SWEP in Feb/Mar 2006 (Fig. 2.7).  High 
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concentrations of chlorophyll a were also measured nearshore around Cape Adieu 

(Transect V) in both Feb/Mar 2005 (1.1 μg L-1) and 2006 (1.4 μg L-1) (Fig. 2.7). 

      Fluorescence depth profiles show highest chlorophyll concentrations associated 

with the cold, dense upwelled water mass, both in the bottom layer and when it moves 

toward the surface.  Chlorophyll concentrations in the overlying warmer water mass 

were generally < 0.2 μg L-1, while concentrations in the upwelled water mass ranged 

between 0.2 and 1.6 μg L-1, and varied greatly between years and regions (Fig. 2.8).  

In 2005, the highest chlorophyll concentration was 1.6 μg L-1 recorded at ~35 m depth 

at station L2, with a concentration of 1.4 μg L-1 measured at ~35 m depth at station 

Q1.  Chlorophyll concentrations > 1.2 μg L-1 were also recorded in the waters 

between 15 and 35 m depth at station F2.  In 2006, the highest chlorophyll 

concentration was 1.6 μg L-1 measured at ~35 m depth at station L1, with high 

concentrations also measured in the top 20 m of the water column at stations L2 and 

L3. 

      In February 2005 there were no significant associations between chlorophyll 

concentrations and nutrient concentrations in the EGAB (p > 0.1).  There was a 

significant weak association between the physical data and chlorophyll a 

concentrations (p = 0.082, r = -0.170), but no significant association between the 

physical data and nutrient concentrations (p > 0.4).  In February/March 2006 there 

was a significant, weak association between chlorophyll concentrations and nutrient 

concentrations (p = 0.065, r = -0.234), and a significant, strong association between 

physical data and chlorophyll a concentrations (p = 0.002, r = 0.907).  There was also 

a significant, weak association between the physical data and nutrient concentrations 

(p = 0.022, r = -0.227). 
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      Levels of VGPM modelled primary productivity in the EGAB were highly 

variable both within and between years, with the highest levels recorded in areas 

influenced by the upwelled water mass (Fig. 2.9).  Levels of primary productivity in 

most of the EGAB were < 1000 mg C m-2 d-1, with particularly low rates (< 400 mg C 

m-2 d-1) measured in the offshore western region in 2005 and in the offshore central 

region in 2006.  The highest level of primary productivity observed was 3916 mg C 

m-2 d-1 at station K1 off SWEP in 2006.  In 2005, the highest productivity level was 

recorded for station E1 off SWKI (3483 mg C m-2 d-1).  Relatively high levels of 

productivity (~2000 mg C m-2 d-1) were also associated with the waters off Cape 

Adieu in both 2005 and 2006. 

        Nearshore VGPM modelled rates of primary productivity were only greater than 

offshore productivity in areas influenced by the upwelled water mass (Table 2.3).  

Offshore productivity was generally greater than nearshore productivity, due to deeper 

Zeu.  Primary productivity in the surface mixed layer modelled using the VGPM 

accounted for 66% of the total productivity in the euphotic zone in 2005, but only 

37% of the total productivity in the euphotic zone in 2006 (Fig. 2.10). 

      Rapid light curves in February/March 2006 varied between regions and depths, 

with modelled ETR values highest at the surface in the east, and at the DCM in the 

central region (Fig. 2.11).  There was also variation in photosynthetic parameters 

between regions and depths.  Highest photosynthetic efficiency (α) occurred at the 

DCM in the central nearshore region, while maximum specific photosynthetic rates 

(PB
max) and irradiances corresponding to the onset of light saturation of photosynthesis 

(Ik) were highest at the surface in the nearshore east (Table 2.4).  PB
max were generally 

higher at the surface than at the DCM, with more pronounced differences in the east. 
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      Nearshore rates of primary productivity modelled according to Platt et al. (1991) 

were only greater than offshore rates of productivity in areas influenced by the 

upwelled water mass (Table 2.5).  Offshore productivity was, again, generally greater 

than nearshore productivity, due to deeper Zeu.  Primary productivity in the surface 

mixed layer modelled according to Platt et al. (1991) accounted for 74% of the total 

productivity in the euphotic zone in 2005, but only 45% of the total productivity in the 

euphotic zone in 2006 (Fig. 2.12). 

      Regression analyses indicate a close relationship between the Platt and the VGPM 

model results for productivities > 200 mg C m-2 day-1 (r2 = 0.77, p < 0.001), but no 

significant relationship between productivities < 200 mg C m-2 day-1 (r2 = 0.02, p = 

0.643). 

 

2.5. Discussion 

      Surface chlorophyll concentrations < 0.2 μg L-1 are within the range for the Mid-

latitude Gyre ecological region of the Southern Ocean and concentrations of > 1 μg  

L-1 coincide with the SeaWiFS estimates of chlorophyll concentrations for the Mid-

latitude Coastal Region of the EGAB during the austral summer (Moore and Abbott 

2000).  Furthermore, concentrations of > 2 μg L-1 coincide with the upwelling areas of 

SWEP and SWKI as observed by Moore and Abbott (2000).  The chlorophyll 

concentrations in the offshore waters in the western segment of the GAB (Station Q) 

are similar to those reported by Motoda et al. (1978) (0.1 to 0.4 μg L-1).  However, the 

deepwater chlorophyll concentrations found in the coastal regions of transects Q, L 

and F are an order of magnitude higher than previously reported for the GAB. 
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      The spatial variation in primary productivity in the shelf waters of the EGAB is 

illustrated by: 

• Offshore areas of the eastern, central and western waters have low daily 

integral productivities (< 800 mg C m-2 d-1, Fig. 2.9) that compare well with 

values reported for the oligotrophic waters of the Leeuwin current off south 

west Western Australia (110-530 mg C m-2 d-1, Hanson et al. 2005), the AuSW 

and SSTC provinces of Longhurst et al. (1995) and the north and south 

Atlantic sub-tropical gyres (18-362 mg C m-2 d-1, Maranon et al. 2003).  They 

are significantly higher than the average values reported by Ryther (1969) and 

those of Motoda et al. (1978).   

• Mid-shelf and coastal waters have intermediate productivities (800-1600 mg C 

m-2 d-1, Fig. 2.9) that are comparable to those reported for localised upwellings 

off south west Western Australia (840-1310 mg C m-2 d-1, Hanson et al. 2005), 

and for the waters of Bass Strait and the east coast of Tasmania (336-2880 mg 

C m-2 d-1, highest rates associated with the spring bloom, Harris et al. 1987).   

• Higher productivities are also achievable, but are restricted to distinct hotspots 

in the region.  Productivity levels in waters off SWEP, SWKI, and Cape Adieu 

(1600-3900 mg C m-2 d-1, Fig. 2.9) were within the range of productivities 

measured in the highly productive upwelling systems of the Benguela current 

off southern Africa (1000-3500 mg C m-2 d-1, Brown et al. 1991), and the 

Humboldt current off the coast of Chilè (800-5100 mg C m-2 day-1, Daneri et 

al. 2000). 

Thus, certain regions of the EGAB have a potential productivity that rivals the most 

productive areas of the global ocean, and overall productivity is relatively high in a 

regional and global sense. 
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      The absence of any strong associations between parameters in the EGAB in 

February 2005 may indicate a more or less homogenous water mass that one might 

expect to find during periods of downwelling/mixing.  The strong association between 

physical parameters and chlorophyll a concentrations found in February/March 2006 

is indicative of a region encompassing clearly defined water masses with distinct 

physical/biological characteristics, such as might be found during upwelling events.  

These water masses may be the warm, dense, less productive GAB warm pool, and 

the colder, denser, more productive upwelled Kangaroo Island Pool.  The weak 

association between physical parameters and chlorophyll concentrations in 

February/March 2005 may be indicative of recent past periods of 

upwelling/stratification with accompanied variations in water column primary 

productivity.  These results are indicative of the potential impact of temporal 

variations in physical factors on primary productivity in the EGAB. 

      High productivity in the EGAB is promoted by the presence of an upwelled water 

mass.  Highest levels of primary productivity and highest surface chlorophyll 

concentrations in the EGAB are associated with this upwelled water mass.  However, 

high levels of primary productivity are not restricted to surface waters.  The deeper 

region of the euphotic zone in the EGAB at times encompassed a significant portion 

of the upwelled water mass (as postulated in scenario 3 in the conceptual model in 

Fig. 2.1), with highest chlorophyll fluorescences measured in this water below the 

surface mixed layer.  Both the VGPM and the model of Platt et al. (1991) use surface 

chlorophyll concentrations to calculate daily integral productivity, which neglects any 

productivity that may be occurring below the surface mixed layer, and may thus 

underestimate total primary productivity.  This study has shown that the contribution 

of the surface mixed and bottom layers of the euphotic zone to total primary 
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productivity in the EGAB can vary considerably between years.  At times, the surface 

mixed layer may account for < 40% of total productivity despite the fact that it makes 

up > 50% of the euphotic zone.  It is, therefore, highly likely that daily integral 

productivity levels in some areas of the EGAB, most likely in the mid shelf waters of 

the eastern and central regions that include the upwelled Kangaroo Island pool, are 

higher than indicated by modelled results presented in Figure 2.9.  Overall primary 

productivity in the EGAB was heavily influenced by the presence of the upwelled 

water mass, but did not require that water mass to reach the surface.  High 

productivity levels appear to be achievable after the first upwelling event which drives 

the formation of the Kangaroo Island Pool.  These results have implications for 

previous conclusions about productivity in the region based on satellite derived data, 

and emphasise the importance of ground-truthing satellite and modelled data. 

      Ratios of Zeu:MLD in this study fall toward the lower end of the range reported for 

data collected during the Warm Core Rings Experiment (0.1-12.2), and toward the 

higher end of the range reported for data from the Optical Dynamics experiment III 

(0.8-2.7) (Brown et al. 1995).  This ratio has been used to make inferences about the 

influence of mixing on water column primary productivity (Patterson 1991).  

Patterson’s empirical model explores the coupling between photosynthesis and 

mixing, in particular, the influence of timescales of the response of phytoplankton to 

changes in irradiance relative to timescales of mixing.  Results suggest that when Zeu 

> MLD, short term responses of phytoplankton photosynthesis to changes in 

irradiance are more important to overall water column productivity than the effects of 

mixing.  When Zeu < MLD, the influence of these effects diminishes, and water 

column productivity becomes increasingly dependent on the degree of mixing.  In this 

study, Zeu was always greater than MLD which indicates that short term responses of 
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phytoplankton to variations in irradiance have more influence on primary productivity 

in the EGAB during the upwelling season than the effects of mixing.  However, 

downwelling/mixing events that may occur in the EGAB during the upwelling season 

may significantly alter the Zeu:MLD ratio and drive temporal variations in the 

influence of mixing on water column productivity. 

      Two water masses were identified using the physical data in this study, the 

productive upwelled water mass drawn from off the shelf south of Kangaroo Island, 

and the less productive GAB warm pool with its origins in the shallow coastal waters 

to the west of Head of Bight (Herzfeld 1997; Herzfeld and Tomczak 1997).  Despite 

large contrasts in productivity between the GAB warm pool and the upwelled water 

mass, there were no patterns in nutrient concentrations that could be used to 

differentiate between them.  N:P ratios indicate potential nitrogen limitation in all 

regions of the EGAB sampled in this study, in the surface mixed layer and below the 

thermocline (N:P < 10).  N limitation is expected in the coastal marine environment, 

with data suggesting that N:P ratios are often very low in coastal areas due to 

increased input of phosphorus in low N:P freshwaters manifest as terrestrial runoff 

(Downing 1997).  Si:N ratios also reveal potential nitrogen limitation in most samples 

collected in this study, but suggest silica limitation in upwelled waters below the 

thermocline in the offshore eastern region in 2005 (Si:N = 0.7), and in the nearshore 

eastern region in 2006 (Si:N = 0.6).  Stoichiometric ratios only become useful as 

indicators of potential nutrient limitation of primary productivity if nutrient 

concentrations are below levels consider limiting to phytoplankton growth.  It is 

difficult to put a figure to limiting nutrient concentrations since phytoplankton show 

great variation in their nutrient uptake efficiencies.  Nutrient uptake by phytoplankton 

generally follows Michaelis-Menten kinetics.  Half saturation constants (Ks, the 

 40



nutrient concentration supporting half the maximum uptake rate) can be calculated 

using the Michaelis-Menten equation, and reflect the relative ability of phytoplankton 

to use low levels of nutrients (Dugdale 1967; Eppley et al. 1969; Lehman et al. 1975; 

Nelson and Dortch 1996).  Nutrient concentrations < Ks could be considered limiting 

to phytoplankton growth.  Lehman et al. (1975) summarised Ks values for marine 

phytoplankton from a number of studies, and reported Ks for NO3 uptake that ranged 

between 0.1 and 3.8 µmol L-1, and Ks for Si uptake between 0.8 and 3.5 µmol L-1.  

Nelson and Dortch (1996) report Ks for Si uptake between 0.5 and 5.3 µmol L-1.  Si 

limitation is further complicated by the fact that diatoms can maintain close to 

maximum division rates even when Si uptake is < maximum, by decreasing frustule 

silica content (Leynaert et al. 2001; Nelson et al. 2001).  However, studies have 

indicated that Si uptake does cease below certain low substrate concentrations, with 

most reported threshold concentrations < 0.5 µmol L-1 (Paasche 1973; Conway and 

Harrison 1977).  For the purposes of this study, NOx concentrations < 0.1 µmol L-1 

were considered limiting to phytoplankton productivity since these concentrations are 

less than Ks values reported for an array of marine phytoplankton species similar to 

those expected to be found in the EGAB (Lehman et al. 1975).  Si concentrations 

below the < 0.5 µmol L-1 threshold concentration were considered limiting to diatom 

productivity. 

      The absence of any strong associations with nutrient concentrations suggests there 

is little differentiation between waters masses in macro-nutrient concentrations.  

Concentrations of NOx and Si in the EGAB were at all times above those that may be 

considered limiting to phytoplankton growth, and there was no indication of nutrient 

limitation of primary productivity in the EGAB.  Despite this, productivity levels in 

the GAB warm pool can be up to an order of magnitude lower than productivities in 
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areas influenced by the upwelled water mass.  So the question remains, what is the 

component of the upwelled water mass that promotes productivity that is not present 

in the GAB warm pool?  Iron has been shown to limit growth in large parts of the 

ocean particularly high nutrient low chlorophyll (HNLC) regions such as the sub-

arctic and equatorial Pacific, and the southern ocean around Antarctica (Martin and 

Fitzwater 1988; Martin et al. 1989; Martin 1990).  Iron deficiency may explain the 

low levels of primary productivity associated with the HNLC waters of the GAB 

warm pool.  The absence of direct measurements of dissolved iron concentrations in 

the different water masses makes it impossible to confidently draw conclusions.  

There are many other trace metals/vitamins/chelating agents whose presence or 

absence in the GAB warm pool relative to the upwelled water mass may 

promote/suppress primary productivity.  Finer scale studies of spatial variations in 

macro and micro nutrient cycling in the water masses of the EGAB will provide a 

better understanding of the factors that promote high productivity in the upwelled 

water.  Future studies should include analysis of iron concentrations/deposition rates, 

sedimentation rates, the influence of benthic-pelagic and ocean-atmospheric coupling 

on nutrient cycling, and potential nutrient limitation in phytoplankton. 

      The general spatial trends in productivity were similar in both models of 

productivity.  The VGPM was chosen for this study since it provides a useful method 

for estimating primary productivity on large spatial scales.  However, the VGPM was 

largely developed from measurements of productivity in the North Atlantic, hence the 

model of Platt et al. (1991) was run for selected stations in the EGAB to ground-truth 

the results of the VGPM.  Variations between the two models may be attributed to the 

likelihood that some of the constants used in the VGPM, and the assumed relationship 

between temperature and assimilation number, are inappropriate for use in the shelf 
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waters of the EGAB.  That the relationship breaks down at productivities below 200 

mg C m-2 day-1 may relate to incident irradiances.  Low irradiances, possibly 

exacerbated by cloud cover, may give rise to low and variable estimates of primary 

productivity, whereas higher, more consistent irradiances may result in more uniform 

estimates for both models.  We believe the model of Platt et al. (1991) to be more 

accurate than the VGPM since it uses direct measures of P-I parameters from the 

EGAB in calculations.  These parameters were only available for selected stations in 

the region, consequently the VGPM was required to provide estimates of productivity 

for the entire EGAB. 

      It should be noted that measurements taken during the sampling periods of this 

investigation represent snapshots in time, and may not represent conditions and 

productivity levels that are prevalent in the EGAB through the entire upwelling 

season.  Comparisons made in this study are not representative of the entire years of 

2005 and 2006 but reflect differences between short periods within each year.  

Primary productivity levels at a given time in the EGAB are likely to depend on 

which of the scenarios outlined in the conceptual model (Fig. 2.1) occurs in the region 

at the time of sampling, and where in the region the sampling is done.  Temporal 

variations in meteorology may drive significant variations in the timing and intensity 

of mixing/stratification events, which could have an impact on the water masses 

present in the euphotic zone, and affect nutrient availability and primary productivity.  

The potential for large temporal variations in productivity levels both within and 

between upwelling seasons in the EGAB can be seen in Figure 2.9, with high levels of 

primary productivity found around SWKI (probably reflecting scenario 4 in the 

conceptual model) but not around SWEP in February/March 2005 (probably 

reflecting scenario 3 in the model, with high productivity in the bottom layer at the 
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base of the euphotic zone that is not showing up in the modelled results in Figure 2.9 

which used surface chlorophyll concentrations to calculate primary productivity).  The 

reverse pattern is observed in February/March 2006.  Variations in the timing and 

intensity of mixing/stratification events (Popova et al. 2006) within upwelling seasons 

may affect the overall seasonal productivity of the EGAB region.  Mixing appears to 

play a significant role in temporal variations in primary productivity in the EGAB.  

An investigation of the impact of temporal variations in mixing and stratification on 

total EGAB primary production will provide a greater understanding of the impact of 

longer term climatic variation on the EGAB ecosystem. 
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2.7. Tables 

Table 2.1.  Spatial variation in euphotic depth and mixed layer depth in the EGAB.  Kd = coefficient of downwelled irradiance (m-1), R2 = 
regression coefficient for the relationship between irradiance and depth, Zeu = euphotic depth (m), MLD = mixed layer depth (m).  Values are 
mean ± standard error, n = 3.  Regions outlined in Figure 2.2. 
 

