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Abstract 
The southern Agulhas Large Marine Ecosystem (sACLME) consists of the greater 

Agulhas Current system, including the areas influenced by the Agulhas Current, the 

Agulhas Shelf, Agulhas Bank, Agulhas Retroflection as well as the Agulhas Return 

Current. Four biogeographical regions were identified within the sACLME and the 

composition of the phytoplankton communities and the associated physico-chemical 

variables in each were investigated. Water temperature and nitrate concentration 

were found to be the main drivers of the sACLME phytoplankton community. A total 

of 215 phytoplankton taxa were identified that were separated into two groups: the 

Agulhas Current group and the Southwest Indian Ocean Ridge group. The structure 

of the phytoplankton community was consistently homogeneous throughout the 

sACLME. Nutrient concentrations of the water varied, but nitrate was the most 

abundant source of nitrogen, especially in regions that were subjected to the 

upwelling of cold nutrient-rich water. The phytoplankton communities were 

significantly influenced by the availability and stoichiometry of the macronutrients 

nitrogen; phosphorus and silicon. The low mean N:P ratio of 5.5 is an indication that 

the waters of the sACLME are generally nitrogen limited, as is typical of oceanic 

systems. There is a change in phytoplankton cell size and functional groups within in 

the various water masses that are specific to certain biogeographical regions within 

the Agulhas Current system. It is clear that frontal systems may form barriers 

between phytoplankton communities 

 

Keywords: Subsurface Chlorophyll Maximum, Euphotic zone, Southwest Indian 

Ridge, Agulhas Shelf, Agulhas Bank, Agulhas Retroflection, Agulhas Return Current.  
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1 General Introduction 
The western Indian Ocean, especially the southwest Indian Ocean, is one of the 

least explored regions of the world’s ocean (Vousden et al., 2008). However, the 

Agulhas Current has been well documented (Bang, 1970; Pearce and Gründlingh, 

1982; Olson and Evans, 1986; Lutjeharms and Van Ballegooyen, 1988; Valentine et 

al., 1993; Beal and Bryden, 1999; Lutjeharms, 2006; Lutjeharms, 2007; Lutjeharms 

and Bornman, 2010; Goschen et al., 2015). By contrast; phytoplankton research 

within the greater Agulhas Current system is limited and, where available, is confined 

to specific regions of this large marine ecosystem: the Mozambican coast and the 

source waters of the Agulhas Current (Barlow et al., 2008; Sá et al., 2013), Natal 

Bight (Lutjeharms et al., 1989b; Lutjeharms et al., 2000b; Barlow et al., 2008), 

KwaZulu Natal coast (Thorrington-Smith, 1969), Agulhas Bank (Carter et al., 1987; 

McMurray et al., 1993) and the Agulhas Return Current (ARC) with its associated 

fronts (Froneman et al., 1999; Read et al., 2000; Froneman et al., 2007). Most of the 

phytoplankton studies focused on aspects such as pigments, biomass and cell sizes 

(Froneman et al., 1999; Barlow et al., 2002; Barlow et al., 2008; Barlow et al., 2010). 

Very few studies (Froneman et al., 1998; Froneman et al., 1999) considered the 

composition of phytoplankton communities and the associated environmental 

variables that drive community structure and species distribution. 

The Agulhas Current Large Marine Ecosystem (ACLME) is located in the southwest 

Indian Ocean and includes the continental shelves and coastal waters of eastern 

South Africa, Mozambique, the island of Madagascar, as well as the archipelagos of 

the Comoros, the Seychelles, Mauritius and the French overseas department of La 

Reunion (Heileman et al., 2008). The dominant oceanographic feature within the 

ACLME is the Agulhas Current (Fig. 1.1), which forms part of the anticyclonic gyre of 

the South Indian Ocean (Beckley, 1998; Lutjeharms, 2006). Four geographical 

regions within the southern ACLME (sACLME) are based on the characteristics of 

the continental shelf and water masses: the Agulhas Shelf, the Agulhas Bank, the 

Agulhas Retroflection and the ARC (Fig. 1.1). The Agulhas Shelf is characterised by 

the fast-flowing Agulhas Current and narrow continental shelf and the Natal Bight. 

The widening of the continental shelf forms the Agulhas Bank on which the Agulhas 
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Current starts to meander. The Agulhas Retroflection forms towards the southern 

end of the Agulhas Bank where the Agulhas Current makes a 180° turn and flows 

eastwards as the ARC along the Subtropical Front (STF). The ARC terminates 

around 60°E (Lutjeharms and Ansorge, 2001) in the Southwest Indian Ocean Ridge 

(Pollard and Read, 2017; Read and Pollard, 2017; Sonnekus et al., 2017). It is 

thought that the Southwest Indian Ocean Ridge directs some of the ARC northwards 

towards the equator (Lutjeharms and Ansorge, 2001) thereby closing the anticyclonic 

gyre (Lutjeharms, 2006). 

 

Fig. 1.1 An overview of the oceanography associated with the Agulhas Current Large 

Marine Ecosystem.  
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This study investigates the southern section of the ACLME including the ARC at 

about 39°S (Lutjeharms and Ansorge, 2001; Dencausse et al., 2010), as this forms 

the southern boundary of the sACLME or the greater Agulhas Current system 

(Lutjeharms and Ansorge, 2001). The northern section (north of 24°S), including the 

waters off Mozambique, the island of Madagascar, the Comoros, the Seychelles, 

Mauritius and the French overseas department of La Reunion of the ACLME were 

excluded. 

The warming of large marine ecosystems (Belkin (2009) through global climate 

change is expected to lead to a change in phytoplankton communities (Morán et al., 

2010) and may, in turn, have a significant influence on primary productivity (Thomas 

et al., 2012). It is estimated that marine phytoplankton are responsible for ~50% of 

global primary productivity (Field et al., 1998). Phytoplankton productivity forms the 

base of large marine ecosystems food webs and determines energy flow to higher 

trophic levels such as fish, shellfish, seabirds and marine mammals. In marine 

ecosystems they have important roles in primary production, biogeochemical cycles 

and regulating the global carbon budgets of the world’s oceans (Redfield, 1958; 

Falkowski et al., 1998; Thomas et al., 2012). Phytoplankton communities are highly 

dynamic and may vary in time and space (Barlow et al., 2010) as a result of the 

complex hydrological environment in which they occur. The expected rise in ocean 

temperature will interrupt the supply of nutrients to surface waters as a direct 

consequence of increased ocean stratification (Bopp et al., 2005; Doney, 2006; 

Thomas et al., 2012). Barlow et al. (2010) report that the phytoplankton communities 

on the Agulhas Shelf are highly adaptable to changing environmental conditions and 

are able to change their physiological mechanisms accordingly. The question is 

whether they are adaptable to short environmental cycles only or will they be 

successful over longer time periods? Which species or communities will be the most 

affected? Deutsch et al. (2008) and Thomas et al. (2012) postulate that tropical 

phytoplankton communities may be the most vulnerable to environmental change, 

estimating that a one-third of all tropical species may be lost if ocean temperature 

rises. Thomas et al. (2012) also predict that tropical communities will shift towards 

the poles with polar communities remaining range bound. For the ACLME, as a 

tropical to subtropical large marine ecosystem, ocean warming could have a 



   
 

4 
 
 

profound impact on the phytoplankton communities. Cardinale et al. (2012) 

anticipates that the loss of biodiversity will have a destabilizing effect on ecosystem 

functions and services - productivity will decrease (diverse communities tend to be 

more productive) and resource capturing will become less effective.  

The initial loss of a few species within a community might not have a large impact on 

ecosystem functions but increasing losses will scale the impact on ecosystem 

functions (Cardinale et al., 2011; Cardinale et al., 2012). It is therefore of interest to 

study what phytoplankton communities occur in the sACLME and which of the 

environmental drivers influence their productivity and distribution.  

The objective of this study was to describe the phytoplankton community structure of 

the sACLME by characterising species composition and biomass (using chlorophyll 

a) and also to evaluate the community in relation to the physico-chemical conditions. 

The information obtained from this study contributes to our knowledge of the 

sACLME, forming a baseline against which future changes can be compared. This 

will result in a more effective ecosystem-based management plan for the ACLME.  

The objective was addressed testing the following hypotheses:  

1. The sACLME can be divided into biogeographical regions based on the 

phytoplankton community with their unique sets of environmental drivers 

(Chapters 3 – 6). 

2. The distribution of phytoplankton changes from a low-biomass, flagellate-

dominated community in the oligotrophic subtropical open waters on the 

northern Shelf to a biomass-rich, diatom-dominated community in the cooler 

mesotrophic waters of the Agulhas Bank and ARC (Chapter 7). 

3. Species richness decreases from the oligotrophic north to the mesotrophic 

southern region of the sACLME (Chapter 7). 

4. The phytoplankton community of the Agulhas Shelf is different to that of the 

cooler ARC and there is a progressive change along the path of the Agulhas 

Current. 
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The thesis is structured to follow the path of the Agulhas Current from its origin, on 

the South African/Mozambican border, to its termination in the Southern Indian 

Ocean around 60°E as follows: 

 

Fig. 1.2 Schematic layout of the thesis. 

 

Definitions used in the thesis 

Both the epipelagic and euphotic zone refers to the upper part of the ocean that 

receives sufficient light for photosynthesis. However, in this thesis the terms refer to 

slightly different parts of the water column, defined as follows: 

Epipelagic – The upper 200 m of the water column that may receive enough sunlight 

to allow for photosynthesis. Light limitation may occur. 

Euphotic – The upper part of the water column located between the surface and the 

chlorophyll a maximum that receives enough sunlight to allow for photosynthesis.  
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2 Literature Review 

2.1 Large Marine Ecosystems 
In July 1992 the United Nations Conference on Environment and Development 

(UNCED) developed declarations on the ocean that recommended the following: 

“That nations of the globe, 1) prevent, reduce, and control degradation of the marine 

environment to maintain and improve its life-support and productive capacities; 2) 

develop and increase the potential of marine living resources to meet human 

nutritional needs and social, economic, and development goals; and 3) promote the 

integrated management and sustainable development of coastal areas and the 

marine environment” (Sherman et al., 1998). The large marine ecosystems concept 

provides an “ecological framework that may be helpful in achieving the UNCED 

objectives” (Sherman et al., 1998). Large marine ecosystems are regions extending 

from the nearshore environment, including estuaries and river basins, to the 

continental shelf or the seaward edge of the coastal current system (Sherman et al., 

1998). These regions are generally in excess of 200 000 km2 and may encompass 

the whole or part of the Exclusive Economic Zones (EEZ) of several countries. 

These regions are characterised by unique ecology, rather than politics or 

economics (Sherman et al., 1998; Heileman et al., 2008). Growing exploitation of fish 

and other marine resources, coastal pollution, marine mining, marine gas and oil 

extraction, loss of habitat as well as other factors place large marine ecosystems 

under significant pressure (Sherman et al., 1998; Heileman et al., 2008).  

The large spatial extent of large marine ecosystems allows for subsystems or 

domains to occur within them. For example, in the Mediterranean Sea large marine 

ecosystem, the Adriatic Sea forms a subsystem. Subsystems can be defined within 

large marine ecosystems based on the characteristics of the continental shelves 

(Sherman et al., 1998). An example of such classification in the United States of 

America is the Northeast Continental Shelf large marine ecosystem with its four 

subsystems: Gulf of Maine, George’s Bank, Southern New England and the Mid-

Atlantic Bight. To date 64 large marine ecosystems has been identified and accounts 

for nearly 80% of the global fishing yield and most other marine resources (Heileman 
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et al., 2008). Southern Africa has two large marine ecosystems, i.e. the ACLME and 

the Benguela Current LME.  

Located in the southwest Indian Ocean, the ACLME encompasses the continental 

shelves and coastal waters of eastern South Africa, Mozambique, Madagascar, the 

Comoros, the Seychelles, Mauritius and the French overseas department of La 

Reunion (Heileman et al., 2008). Climatic conditions for the ACLME range from 

tropical to cold-temperate. The Agulhas Current, a swift flowing western boundary 

current, is the dominant oceanographic feature within the ACLME and forms part of 

the anticyclonic gyre of the South Indian Ocean (Beckley, 1998; Lutjeharms, 2006).  

2.2 The Agulhas Current  
The Agulhas Current is a western boundary current found along the eastern and 

southern coast of South Africa (Stramma and Lutjeharms, 1997a; Lutjeharms and 

Ansorge, 2001). Western boundary currents are generated by wind stress patterns 

that occur over subtropical basins where they close anti-cyclonic circulation 

(Lutjeharms, 2006). Western boundary currents have source regions that depend on 

coastal bathymetry and morphology (Lutjeharms, 2006). The Agulhas Current has its 

origin from three different sources but is mostly fed by the recirculation of the 

Southwest Indian Ocean sub-gyre. The southern branch of the East Madagascar 

Current as well as the Mozambique Channel also contribute to the Agulhas Current 

(Lutjeharms, 2006). The Agulhas Current is considered to be fully formed near or on 

the border of South Africa and Mozambique. When fully constituted, it follows the 

continental shelf closely (Grundlingh, 1983; Lutjeharms, 2006). The continental shelf 

along the east coast of southern Africa, between Maputo and Port Elizabeth, is very 

narrow and never exceed 30 km offshore and the 200 m isobath. The uncomplicated 

and steep nature of the shelf stabilizes the Agulhas Current (de Ruijter et al., 1999) 

thereby reducing the meandering seen in typical boundary currents such as the Gulf 

Stream (Lutjeharms, 2006). Between Richards Bay and Durban, the continental shelf 

widens slightly forming the Natal Bight. The Natal Bight is responsible for the 

infrequent perturbations of the Agulhas Current referred to as Natal Pulses 

(Lutjeharms and Roberts, 1988). A Natal Pulse moves downstream, growing rapidly 

in size so that near Port Elizabeth the current core may be up to 200 km seaward of 
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its normal position (Lutjeharms, 2006). The Natal Pulse causes a number of 

disruptions to the flow of the Agulhas Current. These include upstream retroflections 

(van Aken et al., 2013) near Port Elizabeth and the shedding of Agulhas Rings into 

the south Atlantic Ocean (Lutjeharms, 2006; Beal, 2009; Goschen et al., 2015).  

Near Port Elizabeth the continental shelf widens to form the Agulhas Bank where the 

Agulhas Current shows a dramatic change in its behaviour; particularly on its 

landward edge. On the Agulhas Bank, the Current meanders more across its 

average path (Lutjeharms, 2006). In this region, large shear-edge eddies form 

(Lutjeharms et al., 1989a) long, warm plumes trail along the Agulhas Current 

(Schumann and Li van Heerden, 1988). Based on its characteristics, the Agulhas 

Current can be divided into two sections: the northern Agulhas Current and southern 

Agulhas Current or Agulhas Bank. The northern Agulhas Current flows along the 

narrow and steep continental shelf with little variation in trajectory, but increasing in 

size, strength and speed. The border between the northern and southern Agulhas 

Currents is Port Elizabeth. 

The Agulhas Current continues past the Agulhas Bank into the South Atlantic Ocean. 

Here it undergoes a dramatic change in direction (Bang, 1970), retroflecting back 

into the South Indian Ocean as the ARC (Lutjeharms and Van Ballegooyen, 1988). 

The 400 km2 area where this dramatic change in direction occurs is known as the 

Agulhas Retroflection. 

2.2.1 Northern Agulhas Current 

The northern Agulhas Current consists of the section of current that hugs the steep 

and narrow continental shelf along the east coast of southern Africa with a consistent 

current trajectory. The high kinetic energy of the East Madagascar current and 

Mozambique eddy system follows through into the northern Agulhas Current. This 

kinetic energy may be as high as 500 cm2 s-2 (Lutjeharms, 2006). The kinetic energy 

of the mean flow persists throughout the northern section and only begins to subside 

at the southern Agulhas Current. However, the distribution of high eddy kinetic 

energy continues into and beyond the southern Agulhas Current (Lutjeharms, 2006; 

Pollard and Read, 2017). According to Lutjeharms (2006) this is an indication of the 
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exceptionally high speed and energy of the northern Agulhas Current. There is little 

variability, even seasonal variability, within the northern Agulhas Current (Pearce, 

1977b; Lutjeharms, 2006). The mean (± SD) current speed for the northern Agulhas 

Current is reported to be 1.5 ± 0.5 m s-1 by Pearce and Gründlingh (1982). Duncan 

and Schladow (1981) refer to observed ships drift data in excess of 2.0 m s-1 for the 

northern Agulhas Current. Current speeds as high as 2.6 m s-1 have also been 

reported (Pearce and Gründlingh, 1982; Lutjeharms, 2006). The path that the current 

follows is very stable. Grundlingh (1983) found that on average the Current 

meanders less than 15 km to either side. Beal and Bryden (1999) and Bryden et al. 

(2005) indicate that the current can be found within 30 km from the coast for 80% of 

the time.  

Tropical and subtropical surface waters are routinely found within the surface waters 

of the Agulhas Current (Pearce, 1977b; Beckley, 1998; Lutjeharms, 2006). Tropical 

surface water originates near the equator and has salinity less than 35.5 and a 

surface temperature of 24°C or greater (Lutjeharms and Ansorge, 2001; Lutjeharms, 

2006). Subtropical surface waters on the other hand have a source further south - 

between 28 and 38°S, and have a salinity of 35.5 or more (Lutjeharms and Ansorge, 

2001; Lutjeharms, 2006). Both tropical and subtropical water bodies are saturated 

with dissolved oxygen (Lutjeharms, 2006).  

Sea surface temperature for the northern Agulhas Current declines by 2°C from 

north to south throughout the year (Christensen, 1980b). In the north, average 

temperatures range between 23°C in July and 28°C in February. In the south, just off 

Port Elizabeth, temperatures range between 21°C in August and 25°C in January 

(Christensen, 1980b). Salinity at the sea surface for the northern Agulhas Current 

are on average 35.5, decreasing to 35.3 further along the shelf (Duncan, 1970).  

2.2.2 The Natal Bight 

The Natal Bight is 50 km wide and 160 km long (Meyer et al., 2002) and is formed 

where the continental shelf widens between Richards Bay and Durban. This 

widening of the shelf allows for the formation of a small but persistent upwelling cell 

near Cape St Lucia (Lutjeharms et al., 1989b; Lutjeharms, 2006). The general 
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circulation over the Natal Bight, in contrast to other eddies in the northern Agulhas 

Current, is cyclonic (Lutjeharms, 2006). At the southern end of the Natal Bight, a 

small lee eddy is often observed just off Durban (Lutjeharms, 2006). The Natal Bight 

plays an important role in the formation of Natal Pulses which have important 

impacts on the general circulation downstream (Goschen and Schumann, 1990; 

Jackson et al., 2012; van Aken et al., 2013; Goschen et al., 2015).  

2.2.3 Southern Agulhas Current 

The strength of the Agulhas Current peaks around Port Elizabeth and this is where 

the nature of the Agulhas Current changes dramatically. The narrow shelf starts to 

widen between Port Alfred and Port Elizabeth, forming the Agulhas Bank. Once past 

Algoa Bay, it starts to follow the edge of the Agulhas Bank and is no longer stabilised 

by the steep and narrow continental shelf (Lutjeharms, 2006). The result of this 

destabilising is an increase in downstream meandering. The current also starts to 

lose some momentum as observations from ship drift recorded lower surface speeds 

(Duncan and Schladow, 1981).  

Christensen (1980b) reported that the sea surface temperature decreases by about 

4°C between Algoa Bay and Cape Agulhas. This drop in temperature can be 

ascribed to greater heat loss between the ocean and the atmosphere (Lutjeharms, 

2006). Maximum sea surface temperature recorded in late summer for the southern 

Agulhas Current ranged from 23°C, in the southwest, to 26°C near Port Elizabeth in 

the northeast. In late winter these decrease to 17 and 21°C respectively 

(Christensen, 1980b). Surface water warmer than 16°C are indicative of Tropical 

Indian Surface Water whereas, water temperature between 6 and 14°C is South 

Indian Central Water. The cooler inshore waters found along the coast and upwelling 

zones are normally South Indian Central Water (Goschen et al., 2015).  

2.2.4 The Agulhas Bank 

The Agulhas Bank is a triangular-shaped widening of the continental shelf 

(Hutchings, 1994; Lutjeharms et al., 1996) that extends about 300 km offshore and 

covers an area of 80 000 km2 (Lutjeharms et al., 1996). The Agulhas Bank falls 

within South Africa’s Exclusive Economic Zone and is a productive region and a 
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major nursery and spawning ground for commercial important species such as 

kingklip (Genypterus capensis), Cape anchovy (Engraulis capensis), sardine 

(Sardinops sagax), sole (Austroglossus pectoralis), squid (Loligo reynaudii), hake 

(Merluccius capensis), and yellowtail (Seriola lalandi) (Hutchings, 1994; Roberts, 

2005; Roberts and van den Berg, 2005; Krug et al., 2014). The Bank is relatively 

shallow, dropping steeply from the coast to 50 m and then gradually deepening to 

200 m. The continental shelf break occurs near the 200 m isobath after which the 

sea bed drops away to a depth of 1 000 m. The Agulhas Bank is flanked on the 

eastern side by the Agulhas Current and in the west it is influenced at times by the 

cold Benguela Current (Chapman and Largier, 1989; Largier et al., 1992). 

The Agulhas Bank can be divided into three areas, the eastern, central and western 

Bank (Lutjeharms, 2006; Jackson et al., 2012). Jackson et al. (2012) used the 

shallow inner bank along the 21°E meridian as the “boundary” between the eastern 

and western banks. The long and wide eastern Bank is dominated by the warm 

oligotrophic Agulhas Current (Hutchings, 1994) whereas the western Bank is 

influenced by the cold nutrient-rich waters of the Benguela Current (Lutjeharms et 

al., 1996; Lutjeharms, 2006). The bank is also the meeting area for two oceans: the 

south Indian Ocean and south Atlantic Ocean. Southwest Indian Ocean water has 

been found on the eastern Agulhas Bank (Swart and Largier, 1987), suggesting that 

the water is advected onto the Bank. This hydrology, as well as the circulation of the 

Agulhas Bank, is influenced by the Agulhas Current via a range of processes such 

as variations in the Current strength, the intrusion of the Agulhas Current via 

upwelling onto the bank (Lutjeharms et al., 2000a), meanders, filaments and water 

plumes (Lutjeharms et al., 1989a; Lutjeharms et al., 2003), Natal Pulses (Casal et 

al., 2009; Goschen et al., 2015) and southerly winds (Goschen and Schumann, 

1990). Warm surface water from the Agulhas Current is advected onto the western 

bank via the eastern bank and cold, central Atlantic water is upwelled from the 

Benguela Current onto the western bank (Chapman and Largier, 1989; Largier, 

1990). Schumann (1999) considered the 10 to 15 km wide coastal region as a 

separate oceanographic region to that of the eastern, western and central regions 

(Lutjeharms, 2006) due to the fact that it tends to be dominated by wind driven 

coastal-upwelling (Schumann et al., 1982; Largier, 1990) and eastward flowing 
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(alongshore) currents (Roberts and van den Berg, 2005; Roberts, 2010). Another 

oceanographic area of interest is the cold ridge located offshore between 

Plettenberg Bay and Mossel Bay. This is a semi-permanent oceanographic feature 

characterised by the upward doming of the thermocline (Roberts and van den Berg, 

2005). 

A strong seasonal surface signal in chlorophyll a were observed for the Agulhas 

Bank; peaking around February through to April (Mitchell-Innes et al., 1999; 

Demarcq et al., 2003). The coastal areas between Port Elizabeth and Cape Agulhas 

are the most productive (Shannon et al., 1984; Demarcq et al., 2003; Jackson et al., 

2012). Shannon et al. (1984) and Probyn et al. (1995) found that during late summer 

a subsurface chlorophyll maximum (SCM) formed on the central bank when nitrate 

became limiting in the upper photic zone. Carter et al. (1987) found that that the 

SCM (at 20 to 55 m depth) was light-limited. On the eastern Agulhas Bank, 

chlorophyll a concentrations were the highest between Port Alfred and Algoa Bay 

(Barlow et al., 2010). This can be ascribed to the Port Alfred upwelling cell 

(Lutjeharms et al., 2000a). For the rest of the eastern Agulhas Bank the presence of 

cold, nutrient-rich water in the region of the cold ridge (Roberts, 2005) can explain 

the high primary productivity found on the Agulhas Bank. 

