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ABSTRACT 

 

The continental shelf of the South Kimberley region of Western Australia is wide (~300 

km) and interactions with the Indian Ocean culminate in extreme tides. This results in 

some of the largest tropical tides in the world (reaching 11 m on spring tide) measured 

in King Sound (KS), a large embayment which opens to the Indian Ocean. In Austral 

autumn (April/May) 2010, we examined phytoplankton biomass, production and photo-

physiological response across four onshore-offshore transects from coastal waters 

(also within KS) to the 1000 m isobath, and their responses to physical and chemical 

environmental variables associated with tidal forces during a four week voyage aboard 

the RV Southern Surveyor. Using temperature and salinity relationships we found 

three distinct water masses; KS, Kimberley Shelf, and Kimberley Shelf break waters. 

Phytoplankton biomass inside KS was dominated by large diatoms (as determined 

from accessory pigment analyses), shifting to a community largely comprised of 

picophytoplankton offshore. Rates of primary production (PP) on the shelf, via 

measurements of phytoplankton carbon (14C) uptake from photosynthesis versus 

irradiance incubations, decreased from coastal areas (222 - 560 mg C m-2d-1) to 

offshore waters (45 - 78 mg C m-2d-1). In KS, PP was highest (1692 mg C m-2d-1) 

despite low standing stock nutrient concentrations (0.02 - 1.5 mmol NO3- m-2) and 

relatively high concentrations of suspended particulate material reducing light 

availability (Kd = 0.27 m-1). Phytoplankton photo-physiological response to natural light 

within KS at different phases of the spring-neap (MSf) tide was further investigated to 

explain why primary productivity is reportedly so high in the estuary. Phytoplankton 

sampled within the estuary displayed reduced photosynthetic efficiency, elevated 

maximum photosynthetic rates, and no measurable photo-inhibition, a response 

typical of high light adapted phytoplankton.   
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Chapter 1 - General Introduction 
 
 

Marine ecosystems account for 50% of the 111 to 117 Petagrams of carbon 

assimilated annually across our planet (Falkowski & Raven 2007). Of this, the majority 

(~75%) is assimilated by phytoplankton in the pelagic realms of the ocean.  

Phytoplankton, through photosynthesis, form a vital link in the cycling of carbon 

between living and inorganic stocks (Behrenfeld et al. 2006), and as autotrophic 

producers, are the main link between higher levels of the pelagic food chain and the 

physical environment (Beardall et al. 2009). Using energy provided by the sun, these 

microscopic organisms convert inorganic materials (carbon dioxide, water, nutrients, 

trace elements) into organic matter. Photosynthetic production can therefore be under 

strong ‘bottom-up’ control (Hunter and Price, 1992), where availability of resources 

such as light and nutrients can either augment or constrain rates of carbon fixation 

and the accumulation of phytoplankton biomass. Understanding the role of 

phototrophs in the global carbon cycle is arguably becoming more important than ever 

in an era where atmospheric CO2 levels are rising rapidly due to human activities. 

With this comes the critical question of how to accurately measure the primary 

productivity of these organisms to determine their potential role in carbon drawdown 

and cycling (Beardall et al. 2009). 

Phytoplankton are continuously subjected to perturbations over a broad range of 

spatio-temporal scales in their environment. To maintain their productivity (and 

ultimately themselves) they have to develop adaptative strategies which fit and 

compensate for these environmental changes. The types of adaptative responses, and 

their magnitudes, can be directly linked to the scales of these perturbations (Harris, 

1980; Harding et al.,1987; Ferris and Christian, 1991; Fogg, 1991). Cellular 
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adjustments to these are physiological responses to small scale changes (hour/meter) 

while species successions are an ecological level response to intermediate scale 

change (day/km) (Claustre et al. 1994).  

Within coastal systems are a suite of geophysical factors (bathymetry, nearshore wave 

climate, wind driven and tidal vertical mixing, horizontal transport, river inflow, turbidity, 

etc.) affecting phytoplankton acclimation that are dependent on site-specific tides, 

wave climate and relative fluvial dominance (Cloern, 1996; Wolanski 2006). In 

macrotidal estuaries large-scale fluctuations in geophysical factors can occur. 

Macrotidal estuaries are identified as having a large tidal range greater than 4 meters 

(Hayes 1975). Macrotidal coastal regions are very complex systems with the 

morphodynamics of individual macrotidal estuaries a function of sea-level changes 

and prior or inherited topography (Wolanski 2006).  A relatively simple conceptual 

model commonly accepted (Mann 1982; Valiela 1984) is high primary production is 

usually resultant from nutrient supply recirculation either by wind or tidally induced 

vertical mixing in coastal waters. This has been used to explain spatial distributions of 

low and high phytoplankton production areas in the oceans, but in estuaries this 

coastal mixing model may not apply (Daborn 1986). 

In northern Australia, macrotidal estuaries vary with prior topography, ranging from 

small tributaries of submerged valleys through large, funnelling tidal rivers. While some 

morphodynamic differences are due to their differing fluvial inputs, the effects of 

geometry and depths of their prior valleys are significant (Chappell and Woodroffe 

1994). Further complicating things, island archipelagos, reefs, capes and headlands 

in these areas can cause varying degrees of isolation from adjoining offshore oceanic 

waters leading to localised physical and biogeochemical processes which can have a 

large influence on the local biological response (Furnas et al. 2005; Wyatt et al. 2012). 
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The complexity of macrotidal coastal regions brings processes that can greatly impact 

nutrient supply conditions and light availability for photosynthesis, with these acting as 

in-situ controls on phytoplankton communities (Cloern, 1996). Studies in macro-tidal 

systems such as the Bay of Fundy in Canada, for example, imply where the tidal range 

is high, phytoplankton biomass is generally low and production is moderate. This is 

despite abundant sources of nutrients where vertical mixing influences the whole water 

column in the estuary. Conversely, it is stratification that leads to higher planktonic 

biomass (Daborn 1986). In tropical regions, Nitrogen (N) supply is often dominated by 

N fixation (Bianchi 2007), however Burford et al. (2012) found that substantial internal 

cycling of nutrients within an estuary can meet nutrient demands of phytoplankton.  In 

macrotidal estuaries, new sources of N are more likely supplied by N fixation on the 

mudflats or mangrove forests that are washed into the water column through tidal 

action, than N fixation within the water column itself (Boto and Robertson 1990; Dittmar 

and Lara 2001).  

In the Bay of Fundy, where vertical mixing influences the whole of a relatively shallow 

estuarine water column with a high tidal range, phytoplankton standing crops are 

impoverished at least partly because of extensive grazing on phytoplankton by benthic 

suspension feeders (Daborn 1986). Similarly, the Kimberley coast benthos is 

dominated by suspension-feeding fringing coral reefs and sponge gardens. Within 

shallow King Sound, sediment particles are bound together with larger sized 

phytoplankton (e.g., diatoms, dinoflagellates and ciliates), faecal pellets and 

macroscopic aggregates of apparent biological origin (Wolanski and Spagnol 2003). 

These ‘flocs’ form an important part of the areas ecology and food chain, becoming a 

food source for these suspension feeding benthic marine communities (Cloern 1982; 

Webb and Eyre 2004) which, in turn, support culturally and commercially important 
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species, including marine turtles, cetaceans, dugongs, fish, prawns and birds through 

the provision of habitat, shelter and food resources (Masini et al., 2009). 

The oceanic environment of the Kimberley region is poorly characterised with very 

little published information on pelagic productivity in the area. In 2009, Human and 

McDonald from the Western Australian Fisheries Research Division, published a final 

project report detailing a knowledge review and gap analysis specifying extensive 

literature searches for research and monitoring programs that have been undertaken 

in the marine and coastal environments of the Pilbara and Kimberley regions of 

northern Western Australia. They found that, due to the remoteness and difficulty to 

access marine and coastal environments in the Pilbara and Kimberley regions, very 

little monitoring effort had been undertaken and is comparatively low to elsewhere in 

Australia. Much of the research done is by private enterprises, such as industry and 

consultancies, with up to 78% of data collected in these regions found in reports that 

are not publicly available. 

This study was designed to address a gap in the knowledge of shelf and coastal 

processes in the southern Kimberley region highlighted in Human and McDonald’s 

2009 report, by contributing to the general understanding of ocean dynamics, 

particularly the biophysical oceanography of the tidally-extreme waters present in this 

part of Western Australia. This has been done through examination of specific physical 

processes, nutrient dynamics and phytoplankton production, and focuses on two key 

questions: (1) What are the drivers and constraints on phytoplankton production in this 

area; and (2) is there evidence of phytoplankton light acclimation to periodic turbulent 

mixing in the region, specifically in King Sound, a tropical macro-tidal estuary. 
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Chapter 2 - Literature Review 
 

2.1 Physical Description of the Southern Kimberley Coast 

The Kimberley coast is a stretch of land in the Northwest of Western Australia (WA) 

roughly bordered by the town of Broome in the south to the WA/Northern Territory 

(NT) border in the north (Fig. 2-1). It is remote, sparsely populated with significant 

sections of the coastline between Broome and Wyndham having no means of road 

access, with travellers restricted to boat or helicopter. Because of this isolation it is 

poorly studied.  

Fig. 2-1 Map of Australia highlighting the Kimberley region in the North of Western 
Australia (Google Earth Pro, 2020).  
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The Kimberley is an area of 423,517 square kilometres, which is about three times the 

size of England, having an extensive coastline. Using a simplified measure, the 

Kimberley coast has a length of ~ 700 km, but accounting for the complexity of the 

coastline produces a more exact length of ~ 4000 km (Brocx and Semeniuk 2011). 

The region is marked by narrow ravines and inundated riverine valleys to broader 

embayments (Wilson, 2013), marine-inundated ridge-and-basin topography and 

extensive island archipelagos (Masini et al. 2009). The rocky coastline uniquely 

exhibits, along hundreds of kilometres of shore, extensive outcroppings of 

Precambrian rock, indicating relative tectonic stability since the Proterozoic period, 

and geology that is relatively simple and generally uniform from a regional perspective 

(Brocx and Semeniuk 2011). Additionally, the coast is geomorphically varied in its 

orientation residing in a tropical monsoonal and generally macrotidal environment, so 

that different parts of it are subjected to the varying coastal processes of tides, wind, 

wind-waves, swell, and a strong inter-annual influence of cyclones (Semeniuk 2011).  

In the southern Kimberley coast (Fig. 2-2), the most prominent feature is King Sound 

(KS), a 100 km long embayment characterised by extensive areas of shallow water 

(mean depth of 18 m), having an 11 m spring tide, the largest tropical tides in the world 

and second only to the Bay of Fundy in Canada (Wolanski and Spagnol 2003). The 

Sound drains the Fitzroy River catchment area which encompasses 121,315 km2 

where the mean runoff is 5.75 x 109 m3 year-1 with annual river discharge measured 

at Fitzroy Crossing varying between 300 Gigalitres (GL) (1992) to 25 000 GL (2000) 

with most of the flow occurring during the wet season - January to April (Wolanski and 

Spagnol 2003; Lindsay and Commander 2005). The river usually dries up during the 

dry season around July or August, leaving a series of disconnected permanent pools 

which are recharged by alluvial groundwater (Lindsay & Commander, 2005).  
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Fig. 2-2 Map of the southern Kimberley study region of Western Australia (Australia 
inset).  

 

The coastal waters within the Sound extending from the town of Derby to the mouth 

of the Fitzroy River are known to have strong tidal currents with extremely turbid waters 

likely due to the inputs from the river (Wolanski and Spagnol 2003). 

The benthos in the Kimberley coastal area is dominated by fringing coral reefs and 

sponge gardens. These communities provide habitat, shelter and food resources for 

culturally and commercially important species, including marine turtles, cetaceans, 

dugongs, fish, prawns and birds (Masini et al., 2009). The region is rich in resources 

under increasing developmental pressures making it an area of national significance 
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(Thompson and Bonham 2011), but despite the importance of the region it is poorly 

characterised and the scientific literature describing the coastal processes and biology 

along the Kimberley coast is sparse (Holloway, 1985).   

 

2.2 Physical Oceanography of the Southern Kimberley Coast 

In the Kimberley, the continental shelf is wide (~200 km in width) with complex 

bathymetry dominated by drowned rivers forming deep and narrow inlets. Shelf 

interactions with the Indian Ocean generate extremely large tides with ocean 

circulation along the Kimberley coast a complex interaction between these, wind and 

regional forcing by large-scale currents at the shelf break (Brink et al., 2007; Condie 

and Andrewartha, 2008; Hood et al., 2017). The barotropic tides are semidiurnal 

(Holloway et al., 2001), with the second largest tidal range in the world (11 m) found 

in King Sound (a 100 km-long embayment; Wolanski and Spagnol, 2003).  

The interaction of currents with island archipelagos and coastal headlands can create 

distinct frontal zones, which can cause regular fluctuations of vertical stratification and 

influence the distribution of phytoplankton and sediment (Johnston and Read, 2007). 

Water column structuring typically oscillates between stratified (neap tide) and well-

mixed (spring tide) conditions (Cloern et al., 1994). 

Hydrographic surveys of the Kimberley region, from 1961 to 1987, provided in-situ 

data on the vertical water structure in 60–80 m deep waters near the Kimberley coast. 

The water property profiles published by Cresswell and Badcock (2000) show most 

stratification occurs in February near the end of the summer North West (NW) 

monsoon, and least during the winter South East (SE) trade winds. Tidal mixing aided 

by evaporation, surface cooling from outgoing radiation, sensible heat loss, and mixing 
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by SE trade winds in winter will have to work against the strong stratification in summer 

(Cresswell and Badcock 2000). 

Holliday et al. (2011) found in their investigations that the upper water column off the 

Kimberley coast in the austral autumn was strongly isothermal across their study area, 

with warm high salinity waters extending to ~60 m depth (SST >30o C). Below this a 

deeper second water mass was cooler and less saline. For the region west of the 

Kimberley, Brink et al. (2007) reported temperatures of the upper water column several 

degrees cooler but sampling occurred in austral winter. The TS signature of the deeper 

water mass derived by Holliday et al. (2011) was similar for the two studies. Pearce et 

al. (2003) reported similar high-water temperatures in summer and autumn for coastal 

waters off the Dampier Archipelago to the south of the Kimberley. During a study by 

Jones et al. (2014), the authors found rapid decreases in Kimberley coastal water 

temperature related to increased latent heat losses during episodic periods of south-

easterly winds and low relative humidity. From June to August 2008, differential 

cooling resulted in cooler inshore water temperatures as heat flux loss generated a 

greater temperature decrease in coastal water masses.  

Tidal mixing is likely to be important (Godfrey and Mansbridge 2000), and strong 

spring tidal currents in King Sound (measured in excess of 2 m s-1; Anon 1972) can 

generate extremely turbid waters (Wolanski and Spagnol, 2003). Cresswell et al. 

(1993) showed that between September and May, when the waters were stratified, 

spring tides lowered the temperature by as much as 3°C. Stratification was reduced 

from May to September with tides having no effect on the temperature (Cresswell and 

Badcock, 2000).  In the more open Camden Sound, adjacent to the north of our study 

area, Jones et al. (2014) found the water column was stably stratified as rate of vertical 

mixing were exceeded by the generation rate of buoyancy. In any event, such a 
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dynamic continental shelf system can experience rapid changes in conditions that 

present unique challenges for quantifying important physical and subsequent 

biological processes (Ryan et al., 2005), but despite having some of the largest tides 

in the world, the scientific literature describing the coastal marine physics along the 

Kimberley coast is sparse (Holloway et al 1985). 

 

2.3 Kimberley Shelf Nutrients  

Prior to this study the only data available on seawater nutrients in the Kimberley were 

published by Jones et al. (2014). They found the surface waters in the Camden 

Sound/Collier Bay region, during the dry season to be oligotrophic overall, with low 

nitrogen concentrations (as Nitrate (NOx) and Ammonia (NH4)); typical of other tropical 

inshore locations, e.g., the Great Barrier Reef system that is at a similar latitude on the 

east coast of Australia (Furnas et al., 2005; Schaffelke et al., 2012; McKinnon et al., 

2013). At stations within and adjacent to Collier Bay, the authors discovered relatively 

higher concentrations of NOx compared to the rest of the study region. They surmised 

the increased vertical mixing in the topographically constricted locations and the 

limited exchange of Collier Bay water with the surrounding ocean and were the direct 

cause of a contrast with the vertically stratified regions where surface waters were 

deplete of NOx. Phosphate (PO4) concentrations observed were slightly higher than 

typical values in the inshore regions of the GBR during both dry and wet seasons 

(Furnas et al., 2005; McKinnon et al., 2013). 

 

 

 



11 
 

2.4 Southern Kimberley Shelf and Coast Pelagic Biology 

Much of the recent descriptive data on the coastal pelagic biology of the southern 

Kimberley region has been published by investigators who participated on the 

research voyage Southern Surveyor V03-2010 (SS2010-V03), on which the majority 

of the primary production data was collected and further described in this thesis. As 

stated previously, prior to this voyage the scientific literature describing oceanographic 

processes along the Kimberley coast was scarce and this section utilises information 

gathered and published from this voyage.  