  2005 2006 

  K R Z Rd 2 eu MLD Kd 2 Zeu MLD 

Nearshore East 0.08 (± 0.004) 0.99 57.5 (± 2.7) 37.0 (±0.4) 0.08 (± 0.01) 0.99 57.5 (± 6.1) 33.8 (±2.4)

 Central 0.11 (± 0.002) 0.99 41.6 (± 0.8) 25.7 (±1.5) 0.14 (± 0.02) 0.99 35.4 (± 7.3) 16.3 (±6.8)

 West 0.09 (± 0.1) 0.99 50.1 (± 5.4) 23.2 (±1.8) - - - 29.6 (±2.7)

 Far West 0.12 (± 0.1) 0.99 40.5 (± 5.2) - 0.11 (± 0.03) 0.99 45.6 (± 9.2) - 

Offshore East 0.05 (± 0.004) 0.99 100.9 (± 8.8) 53.8 (±0.4) 0.05 (± 0.01) 0.99 88.9 (± 11.6) 47.8 (±2.8)

 Central 0.04 (± 0.002) 0.99 114.5 (± 5.1) 62.3 (±2.5) 0.05 (± 0.001) 0.99 100.9 (± 3.3) 54.4 (±2.9)

 West 0.04 (± 0.005) 0.99 105.9 (± 13.0) 59.8 (±0.9) 0.06 (± 0.01) 0.99 79.7 (± 8.6) 54.4 (±6.5)
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Table 2.2.  Spatial variation in nutrient concentrations in the EGAB.  P = phosphate, NOx = nitrite/nitrate, Si = silica.  Concentrations μmol L-1 ± 
standard error, n = 3.  Regions outlined in Figure 2.2. 
 

  2005 2006 

  Surface layer Bottom layer Surface layer Bottom layer 

  FRP NOx Si FRP NOx Si FRP NOx Si FRP NOx Si 

Nearshore East 0.2 (± 0.1) 1.3 (± 0.9) 4.6 (± 3.8) 0.5 (± 0.3) 1.8 (± 1.2) 1.1 (± 0.2) 0.2 (± 0.05) 0.6 (± 0.1) 1.7 (± 0.8) 0.4 (± 0.02) 2.6 (± 0.4) 1.5 (± 0.2) 

 Central 0.2 (± 0.1) 0.4 (± 0.1) 3.5 (± 1.0) 0.3 (± 0.1) 0.5 (± 0.2) 4.2 (± 3.4) 0.2 (± 0.04) 0.6 (± 0.1) 11.1 (± 5.4) 0.3 (± 0.1) 1.4 (± 0.6) 1.7 (± 0.4) 

 West 0.6 (± 0.1) 1.2 (± 0.4) 5.1 (± 2.6) 0.4 (± 0.04) 1.0 (± 0.3) 2.7 (± 0.2)       

 Far West 0.3 (± 0.05) 1.2 (± 0.1) 29.4 (± 6.3) 0.6 (± 0.1) 0.7 (± 0.1) 4.0 (± 0.3)       

Offshore East 0.1 (± 0.1) 0.9 (± 0.5) 2.2 (± 1.6) 0.2 (± 0.05) 1.8 (± 1.0) 1.1 (± 0.4) 0.1 (± 0.06) 0.5 (± 0.4) 7.0 (± 0.3) 0.2 (± 0.1) 1.5 (± 1.4) 1.4 (± 0.0) 

 Central 0.4 (± 0.1) 0.6 (± 0.1) 1.3 (± 0.6) 0.3 (± 0.1) 1.4 (± 1.0) 1.7 (± 0.6) 0.1 (± 0.02) 0.4 (± 0.1) 7.9 (± 1.4) 0.2 (± 0.1) 1.7 (± 1.0) 1.5 (± 1.0) 

 West 0.8 ± (0.7) 1.0 (± 0.8) 9.1 (± 6.3) 0.3 (± 0.03) 0.6 (± 0.05) 6.4 (± 3.3)       
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Table 2.3.  Spatial variation in VGPM modelled primary productivity in different sections 
of the water column in the EGAB.  SML = productivity in the surface mixed layer.  
Productivity is reported in units of mg C m-2 day-1 ± standard error, n = 3.  Regions 
outlined in Figure 2.2. 
 

  2005 2006 
  Euphotic zone SML Euphotic zone SML 

Nearshore East 719.2 (±243.5) 467.1 (±253.0) 300.9 (±25.4) 198.6 (±17.9) 
 Central 127.6 (±79.0) 78.9 (±50.2) 529.1 (±319.9) 214.5 (±111.6) 
 West 365.5 (±33.5) 148.3 (±10.4)   

Offshore East 228.2 (±48.0) 125.0 (±23.6) 162.1 (±59.1) 74.3 (±30.7) 
 Central 460.4 (±144.1) 245.8 (±72.6) 141.2 (±16.2) 75.9 (±10.7) 
 West 434.9 (±35.8) 249.2 (±15.3) 169.5 (±123.5) 96.0 (±60.7) 
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Table 2.4.  Photosynthetic parameters measured in nearshore regions using Phyto-PAM, 
February/March 2006.  α = photosynthetic efficiency (mg C (mg chl a)-1 hr-1 (µmol m-2 s-

1)-1), Ik = the irradiance corresponding to the onset of light saturation of photosynthesis 
(µmol m-2 s-1), PB

max = maximum specific photosynthetic rate (mg C (mg chl a)-1 hr-1).  
Values are means ± standard error, n = 3.  Regions outlined in Figure 2.2. 
 

Region/Depth α Ik PB
max 

east Surface 0.014 (±0.001) 412.1 (±82.4) 5.7 (±0.5) 
 DCM 0.012 (±0.001) 229.6 (±49.4) 2.7 (±0.4) 

central Surface 0.014 (±0.001) 308.7 (±17.8) 4.3 (±0.3) 
 DCM 0.016 (±0.001) 237.1 (±47.9) 3.5 (±0.6) 
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Table 2.5.  Spatial variation in primary productivity modelled according to Platt et al. 
(1991) in different sections of the water column in the EGAB.  SML = productivity in the 
surface mixed layer.  Productivity is reported in units of mg C m-2 day-1 ± standard error, 
n = 3.  Regions outlined in Figure 2.2. 
 

  2005 2006 
  Euphotic zone SML Euphotic zone SML 

Nearshore East 2769.2 (±1228.1) 1351.6 (±549.6) 247.8 (±107.1) 213.3 (±87.1) 
 Central 471.9 (±28.4) 428.3 (±41.5) 1356.3 (±815.6) 693.0 (±327.1)
 West 401.3 (±151.9) 165.3 (±81.6) - - 

Offshore East 1403.8 (±352.3) 958.6.3 (±205.7) 519.9 (±209.5) 372.9 (±129.1)
 Central 1100.0 (±300.4) 788.0 (±183.0) 747.2 (±51.2) 559.7 (±49.1) 
 West 1017.3 (±211.7) 739.9 (±104.0) 1067.0 (±127.0) 874.8 (±91.8) 
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2.8. Figures 

 

 

Figure 2.1.  Conceptual model of water mass formation and nutrient enrichment in the 
upwelling region of the EGAB.  The black section represents the land mass 
encompassing the continental slope, the continental shelf and the shore.  The dark grey 
section represents the upwelled water mass.  The light grey section represents overlying 
warmer water.  Dashed line indicates euphotic depth (Zeu).  Scenarios are described in the 
text. 
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Figure 2.2.  Sampling station locations.  Black circles represent CTD and extracted 
chlorophyll sampling stations.  Red circles represent stations that were also sampled for 
nutrients.  Different regions in the EGAB denoted east, central, west, and far west.  
Dashed line represents the 200 m isobath. 
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Figure 2.3.  Spatial variation in CTD measured SST in the EGAB in February/March 
2005 (top) and 2006 (bottom). 
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Figure 2.4.  CTD temperature depth profiles for cross-shelf transects in the EGAB in 
February/March 2005 (left) and 2006 (right).  Transects in the figure are transect F (east, 
bottom), transect L (central, middle), and transect Q, (west, top). 
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Figure 2.5.  CTD density depth profiles for cross-shelf transects in the EGAB in 
February/March 2005 (left) and 2006 (right).  Transects in the figure are transect F (east, 
bottom), transect L (central, middle), and transect Q, (west, top). 
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Figure 2.6.  Relationship between mixed layer depth and euphotic depth at selected 
stations in the EGAB.  Data presented were derived from the stations indicated by red 
circles in Figure 2.1.  The slope of the regressions indicates the proportion of the euphotic 
zone that is made up by the surface mixed layer. 
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Figure 2.7.  Spatial variation in surface extracted chlorophyll a concentrations in the 
EGAB in February/March 2005 (top) and 2006 (bottom). 
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Figure 2.8.  CTD fluorescence depth profiles for cross-shelf transects in the EGAB in 
February/March 2005 (left) and 2006 (right).  Transects in the figure are transect F (east, 
bottom), transect L (central, middle), and transect Q, (west, top). 

 62



 

 

Figure 2.9.  Spatial variation in VGPM modelled primary productivity in the EGAB in 
February/March 2005 (top) and 2006 (bottom). 
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Figure 2.10.  Relationship between VGPM modelled primary productivity in the surface 
mixed layer and total primary productivity in the euphotic zone, calculated using CTD 
fluorescence.  Data presented were derived from the stations indicated by red circles in 
Figure 2.1.  The slope of the regressions indicates the proportion of total productivity that 
is made up by productivity in the surface mixed layer. 
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Figure 2.11.  Electron transport rates (ETR) measured in the EGAB in February/March 
2006 using Phyto-PAM.  Circles represent mean ETR ± standard error (n = 3), curves 
modelled according to Ralph and Gademann (2005).  Closed circles = surface samples, 
open circles = samples from the DCM.  Regions outlined in Figure 2.2. 
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Figure 2.12.  Relationship between primary productivity, in the surface mixed layer and 
total primary productivity in the euphotic zone, modelled according to Platt et al. (1991) 
using CTD fluorescence.  Data presented were derived from the stations indicated by red 
circles in Figure 2.1.  The slope of the regressions indicates the proportion of total 
productivity that is made up by productivity in the surface mixed layer. 
 

 

 66



 

 

 67



3. The Influence of Mixing on Primary Productivity: A Unique 

Application of Classical Critical Depth Theory 

 

 

3.1. Abstract 

      Mixing and primary productivity was examined in upwelling influenced nearshore 

waters off south western Eyre Peninsula (SWEP) in the eastern Great Australian Bight 

(EGAB), the economically and ecologically important shelf region off southern Australia 

that forms part of the Southern and Indian oceans.  Mixing/stratification in the region was 

highly temporally variable with a unique upwelling circulation in summer/autumn 

(November-April), and downwelling through winter/spring (May-September).  Highest 

productivity was associated with upwelled/stratified water (up to 2958 mg C m-2 d-1), 

with low productivity during periods of downwelling and mixing (~300-550 mg C m-2 d-

1), yet no major variations in macro-nutrient concentrations were detected between 

upwelling and downwelling events (silica >1μmol L-1, nitrate/nitrite >0.4μmol L-1, 

phosphate >0.1μmol L-1).  We hypothesise that upwelling enriches the region with micro-

nutrients.  High productivity off SWEP appears to be driven by a shallowing of mixed 

layer depth due to the injection of upwelled waters above Zcr.  Low productivity follows 

the suppression of enrichment during downwelling/mixing events, and is exacerbated in 

winter/spring by low irradiances and short daylengths. 
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3.2. Introduction 

      Mixing processes such as upwelling and vertical mixing are generally thought to 

promote primary productivity by bringing nutrients from great depths into well lit surface 

waters.  Indeed, areas influenced by upwelling are some of the most productive in the 

global ocean.  Mixing processes, however, also influence the overall light conditions 

encountered by phytoplankton, and may affect net primary productivity in the water 

column by influencing the balance between community photosynthesis and respiration. 

      Sverdrup (1953) examined the balance between phytoplankton photosynthesis and 

respiration.  In a well mixed water column with an even distribution of phytoplankton, he 

suggested that photosynthesis decreases logarithmically with depth, in accordance with 

the logarithmic decrease in light intensity, while respiration remains independent of depth 

due to the even distribution of the phytoplankton in the mixed layer.  Sverdrup defined 

the depth at which photosynthesis equals respiration as the compensation depth (Zc).  The 

irradiance at which this occurred was termed the compensation irradiance (Ic).  He 

suggested that an increase in the phytoplankton population can only occur at depths 

where total photosynthetic gains in carbon exceed total losses due to respiration, and 

observed that “This implies that there must exist a critical depth (Zcr) such that blooming 

can occur only if the depth of the mixed layer is less than the critical value”.  The value 

of Zcr depends on the time-averaged amount of effective incoming radiation (Ie, the total 

incoming irradiance (Io), corrected for a fraction lost by reflection from the sea surface 

and wavelengths absorbed in the upper few metres of the water column (~82%)), the 

attenuation of light with depth (as indicated by the attenuation coefficient, K), and Ic, 

according to: 
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( / )(1 )crkZ
cr e cZ I kI e−= −      (1) 

 

      There are large uncertainties associated with critical depth values calculated using 

equation 1, and several studies have set out to increase the accuracy of Zcr.  Nelson and 

Smith (1991) indicated that “(Eqn. 1), as normally applied, contains two large 

compensating errors…that were not part of the original derivation”.  The first error was in 

the estimation of the optical correction term for the amount of incoming radiation.  They 

point out that the correction factor used by Sverdrup to calculate Ie was based on total 

solar energy rather than PAR, and propose to use time averaged PAR (ΣIo) in calculations 

of Zcr.  Losses of PAR due to reflection at the ocean surface generally range between 4-

7% under all atmospheric and wind conditions, and are toward the lower end of this range 

at low latitudes (Jerlov 1976; Campbell and Aarup 1989).  Coupled with this loss, 

wavelengths of light >650nm are absorbed strongly in the upper few metres of the water 

column, leading to ~15% loss of PAR (Jerlov 1976; Kirk 1994).  These factors together 

suggest a 20% reduction in ΣIo (i.e. a correction factor of 0.8) is required to account for 

surface reflectance and near-surface absorbance of PAR (Nelson and Smith 1991), which 

is considerably less than the 82% suggested in original calculations of Zcr. 

      The second compensating error that was identified by Nelson and Smith (1991) 

concerns the method used to calculate Ic.  Published Ic values typically come from 

experiments on phytoplankton cultures and are calculated as the minimum irradiance 

required for a culture to survive.  These values range between 1.2 and 9.3 μmol m-2 s-1 

(Raymont 1980; Langdon 1988).  Nelson and Smith (1991) proposed that a value termed 
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the net photo-compensation irradiance (In, defined as “the value of photosynthetically 

active radiation (PAR) that results in a net phytoplankton growth rate of zero in the 

presence of most naturally occurring losses”) be used in place of Ic, citing Perry and 

Marra’s unpublished calculations of In which ranged between 30 and 40 μmol m-2 s-1.  

However, natural community loss factors such as grazing and sinking, and variations in 

community structure are not accounted for in culture based estimates or Perry and 

Marra’s calculations (Sverdrup 1953; Smetacek and Passow 1990; Nelson and Smith 

1991).  Community-level Ic estimates which consider these loss factors have a broad 

range, between 4.0 and 40.0 μmol m-2 s-1 (Riley 1957; Najjar and Keeling 1997).  Siegel 

et al. (2002) set out to provide more accurate community-level estimates of Ic, using 

satellite and hydrographic datasets.  They report median community Ic values for the 

north Atlantic spring bloom across different latitudes (from 35°N to 75°N) of between 

11.1 and 20.2 μmol m-2 s-1. 

      Community level phytoplankton loss factors were also included in an alternative 

critical depth model developed by Platt et al. (1991).  These authors “combine an 

analytical solution for the daily rate of primary production (Platt et al. 1990) with 

currently plausible estimates of phytoplankton loss to provide an analytical model for 

critical depth”.  They found that critical depth values calculated using a combined loss 

value that includes losses due to respiration, grazing, sedimentation and excretion were 

considerably shallower than estimates based on respiration alone. 

      Sverdrup (1953) suggested that for blooming of phytoplankton to occur, production 

of organic matter by photosynthesis must exceed destruction by respiration.  When the 

mixed layer depth (MLD) is deeper than Zcr, phytoplankton are mixed into areas of the 
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water column where total respiration is greater than total photosynthesis, and there is zero 

net productivity.  High net productivity and phytoplankton blooms occur in vertically 

stratified regions with MLD above Zcr (Sverdrup 1953; Smetacek and Passow 1990; 

Nelson and Smith 1991; Kirk 1994; Mann and Lazier 1996).  However, studies suggest 

that phytoplankton blooms can develop in the absence of vertical water column 

stratification, i.e. before the decrease in MLD to depths above Zcr (Townsend et al. 1992; 

Eilertsen 1993).  Huisman et al. (1999) developed a model to explain these deviations 

from classical critical depth theory.  Sverdrup’s critical depth theory assumes that the 

phytoplankton community in a well mixed water column is relatively evenly distributed 

(Sverdrup 1953).  The model of Huisman et al. (1999) allowed the dynamics of 

phytoplankton growth and turbulent mixing to govern the distribution of phytoplankton in 

the water column, and indicated that a bloom can develop if MLD is shallower than Zcr, 

or if turbulent mixing rates are less than a critical turbulence.  Thus, there appear to be 

two mechanisms that may drive high net productivity and phytoplankton blooms.  If 

mixing is intense, a decrease in the MLD to areas of the water column above Zcr will 

promote high net productivity and phytoplankton blooms.  If mixing is weak, or there is a 

relaxation of turbulent mixing, phytoplankton growth rates may be high enough to 

overcome vertical mixing rates, allowing net gains in productivity to be achieved before 

turbulent mixing takes phytoplankton below Zcr (Huisman et al. 1999; Huisman and 

Sommeijer 2002). 

      The shelf waters off south western Eyre Peninsula (SWEP) in the eastern Great 

Australian Bight (EGAB) support a rich pelagic ecosystem that includes populations of 

important predators such as Australian sea lions (Neophoca cinerea), New Zealand fur 

 72



seals (Arctocephalus forsteri) and southern blue fin tuna (Thunnus maccoyii) (Page et al. 

2006; Ward et al. 2006; Fowler et al. 2007; Goldsworthy and Page 2007), and large 

populations of small pelagic fish such as Australian sardine (Sardinops sagax), anchovy 

(Engraulis australis) and mackerel (Scomber spp. and Trachurus spp.) (Ward et al. 2006; 

Ward et al. 2008).  Understanding temporal variations in primary productivity in the 

waters off SWEP is important for the management of these ecologically and 

economically important species.  The area is highly dynamic, with significant seasonal 

variations in meteorology and oceanography that may drive variations in mixing and 

stratification.  Winds are downwelling favourable through winter, shelf waters are well 

mixed from surface to bottom, and a continuous eastward current flows along the 

continental shelf (the coastal current), suppressing upwelling associated with the Flinders 

current (Middleton and Cirano 2002; Middleton and Bye 2007).  The Flinders current 

drives upwelling of cold water from ~250 m depth onto the shelf in summer/autumn, and 

coastal upwelling events off SWEP are driven by dominant southeasterly winds 

(Middleton and Bye 2007).  Stratification may develop in the water column with cold 

water upwelling beneath a shallow surface mixed layer, promoting high rates of primary 

productivity (chapter 2).  Upwelling events may be interspersed with periods of 

downwelling and mixing (Chapter 2, Middleton and Bye 2007) which may break down 

this stratification and facilitate mixing between upwelled water and the surface water 

mass.  With this information in mind, we propose a conceptual model of mixing and 

productivity in the EGAB (Fig. 3.1).  The model incorporates three scenarios.  Scenario 1 

outlines conditions that may be expected to occur during downwelling and strong mixing 

in winter.  Phytoplankton are likely to spend significant amounts of time mixed below 
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Zcr, and with upwelling suppressed by the coastal current, net primary production will be 

low.  Scenario 2 describes conditions during an upwelling event, when stratification 

develops, with a shallow surface mixed layer and a volume of upwelled water forced 

above Zcr driving significant contributions to total water column productivity (chapter 2).  