2.2.5 Natal Pulses 

The Natal Pulse originates at the Natal Bight and 4 to 6 of these develop each year 

(Bryden et al., 2005; Lutjeharms, 2006; Krug et al., 2014). They move south at a rate 

of 10 and 20 km d-1 (van der Vaart and de Ruijter, 2001; Lutjeharms, 2006). Natal 

Pulses are important drivers in localised upwelling (Bryden et al., 2005) in coastal 

and shelf regions. Two other important features associated with Natal Pulses are 

early retroflections (van Aken et al., 2013) and the shedding of Agulhas Rings (van 

Leeuwen et al., 2000). The Agulhas Rings cause ocean interchange between the 

Indian and Atlantic Ocean by leaking warm salty water into the Atlantic (Rouault and 

Penven, 2011).  

During a Natal Pulse, the Agulhas Current flows around an inshore cold core 

cyclonic eddy (Lutjeharms et al., 1989b; Lutjeharms et al., 2003; Goschen et al., 
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2015). The eddy is trapped between the coast and the inshore edge of the Agulhas 

Current and is characterised by the upward doming of the isotherms. It is associated 

with upwelling of cold, nutrient-rich South Indian Central Water (Goschen et al., 

2015) along the coast and onto the continental shelf (Lutjeharms and Roberts, 1988; 

Lutjeharms et al., 1989b; Lutjeharms et al., 2003; Goschen et al., 2015). Goschen et 

al. (2015) showed that upwelling events within Algoa Bay and the shelf as a result of 

a Natal Pulse can last between one and three weeks and that the cold water can 

remain around for up to six weeks. Chapman and Largier (1989) suggested that 

upwelled water within the core of the Natal Pulses could be advected onto the 

Agulhas Bank. This has subsequently been confirmed by Krug et al. (2014).  

2.2.6 The Agulhas Retroflection 

The southern termination of the Agulhas Current is unique for western boundary 

systems in that the current direction is more or less reversed. This area is known as 

the Agulhas Retroflection and is one of the more important oceanic regions of 

comparable size (Valentine et al., 1993). The area in which the Agulhas Current is 

turned around is about 400 km in diameter (Lutjeharms, 2006). Measurements and 

satellite imagery indicated that the retroflection region is dynamic and unstable 

(Lutjeharms, 1981; Lutjeharms and Van Ballegooyen, 1988; Lutjeharms, 2006). The 

termination of the Agulhas current is also unique in the sense that it is the only 

western boundary system that lies on the boundary of two sub-tropical gyres 

(Lutjeharms, 2006). The close proximity of the two gyres creates unusual conditions 

for inter-ocean exchanges of water-masses, energy and biota (Lutjeharms, 2006). 

These have a major impact on global oceanic circulation and biogeography. The 

nature of the Agulhas Current termination allows for the retention of warm tropical 

and subtropical surface water in the region for a longer period (Lutjeharms, 2006). 

This is uncharacteristic of western boundary systems and may have an impact on 

local and global climates. 

The Retroflection plays a key role in the circulation of the Atlantic and Indian Ocean 

thermocline via water exchange (Gordon, 1985; Lutjeharms and Van Ballegooyen, 

1988) that occurs via the shedding of Agulhas Rings (Olson and Evans, 1986; 
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Lutjeharms and Gordon, 1987). For a more in-depth discussion on the formation and 

the importance of the Agulhas rings refer to Lutjeharms (2006) and Beal (2009).  

Surface water of the Agulhas retroflection has a temperature of between 16°C and 

26°C and a salinity exceeding 35.5 (Valentine et al., 1993). The water originates 

from the tropical zone (Tropical Thermocline Water) of the Indian Ocean. Due to 

excessive evaporation that occurs in the subtropical zone, the surface water 

becomes more dense and saline, and sinks to form a subsurface salinity maximum 

(Gordon et al., 1987; Valentine et al., 1993; Lutjeharms, 2006). This water is known 

as Subtropical Surface Water and is transported into the Agulhas Retroflection via 

the Agulhas Current. Below these layers both Atlantic and Indian Central Water is 

found (Valentine et al., 1993; Lutjeharms, 2006). Central water and other water 

masses that are of importance to the Retroflection generally occur at depths deeper 

than the epipelagic and are not discussed here. Further information may be found in 

Valentine et al. (1993).  

Nutrient concentrations in the Retroflection are inversely related to temperature 

(Chapman et al., 1987; Lutjeharms, 2006). The lowest levels of nitrate and 

phosphate are found on the outer edges of the Retroflection and increases in 

concentration were found near the Subtropical Convergence (Chapman et al., 1987; 

Lutjeharms, 2006). Due to inshore upwelling (Eagle and Orren, 1985a), higher 

concentrations of nutrients are found on the outer edge of the Agulhas Bank 

(Chapman et al., 1987; Lutjeharms, 2006). Silicon concentrations in the Retroflection 

are low and patchy with the exception being the waters of the outer edge of the 

Agulhas Bank (Chapman et al., 1987).  

2.2.7 The Agulhas Return Current 

Past the Agulhas Retroflection, the Agulhas water flows eastward as the ARC and 

forms the southern arm of the South Indian anti-cyclonic gyre. Over its length, the 

Agulhas Current undergoes changes but at the end the ARC still carries remnants of 

the Agulhas Current waters. Changes are mostly related to loss of heat to the cooler 

atmosphere and some loss of volume flux via the shedding of Agulhas Rings into the 

South Atlantic (Lutjeharms, 2006). The ARC is well mixed compared to Agulhas 
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Current itself, due to the dynamic and turbulent nature of the Retroflection 

(Lutjeharms, 2006).  

The ARC flows parallel to the Subtropical Convergence (Harris and van Foreest, 

1978). The Subtropical Convergence is an important oceanographic feature 

exhibiting a large temperature gradient (Lutjeharms and Ansorge, 2001) and as a 

result forms a characteristic and unique biological habitat (Lutjeharms, 2006). The 

trajectory of the ARC is variable and has not been determined with any degree of 

certainty (Lutjeharms and Ansorge, 2001). The flow is generally zonal (Lutjeharms 

and Ansorge, 2001) with extensive meridional excursions that may be linked to the 

bottom topography (Darbyshire, 1972; Lutjeharms and van Ballegooyen, 1984). The 

ARC extends as far east as 72° (Park et al., 1991; Park et al., 1993; Belkin and 

Gordon, 1996) and from there it is known as the South Indian Ocean Current 

(Lutjeharms and Ansorge, 2001). Pollard and Read (2017) showed that the ARC 

water flow continues unreduced as far as 50°E and that only east of that significant 

leakage occurs into the Southwest Indian Ocean subtropical gyre. A notable change 

in the composition of the water column between the Agulhas Retroflection and the 

ARC is the absence of Tropical Surface Water in the ARC (Lutjeharms and Ansorge, 

2001).  

2.2.8 Subtropical Convergence Zone 

Belkin et al. (2009) defined an oceanic front as a “narrow zone of enhanced 

horizontal gradients of water properties (temperature, salinity, nutrients, etc.) that 

separates broader areas of different water masses or different vertical structure 

(stratification).”  Fronts play an import role in marine biogeographical regions 

(Longhurst, 2007; Belkin et al., 2009). The subtropical convergence zone is the 

transition zone between the Indian Ocean and the Southern Ocean and consists of 

the Agulhas Return Current, the Subtropical Front (STF) and the Subantarctic Front 

(SAF). It is a region of complex biogeochemistry, phytoplankton distribution and 

productivity associated with the transition between subtropical and subantarctic 

domains (Bathmann et al., 2000; Read et al., 2000). For an in-depth review on the 

Southern Ocean Fronts between the Greenwich meridian and Tasmania, please see 

Belkin and Gordon (1996) and references within. The subtropical front is located at a 
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mean latitude of 41° 40’S (Lutjeharms and Valentine, 1984) and forms a poleward 

boundary between the warm, salty waters (Read et al., 2000) of the Indian Ocean 

and the cooler waters of the Southern Ocean.  Located adjacent to the Agulhas 

Return Current is the Agulhas Front, with steep density gradients, temperatures of 

15.7°C to 21°C (Lutjeharms and Valentine, 1984), optically clear with low nutrients 

(Read et al., 2000) and an observed southern limit of 40°S (Lutjeharms and 

Valentine, 1984). The location of the Agulhas Front close to the STF makes it at 

times difficult to distinguish the two fronts from one another (Read and Pollard, 1993; 

Read et al., 2000). The STF is characterised by a mean temperature range of 10.6°C 

to 17.9°C and a salinity of 34.3 to 35.6 (Lutjeharms, 1985; Lutjeharms et al., 1993). 

Read et al. (2000) showed that nitrate, silicate and chlorophyll a was strongly 

correlated and linked to the front and water mass structure. Chlorophyll a 

concentrations peaked between the STF and SAF with the north and south being low 

due to nitrate limitation (Read et al., 2000). The proximity of the two fonts to each 

other determines how intense the upwelling of nutrients will be and the closer the two 

fronts are to each other the more intense the upwelling and vice versa (Read et al., 

2000).  

2.3 Seamounts 
Seamounts can be characterised by their origin, i.e. volcanic, serpentine mud (Fryer, 

1992) or tectonic upliftment (Schidt and Schminke, 2000). Of the three, volcanic 

seamounts are the most numerous and as a result of their volcanic origin are often 

clustered in groups (Wessel, 2007; Wessel et al., 2010). Since most seamounts are 

generated near mid-ocean spreading ridges; plumes or hotspots, and in island arc 

convergent settings, they are generally located on the oceanic crust, with a limited 

number located on the continental shelf. Seamounts are generally defined as an 

independent feature with an elevation above the seabed of 1 000 m or more 

(Menard, 1964). However, there is no geological reason to exclude smaller features 

(Wessel, 2007). 

Seamounts can further be grouped based on their tectonic origin, i.e. Intraplate 

seamounts, Mid-ocean ridge seamounts and Island-arc seamounts. It seems that the 

majority of large seamounts were formed in an intraplate setting (Wessel, 2007). A 
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distinctive feature of intraplate seamounts is their alignment in linear, sub-parallel 

chains that correspond to present and past plate motions. The “hotspot hypothesis’, 

first proposed by Wilson (1963) and elaborated by Morgan (1971) forms the basis of 

our understanding of how linear-chain forming seamounts develop. The hotspot 

hypothesis states that seamounts, while remaining more or less stationary above 

mantle plumes, will increase in height. When the tectonic plate moves, the newly 

formed seamount is carried away and ceases to be active. The net result is a line of 

extinct volcanoes. In general, intraplate seamounts tend to have an elevation greater 

than 1 000 m (Wessel, 2007). 

The majority of seamounts are mid-ocean ridge seamounts. They are smaller in size 

and are believed to be formed near a divergent plate boundary (Batiza, 1982; 

Lonsdale, 1983; Fornari et al., 1988; Jaroslow et al., 2000; Wessel, 2007). The 

oceanic crust at divergent plate boundaries tends to be thin and fractured, allowing 

excess amounts of magma to push through, to form small (< 1000 m in elevation), 

sub-circular seamounts (Smith and Cann, 1990). Jaroslow et al. (2000) showed that 

most of these new seamounts will be reduced in height when they undergo tectonic 

deformation by normal faulting.  

Island arc seamounts are formed at subduction zones where one oceanic plate is 

forced underneath the other (Wessel, 2007). As the old seafloor with previous 

seamounts and a blanket of wet sediments, is forced down into the mantle; pressure 

and temperature increases, resulting in the formation of an ascending basaltic melt. 

This magma is more volatile and of a different composition than that found at 

spreading centres (Wessel, 2007). Island arc seamounts are limited to a narrow strip 

around subduction zones of oceanic plates. As with hotspot produced seamounts, 

island arc seamounts tend to be large and can reach the ocean surface to form an 

island, hence the term island arc seamount.  

2.3.1 Seamount impact 

Seamounts are important in several disciplines, including biology, ecology, geology, 

and oceanography. For a detailed survey of the Southwest Indian Ocean Seamounts 

see Pollard and Read (2017), and Read and Pollard (2017). Ocean circulation can 
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be influenced by ocean floor bathymetry in several ways. Firstly, large scale features 

such as ridges and plateaus directly impede ocean flow and can form a barrier that 

prevents deep water mixing. Small scale features such as seamounts play an 

important role in the turbulent mixing of the oceans (Kunze and Llewellyn Smith, 

2004; Pollard and Read, 2017). Lueck and Mudge (1997) reported that mixing 

around a shallow seamount may be several orders of magnitude more vigorous than 

in areas far from seamounts. Seamounts act as an obstacle to oceanic flow that can 

induce local currents, which in turn can enhance upwelling around the seamount 

(Wessel, 2007). The nutrient enrichment of the euphotic zone will enhance primary 

production, supporting a wide variety of life (Rogers et al., 1994). 

2.3.2 Seamount Dynamics 

2.3.2.1 Steady impinging flows 

The interactions between seamounts and ocean currents provides for development 

of unique habitats (Genin and Boehlert, 1985). Several seamounts were found to 

deflect local isotherms upwards – a phenomenon that may occur at different 

locations and depths (Meincke, 1971; Vastano and Warren, 1976; Owens and Hogg, 

1980; Gould et al., 1981; Genin and Boehlert, 1985). These deflections are 

explained by the Taylor column theory (Hogg, 1973; Huppert, 1975; Huppert and 

Bryan, 1976): Under certain conditions a Taylor column, consisting of deep nutrient-

rich water, may remain trapped above the seamount (Hogg, 1973; Huppert, 1975) for 

a number of days (Boehlert and Genin, 1987). Conditions conducive to this formation 

include variations in current speed and direction, local density stratification and 

seamount topography (Genin and Boehlert, 1985; Lavelle and Mohn, 2010). 

Seamount-induced upwelling can enhance local biological productivity (Genin and 

Boehlert, 1985; Dower et al., 1992; Rogers et al., 1994; Comeau et al., 1995; Lavelle 

and Mohn, 2010). The degree of enhanced productivity is dependent on the 

residence time of the upwelled waters and how much of it penetrates the euphotic 

zone (Genin and Boehlert, 1985). Patches of high chlorophyll concentrations develop 

after a short residence time of upwelled waters, as only the primary producers are 

influenced. The longer the residence time of the upwelled water, (which can be from 
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several weeks as reported by Cheney at al. (1980) and Richardson (1980) to several 

months  as found by Owens and Hogg (1980)), the greater the influence will be on 

higher trophic levels. Seamounts can serve as biological hotspots for marine 

organisms (Lavelle and Mohn, 2010).  

2.3.2.2 Oscillatory impinging flows 

Tidal, inertial and other oscillatory waves influence seamount circulation. The inertial 

frequency or f, is defined as the frequency of “an impulsively displaced particle to 

return to its initial position on a frictionless plane” (Lavelle and Mohn, 2010). 

Oscillations travelling towards a seamount can be influenced in two ways. The first is 

the inertial period, Tf (= 2π/f ) where f = 12 hr/sin(latitude), and the second is the 

buoyancy period TN (= 2π/N), where N, the buoyancy frequency, varies with local 

ocean stratification (Lavelle and Mohn, 2010). Subinertial oscillations, impinging 

oscillations with frequencies less than f, will be amplified near the seamount (Lavelle 

and Mohn, 2010). Brink (1995) reported that diurnal tidal currents over Fieberling 

Guyot seamount were greatly amplified. These amplified oscillations decreased in 

magnitude away from the seamount and it is said that the oscillations are trapped to 

the seamount (Lavelle and Mohn, 2010). Seamount morphology will determine the 

amount of amplification that occurs. Beckmann (1995) showed that rough, broad and 

steep seamounts have a limited ability to amplify trapped waves. Incident-wave 

frequencies that are greater than the latitude-dependant frequency but smaller than 

the buoyancy frequency, are generated and propagated horizontally and vertically 

away from the seamount (Baines, 2007; Lavelle and Mohn, 2010). These are also 

known as internal waves. Other currents that can be generated by impinging 

oscillatory flow are a steady residual current, or rectified current, that is toroidal (see 

Lavelle and Mohn, 2010 and references within).  

2.3.2.3 Vertical circulation and the cold dome 

Vertical circulation is driven by the various horizontal currents described previously. 

The use of long-term current meters on the Fieberling Guyot seamount enabled 

Brink (1995) to observe a downward circulation of water that spread radially 

outwards. The extent of such vertical movements is no more than a few hundred 
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meters (Lavelle and Mohn, 2010). A hydrographic feature linked to seamounts is the 

presence of a cold dome (Owens and Hogg, 1980; Comeau et al., 1995) and is 

believed to be connected to the vertical circulation above the seamount (Lavelle, 

2006; Lavelle and Mohn, 2010). Owens and Hogg (1980) reported that the extent of 

the cold water dome is dependent on f, the stratification, as well as the size of the 

seamount.  

2.3.2.4 Internal waves and turbulence  

Internal waves are generated when a parcel of water, with a wave frequency greater 

than the buoyancy frequency but less than that of the oscillatory currents, interacts 

with a seamount (Noble and Mullineaux, 1989). The buoyancy period in the open 

ocean typically range from a few minutes to several hours. Eriksen (1998) and 

Holloway and Merrifield (1999) reported that internal waves are propagated both 

vertically and horizontally away from a seamount in patterns that are dependent on 

seamount topography and the water-column stratification. As the waves travel within 

the ocean interior they encounter other waves and this wave-wave interaction results 

in an increase in frequencies and turbulence (Carrett, 2003). Isolated seamounts and 

islands produce weak turbulence whereas an ocean ridge will produce a stronger 

global turbulence (Holloway and Merrifield, 1999). Internal waves are the strongest 

above the seamounts and thus enhanced turbulence occur above the seamount.  

2.3.2.5 Seamounts chlorophyll a 

Dower et al. (1992) reported an upward movement of the SCM near Cobb Seamount 

from a depth of around 75 to 40 m. A similar pattern has been recorded for other 

seamounts, e.g. Corner Rise (Longhurst and Harrison, 1989). Chlorophyll a 

concentrations above and around Cobb Seamount ranged from 0.4 to 1.3 µg l-1 

(Dower et al., 1992). 

Comeau et al. (1995) reported that surface chlorophyll a for Cobb Seamount was 

relatively uniform, but that primary production was patchy. The variation or 

patchiness in primary production was linked to the shallow (> 50 m) thermohaline 

front that flanked this seamount (Comeau et al., 1995). Near the front, surface 

waters (< 50 m) showed thermal stratification. This physical change in the water 
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column was associated with the shallowing and intensifying of the SCM, an increase 

in diatom biovolume, and an increase in the production to biomass ratio (Comeau et 

al., 1995). The doming of nutrients above the seamount appeared not to enrich 

surface waters nor enhance production (Comeau et al., 1995). Rather, growth and 

production was enhanced through increased stability in the upper water column 

(Perissinotto et al., 1990; Comeau et al., 1995). Perissinotto et al. (1990) showed 

that increased stability can enhance diatom growth under nutrient-sufficient 

conditions.  

2.4 Upwelling 
Upwelling is the process of vertical upward transport from depth towards the surface 

(Schumann et al., 1982) and it is associated with enhanced primary productivity 

(Lutjeharms and Stockton, 1987).  

Wind induced upwelling is a common oceanographic feature of west mid-latitude 

coastal areas of continents (Brink, 1983; Mcclain et al., 1984; Lentz, 1992; 

Schumann, 1999; Castelao et al., 2004). Here the primary cause of offshore Ekman 

transport and the associated upwelling is equatorward winds.  

Wind induced upwelling also occurs in other coastal areas and is well documented 

along the southern coast of South Africa (Schumann et al., 1982; Schumann et al., 

1988; Schumann, 1999; Lutjeharms et al., 2000a; Lutjeharms, 2006). During periods 

of persistent and strong easterly winds upwelling occurs along the coast, especially 

at prominent headlands (Schumann et al., 1982; Lutjeharms et al., 2000a). Easterly 

winds lift the cold, nutrient-rich water from the shelf seabed to above the thermocline 

(Lutjeharms et al., 2000a). Along the southern coast, upwelling due to westerly winds 

is more common in summer than winter (Swart and Largier, 1987; Schumann and 

Martin, 1991). Wind induced upwelling occurs when longshore coastal winds move 

surface water offshore via Ekman transport. The waters move anti-clockwise in the 

Southern Hemisphere (Schumann, 1999). Surface waters near the coast are 

replaced with cooler subsurface water as an adjustment drift (Schumann et al., 

1982). The two water masses are usually demarcated by a thermocline or upwelling 

front. The reverse holds true when the wind blows from the opposite direction, 
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bringing warm surface water back inshore. Collapsing of the fronts can occur rapidly 

and the ensuing mixing prevents the system from oscillating between the two states 

(Schumann, 1999). This increases the retention time of phytoplankton within these 

systems (Schumann, 1999).  

Unrelated to local wind is upwelling that occurs where the continental shelf starts to 

widen (Pearce, 1977a; Lutjeharms et al., 1989b; Lutjeharms et al., 2000a). Upwelling 

here tends to occur year-round. Cold nutrient-rich waters onto the shelf and have a 

marked influence on the physical water characteristics (Lutjeharms, 1991; 

Lutjeharms et al., 2000a). Two major locations where this occurs along the Agulhas 

Current are the Natal Bight and widening of the continental shelf to form the Agulhas 

Bank, also known as the Port Alfred upwelling zone. Carter and D'Aubrey (1988) and 

Carter and Schleyer (1988) found that at the Natal Bight the biota, nutrients and 

primary production are also influenced by the persistent upwelling cell. Similar 

observations for the Port Alfred upwelling zone have also been made by Lutjeharms 

et al. (2000a) – in particular a substantial increase in nitrate and silicate 

concentrations. The mechanism of upwelling due to the widening of the shelf is 

described in detail by Gill and Schumann (1979). Both Lutjeharms et al. (2000b) and 

Goschen et al. (2015) describe the Port Alfred upwelling cell in detail, the former 

focusing on the interaction of the Agulhas Current and the Shelf and the latter on the 

influence of a Natal Pulse on upwelling dynamics. Bryden et al. (2005) and Krug et 

al. (2014) reported that upwelling on the Agulhas Bank can also occur due to the 

presence of a Natal Pulse. Both authors give a detailed description of the processes 

involved.  

Upwelling may also occur at eddies. Intense, shear-edge eddies found along the 

continental shelf, upwell cold, nutrient-rich water in their cores. Chapman and Largier 

(1989) suggested that the water lifted by the core will eventually move onto the 

Agulhas Bank, thus enriching it. 

Upwelling can also occur between and near oceanic fronts. Read et al. (2000) found 

that the close proximity of the Subtropical, Agulhas Return and Subantarctic Fronts 

to each other resulted in increased vertical stability and upwelling.  
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2.5 The subsurface chlorophyll maximum 
The SCM is a consistent feature in the biological profile of the world’s oceans. Cullen 

(2015) defined it as the local chlorophyll a maximum maintained by ecological 

processes that operate on a timescale of a day or longer. The SCM is dependent on 

upwelling processes, euphotic depth, nutrient gradients and the characteristics of the 

local phytoplankton community (Franks and Walstad, 1997). The vertical scale can 

be from approximately one meter to tens of meters, whereas, horizontally it can 

occur on a sub-mesoscale (ca. 2 km), a mesoscale (20 km - 100 km) (Lévy, 2008) or 

at large oligotrophic biome scale (>1 000 km;) (Karl, 1999). During phytoplankton 

blooms, the surface waters are depleted of inorganic nitrogen and the water column 

stratifies. The SCM then develops at depth (Brown et al., 2015). On a vertical scale, 

the SCM is formed by biological-chemical-physical interactions and is strongly 

influenced by stratification and shear gradients (Cullen, 2015). The SCM is shallow, 

whereas the deep chlorophyll maximum (DCM) is located at greater depths. The 

depth of both the SCM and DCM is dependent on oceanic stability but they are found 

between the seasonal pycnocline and the permanent halocline (Brown et al., 2015). 

In stable oceanic conditions the SCM or DCM occurs near the bottom of the euphotic 

zone (usually associated with the pycnocline and light levels greater than 0.1 but 

less than 10%) (Longhurst and Harrison, 1989). Yentsch (1965) was the first to 

describe the SCM as a global feature of the water column. This was subsequently 

confirmed by various authors (Venrick et al., 1973; Gieskes et al., 1978; Hayward et 

al., 1983; Cullen, 2015).  