Environmental monitoring and management of marine ecosystems in remote areas is 

a challenge. The Kimberley is vast, with the remote coastline stretching over 15,000 

km with access difficult, presenting an economic and logistical challenge for monitoring 

and managing the parks. (Brewer et al., 2007; Wilson, 2014). Over the past two 

decades, ocean colour radiometry (OCR) has provided consistent time series of 

observations that relate to the optical characteristics of marine waters (Dekker and 

Pinnel, 2018). Such observations can be used to remotely monitor water quality 

characteristics such as the properties of suspended sediments (TSS) (Dorji et al., 

2016), coloured dissolved organic material (CDOM) (Schroeder et al., 2012), and 

provide information on phytoplankton populations, if sufficient knowledge of regional 

oceanographic conditions and optically active substances in the water are known 

(Mouw et al., 2017). Typically, these can only be gained from local in situ sampling 

(Cherukuru et al., 2014). Prior to the 2010 Southern Surveyor voyage 03 (SS2010-

V03), there were no baseline datasets available to provide information on the optical 

properties of water masses in the Kimberley coastal and shelf area (Brando et al., 

2012), allowing for the parameterisation or calibration of remotely sensed (RS) 
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products, the preferred methods for data acquisition in this area due to remoteness 

and inaccessibility.  

Cherkuru et al (2019) analysed a bio-optical dataset collected during the April–May 

2010 voyage (the transition time between the tropical wet and dry seasons) to improve 

on the limitation of bio-optical knowledge of tropical waters of southern Kimberley 

coast (KMR). Their specific objectives were to (1) identify different water masses in 

KMR using physical properties, (2) study the nature and distribution of optically-active 

biogeochemical components in different KMR water masses, (3) analyse the 

variability. Analysis of the in-situ measurements of physical properties, stratification 

estimates and RS maps of sea surface temperature (SST) and ocean colour 

radiometry (OCR) indicated the presence of multiple water masses in the KMR during 

the study period. They found King Sound to be relatively warm, saline and well mixed. 

On the inner shelf (depths < 200 m) the water was cooler than in KS but with a similar 

range of salinity whereas in ocean waters (depths > 200 m) under the influence of the 

Indo-Pacific through-flow (IPT) (Domingues et al., 2007), the water temperature is 

relatively high, salinity values are lower. 

Cherukuru et al. (2019) found the concentration and composition of biogeochemical 

components varied across KMR water masses with concentrations of TSS (0.06–2.1 

mg L-1) in the lower end of the range reported for similar tropical waters along the north 

and north-east Australian coast (Van Diemen Gulf, Blondeau-Patissier et al., 2017; 

Great Barrier Reef (GBR) region, Blondeau-Patissier et al., 2009). In ocean waters, 

the mean TSS value was less than half the value reported for EAC influenced Tasman 

Sea waters (Cherukuru et al., 2016) making ocean waters in the KMR one of the 

clearest natural waters reported around Australia.  
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In the tidally mixed waters of King Sound, Cherukuru et al. (2019) found TSS values 

(0.4 - 2.1 mg L−1) were low when compared to other macro tidal environments in the 

tropical Australian region (0.3–326.2 mg L−1 in Keppel Bay, Oubelkheir et al., 2006; 

1.73–143.1 mg L−1 in coastal waters near Darwin, Australia, Blondeau-Patissier et al., 

2017). Unlike the KMR, waters along the east coast of Australia are known to transport 

CDOM into coastal waters (Schroeder et al., 2012). CDOM is the dominant light 

absorbing (blue – green region) component in KMR water masses (Fig. 2b). Light 

absorption budget analysis indicated CDOM to be the dominant optically active 

constituent.  

The implications from Cherukuru et al (2019) analysis of bio-optics in the Kimberley 

coastal region shows that global ocean colour RS algorithms fail in the tropical water 

masses of KMR. Bio-optical properties vary between different water masses in KMR 

and were shown to be different from other waters around the Australian continent, 

limiting extrapolation from other regions. Data presented in this thesis along with what 

Cherukuru et al (2019) has presented can increase understanding of influences due 

to seasonal variability of ocean currents, ocean and shelf water intrusions and the 

impact of strong tidal mixing at fine time scale resolution on KMR bio-optical properties 

and provide ground-truthing for the RS algorithms for Kimberley coastal waters. 

Prior to Thompson and Bonham in 2011, the only descriptions of the phytoplankton 

biomass from the general region were described by Conkright et al. 2002, and more 

specifically from Northwest Shelf to the Gulf of Carpentaria by Wood in 1964, and 

Hallegraeff & Jeffrey in 1984.  Thompson and Bonham (2011) found that much of 

phytoplankton collected during the April to May 2010 voyage and observed under the 

light microscope were broadly consistent with those previously reported. However, 

they found that the phytoplankton community near shore in the Kimberley region was 
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much more abundant than offshore and with an average of ~ 0.5 μg chlorophyll a L-1 

(chl-a) it was also more abundant than most similar regions along the west coast of 

Australia (Thompson et al. 2010). During their June and August 2008 surveys, Jones 

et al. (2014) found surface phytoplankton biomass (as chl-a) also averaged 0.5 mg L-

1, comparable to chl-a biomass values reported by Thompson and Bonham (2011) at 

~50 m depth contour on the inner southern Kimberley shelf. 

Relative to offshore, Thompson and Bonham (2011) found that the nearshore also had 

a significantly greater component of larger cells, mostly dominated by diatoms. These 

diatoms observed in this region of the shelf tended to be relatively evenly distributed 

throughout the water column and strongly pigmented. This homogenous vertical 

distribution of diatoms high in pigmentation suggested a well-mixed water column with 

fluctuating but low average irradiance (Litchman & Klausmeier 2001). The medium 

size of many of these near shore diatoms could be expected to make them easy prey 

for many zooplankton species (Irigoien et al. 2000) and they may rely on rapid growth 

(r-selected) to escape this predation pressure (Litchman et al. 2007). Thompson and 

Bonham (2011) supposed that the nutrients to support this substantial near shore 

phytoplankton community may be advected on to the shelf from the strong tidal 

exchanges described in section 2.2 and supported by Tranter & Leech (1987). 

Nutrients may be mixed vertically due to breaking internal waves or some other 

mechanism(s) yet to be explained. 

Several coccolith bearing species of phytoplankton have been previously reported 

from the Kimberley region by Hallegraeff & Jeffrey (1984) with their abundance 

quantified between 1 and 100% of the total phytoplankton biomass. MODIS (Moderate 

Resolution Imaging Spectroradiometer) satellite images collected during SS2010-V03 

indicated that there were small blooms of coccolithophorids (haptophytes) present 
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during the cruise. Based on phytoplankton accessory pigments analysed post-voyage, 

coccolithophorids comprised approximately 20% of the total phytoplankton biomass, 

and were most abundant at the shelf break and relatively deep in the euphotic zone. 

The coccolithophorid blooms that are frequently reported across this region from the 

Kimberley to Cape York (e.g. Brown & Yoder 1994) are important on a global scale 

yet we know almost nothing about the ecology of these species in this remote region 

of the shelf and coast or the influence of these blooms to the ocean biogeochemistry 

or pelagic food web dynamics. Being pelagic calcifiers, Thompson and Bonham (2011) 

emphasized the significant role these taxa play in the global carbon cycle, highlighting 

a serious gap in our understanding of their role in the carbon budget and potential 

acidification of the Australian oceanic environment.  

Based on Elser et al. (2007) work describing a global analysis of nitrogen and 

phosphorus limitation of primary producers Thompson and Bonham hypothesize that 

the phytoplankton of this region are likely to be limited by the availability of nitrogen. 

Trichodesmium, a pelagic filamentous cyanobacterium that fixes atmospheric 

nitrogen, is the source of up to 50% the nitrogen used by phytoplankton in the global 

ocean (Mahaffey et al. 2005). Trichodesmium has been implicated as an important 

component of the phytoplankton of the Kimberley region and is likely to be an important 

nitrogen source supporting the regional ecology (e.g. Furnas et al. 1995, Capone et 

al. 1997). Additionally, effects of rising CO2 are predicted to double the growth rate, 

carbon fixation and N2 fixation by Trichodesmium (Hutchins et al. 2007; Levitan et al. 

2007). Thus, in the Kimberley Trichodesmium is expected to be even more important 

in the future where ocean acidification becomes more prominent and Thompson and 

Bonham (2011) strongly suggest more attention is needed on this pathway of N input 

to the Kimberley coastal and shelf waters. 
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Thompson and Bonham (2011) neglected to report on the phytoplankton taxa from 

within the tidal extreme waters of King Sound as part of their investigation other than 

to say the waters in the sound were characterised by high fluorescence, a proxy for 

phytoplankton biomass. It has been shown (Winter et al. 1975; Sinclair 1978; Haas et 

al. 1981; Cloern 1984; de Madariaga et al., 1989; Roden 1994; Ragueneau et al., 

1996) that enhanced stratification during the neap tide can induce phytoplankton 

biomass accumulation, which tends to be confined in the shallow surface layer, 

suggesting the opposite happens during spring tides, where a breakdown in 

stratification leads to a decrease in phytoplankton biomass. This will be investigated 

further within Chapter 3 to provide a better understanding of the physical processes 

occurring in King Sound and the resultant changes in phytoplankton biomass.  

We know from the literature that the metabolic machinery of a phytoplankton cell is 

complex, and Harris (1980) supposed that all of component parts would not adjust to 

changes in irradiance at the same rate. From his work we expect that a continued and 

directed change in irradiance leads to a measurable change in various indices of 

phytoplankton metabolism. Phytoplankton pigments (chlorophylls, carotenoids and 

their degradation products) are particularly good candidates to investigate adaptation 

of phytoplankton to variations in the light field which we suspect plays an important 

role (Claustre et al., 1994) within the near coast in our study area, particularly King 

Sound. Specific pigments, generally carotenoids, can be used as quantitative 

diagnostic markers of various phytoplankton groups (Bjcrnland and Liaaen-Jensen, 

1989; Wright et al., 1991; Claustre et al., 1994). Since phytoplankton pigments are 

directly involved in the processes of photosynthesis, the variations of at least some of 

them are directly linked to changes in irradiance (qualitative as well as quantitative) 

and photosynthetic performance (Harding, 1988; Kana et al., 1988; Bidigare et al., 
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1990). When time scales of some selected photosensitive indices are known, it may 

be possible to retrace the light histories of phytoplankton cells in the water column by 

studying the depth distributions of these indices. Falkowski (1983) developed such 

approaches using different photosensitive indices to infer properties of the 

environment subsequently used by other authors (Lewis et al., 1984; Videau, 1987; 

Cullen and Lewis, 1988; Johnson et al., 1989; Therriault et al., 1990). 

In their natural environment, phytoplankton are exposed to fluctuations in incident 

irradiance due to vertical displacements in the water column induced by turbulent fluid 

motion. Physiological adaptation to these fluctuations results in variation in a number 

of measurable quantities (e.g. parameters of P-I curves, fluorescence yield, chemical 

composition), each of which have different time-scales of adaptation. Lewis et al. 

(1984) developed a reaction-diffusion model to determine the physical conditions 

under which a given physiological adaptation would be of ecological importance and 

show variation in the photoadaptive variable with depth in a mixing layer. We will use 

some of these photoadaptive variables to further investigate the adaptive physiology 

of the phytoplankton in our study area, with focus on King Sound, in Chapter 4 within 

to provide an explanation of the changes in primary production.  

Earlier in 2019, Beckley et al, described, a remarkable diversity of ichthyoplankton 

from SS2010-V03, with distinct distribution patterns within the unique marine 

environmental conditions offshore of this part of the southern Kimberley region in the 

eastern Indian Ocean. They found 113 teleost families represented which far 

exceeded the number described for other comparable tropical coastal-oceanic 

systems (Barletta-Bergan et al., 2002; Franco-Gordo et al., 2002; Espinosa-Fuentes 

and Flores-Coto, 2004;  Munk et al., 2004; Carassou and Ponton, 2007; Unsworth et 

al., 2009; León-Chávez et al., 2010) and that found in Previous studies of larval fishes 
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along adjacent parts of northern Australia that only yielded 48 (McKinnon et al., 2015), 

68 (Young et al., 1986) and 79 teleost families (Sampey et al., 2004). 

Although there were latitudinal differences in larval fish assemblages relating to 

varying oceanographic conditions and shelf topography along the length of the 

Western Australian coastline, differences in larval fish assemblages are often 

strongest in the cross-shelf direction (Beckley et al., 2009; Holliday et al., 2012). At the 

spatial scale of their study (350 km from coast to oceanic stations and four degrees of 

latitude), larval fish assemblages were significantly structured across the coastal-

oceanic gradient and not between transects. 

Of particular note, was the larval fish assemblages from the shallow waters of King 

Sound and around the Lacepede Islands where there was a clear demarcation caused 

by separation from other areas off the Kimberley coast. Both of these locations were 

characterised by high fluorescence and phytoplankton biomass (Thompson and 

Bonham, 2011; Armbrecht et al., 2015). Experiencing > 10m tides and significant 

fluvial runoff during the wet season, coastal waters of the Kimberley, especially those 

of King Sound, provide a very dynamic environment (Wolanski and Spangol, 2003). In 

their study, Beckley et al. (2019) confirm our observations presented in this thesis that 

the waters within King Sound remained well mixed, apparently driven by strong eddies 

during flood and ebb tidal flows that drive significant re-suspension and maintain 

relatively high turbidity of these waters when compared with shelf waters. The low 

abundance and diversity of larval fishes in King Sound reflected the highly energetic 

physical regime related to tides (Lowe et al., 2015) and turbidity where low 

ichthyofaunal diversity is generally indicative of harsher and / or unpredictable abiotic 

conditions (Harris et al., 2001). 
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This thesis contributes to the general understanding of the southern Kimberley coast 

and adjacent shelf in a few specific ways. Firstly, it greatly expands the understanding 

of the relationship between physical oceanographic forces and the drivers and 

constraints on primary production by phytoplankton in the pelagic realm. Descriptions 

of the oceanography in this part of Australia, most coming from only a few publications 

predating the 2000’s, and very focused on either the physics or the biology. This is the 

first to link pelagic primary production on a large geographical scale in the region with 

the physics. Second, this thesis addresses the ability of phytoplankton to adapt to the 

conditions in these extreme tidal waters, where mixing and light availability are ever-

changing, an area of focus which has not been investigated in previous projects. There 

is little data to parameterise Kimberley regional biogeochemical models, so the data 

presented here in this thesis and in the subsequent publications, also fills a void for 

modellers to better understand and forecast changes in this dynamic area of 

Australia’s coast. 

The Kimberley is a major feature of the North-Western Australian land mass, coast 

and shelf, and is growing in importance and subsequently increasing developmental 

pressures from the resources sector. It has high cultural and heritage values from both 

a topographical and biological perspective giving it significant importance for 

indigenous groups that inhabit the area. The Kimberley is also home to a rich 

biodiversity of marine fauna, including humpback whales, nesting turtles, sea snakes, 

a myriad invertebrate life and fish, enticing to adventure seeking tourists and catering 

operators. All of which make it an area of national significance with recognition of these 

unique ecological assets through the establishment and proposal of extensive marine 

parks to protect the Kimberley's marine heritage. Our observations contribute to the 
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knowledge of this system and may provide information needed to aid in assessments 

and help inform coastal management decisions.  
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Chapter 3 - Biophysical oceanography of tidally-extreme waters of 
the southern Kimberley coast, Western Australia 

 
 

3.1 Summary 
 
The continental shelf of the South Kimberley region of Western Australia is wide (~300 

km) and interactions with the Indian Ocean culminate in extreme tides. This results in 

some of the largest tropical tides in the world (reaching 11 m on spring tide) measured 

in King Sound (KS), a large embayment which opens to the Indian Ocean. This remote 

area of Australia is very rich in natural resources and under increasing developmental 

pressures, but despite this the marine environment has been poorly studied. In Austral 

autumn (April/May) 2010, we examined phytoplankton biomass and production across 

four onshore-offshore transects from coastal waters (also within KS) to the 1000 m 

isobath, and their responses to physical and chemical environmental variables 

associated with tidal forces during a four week voyage aboard the RV Southern 

Surveyor. Using temperature and salinity relationships we found three distinct water 

masses; KS, Kimberley Shelf, and Kimberley Shelf break waters. The highest 

chlorophyll-a biomass in the study area was measured in a band along the 200m 

isobath (27 - 46 mg Chl a m-2), and associated with greater concentrations of nutrients 

(332 - 392 mmol NO3- m-2, 650 - 823 mmol Si m-2, 21 - 39 mmol PO43- m-2).  

Phytoplankton biomass inside KS was dominated by large diatoms (as determined 

from accessory pigment analyses), shifting to a community largely comprised of 

picophytoplankton offshore. Rates of primary production (PP) on the shelf, via 

measurements of phytoplankton carbon (14C) uptake from photosynthesis versus  

__________________________ 

*Published in Continental Shelf Research as “Biophysical oceanography of tidally-extreme waters of 
the southern Kimberley coast, Western Australia” by McLaughlin M.J., Lourey M.J., Hanson C.E., 
Cherukuru N, Thompson P.A., Pattiaratchi, C.B. (2019) Vol 173: 1-12. 