Scenario 3 depicts conditions during downwelling/mixing events that occur periodically 

through the upwelling season.  If these events are strong, increased mixing may take 

phytoplankton below Zcr for long periods of time and productivity will be suppressed.  If 

they are weak, with turbulences less than the critical turbulence, relatively high rates of 

productivity may still be achieved.  The entrainment of upwelled water into the surface 

layer during this scenario may enrich surface waters and promote overall seasonal 

primary productivity.  In addition, mixing may provide a mechanism for phytoplankton 

from the surface mixed layer to entrain into the upwelled water mass, providing the seed 

for future bursts of productivity.  Temporal variations in primary productivity off SWEP 

will depend on which of the above mixing/enrichment scenarios is operating in the region 

at the time of sampling. 

      Variations in primary productivity off SWEP may have implications for the 

productivity of other economically and ecologically important species in the region.  

There have been many studies concerning temporal variation in the oceanography and 

circulation of the EGAB, but few have examined variations in primary productivity.  This 

study aims to investigate temporal variations in primary productivity in the upwelling 

region off SWEP using a series of measurements taken between 2004 and 2006.  The 

study was designed to examine the hypotheses that net primary productivity in the coastal 

waters off SWEP will be highest during the upwelling season, and that primary 
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productivity will be highest during upwelling events, when mixed layer depths are 

shallow and water is upwelled to depths above Zcr. 

 

3.3. Methods 

      Research cruises occurred during February and September 2004, February 2005 and 

February/March 2006 aboard the RV Ngerin.  Samples were collected in coastal waters 

off southwest Eyre Peninsula (SWEP), within the upwelling region of the Eastern Great 

Australian Bight (Fig. 3.2).  Sampling occurred at an eastern, a central, and a western 

station (E, C, and W in Fig. 3.2) in daylight hours. 

 

3.3.1. Measurements of upwelling intensity 

      Three hourly wind data (U) for the study period was provided by the Australian 

Bureau of Meteorology in the form of wind speed and direction measured by the Neptune 

Island automatic weather station.  The wind stress (τ) was calculated as: 

 

a DCρ=τ U U        (2) 

 

where ρa is the density of air (0.1 kg m-3) and CD is a drag coefficient given by (Gill 

1982).  The alongshore component of wind stress (τo) was subsequently calculated at an 

angle of 315ºT.  Positive values of τo correspond to upwelling (Middleton and Bye 2007).  

The three day average of wind stress was used in evaluations of upwelling intensity since 
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this duration provides sufficient time for enough water movement to occur for an 

upwelling event to take place. 

 

3.3.2. Measurements of hydrological parameters 

      Pressure, conductivity and temperature were measured using a Seabird SBE 19 plus 

Conductivity Temperature Depth recorder (CTD) (Sea-Bird Electronics Inc., Bellevue, 

WA, USA), which was lowered to within 10 m of the bottom at each station.  Depth, 

salinity and density were derived from pressure, temperature and conductivity during data 

processing using Seabird SBE Data Processing win32 software.  In September 2004, 

February 2005 and February/March 2006, a Biospherical QSP-2300 underwater PAR 

sensor with log amplifier (Biospherical Instruments Inc., San Diego, CA, USA) was used 

to measure underwater irradiance.  The coefficient of downwelled irradiance (Kd) was 

derived from the slope of the semilog plot of irradiance versus depth.  The euphotic depth 

(Zeu) was calculated by substituting Kd into the Beer-Lambert equation (Kirk 1994): 

 

  1 / (100 /1)eu dZ K Ln= ×      (3) 

 

  Mixed layer depths were determined using a density based criterion according to Kara et 

al. (2000). 

      Water samples for nutrient analysis were collected at each station using a Niskin 

bottle.  Samples were collected at three depths; 3 m, the deep chlorophyll maximum 

(DCM) as determined by CTD fluorescence, and 10 m below DCM.  50 ml of each 

sample was filtered through a Whatman GF/C filter and retained for analysis by the 
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Water Studies Centre at Monash University, Victoria, Australia.  Dissolved Si (APHA-

AWWA-WPCF 1998c), nitrate/nitrite (NOx) (APHA-AWWA-WPCF 1998a), and 

phosphate (APHA-AWWA-WPCF 1998b) were determined by flow injection analysis 

with a QuickChem 8000 Automated Ion Analyser. 

 

3.3.3. Measurements of biomass and primary productivity 

      Water samples were collected from 3 m depth at each station for chlorophyll analysis.  

A 1L sample from each station was filtered through a Whatman GF/C filter and the filter 

kept in the dark at <-5ºC until returned to the laboratory.  Samples were extracted in 90% 

methanol over 24 hours, with absorbances read at 750 nm (background) and 665 nm 

(chlorophyll a) using a Hitachi U-2000 spectrophotometer with 1cm pathlength.  

Chlorophyll concentrations were calculated using the formulae of Talling and Driver 

(Talling and Driver 1963).  Chlorophyll was also measured in CTD casts as fluorescence 

using a Chelsea Aquatracka Mk3 fluorometer (Chelsea Technologies Group, Surrey, UK) 

attached to the CTD. 

      In February/March 2006, primary productivity was examined using a Walz phyto-

PAM.  Samples were dark adapted for > 30 minutes prior to measurement.  Samples were 

corrected for background fluorescence using GF/C filtrate, then exposed to a series of 

irradiances to provide estimates of relative specific electron transport rates.  These 

estimates were used to construct rapid light curves, and when fitted to the model of Ralph 

and Gademann corrected for the absence of photoinhibition (Ralph and Gademann 2005), 

provided values for the photosynthetic efficiency (α), the irradiance corresponding to 

light saturation of photosynthesis (Ik), and the maximum specific electron transport rate 
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(ETRB
max).  Specific electron transport rates can be converted into specific rates of 

photosynthesis using conversion factors which consider the absorption cross section of 

photosystem 2 in natural phytoplankton populations, and the number of electrons 

required to produce one molecule of oxygen (Korner and Nicklisch 2002, Estevez-Blanco 

et al. 2006, Kromkamp et al. 2008).  Maximum specific electron transport rates were 

converted to maximum specific photosynthetic rates (PB
max) using a conversion factor of 

0.156 (Korner and Nicklisch 2002).  Maximum specific photosynthetic rates were 

converted from units of mg O2 (mg chl a)-1 h-1 to units of mg C (mg chl a)-1 h-1 according 

to Parsons et al. (1984), assuming a molecular photosynthetic quotient of 1 (Ganf and 

Horne 1975). 

 

3.3.4. Modelling primary production 

      The vertically generalised production model (VGPM) of Behrenfeld and Falkowski 

(1997) was used to estimate primary productivity (PPeu) in the waters off south western 

Eyre Peninsula following: 

 

0

0
0.66125

4.1
b

eu opt sat eu irr
IPP P C Z D

I
=

+
× ×     (4) 

 

Where Pb
opt is the optimal specific photosynthetic rate, Io is the monthly mean surface 

irradiance, Csat is the satellite surface chlorophyll concentration, Zeu is the euphotic depth, 

and Dirr is daylength in decimal hours.  The monthly mean Csat (February for summer, 

September for winter) for 35ºS 136ºE was obtained from the NASA Giovanni website 
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(http://reason.gsfc.nasa.gov/OPS/Giovanni/mpcomp.ocean.shtml), and monthly mean Io 

was provided by the Australian Bureau of Meteorology for 36ºS 138ºE.  The NASA Poet 

website (http://poet.jpl.nasa.gov/) provided monthly mean SST for 34.73ºS 135.15ºE that 

was used to calculate Pb
opt as: 
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The euphotic depth (Zeu) was calculated from Csat estimates following: 
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    (6) 

 

The monthly mean Dirr was obtained from astronomical information on the Geoscience 

Australia website (www.ga.gov.au/geodesy/astro). 

      To ground-truth estimates obtained from the VGPM, the above model was run with 

measured data, including extracted chlorophyll concentrations, and mean Zeu calculated 

using irradiances measured by the CTD.  Mean maximum photosynthetic rate (Pmax) 
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measured using phyto-PAM in February/March 2006 was used in place of Pb
opt.  The 

daily mean Io for 36ºS 138ºE and daylength for the day of sampling was used in place of 

the monthly mean Io and Dirr. 

      To test the validity of VGPM estimates of primary productivity, independent 

estimates of daily integral primary productivity (PZm, T) were calculated according to the 

model of Platt et al. (1991): 

 

, *(1 exp( (2 / )(1 )))
m

B m
m m mZ TP Z DBP I KZ Mπ= − − −   (7) 

 

Where Zm is the mixed layer depth, D is daylength in decimal hours, B is biomass 

(concentration of chlorophyll a), PB
m is the maximum specific photosynthetic rate, Im

* is 

the dimensionless irradiance at local noon, K is the vertical attenuation coefficient for 

irradiance, and M is the optical transmittance for the surface mixed layer (M = exp (-

KZm)).  The mean maximum specific photosynthetic rate measured by the Phyto-PAM 

was used for PB
m.  Im

* was calculated as Im
o/Ik, where Im

o is the maximum daily (noon) 

surface irradiance, and Ik is the irradiance corresponding to the onset of light saturation of 

photosynthesis.  Im
o was provided by the Australian Bureau of Meteorology from the 

weather station at the Adelaide Airport (34.952ºS 138.520ºE), the closest station to the 

study area that collects half hourly global solar data.  The mean Ik measured with the 

Phyto-PAM in this study was used in calculations of Im
*. 
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3.3.5. Calculating the critical depth 

      Critical depth (Zcr) was calculated according to a modification of Nelson and Smith’s 

reformulation of Sverdrup’s critical depth equation (Nelson and Smith 1991): 

 

0.8 11.57 /cr o c dZ I I K= × ×∑ ×     (8) 

 

Where 0.8 is a correction factor for reflectance and near surface absorbance of PAR, ΣIo 

is the daily mean surface irradiance for the day of sampling provided by the Australian 

Bureau of Meteorology for 36ºS 138ºE, 11.57 is a factor used to convert ΣIo from units of 

mol m-2 d-1 to μmol m-2 s-1, and Ic is the compensation irradiance.  In calculations in this 

study, the median Ic value obtained by Siegel et al.(2002) for 35-40°N (19.6 μmol m-2 s-1) 

was used, since the study region off SWEP encompasses similar latitudes in the southern 

hemisphere.  Satellite data indicates similar sea surface temperatures in the two regions. 

      The calculation of the critical depth according to Platt et al. (1991) makes use of 

primary productivity in the surface mixed layer, which can be calculated using equation 7 

with Zm in place of Zeu.  The biomass specific phytoplankton loss rate (Lb) was calculated 

as the sum of losses due to respiration (Rb), grazing (Gb), excretion (Eb) and 

sedimentation (Sb).  Rb was estimated as alpha * Ic, Gb used grazing rates measured in the 

region (chapter 5), Eb was estimated as 5% of the gross photosynthetic rate and Sb = X / 

(24Zm), where X is the carbon to chlorophyll ratio, in this case taken as 40.  Lb was then 

used to calculate daily integrated carbon loss in the surface mixed layer according to: 

 

, 24
m

b
Z T mL Z= BL      (9) 
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The critical depth is the depth at which phytoplankton gains equal phytoplankton losses, 

that is, the depth at which PZm,T = LZm,T.  This can be found by changing the value of Zm 

in equations 7 and 9 until the left sides of both equations balance (Platt et al. 1991). 

 

3.4. Results 

3.4.1. Temporal variation in upwelling intensity 

      Upwelling intensity varied considerably in the EGAB during the study period.  Mean 

wind stress in the region was upwelling favourable in the peak of summer, and 

downwelling favourable in winter (Fig. 3.3).  A closer examination of wind stress, 

however, reveals a high degree of variability in the number and timing of upwelling 

events during the upwelling seasons each year (Fig. 3.4).  The first positive wind stress 

for the upwelling season of 2003/2004 was recorded in mid October 03.  Between mid 

October 03 and mid January 04, the wind stress was characterised by several positive 

peaks interspersed with periods of downwelling favourable negative wind stress.  Wind 

stress for the remainder of the upwelling season was upwelling favourable.  The end of 

the 03-04 upwelling season is identifiable as a sharp peak in downwelling favourable 

negative wind stress in mid May 04 (Fig. 3.4).  The onset of the 04/05 upwelling season 

can be seen as a peak in positive wind stress in late October 04.  This season was 

characterised by a series of short, sharp peaks of positive wind stress broken up by peaks 

of negative wind stress which occurred throughout the season, until its end in mid May 

05 (Fig. 3.4).  The onset of upwelling in the 2005/2006 season did not occur until early 
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January 06, and unlike the previous two seasons was less variable with many fewer 

negative wind stresses.  The season was characterised by a series of wide peaks, with 

extended periods of upwelling favourable positive wind stress occurring until the season 

ended with a strong trough of negative wind stress in late April 2006 (Fig. 3.4). 

 

3.4.2. Temporal variation in hydrological parameters  

      CTD data from February 2004 was deemed unsuitable for this analysis due to 

insufficient calibration, and is not reported here.  Mean CTD measured SST from the 

three stations sampled in the region was 14.5 ± 0.03 ºC (mean ± standard error) in 

September 2004, 17.8 ± 0.4 ºC in February 2005, and 16.1 ± 0.5 ºC in March 2006 (Fig. 

3.5).  To put these results into context, figure 3.5. also displays the mean satellite SST for 

the sampling period, which showed a clear seasonal pattern, with peaks in 

January/February, and troughs in August/September. 

      In September 2004, the water column was well mixed at all stations sampled, and 

temperatures were low (~14.5 ºC), (Fig. 3.6).  There is evidence of recent mixing and 

stratification at the eastern station during February 2005, with the water column 

characterised by relatively large changes in temperature and salinity over short vertical 

distances.  The water column toward the west of the study area is characterised by the 

formation of a surface layer of warm (~17 ºC), less dense (~26.0 kg m-3) water overlaying 

a colder (~15.5 ºC) denser (26.4 kg m-3) bottom layer.  The water column across the 

region was more stable in February/March 2006, with a warm (15.5-16.5 ºC), less dense 

(26.2 kg m-3) surface layer overlaying a bottom layer of colder (13.5-14 ºC), denser 

(~26.5 kg m-3) water at all stations. 
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      The underwater light regime in the waters off south western Eyre Peninsula showed 

considerable variation between seasons (Table 3.1).  Kd’s were generally lower in winter 

than in summer, and corresponding Zeu were deeper in winter than in summer.  EGAB 

shelf waters were well mixed in September 2004.  Mixed layer depths were ~24-27m in 

February 2005 and ~8-30m in February/March 2006. 

      Nutrient concentrations were highly variable between years and seasons with no clear 

patterns evident from depth profiles.  Concentrations of FRP were generally < 0.5 µmol   

L-1, but reached as high as 1 µmol L-1 at 40 m depth at the eastern station in February 04.  

Concentrations of NOx were generally < 2 µmol L-1, with a concentration of 6 µmol L-1 

measured at 40 m depth at the eastern station in February 04.  Silica concentrations were 

generally < 5 µmol L-1, with the highest concentration (27 µmol L-1) measured at 3 m 

depth at the western station in March 06 (Fig. 3.7).  Stoichiometric ratios (Si:N and N:P, 

Fig.8) reveal potential silica limitation in February 04, September 04, and February 05.  

Potential nitrogen limitation was evident in all months sampled, but there was no 

indication of phosphorus limitation (Fig. 3.8). 

 

3.4.3. Temporal variation in biomass and primary productivity 

      Mean extracted chlorophyll concentrations in waters off south western Eyre Peninsula 

did not vary markedly between February 2004 and February 2005, ranging from 0.6 ± 0.1 

µg L-1 (mean ± standard error) in February 2004, to 0.4 ± 0.1 µg L-1 in September 2004, 

and 0.3 ± 0.1 µg L-1 in February 2005.  The highest mean surface chlorophyll 

concentration measured during the study period was 1.9 ± 1.4 µg L-1, in March 2006 (Fig. 

3.9).  Figure 3.9 also displays satellite measured monthly mean surface fluorescence.  
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Extracted surface chlorophyll concentrations generally agreed closely with monthly 

satellite means, except during February 06 when the mean extracted chlorophyll 

concentration was double the satellite monthly mean. 

      Extracted surface chlorophyll concentrations were around 0.5 µg L-1 for all stations 

sampled during February and September 2004 and February 2005, and for the western 

station in March 2006.  However, extracted surface concentrations measured at the 

eastern and central stations in February/March 2006 were 3-6 times greater than 

concentrations measured at any other time during this study (Fig. 3.10).  CTD 

fluorescences were always lower than extracted chlorophyll concentrations.  

Fluorescence was homogenous throughout the water column in September 2004, with 

little variation with depth (Fig. 3.10).  In February 2005 and February/March 2006, 

fluorescences increased gradually with depth, and a deep chlorophyll maximum was 

observed in the waters below the surface mixed layer (Fig. 3.10).  The exception was the 

eastern station in February/March 2006, where fluorescence decreased slightly with 

depth, and the maximum was observed in the surface mixed layer. 

      Rapid light curves in February/March 2006 were similar for all stations (Fig. 3.11), 

though modelled specific ETR values slightly increased when moving from east to west 

in the study area.  There was some variation in photosynthetic parameters between 

stations in the region.  Moving from east to west, photosynthetic efficiencies (α) and 

maximum specific photosynthetic rates (PB
max) increased, while the irradiance 

corresponding to the onset of light saturation of photosynthesis (Ik) decreased (Table 3.2).  

The mean PB
max measured for surface waters in the region was 4.3 ± 0.3 mg C (mg chl)-1 

h-1, and the mean Ik was 308.7 ± 30.9 μmol m-2 s-1. 
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      Productivity levels estimated using the VGPM and satellite data varied greatly 

between years and seasons, but were an order of magnitude higher in summer than in 

winter, with the highest productivity recorded in February 2004 (Table 3.3).  Similar 

variation occurred in productivity levels estimated using the VGPM and measured data.  

The highest productivity estimated using measured data was recorded in February/March 

2006.  No estimate was available for February 2004 due to the absence of irradiance data, 

and therefore, a calculated Zeu.  The magnitude of estimated daily integral production 

depended on the type of data used in calculations.  Productivities estimated using satellite 

data were 1-2 orders of magnitude higher than estimates obtained using measured data in 

September 2004 and February 2005.  Daily integral production estimated using satellite 

data for February/March 2006 fell within the range calculated using measured data for the 

same season (Table 3.3). 

      Daily integral productivities calculated with the model of Platt et al. (1991) were in 

relatively good agreement with VGPM calculations, and showed similar temporal 

patterns (Table 3.4).  Productivity ranged between 375 and 434 mg C m-2 d-1 in 

September 2004, 430 and 526 mg C m-2 d-1 in February/March 2005, and 288 and 2958 

mg C m-2 d-1 in February/March 2006. 