Jamart et al. (1979) and Cullen (1982), 2015) proposed mechanisms that contribute 

to the formation and maintenance of the SCM. These include phytoplankton growth 

rates near the nutricline; photoacclimation of phytoplankton, the differential sinking 

rate of phytoplankton at different densities; physiological changes in the 

carbon:chlorophyll a ratios, and differential grazing pressures from zooplankton and 

fish. In physically dynamic and biologically diverse continental shelf areas, no single 

mechanism can be used to predict the SCM, but rather a combination of different 

factors operate at different times (Anderson et al., 1969; Jamart et al., 1979; Fasham 

et al., 1985; Banse, 1987; Vandevelde et al., 1987).  
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Longhurst and Harrison (1989) distinguished two types of SCMs. The first is a 

temporary SCM that forms when, in spring, the upper ocean warms, followed by the 

subsequent mixing with deep water. The second is a more permanent SCM that 

occurs where significant density stratification is a permanent feature in the water 

column. The latter varies regionally with depth. Longhurst and Harrison (1989) 

provide an in-depth discussion on the formation of the temporary and permanent 

SCMs. 

The use of in vivo chlorophyll a fluorescence as a measurement of chlorophyll a 

concentration that is an approximation at best (Loftus and Seliger (1975) and 

Longhurst and Harrison (1989) The reason for this is that the fluorescence signal is a 

varying and non-linear function of chlorophyll a. Furthermore, variations in 

chlorophyll a:fluorescence ratios have been observed between prokaryotes and 

eukaryotes, between different eukaryote taxa under identical conditions, as well as 

diurnally. As phytoplankton adapt to changing light conditions, relative fluorescence 

can change by an order of magnitude within a few minutes (Longhurst and Harrison, 

1989). Vincent (1979) reported substantial photoinhibition of fluorescence for 

diatoms. Together these responses may yield a fluorescence maximum that does 

not accurately represent of chlorophyll a or biomass.  

2.6 Nutrient Limitation in the Marine Environment 
In the marine environment, nitrogen; phosphorus, silicon (only for diatoms and 

silicoflagellates) and various other macro- and micronutrients are needed to enhance 

and maintain phytoplankton growth. Only a few of the elements required for growth 

are likely to be limiting (Hecky and Kilham, 1988). In the marine environment, only N; 

P, Si, Fe, Zn, Cu, Co and Mn are found in concentrations equal to or less than that 

required by phytoplankton (Hecky and Kilham, 1988). All other nutrients occur in 

non-limiting quantities (Hecky and Kilham, 1988). Thus, nutrient limitation can be 

considered in the form of nitrogen; phosphorus or silicon depletion with the marine 

environment being generally nitrogen limited (Smith, 1984). The depletion of 

nutrients in the epipelagic is the natural consequence of phytoplankton growth and 

will only persist if phytoplankton growth declines (Minas et al., 1986).  
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In seawater, nitrate (NO3-), nitrite (NO2-) and ammonium (NH4+), are the sources of 

inorganic nitrogen. Consequently, the relationship between the concentration of 

these nutrients, especially nitrate and ammonium, and the rate at which they can be 

utilised is likely to affect the growth rate of marine phytoplankton. Excess nutrients 

can be ascribed to low irradiance levels in the mixed layer during winter. Cullen 

(1991) specifies that this may occur when photosynthetic production does not 

exceed community respiration. Factors such as light limitation, temperature and the 

trophic composition of the plankton play an important role in this dynamic (Cullen, 

1991).  

The growth of marine phytoplankton is often limited by the availability of nitrogen 

(Ryther and Dunstan, 1971, Lapointe et al., 1992; Pedersen and Borum, 1996, 

Downing et al., 1999). The concentrations of nitrate relative to phosphate (sumarised 

as a N to P ratio) increases from near the ocean surface to the ocean depths 

(Redfield, 1958). This stoichiometric increase is due to the equal rate of release of N 

and P, but also due to the sinking of decomposing organic matter (Redfield, 1958). 

Redfield (1958) showed that phytoplankton take up nutrients from the water in a 

fixed ratio of C:N:P:Si of 106:16:1:15. Jennings et al. (1984) proposed ratios of 

62:11:1:24 for C:N:P:Si for the Southern Ocean. Redfield (1958) observed that no 

excessive concentrations of N or P remain when the supply of either N or P is 

depleted. When nitrate is limiting, nitrogen-fixers become more abundant as they can 

utilise atmospheric nitrogen. Only when these organisms die and decompose is 

nitrogen returned as dissolved inorganic ammonium and nitrate to the marine 

environment, thus increasing nitrogen levels. There is no atmospheric supply of 

phosphorus and geochemists argue that it is phosphate that governs primary 

productivity and ocean fertility (Tyrrell, 1999). Redfield (1958) also suggested that it 

is the availability of phosphorus rather than nitrogen that limits phytoplankton growth.  

Tyrrell (1999) reported that large data sets such as GEOSECS and World Ocean 

Atlas showed that nitrate is usually depleted from oceanic waters before phosphate 

(N:P < 16:1 (Tyrrell, 1999)). Nutrient depleted or oligotrophic waters usually have 

trace amounts of phosphate whereas nitrate is generally undetectable. Ryther and 

Dunstan (1971) showed that the addition of nitrate to oligotrophic waters stimulates 

phytoplankton production whereas the addition of phosphate does not. It appears 
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that nitrate is usually the most limiting nutrient in oceanic waters rather than 

phosphate and, as a result, nitrate concentrations can be considered to regulate and 

control phytoplankton productivity (Codispoti, 1995). 

Lewin (1962) reported that diatoms have an absolute requirement for silicon. The 

silicon is metabolised to form their frustules. Brzezinski et al. (1990) and Brzezinski 

(1992) reported that when diatoms were deprived of silicon, the progression of cells 

through the cell cycle ceases. This relationship between silicon and diatoms may 

control phytoplankton processes in areas where coastal upwelling occurs (Dugdale, 

1985) as well as the seas surrounding Antarctica (Sakshaug et al., 1991). In these 

and other marine regions, soluble reactive dissolved silicon plays an important role in 

bloom development and its subsequent collapse as well as changes in the floristic 

composition of the bloom (Conley and Malone, 1992).  

Silicon is generally recycled at greater depths than typically found for nitrogen or 

phosphorus (Dugdale et al., 1995). Living diatom cells are protected against 

dissolution of the silicon in their frustules by an organic membrane (Lewin, 1962), 

High dissolution rates of frustules are typically found where the cells are dead 

(Nelson et al., 1991). It follows that low rates of dissolution will occur in areas of high 

productivity. The Gulf Stream (Brzezinski and Nelson, 1989) and the surface waters 

of the Peru Upwelling zone (Dugdale et al., 1995) are examples of regions of high 

and low dissolution rates, respectively.  

In view of Liebig’s Law of the minimum (de Baar, 1994), there are two ways to 

consider nutrient limitation: the stoichiometric approach and the rate-limiting 

approach. The stoichiometric approach compares environmental nutrient ratios with 

the composition ratio of the biomass to determine which nutrient will first be 

depleted. The ratio of Si:N:P in marine water is approximately 16:16:1 (Brzezinski, 

1985). If the Si:N ratio is less than one, Si maybe the limiting nutrient (Conley and 

Malone, 1992). Various authors (Howarth, 1988; Conley and Malone, 1992) used 

ambient Si:N ratios to determine whether Si or N is limiting. However, different 

species of diatoms fix Si and N in different ratios (Brzezinski, 1985), giving a 

considerable variation of cellular Si:N ratios. The stoichiometric approach therefore 

identifies the nutrient most limiting to the system productivity (Dugdale, 1985). An 
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alternative to the stoichiometric approach is the rate-limiting (Monod) method. The 

rate-limiting method clearly indicates which nutrient is limiting for algal growth. This 

method uses a mathematical model to represent various factors that may limit algal 

growth by assuming a single controlling nutrient (Dugdale, 1985). To determine 

which nutrient is limiting, the hyperbolic equation of Monod for nutrient-limited growth 

of micro-organisms (Button, 1985) is used. The details of this equation and method 

is beyond the scope of this literature review as it is more commonly used in 

experiments designed specifically for determining nutrient limitation. 

Iron plays an import role in growth of oceanic phytoplankton and iron is often limiting 

in various marine environments e.g. Southern Ocean (Martin et al., 1990) and 

northeast Pacific (Martin and Fitzwater, 1988). Large-scale iron fertilisation 

experiments within the Southern Ocean and other regions showed that 

phytoplankton biomass and their associated effect on carbon sequestration is 

enhanced and is known as the ‘iron hypothesis’ see Blain et al. (2007) and 

references therein.  

2.7 Phytoplankton production in the greater Agulhas System 
Due to coastal upwelling, high-nutrient, low-chlorophyll water occurs nearshore while 

offshore waters are generally high-chlorophyll, low-nutrient (Minas et al., 1986). 

Upwelling is the primary cause of ingress of nutrients in the epipelagic, but the 

complex interaction of grazing, growth; physiological adaptation as well as horizontal 

and vertical advection can determine the spatial patterns of nutrients; phytoplankton 

biomass and ecosystem primary productivity (Jones et al., 1988; Dugdale and 

Wilkerson, 1989; Cullen, 1991). 

The surface waters of the central region of the subtropical Indian Ocean gyre is 

nutrient poor and have low levels of productivity. Ocean modelling and remote 

sensing showed that there is a seasonal variation in productivity with a slightly higher 

productivity in autumn and winter (Lutjeharms, 2006; Barlow et al., 2010). Ryther et 

al. (1966) conducted a series of primary productivity studies within the Indian Ocean 

and reported a production rate of less than 1.0 g C m-2 d-1 between 25°N and 40°S. 

Along the east coast of Southern Africa; productivity values ranged from 0.1 to 3.1 g 
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C m-2 d-1, with the maximum found at the Natal Bight. Further north, at the Delagoa 

Bight, rates of 0.6 g C m-2 d-1 were reported by Mitchell-Innes (1967). Published 

productivity values for the Agulhas Current range from 0.2 to 5.3 g C m-2 d-1 (Table 

2.1). 

Carter et al. (1987) showed that the eastern and central Agulhas Bank is 

characterised by a well-developed, SCM that coincides with strong but shallow 

thermoclines. According to Carter et al. (1987) these thermoclines are actively 

maintained and thus dynamically very stable. However, short term variations do 

occur with the SCM responding to these fluctuations. The western Agulhas Bank is 

characterised by deeper thermoclines and a less intense SCM (Carter et al., 1987). 

Self-shading and the fact that the thermocline is situated below the 1% of surface 

irradiance level are reasons given by Carter et al. (1987) for limited phytoplankton 

production. 

Table 2.1 Primary productivity rates of Agulhas Current waters. 

Region Productivity  

Delagoa Bight 
0.6 g C m-2 d-1 (Mitchell-Innes, 1967) 

0.2 to 2.2 g C m-2 d-1 (Burchall, 1968b, a) 

Natal Coast 0.03 to 3.9 µg l-1 
(Carter and Schleyer, 

1988) 

eastern Agulhas Bank 1.2 – 2.8 g C m-2 d-1 (Probyn et al., 1994) 

Agulhas Bank (coast & mid shelf in summer) 5.3 g C m-2 d-1 (Probyn et al., 1994) 

 

2.8 Concentrating phytoplankton  
Determining numbers of phytoplankton cells in a water sample is no easy task as 

there is no single method to do so that is suitable under all conditions and for all 
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species (Lund et al., 1958). There are three basic methods of concentrating 

phytoplankton: The first is the settling or sedimentation of preserved phytoplankton 

from a sample using the Utermöhl method (Utermöhl, 1931). Secondly, a centrifuge 

can be used to concentrate living or preserved samples as described by Throndsen 

(1978); and thirdly the concentration of phytoplankton may be measured by means 

of filtration as proposed by Dodson and Thomas (1978). 

In 1931, Utermöhl constructed a series of counting chambers for phytoplankton 

enumeration. Since then, this method has remained largely unchanged except for a 

few minor modifications (Utermöhl, 1958; Evans, 1972; Paxinos and Mitchell, 2000). 

The Utermöhl method has become the standard quantitative method for 

concentrating and counting phytoplankton (Lund et al., 1958). A chamber is used 

into which a 5 to 100 ml (Hasle, 1978) sample is poured and left to settle onto a 

coverslip for later enumeration using an inverted microscope. Most of the 

phytoplankton cells will settle out over time and therefore this method is useful when 

phytoplankton abundance is low (Paxinos and Mitchell, 2000). Lund et al. (1958) 

recommended that Lugol’s solution be used as a preservative with this method as it 

stains and increases the weight of the phytoplankton. Buffered formalin has also 

been successfully used with this method (Reid, 1983; Bollmann et al., 2002), 

however, in this case, a longer settling time is required (Hasle, 1978). 

The worldwide use of the Utermöhl method allow for comparison of phytoplankton 

composition and biomass in ecosystems around the world (Willén, 1976; Paxinos 

and Mitchell, 2000). It is also appropriate for studies where the microplankton is size 

fractionated, with large sampling sets and where there is delayed processing of 

samples (Reid, 1983). A lower confidence in the data exists for the nanoplankton 

and picoplankton groups using this method, given the possibilities of cells not settling 

as well as difficulties with taxonomic differentiation (Reid, 1983; Bollmann et al., 

2002). The time taken to settle a sample, which is usually between 24 and 48 hrs 

(Lund et al., 1958; Willén, 1976; Hasle, 1978; Reid, 1983; Paxinos and Mitchell, 

2000), even 72 hrs (Bollmann et al., 2002) is a potential drawback of this method. 

Mixed results are obtained when comparing the centrifuge method with the Utermöhl 

method, but in general, higher cell concentrations were obtained by the former 
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(Throndsen, 1978). Bollmann et al. (2002) also found that membrane filters yielded 

consistently higher cell concentrations than the Utermöhl method. 

2.9 Research conducted in the region 
The most comprehensive phytoplankton study in the sACLME was made by Taylor 

(1966). He identified and composed a list of 414 taxa, indicative of the floristic 

richness of the system. This study formed part of the Indian Ocean expedition, in 

which the South African survey frigate, the Natal, sailed four cruises between April 

1962 and January 1963. Four transects (at Durban; Port St. Johns; Port Elizabeth 

and Cape Agulhas), were sampled on a seasonal basis with a 65 µm ‘N50V’ 

meshnet. Diatoms, representing 238 taxa, were dominant throughout the entire 

region. Dinoflagellates, representing 159 taxa, were found to be sporadic in 

occurrence throughout region.  

Thorrington-Smith (1969) reported that samples taken along the Natal Coast 

(Durban) consisted of two main classes of phytoplankton, Bacillariophyceae and 

Dinophyceae. Two Cyanophyceae species and one Chrysophyceae species were 

also present. The abundance of dinoflagellates ranged from 0.1 to 2.3% of the total 

number of cells counted per sample. The ten most common diatoms were seven 

Chaetoceros species, one Thallassiothrix species and two Bacteriastratum species 

(Thorrington-Smith, 1969). For a complete species list see Thorrington-Smith (1969). 

In the austral summer of 2004, Mohan et al. (2011) sampled a transect along the 45° 

E longitude between the latitudes of 25°S and 56°S. The aim of that study was to 

understand the distribution patterns of diatoms in relation to sea surface temperature 

(SST), salinity and nutrient availability. Six diatom species were found: Fragilariopsis 

kerguelensis, Fragilariopsis separanda, Thalassiothrix sp., Thalassiosira gracilis, 

Dactyliosolen sp. and Chaetoceros peruvianus. Fragilariopsis kerguelensis was the 

dominant diatom from 41°S polewards but no diatoms were recorded between 25°S 

and 40°S. Mohan et al. (2011) concluded that the absence of diatoms north of 41°S 

is due to high SST, salinity and the low nutrient concentrations. The presence of 

diatoms south of 41°S was associated with lower SST (by 7°C), salinity and higher 

concentrations of nitrate and silicate.  
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In conjunction with the pelagic sampling (Mohan et al., 2011), sedimentary core 

samples were also collected (Mohan et al., 2006). Twenty-four species of diatoms 

were identified. Seven of these dominated the diatom assemblage: Fragilariopsis 

kerguelensis and Thalassiosira lentiginosa were dominant in the south where F. 

separanda, Thalassionema nitzschioides, Thalassiothrix sp., Eucampia antarctica 

and Azpeitia tabularis were present in low abundance. The major species identified 

in the core samples were briefly discussed by Mohan et al. (2006), whereas minor 

species were only listed. The spatial distribution of most of the diatoms in surface 

sediments appears to have been controlled by the same physicochemical 

parameters as those described for the sea surface samples. 

The number of diatom species found in the two studies is very low compared to the 

findings of Taylor (1966). Sampling on several cruises between Cape Town, Marion 

Island and Prince Edward Island yielded detailed descriptions of the diatom 

community of the Agulhas Retroflection and ARC waters (Froneman et al., 1995; 

Froneman et al., 1998; Froneman et al., 1999; Froneman and Pakhomov, 2000; 

Froneman et al., 2004). These studies yielded between 8 and 44 diatom species in 

assemblages similar to the other studies within the region. 

Sampling on hydrographic survey cruises off the Natal Bight and southeast Agulhas 

Shelf by Barlow et al. (2010) yielded mixed diatom-flagellate communities where the 

euphotic zone was deeper than the mixed layer. More recently, Barlow et al. (2014) 

recorded mixed phytoplankton communities, consisting of flagellates and 

prokaryotes in both cyclonic and anti-cyclonic eddies within the Mozambique 

Channel. Flagellates dominated near the DCM, whereas diatom dominance was only 

reported for regions with nutrient-rich water at or near the DCM and at the coast. 
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3 The Agulhas Shelf 

3.1 Abstract 
A survey along the Agulhas Shelf in September and October 2009 showed a strong 

north-south gradient along the shelf as well as across it. Water temperature 

decreased from north to south whereas across the Shelf there was an increase in 

temperature with inshore stations cooler than the offshore ones. Oxygen, nitrate, 

nitrite; phosphate, silicate and chlorophyll a concentrations increased from north to 

south and decreased across the shelf from the coastline into the Agulhas Current. 

This resulted in significant differences between the waters of the northern Shelf and 

those of the southern Shelf. The DCM became shallower in the south, towards the 

coast and in areas of upwelling. The N:P and N:Si ratios indicated that, for most of 

the Shelf, waters were nitrogen limited. Nutrients and phytoplankton biomass on the 

Shelf were controlled by the Agulhas Current via two permanent upwelling regions, 

the St Lucia and Port Alfred upwelling cells. The phytoplankton community also 

showed a latitudinal gradient with decreasing diversity from north to south. The most 

abundant diatom genera for the northern Shelf were Pseudo-nitzschia H.Peragallo 

whereas in the south, Thalassiosira Cleve and Guinardia H.Peragallo increased in 

abundance. Alexandrium Halim and Gymnodinium F.Stein were the most abundant 

dinoflagellates in the north and south respectively. The environmental drivers 

associated with the observed species distribution were water temperature and nitrate 

concentration. These showed a clear latitudinal gradient that remained unaffected by 

mesoscale variability of the Agulhas Current, thereby allowing the phytoplankton 

community to persist.  

3.2 Introduction  
The Agulhas Current is a western boundary current that transports warm Indian 

Ocean water along the South African coast and dominates the circulation in the 

southwest Indian Ocean (Lutjeharms, 2006). The Agulhas Current forms near the 

border between Mozambique and South Africa, with source waters from the 

Mozambique Channel (Sætre and Da Silva, 1984; de Ruijter et al., 2002), the East 

Madagascar Current (Lutjeharms et al., 1981), and the South West Indian Ocean 
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sub-gyre (Stramma and Peterson, 1990; Stramma and Lutjeharms, 1997b). Both the 

Mozambique Channel and East Madagascar Currents are minor sources with high 

levels of mesoscale variability. The Agulhas Current narrowly follows the steep 

continental shelf and was found to be very stable in its location between Durban and 

Port Elizabeth (Grundlingh, 1983; Lutjeharms et al., 2000a; Lutjeharms, 2006). South 

of Port Elizabeth, the continental shelf starts to widen, forming the Agulhas Bank. It 

is here that the Agulhas Current starts to meander (Lutjeharms, 2006). These 

meanders are accompanied by shear-edge features such as cyclonic eddies and 

warm plumes (Lutjeharms et al., 2000a). 

The subtropical gyre of the southwest Indian Ocean has very limited primary 

productivity associated with low nutrient concentrations. Lutjeharms (2006), using 

satellite ocean colour, showed that there is a seasonal signal in primary productivity. 

The source waters of the Agulhas Current are oligotrophic (Lutjeharms, 2006) and 

upwelling events along the Agulhas Shelf bring nutrient-rich waters into the system. 

Two types of upwelling can be found along the Agulhas Shelf. The first occurs due to 

the effect of bottom stress in the Ekman layer and the vertical movement of colder 

and denser water masses (Lutjeharms et al., 2000a). This is an inherent part of the 

dynamics of all western boundary systems (Condie, 1995; Lutjeharms et al., 2000a). 

The second is the persistent upwelling associated with the Agulhas Current found 

where the continental shelf widens. The first area with a persistent (year-round) 

upwelling cell is the northern edge of the Natal Bight (Lutjeharms et al., 1989b; 

Lutjeharms et al., 2000a; Lutjeharms, 2006). The Natal Bight is a shelf region where 

the continental shelf widens. This pushes the Agulhas Current slightly offshore, 

creating lee eddies and the persistent upwelling cell in the north (Lutjeharms, 2006). 

The second location is along the eastern edge of the Agulhas Bank (Lutjeharms et 

al., 2000a; Goschen et al., 2012). Schumann (1982) also reported upwelling in this 

area that occurs during periods of strong and persistent easterly winds. This 

phenomenon is especially prominent at the capes. He reported substantial volumes 

of cold water entering Algoa Bay from the north due to large meanders. Roberts 

(2010) observed an upwelling event associated with a Natal Pulse (water plume) 

reaching the northern shoreline of Algoa Bay. Cooler waters in the eastern section of 

Algoa Bay can also be attributed to leakage from the Port Alfred upwelling cell 
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(Roberts, 2010). More recently, Goschen et al. (2015) showed that the upwelling 

events associated with Natal Pulses lasted for a period of 1 to 3 weeks until the core 

of the Agulhas Current moved offshore again. These Natal Pulses are a major driver 

of variability along the eastern edge of the Agulhas Bank (Krug et al., 2014). The 

largest sector of shelf-edge upwelling occurs near the Natal Bight (Lutjeharms, 

2006). These upwelling events along the Agulhas Shelf bring cold nutrient-rich water 

onto the continental shelf thus enhancing phytoplankton production (Carter and 

D'Aubrey, 1988; Carter and Schleyer, 1988; Goschen et al., 2015).  

Phytoplankton communities are vital to oceanic ecological processes and affect the 

structure of food webs, nutrient cycles and the transport of organic matter to deep 

ocean waters. Temperature, salinity and currents are factors that can influence the 

horizontal distribution of phytoplankton communities, while vertical distribution is 

primarily determined by irradiance, nutrients and water column stability. In the upper 

euphotic zone, phytoplankton productivity is generally limited by nutrients (Dugdale 

and Goering, 1967) while it is limited by light in the lower euphotic zone (Behrenfeld 

and Falkowski, 1997). The upper euphotic zone productivity may also be affected 

due to photoinhibition (Kirk, 1994). Phytoplankton is often concentrated in distinct 

layers: either the DCM or SCM. The DCM is not necessarily related to maximum light 

nor nutrient concentrations (Cullen, 1982). Mesoscale eddies in tropical and 

subtropical oligotrophic regions are known to strongly influence both the horizontal 

and vertical distribution of phytoplankton biomass (Benitez-Nelson et al., 2007; 

Hansen et al., 2010; Lamont et al., 2014). The depth of the DCM or SCM zone 

ranges from 15 to 30 m for coastal regions (Jeffrey and Hallegraeff, 1990) and 40 to 

130 m in the open ocean (Jeffrey and Hallegraeff, 1990; Hanson et al., 2007a; 

Barlow et al., 2014).  

Nutrient limitation is largely determined by the stoichiometric ratio between the 

elements silicon (Si, as silicate), nitrogen (N) and phosphorus (P). This is due to the 

growth requirements of phytoplankton (Redfield, 1958). De-Pauw and Naessens 

(1991) showed that different nutrient ratios in water samples can be used to indicate 

the nutrient loading status and predict phytoplankton productivity. The nutrient 

requirements for phytoplankton species differ and as a result different phytoplankton 

communities respond differently to the same nutrient conditions. The half-saturation 
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constant of phytoplankton can also affect how phytoplankton species may respond to 

nutrient conditions, especially in N limited environments (Eppley et al., 1969). Meyer 

et al. (2002) reported that the main source waters of nutrients for the Natal Bight 

phytoplankton came from the northern edge and southwards via bottom water. The 

main source of nutrients for the eastern Agulhas Bank phytoplankton is the Port 

Alfred upwelling cell (Lutjeharms et al., 2000a).  