22 
 

irradiance incubations, decreased from coastal areas (222 - 560 mg C m-2 d-1) to 

offshore waters (45 - 78 mg C m-2 d-1). In KS, PP was highest (1692 mg C m-2 d-1) 

despite low standing stock nutrient concentrations (0.02 - 1.5 mmol NO3- m-2) and 

relatively high concentrations of suspended particulate material reducing light 

availability (Kd = 0.27 m-1). 

 
 

3.2 Introduction 

Macro-tidal coastal regions are complex systems with a suite of geophysical factors 

that can greatly impact nutrient supply conditions and light availability for 

photosynthesis.  These factors – which include bathymetry, wind- and tidal-driven 

mixing, horizontal transport, and turbidity – act as in-situ controls on phytoplankton 

communities (Cloern, 1996).  Further, topographical dynamics associated with island 

archipelagos, reefs, capes and headlands in macro-tidal regions can cause varying 

degrees of isolation from adjoining offshore oceanic waters, and have a large influence 

on local biological responses (Furnas et al. 2005; Wyatt et al. 2012).  

The Kimberley coast is a remote sparsely populated and poorly studied region located 

in the Northwest of Western Australia that is under increasing developmental 

pressures (Thompson and Bonham, 2011). It has a broad continental shelf (~200 km 

in width) where complex bathymetry is dominated by sunken rivers forming deep and 

narrow inlets. The coast features numerous sheltered embayments (Wilson, 2013) and 

extensive island archipelagos (Masini et al. 2009). The barotropic tides are semidiurnal 

(Holloway et al., 2001), with the second largest tidal range in the world (11 m) found 

in King Sound (a 100 km-long embayment; Wolanski and Spagnol, 2003). Circulation  
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along the Kimberley coast is a complex interaction between wind, tides and regional 

forcing by large-scale currents at the shelf break (Brink et al., 2007; Condie and 

Andrewartha, 2008; Hood et al., 2017). Such a dynamic continental shelf system can 

experience rapid changes in conditions that present unique challenges for quantifying 

important physical and biological processes, their linkages and consequences for 

planktonic organisms (Ryan et al., 2005). 

In most tidally influenced estuaries, water column structuring typically oscillates 

between stratified (neap tide) and well-mixed (spring tide) conditions (Cloern et al., 

1994). Enhanced stratification during the neap tide can induce phytoplankton biomass 

accumulation, which tends to be confined in the shallow surface layer (Winter et al. 

1975; Sinclair 1978; Haas et al. 1981; Cloern 1984; de Madariaga et al., 1989; Roden 

1994; Ragueneau et al., 1996).  Flushing of King Sound by spring tides during austral 

summer breaks down stratification and can lower the water column temperature by up 

to 3°C (Cresswell et al. 1993).  These tidal currents have been measured in excess of 

2 m s-1 (Anon, 1972), and can also generate extremely turbid waters (Wolanski and 

Spagnol, 2003).  Within King Sound, sediment particles are bound together with larger 

sized phytoplankton (e.g., diatoms, dinoflagellates and ciliates), faecal pellets and 

macroscopic aggregates of apparent biological origin (Wolanski and Spagnol, 2003). 

These ‘flocs’ form an important part of the ecology and food chain becoming a food 

source for the suspension feeding benthic marine communities (Cloern, 1982, Webb 

and Eyre, 2004). 

On the shelf outside of King Sound, a previous study found the standing crop of 

phytoplankton was 20 – 40 mg of chlorophyll-a m-2 (Tranter and Leech, 1987). The 

nutrient source for much of the Northwest Shelf water column is supplied by slope 

water washing up onto the shelf in summer when the flow of the (southerly) Leeuwin 
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Current is depressed. This enrichment is located at the base of the pycnocline (∼40 - 

100 m), immediately above the bottom mixed layer. The incident solar illumination in 

this area is high, both in summer and in winter, such that a significant amount of 

phytoplankton (0.5 μg l−1) occurs underneath the pycnocline over a considerable part 

of the shelf; where tidal mixing makes this readily available to benthic filter feeders 

(Tranter and Leech, 1987).  

The benthos in the Kimberley coastal area is dominated by fringing coral reefs and 

sponge gardens. These communities provide habitat, shelter and food resources for 

culturally and commercially important species, including marine turtles, cetaceans, 

dugongs, fish, prawns and birds (Masini et al., 2009). Despite the importance of the 

region, the scientific literature describing the coastal marine physics and biology along 

the Kimberley coast is sparse (Holloway, 1985).   

In April/May 2010, a scientific voyage aboard the RV Southern Surveyor investigated 

the effects of extreme tidal influences on the coastal and shelf processes of the 

Kimberley region in proximity to King Sound (Fig. 3-1). Here we present the first large 

shelf-scale study quantifying spatial and temporal variations in primary production (PP) 

over the spring-neap tidal cycle in the Kimberley region of Western Australia. Across 

4 transects, from within the King Sound estuary to the 1000 m isobath, we investigated 

the effects of different environmental variables and tidal physical forcing on pelagic 

production within the region, evaluating the potential factors that drive or constrain 

phytoplankton production.  
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3.3 Materials and Methods 

3.3.1 Cross shelf transects 

Four cross-shelf transects were occupied during an oceanographic cruise in the 

austral autumn (14 April - 5 May 2010) off the south-eastern section of the Kimberley 

coast in proximity to King Sound (KS) (13.5 - 17°S, 120 - 124°E; Fig. 3-1). The northern 

(Transect B) and a southern transects (Transect D) were sampled during the spring 

tide, a central transect that extended into KS, on both the spring tide (Transect A) and 

neap tide (Transect C); Figs. 3-1 and 3-2) was sampled.   

 

Fig. 3-1 Cross-shelf transects undertaken along the south-east Kimberley shelf and 
King Sound with production stations indicated by circles. Transect A (purple) = King 
Sound - spring tide, transect B (green) = northern, transect C (blue) = King Sound - 
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neap tide, transect D (red) = southern.  Ocean colour data obtained from NASA - 
https://oceancolor.gsfc.nasa.gov/. Data presented is a Level 2 processed ocean 
colour file. Image used is from MODIS – Aqua sensor, acquired on 02/May/2010. 

 

 
Fig. 3-2 2010 Tidal height data for Broome highlighting spring neap cycle indicating 
when each transect was sampled during Voyage SS2010_v03 (adapted from 
Holliday et al., 2011). 
 
 

To evaluate cross-shelf differences in phytoplankton dynamics, three ’production 

stations’ at ~50 m depth (shelf), ~200 m depth (mid-shelf), and ~1000 m depth 

(offshore) were sampled on each transect. Water samples were collected using a 24 

x 10 L Niskin bottle rosette with profiles of conductivity and temperature (Seabird SBE 

9/11 dual-sensor unit), photosynthetically active radiation (PAR 400–700 nm; 

Biospherical Instruments QCP-2300), fluorescence (Chelsea Instruments 

Aquatracka™ fluorometer), transmission (Wetlabs C–Star™), dissolved oxygen (DO; 

Anderra 3975 series optode) and nitrate (Satlanic ISUS sensor) determined 

concurrently. Water samples from the first cast (’production cast/station’) at each 

station were collected from between 3 and 7 nominal depths (surface [~ 2 m], 10 m, 
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25 m, 50 m, 75 m, 100 m and the chlorophyll maximum, where present) dependent 

upon the bottom depth, and analysed for primary production (PP) in addition to 

nutrients, chlorophyll-a (chl-a) and phytoplankton community structure via high 

performance liquid chromatography (HPLC). Additional casts were completed 

approximately every hour for the following 12 hours and analysed for nutrients, chl-a 

and phytoplankton community structure to evaluate the changes in chemical and 

biological oceanographic conditions over half a diurnal tidal cycle. 

The extreme macro-tidal range and water movements within KS presented some 

challenges to the crew when determining ship accessibility. Despite this safe access 

was achieved on two occasions, but time constraints due to fluctuating depth resulted 

in KS stations sampled as single conductivity, temperature, depth (CTD) casts only.   

 

3.3.2 Laboratory analyses 

Replicate 10 mL water samples of unfiltered seawater from each depth was analysed 

for dissolved inorganic nutrients (nitrate + nitrite [hereafter nitrate], ammonia, 

phosphate and silicate) by flow injection analysis (Lachat QuickChem 8000) with 

detection by absorbance at specific wavelengths for silicate [QuikChem Method 31-

114-27-1-D], nitrate [Quikchem Method 31-107-04-1-A] and phosphate [QuikChem 

Method 31-115-01-1-G]), and by fluorescence for ammonia (Watson et al., 2005). 

Detection limits were 0.02 µM for all inorganic nutrient species, with a standard error 

of < 0.7%.  

One litre of seawater from each depth was vacuum-filtered onto a Whatman 25 mm 

diameter glass fibre filter (GF/F) (nominal pore size of 0.7 µm) and analysed for chl-a 

and phaeopigment (represents the total chl-a fraction). The filters were stored at -20°C 
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until analysis (24 - 48 hours post-collection), when pigments were extracted in 90% 

acetone overnight and analysed using a calibrated Turner Designs model 10AU 

fluorometer and the acidification technique of Parsons et al. (1989). All depth averaged 

estimates of nutrients and chl a were calculated nominally to 100m (our deepest 

sampled depth for primary production) or the bottom at shallower sites. 

Suspended particulate matter concentration ([SPM]) was determined for surface 

samples coinciding with 14 of the 17 PP casts. Between 2-9 L of sample water was 

vacuum-filtered onto a pre-weighed glass fibre filter (47 mm, 0.7 µm, Whatman GF/F) 

and stored in the cool and dark until analysis. Filters were dried at 60 °C until negligible 

fluctuations in weight were recorded, with the net weight of material giving [SPM] in g 

m-3 (Neukermans et al., 2012).  

Between 1-5 L of the surface water sample were filtered onto a 25 mm, 0.7 µm, 

Whatman GF/F and stored in liquid nitrogen until analysis. Phytoplankton pigments 

were extracted and analysed by High Performance Liquid Chromatography (HPLC) 

with a Waters-Alliance system following the CSIRO protocol detailed in Hooker et al., 

(2009). In this study (as per Clementson et al., 2004) pigments that relate specifically 

to an algal class are termed marker or diagnostic pigments (Jeffrey and Vesk, 1997). 

Some of these diagnostic pigments are found exclusively in one algal class (e.g. 

alloxanthin which is only found in cryptophytes) while others are the principal pigments 

of one class but are also found in other classes (e.g. fucoxanthin in diatoms and some 

haptophytes). The presence or absence of these diagnostic pigments can provide a 

simple guide to the composition of a phytoplankton community including identifying 

classes of small flagellates that cannot be determined by light microscopy techniques. 

In this study the presence of fucoxanthin has been used to indicate diatoms; peridinin 

- dinoflagellates; 19’ - hexanoyloxyfucoxanthin (19HF) haptophytes; alloxanthin - 
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cryptophytes; prasinoxanthin - prasinophytes; lutein - chlorophytes; zeaxanthin - 

cyanobacteria and 19’-butanoyloxyfucoxanthin - pelagophytes. 

Vertical PAR profiles for each production cast were obtained from the on-site CTD 

cast closest to the sun’s zenith. A linear regression of the natural log (ln) of PAR vs. 

depth was used to calculate the attenuation coefficient (Kd), according to the 

relationship in Kirk (2011): ln Ed(z) = -Kdz + ln Ed(0),  where Ed(z) and Ed(0) are the 

values of downwelling PAR at the surface and at z m.  

Profiles of bulk water light transmittance (Tr; the irradiance reaching the detector of 

the transmissometer through the sample water relative to a blank), were calculated 

from the voltage output. This was done using the relationship Tr = (Vsig - Vdark)/(Vref - 

Vdark), where Vsig = measured signal output of the meter, Vdark = measured output of the 

beam blocked and Vref = measured output of clean water in the path (Wetlabs, 2011). 

Beam attenuation coefficient (c) was then calculated as c = -1/x * ln (Tr) where x is the 

path length of the transmissometer (25 cm) (Neukermans et al., 2012). A linear 

regression between beam attenuation coefficient and [SPM] data from surface 

samples at 14 stations (r2 = 0.78) was used to calculate [SPM] for all depths (Bishop, 

1986). 

Primary production versus irradiance (P vs. E) experiments were completed using a 

photosynthetron (a bench top incubator designed for simulating underwater light 

environment for scientific vial-based light curve productivity experiments) for 17 

production casts using the modified small volume (7 mL) 14C uptake method (Lewis 

and Smith 1983; Mackey et al. 1995, 1997). Samples collected during the day were 

analysed immediately. Water samples collected at night were stored in the dark and 

cool for processing and incubation the following day. The sample from each depth was 
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inoculated with 14C (as NaH14CO3) to a final concentration of 1.0 µCi per 1.0 mL 

seawater. Duplicate aliquots of this working solution were incubated for ~1 h at seven 

light levels (ranging 0 - 750 μmol m-2 s-1), attained using combinations of spectrally 

resolving blue filters (LEE Filters # 119, 201, 202, and 203; for detailed wavelength 

specifications see http://www.leefilters.com/lighting/colour-list.html). Actual irradiance 

levels (measured using a Biospherical Instruments Inc. 2100 PAR logger) were used 

in the analyses to account for inherent variability in the light output between the light 

tubes. Two 100 µL aliquots from each depth were analysed to determine the total initial 

activity, as were duplicate 7 mL time zeros (blanks) (Mackey et al., 1995). Continuous 

surface seawater flowing through the photosynthetron regulated the incubation 

temperature to meet ambient in-situ surface temperatures. Experiments were 

terminated by addition of 0.25 mL of 6M HCl, and placing the samples in an orbital 

shaker at ~180 revs min-1 for ~24 h (Mackey et al., 1995) to drive off excess 14C as 

CO2. Activity in all samples were counted on-board the ship using an LKB Rackbeta 

liquid scintillation counter the following day.  

Photosynthesis versus irradiance curves were fitted using nonlinear regression, with 

photosynthetic parameters (Platt et al., 1980) derived from: the initial slope (α; mg C 

m-3 h-1(µmol m-2 s-1)-1), the peak of the curve (Pm or Ps under conditions of photo-

inhibition; mg C m-3 h-1), and the negative slope of the curve at high irradiance (β; mg 

C m-3 h-1(µmol m-2 s-1)-1). Daily rates of primary production (PP) were calculated as 

described in both Mackey et al. (1995) and Walsby (1997). Photosynthetic parameters 

were normalized to chl-a (denoted Pm* or Ps*, α* and β*) from extracted samples via 

Turner fluorometic analyses and linearly interpolated between sampling depths. Depth 

integrated chl-a was used to scale these parameters at 2 - m depth intervals, and 

production (P) was calculated using the equation of Platt et al. (1980): P = Ps(1-e-
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αI/Ps)e-βI/Ps, where I = irradiance. Theoretical ‘cloudless’ irradiance based on latitude 

and date (Kirk, 2011; Walsby, 1997), was corrected for water reflectance by 

incorporating solar elevation, effective zenith angle and surface wind roughening (from 

5-min wind averages, as per Walsby, 1997), and corrected for light attenuation with 

depth using Kd, the light attenuation coefficient (Kirk, 2011). For all production 

estimates, the double integral of photosynthesis through depth and time (mg C m-2 d-

1) was computed using trapezoidal integration (Walsby, 1997). Variations in 

phytoplankton biomass can partly explain variations in primary production, so we also 

present rates of primary production normalised to chl-a concentration (Pb). Pb was 

calculated by dividing depth-integrated primary production by depth-integrated chl-a 

at each station (Lourey et al., 2012). 

3.3.3 Statistical analyses 

Depth averaged data were partitioned into four distinct spatial regions based on 

sampling region (KS, shelf, mid-shelf and offshore), and a one-way PERMANOVA 

(Anderson et al., 2008) using PRIMER 6 (version 6.1.14; Clarke and Warwick, 2005) 

was used to test whether there was a significant difference in PP and chl-a specific 

production (Pb) between regions.  

Significance of environmental parameters (temperature, DO, salinity, light attenuation, 

[SPM], dissolved nitrate, ammonia, silicate and phosphate) was examined using 

principle component analysis (PCA; Primer 6) based on a Euclidean distance similarity 

measure of normalised environmental data. A PCA was used to compare and quantify 

the variance of all environmental parameters (except PAR) and visualise their 

relationship to volumetric Pb at all nominal sample depths binned into the four spatial 

regions. A second PCA was also employed to visualise the relationship between 
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volumetric Pb and indicator pigments for diatoms (fucoxanthin) and nitrogen-fixing 

cyanobacteria (zeaxanthin) with nitrogen:phosphate (N:P) and silicate:phosphate 

(Si:P) ratios at all nominal sample depths binned into the four spatial regions. 