 

3.4.4. Temporal variation in the critical depth 

      Critical depths calculated according to Nelson and Smith (1991) were ~120 m deeper 

than MLD in February 2005 and ~70-130 m deeper than MLD in February/March 2006.  

Critical depths in September 2004 were ~20-80 m shallower than those measured in 

February 2005 and February/March 2006 (Table 3.1). 
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      Daily integral phytoplankton losses were greatest at the central station in 

February/March 2006, corresponding with the highest grazing losses (Table 3.5).  

Grazing losses were also relatively high at the eastern and central stations in February 

2005.  Losses due to respiration were < 0.35 mg C (mg chl)-1 hr-1 in all sampling periods.  

Critical depths calculated according to Platt et al. (1991) were an order of magnitude 

lower than those calculated according to Nelson and Smith (1991) (Table 3.6).  The 

deepest critical depth of 21.3 m occurred at the eastern station in February/March 2006.  

Critical depths were only deeper than mixed layer depths at the eastern and western 

stations in February/March 2006.  No credible critical depth could be calculated for the 

central station at this time since losses were > gains at all depths. 

 

3.5. Discussion 

      The coastal waters off SWEP have a potential primary productivity that could rival 

even the most productive areas of the ocean.  For example, levels of primary productivity 

measured in February/March 2006 fall within ranges reported for the productive eastern 

boundary current upwelling systems off southern Africa (1000-3500 mg C m-2 d-1, Brown 

et al. 1991), South America (800-5100 mg C m-2 d-1, Daneri et al. 2000), and south 

western USA (500-2600 mg C m-2 d-1, Pilskaln et al. 1996).  The mean surface 

chlorophyll concentration observed in February/March 2006 was an order of magnitude 

greater than concentrations measured during previous summers of the study period, and 

was double the satellite monthly mean.  Chlorophyll concentrations measured off south 

western Eyre Peninsula during February/March 2006 were an order of magnitude greater 

than those reported for oligotrophic waters off western and south eastern Australia (0.1-
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0.7 µg L-1, Gibbs et al. 1986; Hallegraeff and Jeffrey 1993; Hanson et al. 2005).  These 

concentrations were comparable to those measured in short-term localised upwellings off 

New South Wales (2-8 µg L-1 Hallegraeff and Jeffrey 1993), and fall within the lower 

range of concentrations reported during upwelling events in the Benguela (0.8-24 µg L-1, 

Brown 1984), Humbolt (1-30 µg L-1, Peterson et al. 1988) and California current systems 

(0.5-57 µg L-1, Dickson and Wheeler 1995).  However, daily integral productivities 

measured during September 2004 and February 2005 fell towards the higher end of the 

range reported for the oligotrophic waters of the Leeuwin current (110-530 mg C m-2 d-1, 

Hanson et al. 2005).  Chlorophyll concentrations measured during September 2004 were 

relatively low by global standards, and were comparable to those measured throughout 

the year in the oligotrophic waters off western and south eastern Australia (Gibbs et al. 

1986; Hallegraeff and Jeffrey 1993; Hanson et al. 2005).  These temporal variations in 

primary productivity in coastal waters off SWEP may be explained by variations in the 

mixing scenario that is occurring during the time of sampling, which will be dictated by 

the timing and intensity of upwelling/downwelling events in the region, driven by 

variations in the wind field.  Our results suggest, however, that these variations in 

productivity may not be dictated by variations in mixing in the classical sense. 

      Critical depth calculations using the model of Nelson and Smith (1991) have 

indicated that Zcr is deeper than depicted in the conceptual model (indeed, deeper than the 

water depth), and is not influencing variations in primary productivity in the waters off 

SWEP.  This is probably due to the fact that this method neglects phytoplankton loss 

factors that may be affecting the balance between community photosynthesis and 

respiration (such as grazing, sedimentation, excretion and respiration).  When these 
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factors were considered in the calculation of the critical depth, as in the model of Platt et 

al. (1991), a more accurate determination of Zcr was achieved, which was more useful in 

the explanation of variations in primary productivity in the region. 

      The waters off SWEP in the EGAB appear to represent a unique situation that doesn’t 

always comply with conventional theory regarding mixing and productivity, which is 

generally used to explain the phytoplankton spring bloom.  Results from February 2005 

seem to resemble the conventional model.  MLD were ~7 m deeper than the critical depth 

and productivity was low.  This was the weakest upwelling season of the study, and 

sampling occurred during a period of downwelling and mixing.  In February/March 2006 

however, MLD were shallow at the western and eastern stations.  At the western station, 

MLD was 1.7 m above Zcr.  Despite this result, integrated losses > integrated production, 

most likely due to a high grazing impact.  At the eastern station, MLD was 13.5 m above 

Zcr, and productivity was high.  Results in chapter 2 indicated that primary productivity in 

the surface mixed layer in February/March 2006 was accounting for < 40% of primary 

productivity in the euphotic zone.  It follows that > 60% of primary productivity was 

occurring in the waters below the surface mixed layer but above Zcr.  Higher productivity 

during 2006, the strongest upwelling season, was due to the entrainment of a larger 

volume of upwelled water from the bottom layer on the shelf southeast of Eyre Peninsula 

(the Kangaroo Island pool) into nearshore areas of the water column above Zcr.  The high 

rates of primary productivity, medium biomass and low grazing impact observed at the 

eastern station may indicate the onset of a phytoplankton bloom driven by access to large 

volumes of upwelled water.  In contrast, at the central station in 06, no credible Zcr could 

be calculated since losses were always > productivity.  Indeed, integrated losses were 
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~650% of primary productivity, most likely due to high grazing impact.  Despite this fact, 

biomass was largest at the central station in February/March 2006.  The presence of such 

a large biomass, despite relatively low rates of primary productivity, and such high 

grazing losses may signal the peak/decline of a phytoplankton bloom. 

      The summer/autumn decreases in MLD identified in the waters off SWEP in this 

study were also documented by Condie and Dunn (2006) in an analysis of seasonal 

characteristics of the surface mixed layer in the Australasian region, and are supported by 

analysis of mixed layer depth data for the region from 

http://las.pfeg.noaa.gov/las/main.pl.  The blooming of phytoplankton in the waters off 

SWEP appears to be regulated by changes in MLD, but not because it leads to an increase 

in surface layer primary productivity.  Variations in MLD drive phytoplankton blooms by 

dictating the volume of upwelled water that can entrain from the bottom layer into 

nearshore areas of the water column above Zcr.  These results suggest that there is some 

component of the upwelled water mass that is not present in the overlying surface water 

that promotes primary productivity.  In the absence of any evidence of macro-nutrient 

limitation, differences in micro-nutrient concentrations between the upwelled water mass 

and the overlying surface water of the GAB warm pool have been suggested to be 

responsible for variations in primary productivity between the two water masses (Chapter 

2).  Macro-nutrient concentrations in this study were highly variable with no clear pattern 

between periods of upwelling/downwelling, and there was no evidence of limitation in 

waters off SWEP at any time during this study.  Higher productivity during the upwelling 

season may be driven by enrichment of waters off SWEP with micro-nutrients, which is 

absent during winter/spring due to the suppression of upwelling by the coastal current, 
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and the dominant downwelling favourable winds.  Temporal variations in mixing 

scenarios between and within seasons may affect primary productivity in the waters off 

SWEP by changing the influence of the upwelled water mass on waters in the region. 

      Daily integral productivity calculated with satellite data indicates that productivity off 

SWEP during the upwelling season was an order of magnitude higher than productivity 

during periods of downwelling and mixing.  Validation with measured data in both the 

VGPM and the model of Platt et al. (1991) suggests that low productivity may also occur 

during downwelling events within the upwelling season, as indicated in results from 

February 2005, when levels of primary productivity were considerably lower than the 

highest productivity during the strong upwelling of February/March 2006, and were 

slightly lower than the range reported for September 2004.  Productivity levels modelled 

using measured data collected in September 2004 were within the range calculated for 

February/March 2006.  However, in the absence of other productivity data, the mean 

PB
max measured with the Phyto-PAM during February/March 2006 was used for all 

VGPM calculations using measured data.  Given the lower irradiances and absence of 

enrichment via upwelling, one would expect maximum photosynthetic rates to be lower 

in September 2004 than in February/March 2006.  With this in mind, daily integral 

productivities in September 2004 were probably lower than the modelled productivities 

reported in Table 3.3 using measured data.  The advantage in using the VGPM with 

monthly mean satellite data to model primary productivity is that it allowed us to model 

productivity in February 2004, when data was limited.  Testing the validity of model 

results with daily means and directly measured data provided us with a more accurate 

understanding of variations in primary productivity of SWEP.  Independent estimates of 
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daily integral productivity calculated according to Platt et al. (1991) were in good 

agreement with the general patterns of VGPM productivity estimates, with the highest 

productivities observed during the strong upwelling season of 2006.  An analysis of the 

influence of the various parameters in the model on primary productivity may be made by 

fixing the value of all parameters bar one, and calculating primary productivity 

incrementally over the full range of that parameter, as observed in this study.  This 

analysis indicated that the main driving forces in the model are daylength, incoming 

irradiance, biomass, and the attenuation coefficient K.  In essence, this suggests that the 

rate of primary productivity at a given time will depend on the volume of biomass able to 

be productive, the intensity of incoming irradiance and its attenuation, and the length of 

time the irradiance is available for photosynthesis accumulated productivity. 

      Variations in primary productivity in the coastal waters off SWEP may be explained 

by the scenarios in the conceptual model (Fig. 3.1).  Sampling in February 2004 took 

place during an upwelling event, signified by a peak in three day averaged wind stress 

(Fig. 3.4), that occurred within a relatively strong upwelling season (Fig. 3.3).  

Conditions during sampling in February 2004 are possibly best represented by scenario 2 

in the conceptual model, with high productivity driven by stratification and the intrusion 

of upwelled waters above Zcr.  Low productivity in September 2004 was driven by high 

mixing rates arising after long periods of downwelling favourable winds (Figs. 3.3 and 

3.4) and the absence of micro-nutrient enrichment via upwelling, probably reflecting 

conditions in mixing scenario 1.  Primary productivity in September 2004 also appears to 

be inhibited by lower irradiances and shorter daylengths which are characteristic of 

winter and early spring in the region (Table 3.3).  In February 2005 sampling occurred 
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during a downwelling event at the end of a short peak in upwelling favourable winds 

(Fig. 3.4), but within a season of weak mean upwelling favourable wind stress (Fig. 3.3).  

During this time, we expect conditions in the region to be similar to those outlined in 

scenario 3, with increased mixing from downwelling favourable winds suppressing wind 

driven upwelling, but gradually enriching surface waters of the SWEP via entrainment of 

upwelled water into the surface mixed layer.  These periods of mixing may also provide 

the seed for a burst of primary productivity during the next upwelling/stratification event, 

by allowing phytoplankton from the surface mixed layer to entrain into areas of the water 

column influenced by the upwelled water mass.  If this is indeed occurring, we expect the 

phytoplankton community in the waters off SWEP to be homogenous with depth.  

Productivity levels were highest in February/March 2006, after a sustained period of 

upwelling favourable winds.  Sampling occurred during a strong upwelling event (Fig. 

3.4), in a season of greater than average upwelling favourable wind stress (Fig. 3.3), 

when conditions reflected scenario 2 in the conceptual model (Fig. 3.1).  During this 

time, high daily integral productivity was driven by shallow MLD’s which allowed the 

entrainment of upwelled waters to areas above Zcr, and gradual overall enrichment of 

shelf waters during a two month period of strong upwelling events that occurred in the 

lead up to the sampling period (Fig. 3.4). 

      The waters off SWEP represent a unique situation that does not always comply with 

conventional theory regarding mixing and productivity.  Temporal variations in primary 

productivity are linked to variations in mixing and stratification, but relate to changes in 

the influence of upwelling in the region, driven by variations in the wind field.  Major 

variations in macro-nutrient concentrations between upwelling and downwelling events 
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were not detected in the waters of SWEP, yet productivity during upwelling events was 

up to an order of magnitude higher than during periods of downwelling and mixing.  We 

hypothesise that during upwelling events, high productivity off SWEP is driven by the 

enrichment of waters above Zcr, but below the surface mixed layer, with micro-nutrients.  

Low productivity within summer/autumn upwelling seasons follows the suppression of 

this enrichment during downwelling/mixing events, and the overall productivity of the 

upwelling season will depend on the number, duration and intensity of these 

downwelling/mixing events.  Low productivity during winter/spring is driven by the 

absence of upwelling, low irradiances and short daylengths. 
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3.7. Tables 

Table 3.1.  Temporal variation in bio-oceanographic parameters off south western Eyre 
Peninsula.  Kd = coefficient of downwelled irradiance (m-1), R2 = regression coefficient 
for the relationship between irradiance and depth, Zeu = euphotic depth (m), MLD = 
mixed layer depth (m), Zcr = critical depth, calculate according to Nelson and smith 
(1991).  Stations outlined in Figure 3.2. 
 

Sampling period Station Kd R2 Zeu MLD Zcr 
 East 0.08 0.94 54.8 - 84.4 

Sep-04 Central 0.05 0.99 102.2 - 135.1 
 West 0.11 0.99 42.6 - 61.4 
 East 0.11 0.99 42.2 24.2 154.6 

Feb-05 Central 0.12 0.98 40.0 27.2 141.7 
 West 0.11 0.99 42.6 - 154.6 
 East 0.17 0.98 27.2 7.8 161.7 

Feb/March 06 Central 0.09 0.99 50.0 29.8 148.0 
 West 0.16 0.99 29.1 11.4 83.2 
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Table 3.2.  Photosynthetic parameters measured using Phyto-PAM, February/March 
2006.  α = photosynthetic efficiency (mg C (mg chl a)-1 hr-1 (µmol m-2 s-1)-1), Ik = the 
irradiance corresponding to the onset of light saturation of photosynthesis (µmol m-2 s-1), 
PB

max = maximum specific photosynthetic rate (mg C (mg chl a)-1 hr-1).  Stations outlined 
in Figure 3.2. 
 

Station α Ik PB
max 

East 0.012 334.6 3.9 
Central 0.014 316.9 4.4 
West 0.017 274.5 4.6 
Mean 0.014 308.7 4.3 

St. dev. 0.002 30.9 0.3 
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Table 3.3.  Temporal variations in VGPM parameters.  Csat/Cext = surface chlorophyll concentration (µg L-1), Pb
opt = optimal specific 

photosynthetic rate (mg C mg chl-1 hr-1), Pmax = maximum photosynthetic rate (mg C mg chl-1 hr-1), Io = surface irradiance (mol m-2   
d-1), Zeu = euphotic depth (m), Dirr = daylength (decimal hours), PPeu = daily integral productivity in euphotic zone (mg C m-2 d-1).  
Calculations with satellite data used monthly mean Io and Dirr, calculations with measured data used daily means. 
 

 
 
 
 
 
 
 

 
 
 

  VGPM with satellite data     VGPM with measured data   
Sampling period Csat Pb

opt Zeu I P Z Io Dirr PPeu Cext max eu o Dirr PPeu 
September 04 0.4 5.8 50.4 26.2 11.9 793.0 0.3-0.6 4.3 45.8-102.2 14.3 11.7 448.5-769.2 
February 05 0.5 6.5 46.9 41.0 13.3 1215.5 0.3 4.3 40.0-42.6 36.0 13.4 367.5-494.6 
Feb/Mar 06 0.7 6.4 42.2 44.9 13.4 1545.0 0.6-3.3 4.3 27.2-50.0 58.2 12.9 541.5-5466.5 
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Table 3.4.  Temporal variation in daily integral productivity calculated according to 
Platt et al. (1991).  B = biomass (µg L-1), Io

m = maximum surface irradiance at local 
noon (µmol m-2 s-1), Ik = the irradiance correspondiong to light saturation of 
photosynthesis (µmol m-2 s-1), I*

m = dimensionless irradiance at local noon, M = the 
optical transmittance for the euphotic zone (dimensionless), and PZeu,T = daily integral 
productivity in the euphotic zone (mg C m-2 d-1).  Stations outlined in Figure 3.2. 
 

Sampling period Station B Iom Ik I*m M PZeu,T 
 East 0.6 631.8 308.7 2.0 0.010 374.7 

Sep 04 Central 0.3 631.8 308.7 2.0 0.004 304.6 
 West 0.4 1495.5 308.7 4.8 0.010 433.6 
 East 0.3 2187.9 308.7 7.1 0.010 526.3 

Feb/Mar 05 Central 0.3 2187.9 308.7 7.1 0.010 430.7 
 West 0.3 2187.9 308.7 7.1 0.010 458.6 
 East 1.7 2035.9 308.7 6.6 0.010 2958.0 

Feb/Mar 06 Central 3.3 2035.9 308.7 6.6 0.010 823.3 
 West 0.6 2035.9 308.7 6.6 0.010 287.6 
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Table 3.5.  Temporal variation in loss factors used in Platt et al.’s (1991) calculation 
of daily integrated losses in the surface mixed layer.  Rb = biomass specific losses due 
to respiration (mg C (mg chl)-1 h-1), Eb = biomass specific losses due to excretion (mg 
C (mg chl)-1 h-1), Gb = biomass specific losses due to grazing (mg C (mg chl)-1 h-1), Sb 
= biomass specific losses due to sedimentation (mg C (mg chl)-1 h-1), Lb = biomass 
specific generalised loss rate (mg C (mg chl)-1 h-1), LZm,T = daily integrated losses in 
the surface mixed layer (mg C m-2 d-1).  Stations outlined in Figure 3.2. 
 

Sampling period Station Rb Eb Gb Sb Lb LZm,T 
 East 0.2 - 0.6 - - - 

Sep 04 Central 0.3 - 1.2 - - - 
 West 0.3 - 0.3 - - - 
 East 0.2 0.10 1.8 0.02 2.2 435.0 

Feb/Mar 05 Central 0.3 0.09 1.7 0.02 2.1 410.1 
 West 0.3 - 0.3 - - - 
 East 0.2 0.10 0.3 0.70 1.3 423.3 

Feb/Mar 06 Central 0.3 0.09 2.1 0.03 2.4 5759.2 
 West 0.3 0.10 1.4 0.04 1.9 307.1 
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Table 3.6.  Temporal variation in critical depth (Zcr, m) in the coastal waters off 
SWEP, calculated using the model of Platt et al. (1991).  PZm, T = daily integral 
productivity for the mixed layer (mg C m-2 d-1), LZm, T = daily integral losses for the 
mixed layer (mg C m-2 d-1).  Stations outlined in Figure 3.2. 
 