North of the Agulhas Current, Barlow et al. (2014) found that the phytoplankton 

community was comprised of prokaryotes and small flagellates, with prokaryotes 

dominant in surface waters. They also reported that dinoflagellates were absent from 

the Mozambique channel and that diatoms were the dominant phytoplankton group 

at frontal regions where waters diverge. Barlow et al. (2010) also reported that for 

the south-eastern Shelf of the Agulhas ecosystem, phytoplankton were dominated by 

either diatoms or diatom-flagellate communities.  

Ryther et al. (1966) measured primary production rates of <1.0 g C m-2 d-1 for the 

open ocean between 25°N and 40°S. Elevated primary productivity (>1.0 g C m-2 d-1) 

was reported along the east African coast and on the northern Agulhas Shelf 

production ranged from 0.1 to 3.1 g C m-2 d-1 (Ryther et al., 1966). Primary 

productivity for the Delagoa Bight was reported to be 0.6 g C m-2 d-1 (Mitchell-Innes, 

1967) while for the Natal Bight productivity was between 0.2 and 2.2. g C m-2 d-1 

(Burchall, 1968b, a). Upwelling on the northern edge of the Natal Bight contributed to 

higher chlorophyll a concentration over the northern Natal Bight (1.0 to 1.5 µg l-1) 

compared to the southern Natal Bight (<0.5 µg l-1) (Lutjeharms et al., 2000a). Carter 

and Schleyer (1988) reported that the chlorophyll a concentrations range between 

0.03 and 3.9 µg l-1. Barlow et al. (2008) measured depth-integrated chlorophyll a 

concentrations in the euphotic zone of between 20 and 70 µg l-1. The KwaZulu-Natal 

coastal waters were found to be dominated by small flagellates with diatoms being 

more prominent in the cooler waters around the Natal Bight area (Barlow et al., 

2008; Barlow et al., 2010).  

Phytoplankton may be classified by cell size (e.g. Sieburth, 1979; Poulton et al., 

2006): picoplankton (0.7 – 2.0 µm), nanoplankton (2.0 – 20.0 µm) and the larger 

microplankton (> 20.0 µm). Environmental factors that influence the composition and 
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dynamics of phytoplankton communities include: light availability, temperature, 

salinity and nutrients (Poulton et al., 2006; Alves-de-Souza et al., 2008). The time 

and spatial variation of these environmental factors result in a diverse and dynamic 

phytoplankton community (Poulton et al., 2006).  

This study considered the physico-chemical oceanographic environment as drivers 

of the phytoplankton communities: their biomass, composition and biogeography. 

Other studies only investigated portions of the study site considered here, e.g. Natal 

Bight (Barlow et al., 2008), off Durban (Burchall, 1968b; Carter and Schleyer, 1988) 

and the south-eastern Shelf of the Agulhas Bank (Barlow et al., 2010). This study is 

the first to investigate the phytoplankton of the Agulhas Shelf in its entirety and 

consider the environmental drivers of this community along the Shelf. To do so, the 

following hypothesis was tested:  

The distribution of phytoplankton changes from a  

• low-biomass, flagellate-dominant community in the oligotrophic 

subtropical waters on the northern Shelf to an 

• elevated biomass and diatom-dominant community in the cooler 

mesotrophic waters of the southern Shelf. 

3.3 Materials and Methods 

3.3.1 Study area 

An oceanographic survey was carried out aboard the FRS Algoa in September and 

October 2009. Twenty-one across-shelf transects with two to nine stations each 

were sampled from the coast, to beyond the 1 000 m isobath (Fig. 3.1). Transects 

were positioned half a degree apart and stations approximately 10 nautical miles 

apart. Sampling was conducted within the framework of ACEP II (African Coelacanth 

Ecosystem Program Phase II) and the ASCLME Project. The study area covered the 

Agulhas Current and the associated shelf from Ponta do Ouro, Southern 

Mozambique, to Cape St Francis, South Africa. The two large bays, Algoa Bay and 

St Francis Bay were also included in the study area. 
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Fig. 3.1 Sampling stations (black dots) of the Agulhas Shelf Cruise. Transects 1 to 5 

are on the north-eastern Shelf, transects 6 to 9 represent the Natal Bight, and 

transects 10 to 15 the south-eastern Shelf – these collectively form the northern 

Agulhas Shelf. Transects 16 to 21 form the southern Agulhas Shelf. The dashed 

lines represent the geographical borders between these regions. 

3.3.2 Environmental variables 

All the environmental data were collected in situ from the FRS Algoa during Cruise 

410 in September and October of 2009. Fluorescence, conductivity, temperature and 

pressure data were collected using a SeaBird Electronics SBE 911+ CTD and deck 

unit, together with a SeaBird Electronics 43 dissolved oxygen sensor and a Chelsea 

Instruments Aquatracka MkIII fluorometer. A 12-way rosette holding twelve 5 l Niskin 

bottles was used to collect water samples at preset depths for the analysis of 

nutrients and size-fractionated (>20 µm, 20 – 2 µm and 2 - 0.7 µm) chlorophyll a. 

During each CTD cast the DCM or SCM was determined and water was collected at 

five depths relative to these: below the DCM/SCM, at the DCM/SCM and at three 
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depths between the DCM/SCM and the surface (as far as possible) (Fig. 3.2). 

Samples for nutrient analyses were filtered, frozen (-20°C) and analysed in the 

laboratory for silicate (SiO44-), nitrate (NO3-), nitrite (NO2-) and phosphate (PO43-) 

concentrations according to Strickland and Parsons (1972) modified for use with a 

Technicon Auto Analyser II (Mostert 1983). The criteria selected for the mixed layer 

depth of temperature (MLDT) or density (MLDD) were from a near‐surface value (10 

m depth) where ΔT = 0.2°C or Δσθ = 0.03 kg m−3, respectively (de Boyer Montégut et 

al., 2004).  

 

Fig. 3.2 The fluorescence profile of a typical CTD cast indicating the depths sampled. 

Depths indicated with * were only sampled if the DCM was located at sufficient 

depth. 

3.3.3 Phytoplankton biomass 

Size fractionated chlorophyll a was measured by filtering 500 ml water samples 

through a tower of three filters in subdued light. The filters were: 20 µm Millipore 
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nylon net filters, 2 µm Millipore membrane filters, and 0.7 µm Whatman GFF filters. 

Filters were frozen (-20°C) for later analysis in the laboratory. Chlorophyll was 

extracted from samples in the dark for 24 h at -20°C into 90% acetone. Chlorophyll a 

concentration of filtered extracts was determined fluorometrically on a Turner 

Designs model AU10 (Arar and Collins, 1997).  

3.3.4 Phytoplankton cell counts and identification 

A litre of water was taken from the surface and the DCM/SCM Niskin bottle and 

preserved with 2% Lugol’s iodine solution (Parsons et al., 1989; Karayanni et al., 

2004). The entire volume was sedimented and cells counted using a Zeiss IM 35 

inverted microscope (Utermöhl, 1958) at 630x magnification, with identification to 

species level where possible. For dominance and species composition a minimum of 

300 cells were counted where possible.  

In addition, an 80 µm ring net was deployed vertically to below the DCM and drawn 

up to the surface at 0.5 m s-1. The contents of the cod-end were preserved with 2% 

Lugol’s iodine solution. Permanent slides for light microscopy and stubs for scanning 

electron microscopy were prepared from these samples in order to identify the 

majority of the taxa to species level.  

3.3.5 Statistical analyses 

Main Effects Measures Analysis of Variance was used to determine significant 

differences among means. When a significant difference among means was found; 

Pairwise Multiple Comparison Procedures were done to determine differences 

between means. All analyses were done using R version 3.5.0 (R Core Team, 2018), 

with packages vegan (Oksanen et al. 2018), ggplot2 (Wickham et al. 2018) and 

mvabund (Wang et al. 2018). Detrended Correspondence Analysis (DCA) was used 

to determine patterns in the distribution of the species and stations across the study 

area. Canonical Correspondence Analysis (CCA) was used to relate environmental 

variables to the stations (and species). Monte Carlo permutation tests (999 

unrestricted permutations; p < 0.05) were used to assess the significance of the 

canonical axes showing the relationship between the samples and selected 

environmental variables. The two most explanatory axes of the CCA and DCA were 
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plotted as two-dimensional graphs. Environmental variables were plotted as vectors 

originating from the graph origin. The magnitude of the vector represents the 

magnitude of the variation in each variable and its direction represents an increase in 

the value of that particular variable. Abundance and dominance were determined 

from the cell concentration data, following the criteria proposed by Calijuri et al. 

(2002). Abundant species were those with abundance scores above the mean value 

of the community, and dominant species were those with values surpassing 50% of 

the total number of cells. Species diversity and evenness indices were calculated 

using the vegan package in R (Oksanen et al., 2018). Generalized linear models 

(GLMs) were also used to further explore the relationships between environmental 

variables and phytoplankton abundance.  

3.4 Results 

3.4.1 Physical and chemical oceanographic conditions 

Based on the characteristics of the continental shelf and the Agulhas Current, the 

Agulhas Shelf was divided into two major regions: the northern Agulhas Shelf 

(Transects 1-13) and the southern Agulhas Shelf (Transects 14 – 21). The northern 

Agulhas Shelf was subdivided into the north-eastern Shelf (Transects 1 – 5), the 

Natal Bight (Transects 6- 9) and the south-eastern Shelf (Transects 10 -13). The 

northern Agulhas Shelf was characterised by a fast-flowing Agulhas Current that 

closely followed the steep and narrow continental shelf. The widening of the 

continental shelf to form the Agulhas Bank and the associated meandering of the 

Agulhas Current marked the beginning of the southern Agulhas Shelf. 

Characteristics are based on those reported by Lutjeharms (2006). Sea surface 

temperatures (Fig. 3.3) and temperature profiles (Fig. 3.4) for the euphotic zone 

showed a clear gradient of decreasing temperature from the northern to the southern 

Agulhas Shelf. Temperatures of the waters of the northern Agulhas Shelf (Transects 

1 to 13) ranged from 15.34 to 23.93°C with a mean (± S.D.) of 21.40 ± 1.73°C. The 

southern Agulhas Shelf (Transects 14 to 22) was significantly cooler (F = 168.11; p < 

0.01; n = 302) with temperature ranging from 10.76 to 22.04°C and a mean of 18.12 
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± 2.72°C. The coefficients of variance for the southern Agulhas Shelf and northern 

Agulhas Shelf were 15.01 and 8.08%, respectively.  

 

 

Fig. 3.3 Sea surface temperatures measured along the Agulhas Shelf. The black 

dots represent the sampling stations.  
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Fig. 3.4 Temperature (mean ± 1 S.D.) profiles measured through the epipelagic zone 

of the Agulhas Shelf. Transects 1 to 13 form the northern Agulhas Shelf and 

Transects 14 to 21 the southern Agulhas Shelf.  

 

Salinity was significantly (F = 12.137; p < 0.01; n = 302) lower for the southern 

Agulhas Shelf compared to the northern Agulhas Shelf. The salinity for the northern 

Agulhas Shelf epipelagic zone ranged from 35.21 to 35.54 with a mean of 35.39 ± 

0.06. The southern Agulhas Shelf epipelagic zone salinity ranged from 34.92 to 

35.54 with a mean of 35.36 ± 0.12.  
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There was a significant decrease in oxygen concentration with depth (Fig. 3.5) below 

the DCM in both the northern and southern Agulhas Shelf regions (F = 48.85; p < 

0.001; n = 302). The more southerly transects showed an elevated oxygen 

concentration at the DCM (Fig. 3.5). The mean dissolved oxygen concentration was 

significantly (F = 32.35; p < 0.01, n = 302) higher for the southern Agulhas Shelf 

epipelagic zone (4.74 ± 0.48 mg l-1) compared to the north (4.49 ± 0.38 mg l-1). The 

mean dissolved oxygen for the northern shelf DCM (4.53 ± 0.24 mg l-1) was 

significantly lower (p < 0.01; n = 302) compared to the southern DCM (4.84 ± 0.44 

mg l-1).  

 

Fig. 3.5 Oxygen (mean mg l-1 ± 1 S.D.) concentrations with depth through the 

epipelagic zone of the Agulhas Shelf. Transects 1 to 13 represent the northern 

Agulhas Shelf and Transects 14 to 21 the southern Agulhas Shelf.  
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The nitrite concentrations for Agulhas Shelf waters are shown in Fig. 3.6. The only 

significant difference (F = 1.98; p < 0.02; d.f. = 288) in the NO2- concentrations was 

between Transects 15 and 19 with NO2- concentrations being higher at Transect 15. 

Transects 1, 3, 5, 19, 20 and 21 had high NO2- concentrations at the DCM (Fig. 3.6).  

The nitrate concentrations showed a similar increase with depth at all Transects (Fig. 

3.7). The only significant difference in nitrate concentrations was between Transects 

3 and 18 (F = 19.61; p < 0.01; d.f. = 72) and Transects 3 and 21 (F = 8.51; p < 0.01; 

d.f. = 72). Nitrate concentrations of the waters of the southern shelf (4.56 ± 5.22 µM) 

were significantly higher (F = 24.49; p < 0.001; d.f. = 302) compared to the northern 

shelf (2.11 ± 3.39 µM). Nitrate concentrations increased southwards along the coast.  

Phosphate also showed the same gradient, increasing concentrations southwards 

along the coast (Fig. 3.8). Transects 3, 5 and 9 of the northern Shelf were found to 

have significantly lower phosphate concentrations (F = 9.66; p < 0.05; d.f = 186) 

compared to the southern transects (such as 16, 18, 19 and 21). Mean 

concentrations at depth of Transect 3 (0.27 ± 0.23 µM) were significantly (F = 17.63; 

p < 0.001; d.f =109) lower compared to Transect 16 (0.81 ± 0.24 µM), 18 (0.73 ± 

0.38 µM), 19 (0.75 ± 0.42 µM) and 21 (0.67 ± 0.40 µM). Transect 5 (0.43 ± 0.35 µM) 

had significantly (F = 5.45; p < 0.001; d.f =99) lower concentrations of phosphate 

when compared to transect 18 (0.73 ± 0.38 µM) and 19 (0.75 ± 0.42 µM). Transect 9 

(0.47± 0.33 µM) had significantly lower concentrations compared to those measured 

at Transect 21 (0.67 ± 0.40 µM).  

No significant differences (F = 1.49; p > 0.05; d.f. = 288) were recorded in silicate 

concentrations between any of the transects of the study sites (Fig. 3.9). At all 

transects, silicate concentrations remained constant between the surface and DCM 

after which they increased with depth. All the nutrients showed a significant positive 

correlation with depth (Table 3.1).  
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Fig. 3.6 Nitrite (mean µM ± 1 S.D.) concentrations in the epipelagic waters of the 

Agulhas Shelf. Transects 1 to 13 represent the northern Agulhas Shelf and 

Transects 14 to 21 the southern Agulhas Shelf. 
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Fig. 3.7 Nitrate (mean µM ± 1 S.D.) concentrations in the epipelagic zone of the 

Agulhas Shelf. Transects 1 to 13 represent the northern Agulhas Shelf and Transect 

s14 to 21 the southern Agulhas Shelf. 
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Fig. 3.8 Phosphate (mean µM ± 1 S.D.) concentrations in the epipelagic zone of the 

Agulhas Shelf. Transects 1 to 13 represent the northern Agulhas Shelf and 

Transects 14 to 21 the southern Agulhas Shelf. 
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Fig. 3.9 Silicate (mean µM ± 1 S.D.) concentrations in the epipelagic zone of the 

Agulhas Shelf. Transects 1 to 13 represent the northern Agulhas Shelf and 

Transects 14 to 21 the southern Agulhas Shelf. 

 

Deviation of regression lines from the Redfield ratio (Fig. 3.10) indicate nitrogen 

limitation for all waters of the Agulhas Shelf, with the exception of Transect 21 (Cape 

St Francis) where the N:P ratio was 16:1. The lowest N:P ratios were recorded at 

Transects 5 (3.6:1) and 6 (3.9:1) (Fig. 3.10).  

Transects 1, 9, 11, 13, 15, 16, 20 and 21 silicon was marginally limited (Fig. 3.11). 

The highest N:Si ratios were found at Transects 16 (2.1:1), 20 (2.0:1) and 21 (1.9:1). 
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Table 3.1 Pearson correlation analysis with pairwise deletion of the environmental 

variables measured in the waters of the Agulhas Shelf. Significant correlations are 

coded as follows: *** p < 0.001, ** p < 0.01, * p << 0.05. Positive correlations are 

blue and negative correlations are red. 
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Fig. 3.10 Concentrations of nitrate versus phosphate for all samples collected from 

surface waters to those at 200 m depth at Transects 1 to 11. The black line is the 

regression line for the data and the blue line represents the Redfield Ratio (N:P = 

16:1). Grey dots are all stations whereas the black dots represent the samples for 

the specific transect. 
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Fig. 3.10 Concentrations of nitrate versus phosphate for all samples collected from 

surface waters to those at 200 m depth at Transects 12 to 21. The black line is the 

regression line for the data and the blue line represents the Redfield Ratio (N:P = 

16:1). Grey dots are all stations whereas the black dots represent the samples for 

the specific transect. 
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Fig. 3.11 Concentrations of nitrate versus silicate for all samples collected from 

surface waters to those at 200 m depth at Transects 1 to 11. The black line is the 

regression line for the data and the blue line represents the Redfield Ratio (N:P = 

1:1). Grey dots are all stations whereas the black dots represent the samples for the 

specific transect. 
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Fig. 3.11 Concentrations of nitrate versus silicate for all samples collected from 

surface waters to those at 200 m depth at Transects 12 to 21. The black line is the 

regression line for the data and the blue line represents the Redfield Ratio (N:P = 

16:16 (Redfield Ratio). Grey dots are all stations whereas the black dots represent 

the samples for the specific transect. 
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All four nutrients showed significant negative correlations (Table 3.1) with 

temperature (Fig. 3.12) as well as with salinity (Fig. 3.13). At temperatures of <20°C 

the euphotic zone is characterised by nutrient-rich waters (>10 µM). A salinity over 

35.1 and temperatures greater than 13°C separate the euphotic zone of the 

southern-most transects (20 and 21) from the rest, especially noticeable below the 

DCM. 

  

Fig. 3.12 Concentrations of nutrients (NO2-, 

NO3-; PO43- and SiO44-) versus temperature 

for all the euphotic zone stations (n=302). 

Fig. 3.13 Concentrations of nutrients (NO2-, 

NO3-; PO43- and SiO44-) versus salinity for 

all the euphotic zone stations (n=302). 

3.4.2 Spatial variability of phytoplankton 

Chlorophyll a concentrations were higher near the coast (Fig. 3.14), especially in 

areas where upwelling is known to occur. The depth of the chlorophyll a maximum 

varied considerably - ranging between 10 m and 101 m but was associated with both 

the pycnocline and nutricline (Fig. 3.15 and Fig. 3.16). Selected graphs of in situ 

chlorophyll a concentration with depth are included to illustrate the difference in the 

phytoplankton distribution of known upwelling zones with that measured on the 

coastal shelf (Fig. 3.15 and Fig. 3.16). The in situ chlorophyll a concentrations 
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measured at Transect 1 shows a typical pattern of phytoplankton distribution in 

oligotrophic waters - the DCM occurred between 50 and 101 m depth (Fig. 3.15a). At 

the DCM, microphytoplankton contributed 67% of the total chlorophyll a, whereas 

nano- and picophytoplankton contributed 18 and 14%, respectively. At the time of 

the study, the surface waters of this transect were dominated by microphytoplankton, 

contributing 55% to the total chlorophyll a.  

Transect 5 is located on the northern edge of the Natal Bight and the offshore 

stations showed the same pattern as that observed at Transect 1 (Fig. 3.15b). The 

DCM was located at a depth of approximately 50 m. Located on the edge of the 

Natal Bight, the inshore station of Transect 5 showed a significantly higher (F = 2.11; 

p < 0.001; d.f = 232) chlorophyll a concentration compared to other stations, with the 

inshore station located near Cape St. Francis being the only exception. At this 

transect, nanophytoplankton concentrations increased from 0.10 ± 0.06 µg l-1 near 

the surface to 1.05 ± 1.47 µg l-1 at the DCM. Microphytoplankton showed the 

opposite trend (Fig. 3.18) with a decrease from near the surface (1.19 ± 2.82 µg l-1) 

to the deeper waters (0.70 ± 0.66 µg l-1). South of Durban, Transect 9 formed the 

southern boundary of the Natal Bight (Fig. 3.14). The DCM for the two nearshore 

stations was located at a depth of 20 to 30 m whereas the stations located further 

offshore had a DCM at depths of 50 to 60 m (Fig. 3.15c). The chlorophyll maximum 

at Transect 13 occurred between the surface and 25 m depth with a rapid decline in 

chlorophyll a concentrations below that (Fig. 3.16a). East of Port Elizabeth (Transect 

17) the chlorophyll maximum was also located between the surface and a depth of 

25 m but this pattern extended from the inshore station towards the inshore edge of 

the Agulhas Current core. Chlorophyll a concentrations of the surface waters near 

the Agulhas Current core were lower than those measured above the shelf (Fig. 3.14 

and Fig. 3.16c). A patch of chlorophyll a with a concentration of > 2 µg l-1 was located 

above the south-eastern edge of the Agulhas Bank (Fig. 3.16c). The depth of the 

DCM at Transect 21 ranged between 10 and 42 m. Total chlorophyll a 

concentrations for the waters of Transect 21 ranged between 0.19 and 8.65 µg l-1. 

Micro-, nano- and picophytoplankton contributed 40%, 29% and 31% of the total 

chlorophyll a.  
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Picophytoplankton contributed the least (Fig. 3.20) to the total biomass of 

phytoplankton and showed no significant (F = 2.6, p > 0.05; d.f. = 288) difference 

between transects apart from Transect 21. Vertical distribution of picophytoplankton 

showed no significant difference (F = 0.12; p > 0.05, d.f. = 297) between the surface, 

shallow and DCM waters. However, the deep (0.17 ± 0.17 µg l-1) and below DCM 

(0.17 ± 028 µg l-1) concentrations were significantly lower (F = 0.12; p > 0.05, d.f. = 

297) than those measured at the DCM (0.45 ± 0.55 µg l-1). Mean picophytoplankton 

concentrations ranged from 0.08 ± 0.07 to 0.41 ± 0.36 µg l-1 measured at Transect 1 

to 20 to 0.83 ± 1.13 µg l-1 for Transect 21. The picophytoplankton of Transect 21 

above DCM contributed more to total phytoplankton biomass than micro- and 

nanophytoplankton did (Fig. 3.20). 

Chlorophyll a concentrations for microphytoplankton ranged from 0.30 ± 0.38 

(Transect 3) to 1.10 ± 0.86 µg l-1 (Transect 21). Transect 21 had significantly (F = 

2.90; p < 0.05, d.f = 288) higher microphytoplankton concentrations compared to 

Transects 1, 3, 5 and 8. Transect 19 had significantly (F = 2.90; p < 0.05, d.f = 288) 

higher microphytoplankton concentrations compared to Transect 3. 

Nanophytoplankton showed no significant difference (F = 2.82; p < 0.05, d.f = 288) 

with depth. The DCM on the other hand had a significantly higher nanophytoplankton 

component than the shallow waters as well as those below the DCM (F = 2.82; p < 

0.05, d.f = 288).  
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Fig. 3.14 Chlorophyll a concentrations (µg l-1) measured along the Agulhas Shelf. 

The black dots represent the sampling stations.  
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Transect 1

 
Transect 5

 

Transect 9

 

 

Fig. 3.15 Latitudinal depth transects of chlorophyll a (µg l-1) concentration for 

waters of Transects 1, 5 and 9 along the Agulhas Shelf. 
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Transect 13

 
Transect 17

 
Transect 21

 

Fig. 3.16 Longitudinal depth transects of chlorophyll a (µg l-1) concentrations for 

waters of Transects 13, 17 and 21 along the Agulhas Shelf. 