 

3.4 Results 

3.4.1 Physical and environmental conditions  

The KS water mass is distinct from both shelf and offshore shelf break waters (Fig. 3-

3). KS waters were warmer (31.0 - 31.5ºC) and more saline (34.81 - 35.02 psu) than 

shelf waters (29.4 - 30.3ºC and 34.6 - 34.8 psu, for temperature and salinity, 

respectively) (Fig. 3-3). Salinity in shelf break waters ranged between 34.6 and 34.8 

psu, but were cooler than both KS and the shelf (27.7 - 28.3 ºC) (Fig. 3-3). Warm (> 

30ºC) high salinity (> 34.7 psu) surface water overlays cooler, lower salinity water at 

all shelf break, shelf and KS stations (Fig. 3-4). Warm, high saline waters (> 35 psu) 

in KS are confined to the embayment, and separated from the shelf by a band of low 

salinity water (34.6 psu) (Fig. 3-4 b). During neap tides, a pool of very warm water at 

122 ºE extends outside the mouth of the embayment onto coastal shelf waters (Fig. 

3.4 c).  
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Fig. 3-3 Mean temperature-salinity (TS) values (calculated for top 100m of the water 
column or bottom at shallower sites) for production stations (a) within King Sound, 
(b) Kimberley Shelf (50 and 200 m stations), and (c) Kimberley Shelf break (1000 
m). TS values are indicated by the respective station numbers.  
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Fig. 3-4 Temperature and salinity – row a) transect B (northern), row b) transect A (King Sound - 
spring tide), row c) transect C (King Sound - neap tide), row d) transect D (southern transect). 

 



35 
 

Concentrations of SPM were highest near the coast and within KS (Fig. 3-5), 

particularly near the coast on the northern transect (transect B) (Fig. 3-5 a) and inside 

KS during the spring tide (> 2 g m-3) (transect A) with an intrusion of material into 

nearby shelf waters (Fig. 3-5 b). [SPM] in KS and in shelf waters outside the sound 

were considerably lower during the neap tide (transect C) than the spring tide (~ 1 g 

m-3) (Fig. 3-5 c). Inshore, [SPM] comparatively was the lowest along the southern 

transect D, with values on the shelf consistently between 0.3 and 0.5 2 g m-3 extending 

offshore (Fig. 3-5 d).  

Reflecting the associated [SPM], light attenuation (Kd) inside KS was higher (ranging 

between 0.2 - 0.27 m-1) during the spring tide (Fig. 3-5 e) than the neap tide ranging 

between 0.1 and 0.17 m-1 (Fig. 3-5 f).  In turn, Kd along the coast was lower than in KS 

(ranging between 0.08 and 0.15 m-1). Offshore, the bottom of the euphotic zone 

(defined as the 1% light level) ranged between 74 and 90 m (Fig. 3-5 e and f).  
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Fig. 3-5 SPM (g m-3) - row a) transect B (northern), row b) transect A (King Sound - 
spring tide), row c) transect C (King Sound - neap tide), row d) transect D (southern 
transect). Areal plots showing the effect of spring (e) and neap (f) tides on light 
attenuation (Kd) on the central King Sound transect. 

 

3.4.2 Phytoplankton Biomass and Nutrients 

 3.4.2.1 Nutrients 

Surface water standing stock nutrient concentrations were low (with the exception of 

phosphate in proximity to KS) along all transects, across both tidal states and within 

KS (Fig. 3-6 a, b, c, d). Concentrations of NOx (1.1 to 9.5 mmol m-3), PO4 (0.13 to 0.74 
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mmol m-3), and Si (2.7 - 14.1 mmol m-3) were elevated below 50 m compared to 

concentrations at the surface a (Fig. 3-6 a, b, c, d).  Elevated nutrient concentrations 

(NOx - 7.1 mmol m-3, PO4 - 0.6 mmol m-3, Si - 11.2 mmol m-3) were present at shallower 

depths during neap tides than spring tides (Fig. 3-6 b, c). Concentrations of ammonium 

in all surface waters (Fig. 3-6 a, b, c, d) and particularly in KS (ranging from below 

detection to 0.14 mmol m-3) were low with the exception of near shore on transect D 

(≤ 0.24 mmol m-3) (Fig. 3-6 a) and southern (≤ 5.7 mmol m-3)  transects (Fig. 3-6 d). 

Concentrations on transect D were particularly high close to the bottom extending out 

on the shelf to 121.5 ºE. Depth averaged values of nutrient concentrations over the 

whole study area revealed a band of higher concentrations of nitrate (332 - 392 mmol 

m-2), phosphate (21 - 39 mmol m-2) and silcate (650 - 823 mmol m-2) along the 200 m 

isobath (Table 3-1). N:P ratios calculated from depth averaged nutrient concentrations 

ranged between 5.2 and 10.3 from the 1000 m stations, increasing to a range between 

9.8 - 16.2 at 200 m stations, before decreasing at 50 m stations (2.3 to 6.2) with the 

lowest ratios (0.4 – 5.9) found in KS (Table 3-1). Si:P ratios were highest at the 1000 

m stations (29.2 – 37.8) decreasing shoreward with the lowest values found in KS 

(15.4 – 23.3) (Table 3-1). 



38 
 

 

 

          Fig. 3-6 Nitrate (NOx), Ammonia (NH4), Phosphate (PO4) and Silica (Si) concentration – row a) transect B (northern), row b) transect A (King 
          Sound - spring tide), row c) transect C (King Sound - neap tide), row d) transect D (southern transect) 
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3.4.2.2 Phytoplankton biomass and community composition 

During the spring tide, chl-a was highest inside KS (~1.75 μg L-1) and decreased with 

increasing distance offshore (~ 0.06 μg L-1) (Fig. 3-7 b). To the north and south of KS 

(Fig. 3-7 a, d), concentrations of chl-a near the coast were higher than further offshore 

(up to 0.72 μg L-1), but less than half that measured within KS. At the 50 m isobath a 

chlorophyll maximum (CM) was present between 25 and 50 m, however at station 17 

it resided close to the surface. Offshore (1000 m) the CM was well defined and located 

at a deeper depth (70 - 90 m) and was more distinct during the neap tide than the 

spring tide (Fig. 3-7 c). During the neap tide the CM formed a well-defined band (> 1 

μg L-1) between 20 m, outside the sound, and 40 m further offshore (Fig. 3-7). Areal 

depth averaged values of chl-a biomass, defined a CM zone along the 200m isobath 

(27 - 46 mg chl a m-2) (Fig. 3-8 b, Table 3-1) associated with greater concentrations of 

nutrients.
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a) 

 
b) 

 
c) 

 
d) 

 
      

     Fig. 3-7 Chlorophyll-a, primary production (PP) and production efficiency (Pb) – row a) transect B (northern), row b) transect A (King Sound –  
     spring tide), row c) transect C (King Sound - neap tide), row d) transect D (southern transect) 
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Fig. 3-8 Depth averaged primary production (PP) - row a), chlorophyll a (Chl a) - 
row b) and production normalised to chlorophyll-a (Pb) - row c) for the study area 
showing the effect of spring (column 1) and neap (column 2) tides on the central 
King Sound transect. 
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  Table 3-1 

Depth averaged values for each production station 

  

        
Transect CTD 

Stn 
 

Shelf 
Position 

Lat Long PP 
 

mg C m-2 
d-1 

Pb  
 

mg C/mg 
Chl a d-1 

Chl a 
 

mg m-2 

NOx 
 

mmol m-2 

PO4 
 

mmol m-2 

NH3 
 

mmol m-2 

Si 
 

mmol m-2 

N:P 
 
 

Si:P 

A 3 1000 -14.499050 121.324733 63 3.1 21 112 12 1.8 454 9.3 37.8 
A 17 50 -15.807833 122.599367 509 13.3 36 81 13 0.0 318 6.2 24.5 
A 24 KS -16.689233 123.345767 1190 47.5 27 15 6 1.2 140 2.5 23.3 
A 25 KS -16.793083 123.393633 1692 66.9 25 7 5 0.9 110 1.4 22.0 
B 27 50 -15.216733 123.816617 223 12.6 23 39 14 2.4 376 2.8 26.9 
B 35 200 -14.395183 122.696067 177 3.8 33 332 33 5.9 674 10.1 20.4 
B 46 1000 -13.506450 121.894300 45 2.5 19 185 18 5.7 545 10.3 30.2 
C 55 1000 -14.514983 121.339217 60 2.8 20 73 14 7.4 409 5.2 29.2 
C 64 200 -14.933383 121.769817 304 4.8 46 383 39 2.0 823 9.8 21.1 
C 84 KS -16.690283 123.347733 512 26.0 19 41 7 2.3 131 5.9 18.7 
C 85 KS -16.796666 123.394654 1636 54.5 29 4 5 0.7 77 0.8 15.4 
C 86 KS -16.876367 123.431150 420 34.5 12 2 5 0.7 96 0.4 19.2 
C 87 50 -15.807833 122.603933 560 12.3 40 30 13 1.6 353 2.3 27.2 
D 101 1000 -15.248517 120.584200 78 3.2 23 91 14 3.1 421 6.5 30.1 
D 109 200 -15.719400 121.047183 134 3.6 27 341 21 0.0 650 16.2 31.0 
D 121 50 -16.353317 121.749067 312 11.8 27 41 12 4.6 309 3.4 25.8 
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Within and directly adjacent to KS (CTD stations 24 - 25, 84 - 86), the phytoplankton 

community was dominated by diatoms (as indicated by [fucoxanthin]) (~30 to 55% of 

mean relative pigment contribution). Between the 50 m and 100 m isobath the 

community changed to be dominated by small celled chlorophytes, prochlorophytes 

and cyanobacteria (~35 - 55% [zeaxanthin] to mean relative contribution of different 

phytoplankton pigments) (Fig. 3-9 a, c). Along the transect B, the community 

composition was dominated by chlorophytes, prochlorophytes and/or cyanobacteria, 

with > 50% of the mean relative contribution of different phytoplankton pigments 

comprised of zeaxanthin, with haptophytes (hexanoyloxyfucoxanthin) contributing ~8 

- 17% of pigments (Fig. 3-9 b). Transect D showed a similar trend to the KS transects 

(A and C), with the majority of the nearshore community dominated by diatoms 

(although to a lesser % than that observed inside KS) shifting to smaller-celled 

chlorophytes, Prochlorococcus and cyanobacteria offshore (Fig. 3-9 d). Interestingly, 

from prasinoxanthin pigment abundance it appears that prasinophytes were only 

observed inside KS and stations nearest to shore, while dinoflagellates (from 

[peridinin]) made up a small but consistent proportion of the community at all stations 

except 11, 17, 35 and 46 where they were absent. 
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Fig. 3-9 The mean relative contribution of different phytoplankton pigments for CTD 
stations surface samples along transects A (King Sound – spring tide), B (northern) 
C (King Sound – neap tide) and D (southern) as an indicator of phytoplankton 
community composition. 

 

3.4.3 Production 

 3.4.3.1 Depth-averaged and volumetric production 

Areal PP over the study region was relatively consistent between the spring and neap 

tidal cycles (Fig. 3-8 a). Despite low PAR and nutrient concentrations, the highest PP 

rates measured (1190 mg C m-2 d-1 at station 24 on spring tide, 1636 mg C m-2 d-1 at 
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station 85 on neap tide) were in KS (Table 3-1). The 50 m station outside KS had the 

highest production rates along the shelf (~500 mg C m-2 d-1 measured during both the 

spring and neap tides (Fig. 3-8 a). PP was lowest at the 1000 m isobath (ranging 

between 45 and 78 mg C m-2 d-1 Table 3-1).  

Areal PP normalised to chl-a (Pb; an indicator of production efficiency) was also the 

highest in KS (26 - 67 mg C mg chl-a-1 d-1) and lowest offshore (2.5 - 3.4 mg C mg chl-

a-1 d-1 at the 1000 m production station) (Fig. 3-8 c). In KS, Pb during the spring tide 

was higher than during the neap cycle (spring average = 57.2 mg C mg chl-a-1 d-1, 

neap average = 38.4 mg C mg chl-a-1 d-1). 

Vertically within the water column, volumetric PP was highest near-shore, with 

maximum values (101 - 139 mg C m-3 d-1) observed inside KS near the surface (Fig. 

3-7), despite high values of [SPM] and low nutrient concentrations (Fig. 3-5 and 3-6). 

Along transects B and D, maximum production values were considerably lower (6 mg 

C m-3 d-1 and 8.8 mg C m-3 d-1) than that inside KS, with the highest rates found in near-

shore surface waters. On the shelf and further offshore, maximal depth integrated daily 

rates of volumetric PP were closely associated with subsurface phytoplankton chl-a 

biomass concentrations, with highest values (4.8 - 9.5 mg C m-3 d-1) found within the 

CM zone. Within KS, depth integrated daily rates of volumetric PP on the spring tide 

and the neap tide were similar with maximum values, in both cases, measured at the 

central stations sampled in the sound (spring station 25 = 84.6 mg C m-3 d-1, neap 

station 85 = 81.8 mg C m-3 d-1).  
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3.4.4 Statistical Results 

A one-way PERMANOVA with pair-wise comparisons (Table 3-2) was used to 

determine if any significant difference existed for PP and Pb between the four defined 

spatial regions (KS, shelf, mid-shelf and offshore). For PP, there was no significant 

difference between the 50 m (shelf) and 200 m (mid-shelf) stations (p = 0.09), but all 

other comparisons showed significant differences (p < 0.05). For Pb, there were 

significant differences (p < 0.05) between all regions.  

Table 3-2  
Results from the multivariate permutational analysis (PERMANOVA) of 
differences in Primary Production (PP) and Primary production normalised to chl-a 
(Pb) between bathymetric depth groups. KS = King Sound, 50 = 50 m, 200 = 200 
m, 1000 = 1000 m 
 
Permanova df SS MS Pseudo-F P(perm) Unique 

Perms 
Primary production (PP) 
Treatment 3 8463.3 2821.1 21.284 0.0001 9946 
Residuals 13 1723.1 132.55    
Total 16 10186     
Pair-wise test t P(perm)     
KS, 50 2.2834 0.0681     
KS, 200 3.7323 0.0182     
KS, 1000 6.8046 0.0071     
50, 200 1.946 0.1111     
50, 1000 6.9652 0.0262     
200, 1000 5.3967 0.0276     

 

Permanova df SS MS Pseudo-F P(perm) Unique 
Perms 

Primary production normalised to chl-a (Pb) 
Treatment 3 5627.5 1875.8 23.297 0.0009 9959 
Residuals 13 1046.7 80.519    
Total 16 6674.2     
Pair-wise test t P(perm)     
KS, 50 4.0801 0.0178     
KS, 200 5.0242 0.0163     
KS, 1000 5.2583 0.0156     
50, 200 10.234 0.0286     
50, 1000 27.177 0.0281     
200, 1000 2.5231 0.0288     
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A PCA (Fig. 3-10 a) investigating linear combinations of “environmental variables” 

([SPM], NO3-, PO43-, NH3, Si, salinity, dissolved oxygen and temperature) was used to 

explain the percent variation observed in Pb. KS separates out from the other depth 

categories due to the influence of temperature, salinity and [SPM] in the estuary. For 

nutrients, the silicate vector is shorter than either nitrate or phosphate. Overall the PCA 

yielded an eigenvalue of 3.3 for Principle component (PC) 1. This alone explained 60.7 

percent of the variation (Table 3-3), but when combined with PC2 (eigenvalue of 1.35) 

cumulatively accounts for 85.5 percent of the variation observed.  
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Fig. 3-10 Principle Coordinate Analysis (PCA) of Pb with environmental variables (a) 
and Pb with indicator pigments for diatoms (fucoxanthin) and cyanobacteria 
(zeaxanthin) and ratios of N:P and Si:P.(b). The depth category for where the 
production stations were sampled are represented by the numbers in the circles. 
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Table 3-3  
Eigenvalues and Eigenvectors from Principle Components Analysis of 
environmental variables to explain variation in Pb. 
 
Eigenvalues 
PC Eigenvalues % Variation Cumulative % Variation 
1 3.3 60.7 60.7   
2 1.35 24.9 85.5   
3 0.56 10.3 95.8   
4 0.13 2.3 98.1   
5 0.07 1.3 99.4   
      
Eigenvectors (Coefficients in the linear combinations of variables making up PC's) 
Variable PC1 PC2 PC3 PC4 PC5 
[SPM] -0.08 -0.79 0.50 0.26 0.23 
NOx

- 0.52 -0.13 -0.25 -0.36 0.72 
PO4

- 0.48 -0.38 -0.13 -0.17 -0.59 
NH4 0.00 -0.00 -0.01 0.02 -0.04 
Si 0.31 -0.13 0.07 -0.27 -0.30 
Salinity -0.35 -0.43 -0.80 0.16 -0.02 
Temperature -0.52 -0.15 0.12 -0.82 -0.03 

 

The PCA (Fig. 3-10 b) of Pb with the indicator pigments for diatoms (fucoxanthin) and 

cyanobacteria (zeaxanthin) with N:P and Si:P ratios suggests that diatoms contribute 

the bulk of water column primary production to King Sound. Zeaxanthin is associated 

with the shelf and offshore stations where the community was dominated by 

cyanobacteria and other small celled phytoplankton. An eigenvalue of 2.09 for PC 1 

explained 50.2 percent of the variation (Table 3-4), but when combined with PC2 

(eigenvalue of 1.10) cumulatively accounts for 76.7 percent of the variation observed. 