Sampling period Station PZm,T LZm,T Zcr 
 East 306.6 306.6 17.1 

Feb/Mar 05 Central 368.1 368.1 18.3 
 West -  - 
 East 2236.0 2236.0 21.3 

Feb/Mar 06 Central 0.3 0.3 0.01 
 West 177.5 177.4 13.1 
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3.8. Figures 

 
 
Figure 3.1.  Conceptual model of mixing and productivity in the shelf waters off 
SWEP.  Zcr is the critical depth, and dark grey colour indicates upwelled water.  
Scenarios are described in the text. 
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Figure 3.2.  Sampling stations used for measurements of bio-oceanographic 
parameters and levels of primary production in the eastern Great Australian Bight. 
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Figure 3.3.  Neptune Island mean wind stress (± standard error) calculated over three 
month periods (Summer, Jan-Mar; Winter, Jul-Sept).  Dashed lines represent the long-
term summer and winter means.  Positive values indicate upwelling favourable 
conditions. 
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Figure 3.4.  Three day averaged wind stress from Neptune Island, for the period 
September 2003 to May 2006.  Red lines indicate sampling periods.  Positive values 
indicate upwelling favourable conditions. 
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Figure 3.5.  Seasonal variation in sea surface temperature in waters off south western 
Eyre Peninsula.  Mean calculated using SST measured at three stations off south 
western Eyre Peninsula with a CTD.  Black circles represent monthly mean satellite 
SST taken from the NASA Poet website (http://poet.jpl.nasa.gov/).  Error bars 
indicate standard deviation. 
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Figure 3.6.  Seasonal variation in depth profiles of bio-oceanographic parameters in 
waters off south western Eyre Peninsula. 
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Figure 3.7.  Seasonal variation in nutrient depth profiles in waters off south west Eyre 
Peninsula. 
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Figure 3.8.  Seasonal variation in stoichiometric ratios in waters off south west Eyre 
Peninsula.  Solid black line represents the Redfield ratio for the elemental 
composition of phytoplankton (1:1 Si:N, 16:1 N:P).  Points above the line indicate 
potential nitrogen limitation.  Points below the line indicate potential silica (a) or 
phosphorus (b) limitation. 
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Figure 3.9.  Seasonal variation in surface chlorophyll a concentrations in waters off 
south western Eyre Peninsula.  Mean calculated using extracted surface chlorophyll a 
concentrations measured at three stations off south western Eyre Peninsula.  Black 
circles represent monthly mean fluorescence taken from the NASA Giovanni website 
(http://reason.gsfc.nasa.gov/OPS/Giovanni/mpcomp.ocean.shtml).  Error bars indicate 
standard deviation. 
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Figure 3.10.  Seasonal variation in chlorophyll depth profiles and extracted surface 
concentrations in waters off south west Eyre Peninsula.  
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Figure 3.11.  Rapid light curves measured with Phyto-PAM in surface waters off 
south western Eyre Peninsula, February/March 2006.  Solid lines represent modelled 
results using the equation of Ralph and Gademann, (2005).  Error bars indicate 
standard deviation. 
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4. Spatial and Temporal Variation in Phytoplankton 

Biodiversity: The Influence of Upwelling and Mixing 

 

 

4.1. Abstract 

      Phytoplankton abundance and community composition was examined in the shelf 

waters of southern Australia, an area with strong seasonal differences in the influence 

of upwelling and mixing.  Phytoplankton abundances were generally higher in near 

shore waters compared with offshore waters, and during the summer/autumn 

upwelling season compared with the winter/spring downwelling season.  Three 

distinctly different phytoplankton communities were present in the region during the 

upwelling and downwelling seasons of 2004, and the upwelling season of 2005, with 

distinctions manifest in variations in the abundance of dominant types of 

phytoplankton, and differences in average cell sizes.  In summer/autumn, waters 

influenced by upwelling were characterised by high phytoplankton abundances 

(particularly diatoms) and larger average cell sizes, while the warmer high-nutrient-

low-chlorophyll (HNLC) waters in the region had lower phytoplankton abundances 

and smaller average cell sizes.  The winter/spring community was made up of low 

abundances of relatively large cells.  Diatoms always dominated, but evidence of Si 

limitation of further diatom growth suggests there may be an upper limit to diatom 

productivity in the region.  The maximum observed diatom concentration of ~164,000 

cells L-1 occurred in February/March 2004, in an area influenced by the upwelled 

water mass.  Variations in phytoplankton biodiversity in the shelf waters of southern 

Australia appear to be related to variations in the influence of upwelling in the region. 
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4.2. Introduction 

      As micro-organisms in a dynamic environment, phytoplankton are dependent on 

oceanographic processes like upwelling and vertical mixing to bring nutrients from 

depths below the euphotic zone to levels where they may be utilized for 

photosynthesis (Margalef 1978).  The dynamic nature of these processes means both 

nutrients and phytoplankton may be distributed randomly through the water column, 

and phytoplankton may be exposed to constantly fluctuating nutrient supplies and 

irradiances.  When considering the distribution and dynamics of the phytoplankton 

community in a given region, it is also necessary to understand the manner in which 

the physical environment influences individual cells and the community as a whole. 

      For growth to proceed in lit areas of the water column, nutrients must be available 

in sufficient levels for phytoplankton use, and must be replenished when levels 

become too low.  Processes like upwelling and turbulent vertical mixing bring 

nutrient rich water from great depths into the euphotic zone, where they may be 

utilized for growth via photosynthesis (Margalef 1978).  In this way, variations in the 

physical environment greatly influence the ability of phytoplankton to 

photosynthesise and grow by effectively determining the availability of nutrients in 

the euphotic zone. 

      While extremely effective at redistributing nutrients and other suspended particles 

on large scales in the euphotic zone, turbulent mixing is only effective across 

distances of greater than a few millimeters.  The distribution of nutrients at scales less 

than 1 mm relies on molecular diffusion (mixing caused by the random motion of 

molecules) and is greatly influenced by the boundary layer that forms around 

individual cells (Mann and Lazier 1996).  Turbulence is unable to transport nutrients 

across the boundary layer to the surface of the cell, and cells must rely on the much 
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slower process of molecular diffusion.  In this situation diffusion limitation may 

become a problem, as the nutrients used up in the water surrounding the cell are very 

slowly replenished.  The viscous forces of the surrounding water dominate organisms 

in the 1-10μm size range, and molecular diffusion provides a faster nutrient supply 

through the boundary layer than water movement (Mann and Lazier 1996).  Larger 

diatoms may overcome diffusion limitation by sinking through the water column 

during periods of stratification, but only the largest cells (>10 μm) are able to sink fast 

enough to get any significant increase in nutrient availability.  Sinking also has its 

disadvantages; organisms may sink out of the euphotic zone, thus replacing nutrient 

limitation with light limitation.  Periods of vertical mixing are required to keep cells 

suspended in the euphotic zone. 

      The size of phytoplankton that dominates a phytoplankton community depends 

largely on the nutrient status of the surrounding water.  Smaller cells are more 

effectively able to acquire and use nutrients than larger cells, and thus have an 

advantage when nutrients are in short supply (Raven 1998).  This is due to the 

combined effect of a thinner boundary layer (and thus reduced impact of diffusion 

limitation) and a large surface area to volume ratio, which provides a larger area for 

solute exchange per unit volume (Raven 1998).  In upwelling areas with abundant 

nutrient supplies, larger diatoms tend to dominate.  In these regions, the principal 

form of nitrogen is nitrate (or ‘new’ nitrogen), which can be stored in the vacuole, 

giving larger cells an advantage in competing for nitrogen in this situation (Stolte and 

Riegman 1995).  Silica is typically also present in high concentrations in upwelled 

water (Bidle and Azam 1999; Ragueneau et al. 2002), providing diatoms with 

sufficient levels of the resources required to dominate the community (Brzezinski et 

al. 1990; Sommer 1994).  The turbulence present in upwelling areas reduces the 
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impact of diffusion limitation due to the large boundary layer of large cells, and 

ensures the large cells remain suspended in the euphotic zone. 

      The eastern Great Australian Bight (EGAB) in South Australia is characterised by 

a dynamic, highly variable circulation that drives large between- and within-season 

differences in water mass characteristics.  The prevailing shelf/slope circulation in the 

EGAB during the upwelling season leads to the formation of a pool of cold, upwelled 

water in a bottom layer on the shelf south west of Kangaroo Island and south of Eyre 

Peninsula, the Kangaroo Island pool (McClatchie et al. 2006; Middleton and Bye 

2007).  Coastal upwelling creates an isolated upwelling-influenced hotspot of primary 

productivity off south west Kangaroo Island (SWKI), with a larger volume of 

upwelled water brought to the surface off south western Eyre Peninsula (SWEP) 

influencing nearshore central and western regions of the EGAB (Chapter 2).  Offshore 

waters, especially those of the central and western regions of the EGAB most 

influenced by the GAB warm pool (McClatchie et al. 2006), are less productive 

(Chapter 2).  There are, however, large within-season variations in this characteristic 

circulation pattern that may significantly affect the overall enrichment and 

productivity of the upwelling season (Middleton and Bye 2007) (Chapter 3).  During 

the downwelling season, nutrient enrichment via deepwater upwelling is suppressed, 

and the water column is well mixed.  Lower irradiances and shorter daylengths drive 

lower rates of primary productivity in the EGAB at this time (Chapter 3).  These 

spatial and temporal variations in water mass characteristics and productivity in the 

EGAB may be driving variations in phytoplankton abundance and community 

composition. 

      To date there have been few published studies concerning phytoplankton in the 

EGAB.  The only information for the region consists of estimations of standing stock 
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via surface chlorophyll a measurements (Motoda et al. 1978; Kampf et al. 2004; 

McClatchie et al. 2006; Ward et al. 2006).  Little is known about the abundance, 

composition, and spatial and temporal distribution of the phytoplankton community, 

although recent studies have been completed in nearby southern Spencer Gulf (van 

Ruth et al. 2008) and Gulf St Vincent (van Ruth 2008).  This study represents the first 

intensive investigation of the phytoplankton community in the EGAB, and was 

designed to evaluate the hypothesis that spatial and temporal variations in 

phytoplankton abundance, distribution and community composition in the EGAB are 

driven by variations in the influence of upwelling on shelf waters in the region.  It 

aims to determine whether the composition of the phytoplankton community can be 

used to differentiate between the main water masses present in the EGAB, the well 

mixed winter water mass, the GAB warm pool and the upwelled Kangaroo Island 

pool. 

 

4.3. Methods 

      Sampling was conducted during cruises aboard the RV Ngerin in February/March 

and September 2004, and February/March 2005.  Eighteen stations were sampled in 

February/March, with 6 stations sampled in September (Fig. 4.1).  Samples were 

collected at three depths via niskin bottle; 3 m, the deep chlorophyll maximum 

(DCM) as determined from CTD casts (which generally occurred at or below the 

thermocline, see chapters 2 and 3), and 10 m below the DCM.  One litre samples were 

fixed with Lugols iodine and returned to the laboratory for identification. 

      Identification of phytoplankton species to genus level was done via light 

microscopy using the taxonomic guides of Tomas (1997), Horner (2002), Hallegraef 

(2002) and Wilkinson (2005).  Samples were concentrated 10* prior to counting.  A 
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100 ml subsample from the one litre sample was allowed to settle in a 100 ml 

measuring cylinder.  After 24 hours, the top 90 ml was carefully discarded using a 

pipette, with the bottom 10 ml retained for analysis.  After gentle inversion to re-

suspend cells, one ml of this concentrate was pipetted into a Sedgewick-Rafter 

chamber for counts.  Enumeration was continued until 100 specimens of the most 

dominant species, or contents of the entire one ml subsample, were counted.  

Phytoplankton biomass was further assessed by converting chlorophyll a 

concentrations reported in chapters 2 and 3 to carbon, using a carbon to chlorophyll a 

ratio of 40:1.  Average cell size was calculated by dividing biomass (in mg C m-3) by 

total number of cells (Irigoien et al. 2004). 

      Regression analyses were performed on abundance values to examine differences 

in phytoplankton densities between years, seasons, regions and water depths in the 

EGAB.  Annual and seasonal variations in phytoplankton biomass, average cell size 

and species diversity indices were examined via paired Student’s t-tests (Sokal and 

Rohlf 1995).  Annual comparisons were made using data collected from all stations 

during February/March 2004 and 2005.  Seasonal comparisons between 

February/March 2004, September 2004 and February/March 2005 used only data 

collected at the six red stations in Figure 4.1.  Assumptions of normality and 

homoscedasticity were examined prior to these analyses, and ln transformation 

applied to all data to meet these assumptions.  Significant differences were indicated 

by probability values <0.05. 

      Spatial correlations between physical parameters, phytoplankton abundances, 

nutrient concentrations, phytoplankton biomass and species diversity indices were 

examined via Mantel tests in PC-Ord 5 (McCune and Mefford 1999).  Essentially, the 

tests were looking for associations between the distributions of these parameters 
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around a set of stations.  Data were tested for 19 stations across the EGAB in 

February/March 2004 and 17 stations in February/March 2005.  The five matrices 

compared in the tests included (1) Physical data (temperature and density, from 

chapters 2 and 3), (2) Diatom abundance data, (3) Dinoflagellate abundance data, (4) 

Nutrient data (Si, NOx, FRP, in µmol L-1, from chapters 2 and 3), and (5) Species 

diversity indices.  The distance measure used was Sorensen (Bray-Curtis).  The 

standardised Mantel statistic (r) was calculated via randomization using the Monte 

Carlo test.  Species diversity indices (Species richness (S), Shannon`s diversity index 

(H), Evenness (E), Simpsons diversity index for infinite population (D)) were 

calculated using the row and column summary function in PC-Ord 5 (McCune and 

Mefford 1999).  Significant differences were indicated by p values <0.10. 

      Variations in phytoplankton community structure were examined via non-metric 

multidimensional scaling (NMS) ordination in PC-Ord 5.  Variations between years 

and regions were examined using data collected in nearshore and offshore stations in 

the east, central and western regions during February 2004 and February 2005.  

Variations between sampling periods were examined using data collected from 

nearshore central and western regions in February and September 2004, and February 

2005 (Fig. 4.1).  PerMANOVAs were performed on abundance data using methods 

outlined in Anderson (2001), to examine potential differences in community structure 

between years, regions, seasons, and depths using a significance value of 0.05.  

Further examinations of any significance differences were made via pair-wise 

comparisons corrected for multiple comparisons via the Bonferroni procedure (α = 

0.003 for comparisons between regions; α = 0.017 for comparisons between seasons).  

Indicator species analyses were run to determine the genera that were contributing 

significantly to differences in community structure between regions and seasons.  
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Indicator values were calculated using the method of Dufrene & Legendre (1997).  

Relative abundances were calculated as the average abundance of a given genus in a 

given group of samples over the average abundance of that genus in all samples, 

expressed as a percentage.  Relative frequencies indicate the percentage of samples in 

a given group where a given genus is present.  Only genera with relative abundances 

and relative frequencies >40% were considered to be indicators of differences in 

community composition between groups. 

 

4.4. Results 

4.4.1. Phytoplankton abundance and composition 

      Phytoplankton abundances were generally higher near shore compared with 

offshore, and in February/March compared with September (Fig. 4.2).  In all seasons, 

regions and depths the phytoplankton community was dominated by diatoms and 

dinoflagellates.  Flagellates were generally less abundant and numbers fluctuated. For 

example, in February/March 2005 they were present in all regions but not in 

February/March and September 2004.  

      The diatom community was dominated by Pseudonitzschia in February/March 

2004 (61%) and 2005 (36%), September 2004 (42%). Other dominant diatoms 

included Leptocylindrus (16% - 26%), Thalassiosira (13%) and Chaetoceros (17%).  

Dominant dinoflagellates included Gymnodinium (30%), Prorocentrum (24%) and 

Ceratium (18%) in February/March 2004, Dinophysis (71%) in September 2004, and 

Prorocentrum (64%) and Gymnodinium (12%) in February 2005. 

      Highest mean diatom abundance (163,333 ± 58,951 cells L-1) occurred at the 

DCM at the nearshore central region during Feb/Mar 04 (Fig. 4.2) but dinoflagellate 
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and flagellate abundances were highest at the DCM in the nearshore west region 

during Feb/Mar 04 (23,229 ± 1,000 cells L-1 and 13,411 ± 577 cells L-1 respectively, 

Fig. 4.2).  Diatom abundances varied between season (p = 0.014), whereas 

dinoflagellate and flagellates abundances differed between years (p = 0.001). 

 

4.4.2. Species diversity and cell size 

      Mantel tests on February/March 2004 data indicated that there were significant 

associations between diatom and dinoflagellate abundances and species diversity 

indices (p = 0.001, r = 0.332; p = 0.018, r = 0.195).  In September 2004, there was an 

association between nutrient concentrations and diatom abundances (p = 0.025, r = -

0.644), between physical parameters and species diversity (p = 0.005, r = 0.835), 

nutrient concentrations and species diversity (p = 0.029, r = -0.313), and 

dinoflagellate abundances and species diversity (p = 0.044, r = 0.542).  Tests on 

February/March 2005 data indicate significant associations between physical 

parameters and the diatom community (p = 0.055, r = 0.192), and between 

dinoflagellate abundances and species diversity (r = 0.300, p = 0.022). 

      Average cell sizes were significantly larger in February/March 2004 than in 

February/March 2005 (T = 2.62, P = 0.02, Fig. 4.3), with significantly higher 

diversity in February/March 2004 (T = 5.11, P = 0.0001, Fig. 4.3).  Average cell sizes 

were significantly larger in September 2004 compared to the two upwelling seasons 

(T < -9.00, P < 0.001, Fig. 4.4), but there were no significant seasonal differences in 

diversity (T <1.95, P > 0.1, Fig. 4.4). 
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4.4.3. Spatial and temporal variation 

      NMS ordination indicates similarity in the EGAB phytoplankton communities of 

February/March 2004 and February/March 2005, although there were outliers in the 

2004 data (Fig. 4.5).  Further examination suggests that these outliers are driven by 

variations in community structure in the eastern region.  There is a clear similarity in 

the communities of the nearshore east and offshore east regions (Fig. 4.5).  The 

nearshore central and nearshore west stations also group together, as do stations in the 

offshore central and offshore west regions (Fig. 4.6).  These patterns were confirmed 

in PerMANOVA results from February/March 2004 and February/March 2005 data, 

where there were differences in community structure between years and regions, with 

a significant interaction confirming the difference in community structure in the 

eastern region identified by the outliers in Figure 4.5 (Table 4.1).  Corrected pair-wise 

comparisons indicated that the community in the nearshore eastern region was 

different from all other regions (p < 0.001) except the nearshore western region (p = 

0.02).  The community in the nearshore central region was not different from the 

nearshore western region (p = 0.193), but was different from communities in the 

offshore central and western regions (p < 0.001).  The community in the offshore 

eastern region was not different from the offshore central region (p = 0.014) but was 

different from all other regions (p < 0.001).  There was no difference between the 

communities of the offshore central and offshore western regions (p = 0.253).  The 

phytoplankton communities of February/March 2004 and February/March 2005 were 

homogenous throughout the water column, with no differences in community 

structure between depths (p > 0.1). 

      Indicator genera for the nearshore eastern region in February/March 2004 and 

2005 included Cylindrotheca, and Ceratium (Table 4.2).  Nearshore central indicators 
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included such potentially toxic/problematic genera as Gymnodinium, Dinophysis, and 

Chaetoceros (Table 4.2).  Pseudonitzschia was found in all February samples from 

the nearshore west region, with the highest mean abundance observed for any genus.  

80% of all Asterionellopsis occurrences in February were in the nearshore west 

region, where the genus was present in relatively high abundances but few samples 

during February/March 2004 and 2005 (Table 4.2). 