 



   
 

60 
 
 

 

Fig. 3.17 Chlorophyll a (mean µg l-1 ± 1 S.D.) concentrations in the epipelagic zone 

of the Agulhas Shelf. Transects 1 to 13 represent the northern Agulhas Shelf and 

Transects 14 to 21 the southern Agulhas Shelf.  
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Fig. 3.18 Microphytoplankton chlorophyll a (mean µg l-1 ± 1 S.D.) concentrations in 

the epipelagic zone of the Agulhas Shelf. Transects 1 to 13 represent the northern 

Agulhas Shelf and Transects 14 to 21 the southern Agulhas Shelf. 
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Fig. 3.19 Nanophytoplankton chlorophyll a (mean µg l-1 ± 1 S.D.) concentrations in 

the epipelagic zone of the Agulhas Shelf. Transects 1 to 13 represent the northern 

Agulhas Shelf and Transects 14 to 21 the southern Agulhas Shelf. 
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Fig. 3.20 Picophytoplankton chlorophyll a (mean µg l-1 ± 1 S.D.) concentrations in the 

epipelagic zone of the Agulhas Shelf. Transects 1 to 13 represent the northern 

Agulhas Shelf and Transects 14 to 21 the southern Agulhas Shelf. 

 

3.4.3 Phytoplankton composition 

A total of 118 phytoplankton taxa were recorded during the survey: 71 diatoms, 37 

dinoflagellates, six silicoflagellates, two chlorophyte flagellates, one prymnesiophyte 

and one coccolithophore. The dominant genera (> 1 000 counts), in order of 
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dominance were: Pseudo-nitzschia spp. (diatom), Thalassiosira Cleve sp. (diatom), 

Alexandrium spp. (dinoflagellate), Gymnodinium spp. (dinoflagellate) and Guinardia 

spp. (diatom). These five genera contributed a total of 68% of all the cell counts. At 

the time of the survey Pseudo-nitzschia spp. was found to be four times more 

abundant than Guinardia spp.  

The composition of the functional groups and the total number of phytoplankton 

species for 12 transects along the Agulhas Shelf is given in Fig. 3.21. Species 

diversity was greater in the northern Agulhas Shelf compared to the south. Evenness 

ranged from 0.48 to 0.92 with a mean of 0.69, thereby indicating a relative even 

distribution of species across the study site. The transect with the highest diversity 

was Transect 3 with 48 taxa recorded at the DCM and 50 taxa at the surface. 

Transect 5 had the second highest diversity with 41 and 36 taxa at the surface and 

DCM, respectively. Transect 7 was the only transect where a coccolithophore was 

found. The prymnesiophyte, Chrysochromulina hirta Manton was only found in the 

surface waters of Transect 21. Only six sites showed a dominance (>50% of counts) 

by one species (Table 3.2). Transect 1 was numerically dominated by dinoflagelates. 

Functional group dominance also changed from dinoflagellates to diatoms for 

Transects 3 to 21. There was a significant decline (p < 0.001; d.f = 24) in abundance 

of Pseudo-nitzschia spp. along the coast from north (Transect 3) to south (Transect 

21). The cooler waters of the south showed an increase in abundance of 

Thalassiosira sp. and Guinardia spp. A similar change was also observed for 

dinoflagellates, with Alexandrium spp. being more abundant in the north and 

Gymnodinium spp. in the south.  

Multivariate analysis grouped the 118 taxa into the following groups (Fig. 3.22): 

northern shelf (Transects 1- 13) and southern shelf (Transects 14 to 21). While the 

groups shared many of the same species, especially the more abundant ones such 

as Pseudo-nitzschia spp. and Alexandrium spp., rare taxa such as Neidium 

septentrionale Cleve-Euler and species in the genera Stephanopyxis (Ehrenberg) 

Ehrenberg and Navicula Bory were outliers of the southern shelf community. For the 

northern community, two species of Oxytoxum Stein, Asterolampra sarcophagus 

(Wallich) Greville and Ceratium contortum (Gourret) Cleve were outliers. The 

northern Shelf group consisted of smaller but overlapping communities Fig. 3.22.  



   
 

65 
 
 

A few taxa were only found in specific regions, for example the genus Surirella 

Turpin was only present in the waters of the south-eastern Agulhas Shelf, whereas 

the genera Lithodesmium Ehrenberg and Scrippsiella Balech ex A.R.Loeblich III 

were only present in the waters of the southern Agulhas Shelf.  

Table 3.2 Transects where the phytoplankton was dominated by one genera (>50% of total). 

Station and 

depth 
Transect % of counts Dominant species Species 

richness 
Diversity 
score 

Evenness 
score 

9444_DCM 1 54.74 Pseudo-nitzschia spp. 29 1.89 0.56 

9460_DCM 7 52.80 Alexandrium spp. 13 1.43 0/56 

9484_Surface 15 51.10 Thalassiosira sp. 31 1.82 0.60 

9491_DCM 17 55.19 Guinardia spp. 22 1.79 0.58 

9500_DCM 19 50.32 Thalassiosira sp. 27 2.02 0.61 

9508_DCM 21 58.31 Thalassiosira sp. 17 1.45 0.51 

 

 

Fig. 3.21 Composition of the phytoplankton from the surface and deep chlorophyll 

maximum (DCM) of the 12 transects along the Agulhas Shelf.  
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Fig. 3.22 Detrended Correspondence Analysis of phytoplankton samples from the 12 

transects along the Agulhas Shelf. Solid symbols represent the northern Agulhas 

Shelf and empty squares the southern Agulhas Shelf. 

 

Fig. 3.23 represents the abundance of the most abundant species for the Agulhas 

Shelf. Three of the 12 species were dinoflagellates and nine were diatoms. The 

dominance of Pseudo-nitzschia spp. and Thalassiosira sp. is evident.  
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Fig. 3.23 The abundance of the most abundant species/genera of for the Agulhas 

Shelf. ○ represents outliers, bars represent the minimum and maximum, and the 

solid line is the median. 

3.4.4 Environmental drivers of phytoplankton variability 

The environmental drivers for the Agulhas Shelf are shown in Fig. 3.24 and Table 

3.3. The eigenvalues for CCA 1 and CCA 2 were 0.172 and 0.078, explaining 73% of 

the total variance of the distribution. The first canonical axis accounted for 50% of 

this. The strongest correlations were between the first canonical axis and 

temperature (r = -0.91), oxygen (r = 0.77); phosphate (r = 0.40) and nitrate (r = 

0.0.36). The second canonical axis accounted for 23% of the cumulative variation 

and was negatively correlated to oxygen (r = -0.53) and nitrite (r = -0.14) and 
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positively correlated to salinity (r = 0.56), nitrate (r = 0.55) and phosphate (r = 0.32). 

The north-eastern Shelf was characterised by warmer than average seawater, higher 

than average salinity and deeper bathymetry. These transects also had deeper than 

average DCMs. The southern Agulhas Shelf had higher than average oxygen; 

phosphate and nitrate concentrations as well as cooler than average seawater 

temperatures. Higher than average salinity was observed for the stations along the 

very narrow continental shelf between Durban and East London (Transects 9 to 15). 

 

Fig. 3.24 Canonical Correspondence Analyses samples as constrained by 

environmental variables. The environmental drivers are indicated by the vectors. 

Solid symbols represent the northern Agulhas Shelf and open symbols the southern 

Agulhas Shelf. 
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A generalized linear model also confirmed that phytoplankton communities differed 

between the four regions of the Agulhas Shelf. The environmental drivers for this 

difference in community structure are provided in Table 3.3. From Table 3.3 it is 

clear that temperature, salinity and nitrite are the important environmental drivers for  

the different phytoplankton communities of the regions of the Agulhas Shelf. 

 

Table 3.3. The GLM model of environmental drivers of phytoplankton community 

differences of the Agulhas Shelf. 

Environmental Variable d.f. Dev. p 

Intercept 94   

Region 91 1264.8 0.001*** 

Temperature 90 472.3 0.001*** 

Salinity 89 265.5 0.001*** 

Dissolved Oxygen 88 183.3 0.001*** 

Nitrate 87 178.9 0.001*** 

Nitrite 86 189.6 0.001*** 

Silicate 85 125.0 0.031 * 

Phosphate 84 125.6 0.045 * 

Sigificance Codes: *** p = 0.001, ** p = 0.01, * p = 0.05 
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3.5 Discussion 

3.5.1 Physical and chemical oceanography 

The geographical spread of the transects along the Agulhas Shelf sampled during 

the survey in 2009 showed significant differences in temperature, salinity and 

dissolved oxygen within the waters of the euphotic zone. The range in epipelagic 

temperature (10.76 to 23.93°C), salinity (34.91 to 35.54) and dissolved oxygen (3.17 

to 6.24 mg l-1) observed in the Agulhas Current along the continental shelf is 

consistent with previously reported literature (Christensen, 1980a; Lutjeharms et al., 

2000b; Lutjeharms, 2006; D'Addezio and Subrahmanyam, 2016). Cooler upwelling 

regions along the coast were also observed. These upwelling regions are consistent 

with those reported in the literature (Schumann et al., 1982; Lutjeharms et al., 2000a; 

Lutjeharms, 2006; Goschen et al., 2012; Krug et al., 2014; Goschen et al., 2015). 

Surface water to the north of the Natal Bight (Transects 6 - 9) was 1 to 2°C cooler 

compared to surface water of the stations located off the Natal Bight (Fig. 3.3). 

Upwelling regions were observed near East London; Port Alfred as well as the 

eastern shores of St. Francis Bay (Fig. 3.3). Fig. 3.3 clearly shows two temperature 

gradients, one across the Agulhas Shelf and the second in a north-south direction 

along the Shelf. Surface salinity plots indicate distinct water masses along the shelf. 

The surface salinity measurements in the vicinity of Port Alfred and southwards had 

a relatively low mean salinity of 35.3, lower than that of the adjacent surface waters 

of the Agulhas Current. Lutjeharms et al. (2000a) made a similar observation for the 

Port Alfred region. On the northern Shelf, the opposite pattern was observed - 

inshore stations had a mean salinity of 35.4, higher than that of the adjacent surface 

waters of the Agulhas Current. 

The distribution of nutrients plays an important role in controlling the composition of 

phytoplankton communities. Nitrogen and phosphorus are the main inorganic 

nutrients needed for growth in marine ecosystems, although silicate could limit the 

growth of diatoms (Yool and Tyrrell, 2003; Crombet et al., 2011). Iida and Odate 

(2014) reported that diatoms do not grow in concentrations below 0.001 μg l-

1 silicate. The Agulhas Shelf exhibited strong cross-shelf nutrient gradients with 

concentrations consistently higher at the inshore stations compared to the stations 
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near the Agulhas Current core. Nitrate showed a strong north-south gradient along 

the shelf (Fig. 3.7). This was expected, as the Agulhas Current is nitrate-poor and 

most likely consists of subtropical surface waters (Lutjeharms et al., 1996). Elevated 

surface nutrients found at certain locations along the Shelf were associated with river 

mouths, bays and prominent capes, anthropogenic inputs and upwelling events 

along the coast. The surface nutrient concentrations just north of Richards Bay and 

south of East London were the highest for the Agulhas Shelf. This is particularly 

pronounced for phosphate, where concentrations greater than 0.75 µM were 

measured. Nutrient concentrations also increased with depth on the Agulhas Shelf to 

levels similar to that found below the thermocline. Nutrients are mostly biologically 

depleted in the euphotic waters and the thermal stratification of the water column 

forms a barrier to nutrient replenishment from deeper waters, restricting their 

availability to the euphotic zone (Lutjeharms et al., 1996). The concentrations of 

nitrate, nitrite; phosphate and silicate at depth ranged from 0.28 to 23.39 µmol l-1, 0 

to 0.42 µmol l-1, 0.06 to 1.85 µM and 0.01 to 15.71 µM, respectively. These values 

are in range with those that are reported for South Indian Central Water (Meyer, 

1992), Natal Bight (Meyer et al., 2002), Agulhas Shelf (Lutjeharms, 2006) and 

eastern Agulhas Bank waters (Lutjeharms et al., 1996; Lutjeharms, 2006).  

Nitrate and phosphate concentrations for the northern Natal Bight are within the 

range reported by Meyer et al. (2002), but are towards the lower end of the range. 

Surface silicate concentrations recorded in the northern Natal Bight during this study 

were more variable and extended both the maximum and minimum concentrations 

reported by Meyer et al. (2002). Meyer et al. (2002) showed that nutrient 

concentrations decreased southwards over the Natal Bight. This study, however, an 

increase in nitrate concentrations in surface waters was recorded southwards over 

the Natal Bight. Transects 6, 7 and 9 reached maximum concentrations of 1.82, 1.40 

and 1.35 µmol l-1, respectively. Silicate concentrations also increased southwards 

over the Natal Bight with maximum concentrations ranging between 1.82 and 3.41 

µM for Transect 6 and 9 respectively. Phosphate concentrations decreased 

southwards over the Natal Bight with maximum concentrations ranging between 0.31 

and 0.59 µM for Transect 8 and 9. The low nitrate concentrations along the Natal 

Bight suggest that at the time of sampling the phytoplankton of these waters were 
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nitrate limited. The deviation below the Redfield Ratio lines in Fig. 3.10 (3-9) and Fig. 

3.11 (3-9) for N:P (16:1) and N:Si (1:1) supports this result. The N:Si slopes of 2-3:1 

(Fig. 3.11) implies greater biotic depletion of nitrate relative to silicate. The deviation 

away from the N:Si Redfield Ratio of 1:1 suggests that the nitrate uptake was by 

phytoplankton that do not utilise silicate. Read et al. (2000) made a similar 

observation for the frontal zone between the Southwest Indian Subtropical gyre and 

the Southern Ocean. 

From East London (Transect 14) southwards, there is a marked increase in nitrate 

concentrations. Although this area has a high nutrient concentration, the chlorophyll 

a response did not reflect this (Fig. 3.14), suggesting that at the time of the sampling 

upwelling had occurred but the phytoplankton had not yet responded. Surface 

nutrients were lower for Algoa Bay compared to St Francis Bay.  

The distribution and composition of phytoplankton communities were influenced by 

temperature and the distribution of nutrients. Using half saturation constants (Ks), it is 

possible to determine whether the nutrient concentrations measured on the Agulhas 

Shelf are sufficient to support phytoplankton growth. This constant shows the ability 

of phytoplankton to utilise low nutrient concentrations and this is of ecological 

significance. For nitrate Eppley et al. (1969) reported a Ks value of ≤ 0.2 µM for 

natural oligotrophic marine communities and ≥ 1.0 µM for eutrophic conditions. 

Pondaven et al. (1998) in their model used a Ks value for nitrate and silicate of 0.3 - 

0.8 µM and 0.83 µM, respectively. However, these values are for diatoms in the 

Southern Ocean. The nitrate in the epipelagic ranged from 0.01 to 23.39 µM. The 

median of 0.89 µM for nitrate is close to the reported Ks values, suggesting that 

about half the stations sampled for the Agulhas Shelf were nitrate limited for diatoms. 

Most of these nitrogen-limited samples were collected from the surface waters of the 

south-eastern Agulhas Shelf and Natal Bight. Considering the lower end of the Ks 

scale, it appears that large parts of the Agulhas Shelf have sufficient nitrate to 

support oligotrophic marine communities. Silicate concentrations of Agulhas Shelf 

waters are sufficient to support diatom communities – this were generally higher (~ 2 

µM) than the Ks of 0.83 µM. Nishikawa et al. (2010) reported Ks values of 0.68 to 

6.67 µM for phosphate uptake for various phytoplankton taxa. This range of values 

will classify the Agulhas Shelf, with a maximum concentration of 1.85 µM, as 
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phosphate limited. However, the deviations from the N:P Redfield Ratio of 16:1 (Fig. 

3.10) does not support this. Certain functional groups show a preference toward 

specific nutrient ratios. Howarth (1988) reported that blue-green algae prefer low N:P 

ratios and diatoms prefer high Si:P (Sommer, 1994). Dinoflagellates prefer both low 

N:P and Si:P ratios (Margalef, 1978). The positive correlations (Table 3.1) between 

nitrate and phosphate as well as phosphate and chlorophyll a concentrations 

suggested that phytoplankton biomass was controlled by the availability of these 

nutrients. Temperature was inversely correlated with chlorophyll a, nitrate and 

phosphate (Table 3.1). Rykaczewski and Dunne (2010) and Van de Poll et al. (2013) 

make reference to the importance of temperature in determining nutrient availability 

for phytoplankton by influencing vertical exchange with deeper nutrient-rich water. 

An increase in temperature will lead to an increase in stratification (Rykaczewski and 

Dunne, 2010; Thomas et al., 2012) of the epipelagic waters. This, in turn, will reduce 

the availability of nutrients in the surface waters for phytoplankton and may favour 

some functional groups more than others. An increase in stratification and less 

ingress of nitrogen (in the form of nitrate) will be disadvantageous towards diatoms 

as they prefer well mixed, upwelled waters to keep them suspended within the 

euphotic zone and supply them with nitrogen. Dinoflagellates on the other hand are 

more motile and are able to move between nutrient-rich waters at depth and the 

euphotic zone, making them more competitive within stratified waters. Observed 

abundance data for the Agulhas Shelf support both scenarios of preference by 

functional groups.  

3.5.2 Spatial variability of phytoplankton 

Barlow et al. (2008) found that phytoplankton biomass appeared to be greater in the 

Natal Bight than the Delagoa Bight. In this study, only the southern section of the 

Delagoa Bight was sampled, however, from Fig. 3.14 it is clear that the surface 

chlorophyll a was lower for the Delagoa Bight area (mean 0.45 ± 0.69; range 0.05 to 

3.66 µg l-1; n = 26) compared to the Natal Bight area (mean 1.09 ± 1.47; range 0.1 to 

8.23 µg l-1; n = 31). Surface chlorophyll a concentration for the eastern section of the 

Agulhas Bank, including Algoa Bay and St Francis Bay (mean 2.15 ± 1.79; range 

0.08 to 8.47 µg l-1; n = 26), was higher compared to both Delagoa and Natal Bight. 
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The overall trophic status of the Natal Bight may be classified as mesotrophic. 

However, towards the north and in the core of the Agulhas Current, surface waters 

appear to be oligotrophic. This is expected, as the source of the Agulhas Current is 

from oligotrophic waters (Lutjeharms, 2006). The overall trophic status of the Natal 

Bight and the St Lucia upwelling cell may be classified as mesotrophic. This is most 

likely due to eddy-driven upwelling processes. Diatoms, especially Pseudo-nitzschia 

spp. contributed most to surface chlorophyll a as was observed by Barlow et al. 

(2008). The steep continental shelf region south of Durban to the east of Port Alfred 

may be classified as oligotrophic. The eastern section of the Agulhas Bank and Cape 

St. Francis were mesotrophic with elevated biomass measured around Cape St. 

Francis. The diatoms Thalassiosira sp. and Guinardia spp. were the more abundant 

genera in the southern waters. 

3.5.3 Phytoplankton composition 

The phytoplankton community showed a north-south gradient of decreasing diversity 

along the shelf. Diatoms and dinoflagellates were the dominant phytoplankton 

functional groups. Due to their enhanced nutrient uptake rates, the oligotrophic 

waters of the Indian Ocean are characterised by small size classes of phytoplankton 

groups such as chlorophyte flagellates (Twomey et al., 2007). Barlow et al. (2008) 

found that both the Delagoa and Natal Bight phytoplankton communities were 

generally dominated by the small flagellates with patches where diatoms were 

dominant. However, small flagellates were only numerically dominant in the surface 

waters of Transect 1. Barlow et al. (2008) also reported that small flagellates were 

generally dominant in waters where total chlorophyll a was less than 1 µg l-1 and 

diatoms were most prominent at higher concentrations. In the Arabian Sea, 

nanophytoplankton were abundant in waters with chlorophyll a concentrations were 

between 0.3 and 0.7 µg l-1 (Bouman et al., 2005). In the temperate waters of the 

northeast Atlantic, chlorophyll a concentrations ranged between 0.4 and 1 µg l-1 

(Barlow et al., 2004).  

The dominant diatom and dinoflagellate genera for the northern shelf were Pseudo-

nitzschia spp. and Alexandrium spp. that accounted for a large percentage of the cell 

counts. A large proportion of the taxa were widespread throughout Shelf waters. 
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Although the environmental and biological data separates the Shelf stations into 

northern and southern communities, the species composition was sufficiently similar 

to be considered a single community. It is only the rare species that separated the 

phytoplankton community into northern and southern communities.  

3.5.4 Environmental drivers of phytoplankton variability 

The environmental drivers most closely associated for the observed species 

distribution of Agulhas Shelf waters were temperature and nitrate concentration. 

Similar results were found by Barlow et al. (2008) in that temporal changes in diatom 

and dinoflagellate communities could be related to temperature and nutrients. 

Various studies have demonstrated that temperature is an important environmental 

parameter that influences biological processes in the ocean and that phytoplankton 

community structures vary in a regular and predictable pattern with temperature 

(Bouman et al., 2003; Bouman et al., 2005; Platt et al., 2005; Barlow et al., 2008). In 

general, it has been observed that at lower temperatures the phytoplankton is 

dominated by microphytoplankton (such as diatoms), nanophytoplankton is more 

abundant at intermediate temperatures, and picophytoplankton is the most abundant 

size class at high temperatures (Bouman et al., 2003; Bouman et al., 2005). The 

results of this study suggest that temperature is an important environmental 

parameter that has an influence on phytoplankton community structure along the 

Agulhas Shelf. The constrained ordination analysis showed a negative correlation 

between nitrate and silicate concentrations indicating that either one or the other 

nutrient was limiting at any point in time. The ordination showed that nitrite and 

silicate had no significant influence on the distribution and composition of the 

phytoplankton communities. 

3.6 Conclusions 
The Agulhas Current controls the distribution and movement of nutrients along the 

Agulhas Shelf over the largest part of the Shelf. It does this predominantly by forcing 

upwelling at various locations, such as the Natal Bight and the eastern Agulhas 

Bank. It is these upwelling events that are the main source of nutrients for the Shelf 

and from these upwelling sites nutrients are moved southwestward with a 
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concomitant increase in primary productivity along the Shelf. Nitrate was the most 

limiting nutrient during the survey of the Shelf area with silicate being limiting towards 

the southern part of the Shelf. It is doubtful that this would have had a negative 

impact on diatom production because of the constant allochthonous introduction of 

inorganic nutrients from the Port Alfred upwelling cell as well as from wind induced 

upwelling events at prominent capes. Secondly, diatoms are more abundant in 

regions of upwelling than dinoflagellates and other functional groups utilizing the 

availability of upwelled nitrate for growth. Outflow from rivers such as the Thukela, 

can also be a source of nutrients to the Natal Bight especially during the wet season 

(Scharler et al., 2016). This increase in nutrients in the Thukela mouth region was 

most notable in sedimentary samples.  

The null hypothesis proposed was that there is no change in the phytoplankton 

community along the Shelf. This could not be completely rejected. The oligotrophic 

water in the north was not dominated by chlorophyte flagellates. Diatoms were in 

general the dominant functional group over the Agulhas Shelf, with a few exceptions 

along the coast. This study contributes significantly to our knowledge of 

phytoplankton distribution and ecology along the Agulhas Shelf. This survey, 

however; provided only a snapshot and so could not resolve f processes that have 

time scales of more than a day.  
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4 The Agulhas Bank 

4.1 Abstract 
The distribution of phytoplankton across the Agulhas Bank is mainly linked to various 

upwelling events along the eastern and western Agulhas Bank. The environmental 

drivers most responsible for the observed species distribution on the Agulhas Bank 

were temperature and phosphate. On the eastern Agulhas Bank; phytoplankton 

distribution and surface chlorophyll a is bound to the inshore edge of the Agulhas 

Current. Chlorophyll a and nutrients in the Agulhas Current are typical of 

oligotrophic, subtropical surface waters that are relatively unproductive when 

compared to the meandering inshore waters. Thalassiosira weissflogii (Grunow) 

G.Fryxell & Hasle; Pseudo-nitzschia H.Peragallo spp. and Guinardia H.Peragallo 

spp. were the more abundant in the eastern Bank coastal waters and contributed the 

most to surface chlorophyll a for the Agulhas Bank. Both the eastern and western 

Agulhas Bank were mesotrophic in nature with localised patches of increased 

biomass around prominent capes. The phytoplankton community showed an east-

west gradient of decreasing diversity across the Bank. Diatoms were the dominant 

(>50% of total number of species) phytoplankton taxonomic group with the other 

functional groups making a significantly smaller contribution to the phytoplankton 

community. 