The vectors for N:P and Si:P are not strongly linked to any of the spatial patterns. 
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Table 3-4  
Eigenvalues and Eigenvectors from Principle Components Analysis of 
phytoplankton pigments and ratios of N:P and Si:P variables to explain variation in 
Pb. 
 
Eigenvalues 
PC Eigenvalues % Variation Cumulative % Variation 
1 2.09 50.2 50.2   
2 1.10 26.5 76.7   
3 0.81 19.5 96.1   
4 0.16 3.9 100   
      

Eigenvectors (Coefficients in the linear combinations of variables making up PC's)  
Variable PC1 PC2 PC3 PC4  
N:P 0.63 0.31 -0.27 0.66  
Si:P 0.67 -0.06 -0.24 -0.70  
Fucoxanthin -0.18 -0.95 0.03 -0.26  
Zeaxanthin -0.35 -0.05 -0.93 -0.02  

 

3.5 Discussion 

3.5.1 King Sound 

North-western Australia normally experiences significant rainfall (> 1000 mm) and 

terrestrial freshwater and sediment inputs during the summer monsoon (BoM, 2010; 

Wolanski and Spagnol 2003). In late 2009/early 2010, Western Australia’s tropical 

region was atypically dry due to the occurrence of a strong La Niña (BoM, 2016). As 

a result, prior to and during this voyage, rainfall was atypically low and more typical of 

the dry season, impacting the estimated river flow and discharge (Fig. 3-11) into King 

Sound and Collier Bay. King Sound was notably warmer and more saline than 

offshore, and evaporative processes were likely dominant in the shallow semi-

enclosed water body. Strong tidal mixing resulted in a well-mixed water column in the 

shallow Sound.   
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Fig. 3-11 Estimated river flow (a) and river discharge (b) for King Sound (black) and 
Collier Bay (grey). 

 

King Sound had depth averaged productivity estimates (> 1000 mg C m-2 d-1) similar 

to, or exceeding productivity in regions of sporadic upwelling along the coast of 

Western Australia’s Northwest Cape (450 - 2500 mg C m-2 d-1; Furnas and Mitchell, 

1999, Hanson et al., 2005) (Table 3-5).  High biomass specific rates of production 

suggest that phytoplankton are also more effectively fixing carbon in King Sound than 

off shore.  Despite having the highest rates of primary production, the nitrate to 

phosphate ratios were lowest in King Sound (< 6 compared to the Redfield et al. (1963) 

nitrogen to phosphorus ratio of ~16) suggesting that the sound is more strongly 

nitrogen limited than offshore waters.  Surface waters in King Sound were oligotrophic 

with low to undetectable concentrations of nitrate and ammonia.  Nutrient supply to 

coastal waters is typically pulsed during storms (Gallegos et al., 1992; Hama and 

Handa, 1994) and in the absence of recent runoff the high production may be 

sustained by efficient recycling of nutrients previously introduced into the system 

(Hargrave, 1973, 1975; Rowe et al., 1975, Burford et al., 2012).  Silicate:phosphate 

ratios were lowest in King Sound, but the ratios remained higher than the optimum 

(Redfield) value of ~ 15 indicating that silicate was not yet limiting diatom production 

in this diatom dominated community.   
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Table 3-5  
Comparison of Kimberley coastal and shelf PP from this study with other regions along 
the Western Australian coast (Furnas and Mitchell, 1999; Hanson et al., 2005). 

 

Kimberley PP (mg C m-2 d-1) Other Regions PP (mg C m-2 d-1) 
    

King Sound 420 - 1690 NW Cape 450 - 2500 
50m 220 - 560 Leeuwin Current 110 - 530 
200m 130 - 300 Ningaloo/Capes  840 - 1310 

1000m 45 - 80 Currents  
 

 

It is recognized that tides can control phytoplankton distribution in estuaries (Cloern, 

1991; Lucas et al., 1999; Trigueros and Orive, 2000) and in shallow coastal macrotidal 

regions of the coastal sea (Blauw et al. 2012, Houliez et al. 2013). Phytoplankton 

biomass (estimated from chl-a) in King Sound was higher during the spring tide than 

the neap tide. The semi-diurnal tides may enhance the supply nutrients from the 

bottom to surface waters (Cloern, 1996), which are quickly utilised. In shallow coastal 

ecosystems with short hydraulic residence times (due to riverine or tidal flushing) the 

phytoplankton population is subject to transport related losses. Because the biomass 

was highest during the period when transport losses would be expected to be greatest 

(spring tide), the phytoplankton population doubling time must be sufficiently rapid to 

account for the losses arising from the reduced residence time during high tidal flow 

periods (Malone 1977; Kikuchi et al. 1992). 

Suspended particulate matter and light attenuation was highest in King Sound where 

energetic tidal mixing is thought to resuspend the fine sediments deposited during the 

wet season (Wolanski and Spagnol, 2003). Concentrations of suspended particulate 

matter are strongly correlated with chl-a in the Sound suggesting that phytoplankton 

also contributed to the turbidity. Only a small proportion of surface irradiance reaches 
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the relatively shallow bottom. The high chl-a in such a potentially light limited setting 

suggests that the cells have adapted their physiology to counter the effect of the tidal 

mixing rapidly moving them in and out of optimum light exposure (Cloern, 1996). 

Diatoms dominated the community within King Sound. Sathyendranath et al., 2004 

determined that diatoms are able to rapidly adjust the amount of chl-a within the cell 

and compensate for the lower light by synthesising more pigment, and we suspect 

their adaptability accounts for their high contribution to the community structure within 

King Sound. 

 

3.5.2 Shelf 

The water column on the shelf was vertically stratified, with warm saline water sitting 

near the surface due to the abnormally dry conditions and high daily ambient 

temperatures (April mean maximum temp 32.5 °C; BoM, 2016). Despite the strong 

tidal movement, the stratification persisted on the shelf over the course of the study, 

but a pocket of warm saline surface water pushed shoreward on the neap tide. Murty 

et al. (2017) suggest tides cause oscillations in salinity and thereby redistribute the 

plankton biomass. Estuaries and estuary affected coastal regions fluctuating between 

high and null (or low) (tidal) energies can have increased biological production, as a 

result of the matching or resonance of physical scales with biological scales (Legendre 

et al., 1986; Ragueneau et al., 1996).  

A band of comparatively high nitrate levels was observed in water deeper than 50 m 

along transect A. Profiles during the spring tide indicated that these nutrients may be 

upwelled from the shelf-edge, and that tidal movements then push this upwelled water 

shoreward. Murty et al. (2017) showed a strong link between the influence of tides and 
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phytoplankton species distribution and zonation in coastal region. In Kimberley shelf 

waters this band of nitrate was located closer to the surface resulting in a 

corresponding increase in chl-a and productivity when the regime shifted to neap tides.  

Primary production of the shelf was lower than within King Sound.  A strong decrease 

in production with distance offshore was perhaps surprisingly associated with a 

concurrent decrease in the strength of nitrogen limitation (i.e. increase in the N:P ratio). 

While shelf waters are still oligotrophic and, in most cases, remain nitrogen limited (the 

N:P ratio at one of the 200 m stations (16.2) was above the Redfield criteria of 16) the 

higher apparent N availability than in King Sound may indicate nitrogen fixation which 

often dominates supply in the subtropics and tropics as a source of new nitrogen 

(Bianchi, 2007).  Trichodesmium is the source of 50% the nitrogen used by 

phytoplankton in the global ocean (Mahaffey et al. 2005) and was a relatively abundant 

and important component of the phytoplankton of the Kimberley region (Thompson 

and Bonham 2011).  On the shelf it is likely to be an important nitrogen source 

supporting the regional phytoplankton ecology (e.g. Furnas et al. 1995, Capone et al. 

1997).  

Why offshore production does not appear to take full advantage of the relative increase 

in nitrogen abundance offshore is not adequately known.  The phytoplankton 

community shifted from one dominated by diatoms within King Sound to picoplankton 

dominance, predominantly Synechococcus and Prochlorococcus, in the shelf break 

and offshore waters (Thompson and Bonham, 2011). This change in community 

structure was not due to silicate limitation of diatoms in offshore waters.  The diatoms 

within King Sound are likely more able to adapt their photo-physiology to maximise 

photosynthetic rates and harness light and nutrients when available. 
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Higher concentrations of SPM near shore on the shelf compared to further offshore 

could also be due to resuspension in shallow waters or due to exchange with King 

Sound. Along-transect salinity profiles indicated a distinct partition between waters of 

King Sound and those within the coastal region on the spring tide. On the neap tide, 

this partition breaks down and there appears to be more diffusion of waters from the 

mouth of the Sound.  

We found that despite oligotrophic surface conditions, Kimberley shelf waters support 

levels of phytoplankton biomass similar to productive coastal and shelf environments 

(Hallegraeff and Jeffery, 1984; Smayda, 1965; Rojas de Mendiola, 1981). Ecological 

factors constitute the basic requirement, and the physical factors (tide) the trigger for 

the formation of the transient phytoplankton accumulation.  

 

3.5 Concluding Remarks 

The unique tropical waters of the Kimberley coast are remote and poorly understood. 

This research provides a comprehensive investigation of pelagic primary production 

of the Kimberley shelf in proximity to and including King Sound. This area of the 

Kimberley coast is extremely complex, with physical forcing affecting productivity in 

differing ways according to distance from the coast. Kimberley shelf waters support 

phytoplankton biomass similar to other productive coastal and shelf environments, 

despite oligotrophic surface conditions. Primary production was highest in King Sound 

despite the strongest N limitation and may be sustained by efficient recycling.  Primary 

production decreases with distance across the shelf despite being accompanied by a 

relative reduction in the strength of the nitrogen limitation.  The additional nitrogen 

supply may be due to N fixation but the cause of the lack of a corresponding increase 

in production is not known. Inside King Sound and in the nearshore region, diatoms 
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make up the majority of the phytoplankton community, while from the shelf break and 

to further offshore, the community shifted to one dominated by picoplankton. Despite 

low nutrient availability and reductions in subsurface light by high levels of suspended 

particulate matter, King Sound was found to be a productivity “hot-spot”. Similar to 

other productive regions, diatoms within King Sound likely adapt their photo-

physiology to maximise photosynthetic rates and harness light and nutrients when 

available. The correlation between [SPM] and photosynthetic efficiency of planktonic 

algae suggests that phytoplankton are a major contributor to the turbidity observed.  

We found that shelf water nutrient enrichment ebbs and flows with spring-neap tidal 

cycles and may therefore be patchy, although supply inside King Sound seemed under 

consistent pressure by the rates of phytoplankton productivity. Tidal mixing of 

phytoplankton biomass from King Sound onto the shelf may be an important process 

in supporting food chains in the oligotrophic Kimberley coastal waters.  
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Chapter 4 - Evidence of phytoplankton light acclimation to periodic 
turbulent mixing along a tidally dominated tropical coastline. 

 

4.1 Summary 

One of the largest tropical tidal ranges in the world occurs in King Sound, a semi-

enclosed embayment in the Kimberley region of Western Australia. In this study, we 

examine phytoplankton physiological response to natural light and tidal mixing within 

King Sound and on the adjacent continental shelf at different phases of the spring-

neap (MSf) tide, and different vertical water-column positions, to explain why primary 

productivity is reportedly so high in the Sound. Incubations of phytoplankton within 

King Sound displayed reduced photosynthetic efficiency, elevated maximum 

photosynthetic rates, and no measurable photo-inhibition. This response is typical of 

high light adapted phytoplankton, and contrasts with phytoplankton on the adjacent 

shelf which display high photosynthetic efficiency, and strong light inhibition typical of 

low light adapted phytoplankton. The highest rates of photosynthesis were observed 

in the deeper parts of the sound where photo-acclimation to periodic vertical tidal 

mixing appears to allow higher maximum photosynthetic rates to be attained, while 

photo-inhibition is suppressed. At shallower locations upstream the phytoplankton are 

exposed to less vertical variation in light during a tidal mixing cycle and have a reduced 

maximum photosynthetic rate.   

__________________________ 

*Submitted to the Journal of Geophysical Research - Oceans “Evidence of phytoplankton light 
acclimation to periodic turbulent mixing along a tidally dominated tropical coastline.” by McLaughlin 
M.J., Greenwood J., Branson P., Lourey M.J., Hanson C.E. CSIRO Research manuscript reference 
EP191550. 
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4.2 Introduction 

Tidal mixing is an important control on phytoplankton distribution in estuaries (Cloern, 

1991; Lucas et al., 1999; Trigueros and Orive, 2000) and in shallow coastal macrotidal 

regions of the coastal sea (Blauw et al. 2012, Houliez et al. 2013). Tides induce 

horizontal and vertical mixing, which redistributes phytoplankton and nutrients, 

influencing community structure and phytoplankton population dynamics (Lewitus et 

al. 1998; Domingues et al. 2010). Despite several observations of tidally-driven 

variability in estuarine phytoplankton biomass and taxonomic composition (Jouenne 

et al. 2005; Wetz et al. 2006; Domingues et al. 2010; Blauw et al. 2012), the impact of 

tides on phytoplankton productivity has not been well investigated. Measurements of 

phytoplankton photosynthetic rates are critical to provide accurate predictions of 

primary production and biogeochemical processes, important components of carbon 

cycling, under the variable conditions that commonly define estuarine and coastal 

marine environments. Here, we are primarily concerned with the effect that vertical 

tidal mixing has on phytoplankton photo-physiology, and its implicit effect on the 

overall rate of carbon fixation. 

The importance of photoacclimation in aquatic phototrophs stems from the extreme 

spatial and temporal variability of the underwater light field (Dubinsky and Stambler 

2009). Photoacclimation in a phytoplankton cell is characterized by changes in the 

amount and ratios of light harvesting and photoprotective pigments, in photosynthetic 

parameters, photosynthetic and respiratory enzymatic activities, chemical composition 

and cell volume (Falkowski and LaRoche, 1991). Chloroplast size and morphology 

(shape and structure), numbers, and distribution within the cell, can be hugely different 

in the various phytoplankton classes and pigment-groups (Kirk and Tilney-Bassett, 

1978; Larkum and Vesk, 2003). The species-specific differences in chloroplast size 
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and morphology in a given species is also affected by light climate (irradiance, the 

spectral composition of irradiance and day length). In the aquatic environment these 

are amplified by the superimposed steep attenuation of light by water and the 

substances and particles dissolved and suspended in it (Smith & Mobley 2008). 

Vertical turbulent mixing of the water column can modify this situation by redistributing 

particles, such as phytoplankton cells or suspended sediment, and altering the upward 

flux of nutrients relative to the vertical light gradient. This enables cells to either escape 

prolonged periods near the surface where photo-inhibition can occur, or prevent them 

from sinking below the photic zone (Demers et al., 1986). Finely coordinated 

mechanisms of photoacclimation allow aquatic phytoplankters to survive over a 2 

order of magnitude range of ambient irradiance. Photoacclimation to low light requires 

adequate nutrient supply (Herzig & Falkowski 1989, Berges et al. 1996, Cardol et al. 

2008) whereas cells that successfully acclimate to high light have difficulties in 

maintaining Redfield ratios through sufficient nutrient uptake to keep up with the fast 

influx of carbon (Berman-Frank & Dubinsky 1999). Therefore, the optimal depth for 

phytoplankton growth is generally determined by the interrelationship between 

opposing vertical gradients in light intensity and nutrient concentration. 

The intensity and timing of tidally-induced vertical mixing can influence phytoplankton 

photo-physiology and overall productivity, as a result of changes in cell light history 

(Falkowski, 1980), and nutrient availability. Phytoplankton, in particular diatoms, can 

compensate for lower light conditions by rapidly synthesising more chlorophyll-a (chl-

a) pigment within the cell (Sathyendranath et al. 2004). When vertical mixing is 

moderate, the environmental conditions change at a rate slower than the physiological 

adaptation time of the phytoplankton, and the cells can continuously adapt their 

metabolism to these new conditions (Vincent, 1980). This can, for example, lead to 
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vertical structure in phytoplankton within otherwise density uniform ocean layers 

(Calbet et al. 2015). However, when vertical mixing is persistent and sufficiently 

intense, and environmental conditions change faster than the physiological adjustment 

time of phytoplankton, the cells tend to adjust toward average environmental 

conditions (Savidge, 1979; Falkowski, 1980). The physiological strategies that 

phytoplankton adopt in different mixing scenarios are important for maximizing the 

efficiency of utilization of available light and photosynthetic activity (Auclair et al., 

1982).  