      NMS ordination of seasonal data from the nearshore central and western regions 

reveals a clear separation between the February/March and September data, and some 

suggestion of a difference in community structure between February/March 2004 and 

February/March 2005 samples (Fig. 4.7).  PerMANOVA results indicate a significant 

difference in community structure between sampling periods as suggested by Figure 

4.5, with no difference between regions, but a significant interaction between 

sampling period and region (Table 4.3).  Corrected pair-wise comparisons confirm the 

pattern outlined in Figure 4.7, with the communities in February/March 2004 and 

2005 differing significantly from the community in September 2004 (p < 0.001).  The 

community in February/March 2004 was also different from the community in 

February/March 2005 (p < 0.001), as indicated in Figure 4.7. 

      Indicator genera in February/March 2004 include the diatoms Pseudonitzschia and 

Leptocylindrus which were present in all samples collected at high mean abundances.  

76% of all occurrences of the potentially toxic dinoflagellate Dinophysis in the EGAB 

were during February/March 2004, but the genus was present in low mean 

abundances during these months (Table 4.4).  The vast majority of occurrences of the 

diatoms Rhizosolenia, Asterionellopsis, Guinardia, and Cerataulina were in 

February/March 2005.  A high proportion of occurrences of the potentially toxic 
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dinoflagellate Prorocentrum were also found in February/March 2005, with the genus 

present in all samples during these months (Table 4.4). 

 

4.5. Discussion 

      Diatoms dominated the phytoplankton community in the EGAB, but evidence of 

Si limitation of further diatom growth suggests there may be an upper limit to diatom 

productivity in the region, which may restrict overall water column primary 

productivity.  The maximum observed diatom concentration was ~164,000 cells L-1.  

Using a mean average cell size of 3,792 pg C cell-1 (from Fig. 4.3), and a Si:C 

conversion factor of 0.2 g Si g C-1 (Paasche and Ostergren 1980), the estimated mean 

diatom cell would contain ~758 pg Si.  A doubling of the population from 82,000 

cells L-1 to 164,000 cells L-1 would require 82,000 * 758 pg Si L-1 (62 µg Si L-1).  Si 

concentrations in the nearshore central region in February/March 2004, the time of the 

maximum diatom concentration, were <56 µg L-1 (chapter 3).  This suggests that there 

is very little surplus silica in the system, and implies Si limitation of further diatom 

growth in the region. 

      There were significant spatial and temporal variations in EGAB phytoplankton 

biomass and diversity, but results were in agreement with global phytoplankton 

biodiversity patterns outlined in Irigoien et al. (2004), who observed maximum 

diversity at mid-level biomass and low diversity during blooms.  Variations in 

phytoplankton biodiversity in the EGAB appear to be driven by between- and within-

season variations in circulation that change the influence of upwelling (and thus the 

supply of Si) in the region. 

      The EGAB is characterised by significant spatial and temporal variation in 

meteorology and oceanography which lead to the formation of distinctly different 
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water masses that may alternate in their influence on overall water column 

productivity (Chapters 2 and 3).  This study indicates that these variations may 

influence phytoplankton abundance, distribution and community composition.  

Highest phytoplankton abundances in the EGAB occurred during the summer/autumn 

upwelling seasons (when rates of primary productivity were an order of magnitude 

higher than those during periods of downwelling) and were associated with the 

upwelled water mass (Chapter 3).  It appears that there were three distinctly different 

communities present in the EGAB during the upwelling and downwelling seasons of 

2004, and the upwelling season of 2005, with distinctions manifest in variations in the 

abundance of dominant types of phytoplankton, and differences in average cell sizes.  

Waters influenced by the Kangaroo Island pool appear to be characterised by high 

phytoplankton abundances (particularly diatoms) and larger average cell sizes, while 

the waters of the GAB warm pool have lower phytoplankton abundances and smaller 

average cell sizes.  The winter (downwelling) community was made up of low 

abundances of relatively large cells.  Possible explanations for these characteristic 

communities are outlined in the following paragraphs. 

      The upwelling season of 2004 was relatively strong, with extended periods of 

upwelling and stratification, and sampling in February/March 2004 took place during 

an upwelling event.  This season was characterised by longer periods of upwelling 

favourable conditions, providing opportunity for larger diatoms to thrive. 

      The downwelling season of 2004 was stronger than the long term mean, and 

sampling took place during a strong downwelling event.  Waters were well mixed, 

and biomass was reduced due to lower primary productivity caused by decreased 

irradiances and shorter daylengths (Chapter 3).  Despite this, average cell sizes were 

still relatively large, with nitrate and silica concentrations at this time adequate 
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enough to maintain the dominance of diatoms (Chapter 3).  There was no association 

between physical factors and phytoplankton abundances as to be expected in a well 

mixed water column.  However, the strong association between nutrient 

concentrations and diatoms suggests that diatoms may only be found in areas where 

nutrient concentrations are high.  The lack of association between dinoflagellates and 

nutrient concentrations suggests the smaller dinoflagellates, which are less susceptible 

to fluctuating nutrient concentrations, and better able to compete for nutrients at low 

concentrations, are found throughout the well mixed water column. 

      The upwelling season of 2005 was weak, with an upwelling index less than the 

long term-mean (Chapter 3).  It was characterised by many downwelling events with 

few short periods of upwelling favourable winds, and sampling was conducted during 

a relatively strong downwelling event.  As a result, one expects the water column 

through the 2005 upwelling season to be more mixed than the water column in 

February/March 2004 (there are signs of recent mixing events in temperature and 

density depth profiles presented in Chapter 3), having been subject to less upwelling 

and enrichment in the lead up to sample collection, with a community reflecting this 

fact.  Indeed, the community was made up of smaller cells in February/March 2005, 

and the high diversity at lower biomass suggests many smaller species in the 

community.  However, there was also a significant association between physical 

factors and diatoms, reflecting the upwelling signature of a region encompassing 

clearly defined water masses with distinct physical/biological characteristics, such as 

might be found during upwelling events, as outlined in Chapter 2.  The association 

between dinoflagellates and species diversity indices suggests that dinoflagellates 

were driving variations in diversity in 2005.  In similar results to February/March 
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2004, there were no associations between nutrient concentrations and phytoplankton 

abundances. 

      Clear spatial and temporal variations in phytoplankton community composition 

have been identified in this study.  Indicator species analyses (Tables 4.3 and 4.4) 

suggest that spatial and temporal differences are driven by the presence of different 

genera.  However, closer inspection reveals that many of these indicator genera are 

found in the EGAB in all regions, seasons and years of this study, and their indicator 

status for a given time or place is due to their presence in significantly higher 

abundances in that region.  Indeed, the diatoms Chaetoceros, Coscinodiscus, 

Guinardia, Leptocylindrus, Navicula, Pseudonitzschia, Skeletonema, Thalassiosira, 

and Thalassionema, which showed up as significant indicators of spatial and temporal 

variations in community composition, are commonly found to dominate coastal 

phytoplankton communities in Australian waters (Dakin and Colefax 1940; 

Hallegraeff and Jeffrey 1993; Hanson et al. 2007; Thompson et al. 2007; van Ruth et 

al 2008). 

      Spatial and temporal variations in abundances of common genera in the EGAB 

may be related to variations in the influence of upwelling in the region.  The higher 

abundances of common genera in the nearshore central and western regions may be 

driven by exposure of these regions to a larger volume of highly productive upwelled 

water than the more isolated nearshore eastern region, which may allow high rates of 

primary productivity to be maintained in these regions for longer periods of time, 

promoting significant increases in phytoplankton abundance.  The absence of 

indicator genera in September 2004 data suggest that differences between the 

February/March and September communities are most likely due to significantly 

lower rates of primary productivity that occur during September 2004, driven by the 
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absence of upwelling and, low irradiances, and short daylengths (Chapter 3).  

Variations in the timing and intensity of mixing/stratification events between the 

upwelling seasons of 2004 and 2005 have been shown to significantly affect rates of 

primary productivity between years in the upwelling influenced regions of the EGAB 

(Chapters 2 and 3), and appear to promote variations in phytoplankton abundance and 

community composition. 

      Community variations between February 2004 and February 2005 appear to be 

driven by differences in the nearshore western region in February 2005, which groups 

closely with the community of September 2004 (Fig. 4.5), and may indicate a 

transition between the winter and summer phytoplankton communities.  The change 

in seasons in the EGAB is defined by the increased influence of upwelling through 

summer, with water upwelled from off the shelf south of Kangaroo Island and driven 

north and then west along constant depth contours (Middleton and Bye 2007).  

Regions in the west of the EGAB are the last to be influenced by the upwelled water 

mass and may thus be the last to make the transition from a winter to a summer 

community.  The upwelling season of 2005 was particularly weak (Chapter 3), and 

the weakened influence of the upwelling in the nearshore western region may be an 

explanation for the similarities of the February 2005 community with the 

phytoplankton community of September 2004. 

      There were no significant differences detected in phytoplankton abundances or 

community structure with depth, which supports the suggestion in chapter 3 that 

mixing during downwelling events within the upwelling season allows phytoplankton 

to entrain from the surface mixed layer into the enriched upwelled water mass, 

providing the seed for a burst of productivity during the next upwelling event.  The 

reverse may also be true, where phytoplankton from the productive upwelled waters 
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are mixed into the surface layer following an upwelling event.  Both mechanisms 

promote homogeneity of the phytoplankton community with depth. 
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4.7. Tables 

Table 4.1.  Results of PerMANOVA based upon the abundances of phytoplankton in 
the EGAB during February/March 2004 and February/March 2005. 
 

Source d.f. SS MS F p 
Year 1 1.91 1.91 9.55 0.0002 

Region 5 7.78 1.56 7.77 0.0002 
Interaction (Year by Region) 5 4.29 0.86 4.29 0.0002 

Residual 96 19.22 0.20   
Total 107 33.21    

 
 



Table 4.2.  Results of indicator species analysis based upon the abundances of phytoplankton in different regions of the EGAB during 
February/March 2004 and February/March 2005.  Region 1 = nearshore east, region 3 = nearshore central, region 5 = nearshore west.  Mean 
abundances are ± standard error. 

  Observed IV from  Mean Relative Relative 
  Indicator randomised groups  abundance abundance frequency

Genus Region Value (IV) Mean S.Dev p * (cells L-1) (%) (%) 
Cylindrotheca 1 21.8 8.6 3.70 0.0088 764 (±354) 56 39 

Ceratium 1 24.7 11 4.42 0.0136 267 (±122) 44 56 
Guinardia 3 30.1 7.8 3.79 0.0006 1,031 (±501) 77 39 

Thalassiosira 3 43 18.2 5.01 0.0006 8,911 (±5,344) 61 78 
Cerataulina 3 33.1 14.6 4.67 0.0036 8,711 (±3,227) 50 67 

Coscinodiscus 3 24.4 8.3 3.48 0.004 178 (±67) 63 39 
Gymnodinium 3 29 13.7 4.09 0.004 611 (±235) 47 61 
Skeletonema 3 24.9 8.8 3.94 0.0044 2,067 (±1,037) 64 39 

Thalassionema 3 37.4 19.3 6.21 0.0088 2,011 (±593) 55 61 
Proboscia 3 26.8 15 3.78 0.01 997 (±298) 40 67 

Chaetoceros 3 23.5 10.3 4.26 0.0124 1,056 (±557) 60 39 
Dinophysis 3 21 10.4 3.89 0.0188 208 (±98) 54 39 

Pseudonitzschia 5 38.6 25 3.85 0.0038 36,950 (±9,368) 39 100 
Asterionellopsis 5 22.2 10.4 5.02 0.0292 3,311 (±2,511) 80 28 
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Table 4.3.  Results of PerMANOVA based upon the abundances of phytoplankton in 
nearshore central and western regions of the EGAB during February/March 2004, 
September 2004 and February/March 2005. 
 

Source d.f. SS MS F p 
Sampling period 2 6.95 3.48 20.06 0.0002 

Region 1 0.25 0.25 1.47 0.17 
Interaction (Sampling period by Region) 2 0.81 0.41 2.35 0.02 

Residual 48 8.32 0.17   
Total 53 16.34    

 
 



Table 4.4.  Results of indicator species analysis based upon the abundances of phytoplankton in nearshore central and western regions of the 
EGAB during February/March 2004, September 2004 and February/March 2005.  Mean abundances are ± standard error. 

  Observed IV from  Mean Relative Relative 
 Sampling Indicator randomised groups  abundance abundance frequency

Genus period Value (IV) Mean S.Dev p * (cells L-1) (%) (%) 
Eucampia Feb-04 43.2 14.5 5.75 0.0002 591 (±260) 97 44 

Thalassiosira Feb-04 91.7 29.0 7.95 0.0002 12,589 (±5,259) 97 72 
Pseudonitzschia Feb-04 75.2 42.0 5.28 0.0002 54,722 (±8,935) 75 100 

Skeletonema Feb-04 36.4 14.8 6.02 0.003 2,067 (±1,037) 94 39 
Dinophysis Feb-04 42.0 19.5 6.05 0.005 258 (±97) 76 56 
Proboscia Feb-04 43.2 23.2 5.76 0.006 977 (±255) 55 78 

Leptocylindrus Feb-04 51.5 39.5 6.17 0.045 15,267 (±4,303) 51 100 
Cerataulina Feb-05 68.2 23.0 6.76 0.0002 13,550 (±4,161) 94 72 

Rhizosolenia Feb-05 55.6 14.2 5.79 0.0002 2,100 (±868) 100 56 
Asterionellopsis Feb-05 55.3 17.7 6.75 0.0002 4,094 (±2,475) 99 56 
Prorocentrum Feb-05 85.6 24.2 5.61 0.0002 1,911 (±313) 86 100 

Guinardia Feb-05 43.2 14.9 5.72 0.001 1,294 (±503) 97 44 
Cylindrotheca Feb-05 33.3 10.7 4.79 0.002 567 (±288) 100 33 

Flagellate Feb-05 48.6 29.4 5.63 0.006 1,239 (±310) 58 83 
Navicula Feb-05 40.6 20.1 5.96 0.008 406 (±131) 81 50 

Thalassionema Feb-05 47.8 32.2 6.96 0.030 2,489 (±805) 72 67 
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4.8. Figures 

 
 
Figure 4.1.  Phytoplankton sampling stations.  Only red stations were sampled during 
September 2004.  Far west stations were only sampled during February 2005. 
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Figure 4.2.  Temporal variation in phytoplankton abundance in the EGAB from 
samples collected at three depths (mean ± standard error, n = 3).  Region 1 = 
nearshore east, region 2 = offshore east, region 3 = nearshore central, region 4 = 
offshore central, region 5 = nearshore west, region 6 = offshore west, region 7 = 
nearshore far west (see Fig. 4.1 for regions).  Note the log scale on the y axis. 
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Figure 4.3.  Annual variation in phytoplankton biomass, average cell size and 
diversity in the EGAB.  Black symbols represent February/March 2004 data, white 
symbols represent February/March 2005 data.  Circles represent average cell sizes, 
stars represent Shannon’s diversity index.  Note the log scale used for average cell 
size.  Text indicates results from t-tests. 
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Figure 4.4.  Seasonal variation in phytoplankton biomass, average cell size and 
diversity in the EGAB.  Black symbols represent February/March 2004 data, red 
symbols represent September 2004 data, white symbols represent February/March 
2005 data.  Circles represent average cell sizes, stars represent Shannon’s diversity 
index.  Note the log scale used for average cell size.  Text indicates results from t-tests 
comparing February/March 2004 and September 2004 data.  Italicised values in 
parentheses are from comparisons of September 2004 and February/March 2005 data. 
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Figure 4.5.  NMS ordination of variation in phytoplankton community composition in 
the EGAB during Feb/Mar 2004 and Feb/Mar 2005.  Stress = 15.1 %. 
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Figure 4.6.  NMS ordination of spatial variation in phytoplankton community 
composition in the EGAB during Feb/Mar 2004 and Feb/Mar 2005.  Regions as 
follows: red = nearshore east, green = offshore east, Light blue = nearshore central, 
pink = offshore central, dark blue = nearshore west, yellow = offshore west.  Stress = 
15.1 %. 
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Figure 4.7.  NMS ordination of seasonal variation in phytoplankton community 
composition in the EGAB.  Stress = 8.5 %. 
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5. Can Meso-Zooplankton Community Composition be used 

to Distinguish between Water Masses in a Coastal Upwelling 

System? 

 

 

5.1. Abstract 

      Meso-zooplankton abundance and community composition was examined in the 

coastal upwelling system of the eastern Great Australian Bight (EGAB).  Spatial and 

temporal variations were influenced by variations in primary productivity and 

phytoplankton abundance and community composition, which were driven by 

variations in the influence of upwelling in the region.  Peak meso-zooplankton 

abundances and biomass occurred in the highly productive upwelling influenced 

nearshore waters of the EGAB.  However, abundances were highly variable between 

regions and years, reflecting the high spatial and temporal variations in primary 

productivity and phytoplankton abundance that characterise the shelf waters of the 

region.  Spatial and temporal variations in community composition were driven by 

changes in the abundance of classes of meso-zooplankton common to all regions in 

both years of this study.  Meroplanktonic larvae and opportunistic colonizers 

dominated the community through the upwelling season, in response to increased 

primary productivity and phytoplankton blooms.  Differences in community 

composition between upwelling influenced waters and the more HNLC regions 

appear to be reflected in the relative abundances of cladocera and appendicularia, with 

cladocera more abundant in more productive upwelling influenced areas, and 

appendicularia thriving in the more HNLC regions of the EGAB. 
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5.2. Introduction 

      The eastern Great Australian Bight (EGAB) is part of one of the longest stretches 

of southern facing coastline in the world.  As such, the region is dominated by an 

unusual set of meteorological and oceanographic conditions that together form a 

coastal upwelling system in summer/autumn (February/March/April) (Middleton and 

Cirano 2002; Middleton and Platov 2003; Kampf et al. 2004; Ward et al. 2006).  The 

area supports a rich pelagic ecosystem, with populations of economically and 

ecologically important predatory species such as southern blue-fin tuna (Thunnus 

maccoyii), New Zealand fur seals (Arctocephalus forsteri), and Australian sea lions 

(Neophoca cinerea) (Page et al. 2006; Ward et al. 2006; Fowler et al. 2007; 

Goldsworthy and Page 2007).  These predators feed on small pelagic fish, such as 

sardine (Sardinops sagax), which are highly abundant in shelf waters of the EGAB 

(Ward et al. 2006; Ward et al. 2008). 

      The sardine fishery in South Australia is Australia’s largest marine scale-fish 

fishery by weight (25,000 tonnes in 2006), and is of high economic importance.  To 

adequately manage this fishery, it is necessary to understand the factors that affect the 

distribution and abundance of the target species.  Zooplankton are an important food 

source for sardine, and an understanding of the distribution and community dynamics 

of the zooplankton is vital when considering the factors that influence the sardine 

population of the EGAB. 