4.2 Introduction 
Fully constituted on the South African-Mozambican border, the Agulhas Current is a 

warm western boundary current that narrowly follows the continental shelf of the east 

coast of South Africa. Near the latitude of Port Elizabeth, the continental shelf starts 

to widen forming the Agulhas Bank. The Agulhas Bank is a triangular-shaped 

widening of the continental shelf (Hutchings, 1994; Lutjeharms et al., 1996) that 

extends approximately 300 km offshore and covers an area of 80 000 km2 

(Lutjeharms et al., 1996). The Agulhas Bank falls within South Africa’s Exclusive 

Economic Zone (EEZ) and is a productive region and an important spawning ground 

for commercial species such as kingklip (Genypterus capensis), anchovy (Engraulis 

capensis), sardine (Sardinops sagax), sole (Austroglossus pectoralis), squid (Loligo 
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reynaudii), hake (Merluccius capensis), and yellowtail (Seriola lalandi) (Hutchings, 

1994; Roberts, 2005; Roberts and van den Berg, 2005).  

The Agulhas Bank can be divided into three areas, the eastern, central and western 

Bank (Lutjeharms, 2006; Jackson et al., 2012). Jackson et al. (2012) used the 

shallow inner bank along the 21°E meridian as the boundary between the eastern 

bank and western banks. The long and wide eastern Bank is dominated by the warm 

oligotrophic Agulhas Current (Hutchings, 1994) whereas the western Bank is 

influenced by the cold nutrient-rich waters of the Benguela Current (Lutjeharms et 

al., 1996; Lutjeharms, 2006). The Agulhas Bank is the meeting area for two oceans, 

the Indian Ocean and Atlantic Ocean. Swart and Largier (1987) found water from the 

southwest Indian Ocean on the eastern Agulhas Bank, suggesting that the water is 

advected onto the Bank. This cross-shelf transport, the hydrology, as well as the 

circulation of the Agulhas Bank is influenced by the Agulhas Current via a range of 

processes such as variations in the Agulhas Current strength, the intrusion of the 

Agulhas Current via upwelling on to the bank (Lutjeharms et al., 2000a), meanders, 

filaments, water plumes (Lutjeharms et al., 1989a; Lutjeharms et al., 2003), Natal 

Pulses (Casal et al., 2009) and southerly winds (Goschen and Schumann, 1990). 

The narrow and steep western bank is influenced by both the Agulhas Current and 

the Benguela Current. With the former, warm surface water is advected onto the 

western bank via the eastern bank and with the latter, cold central Atlantic water is 

upwelled onto the western bank (Chapman and Largier, 1989; Largier, 1990). 

Schumann (1999) considered the 10 to 15 km wide coastal region as a separate 

oceanographic region to that of the eastern, western and central regions 

(Lutjeharms, 2006). This coastal region tends to be dominated by wind driven 

coastal-upwelling (Schumann et al., 1982; Largier, 1990) and eastward flowing 

(alongshore) currents (Roberts and van den Berg, 2005; Roberts, 2010). Another 

oceanographic area of interest is the cold ridge, located offshore between 

Plettenberg Bay and Mossel Bay. The cold ridge a semi-permanent oceanographic 

feature where there is an upward doming of the thermocline (Roberts and van den 

Berg, 2005). 

This study focussed on the physico-chemical oceanographic environment as drivers 

of phytoplankton biomass, composition and biogeography. Various studies have 
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focussed on specific sections of the Bank, e.g. Algoa Bay (Goschen et al., 2015), the 

eastern Agulhas Bank (Probyn et al., 1995; Roberts, 2005) and western Agulhas 

Bank (Largier et al., 1992; McMurray et al., 1993; Mitchell-Innes et al., 1999). This 

study is the first to investigate the Agulhas Bank as a whole and determine the 

environmental drivers of the phytoplankton community and biomass across the 

Bank. To determine whether the Agulhas Bank has an influence on the biological 

productivity we developed the following hypothesis:  

Phytoplankton on the Agulhas Bank changes from  

• an elevated biomass, diatom-dinoflagellate dominated community in the 

mesotrophic waters of the eastern Agulhas Bank to  

• a low biomass, diatom dominant community in the waters of the western 

Agulhas Bank. 

 

4.3 Study Area 
An oceanographic survey was done onboard the FRS Algoa in August and 

September 2010. Fifteen across-shelf transects with two to sixteen oceanographic 

stations each were sampled from the coast to beyond the 1 000 m isobath (Fig. 4.1). 

Transects were positioned half a degree apart and stations approximately 10 

nautical miles apart. Environmental data were collected in situ from the FRS Algoa 

during Cruise 411. Sampling was conducted within the framework of ACEP II 

(African Coelacanth Ecosystem Program Phase II) and the ASCLME (Agulhas and 

Somali Current Large Marine Ecosystems) Project. The study area covered the 

Agulhas Bank from Port Alfred to Cape Hangklip, South Africa. The two large bays, 

Algoa Bay and St Francis Bay, were also included within the study area, even 

though they were also sampled as part of the Agulhas Shelf cruise.  

The methodology and statistical analysis used in this study was identical to that 

presented in sections 3.3.2, 3.3.3, 3.3.4 and 3.3.5. 
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Fig. 4.1 The Agulhas Bank study area showing the position of the sampling stations 

(black circles) in 15 transects. Transects 1 to 12 form the eastern Bank and transects 

13 to 15 the western Bank. The dashed line represents the geographical border 

between the two biogeographic regions. (Note: Other studies separate Transects 9 

to 12 as the central Bank.)  

4.4 Results 

4.4.1 Physical and chemical oceanographic conditions 

The division of the Agulhas Bank into the eastern and western Agulhas Bank are 

based on similar divisions reported in literature (Largier et al., 1992; Lutjeharms, 

2006; Roberts, 2010; Jackson et al., 2012). Sea surface temperatures (Fig. 4.2) 

showed significant (F = 27.72; p < 0.01; d.f. = 437) spatial variability within the 

euphotic zone of the Agulhas Bank, with the eastern bank (Transects 1 to 12) being 

warmer than the western bank (Transects 13 to 15). Surface waters on the bank 

itself were cooler than those near the edge of the bank. Areas of coastal upwelling 

were observed near the prominent capes. Depth integrated temperatures for the 
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eastern Agulhas Bank ranged from 12.24 to 22.01°C with a mean temperature of 

16.76 ± 2.03°C (Fig. 4.3). On the western bank temperatures ranged from 13.24 to 

17.57°C with a mean of 15.73 ± 0.91°C (Fig. 4.3).  

The salinity of the waters of the eastern Agulhas Bank (35.04 to 35.47, mean 35.35 ± 

0.07) was significantly (F= 6; p < 0.01; d.f. = 437) lower than those of the western 

Agulhas Bank (35.12 and 35.47, mean 35.37 ± 0.08). Both the profiles for the 

eastern (p < 0.01; d.f. = 211) and western (p < 0.01; d.f. = 76) Agulhas Bank showed 

a significantly lower salinity below the chlorophyll a maximum (Fig. 4.4). A sea 

surface plot of salinity (Appendix: Agulhas Bank; Fig. 9.1) shows a latitudinal 

gradient over the Agulhas Bank, increasing towards the offshore stations.  

 

Fig. 4.2 Sea surface temperature (SST) of the waters of the Agulhas Bank. The 

black dots represent the sampling stations. 

 

The dissolved oxygen profiles (Fig. 4.5) for the eastern and western Agulhas Bank 

showed significantly (F= 69.85; p < 0.01; d.f. = 289) lower dissolved oxygen 

concentrations in waters below the DCM. The mean oxygen concentration for the 

DCM was 5.36 ± 0.37 mg l-1 and below the DCM was 4.84 ± 0.59 mg l-1. The mean 

dissolved oxygen for the eastern and western Agulhas Bank epipelagic zone was 

5.13 ± 0.54 mg l-1 and 5.23 ± 0.46 mg l-1, respectively (Fig. 4.5).  
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Fig. 4.3 Temperature profiles of the epipelagic zone of the Agulhas Bank. Transects 

1 to 12 form the eastern Bank and Transects 13 to 15 form the western Bank. 
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Fig. 4.4 Salinity profiles of the epipelagic zone of the Agulhas Bank. Transects 1 to 

12 form the eastern Bank and Transects 13 to 15 form the western Bank. 

 

The nitrite concentrations of the waters of the Agulhas Bank are shown in Fig. 4.6. 

No significant difference (F = 0.04; p > 0.05; d.f. = 394) in concentrations were found 

between the eastern and western Agulhas Bank as well as between the various 

transects (F = 1.08; p > 0.05; d.f. = 394). Nitrite concentrations significantly 
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increased (F = 6.52; p < 0.01; d.f. = 394) with depth (Fig. 4.6). Surface, DCM and 

below the DCM nitrite concentrations were 0.10 ± 0.08, 0.12 ± 0.07 and 0.15 ± 0.08 

µM, respectively.  

 

Fig. 4.5 Dissolved oxygen profiles of the epipelagic zone of the Agulhas Bank. 

Transects 1 to 12 form the eastern Bank and Transects 13 to 15 form the western 

Bank. 
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The nitrate concentrations for the Agulhas Bank are shown in Fig. 4.7. 

Concentrations were fairly uniform with a few exceptions: Transects 1 and 3 showed 

a significant difference (F = 12.00; p < 0.05; d.f. = 145) to Transects 11, 12 and 14. 

The eastern Agulhas Bank (2.81 ± 3.23 µM) had significantly (F = 11.11; p < 0.01; 

d.f. = 394) higher nitrate concentrations compared to the western Agulhas Bank 

(1.79 ± 2.04 µM). Mean surface and DCM concentrations of nitrate across the 

Agulhas Bank was 1.25 ± 1.62 µM and 1.47 ± 1.60 µM. This was significantly (F = 

63.53; p < 0.01, d.f = 390) lower than concentrations below the DCM (4.92 ± 3.65 

µM).  

 

Fig. 4.6 Nitrite concentrations in the epipelagic zone of the Agulhas Bank. Transects 

1 to 12 form the eastern Bank and Transects 13 to 15 form the western Bank. 
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Fig. 4.7 Nitrate concentrations in the epipelagic zone of the Agulhas Bank. Transects 

1 to 12 form the eastern Bank and Transect 13 to 15 form the western Bank. 

 

The phosphate concentrations of water on the Agulhas Bank are shown in Fig. 4.8. 

Phosphate concentrations for the eastern Agulhas Bank epipelagic zone ranged 

from 0 to 2.41 µM with a mean of 0.52 ± 0.29 µM and for the western bank from 0 to 

1.94 µM with a mean of 0.48 ± 0.31 µM. Transect 14 had significantly (F = 1.69; p < 
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0.05; d.f. = 394) higher phosphate concentrations than Transects 4 to 14 with the 

exception of Transect 13. Phosphate concentrations remained relatively constant in 

the upper epipelagic zone of the Agulhas Bank but below the DCM , concentrations 

were significantly higher (F = 34.92; p < 0.01; d.f. = 390). Mean surface, DCM and 

below DCM concentrations for the Agulhas Bank were 0.39 ± 0.22, 0.43 ± 0.24 and 

0.72 ± 0.48 µM, respectively.  

 

Fig. 4.8 Phosphate concentrations in the epipelagic zone of the Agulhas Bank. 

Transects 1 to 7 form the eastern Bank and Transect 13 to 15 form the western 

Bank. 
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Silicate concentrations in the epipelagic zone of the Agulhas Shelf are shown in Fig. 

4.9. Silicate concentrations ranged from 0.04 to 61.61 µM with a mean of 5.09 ± 3.47 

µM and 5.72 ± 7.30 µM for the eastern and western Agulhas Bank, respectively. 

Transect 13 had significantly higher (F = 2.25; p < 0.05; d.f. = 379) concentrations of 

silicate compared to transects 3, 7, 10, 11 and 12. Mean silicate concentrations at 

the surface (4.10 ± 3.77 µM) and the DCM (4.70 ± 4.53 µM) showed no significant 

change with depth. However, silicate concentrations below the DCM were 

significantly higher (F = 10.89; p < 0.01; d.f. = 390; mean of 7.10 ± 5.44 µM). 

 

The deviation of regression lines from the Redfield ratio in Fig. 4.10 and Fig. 4.11 

indicates nutrient limitation for various transects along the Agulhas Bank. Transect 3, 

situated off Cape Recife, was the only transect that was not nitrate limited with a N:P 

ratio of 16.1:1. Transect 2, 4 and 6 had N:P ratios of 8.24:1, 12.26:1 and 9.87:1, 

respectively. The lowest N:P ratios were measured at transect 11 (2.45:1) and 14 

(2.87:1). Transects 2 and 3 were silicate limited (Fig. 4.11).  
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Fig. 4.9 Silicate concentrations in the epipelagic zone of the Agulhas Bank. 

Transects 1 to 7 form the eastern Bank and Transects 13 to 15 form the western 

Bank. 

 

The four nutrients had a significant inverse correlation with temperature (Table 4.1). 

Furthermore, all the nutrients, except nitrite, showed a significant correlation with 

salinity (Table 4.1). Plotting the nutrients against temperature (Fig. 4.12) and salinity 

(Fig. 4.13), there was a negative linear relationship with both and can be divided into 

two categories. The first category was where water temperature was 18°C and the 

salinity was below 35.5. The second category was where water temperature was 

above 18°C and salinity was below 35.5. 
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Table 4.1 Pearson correlation analysis with pairwise deletion of the environmental 

variables measured in the waters of the Agulhas Bank. Significant correlations are 

coded as follows: *** p < 0.001, ** p < 0.01, * p << 0.05. Positive correlations are 

blue and negative ones are red. 
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Fig. 4.10 Concentrations of nitrate versus phosphate in the epipelagic zone of the 

Agulhas Bank. The black line is the regression line for the data and the blue line 

represents the Redfield Ratio (N:P = 16:1). Grey dots are all stations whereas the 

black dots represent the samples for the specific transect. 
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Fig. 4.10 Concentrations of nitrate versus phosphate in the epipelagic zone of the 

Agulhas Bank. The black line is the regression line for the data and the blue line 

represents the Redfield Ratio (N:P = 16:1). Grey dots are all stations whereas the 

black dots represent the samples for the specific transect. 
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Fig. 4.11 Concentrations of nitrate versus silicate in the epipelagic zone of the 

Agulhas Bank. The black line is the regression line for the data and the blue line 

represents the Redfield Ratio (N:Si = 1:1). Grey dots are all stations whereas the 

black dots represent the samples for the specific transect. 
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Fig. 4.11 Concentrations of nitrate versus silicate in the epipelagic zone of the 

Agulhas Bank. The black line is the regression line for the data and the blue line 

represents the Redfield Ratio (N:Si = 1:1). Grey dots are all stations whereas the 

black dots represent the samples for the specific transect. 
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Fig. 4.12 Concentrations of nutrients (NO2-, 

NO3-; PO43- and SiO44-) versus temperature 

for all the euphotic zone stations of the 

Agulhas Bank (n=392). 

Fig. 4.13 Concentrations of nutrients (NO2-, 

NO3-; PO43- and SiO44-) versus salinity for 

all the euphotic zone stations of the 

Agulhas Bank (n=392). 

4.4.2 Spatial variability of phytoplankton 

The depth of the chlorophyll a maximum was highly variable on the Agulhas Bank, 

ranging from 3 to 80 m with a mean depth of 21.25 ± 13.52 m (Fig. 4.15, Fig. 4.16, 

Fig. 4.17). Most of the stations (112 of 147 stations or 76%) had an SCM that was 

associated with both the nutricline; pycnocline and the mixed layer depth. The 

chlorophyll a concentration measured at the SCM ranged from 0.42 to 18.03 µg l-1 

with a mean concentration of 4.50 ± 3.26 µg l-1. Chlorophyll a concentrations were 

generally higher near the coast, in the central bank region, as well as in areas of 

known upwelling. Lower concentrations of chlorophyll a were measured in the 

Agulhas Current proper and at the western edge of the Agulhas Bank (Fig. 4.15, Fig. 

4.16, Fig. 4.17). Areas of upwelling were observed near and around prominent capes 

and headlands. Selected graphs of chlorophyll a concentration at depth (Fig. 4.15, 

Fig. 4.16, Fig. 4.17) illustrate the difference in chlorophyll a profiles for coastal and 

offshore areas. 
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Fig. 4.14 Sea surface plot of chlorophyll a (µg l-1) of the Agulhas Bank.  

 

The in situ chlorophyll a data for Transect 1 showed a region of high chlorophyll a on 

the edge of the Agulhas Bank (Fig. 4.15a). Here the SCM was located near the 

surface and ranged between 7 and 33 m with a mean depth of 18.2 ± 12.8 m. At the 

SCM, microphytoplankton contributed 89.73% to the total chlorophyll a, whereas 

nano- and picophytoplankton contributed 7.87 and 2.40%, respectively. At the time 

of the study, the surface waters of Transect 1 were dominated by 

microphytoplankton contributing 88.80% to the total chlorophyll a.  

At transect 3, the in situ chlorophyll a showed a region of high concentration in the 

coastal zone around Cape Recife dissipating southwards towards the Agulhas 

Current (Fig. 4.15b). The SCM was located near the surface (7 m) and extended to a 

maximum depth of 30 m with a mean depth of 12.67 ± 10.32 m. The mean 

chlorophyll a concentration for the SCM was 3.43 ± 2.72 µg l-1. Within the SCM, 

microphytoplankton contributed 95.12% to the total chlorophyll a, whereas nano- and 

picophytoplankton contributed 4.22 and 0.63%, respectively. At the time of the study 

the surface waters of Transect 3 were dominated by microphytoplankton contributing 

84.52% to the total chlorophyll a.  
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Transect 1 

 

Transect 3 

 

Transect 5 

 

Fig. 4.15 Latitudinal depth transects of chlorophyll a (µg l-1) concentrations for 

Transects 1(a), 3(b) and 5(c) along the Agulhas Bank. Isotherms are in °C. 
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Transect 7 

 

Transect 9 

 

Transect 11 

 

Fig. 4.16 Latitudinal depth transects of chlorophyll a (µg l-1) concentrations for 

Transects 7(a), 9(b) and 11(c) along the Agulhas Bank. Isotherms are in °C. 
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Transect 13 

 
Transect 15 

 

Fig. 4.17 Latitudinal depth transects of chlorophyll a (µg l-1) concentrations for 

Transects 13(a) and 15(b) along the Agulhas Bank. Isotherms are in °C. 

 

Transect 5 (Fig. 4.15c) was located off Cape St Francis and had a similar in situ 

chlorophyll a profile to that measured at Transect 3 (off Cape Recife). The depth of 

the SCM ranged between 4 and 37 m with a mean depth of 20.50 ± 13.95 m. The 

chlorophyll a concentration of SCM waters ranged between 1.19 and 6.28 µg l-1 with 

a mean of 2.54 ±1.89 µg l-1. Micro-, nano- and picophytoplankton contributed 87.98, 

6.75 and 5.27%, respectively to the total chlorophyll a within the SCM.  

A SCM was the most dominant feature of Transect 7. It is clear from the sea surface 

temperature (Fig. 4.2) and the formation of a DCM (Fig. 4.16a) that the last station of 

Transect 7 was located within the Agulhas Current proper. The DCM was located at 
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a depth of 49 m whereas the SCM of the other stations of Transect 7 was located 

between 3 and 38 m with a mean depth of 17.57 ± 13.95 m. Chlorophyll a 

concentrations of the SCM waters ranged between 3.64 and 7.84 µg l-1 with a mean 

of 4.54 ± 1.48 µg l-1. The DCM had a maximum concentration of 4.04 µg l-1. 

Microphytoplankton was the dominant component of total chlorophyll a, contributing 

84.61% whereas nano- and picophytoplankton contributed 10.85 and 4.54%, 

respectively. 

Chlorophyll a (Fig. 4.14 & Fig. 4.16b) on Transect 9, located off Mossel Bay was 

significantly (F = 1.82; p < 0.01; d.f = 379) lower than those measured at Transect 7. 

At Transect 9, the mean chlorophyll a concentration was slightly more elevated at 

4.10 ± 1.93 µg l-1. The SCM was located between 3 and 40 m with a mean depth of 

15.80 ± 12.90 m. Micro-, nano- and picophytoplankton contributed 83.61, 11.30 and 

5.08%, respectively to total chlorophyll a.  

Transect 11 was highly productive at the time of sampling with high surface (Fig. 

4.14) and deeper (Fig. 4.16c) chlorophyll a concentrations ranging from 1.62 to 

18.03 µg l-1 with a mean 7.93 ± 5.24 µg l-1. The SCM was located between 4 and 48 

m with a mean depth of 18.4 ± 12.05 m. A vertical station plot of potential density 

anomaly or sigma-theta (Appendix: Agulhas Bank; Fig. 9.2) showed that the mixed 

layer depth was correlated with the SCM. Micro-, nano- and picophytoplankton 

contributed 90.71, 6.44 and 2.85%, respectively to total chlorophyll a at Transect 11. 

The SCM for Transect 13 (Fig. 4.17a) ranged between 9 and 32 m with a mean 

depth of 22.30 ± 7.68 m. This was deeper than at Transect 11 and it showed the 

least amount of variation between stations. There was a significant (F = 4.52; p < 

0.001; d.f. = 70) drop in chlorophyll between Transect 11 (7.93 ± 5.24 µg l-1) and 

Transect 13 (2.36 ± 1.06 µg l-1). Chlorophyll a for Transect 13 ranged between 0.96 

and 4.81 µg l-1. Micro-, nano- and picophytoplankton contributed 91.13, 6.08 and 

2.79%, respectively to total chlorophyll a. Two areas of higher productivity were 

evident in this transect: one close to the coast and at a sharp rise in the bottom 

topography; and second was further offshore and closer to the western edge of the 

Agulhas Bank.  
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The depths and chlorophyll a concentration of the SCM at Transect 15 (Fig. 4.17b) 

ranged between 9 and 30 m and 1.64 and 4.58 µg l-1, respectively. The mean depth 

of the SCM was located at 22.3 ± 7.68 m and with a mean chlorophyll a 

concentration of 2.84 ± 1.11 µg l-1. Micro-, nano- and picophytoplankton contributed 

92.89, 5.13 and 1.98%, respectively to total chlorophyll a. A vertical station plot of 

potential density anomaly or sigma-theta (Appendix: Agulhas Bank; Fig. 9.3) showed 

that the mixed layer depth ranged between 10 and 52 m.  

4.4.3 Phytoplankton composition. 

A total of 89 phytoplankton taxa were recorded during the survey: 54 diatoms, 28 

dinoflagellates, five silicoflagelates, one flagellate, one prymnesiophyte and no 

coccolithophores. The dominant genera (>1 000 counts), in order of dominance 

were: Thalassiosira weissflogii (diatom), Gonyaulax Diesing spp. (dinoflagellate); 

Pseudo-nitzschia spp. (diatom), Alexandrium Halim spp. (dinoflagellate), and 

Guinardia spp. (diatom). These five genera combined contributed 63.13% of the total 

cell counts.  

Species diversity in general was greater on the eastern Agulhas Bank than on the 

western Agulhas Bank. The values ranged from 0.78 (Transect 15) to 2.84 (Transect 

5) across the study site, indicating low diversity in the phytoplankton community. 

Evenness ranged from 0.40 to 0.87 with a mean of 0.65, thereby indicating a 

relatively even distribution of species. The composition of the phytoplankton and the 

phytoplankton species richness of samples taken from 8 transects along the Agulhas 

Bank is shown in Fig. 4.18. Transect 5 had the highest diversity with 39 taxa at the 

SCM and 36 taxa at the surface. Transect 1 had the second highest diversity with 32 

taxa at the SCM and 38 at the surface. The prymnesiophyte, Chrysochromulina hirta 

Manton was only recorded in the surface waters of Transect 5. Eleven samples 

showed dominance (>50% of counts) of only one species (Table 4.1). Six of these 

were dominated by the diatom, Thalassiosira weissflogii. The rest were dominated 

by the dinoflagellate, Gonyaulax sp., with one exception (where Protoceratium 

triestina was the dominant species). There is a significant (p < 0.05; d.f. = 50) 

decrease in Alexandrium spp. abundance across the Agulhas Bank. Gonyaulax spp. 
were more abundant towards the central region of the Agulhas Bank. The diatom T. 
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weissflogii was the only species that was recorded at every station on the Agulhas 

Bank.  