The Kimberley region in the tropical North-west of Australia is a remote and biologically 

diverse oceanic habitat.  Semidiurnal, barotropic tides (Holloway et al., 2001) interact 

with the wide (~300 km) shelf to produce the second largest tidal range (up to 11 m) 

in the world (after Canada’s Bay of Fundy; Wolanski and Spagnol, 2003). The large 

tidal range generates strong currents (0.5 - 2 m s-1; Anon 1972). One of the largest 

topographical features of the southern Kimberley coast is King Sound (Fig. 1), a 100-

km-long, semi-enclosed embayment. The Sound is characterised by extensive areas 

of shallow water with a mean depth of 18 m, but near the mouth there is a 50 m-deep 

20-km-wide channel.  

McLaughlin et al. (2019) found in April/May 2010, that the waters near the mouth of 

King Sound, were a phytoplankton productivity “hot-spot” despite low ambient nutrient 

concentration and reduced water clarity compared with the adjacent shelf. Here, we 

investigate the reason for the enhanced phytoplankton productivity within King Sound 

by comparing the photo-physiology of phytoplankton cells collected in the Sound, with 

those collected in shelf waters. We present photo-physiological data collected at 

different phases of the spring-neap (MSf) tidal cycle, and at different vertical water-

column positions, across the continental shelf including locations within King Sound. 



61 
 

We also use satellite data and results from a numerical model to help characterise the 

tidal mixing conditions in the region, and phytoplankton pigment data to identify the 

dominant phytoplankton species.     

 

4.3 Materials and Methods 

4.3.1 Oceanographic sampling  

Three cross-shelf transects were occupied during an oceanographic cruise 

(subsequently referred to as SS2010) off the south-eastern section of the Kimberley 

coast in proximity to King Sound (KS) (13.5 - 17°S, 120 - 124°E; Fig. 4-1) in austral 

autumn (14 April - 5  May 2010). A central transect that extended into KS was sampled 

twice; once on the rising spring tide, and again on the falling neap tide approximately 

two weeks later. A northern and a southern transect provided greater spatial coverage 

of the shelf, with the northern transect (Fig 4-1; stations 27, 45 and 46) sampled 1.5 

days following the spring-tide maximum, and the southern transect (Fig 4-1; stations 

121, 109 and 101) sampled between 3 and 5 days following the neap tide.   
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Fig. 4-1 Location where phytoplankton productivity measurements, and supporting 
measurements of density, PAR, and chlorophyll fluorescence were made, within 
King Sound and on the adjacent shelf (solid circles). 

 

To evaluate cross-shelf differences in phytoplankton photo-physiology, locations near 

the 50 m (inner shelf), 200 m (mid-shelf), and 1000 m (outer-shelf) isobaths were 

sampled on each transect. On the central transect excursions into KS were made 

where a further two stations were sampled on the spring tide (Fig 4-1. stations 24 and 

25) and two stations during the neap (Fig 4-1. stations 84 and 85). Water samples 

were collected using a 24 x 10 L Niskin bottle rosette with profiles of conductivity and 

temperature (Seabird SBE 9/11 dual-sensor unit), photosynthetically active radiation 
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(PAR 400–700 nm; Biospherical Instruments QCP-2300),  and fluorescence (Chelsea 

Instruments Aquatracka™ fluorometer) calibrated with extracted chlorophyll samples 

collected from the water column. Water samples from the production cast at each 

station were collected from between 3 and 5 nominal depths (surface [~ 2 m], 10 m, 

25 m, 50 m, 75 m) dependent upon the bottom depth, and analysed for primary 

production (PP) in addition to chl-a and phytoplankton community structure via high 

performance liquid chromatography (HPLC). 

Vertical PAR profiles for each production cast were obtained from the on-site CTD 

cast closest to the sun’s zenith. Light profiles collected at some other nearby shelf 

locations occupied during the same cruise (Cherukuru et al. 2019) were added to 

provide additional information about the underwater light climate on the continental 

shelf. Linear regression of the natural logarithm of PAR versus water-depth confirmed 

exponential light decay in most cases providing a value of the attenuation rate 𝑘 . For 

the PAR profiles collected in King Sound the surface irradiance measured on the deck 

of the ship was used to provide an additional in-water value at a nominal depth of 1 m 

after adjusting for sun angle and 7.6% rapid attenuation following the approach of 

Morel (1991). Euphotic depth (𝑧 ) was calculated as the water depth where irradiance 

is reduced to 1% of the surface value as 𝑧  =  ln(0.01) / 𝑘 . We note that this is a 

somewhat conservative estimate of the ocean's true euphotic zone (Marra et al. 2014), 

but it nevertheless provides a useful reference for this study. For stations 24, 25, 84 

and 85 occupied within King Sound the median and mean PAR were also calculated 

according to the formulations given by Berenhfeld (2015) (median) and Blain et al. 

(2013) (mean) and using a daily mean near-surface irradiance of 500 µE m-2 s-1 based 

on mean daily records of incident PAR collected during the cruise and adjusted for sun 

angle and 7.6% rapid attenuation at the water surface. Mixed-layer depth (𝑙) was 
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calculated as the depth where the value of the potential density unit (𝜎 ), is offset by 

+ 0.03 kg m-3 compared with the value at 10 m (de Boyer-Montegut et al. 2004). For 

locations within King Sound where 𝜎  remained above this threshold throughout the 

water-column, the mixed-layer was assumed to extend to the seabed. The implied lack 

of any vertical density stratification in these cases was confirmed by visual 

examination of the vertical profile of 𝜎 .  

 

4.3.2 Satellite remote sensing and hydrodynamic model analysis 

Satellite remote sensing data were obtained from the Integrated Marine Observing 

System (IMOS) and analysed in conjunction with output from a three-dimensional 

numerical hydrodynamic model developed for the Western Australian Marine Science 

Institute (WAMSI). To identify the extent of persistent vertical tidal mixing on the 

continental shelf, the spatial gradient in night-time climatological Sea Surface 

Temperature (SST) was also calculated from the Sea Surface Temperature Atlas of 

the Australian Regional Seas (SSTAARS) published in Wijffels et al. (2018).  

In northern Australia, vertical mixing by the strong tidal currents act as a sink for heat 

and freshwater input at the ocean surface. Assuming that in a given region the mixing 

efficiency and bed friction coefficients are constant the location of the front should be 

defined by a critical value of ℎ/𝑢 , where ℎ is the water depth and 𝑢 is the surface tidal 

velocity amplitude (Simpson & Hunter, 1974). We utilized the results from a three-

month simulation with the Regional Ocean Modelling System (ROMS) to calculate the 

surface tidal velocity amplitude as 𝑢 = 𝑢 + 𝑢  where 𝑢  and 𝑢  are the amplitude 

of the semi-major tidal ellipses for the M2 and S2 tidal constituents from a harmonic fit 

of the modelled surface current. The ROMS model utilized 30 uniformly spaced vertical 

sigma layers and included forcing from surface heat fluxes, freshwater input from 
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coastal catchments and applied the k-𝜖 turbulence closure scheme with a quadratic 

bed friction coefficient of 3 x 10-3. For further details of the model configuration and 

validation see Feng et al. (2017).  

Lewis et al. (1984) present a simple model that compares the relative magnitudes of 

the timescales of photoadaptation to the timescales of irradiance fluctuations due to 

vertical mixing. To assess the influence of vertical tidal mixing on the observations of 

plankton photo-physiology we estimated a mixing timescale from the ROMS simulation 

as 𝑇 = 𝑙 /𝐾  where 𝐾  is the modelled vertical turbulent diffusivity (with units m2/s) 

and 𝑙 is the thickness of the mixed layer. On continental shelves with large tides, 

increases in vertical mixing during the spring tide are accompanied by increases in 

suspended sediment due to the increased bed shear stress. At in-situ sample locations 

estimates of the light attenuation coefficient (𝑘  at 490 nm) were obtained from the 

MODIS ocean colour satellite record from 2002 – 2020 available from IMOS. At each 

station a harmonic fit of the water surface elevation from the ROMS model was 

calculated to provide a 20-year timeseries of predicted tide for each station. 

Observations of cloud-free pixels within 2 km of each station were classified according 

to the tidal phase of the semi-diurnal (high water, ebb tide, low water and flood tide) 

and spring-neap (spring, falling, neap and rising) cycles at the time of pixel acquisition. 

Within each tide phase class, the mean and standard deviation of 𝑘  was calculated 

to provide an estimate of changes in irradiance length scale (𝑘 ) compared to the 

mixing length scale (𝑙). 
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4.3.3 Phytoplankton pigment analyses 

One litre of seawater from each depth was vacuum-filtered onto a Whatman 25 mm 

diameter glass fibre filter (GF/F) (nominal pore size of 0.7 μm) and analysed for chl-a 

and phaeopigment (represents the total chl-a fraction). The filters were stored at -20°C 

until analysis (24 - 48 hours post-collection), when pigments were extracted in 90% 

acetone overnight and analysed using a calibrated Turner Designs model 10AU 

fluorometer and the acidification technique of Parsons et al. (1989).  

Between 1-5 L of the surface water sample were filtered onto a 25 mm, 0.7 µm, 

Whatman GF/F and stored in liquid nitrogen until analysis. Phytoplankton pigments 

were extracted and analysed by High Performance Liquid Chromatography (HPLC) 

with a Waters-Alliance system following the CSIRO protocol detailed in Hooker et al., 

(2009). In this study (as per Clementson et al., 2004) pigments that relate specifically 

to an algal class are termed marker or diagnostic pigments (Jeffrey and Vesk, 1997). 

Some of these diagnostic pigments are found exclusively in one algal class (e.g. 

alloxanthin which is only found in cryptophytes) while others are the principal pigments 

of one class but are also found in other classes (e.g. fucoxanthin in diatoms and some 

haptophytes). The presence or absence of these diagnostic pigments can provide a 

simple guide to the composition of a phytoplankton community including identifying 

classes of small flagellates that cannot be determined by light microscopy techniques. 

In this study the presence of fucoxanthin has been used to indicate diatoms; peridinin 

- dinoflagellates; 19’ - hexanoyloxyfucoxanthin (19HF) haptophytes; alloxanthin - 

cryptophytes; prasinoxanthin - prasinophytes; lutein - chlorophytes; zeaxanthin - 

cyanobacteria and 19’-butanoyloxyfucoxanthin – pelagophytes (Vidussi et al. 2001). 
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4.3.4 Laboratory incubations  

During the voyage, a total of 58 phytoplankton primary production versus irradiance 

experiments were conducted at discreet water depths for 15 locations across the 

continental shelf including King Sound (Fig. 4-1). The results from these experiments 

were used to characterise changes in phytoplankton photo-physiology reported here 

and calculate depth-integrated primary production rates reported by McLaughlin et al. 

(2019).    

A small volume (7 mL) 14Carbon (14C) uptake method was used with a photosynthetron 

incubator (Lewis and Smith 1983; Mackey et al. 1995, 1997). Water samples collected 

during night-time casts were stored at cool temperature in the dark until processing 

and incubation on the following day. A working solution for each depth was created by 

inoculating sample water with 14C (as NaH14CO3) to a final concentration of 1.0 µCi 

per 1.0mL seawater. Duplicate aliquots from each sampling depth were incubated for 

approximately 1 h at seven main light levels, ranging from 0 to 750 µEm-2 s-1, by using 

combinations of spectrally resolving blue filters (LEE Filters # 119, 201, 202, and 203; 

for detailed wavelength specifications see http://www.leefilters.com/lighting/colour-

list.html). Duplicates were exposed to slightly different irradiance levels by variability 

in the light output through distance between the light tubes with actual irradiance levels 

(measured using a Biospherical Instruments Inc. 2100 PAR logger) used in the 

analyses to account for inherent variability in the light output between the light tubes. 

Two 100 µL aliquots from each depth were analysed to determine the total initial 

activity, as were duplicate 7mL time zeros (Mackey et al., 1995). Continuous surface 

seawater flow through the photosynthetron was used to regulate the temperature for 

all incubations. Experiments were terminated through the addition of 0.25mL of 6M 

HCl and placing the samples in an orbital shaker at ~180 revs min-1 for ca. 24 h to 
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drive off any excess 14C as CO2 (Mackey et al., 1995). All samples were counted on-

board the ship using an LKB Rackbeta liquid scintillation counter the following day.  

The model of Platt et al. (1980) was successfully fit to the majority of the 

photosynthesis-irradiance data using the Matlab © function nlinfit according to  

 (1) 

Where 𝑃 is chlorophyll a specific photosynthesis in units of mg C mg Chl-a-1 hr-1, 𝑃  is 

the light saturated photosynthetic rate in the absence of photo inhibition in units of hr-

1, 𝛼 (photosynthetic efficiency) is the initial slope of the productivity irradiance 

response in units of [mg C mg Chl-a-1 h-1 µEm2 s], 𝛽 is an index of photo inhibition 

(same units as 𝛼), and 𝐼 is irradiance in µEm-2 s-1. The maximum photosynthetic rate, 

𝑃  is calculated as  

                                                                                         (2) 

For the data collected within King Sound, the fitting of equation 1 failed due to scatter 

in the rate data collected at high light intensities, and lack of any clear evidence of light 

inhibition, making estimation of the model parameters uncertain. In these cases, a 

simplified model was easily fitted to the data by assuming 𝛽 equal to zero 

P = Ps (1– e-αI/Ps)                                             (3) 

Where 𝑃  is numerically equal to 𝑃  , and 𝛼 retains its earlier meaning. Successful 

fitting of equation 3, in cases where equation 1 had previously failed, reflected a 

general absence of any noticeable photo-inhibition in the data.    

 

  ss PIPI
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4.4 Results 

4.4.1 Euphotic and mixed-layer depths 

Vertical profiles of σθ, and PAR show that, except at some of the KS and 50 m stations, 

the euphotic depth is greater than the mixed-layer depth, and generally increases with 

distance offshore (Fig. 4-2). The lack of any significant vertical gradient in water 

density or chl-a concentration suggests that all KS stations were vertically well-mixed 

at the time of sampling (Fig. 4-3). This finding is consistent with the mixed-layer 

extending to the seabed at all KS stations. The gradient of the natural logarithm of 

PAR versus depth suggested differences in water clarity on different phases of the 

MSf tidal cycle, with steeper slopes on the spring tide indicating light attenuation was 

higher (Fig. 4-3). In-situ light attenuation also tended to be stronger at the deeper KS 

stations 24 and 84 than the shallower stations 25 and 85 located further upstream.  

The combination of deeper water and stronger light attenuation resulted in the 

euphotic depth at the deeper KS stations 24 and 84 being 18 and 14 m  shallower than 

the seabed respectively, while the shallower KS stations 25 and 85 further upstream 

had euphotic layers that extended over most of the water-column. Calculations of 

mean and median PAR at the KS stations emphasize these differences with the mean 

water-column PAR intensity approximately 1.5 times greater, and the median PAR 

intensity 4 or 5 times greater at the shallower upstream sites (Table 1).  
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Fig. 4-2 Variation of euphotic depth with mixed-layer depth at KS stations 24, 25, 
84, and 85 (circles), and at the 50 m (asterisks), 200 m (squares), and 1000 m 
(crosses) depth contours. The dashed line represents a 1:1 relationship between 
the two variables for reference. 
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Fig. 4-3. Vertical variation in potential density (σθ), chlorophyll a concentration (Chl 
a), and natural logarithm of photosynthetic radiation (PAR)  recorded at 1 meter 
vertical resolution during spring (solid lines) and neap (dashed lines) tide conditions 
for KS station 24 (red solid line), 25 (blue solid line), 84 (red dashed line) and 85 
(blue dashed line). PAR values less than 1% of the surface irradiance are not 
included.  
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4.4.2 Tidal mixing on the continental shelf 

On the continental shelf in the Kimberley Region tidal mixing plays a significant role in 

breaking down stratification for depths shallower than 50 m. In Northern Australia, 

persistent cold patches have been found to coincide with regions with significant 

variability in SST over the spring/neap cycle and coincide with regions that have 

suppressed both seasonal and non-seasonal variance in SST (Wijffles et al, 2018). 

Studies of SST fronts in regions where tidal mixing is significant suggest that tidal 

mixing dominates for ℎ/𝑢  <  50 with SST fronts observed for  65 <  ℎ/𝑢  <  100. On 

the Kimberley shelf region gradients in SST climatology larger than 1o C per degree of 

latitude occur along the 50 m contour and correspond with the region 65 <  ℎ/𝑢  <

 100 calculated from the ROMS numerical model (Fig. 4-4). During spring tides, the 

temperature front in the proximity of the 50 m contour corresponds to a numerically 

modelled mixing timescale (𝑇 ) of 24 hours (taking 𝑙 as the water depth). For areas 

shallower than the 50 m depth, 𝑇  < 24 hours during spring tides. For shelf regions 

where the depth is greater than 50 m, surface mixing (due to the wind) become the 

dominant process driving mixing within the euphotic zone.  

 

 

 

Table 4-1.  Kd, Mean and Median PAR values as indicators of the light climate within 
the mixed layer depth for both Spring and Neap tidal influenced production stations 
located within King Sound. 