      When examining the distribution and dynamics of zooplankton communities, it is 

necessary to understand the manner in which the physical environment influences 

individual organisms and the community as a whole.  Biological processes in the 

EGAB are influenced by seasonally variable meteorological and oceanographic 

conditions.  Upwelling-favourable south-easterly winds and an anticyclonic 
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circulation dominate the area through summer/autumn (Herzfeld and Tomczak 1997; 

1999; Middleton and Cirano 2002; Middleton and Platov 2003), while downwelling-

favourable westerly winds and a continuous eastward flow are present through 

winter/spring (Bye 1983; Godfrey et al. 1986; Cirano and Middleton 2004).  In an 

area as large as the EGAB, these seasonal variations in meteorological and 

oceanographic conditions are likely to result in changes in biological conditions, such 

as the distribution and abundance of phytoplankton and zooplankton communities, 

and the pelagic fish that depend on these organisms for food. 

      Despite the ecological and economical importance of understanding zooplankton 

dynamics in the EGAB pelagic ecosystem, few studies have examined zooplankton 

abundance, distribution and composition in this region.  Sardine spawning biomass 

surveys conducted annually from 1995 by researchers from the Aquatic Sciences 

division of the South Australian Research and Development Institute (SARDI Aquatic 

Sciences) have provided some information regarding the abundance of the meso-

zooplankton community >300 µm in size (Ward et al. 2001; Ward et al. 2002; Ward 

et al. 2004).  However, significant components of the meso-zooplankton may be <300 

μm in size, and would therefore not have been collected and reported in these studies.  

Thus, the importance of meso-zooplankton in the trophic dynamics of the region may 

have been underestimated.  To date there has been no detailed examination of the 

abundance, distribution and composition of the meso-zooplankton community in the 

EGAB.  This study represents the first step toward bridging this knowledge gap.  It 

was designed to examine the hypothesis that spatial and temporal variations in meso-

zooplankton abundance and community composition are driven by variations in 

phytoplankton abundance and community composition, which are influenced by 

changes in the timing and intensity of upwelling in the region. 
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5.3. Methods 

      Sampling was conducted during cruises aboard the RV Ngerin in February/March 

2004, and February/March 2005.  Eighteen stations were sampled in February/March 

2004, twenty one in February/March 2005, with extra samples collected in the far 

west (Fig. 5.1). A conical zooplankton net with 150 μm mesh size and mouth of 30 

cm diameter was lowered to within 10 m of the bottom, or to 70 m at stations greater 

than 80 m deep.  The net was retrieved vertically at approximately 1 m s-1.  The entire 

contents of the net was washed into a 1 L sample jar and fixed with formalin (5% 

final volume).  A General Oceanics flow meter was used to calculate the distance 

travelled by the net, which was then used to calculate the volume of water swept by 

multiplying distance travelled by the area of the mouth of the net.   

      Samples were gently rinsed with running water on a 150 μm mesh sieve to remove 

all traces of formalin, and the contents of the sieve was rinsed into 100 ml measuring 

cylinders and allowed to settle for 24 hours.  Settling volumes were determined using 

100 ml measuring cylinders and a settling time of 24 hours.  Samples were then 

resuspended in 100 ml of water (i.e. concentrated 10x).  Identification and 

enumeration was done via light microscopy.  After gently resuspending the sample, a 

1ml aliquot was taken for counting using a Sedgewick-Rafter chamber.  Counts were 

continued until 100 specimens of the dominant group were counted, or until three 

aliquots had been used.  Organism numbers were recorded as individuals m-3 in the 

water column using the volume swept, calculated as the depth of the tow multiplied 

by the area of the net mouth (diameter 30 cm).  Organisms were identified using the 

taxonomic guides of Ritz et al. (2003) and Swadling et al. (2008). 
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      Spatial correlations between physical parameters, zooplankton abundances and 

biomass, phytoplankton abundances and biomass and species diversity indices were 

examined via Mantel tests in PC-Ord 5 (McCune and Mefford 1999), using 

phytoplankton data reported in chapter 4.  Essentially, the tests were looking for 

associations between the distributions of these parameters around a set of stations.  

Data were tested for 19 stations across the EGAB in February/March 2004 and 17 

stations in February/March 2005.  The distance measure used was Sorensen (Bray-

Curtis).  The standardised Mantel statistic (r) was calculated via randomization using 

the Monte Carlo test.  Significant differences were indicated by p values <0.10.  

Species diversity indices (Species richness (S), Shannon`s diversity index (H), 

Evenness (E), Simpsons diversity index for infinite population (D)) were calculated 

using the row and column summary function in PC-Ord 5 (McCune and Mefford 

1999). 

      Meso-zooplankton grazing pressure was estimated from zooplankton settling 

volumes, which were converted into biomass (mg C).  Settling volumes were first 

converted into displacement volumes using a factor for samples without gelatinous 

zooplankton (0.35, (Wiebe et al. 1975; Wiebe 1988)).  Displacement volumes were 

converted to biomass (mg C) using a factor of 21 for samples with displacement 

volumes <1cm3, and a factor of 41 for samples with displacement volumes 1-10cm3 

(Bode et al. 1998).  Potential growth of the meso-zooplankton was estimated via the 

empirical relationship of Huntley and Boyd (1984) (equation 1): 

 

(0.110 )
max' 0.0542 TG e=       (1) 
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where T is temperature (in this case, daily mean SST from MODIS Aqua was accessed 

via the NASA Poet website (http://poet.jpl.nasa.gov/)) and G’max is the maximum 

mass-specific food-saturated growth rate, which can be used to estimate the 

assimilative capacity (AC) of the meso-zooplankton community via equation 2: 

 

max0.7 'AC G=       (2) 

 

Where 0.7 is the estimate of 70% assimilative efficiency proposed by Conover (1978).  

The assimilative capacity was multiplied by biomass to give an estimate of the 

potential grazing rate of the meso-zooplankton community. 

      Variations in zooplankton community structure were examined via non-metric 

multidimensional scaling (NMS) in PC-Ord 5 (McCune and Mefford 1999).  Data 

were ln(x+1) transformed prior to NMS analysis.  PerMANOVAs were performed on 

transformed data using methods outlined in Anderson (2001), to examine potential 

differences in community structure between years and regions using a significance 

value of 0.05.  Further examinations of any significance differences were made via 

pair-wise comparisons corrected for multiple comparisons via the Bonferroni 

procedure (α = 0.003 for comparisons between regions).  Indicator analyses were run 

to determine the classes of meso-zooplankton that were contributing significantly to 

differences in community composition between regions and years.  Indicator values 

were calculated using the method of Dufrene & Legendre (1997).  Relative 

abundances were calculated as the average abundance of a given species in a given 

group of samples over the average abundance of that species in all samples, expressed 

as a percentage.  Relative frequencies indicate the percentage of samples in a given 

group where a given species is present. 
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5.4. Results 

5.4.1. Meso-zooplankton abundance, composition and species diversity 

      Meso-zooplankton abundance in the summer/autumn upwelling season varied 

between years (Fig. 5.2).  Visual examination of Figure 5.2 suggests the relative 

abundances by regions were: 

2004  Nearshore central > Nearshore east > Nearshore west > Offshore west > 

Offshore east > Offshore central 

2005  Nearshore far west > Nearshore west > Nearshore central > Nearshore 

east > Offshore east > Offshore central > Offshore west 

Despite this visual ranking, neither Spearman’s nor Kendall’s coefficient of rank 

correlation (Sokal and Rohlf 1995), confirmed a significant difference.  When the 

2004 and 2005 data are ranked separately the eastern inshore site has the lowest 

abundance in 2005 but the second highest abundance in 2004.  An explanation is that 

this site is influenced by the upwelling associated with Kangaroo Island that differed 

between 2004 and 2005.  If this site is considered as an outlier the differences 

between years is significant with the majority of inshore sites ranked above the off 

shore sites (Kendall’s Tau = 0.46 p = 0.01; Spearman’s Rho = 0.64, p = 0.005). 

      Mantel tests indicated positive associations in 2004 between meso-zooplankton 

biomass and phytoplankton biomass (p = 0.022, r = 0.285), and between meso-

zooplankton and diatom abundances (p = 0.013, r = 0.273).  There was a weak, 

negative association between meso-zooplankton and phytoplankton species diversity 

(p = 0.065, r = -0.111). 
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      There was a significant positive association between physical parameters and 

meso-zooplankton abundances in 2005 (p = 0.084, r = 0.131), with significant 

positive associations between meso-zooplankton and diatom abundances (p = 0.013, r 

= 0.277), and meso-zooplankton and dinoflagellate abundances (p = 0.069, r = 0.142). 

      The meso-zooplankton community in the EGAB was dominated by Copepods, 

which made up 63% of the community in February/March 2004, and 66% of the 

community in February/March 2005.  Other significant contributors to the meso-

zooplankton community included Cladocera and Appendicularia, which respectively 

made up 12% and 10% of the community in 2004, and 16% and 6% of the community 

in 2005.  In 2004, Cladocera were found in higher abundances than Appendicularia in 

upwelling influenced waters of the nearshore eastern and central regions, while 

Appendicularia were more abundant than Cladocera in offshore eastern and central 

regions, and in the west (Fig 5.3).  This pattern was not as pronounced in 2005, 

although Cladocera were clearly present in higher numbers than Appendicularia in the 

nearshore far western region. 

     Also identified in the 2004 EGAB meso-zooplankton community, in relatively low 

proportions, were Bivalvia, Chaetognatha, Copepod nauplii, Gastropoda, 

Ophiuroidea, Pteropoda and Thaliacea (Fig. 5.4).  Meso-zooplankton that contributed 

<1% to the 2004 community were grouped together as ‘other’, and included Barnacle 

nauplii, Bryozoa, Decapoda, Euphasiacea, Hydrozoa, Mysidacea, and Siphonophora.  

In 2005, Bivalvia, Copepod nauplii, Ophiuroidea, and Pteropoda were identified in 

relatively low proportions in EGAB meso-zooplankton samples (Fig. 5.4), while 

‘other’ meso-zooplankton included Barnacle nauplii, Bryozoa, Chaetognatha, 

Ctenophora, Decapoda, Euphasiacea, Gastropoda, Hydrozoa, Isopoda, Mysidacea, 

Scyphozoa and Thaliacea. 
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5.4.2. Biomass and grazing 

      Highest phytoplankton biomass was associated with low meso-zooplankton 

biomass, with high meso-zooplankton biomass associated with low-mid level 

phytoplankton biomass (Fig. 5.5).  Meso-zooplankton diversity was generally higher 

in 2004, and phytoplankton diversity was generally higher in 2005 (Fig. 5.6). 

      Potential grazing rates varied considerably between years, but were typically 

highest at nearshore stations.  The exception occurred in the western region where 

grazing rates were higher offshore than nearshore (Fig. 5.7).  Greatest mean biomass 

and mean potential grazing rates occurred in the nearshore eastern region in 

February/March 2004 and the nearshore far western region in February/March 2005 

(Table 5.1).  Greatest mean potential growth rates occurred in the offshore western 

region in both years of this study (Table 5.1). 

 

5.4.3. Spatial and temporal variation 

      NMS ordination indicates that the EGAB meso-zooplakton communities of 

February/March 2004 and February/March 2005 had similar compositions, although 

distinct outliers in each year’s data suggest that there are some annual differences 

(Fig. 5.8).  Further examination indicates a clear grouping based on the distance of the 

sample site from shore (Fig. 5.9).  These patterns are confirmed in PerMANOVA 

analysis, with significant differences in community composition identified between 

years (p = 0.012) and regions (p = 0.0002), and a significant year by region 

interaction (p = 0.018, Table 5.2).  Corrected pairwise comparisons indicate that the 

community in the nearshore eastern region was not significantly different to the 
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communities in any of the other EGAB study regions (p > 0.03).  The community in 

the offshore eastern region was significantly different to the nearshore central and 

western regions and the offshore western region (p = 0.0002), but not the offshore 

central region (p > 0.1).  The communities in the nearshore central and western 

regions were significantly different to the communities in the offshore central and 

western regions (p = 0.0002).  The nearshore central and western regions did not 

differ significantly in community composition (p > 0.4). 

      Indicator analyses suggest that variations in the presence/abundance of 

Gastropods and Siphonophores contributed significantly to the uniqueness of the 

February/March 2004 community (Table 5.3).  Both classes were present in higher 

mean abundances in February/March 2004 (Gastropod 42.8 ± 9.3 individuals m-3 in 

2004, 17.0 ± 5.9 individuals m-3 in 2005; Siphonophore 7.4 ± 2.6 individuals m-3 in 

2004, 0.3 ± 0.3 individuals m-3 in 2005), and both were present in more samples in 

February/March 2004 (Gastropod in 83% of samples in 2004, 50% of samples in 

2005; Siphonophore in 44% of samples in 2004, in only one sample in 2005).  Several 

classes of zooplankton were indicators of significant variation in community 

composition between regions in the EGAB (Table 5.4).  Decapods were present in the 

nearshore eastern region in abundances more than double those found in other 

nearshore regions, and an order of magnitude greater than abundances in offshore 

regions.  Cladocera, Copepods and Pteropods were found in all samples in all regions, 

but highest abundances of these classes occurred in the nearshore central region. 

Bivalves were most abundant in the nearshore western region where they were present 

in numbers two to four times greater than other nearshore regions, and an order of 

magnitude greater than offshore regions. 
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5.5. Discussion 

      Spatial and temporal variations in meso-zooplankton abundance and community 

composition in the EGAB appear to be influenced by variations in primary 

productivity and phytoplankton abundance and community composition, which are 

driven by variations in the influence of upwelling in the region (Chapters 2, 3, 4).  

Peak meso-zooplankton abundances and biomass occurred in the highly productive 

upwelling influenced nearshore waters of the EGAB, in areas with greatest 

phytoplankton abundances (Chapter 4).  However, abundances were highly variable 

between regions and between years, most likely reflecting the high spatial and 

temporal variations in primary productivity and phytoplankton abundance that 

characterise the shelf waters of the EGAB (Chapters 2, 3, 4).  Abundances and 

biomass in the EGAB in February/March 2004 and 2005 were ~4-5 times less than 

those measured in southwestern Spencer Gulf in March 2007, except in the nearshore 

far western region in February/March 2005, when abundances were about half those 

measured in southwestern Spencer Gulf in March 2007 (van Ruth et al. 2008).  Peak 

abundances measured in the EGAB in February/March 2004 were similar to 

abundances measured in the Huon Estuary in February 2005 (6,800 individuals m-3, 

Thompson et al. 2008).  However, abundances in the nearshore far western region in 

February/March 2005 were ~3 times greater than abundances measured in the Huon 

Estuary in February 2005 (Thompson et al. 2008). 

      Spatial and temporal variations in meso-zooplankton community composition 

were driven by changes in the abundance of classes of zooplankton common to all 

regions in both years of this study.  Spatial variations in community composition 

identified in the PerMANOVA analysis revealed similar regional community 

groupings to those identified in the EGAB phytoplankton community (Chapter 4), 
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suggesting that variations in phytoplankton abundances resulting from changes in the 

influence of upwelling in different regions of the EGAB are driving variations in 

meso-zooplankton abundances.  Indeed, some zooplankton are known to time their 

spawning to take advantage of phytoplankton blooms (such as those that may occur 

during the EGAB upwelling season) which provide an abundant food supply for 

emerging larvae.  An increase in larval zooplankton numbers usually occurs in 

spring/summer, with meroplanktonic larvae particularly abundant in shallow coastal 

waters (Ritz et al. 2003).  An upwelling driven phytoplankton bloom may also 

facilitate the dominance of certain species in the zooplankton community with 

reproductive strategies that allow the rapid colonization of areas with an abundant 

supply of food.  For example, cladoceran populations can quickly increase in size in 

response to phytoplankton blooms via parthenogenesis (Kim et al. 1989; Larsson 

1997; Ritz et al. 2003), which may explain their position as one of the major 

components of the EGAB meso-zooplankton community, especially in the upwelling 

influenced nearshore areas with higher primary productivity. 

      Cladocera were important components of the meso-zooplankton, but copepods 

clearly dominated the community in the EGAB during February/March 2004 and 

2005, in agreement with studies in other coastal regions of Australia including 

southwestern Spencer Gulf, South Australia (van Ruth et al. 2008), and the Huon 

estuary in southeastern Tasmania (Thompson et al. 2008).  Copepods generally 

dominate marine meso-zooplankton communities (Parsons and Takahashi 1973; 

Omori and Ikeda 1984), and have been reported to constitute >70% of the 

zooplankton community observed in studies of the equatorial Pacific (Roman et al. 

1995), the northeast Atlantic (Clark et al. 2001), and the waters off central Chile 

(Grunewald et al. 2002).  Copepods have also been reported to dominate zooplankton 
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communities in the Arabian sea (Roman et al. 2000), and off southwestern Africa 

(Verheye et al. 1992).  Appendicularia were also important components of the meso-

zooplankton.  However, these organisms were only found in abundances greater than 

cladocera in offshore and western areas influenced by the GAB warm pool (Chapter 

2).  This result may be explained by the fact that appendicularia are targeting a 

different food source to copepods and cladocerans.  Appendicularians are well 

adapted for living in oligotrophic or HNLC waters, with feeding mechanisms that 

efficiently concentrate and filter the smaller pico and nano-plankton that generally 

dominate these waters (Davoll and Silver 1986; Bedo et al. 1993; Ritz et al. 2003).  

By consuming the smaller pico and nanoplankton, appendicularia make available to 

higher trophic levels areas of primary productivity that would be otherwise 

unavailable.  These smaller phytoplankton may be present in higher numbers in areas 

of the EGAB not influenced by upwelling (i.e. offshore and western regions with 

lower phytoplankton abundances), and may not have shown up in the phytoplankton 

results presented in chapter 4 since they are too small to be identified with a light 

microscope.  Pico-plankton may also be present in high numbers during periods of 

relaxation between upwelling events, possibly explaining the abundance of 

appendicularia during the weak upwelling season of 2005. 

      Highest potential grazing rates in the EGAB occurred in nearshore regions with 

highest meso-zooplankton biomass, most likely in response to the high phytoplankton 

biomass that occurs in the same regions.  However, highest grazing rates were not 

associated with highest mass specific food saturated growth rates (G’max).  Estimates 

of G’max varied with SST (as implicitly required in it’s calculation via equation 1), 

suggesting that the significant impact of SST on zooplankton abundances identified in 

the regression analysis in this study reflects the influence of SST on potential 
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zooplankton growth rates.  Peak meso-zooplankton growth rates in the EGAB were 

~26% less than peak meso-zooplankton growth rates reported for southwestern 

Spencer Gulf in March 2007 (van Ruth et al. 2008), but were ~47% greater than rates 

reported for the Huon estuary in February 2005 (Thompson et al. 2008).  Peak meso-

zooplankton grazing rates in the EGAB were ~80% less than those measured in south 

west Spencer Gulf in March 2007 (van Ruth et al. 2008), and ~35% greater than 

grazing rates in the Huon Estuary in February 2005 (Thompson et al. 2008). 