Table 4.2 Sites where the phytoplankton was dominated by only one species. 

Station and profile Transect 
% of 

counts 
Dominant species 

Species 

richness 

Diversity 

score 

Evenness 

score 

10223_DCM 1 55.19 Guinardia sp. 22 1.79 0.58 

10238_DCM 3 50.32 T. weissflogii 27 2.02 0.61 

10255_DCM 5 58.31 T. weissflogii 17 1.45 0.51 

10284_DCM 9 76.51 T. weissflogii 15 1.07 0.39 

10284_Surface 9 64.35 T. weissflogii 11 1.28 0.53 

10315_Surface 11 51.15 Gonyaulax sp. 17 1.67 0.58 

10316_DCM 11 56.62 T. weissflogii 14 1.32 0.50 

10316_Surface 11 61.95 Gonyaulax sp. 16 1.60 0.57 

10346_DCM 13 62.75 Gonyaulax sp. 19 1.55 0.53 

10364_Surface 15 75.47 Protoceratium triestina 4 0.78 0.56 

10367_DCM 15 56.76 Gonyaulax sp. 26 1.77 0.54 

 

An ordination of the phytoplankton composition grouped the 89 taxa into the 

following communities (Fig. 4.19): eastern Agulhas Bank (Transects 1 - 11) and 

western Bank (transects 12 - 15) communities. The eastern bank community was 

then split into two smaller communities, i.e. inshore of the Agulhas Current and the 

Agulhas Current proper. However, these distinctions are not that clear as both 

communities shared many of the same species, especially the more abundant 

species such as T. weissflogii; Pseudo-nitzschia spp., Gonyaulax spp. and 

Alexandrium spp.  

Fig. 4.20 represents the 12 most abundant species found on the Agulhas Bank.  
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Fig. 4.18 Composition of phytoplankton from the surface and SCM of the 8 transects 

along the Agulhas Bank.  

 

Fig. 4.19 Detrended Correspondence Analysis of the phytoplankton samples of the 

Agulhas Bank.  



   
 

104 
 
 

 

 

Fig. 4.20 The 12 most abundant species found in the phytoplankton of the Agulhas 

Bank. ○ represents outliers, bars represent the minimum and maximum, and the 

solid line is the median. 
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4.4.4 Environmental drivers of phytoplankton variability 

The environmental drivers of the phytoplankton on the Agulhas Bank are shown in 

Fig. 4.21. The first canonical axis accounted for 43% of the species-environment 

relationship. The strongest correlations were between the first canonical axis and 

nitrite (r = 0.99), temperature (r = -0.73) and phosphate (r = -0.70). The second 

canonical axis accounted for 25% of the cumulative variation and was negatively 

correlated to nitrate (r = -0.99) and positive to salinity (r = 0.88). Temperature (p = 

0.01; d.f. = 47) and phosphate (p = 0.04; d.f. = 47) were the only significant 

environmental drivers for the Agulhas Bank.  

A generalized linear model also confirmed that phytoplankton communities varied 

between the eastern and western Agulhas Bank. The drivers for this change in 

community structure are provided in Table 4.3. From Table 4.3 it is clear that region, 

temperature, nitrate and nitrite are important environmental drivers that shape 

phytoplankton communities between the eastern and western Agulhas Bank. 
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Fig. 4.21 Canonical Correspondence Analyses of the stations constrained by 

environmental variables.  
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Table 4.3. ANOVA results from a Generalised Linear Model of the Agulhas Bank.  

Environmental Variable d.f. Dev. p 

Intercept 51   

Region 50 240.08 0.001*** 

Temperature 49 195.79 0.001*** 

Salinity 48 113.47 0.109 

Dissolved Oxygen 47 113.78 0.023* 

Nitrate 46 199.19 0.001*** 

Nitrite 45 135.56 0.001*** 

Silicate 44 147.56 0.034* 

Phosphate 43 89.81 0.109 

Sigificance Codes: *** p = 0.001, ** p = 0.01, * p = 0.05 

 

4.5 Discussion 

4.5.1 Physical and chemical oceanography 

The transects across the Agulhas Bank showed significant differences in water 

temperature, salinity and dissolved oxygen within the euphotic zone. A strong 

horizontal gradient in surface temperature showed the inshore boundary of the 

Agulhas Current to be near the 200 m isobath. Vertical section plots of chlorophyll a 

– temperature plots for the eastern Agulhas Bank (Fig. 4.15 to Fig. 4.17) highlighted 

the influence of the Agulhas Current in trapping chlorophyll a between the coast and 

the inshore boundary of the Agulhas Bank at the 18°C isotherm. The chlorophyll a - 

temperature gradient of the boundary was most pronounced from Cape Recife up to 

Transect 11 where the coldest inshore water (<15°C) was found. In the vicinity of 

Transects 11 and 12, the Agulhas Current retroflects in a south-easterly direction 
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(Lutjeharms and Van Ballegooyen, 1988) and the immediate influence of the 

Agulhas Current diminishes.  

The water of the Agulhas Current proper had temperatures over 20°C, whereas most 

of the Bank was covered with water colder than 18°C. The range in epipelagic 

temperature (12.24 to 21.99°C), salinity (34.04 to 35.52) and dissolved oxygen (2.65 

to 6.62) of the Agulhas Bank is consistent with previously reported literature (Carter 

et al., 1987; Chapman and Largier, 1989; Probyn et al., 1994; Lutjeharms et al., 

1996; Roberts, 2005; Lutjeharms, 2006; Jackson et al., 2012; Goschen et al., 2015; 

D'Addezio and Subrahmanyam, 2016).  

During the study a Natal Pulse was present and caused the intrusion of warm 

Agulhas Current water onto the Agulhas Bank (Jackson et al., 2012). Krug et al. 

(2014) observed that when the leading edge of a Natal Pulse intrudes onto the shelf, 

warm water temperature anomalies occur both at the surface and near the seabed. 

Natal Pulses play a major role in setting up the isotherms on the Agulhas Bank and 

in intensifying the seasonal thermocline (Chapman and Largier, 1989). Winter storms 

and wave action may result in isothermal mixing of the water column and the 

breakdown of the seasonal thermocline (Eagle and Orren, 1985b). The cold core of a 

Natal Pulse tends to be nutrient-rich due to upwelling that is associated with the 

strong cyclonic circulation found within the core (Bryden et al., 2005; Krug et al., 

2014; Goschen et al., 2015). The cold water consists of South Indian Central Water 

that can dome up over the shelf and break the surface along the inshore boundary of 

the Agulhas Current (Lutjeharms et al., 2000a; Goschen et al., 2015).  

Other upwelling regions were also observed around prominent capes such as Cape 

St Francis and Cape Agulhas. These areas of upwelling are consistent with those 

reported in the literature (Lutjeharms et al., 2000a; Lutjeharms, 2006; Jackson et al., 

2012; Goschen et al., 2015). Sea surface temperature (Fig. 4.2) shows that the cold 

ridge was absent during the September 2010 cruise. However Jackson et al. (2012) 

reported that the source water for the cold ridge was located at depth, between 

Transect 7 and 9.  

Transect 1, near Port Alfred, is a known area of upwelling (Lutjeharms et al., 2000a). 

A sea surface temperature plot (Fig. 4.2) of the Agulhas Bank does not indicate 
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active upwelling at the time of sampling and Jackson et al. (2012) made a similar 

observation. However, a sea surface chlorophyll a plot (Fig. 4.14) showed that a 

upwelling event possibly occurred earlier, transporting nutrient-rich waters 

westwards towards the adjacent Algoa Bay (Goschen et al., 2012). The upwelling 

cell located off Port Alfred is believed to be the major source of nutrients for the 

eastern Agulhas Bank (Lutjeharms et al., 1996). These upwelling processes are also 

important components of the heat and salinity budgets for the Agulhas Bank 

(Lutjeharms et al., 2000a). 

Epipelagic water on the Agulhas Bank is well oxygenated (Fig. 4.5), especially on the 

eastern and inner central bank (minimum ≥3 ml l-1). This is likely due to the active 

shelf-edge upwelling along the inner boundary of the Agulhas Current (Chapman 

and Largier, 1989; Lutjeharms et al., 2000a; Roberts, 2005). Dissolved oxygen 

concentrations reported in here are in range with that found in previous studies 

(Roberts, 2005; Lutjeharms, 2006). Roberts (2005) reported that for dissolved 

oxygen, the western and inner central Agulhas Bank were similar and share 

characteristics with the eastern Agulhas Bank and the West Coast. The eastern 

Agulhas Bank and outer central Bank were similar as they contain Subtropical 

Surface Water. During our cruise there was, however, a reversal in dissolved oxygen 

concentrations of the inner and outer central bank. Eagle and Orren (1985b) and 

Chapman and Largier (1989) showed similar seasonal variation of dissolved oxygen 

over the Agulhas Bank when the thermocline is well developed. Our data set also 

showed that dissolved oxygen on the inner central Bank was the highest compared 

to the rest of the Agulhas Bank, at ≥6 ml l-1. Only Algoa Bay had such high levels of 

dissolved oxygen.  

Nutrient distribution plays an important role in the distribution and composition of 

phytoplankton communities. In marine ecosystems, nitrogen and phosphorus are the 

main inorganic nutrients needed for growth, although silicate could limit the growth of 

diatoms (Yool and Tyrrell, 2003; Crombet et al., 2011). The surface distribution of 

nutrients (Appendix: Agulhas Bank; Fig. 9.4) shows strong regional differences in 

concentrations over the Agulhas Bank. The phosphate and silicate concentrations 

were less variable on the western Bank than the eastern Bank. Both were 

characterised by pronounced cross-shelf gradients. Lutjeharms et al. (1996) reported 
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similar results but found the western Bank to be more nutrient rich with a stronger 

cross-shelf gradient than the eastern Bank. The station off Cape Agulhas had 

extremely high surface silicate and phosphate concentrations, substantially 

increasing the variability of these nutrients on the western Bank. On the eastern 

Bank, silicate and phosphate concentrations were found to be higher around the 

prominent capes and bays, as well as in the vicinity of the upwelling zone near Port 

Alfred. Lutjeharms et al. (2000a) suggested that upwelling at the far eastern Agulhas 

Bank contributed a high nutrient load to the rest of the Bank. The presence of 

upwelled water is even more evident in the nutrient-temperature relational graphs 

(Fig. 4.12). Surface silicate and phosphate were higher in the vicinity of the cold 

ridge region but lower than at the coast. The silicate and phosphate concentrations 

of the eastern Bank suggest that Subtropical Surface Water is the predominant 

source of surface water across the Agulhas Bank, whereas South Atlantic Water is 

the main source for the western Bank. Phosphate and silicate concentrations were 

well within the characteristic nutrient ranges for South Atlantic Water (Largier et al., 

1992) and for Subtropical Surface Water (Henry, 1975; Goschen and Schumann, 

1988).  

The sea surface distribution of nitrate shows regions of higher concentrations. These 

are prominent along the various headlands, capes and bays as well as the southern 

end of the cold ridge. Surface nitrate concentrations above most of the cold ridge 

region were low (<1 µM). However, towards the southern end and just west of the 

cold ridge, patches of higher nitrate concentration (2-3 µM) were observed, 

suggesting that upwelling was present, but very weak. Smaller regions of higher 

nitrate concentration were also found along the eastern edge of the Agulhas Bank 

(Lutjeharms et al., 2000a). This is believed to be due to the advection of nutrient-rich 

waters on to the bank due to of the Agulhas Current (Lutjeharms, 2006). These 

regions had lower nutrient concentrations compared to the areas along the coast. 

The transects between Port Alfred and Cape St Francis showed pronounced cross-

shelf gradients for nitrate as expected considering the Agulhas Current contributes 

nutrient-depleted water to the surface (Lutjeharms et al., 1996). Silicate and 

phosphate concentrations found in this study are within range of those reported in 
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the literature (Probyn et al., 1994; Probyn et al., 1995; Lutjeharms et al., 1996; 

Lutjeharms et al., 2000a; Lutjeharms, 2006). 

The differences in nutrient distributions on the Agulhas Bank can be associated with 

different processes, bottom topography and offshore influences. For example, the 

eastern Agulhas Bank is broad and flat, deepening from west to east, whereas the 

western Bank is narrow, steep and deepens in an across-shelf direction. This has an 

influence on the depth of the thermocline. The increase in depth of the thermocline 

for the eastern Bank is alongshore, but cross-shelf for the western Bank (Largier and 

Swart, 1987). With the direct relationship between the thermocline and nutricline 

depth (Probyn et al., 1994), the same cross-shelf variation was expected for the 

western Agulhas Bank. Bottom topography can therefore partially explain the 

variation in the cross-shelf nutrient variations for the Agulhas Bank. Wind-driven 

coastal upwelling around capes could also be a mechanism accounting for the cross-

shelf nutrient gradients observed during this study. 

The waters around Cape Recife (Transect 3, Fig. 4.10) and Cape St Francis 

(Transect 21, Table 4.1) appear to be the only region along the coast where excess 

nitrate was found. The Agulhas Shelf was found to be more silicate limited than the 

Agulhas Bank. The dissolution of large concentrations of diatom frustules (Nelson et 

al., 1991) from previous upwelling events could lead to the increase in silicate over 

the Agulhas Bank.  

4.5.2 Spatial variability of phytoplankton 

The upper water column of the Agulhas Bank was characterised by a mean 

chlorophyll a concentration of 4.50 ± 3.26 µg l-1 with the highest (>10 µg l-1) 

concentrations found in Algoa Bay, the upwelling-dominated coastal areas of the 

eastern Agulhas Bank and the cold ridge. On the eastern Agulhas Bank; 

phytoplankton distribution and surface chlorophyll a was bounded by the inshore 

edge of the Agulhas Current. Chlorophyll a and nutrients within the Agulhas Current 

proper was relatively low and unproductive compared to the meandering inshore 

waters. 
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During cruises in 1970 and 1980, the upper water column of the Agulhas Bank 

showed similar characteristics to those reported here. A mean chlorophyll a 

concentration of 1.48 µg l-1 was found here, with the highest concentrations (>3 µg l-

1) measured in the western sector of the upwelling-dominated coastal area (Probyn 

et al., 1994). Mitchell-Innes et al. (1999) reported that during late winter (August-

September), chlorophyll a concentrations on the western Agulhas Bank ranged 

between 0.4 and 5.7 µg l-1 with a mean of 1.9 µg l-1. The eastern Agulhas Bank on 

the other hand was characterised by local patches of moderate (>2 µg l-1) chlorophyll 

a concentration that were associated with the upwelling that occurs west of Cape St 

Francis or with the cold ridge. These moderate patches of chlorophyll a may also 

extend towards the south-east shelf of the Agulhas Bank (Probyn et al., 1994). In our 

study, the surface (Fig. 4.14) and vertical distribution plots (Fig. 4.15) clearly showed 

a similar pattern of chlorophyll a distribution along the eastern shelf of the Agulhas 

Bank. This upwelling-productive zone along the coast, bounded by the 18°C 

isotherm, varied from <5 to 50 km across the shelf. Outside this productive zone, 

mean chlorophyll levels were low (<2 µg l-1). Mitchell-Innes et al. (1999) reported that 

these vertical and cross shelf distribution patterns of chlorophyll a are seasonal due 

to changes in hydrographic structure and nutrient availability. They also reported that 

newly upwelled water had very low concentrations (<0.5 µg l-1) of chlorophyll a and 

only attained peak concentrations (5-25 µg l-1) later in mature upwelled water.  

The SCM extended from near the surface to a depth of 20 to 30 m for the eastern 

Agulhas Bank, and 9 to 30 m for the western Bank. These were shallow for late 

winter conditions (16.6 to 101 m), but more in line with spring and summer conditions 

for the western Agulhas Bank (Mitchell-Innes et al., 1999).  

Thalassiosira weissflogii, Pseudo-nitzschia spp. and Guinardia spp. contributed most 

to surface chlorophyll a concentrations. A similar observation was made by Mitchell-

Innes et al. (1999). Both the eastern and western Agulhas Bank were mesotrophic in 

nature with localised patches of increased biomass around prominent capes and 

headlands. The diatoms, T. weissflogii. and Guinardia spp., were the most abundant 

taxa in the eastern Bank coastal waters. 
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Phytoplankton communities in the oligotrophic subtropical ocean tend to be 

dominated by picophytoplankton in terms of primary productivity, chlorophyll a and 

cell concentration (Platt et al., 1983; Zubkov et al., 1998; Poulton et al., 2006). 

Regions of high chlorophyll a concentration that are associated with areas of coastal 

upwelling and other upwelling processes, can lead to significant changes in the size 

structure of the community (Poulton et al., 2006). This can also lead to the increase 

in the abundance of diatoms and dinoflagellates (Barlow et al., 2002; Barlow et al., 

2004). For the Agulhas Bank, both these statements hold true: Microphytoplankton 

dominated the phytoplankton community with diatoms and dinoflagellates being the 

most abundant taxa within the upwelling regions. This however, was not only limited 

to the upwelling regions of the Agulhas Bank but to the Bank as a whole. 

4.5.3 Phytoplankton composition 

The phytoplankton community showed an east-west gradient with decreasing 

diversity from east to west. Diatoms were the dominant (>50% of total number of 

species) phytoplankton functional group with the other functional groups making up a 

significantly (p < 0.05; d.f. = 50) smaller contribution to the phytoplankton community. 

Species diversity for the Agulhas Bank was lower compared to that of the Agulhas 

Shelf. 

The dominant diatom for both the eastern and western Agulhas Bank was 

Thalassiosira weissflogii and accounted for a large percentage of the number of 

cells. On the eastern Agulhas bank, Alexandrium spp. were found to be the most 

abundant dinoflagellate and Gonyaulax spp. on the western Agulhas Bank. The 

environmental and biological data separated the Bank stations into eastern and 

western communities. The eastern community can be subdivided into two additional 

smaller communities, i.e. inshore and offshore. The offshore community was located 

within the Agulhas Current proper and contained species such as the cosmopolitan 

Ceratium fusus (Ehrenberg) Dujardin, that prefer warm oligotrophic waters. The 

inshore community contained species that prefer less saline, cooler and nutrient-rich 

waters. These species tend to be larger in size (>20 µm) and they contributed most 

to total chlorophyll a. However, the species composition was sufficiently similar for 
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the phytoplankton of these two regions to still be considered a single community. It 

was only rare species that differed on the eastern and western Bank.  

4.5.4 Environmental drivers of phytoplankton variability 

The environmental drivers most responsible for the observed species distribution in 

waters of the Agulhas Bank were temperature and phosphate. Temperature and 

nutrients are known to determine the physiological state of the cells and therefore 

regulate uptake and deposition rates (Brzezinski, 1985; Blank et al., 1986). Various 

studies have demonstrated that temperature is an important environmental variable 

that influences biological processes in the ocean and that the phytoplankton 

community structure varies in a regular and predictable pattern with temperature 

(Bouman et al., 2003; Bouman et al., 2005; Platt et al., 2005; Barlow et al., 2008). 

Hulburt and Rodman (1963) showed that most phytoplankton, especially diatoms, 

preferred lower salinities (<34). Although most phytoplankton species prefer lower 

salinity, they also frequent higher salinities. For example, Oxytoxum Stein spp. was 

found throughout the salinity range (Hulburt and Rodman, 1963). Coccolithophores 

are characteristic of the tropical and open ocean and prefer salinity greater than 

34.5. Several of the species recorded in this study were found to grow better at lower 

salinity, but within a certain tolerance range (Nordli, 1953; García et al., 2012). At 

lower salinities, the rate of silicification increases for diatoms (Tuchman et al., 1984; 

Vrieling et al., 1999). This is thought to help protect cells against osmotic stress 

(Olsen and Paasche, 1986; Vrieling et al., 1999). 

The ecological drivers of phytoplankton distribution across the Agulhas Bank are 

mainly linked to various upwelling events along the eastern and western Agulhas 

Bank. Upwelled waters on the Agulhas Shelf (Chapter 2) as well as the Agulhas 

Bank consisted mainly of cold nutrient-rich South Indian Central Water. The 

significant correlation between temperature and salinity (Table 4.1) may indicate the 

origin of the water masses within the Agulhas Bank: e.g. cooler water on the eastern 

bank tends to be fresher and must therefore be of South Indian Central Water origin. 

Both temperature and salinity had significant negative correlations with nutrients. 

The Agulhas Current proper is characterised by higher temperature and salinity as 
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well as low levels of nutrients – as is characteristic of Subtropical Surface Water. 

Both the Agulhas Shelf and Agulhas Bank chlorophyll a biomass associated with 

Subtropical Surface Water was generally low. Thus, upwelling and the associated 

mixing of the water masses drive phytoplankton variability across the Agulhas Shelf 

and the Agulhas Bank, especially the eastern Bank.  

4.6 Conclusions 
Nitrate was the most limiting nutrient during the survey of the Agulhas Bank. It is 

doubtful that this would have had a negative impact on phytoplankton growth 

because of the constant allochthonous introduction of inorganic nutrients from 

various upwelling across the Agulhas Bank, e.g. Natal Pulses and wind induced 

upwelling events along the prominent capes (Schumann, 1999; Goschen et al., 

2015). It is evident that these upwelling events can bring sufficient nutrients onto the 

Agulhas Bank to sustain phytoplankton growth across the Bank. The advection of 

cold, nutrient-rich South Indian Central Water onto the eastern bank by the Agulhas 

Current and associated Natal Pulses can keep the Shelf edge of the eastern Bank in 

a state of nitrate excess. Further west, surface nutrients are supplied through 

upwelling associated with the cold ridge, maintaining productivity and the community 

structure across the Agulhas Bank. It is these upwelling events and the associated 

water masses that drive phytoplankton variability across the Agulhas Bank, 

especially the eastern Bank. Diatoms prefer regions of upwelling - more so than 

dinoflagellates and other functional groups. They have an ability to utilise “new 

nitrate” for growth and may also use the upliftment of isotherms to keep them 

suspended within the euphotic zone. 

The null hypothesis that there is no change in the phytoplankton community across 

the Agulhas Bank could not be completely rejected. It is the abundance in the 

cosmopolitan species across the Bank that changes as there is no single dominant 

species. Diatoms were, in general, the dominant functional group over the Bank. 

This study contributed significantly to our knowledge of phytoplankton distribution 

and ecology along the Agulhas Bank. This survey, however; provided only a snap 

shot and could not resolve a number of processes that have time scales of more 

than a day.  
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5 The Agulhas Retroflection 

5.1 Abstract 
A survey of the Agulhas Retroflection in the South Indian Ocean in March 2011 

showed a strong gradient across the Agulhas Current proper and into the 

surrounding waters. All nutrients, with nitrite being the exception, showed clear 

concentration gradients, both vertically and horizontally across the Retroflection 

area. The gradient is the steepest near the edge of the Agulhas Current and within 

the SCM. Nutrients were also elevated in the surrounding waters below the SCM. 

The Retroflection waters appear to be nitrogen limited for phytoplankton (a deviation 

from the Redfield ratio). CCA and Generalised Linear Models indicated that 

temperature, salinity and phosphate were the primary drivers of phytoplankton 

assemblages for the Agulhas Retroflection area. Species diversity of waters of the 

Agulhas Current decreased along its path with low diversity recorded in the Agulhas 

Current water. The 80 observed taxa separated into two communities, Agulhas 

Current and non-Agulhas Current communities. The Agulhas Current community 

was found where the temperature was above 17°C and the salinity above 35.45. The 

non-Agulhas Current community preferred cooler temperatures (<17°C) and a lower 

salinity (< 35.45). It is clear that frontal systems may form barriers between 

phytoplankton communities. 

5.2 Introduction 
Phytoplankton are important components of all aquatic ecosystems. In marine 

systems they have important functions in primary production, biochemical cycles and 

regulating the global carbon budgets in the world’s oceans. Phytoplankton 

communities are dynamic and may vary between areas as well as within the same 

water body. This variation is due to the complex hydrological features that are 

associated with them.  

The study site is an area just east of the normal Agulhas Retroflection region, south 

of Africa (16°E to 22°E according to Dencausse et al. (2010); Fig. 5.1) and often 

experience early Agulhas Retroflection (van Aken et al., 2013). The Agulhas Current 
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turns on itself and returns eastwards as the ARC at about 39°S (Dencausse et al., 

2010), The Agulhas Retroflection plays a pivotal role in heat exchange between the 

Indian and Atlantic Oceans (Gordon, 1985) in the form of Agulhas Rings (Lutjeharms 

and Van Ballegooyen, 1988). The area is highly dynamic and unstable and as a 

consequence the area should be characterised by intermittent and short-lived 

phytoplankton communities. It is, in particular, of interest to determine which of the 

environmental drivers shape these communities.  