 

Station MLD 
(m) 

Mixing Time 
Scale (h) 

Kd (m-1) Mean PAR (mol 
photons m−2day−1) 

Median PAR (mol 
photons m−2day−1) 

24 36 3.6 0.27 48 4 

25 29 3.5 0.22 74 20 

84 40 6.6 0.18 66 13 

85 31 6.6 0.15 101 48 
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Fig. 4-4. Gradient in climatological temperature (shading) overlain with expected 
frontal region, 65 < ℎ 𝑈⁄ < 100, (hatched contours) calculated from the ROMS 
hydrodynamic model.  

 

4.4.3 Phytoplankton community composition 

Within King Sound (CTD stations 24–25, 84–86), the phytoplankton community was 

dominated by diatoms as indicated by the relatively high concentrations of fucoxanthin 

(~30 to 55% of mean relative pigment contribution). On the adjacent shelf, the 

community was increasingly dominated by cyanobacteria and haptophytes with 

distance offshore, according to the relative increase in zeaxanthin and 

hexanoyloxyfucoxanthin concentrations compared with other pigments (Fig. 4-5). 
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Variation in phytoplankton pigment concentrations between sites located in King 

Sound (KS) and the 50, 200 and 1000 m depth contours on the adjacent continental 

shelf during spring, and neap tidal conditions were investigated for the four main 

phytoplankton groups (diatoms, dinoflagellates, haptophytes and cyanobacteria; Fig. 

4-5, A and B). Linear regressions of the change in pigment concentration between 

sites was used to calculate R2 values for each phytoplankton group. For diatoms, 

during both the spring and neap tidal conditions there was a positive correlation 

moving shoreward into King Sound and [fucoxanthin] (R2 = 0.86 spring, and 0.91 

neap). During spring tidal conditions, the linear model yielded R2 values of 0.5 for 

cyanobacteria [zeaxanthin], and 0.06 for haptophytes [hexanoyloxyfucoxanthin (hex-

fucoxanthin)], with R2 values decreasing to 0.1 and 0.01 during the neap tide. Similar 

to cyanobacteria, for dinoflagellates, the correlation between stations offshore moving 

into King Sound and [peridinin] during the spring tide yielded a R2 value of 0.5. During 

the neap tidal condition, the correlation onshore strengthened shown by an R2 value 

increasing to 0.93.  
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Fig. 4-5 Variation of phytoplankton pigment concentrations in King Sound (KS), and 
at the 50, 200 and 1000 m depth contours on the adjacent continental shelf during 
(a) spring, and (b) neap tidal conditions (adapted from McLaughlin et al. 2019). 
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Fig. 4-6 Variation in concentration of the four dominant phytoplankton pigment 
groups and linear regressions of changes between sites located in King Sound 
(KS) and the 50, 200 and 1000 m depth contours on the adjacent continental shelf 
during (a) spring, and (b) neap tidal conditions.  

 

4.4.4 Phytoplankton light response curves 

The photo-physiological (PI) response on the mid- and outer-shelf (Fig. 4-7; Table 4-

2), where phytoplankton mainly grow in a sub-surface layer (McLaughlin et al., 2019), 

is typical of observations made elsewhere in the open-ocean where the lack of 

available nutrients at the surface tends to limit phytoplankton growth to the base of the 

euphotic layer (Hanson et al. 2007). Under these conditions the phytoplankton in the 
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study region displayed relatively high photosynthetic efficiency with a median value of 

0.121 mg C mg chl-a-1 h-1 µEm2 s (0.064 ≤ 𝛼 ≥ 0.239), and relatively strong light 

inhibition with a median value of 0.017 mg C mg chl-a-1 h-1 µE m2 s (0.005 ≤ β ≥ 0.047), 

typical of low light adapted phytoplankton (Demers et al., 1986). The PI response at 

depths less than the estimated mixed layer tended to be similar (Table 4-2; Fig. 4-7), 

whereas below the mixed layer  vertical variation in the PI response was more 

noticeable with maximum photosynthetic rates reducing, and the onset of photo-

inhibition occurring at lower light intensities, with increasing water-depth (Table 4-2; 

Fig. 4-7). Maximum photosynthetic rates on the mid- and outer-shelf ranged from 

1.410 to 9.564, with a median value of 5.177 mg C mg chl-a-1 h-1 (Table 4-2).   

In contrast, the phytoplankton PI response in KS displayed a reduced median 

photosynthetic efficiency of 0.075 mg C mg chl-a-1 h-1 µEm2 s (0.056 ≤ 𝛼 ≥ 0.175), an 

elevated median maximum photosynthetic rate of 8.889 mg C mg chl-a-1 h-1 (4.554 ≤ 

𝑃   ≥ 14.589), and lack of any pronounced photo-inhibition compared with the shelf, 

(Fig 4-8; Table 4-2), typical of light-acclimated phytoplankton (Demers et al. 1986). 

The highest maximum photosynthetic rate was observed in KS under spring tide 

conditions at station 24 with values ranging from 9.320 to 14.589 mg C mg chl-a-1 d-1 

between the surface and 25 m water depth (Fig. 4-8). Similar results were obtained at 

the equivalent location during neap tide conditions (station 84) with values of Pmax 

estimated to be between 9.704 and 13.689 mg C mg chl-a-1 d-1 (Fig. 4-8). At stations 

25 and 85, located in shallower water further upstream, values of 𝑃   were 

significantly reduced with median values of 7.718 (7.341 ≤ 𝑃   ≥ 8.458) and 4.762 

(4.554 ≤ 𝑃   ≥ 5.068) mg C mg chl-a-1 d-1 respectively, and also displayed reduced 

vertical variability compared with stations 24 and 84 (Fig. 4-8; Table 4-2).  
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Fig. 4-7 Variation of photosynthetic rate with irradiance for inner-, mid-, and outer-
shelf locations along the northern, central and southern transects shown in Fig 4.1. 
The code in the upper right corner of each panel indicates the CTD station number 
and corresponds with station numbers shown in Fig. 4.1, and used in Table 4.2. 
Note that the central transect was sampled twice, once during spring tide conditions, 
and again during neap tide conditions. No data is available for the mid-shelf location 
sampled on the central transect during spring tide. Lines are a non-linear fitting of 
equation 1 to the data points (filled circles), and shading shows the 95% confidence 
interval of the fitting. Colours represent different vertical water-column positions: 
black 0 m, red 10 m, blue 25 m, green 50 m and magenta 75 m. Fitting parameters 
are reported in Table 4-2. 
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Fig. 4-8 Variation in photosynthetic rate with irradiance measured during spring (left-
hand panels) and neap (right-hand panels) tide conditions at two different locations 
(CTD 24/84, and CTD 25/85) within King Sound (See Fig 4-1 for locations). Lines 
are a non-linear fitting of equation 3 to the data points (filled circles), and shading 
shows the 95% confidence interval of the fitting. Colour represents different water-
column depths: black 0 m, red 10 m, and blue 25 m. Fitting parameters are reported 
in Table 4-1. 
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Table 4-2.  Fitted photosynthetic parameter value for each vertical water-column position sampled with 
shelf position. 
 

CTD Shelf position 
(MSf tidal phase) 
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Fitted parameter value at each vertical water-column position 
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N

ot
 a

pp
lic

ab
le

 
 

 
N

ot
 a

pp
lic

ab
le

 
 

 α 0.18 0.08 0.10 
 β - - - 

 
25 

King Sound 
(spring) 

 
29 

  
29 
 

Pmax 7.72 7.34 8.46 
 α 0.06 0.06 0.07 
 β - - - 

 
84 

King Sound 
(neap) 

 
40 

  
40 

Pmax 9.70 13.69 13.26 
 α 0.09 0.07 0.09 
 β - - - 

 
85 

King Sound 
(neap) 

 
31 

  
31 

Pmax 4.77 5.07 4.55 
 α 0.06 0.08 0.07 
 β - - - 

 
27 

Inner shelf 
north transect 

 

 
59 

  
15 
 

Pmax 10.22 9.92 9.41 7.24 
 α 0.11 0.11 0.11 0.09 
 β - - 0.01 0.01 

 
17 

Inner shelf 
central transect 

(spring)  

 
62 

  
62 

Pmax 4.81 3.24 3.02 4.04 
 α 0.05 0.05 0.04 0.05 
 β 0.01 - - 0.01 

 
87 

Inner shelf 
central transect 

(neap) 

 
65 

  
18 

Pmax 4.81 5.20 3.61 2.92 
 α 0.05 0.05 0.05 0.06 
 β - - 0.01 0.01 

 
121 

Inner shelf 
south transect 

 

 
62 

  
61 
 

Pmax 3.07 3.23 3.09 3.27 
 α 0.04 0.04 0.03 0.04 
 β - - - 0.01 

 
35 

Mid shelf 
north transect 

 

 
198 

  
33 

Pmax 8.97 9.56 7.08 2.30 2.01 
 α 0.16 0.15 0.12 0.07 0.08 
 β 0.02 0.05 0.02 0.01 0.01 

 
73 

Mid shelf 
central transect 

(neap) 

 
201 

  
17 
 

Pmax 8.01 8.02 4.95 3.72 2.39 
 α 0.09 0.09 0.11 0.09 0.12 
 β 0.01 0.02 0.02 0.02 0.01 

 
109 

Mid shelf 
south transect 

 

 
201 

  
11 

Pmax - 7.95 7.45 1.64 2.03 
 α - 0.14 0.12 0.13 0.08 
 β - 0.02 0.03 0.01 0.01 

 
46 

Outer shelf 
north transect 

 
1007 

  
45 

Pmax - 5.87 7.19 2.80 1.80 
 α - 0.12 0.17 0.10 0.13 
 β - 0.10 0.03 0.02 0.01 

 
3 

Outer shelf 
central transect 

(spring) 

 
1337 

  
36 

Pmax - 4.96 3.19 2.79 1.41 
 α - 0.12 0.06 0.08 0.11 
 β - 0.02 0.02 0.02 0.01 

 
55 

Outer shelf 
central transect 

(neap) 

 
1049 

  
52 

Pmax - 6.93 8.19 3.72 2.00 
 α - 0.18 0.16 0.13 0.12 
 β - 0.03 0.04 0.02 0.02 

 
101 

Outer shelf 
south transect 

 

 
1043 

  
63 

Pmax - 6.60 7.41 5.12 1.62 
 α - 0.14 0.24 0.14 0.08 
 β - 0.02 0.01 0.02 0.01 



81 
 

Results for the inner-shelf returned the lowest median values of both photosynthetic 

efficiency 0.048 (0.03 ≤ 𝛼 ≥ 0.114) mg C mg chl-a-1 h-1 µEm2 s , and maximum 

photosynthetic rate 3.8215 (3.021 ≤ 𝑃   ≥ 10.223) mg C mg chl-a-1 d-1 with weak 

rates of photo-inhibition 0.004 (0.000 ≤ 𝛽 ≥ 0.004) mg C mg chl-a-1 h-1 µEm2 s 

compared with shelf positions further offshore and with stations inside KS (Figs. 6 & 

7; Table 1). Very little vertical variation in the PI response was observed on the inner-

shelf at stations 17 and 121, where the mixed layer was estimated to extend to the 

seabed (Table 1; Fig 6). In contrast, the relatively shallow mixed-layers of 15 m and 

18 m observed at stations 27 and 87 respectively corresponds with observed vertical 

separation in the PI response at 0 and 10 m from the response at 25 and 50 m (Table 

1; Fig 6).  

 

4.4.5 Relative importance of tidal mixing on phytoplankton photoadaptation 

Lewis et al. (1984) proposed a simple model to compare the (order of magnitude) 

importance of photoacclimation compared to vertical turbulent mixing based on a 1-D 

reaction-diffusion model. Assuming that vertical variations with depth of phytoplankton 

photoadaptive parameters are due to acclimation to the local light climate, the 

dimensionless groups that control photoacclimation are the irradiance aspect ratio 𝑘 𝑙 

and the relative mixing timescale 𝐾 𝛾/𝑙  where 𝛾 is the acclimation timescale of the 

photoadaptive parameter under consideration. The modulation of the M2 tide across 

the spring neap cycle results in variations in both vertical mixing and light attenuation 

due to enhanced bed shear stress and resuspension of seabed sediment. Fig. 4-9 

presents the variation in photoacclimation regime derived from MODIS estimates of 

𝑘  =  𝑘  and vertical mixing from the ROMS model. For KS stations 𝑙 is taken as the 
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local water depth and for all other stations 𝑙 is taken to be nominally 40 m (Fig. 4-9). 

In KS vertical turbulent mixing is dominant for photoacclimation timescales greater 

than approximately 4 hours (Fig. 4-9a) across the spring neap cycle. Timescales of 

vertical mixing in KS are consistent across the two stations (Table 1), despite their 

differing depth due to vertical mixing scaling with the water depth in shallow open 

channel flow (Fisher, 1963). However, spatial and temporal variations in light 

attenuation result in differing light climates with station 24/84 having greater vertical 

variations in light (over a mixing timescale) than station 25/85. At stations on the 50 m 

depth contour, photoacclimation dominates vertical mixing for adaptation timescales 

shorter than approximately 24 hours across the spring neap cycle. Depending on the 

location, mixing timescales can vary by an order of magnitude across the spring neap 

cycle, with station 121 exhibiting the largest variation across the MSf cycle. At stations 

further offshore photoacclimation dominates vertical mixing and vertical variations in 

photoadaptive parameters are expected.  
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Fig. 4-9. Variation in photo-acclimation regime at the sampling locations for stages of 
the spring-neap cycle in the non-dimensional parameter space of irradiance aspect 
ratio 𝑘 𝑙 and mixing timescale ratio 𝐾 𝛾/𝑙  for (a) photo-acclimation time scale 𝛾 =  4 
hours and (b) 𝛾 =  24 hours. The dashed line (𝐾 𝛾/𝑙 = 1 − exp(−𝑘 𝑙) divides the 
parameter space into a region where photo-acclimation dominates and a region where 
vertical mixing dominates (Lewis et al, 1984).  
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4.5 Discussion 

King Sound has been identified as a pelagic productivity 'hotspot', despite reduced 

water clarity and low ambient nutrient concentration compared with the adjacent shelf 

(McLaughlin et al. 2019). Closer investigation of the photo-physiological (PI) response 

of phytoplankton sampled in the region reported here, suggests that photo-acclimation 

to periodic vertical tidal mixing, is responsible for the high rates of depth-integrated 

productivity measured near the mouth of King Sound. Dissolved nutrient content was 

low and constant with depth at the time of sampling the KS stations (McLaughlin et al. 

2019). We suspect that this is due to the vertical tidal mixing which delivers a 

continuous supply of nutrients to the surface waters in King Sound where they are 

taken up rapidly to support the rapid fixation of carbon.  

Depending on topography and tidal amplitude, dissipation of semi-diurnal (M2) tidal 

energy can result in either continuous intense turbulent vertical mixing, or alternating 

periods of weak and relatively strong mixing at M2 frequency. In an environment 

exposed to continuous intense mixing, the light conditions experienced by 

phytoplankton can change faster than the physiological adjustment time of the cells, 

so that phytoplankton can only adjust to the average light conditions (Demers and 

Legendre, 1982). In contrast, phytoplankton exposed to alternating periods of weak 

and strong vertical mixing at M2 frequency can respond by changing their maximum 

photosynthetic rates (Fréchette and Legendre, 1982), depending on their relative 

position in the water column compared to the vertical light gradient. Enhanced 

photosynthetic activity has been observed for phytoplankton exposed to cyclical 

changes in light intensity, likely due to reduced exposure of cells to bright light allowing 

high rates of photosynthesis to be maintained before photo-inhibition occurs (Demers 

et al. 1986). The MSf tide modulates the amplitude of the M2 tide changing the vertical 
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mixing conditions for phytoplankton; spring tides will favour more continuous mixing 

with shorter periods of stability and stronger mixing, while neap tides will offer longer 

periods of stability and reduced mixing rates.     

The highest rates of photosynthesis were recorded for phytoplankton sampled near 

the mouth of KS (Fig 4-1. stations 24 and 84), with little difference between spring and 

neap tide conditions (Fig. 4-8). Low photosynthetic efficiency and absence of photo-

inhibition at this location is characteristic of light-adapted phytoplankton. We propose 

that alternate weak and strong mixing at M2 frequency exposes phytoplankton in this 

area to cyclical changes in light intensity at M2 frequency, allowing higher maximum 

photosynthetic rates to be attained, and delaying the onset of photo-inhibition. Cyclical 

variations in the phytoplankton light climate at this location are exaggerated by the fact 

that the photic layer covers little more than half of the total water column, meaning that 

during a mixing cycle (where mixing extends all the way to the seabed) the 

phytoplankton will spend some time in the ‘dark’. Further upstream in King Sound (Fig 

4-1. stations 25 and 85) the mixing timescales are the same, but the increased depth-

averaged PAR at these locations (Table 4-1) as a result of the similarity between 

mixing and photic depths, means that the phytoplankton experience reduced vertical 

variations in light over a mixing timescale than they do at the deeper KS sites 24/84. 