      The seasonal differences in zooplankton community composition observed during 

this study appear to be associated with differences in primary productivity, with the 

dominance of meroplanktonic larvae and opportunistic colonizers in the EGAB 

through the upwelling season driven by increased primary productivity and 

phytoplankton blooms.  Differences in community composition between the 

upwelling influenced waters of the nearshore eastern and central regions, and the 

more HNLC offshore and western regions appear to be reflected in the relative 

abundances of cladocera and appendicularia, with cladocera more abundant in more 

productive upwelling influenced areas, and appendicularia thriving in the more HNLC 

regions of the EGAB. 
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5.7. Tables 

Table 5.1.  Temporal variation in settling volume (ml m-3) meso-zooplankton biomass 
(mg C m-3) and grazing rate (mg C m-3 d-1).  SST = CTD measured sea surface 
temperature (°C), G’max = potential growth rate (d-1).  Means are ± standard error. 
 

Year Region 
Settling 

vol. Mean biomass SST G'max 
Mean grazing 

rate 
 Nearshore east 5.1 (±1.5) 37.2 (±11.0) 18.7 (±0.4) 0.42 (±0.02) 22.7 (±6.9) 
 Offshore east 1.2 (±0.2) 8.9 (±1.5) 18.8 (±0.1) 0.43 (±0.01) 5.4 (±0.9) 

2004 Nearshore central 2.7 (±0.4) 19.9 (±3.0) 16.5 (±0.3) 0.33 (±0.01) 9.6 (±1.7) 
 Offshore central 0.8 (±0.3) 5.9 (±2.3) 19.0 (±0.1) 0.44 (±0.01) 3.7 (±1.4) 
 Nearshore west 2.4 (±1.1) 17.7 (±8.0) 16.7 (±0.4) 0.34 (±0.02) 8.5 (±3.9) 
 Offshore west 2.2 (±0.5) 16.3 (±3.9) 19.3 (±0.1) 0.45 (±0.01) 10.5 (±2.6) 
 Nearshore east 4.1 (±2.7) 30.3 (±19.6) 18.9 (±0.3) 0.43 (±0.01) 18.9 (±12.3) 
 Offshore east 3.2 (±0.5) 23.3 (±3.5) 18.2 (±0.1) 0.40 (±0.01) 13.3 (±2.0) 

2005 Nearshore central 3.1 (±0.7) 23.0 (±5.4) 17.8 (±0.3) 0.38 (±0.01) 12.7 (±3.0) 
 Offshore central 1.0 (±0.6) 7.0 (±4.1) 19.3 (±0.1) 0.45 (±0.01) 4.5 (±2.7) 
 Nearshore west 2.6 (±0.4) 19.0 (±2.9) 18.4 (±0.4) 0.41 (±0.02) 11.0 (±1.2) 
 Offshore west 2.5 (±0.8) 18.3 (±5.8) 19.7 (±0.2) 0.47 (±0.01) 12.5 (±4.2) 
 Nearshore far west 4.2 (±1.5) 31.1 (±11.2) 18.9 (±0.1) 0.44 (±0.01) 19.4 (±7.3) 
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Table 5.2.  Results of PerMANOVA based upon the abundances of meso-zooplankton 
in the EGAB during February/March 2004 and February/March 2005. 
 

Source d.f. SS MS F p 
Year 1 0.14 0.14 2.63 0.01 

Region 5 0.84 0.16 3.08 0.0002 
Interaction (year by region) 5 0.44 0.09 1.63 0.02 

Residual 24 1.30 0.05   
Total 35 2.72    
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Table 5.3.  Results of indicator species analysis based upon the abundances of meso-
zooplankton in the EGAB during February/March 2004.  Mean abundances are ± 
standard error. 
 

  Observed IV from  Mean Relative Relative 
  Indicator randomised groups  abundance abundance frequency

Class Year Value (IV) Mean S.Dev p * (individuals m-3) (%) (%) 
Siphonophora 2004 40.8 19.5 5.75 0.0046 7.4 (±2.6) 92 44 
Gastropoda 2004 54.5 40.2 5.49 0.0134 42.8 (±9.3) 65 83 
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Table 5.4.  Results of indicator species analysis based upon the abundances of meso-
zooplankton in different regions of the EGAB during February/March 2004 and 
February/March 2005.  Region 1 = nearshore east, region 3 = nearshore central, 
region 5 = nearshore west.  Mean abundances are ± standard error. 
 

  Observed IV from  Mean Relative Relative 
  Indicator randomised groups  abundance abundance frequency

Class Region Value (IV) Mean S.Dev p * (individuals m-3) (%) (%) 
Decapoda 1 38.8 15.9 7.6 0.0204 25.3 (±10.7) 58 67 
Cladocera 3 25.9 21.2 2.12 0.0114 684.3 (±188.7) 26 100 
Copepoda 3 23.9 20.3 1.34 0.0048 4,596.3 (±1,014.8) 18 100 
Pteropoda 3 25.4 20.7 1.62 0.0002 388.2 (±90.3) 25 100 

Bivalvia 5 28.9 21.1 3.17 0.0026 287.8 (±120.3) 29 100 
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5.8. Figures 

 
 
Figure 5.1.  Zooplankton sampling stations.  Far west stations were only sampled 
during February/March 2005. 
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Figure 5.2.  Spatial variations in meso-zooplankton abundance between years (mean ± 
standard error, n = 3).  Region 1 = nearshore east, region 2 = offshore east, region 3 = 
nearshore central, region 4 = offshore central, region 5 = nearshore west, region 6 = 
offshore west, region 7 = nearshore far west (see Fig. 5.1). 
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Figure 5.3.  Spatial and temporal variation in abundances of dominant meso-
zooplankton in the EGAB (mean ± standard error, n = 3).  Region 1 = nearshore east, 
region 2 = offshore east, region 3 = nearshore central, region 4 = offshore central, 
region 5 = nearshore west, region 6 = offshore west, region 7 = nearshore far west 
(see Fig. 5.1 for regions).  Note the log scale on the y axis. 
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Figure 5.4.  Meso-zooplankton community composition (proportions of total 
community) in the EGAB, February/March 2004 and 2005. 
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Figure 5.5.  Variation in phytoplankton and meso-zooplankton biomass in the EGAB. 
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Figure 5.6.  Variation in phytoplankton and meso-zooplankton diversity in the EGAB. 
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Figure 5.7.  Spatial variations in meso-zooplankton potential grazing rate between 
years (mean ± standard error n = 3).  Region 1 = nearshore east, region 2 = offshore 
east, region 3 = nearshore central, region 4 = offshore central, region 5 = nearshore 
west, region 6 = offshore west, region 7 = nearshore far west (see Fig. 5.1). 
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Figure 5.8.  NMS ordination of temporal variation in meso-zooplankton community 
composition in the EGAB during February/March 2004 and February/March 2005.  
Stress = 13.8 %. 
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Figure 5.9.  NMS ordination of spatial variation in meso-zooplankton community 
composition in the EGAB during February/March 2004 and February/March 2005.  
Stress = 13.8 %. 
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6. General discussion 

 

      Productivity in the EGAB shows significant spatial and temporal variation, with 

changes reflecting regional and seasonal variation in meteorology and oceanography, 

and the water masses present in the region.  During the winter downwelling season, 

shelf waters were characterised by a well mixed water mass, and productivity 

throughout the EGAB was low due to deep mixing arising after long periods of 

downwelling favourable winds, and the absence of micro-nutrient enrichment via 

suppression of the upwelling associated with the Flinders current (Middleton and 

Cirano 2002; Middleton and Bye 2007).  Primary productivity was also inhibited by 

lower irradiances and shorter daylengths which are characteristic of winter and early 

spring in the region.  Daily integral productivities for winter fell towards the higher 

end of the range reported for the oligotrophic waters of the Leeuwin current (110-530 

mg C m-2 d-1, Hanson et al. 2005).  Chlorophyll concentrations measured during 

September 2004 were relatively low by global standards, and were comparable to 

those measured throughout the year in the oligotrophic waters off western and south 

eastern Australia (Gibbs et al. 1986; Hallegraeff and Jeffrey 1993; Hanson et al. 

2005). 

      Primary productivity was higher during the summer/autumn upwelling season, 

although there was considerable spatial variation.  Offshore areas of the eastern, 

central and western waters had low daily integral productivities (<800 mg C m-2 d-1), 

comparable to values reported for the oligotrophic waters of the Leeuwin current off 

south west Western Australia (110-530 mg C m-2 d-1, Hanson et al. 2005), the AuSW 

and SSTC provinces of Longhurst et al. (1995) and the north and south Atlantic sub-

tropical gyres (18-362 mg C m-2 d-1, Maranon et al. 2003).  They were significantly 
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higher than the average values reported by Ryther (1969) and those of Motoda et al. 

(1978).  Mid-shelf and coastal waters had intermediate productivities (800-1600 mg C 

m-2 d-1) that were similar to those reported for localised upwellings off south west 

Western Australia (840-1310 mg C m-2 d-1, Hanson et al. 2005), and for the waters of 

Bass Strait and the east coast of Tasmania (336-2880 mg C m-2 d-1, highest rates 

associated with the spring bloom: Harris et al. 1987).  Higher productivities were 

measured, but were restricted to distinct hotspots off SWEP, SWKI, and Cape Adieu 

(1600-3900 mg C m-2 d-1).  In these regions, productivities were within ranges 

measured in the highly productive upwelling systems of the Benguela current off 

southern Africa (1000-3500 mg C m-2 d-1, Brown et al. 1991), and the Humboldt 

current off the coast of Chilè (800-5100 mg C m-2 day-1, Daneri et al. 2000). 

      High rates of primary productivity in the EGAB were not restricted to surface 

waters.  The deeper region of the euphotic zone at times encompassed a significant 

portion of the upwelled water mass, with highest chlorophyll fluorescences measured 

in this water below the surface mixed layer.  This study has shown that the 

contribution of the surface mixed and bottom layers of the euphotic zone to total 

primary productivity in the EGAB can vary considerably between years.  At times, 

the surface mixed layer accounted for <40% of total productivity despite the fact that 

it made up >50% of the euphotic zone.  Therefore, it is highly likely that daily integral 

productivity levels in some areas of the EGAB, most likely in the mid shelf waters of 

the eastern and central regions that include the upwelled Kangaroo Island pool, are 

higher than indicated by modelled results which use surface measured values in 

calculations.  Overall primary productivity in the EGAB was heavily influenced by 

the presence of the upwelled water mass, but did not require that water mass to reach 

the surface.  High productivity levels appear to be achievable after the first upwelling 
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event which drives the formation of the Kangaroo Island Pool.  These results have 

implications for previous conclusions about productivity in the region based on 

satellite derived data, and emphasise the importance of ground-truthing satellite and 

modelled data. 

      The overall productivity of a summer/autumn upwelling season was highly 

dependent on within-season variations in wind strength and direction, which dictate 

the number, intensity, and duration of upwelling events.  Rates of primary 

productivity in the EGAB at a given time depended on the meteorological and 

oceanographic conditions in the region in the lead up to, and during, the sampling 

event.  In February 2004, sampling took place during an upwelling event, signified by 

a peak in three day averaged wind stress that occurred within a relatively strong 

upwelling season.  High productivity was driven by stratification and the intrusion of 

upwelled waters above Zcr.  Low productivity in September 2004 was due to high 

mixing rates arising after long periods of downwelling favourable winds and the 

absence of micro-nutrient enrichment via upwelling.  Primary productivity in 

September 2004 also appears to have been inhibited by lower irradiances and shorter 

daylengths which are characteristic of winter and early spring in the region.  In 

February 2005 sampling occurred during a downwelling event at the end of a short 

peak in upwelling favourable winds, but within a season of weak mean upwelling 

favourable wind stress.  During this time, increased mixing from downwelling 

favourable winds was suppressing wind driven upwelling, but gradually enriching 

surface waters of the SWEP via entrainment of upwelled water into the surface mixed 

layer.  These periods of mixing may also provide the seed for a burst of primary 

productivity during the next upwelling/stratification event, by allowing phytoplankton 

from the surface mixed layer to entrain into areas of the water column influenced by 
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the upwelled water mass.  Productivity levels were highest in February/March 2006, 

after a sustained period of upwelling favourable winds.  Sampling occurred during a 

strong upwelling event, in a season of greater than average upwelling favourable wind 

stress.  During this time, high daily integral productivity was driven by shallow 

MLD’s which allowed the entrainment of upwelled waters to areas above Zcr, and 

gradual overall enrichment of shelf waters during a two month period of strong 

upwelling events that occurred in the lead up to the sampling period.  Thus, variations 

in productivity in the EGAB are not dictated by variations in mixing in the classical 

sense.  The waters off SWEP in the EGAB appear to represent a unique situation that 

doesn’t always comply with conventional theory regarding mixing and productivity, 

which is generally used to explain the phytoplankton spring bloom.  Results from 

February 2005 seem to resemble the conventional model.  MLD were ~7 m deeper 

than the critical depth and productivity was low.  This was the weakest upwelling 

season of the study, and sampling occurred during a period of downwelling and 

mixing.  In the waters off SWEP in February/March 2006, however, MLD were 

shallow at the western and eastern stations.  At the western station, MLD was 1.7 m 

above Zcr.  Despite this result, integrated losses were greater than integrated 

production, due to a high grazing impact.  At the eastern station, MLD was 13.5 m 

above Zcr, and productivity was high.  Primary productivity in the surface mixed layer 

in February/March 2006 was accounting for <40% of primary productivity in the 

euphotic zone.  It follows that >60% of primary productivity was occurring in the 

waters below the surface mixed layer but above Zcr.  Higher productivity during 2006, 

the strongest upwelling season, was due to the entrainment of a larger volume of 

upwelled water from the bottom layer on the shelf southeast of Eyre Peninsula (the 

Kangaroo Island pool) into nearshore areas of the water column above Zcr.  The high 
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rates of primary productivity, medium biomass and low grazing impact observed at 

the eastern station may indicate the onset of a phytoplankton bloom driven by access 

to large volumes of upwelled water.  In contrast, at the central station off SWEP in 06, 

no credible Zcr could be calculated since losses were always > productivity.  Indeed, 

integrated losses were ~650% of primary productivity, due to high grazing impact.  

Despite this fact, biomass was largest at the central station in February/March 2006.  

The presence of such a large biomass, despite relatively low rates of primary 

productivity, and such high grazing losses may signal the peak/decline of a 

phytoplankton bloom. 

      There were three distinct water masses identified in the EGAB during this study, 

the winter well-mixed water mass, the upwelled Kangaroo Island pool, and the GAB 

warm pool.  Our results indicate that despite large contrasts in productivity between 

the GAB warm pool and the upwelled water mass, there were no patterns in nutrient 

concentrations that could be used to differentiate between them.  Macro-nutrient 

concentrations in this study were highly variable with no clear pattern between 

periods of upwelling/downwelling, and there was no evidence of macro-nutrient 

limitation in waters off SWEP at any time during this study.  Despite this, 

productivity levels in the GAB warm pool can be up to an order of magnitude lower 

than productivities in areas influenced by the upwelled water mass.  Iron has been 

shown to limit growth in large parts of the ocean particularly high nutrient low 

chlorophyll (HNLC) regions such as the sub-arctic and equatorial Pacific, and the 

southern ocean around Antarctica (Martin and Fitzwater 1988; Martin et al. 1989; 

Martin 1990).  Iron deficiency may explain the low levels of primary productivity 

associated with the HNLC waters of the GAB warm pool.  The absence of direct 
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measurements of dissolved iron concentrations in the different water masses, 

however, makes it impossible to confidently draw conclusions. 

      As mentioned above, the blooming of phytoplankton in the waters off SWEP 

appears to be regulated by changes in MLD, but not because it leads to an increase in 

surface layer primary productivity.  Variations in MLD drive phytoplankton blooms 

by dictating the volume of upwelled water that can entrain from the bottom layer into 

nearshore areas of the water column above Zcr.  These results suggest that there is 

some component of the upwelled water mass that is not present in the overlying 

surface water that promotes primary productivity.  In the absence of any evidence of 

macro-nutrient limitation, differences in micro-nutrient concentrations between the 

upwelled water mass and the overlying surface water of the GAB warm pool may be 

responsible for variations in primary productivity between the two water masses.  

Higher productivity during the upwelling season may be driven by enrichment of 

shelf waters with micro-nutrients, which is absent during winter/spring due to the 

suppression of upwelling by the coastal current, and the dominant downwelling 

favourable winds.  Temporal variations in mixing scenarios between and within 

seasons may affect primary productivity in the EGAB by changing the influence of 

the upwelled water mass on waters in the region. 

      Although the three water masses in the EGAB could not be differentiated by 

variations in nutrient concentrations, they could be identified by variations in the 

phytoplankton and meso-zooplankton communities.  In the case of phytoplankton, 

distinctions between water masses were manifest in variations in the abundance of 

dominant types of phytoplankton, and differences in average cell sizes.  The 

phytoplankton community in the well-mixed winter water mass was made up of low 

abundances of relatively large cells.  Waters were well mixed, and biomass was 
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reduced due to lower primary productivity caused by decreased irradiances and 

shorter daylengths.  Despite this, average cell sizes were still relatively large, with 

nitrate and silica concentrations at this time adequate enough to maintain the 

dominance of diatoms.  During the summer/autumn upwelling season, waters 

influenced by the Kangaroo Island pool were characterised by high phytoplankton 

abundances (particularly diatoms) and larger average cell sizes, as might be expected 

to be found in productive upwelling regions, while the waters of the GAB warm pool 

had lower phytoplankton abundances and smaller average cell sizes, as might be 

expected to be found in more oligotrophic, or HNLC waters (Ryther 1969; Mann and 

Lazier 2006).  Differences in meso-zooplankton community composition between the 

upwelling influenced waters of the nearshore eastern and central regions, and the 

more oligotrophic offshore and western regions appear to be reflected in the relative 

abundances of cladocera and appendicularia, with cladocera, as opportunistic 

colonisers, able to quickly multiply in more productive areas influenced by the 

Kangaroo Island pool, and appendicularia, with specialised feeding mechanisms for 

consuming smaller plankton, thriving in the HNLC waters of the GAB warm pool. 

      The shelf waters of the EGAB have a potential productivity that could rival even 

the most productive areas of the ocean.  However, more accurate indications of 

primary and secondary productivity in these economically and ecologically important 

waters will require finer scale (monthly/weekly) direct measurements of primary 

productivity (via 14C or equivalent technique) and community respiration, and direct 

measurements of secondary productivity and grazing rates.  14C productivity 

experiments and grazing experiments using the dilution method of Landry and Hasset 

(1982) were attempted in this study, but difficulties associated with inadequate 

laboratory facilities onboard the primary research vessel (RV Ngerin) made the results 
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difficult to interpret.  Consideration in future studies should also be given to the 

components of the microbial food web, which may be playing an important part in the 

productivity of the region, particularly in the less productive offshore waters in the 

central and western EGAB.  These studies will require dedicated cruises, with the 

provision of suitable onboard laboratory facilities.  Finer scale studies of spatial 

variations in macro and micro nutrient cycling in the water masses of the EGAB will 

provide a better understanding of the factors that promote high productivity in the 

upwelled water.  Future studies should include analysis of iron 

concentrations/deposition rates, sedimentation rates, the influence of benthic-pelagic 

and ocean-atmospheric coupling on nutrient cycling, and potential nutrient limitation 

in phytoplankton. 
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