This is reflected in the vertical separation of the two main KS locations when plotted 

on Figure 8. We suspect therefore that a more constant light climate is the main reason 

for the lower maximum photosynthetic rates measured at the upstream KS sites, 

assuming that cyclical changes in light lead to higher maximum photosynthetic rates 

as argued above. However without information about nutrient uptake rates, nutrient 

limitation at the upstream sites cannot be eliminated as a possible cause for the 

reduced photosynthetic rates. We note that, sampling in KS generally took place close 
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to high tide to aid ship navigation, and therefore may have coincided with lower tidal 

velocities and lower rates of vertical mixing than experienced at other times of the M2 

tidal cycle. 

From diagnostic pigments, we found the phytoplankton community in King Sound was 

dominated by diatoms (Fig 4-5), which has been shown in lab culture experiments to 

be adaptive to their environment by changing their photosynthetic potential to meet 

the demands of the area (Lavaud et al. 2007). Diatoms also generally have higher 

nutrient demands than other phytoplankton species (Smetacek, 1985). Consequently, 

frequently mixed environments with variable light conditions and high nutrient fluxes 

are often dominated by diatoms (Demers et al. 1986). In contrast, the offshore 

phytoplankton community was dominated by smaller-celled haptophytes and 

cyanobacteria that have less ability to cope with a fluctuating light climate as in some 

cases they have light specific genotypes (West and Scanlan, 1999). 

Hanson et al. (2007) showed that small differences in light attenuation and photo-

inhibition can cause a shift from surface-dominated to deep chlorophyll maxima (DCM) 

- dominated populations, and significantly affect computations of primary production. 

A recent assessment of the physical and chemical oceanography indicated more 

stratified conditions offshore with a pool of nutrients observed at ~70 m, and 

phytoplankton growth restricted to a sub-surface maximum (McLaughlin et al. 2019). 

The observed PI response on the outer shelf (Fig. 4-8) is consistent with observations 

made in similar stratified ocean conditions where phytoplankton adjust their photo-

physiology for the shaded conditions (Falkowski, 1984) encountered at the base of the 

euphotic layer. This is largely confirmed by the relative position of the outer shelf 

stations in Figure 4-9 showing that they are in water-column conditions where depth-

related photo-acclimation dominates over mixing.   
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Finally, it is interesting to note that maximum photosynthetic rates appear to be 

somewhat restricted in the vicinity of the 50 m isobath (Fig. 4-8). Our analysis shows 

that this is a region of the shelf subject to strong variations in the mixing time-scale 

(Fig. 4-9), and has confirmed earlier work (Cresswell & Badcock, 2000) that it is 

associated with a tidal-mixing front distinguishing offshore stratified waters from well-

mixed water on the shoreward side (Fig. 4-4). The extent of vertical mixing in this case 

is related to tidal range and can be much reduced on the neap tide (Cresswell and 

Badcock, 2000), which may explain the increased vertical variation in PI response, 

compared with the spring tide (Fig. 4-7). Although the existence of tidal fronts is known 

to affect phytoplankton physiology in various ways (Demers et al 1986), further 

investigation will be needed to understand this particular case. The phytoplankton at 

the 50 m stations was composed of an almost equal mix of diatoms typical of inshore 

waters, and smaller cells typical of the stations further offshore.  

 

4.6 Concluding Remarks 

The phytoplankton community in King Sound was dominated by diatoms, and returned 

the highest levels of photosynthesis recorded in the study despite reduced water clarity 

and low ambient nutrient concentration compared with the adjacent continental shelf. 

We propose that alternate weak and strong mixing at M2 frequency exposes 

phytoplankton in King Sound to cyclical changes in light intensity and delays the onset 

of photo-inhibition allowing higher maximum photosynthetic rates to be attained. 

Where tidal mixing is more persistent in shallower water further upstream 

phytoplankton appear to adapt their physiology to average water-column light 

conditions, resulting in lower maximum photosynthetic rates.  
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Chapter 5 – Discussion and Conclusions 

 

This thesis, through field measurements and statistical modelling, examines a range 

of biophysical responses to tidal forcing along the southern Kimberley coastal and 

shelf regions of Western Australia to answer the two key questions defined in the 

introduction: (1) What are the drivers and constraints on phytoplankton production in 

this area; and (2) is there evidence of phytoplankton light acclimation to periodic 

turbulent mixing in the region, specifically in King Sound, a tropical macro-tidal estuary. 

Previous oceanographic work in the region included field studies of bio-optics, 

phytoplankton and larval fish biomass and distribution over short (tidal) and seasonal 

timescales, as well as studies of physics such as tides, exchange onto the shelf, and 

mixing. However, none have quantified the process of pelagic primary production and 

made the links between it and the physics in this very dynamic region. This study is 

one of the first to use physical oceanographic techniques to examine biological and 

physiological variability in phytoplankton in Western Australian waters. It is also the 

first to examine the adaptive potential of phytoplankton to maximise photosynthesis in 

an environment subjected to rapid changes in light and nutrients, like those observed 

in King Sound and the adjacent coastal and shelf areas.  

Chapter 1 introduces macro-tidal coastal regions as very complex systems with a suite 

of geophysical factors (bathymetry, wind driven and tidal vertical mixing, horizontal 

transport, turbidity, etc.) that can greatly impact nutrient supply conditions and light 

availability for photosynthesis. These processes act as in-situ controls on 

phytoplankton communities (Cloern, 1996). Mann’s (1982) commonly accepted 

conceptual model illustrates that high primary production is usually resultant from 

nutrient recirculation either by wind or tidally induced vertical mixing in coastal waters 
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and has been used to explain spatial distributions of low and high phytoplankton 

production areas in the oceans. However, extensive studies within the Bay of Fundy 

contradicts those findings in estuaries (Daborn 1986). Unlike, the Bay of Fundy and 

other well-known temperate macrotidal estuaries there is a gap in the knowledge of 

the shelf and coastal processes in the southern Kimberley region, highlighted in this 

chapter, particularly the biophysical oceanography of the tidally-extreme waters 

present in this part of Western Australia.  

Chapter 2 provided a regional overview of the southern Kimberley coastal area, which 

is a unique coastline differing vastly from other coastal parts of Australia. King Sound 

is the prominent feature of the coastal region and is the estuary where the Fitzroy River 

empties. The continental shelf is wide (~200 km in width) with a complex bathymetry 

where interactions between large tides and Indian Ocean circulation with wind and 

large-scale currents at the shelf break produce semidiurnal barotropic tides second 

only to the Bay of Fundy in Canada. These dynamics in this continental shelf system 

present unique challenges for quantifying physical and subsequent biological 

processes that experience rapid changes in conditions. Seawater nutrients in the 

Kimberley in the Camden Sound/Collier Bay region were found to be oligotrophic 

overall, with low nitrogen concentrations typical of other tropical inshore locations, e.g., 

the Great Barrier Reef system, yet the phytoplankton community near shore in the 

Kimberley region is much more abundant than most similar regions along the west 

coast of Australia. This productivity drives a remarkable diversity of ichthyoplankton, 

with distinct distribution patterns within the unique marine environmental conditions in 

part of the eastern Indian Ocean. 

In Chapter 3, we described the effects of extreme tidal influences on the coastal and 

shelf processes of the Kimberley region, in proximity to King Sound, to determine what 
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the drivers and constraints on phytoplankton production in this area are. In most tidally 

influenced estuaries, water column structuring typically oscillates between stratified 

(neap tide) and well-mixed (spring tide) conditions (Cloern et al., 1994). Enhanced 

stratification during the neap tide can induce phytoplankton biomass accumulation, 

which tends to be confined in the shallow surface layer (Winter et al. 1975; Sinclair 

1978; Haas et al. 1981; Cloern 1984; de Madariaga et al., 1989; Roden 1994; 

Ragueneau et al., 1996). On the shelf outside of King Sound, Tranter and Leech 

(1987) found the standing crop of phytoplankton was 20 – 40 mg of chlorophyll-a m-2. 

The nutrient source for much of the Northwest Shelf water column is supplied by slope 

water washing up onto the shelf in summer when the flow of the (southerly) Leeuwin 

Current is depressed. This enrichment is located at the base of the pycnocline (∼40 - 

100 m), immediately above the bottom mixed layer (Tranter and Leech, 1987). I this 

chapter we present the first large shelf-scale study quantifying spatial and temporal 

variations in primary production (PP) over the spring-neap tidal cycles in the region.  

We investigated different environmental variables and tidal physical forcing on pelagic 

production across 4 transects, from within the King Sound estuary to the 1000 m 

isobath, evaluating them as potential factors that drive or constrain phytoplankton 

production. The Kimberley shelf waters support phytoplankton biomass similar to other 

productive coastal and shelf environments, despite oligotrophic surface conditions. 

Primary production was highest in King Sound despite the strongest N limitation, with 

primary production decreasing with distance across the shelf despite a relative 

reduction in the strength of nitrogen limitation. Our original hypothesis was low nutrient 

availability and reductions in subsurface light by higher levels of suspended particulate 

matter would impede production, but in King Sound the sampled stations were found 

to be a productivity “hot-spots” despite those constraints. This high productivity, with 
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a community dominated by diatoms inside King Sound and in the nearshore region, 

became the motivation to investigate the phytoplankton photo-physiology in more 

detail in Chapter 4.  

Phytoplankton, through photosynthesis, form a vital link in the cycling of carbon 

(Behrenfeld et al. 2006), and are the main link between higher levels of the pelagic 

food chain and the physical environment (Beardall et al. 2009). They are continuously 

subjected to perturbations over a broad range of spatio-temporal scales in their 

environment. Their adaptative responses can be small scale (hour/meter) 

physiological changes to intermediate scale change (day/km) that can be to an 

ecological level species successions (Claustre et al. 1994). We know tidal mixing is 

an important control on phytoplankton distribution in estuaries, and can induce 

horizontal and vertical mixing which redistributes phytoplankton and nutrients, 

influencing community structure and phytoplankton population dynamics. In this 

chapter we, were primarily concerned with the effect that vertical tidal mixing has on 

the photophysiology of phytoplankton, and its inherent effect on the overall rate of 

carbon fixation. As stated in Chapter 3, the phytoplankton community in King Sound 

returned the highest levels of photosynthesis recorded in the study despite reduced 

water clarity and low ambient nutrient concentration when compared with the adjacent 

continental shelf. We proposed that alternate weak and strong mixing at M2 frequency 

exposes the phytoplankton in King Sound to cyclical changes in light intensity and 

delays the onset of photo-inhibition. In shallower water further upstream where tidal 

mixing is more persistent, phytoplankton appear to adapt their physiology to average 

water-column light conditions, resulting in lower maximum photosynthetic rates. King 

Sound was dominated by diatoms which, through lab culture experiments, have been 

shown to change their photosynthetic potential and adapt to meet the demands of their 
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environment (Sathyendranath et al. 2004). They also have higher nutrient demands 

than other phytoplankton species, so consequently, frequently mixed environments 

with variable light conditions and high nutrient fluxes are often dominated by diatoms. 

Our investigation of the photo-physiological (PI) response of phytoplankton sampled 

suggests that phytoplankton photo-acclimation to periodic vertical tidal mixing, is 

responsible for the high rates of depth-integrated productivity measured near the 

mouth of King Sound. 

Offshore, the phytoplankton community was dominated by smaller-celled haptophytes 

and cyanobacteria that have less ability to cope with a fluctuating light climate. The 

physical and chemical oceanography in this region of the shelf indicated more stratified 

conditions offshore with a pool of nutrients observed at ~70 m. When linked with 

differences in light attenuation and photo-inhibition there was a shift from the surface-

dominated phytoplankton observed near shore to a deep chlorophyll maxima - 

dominated population.  

 

The answers to our two key questions:  

(1) What are the drivers and constraints on phytoplankton production in this area? As 

detailed above, in surface waters on the shelf and offshore, production is constrained 

by high light where photoinhibition is utilised by phytoplankton as a protective agent 

against photo-damage. Nutrients in surface waters are also constraining with 

concentrations very low, leading to phytoplankton forming a deep chlorophyll 

maximum layer at a transition zone where a trade-off occurs between sufficient light 

available to photosynthesize and enough nutrients available for growth. The processes 
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for production in King Sound are not as easily discerned with constant changes in light 

due to changing mixing regimes.  

(2) Is there evidence of phytoplankton light acclimation to periodic turbulent mixing in 

the region, specifically in King Sound, a tropical macro-tidal estuary? There is. King 

Sound has a community dominated by diatoms, which have been shown through lab 

experimentation to have a higher degree of adaptability in frequently mixed 

environments with variable light conditions than some of the other phytoplanktonic 

groups found in the Kimberley region. We confirmed that cyclical changes in light 

intensity delays the onset of photo-inhibition in waters of the Sound and allows higher 

maximum photosynthetic rates to be attained, explaining the high productivity. This 

changes with depth where tidal mixing further upstream in shallower waters is more 

persistent with phytoplankton photo-physiological characteristics different than closer 

to the mouth of King Sound. Their lower maximum photosynthetic rates are indicative 

that they have adapted to average water-column light conditions. 
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Chapter 6 - Recommendations for Future Research 

 

This thesis provided the first study of pelagic primary production along the Kimberley 

coast, but while physical oceanographic data were collected on the voyage from both 

the CTD rosette and from the underway system aboard the RV Southern Surveyor, a 

more critical evaluation of the physics in the coastal region, with specific attention to 

processes within King Sound, would have been very useful for aiding in our 

interpretations. The physical oceanographic literature for the region is sparse with 

studies by Anon (1972), Cresswell et al. (1993), and Wolanski and Spagnol (2003) 

providing some insights into tidal currents, shifts in shelf scale physics between spring 

and neap tides, and light climate. As it is, most of the literature resulting from voyage 

SS2010-V03 is not dedicated to physics alone and provides only piece meal cursory 

assessments of the physical environment.  

We found that shelf water nutrient enrichment ebbs and flows with the spring-neap 

tidal cycles and may therefore be patchy. Supply inside King Sound seemed under 

consistent pressure by the rates of phytoplankton productivity, but it’s unclear if the 

low standing stock of nutrients is due to draw down by the high rates of productivity or 

a lack of overall availability. Nutrient fluxes in the field are generally estimated based 

on net concentration changes in space or time and, thus, the simultaneous release of 

nutrients, such as through remineralization of significant amounts of incoming organic 

matter, has the potential to further obscure the true magnitude of nutrient uptake 

(Pomeroy 1970; Pilson and Betzer 1973; Atkinson 1992). The flux of dissolved and 

particulate material to any community is governed by the chemical and biological 

processes that alter their relative abundance in oceanic waters, as well as the physical 

processes that alter nutrient delivery. Concentration-dependent uptake is well-
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established for NO3 (Bythell 1990), PO4 (Delia 1977), and NH4 (Bilger and Atkinson 

1995) and implies that there must be a strong relationship between nutrient uptake 

and concentration (Atkinson et al. 2001). Scheffers et al. (2004) suggested that 

bacterioplankton may be a major source of nutrients, explaining 60–70% of dissolved 

inorganic nitrogen release in the Caribbean. Nitrogen fluxes from heterotrophic 

bacterioplankton have also recently been demonstrated to supply nitrogen at similar 

rates to phytoplankton (Patten et al. 2011). A means of evaluating nutrient 

remineralization in futures studies in the King Sound may help clarify the role bacteria 

play in this ecosystem, a process which could be the main nutrient contributor to 

phytoplankton productivity during the dry season when terrestrial inputs from the 

Fitzroy River are at their lowest.  

A reasonably strong correlation between suspended particulate matter and 

photosynthetic efficiency of planktonic algae suggests that phytoplankton could be a 

major contributor to the reduction in available light, through self-shading, particularly 

observed in King Sound. Cherukuru et al. 2019 found the composition of [SPM] 

changed from organic to inorganic dominance between ocean water and shelf (shelf 

water, cooler shelf water, north shelf water and KS) which had significant influence on 

the optical properties. Further investigation of the ratio of organic: inorganic particulate 

matter in our study may have confirmed suspicions that phytoplankton could be a 

major component of the suspended particulate matter, and investigating those links is 

suggested for future studies. 

It is generally recognized that biological processes also potentially influence the sea–

air CO2 flux. A number of studies carried out in the North Atlantic have also indicated 

that biological processes may be particularly important in sea–air CO2 flux (Kortzinger 

et al., 2008; Bennington et al. 2009; Takahashi et al. 2009). The most obvious of 
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biological processes potentially impacting surface pCO2 in the open ocean is 

photosynthesis by phytoplankton. During this ‘‘primary production’’ phytoplankton 

synthesize dissolved inorganic carbon (TCO2) to organic material. The resulting 

reduction in surface pCO2 then tends to increase the CO2 flux from the atmosphere to 

the ocean. Carbon is subsequently transported into the deep ocean through sinking 

particulate organic matter (phytoplankton cells, higher trophic organisms and detritus) 

and through mixing of dissolved organic carbon and tends to increase the ocean-

atmosphere pCO2 difference on longer time scales (months–years) and, thereby, the 

sea–air CO2 flux (Hilligsøe et al. 2011). Carbon dioxide air-sea flux measurements as 

well as carbon transport via phytoplankton and linkages to higher trophic levels by 

determining grazing rates of phytoplankton by zooplankton and larval fishes could 

provide clearer transfer mechanisms of carbon through pelagic food webs and in/out 

of the system.  
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