The objective of this snapshot observation was to study the phytoplankton 

community structure in the Agulhas Retroflection area of the ACLME by 

characterizing species composition and chlorophyll a in relation to the prevailing 

physico-chemical variables. The information obtained from the study would be useful 

in contributing to our knowledge of the phytoplankton communities that occur within 

the sACLME. To determine whether the Agulhas Current has an influence on the 

biological productivity we developed the following hypothesis: 

The phytoplankton community of the Agulhas Retroflection changes from a low 

biomass and dinoflagellate dominated community in the oligotrophic waters of the 

Agulhas Current to an elevated biomass, diatom dominated community in the 

Agulhas Retroflection.  

5.3 Study Area 

An oceanographic survey was carried out aboard the FRS Africana in March 2011. 

Three transects with a total of nineteen oceanographic stations were sampled 

southeast of Cape Agulhas and past the 1000 m isobath. Transect one was 

orientated from north to south, transect two southwest to southeast and transect 

three was from east to west with stations approximately 10 nautical miles apart. 

Sampling was conducted within the framework of ACEP II (African Coelacanth 

Ecosystem Program Phase II) and ASCLME (Agulhas and Somali Current Large 

Marine Ecosystems Project). The study area covered the Agulhas Retroflection from 

36°S to 39°S and 21°E to 24°E. The methodology and statistical analysis used in this 

study was identical to that presented in sections 3.3.2, 3.3.3, 3.3.4 and 3.3.5. The 
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study area covered the Agulhas Retroflection from 36°S to 39°S and 21°E to 24°E 

(Fig. 5.1).  

 

Fig. 5.1 The Agulhas Retroflection study site showing the position of the sampling 

stations (black circles). 

 

5.4 Results 
 

5.4.1 Physical and chemical oceanographic conditions 
The sea surface temperature of the study area at the time of sampling is shown in 

Fig. 5.2. The northern section of the study area was cooler compared to the southern 

section with a plume of warm water dissecting the study area. Sea surface 

temperature ranged from 21.90 to 26.16°C with a mean of 23.60 ± 1.52°C. Fig. 5.3 

shows the temperature profiles for the selected transects at depth. The epipelagic 

temperatures for the Agulhas Retroflection Area ranged from 12.25 to 26.16°C with a 

mean of 20.20 ± 3.90°C. The aggregated data for the north-south transect had a 
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mean temperature of 20.37 ± 3.65°C, with a maximum of 25.68°C. The east-west 

transect was slightly cooler and showed more variance with a mean temperature of 

19.55 ± 4.65°C. The eastern-most station (Fig. 5.1: 31545) of Transect 1 was located 

within the Agulhas Current and had the highest recorded temperature of 26.16°C. 

Transect 2 (SW to SE) had a mean temperature of 20.40 ± 3.92°C. There was no 

significant difference (F = 0.20; p > 0.05; d.f. = 51) between the three transects. 

However, temperature did show a significant (F = 40.02; p < 0.05; d.f. = 51) gradient 

with depth.  

 

 

Fig. 5.2 Sea surface temperature measured in the Agulhas Retroflection. The black 

dots represent the sampling stations. 
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(a) North - South  

 

(b) East - West  

 

 

Fig. 5.3 Temperature (°C) profiles through the epipelagic zone of the Agulhas 

Retroflection Area. The orientation of Transect 1 (a) is north to south and for 

Transect 3 (b) is east to west. 

Discreet salinity samples for the Agulhas Retroflection ranged from 35.11 to 35.63 

with mean of 35.39 ± 0.11. There was no significant difference (F = 0; p > 0.05; d.f. = 

51) between the salinity of the Transects nor at the different depths. A latitudinal plot 

(Fig. 5.4a) of salinity shows a gradient across the Agulhas Retroflection, with the 

northern section being slightly fresher than the southern section. Vertical profiles of 
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temperature (Fig. 5.3) and salinity (Fig. 5.4) show a clear delineation between the 

Agulhas Current and the surrounding body of water. 

(a) North - South  

 

(b) East - West 

 

Fig. 5.4 Salinity profiles through the epipelagic zone of the Agulhas Retroflection 

Area. The orientation of Transect 1 (a) is north to south and for Transect 3 (b) is 

east to west. 

Oxygen concentrations across the Agulhas Retroflection area ranged from 3.37 to 

4.81 mg l-1 with a mean of 4.32 ± 0.39 mg l-1. There was no observed difference (F 

= 1.84; p > 0.05; d.f. = 51) in oxygen concentrations between the Transects. 

Oxygen concentration at (4.19 mg l-1) and below (3.98 mg l-1) the SCMs were 

significantly lower (F = 11.20; p < 0.05; d.f. = 51) compared to the surface (4.59 
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mg l-1). In Fig. 5.5a, a patch of low oxygen (< 3.75 mg l-1) concentration suggests 

that this body of water may have come from Tropical Thermocline waters, 

whereas elevated levels of oxygen can be an indication that Subtropical Surface 

Water is present. Temperature-salinity plots (Appendix: Agulhas Retroflection; Fig. 

9.5) of the water masses support this and show that South Indian Central Water is 

located deeper within the euphotic zone. 

Fig. 5.5 Oxygen (mg l-1) profiles through the epipelagic zone of the Agulhas 

Retroflection Area. The orientation of Transect 1 (a) is north to south and for 

Transect 3 (b) is east to west.  

(a) North - South  

 

(b) East - West 
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The nitrate concentrations for the Agulhas Retroflection epipelagic area are shown 

in Fig. 5.6. Nitrate concentrations ranged from 0 to 12.51 µM with a mean of 2.39 

± 3.49 µM. Surface waters across the Retroflection had nitrate concentrations 

between 0 and 0.56 µM with a mean of 0.15 ± 0.18 µM. Nitrate concentrations 

within the SCM were slightly elevated, with values ranging from 0 to 7.04 µM and 

a mean of 2.31 ± 2.28 µM. Below the SCM, nitrate concentrations of the water 

were significantly higher (F = 12.15; p < 0.01; d.f. = 49), ranging from 1.1 to 12.51 

µM, with a mean of 6.24 ± 4.34 µM. Fig. 5.6a shows a north-south gradient across 

the Retroflection with the northern section having elevated nitrate concentrations 

and the Agulhas Current being oligotrophic. The east-west transect (Fig. 5.6b) 

also shows elevated levels of nitrate outside of the Agulhas Current. Nitrite 

concentrations were very low across the Retroflection ranging from 0 to 0.24 µM 

with a mean of 0.03 ± 0.06 µM. Nitrite appears to be associated with Tropical 

Thermocline Water and lower oxygen concentrations (Fig. 5.5 and Fig. 5.7).  

Phosphate concentrations for the Agulhas Retroflection Area ranged from 0 to 

0.95 µM with a mean of 0.25 ± 0.27 µM. The profile (Fig. 5.8a) of phosphate 

shows a decreasing gradient in concentration from north to south. The east to 

west transect (Fig. 5.8b) showed a short, but clear gradient of increasing 

phosphate between the Agulhas Current and surrounding water. Both transects 

displayed an increasing phosphate concentration at depth for the area outside of 

the Agulhas Current. By contrast, within the Agulhas Current, no such gradient 

was observed. Mean surface nitrate concentration was 0.02 ± 0.03 µM and was 

significantly lower (F = 37.95; p < 0.01; d.f. = 49) than that at the SCM (0.30 ± 0.15 

µM) and below the SCM (0.59 ± 0.21 µM). 

Silicate concentrations for the Agulhas Retroflection Area are shown in Fig. 5.9. 

Concentrations ranged from 0 to 7.97 µM with a mean of 2.49 ± 2.42 µM. Both 

transects (Fig. 5.9a and b) showed an increase in silicate concentration with depth 

with surface concentrations being very low (< 1 µM). The north-south transect 

showed a gradient in silicate concentrations, with the north having higher 

concentrations compared to the south. The change in gradient is most significant 

around 37.5 °S which is near the edge of the Agulhas Current. Silicate 

concentrations within the Agulhas Current remained constant and similar to the 
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surface concentrations. For the east-west transect (Fig. 5.9b) a significant change in 

concentration was observed with depth with slightly elevated levels of silicate within 

the Agulhas Current but only below the SCM. The mean surface concentration was 

0.52 ± 0.48 µM and this was significantly lower (F = 28.86; p < 0.01; d.f. = 49) than 

that at the SCM (2.52 ± 1.31 µM) or below the SCM (5.64 ± 2.19 µM).  

(a) North - South  

 

(b) East - West 

 

Fig. 5.6 Nitrate (µM) profiles through the epipelagic zone of the Agulhas Retroflection 

Area. The orientation of Transect 1 (a) is north to south and for Transect 3 (b) is east 

to west. Red dots are the location of the samples. 
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(a) North - South 

 

(b) East - West 

 

Fig. 5.7 Nitrite (µM) profiles through the epipelagic zone of the Agulhas Retroflection 

Area. The orientation of Transect 1 (a) is north to south and for Transect 3 (b) is east 

to west. Red dots are the location of the samples. 

 

All nutrients, with nitrite being the exception, showed clear concentration gradients, 

both horizontally and vertically, across the Retroflection area. The gradient is the 

steepest near the edge of the Agulhas Current and within the SCM. The 

concentrations were elevated in the surrounding waters (outside of the Agulhas 

Current but below the SCM).  
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The deviation of the regression lines from the Redfield ratio in Fig. 5.10 and Fig. 5.11 

indicates nitrogen limitation for the Agulhas Retroflection Area. All three transects 

appear to be nitrate limited, but this is especially true for Transect 2. Transect 1, 2 

and 3 had a N:P ratios of 12.17:1, 3.64:1 and 15.24:1, respectively. Transects 1 and 

3 had N:Si ratios of 1.48:1 and 1.64:1, respectively.  

(a) North - South  

 

(b) East - West 

 

Fig. 5.8 Depth profiles of phosphate (µM) through the epipelagic zone of the Agulhas 

Retroflection Area. The orientation of Transect 1 (a) is north to south and Transect 3 

(b) is east to west. 
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The four nutrients had significant negative correlations with temperature and oxygen 

(Table 5.1). Plotting the nutrients against temperature (Fig. 5.12) and salinity (Fig. 

5.13), the nutrients showed an inverse linear relationship with both and can be 

divided into two categories. The first category is when the temperature is 17°C and 

the salinity is 35.45; then there are higher nutrient concentrations in the deep waters 

below the chlorophyll a maximum. The second category occurs when the 

temperature is above 17°C and salinity is above 35.45; then nutrient concentrations 

are low in the upper euphotic zone. 

(a) North - South  

 

(b) East - West 

 

Fig. 5.9 Depth profiles of silicate (µM) through the epipelagic zone of the Agulhas 

Retroflection Area. The orientation of Transect 1 (a) is north to south and Transect 3 

(b) is east to west. 
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Table 5.1 Pearson correlation analysis with pairwise deletion of the environmental 

variables of the Agulhas Retroflection. Significant correlations are indicated as 

follows: *** p < 0.001, ** p < 0.01, * p < <0.05.  
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Fig. 5.10 Concentrations of nitrate versus phosphate in the epipelagic zone of the 

Agulhas Retroflection. The black line is the regression line for the data and the blue 

line represents the Redfield Ratio (N:P = 16:1). Grey dots are all stations whereas 

the black dots represent the samples for the specific transect. 

 

 

Fig. 5.11 Concentrations of nitrate versus silicate in the epipelagic zone of the 

Agulhas Retroflection. The black line is the regression line for the data and the blue 

line represents the Redfield Ratio (N:P = 16:1). Grey dots are all stations whereas 

the black dots represent the samples for the specific transect. 
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Fig. 5.12 Concentrations of nutrients (NO2-, 

NO3-; PO43- and SiO44-) versus temperature 

for all the euphotic zone stations of the 

Agulhas Retroflection area (n=54). 

Fig. 5.13 Concentrations of nutrients (NO2-, 

NO3-; PO43- and SiO44-) versus salinity for 

all the euphotic zone stations of the 

Agulhas Retroflection area (n=54). 

5.4.2 Spatial variability of phytoplankton 

The depth of the chlorophyll a maximum for the Agulhas Retroflection area ranged 

between 25.07 and 98.02 m with a mean of 52.14 ± 21.89 m. The majority of the 

stations (14 out 16) showed the presence of a SCM. The other two had a DCM - 

both of these were in the Agulhas Current. The chlorophyll a concentration at the 

depth of the chlorophyll a maximum ranged from 0.24 to 4.11 µg l-1 with a mean of 

1.66 ± 0.94 µg l-1. Chlorophyll a concentrations at the DCM were less than 1 µg l-1. 

Fig. 5.14 shows the distribution of chlorophyll a as well as temperature measured in 

epipelagic waters. The condensing of the isotherms at 37.5°S and 23.4°E forms the 

boundary between the surrounding water and the Agulhas Current.  

The in situ chlorophyll a data for Transect 1 showed a region of high chlorophyll a 

outside of the Agulhas Current (Fig. 5.14a). The chlorophyll maximum was located at 

a depth of between 25 and 93 m with a mean of 48.29 ± 23.32 m. Micro-, nano- and 
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picophytoplankton contributed 27 ± 11%, 70 ± 10% and 3 ± 3% to the total 

chlorophyll a for the SCM, respectively. At the time of the study the surface waters of 

Transect 1 were dominated by nanophytoplankton contributing 63 ± 0.14% to the 

total chlorophyll a.  

(a) North - South  

 

 

(b) East - West 

 

Fig. 5.14 Chlorophyll a (µg l-1) profiles with an overlay of isotherms through the 

epipelagic zone of the Agulhas Retroflection Area. The orientation of Transect 1 (a) 

is north to south and for Transect 3 (b) is east to west. 
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For Transect 3 the depth of the SCM ranged between 58.81 and 98.02 m with a 

mean of 69.42 ± 19.09 m. Nanophytoplankton contributed 61 ± 24% to the total 

chlorophyll a, whereas micro- and picophytoplankton contributed 37 ± 25% and 2 ± 

1%, respectively. 

5.4.3 Phytoplankton composition 

A total of 80 phytoplankton taxa were recorded during the survey: 44 diatom, 30 

dinoflagellate, four silicoflagelate, one chlorophyte flagellate, one prymnesiophyte 

and no coccolithophore taxa. Only two taxa (>1 000 counts) were found to be 

dominant during the survey: Gonyaulax Diesing spp., a dinoflagellate, and the centric 

diatom, Thalassiosira weissflogii (Grunow) G.Fryxell & Hasle. These two taxa made 

up 44.52% of the total counts and were co-dominant within the epipelagic. The next 

three most abundant taxa (Protoceratium R.S.Bergh sp., Pseudo-nitzschia 

H.Peragallo sp. and Alexandrium Halim spp.) collectively contributed 17.18% of the 

total counts.  

Species diversity was the lowest (1.07) at the SCM for the northern-most station of 

Transect 1. The highest diversity (2.80) was found at the surface of the eastern-most 

station of Transect 3. Evenness ranged from 0.35 to 0.83 with a mean of 0.71, 

thereby indicating a relative uneven distribution of species. 

Two sites showed dominance (> 50% of counts) of one species and they are listed in 

Table 5.2. Both T. weissflogii and a chlorophyte flagellate were the only species that 

were observed at every station for the Agulhas Retroflection Area and their 

abundance remained relatively constant throughout the study area. 

Multivariate analysis grouped the 80 taxa into the following communities (Fig. 5.15): 

Agulhas Current and non-Agulhas Current communities. The Agulhas Current 

community differed slightly from the non-Agulhas Current community, but the 

distinctions are not that clear, as they shared many of the same species, especially 

the more abundant ones such as T. weissflogii; Pseudo-nitzschia spp., Gonyaulax 

Diesing spp. and Alexandrium spp. 
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Table 5.2 Sites in the Agulhas Retroflection Area where one phytoplankton species 

was dominant. 

Station and 
profile Transect % of 

counts Dominant species Species 
richness 

Diversity 
score 

Evenness 
score 

31531_DC
M 

Transect 1 77.22 T. weissflogii  21 1.07 0.35 

31532_Sur
f Transect 1 64.52 Chlorophyte flagellate 23 2.38 0.76 

 

Fig. 5.16, represents the 12 most abundant species for the Agulhas Retroflection 

Area. Six of these were dinoflagellates and six were diatoms, thus an even 

distribution between the two functional groups. The dominance of Gonyaulax spp. 

and T. weissflogii is evident.  

 

Fig. 5.15 Detrended Correspondence Analysis of the phytoplankton samples of the 

Agulhas Retroflection Area.  
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Fig. 5.16 The 12 most abundant species for the Agulhas Retroflection Area. ○ 

represents outliers, bars represent the minimum and maximum, and the solid line is 

the median. 
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5.4.4 Environmental drivers of phytoplankton variability 

Statistical relationships between environmental variables and phytoplankton 

communities were explored using CCA (Fig. 5.17). The eigenvalue of Axis 1 was 

0.155 and Axis 2 was 0.103, explaining 52.52% of the total variance of species 

distribution. The species–environment correlations for the first two axes were 0.492 

and 0.376, indicating a strong relationship. The Monte Carlo test confirmed the 

significance of the relationship model (p < 0.01). The first canonical axis was 

positively correlated to salinity (r = 0.94) but was negatively correlated with nitrate 

(r = −0.84). On the other hand, the second canonical axis had a positive relationship 

with silicate (r = 0.87) but was negatively correlated with oxygen (r = −0.98). 

Temperature was positively correlated with salinity (r = 0.23) and oxygen (r = 0.63), 

and temperature showed a negative correlation with phosphate (r = -0.89), silicate (r 

= -0.80), nitrate (r = -0.81), nitrite (r = -0.65) and, as a result, the N:P ratio (r = 

−0.308). Consistent with the results of the Pearson correlation analysis (Table 5.1), 

the CCA results (Fig. 5.17) revealed that the phytoplankton community showed 

positive correlations with phosphate (r = 0.72), silicate (r = 0.63), nitrate (r = 0.59) 

and nitrite (r=0.51) for the Agulhas Retroflection area. The three non-Agulhas 

Current Stations (Fig. 5.17, blue stations) towards the bottom of the ordination, are 

the surface stations close to the edge of the Agulhas Bank. These separated from 

the rest of the non-Agulhas Current stations as an area of low nutrient concentration 

near the surface. The Agulhas Current and non-Agulhas Current stations are 

separated by a difference in salinity (Fig. 5.4).  

A generalised linear model, modelling the three primary drivers; temperature, salinity 

and phosphate obtained from the CCA ordination (Fig. 5.17) showed that there are 

different phytoplankton communities within the Agulhas Retroflection Area based on 

these three variables. Salinity and phosphate, as individual environmental drivers do 

not separate the phytoplankton communities, but in relation with each another, and 

together with temperature, they do. Salinity and phosphate were the most significant 

environmental drivers of the phytoplankton community within the Agulhas 

Retroflection area (LRT = 175.3; p < 0.01). 
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Table 5.3 ANOVA results for the GLM model of the Agulhas Retroflection Area. 

Environmental driver d.f. Dev Pr(>Dev) 

Temperature 21 172.5 0.027* 

Salinity 20 153.4 0.058 

PO43- 19 110.6 0.282 

Temperature:Salinity 18 133.1 0.072 

Temperature:PO43- 17 142.7 0.068 

Salinity:PO43- 16 175.3 0.010** 

Temperature:Salinity:PO43- 15 131.9 0.009** 
Sigificance codes: ‘**’ 0.01 ‘*’ 0.05  

    

 

Fig. 5.17 Canonical Correspondence Analysis of the environmental variables 

measured at the sites sampled in the Agulhas Retroflection Area. Environmental 

variables used are temperature, salinity, dissolved oxygen (oxygen), nitrite (NO2), 

nitrate (NO3); phosphate (PO4) and silicate (SiO4).  
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5.5 Discussion 

5.5.1 Physical and chemical oceanography 

During the survey it was believed that a Natal Pulse or eddy was sampled and 

therefore this specific region was selected as the Agulhas Retroflection. However, 

sea surface temperatures (Fig. 5.2) showed that this was not the case and sampling 

was, in fact, conducted near the southern end of the Agulhas Current (Goschen; 

pers. comm.). The location of the sampling area, however, is known for its early 

Retroflection of the Agulhas Current (van Aken et al., 2013), but this was also not 

detected during the cruise (Goschen; pers. comm.).  

The geographical spread of the various stations across the Agulhas Retroflection 

area showed significant changes in temperature, salinity and dissolved oxygen within 

the euphotic zone. A surface plot of temperature (Fig. 5.2) as well as vertical plots of 

temperature (Fig. 5.3), salinity (Fig. 5.4) and oxygen (Fig. 5.5) showed a clear 

boundary between the Agulhas Current and non-Agulhas Current stations in this 

region. The Agulhas Current waters were characterised by higher ocean surface 

temperature (>24 °C) and salinity greater than 35.5. Epipelagic water for the non-

Agulhas Current stations was cooler compared to that of the Agulhas Current. The 

range in epipelagic temperature (12.25 to 26.16°C), salinity (35.11 to 35.63) and 

dissolved oxygen concentrations (3.37 to 4.81) observed for the Agulhas 

Retroflection area is consistent with previously reported literature (Gordon, 1985; 

Chapman et al., 1987; Gordon et al., 1987; Lutjeharms and Van Ballegooyen, 1988; 

Lutjeharms et al., 1992; Lutjeharms and Ansorge, 2001; Lutjeharms, 2006; van Aken 

et al., 2013). Temperature, salinity and oxygen concentrations of waters of the 

Agulhas Current stations of the Retroflection were similar to the Agulhas Shelf and 

Bank stations.  

The distribution and composition of phytoplankton communities were influenced by 

the distribution of nutrients. In marine ecosystems, nitrogen and phosphorus are the 

main inorganic nutrients needed for growth, although silicate could limit the growth of 

diatoms (Yool and Tyrrell, 2003; Crombet et al., 2011). Silicate is needed for the 

formation of their frustules and therefore diatoms are especially influenced by silicate 
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concentrations. The silicate concentration of waters in the Agulhas Retroflection 

Area (0-7.97 µM) were well above the minimum threshold (≤ 0.001 µM) needed for 

diatoms to grow (Iida and Odate, 2014). The positive correlations (Table 5.1) 

between nitrate or phosphate and chlorophyll a suggested that open-ocean 

phytoplankton biomass was controlled by the availability of these nutrients. 

Temperature was inversely correlated with chlorophyll a, nitrate and phosphate. Van 

de Poll et al. (2013) suggested that temperature is important in determining nutrient 

availability for phytoplankton by influencing vertical exchange with deeper nutrient-

rich water. 

The vertical distribution of nutrients (Fig. 5.6 to Fig. 5.9) shows strong regional 

differences in concentrations within the epipelagic regions of the Agulhas 

Retroflection Area. With phosphate and silicate concentrations showing close 

similarity in their distribution. Both transects in the Agulhas Retroflection Area were 

characterised by strong latitudinal and longitudinal nutrient (NO3-; PO43- and SiO44-) 

concentration gradients across the Agulhas Current. 

In oligotrophic temperate to subtropical waters, nutrient availability is generally 

considered to be the main factor affecting growth rates of phytoplankton (Dugdale 

and Goering, 1967) and community species composition (DiTullio et al., 1993). 

Nitrogen and phosphate are generally considered to be the two major nutrients that 

affect phytoplankton growth (Hecky and Kilham, 1988). In marine environments, 

where the average ratio for N:P is less than the Redfield ratio of 16:1, nitrogen is 

generally considered to be limiting (Redfield, 1958; Weber and Deutsch, 2012). 

Where the N:P ratio is over 16:1, phosphorus is considered to be limiting. The N:P 

ratio of Agulhas Retroflection waters of Fig. 5.10) is closely matched to that of ocean 

waters on average (Weber and Deutsch, 2012).  

Chapman et al. (1987) found that silicate levels for the Agulhas Retroflection Area 

were low and patchy, except near the Agulhas Bank. Silicate concentrations 

measured in our study were similar to those Chapman et al. (1987). 
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5.5.2 Spatial variability of phytoplankton 

Various authors identified frontal systems as areas of high productivity and they are 

a feature within the Agulhas Current (Chapman et al., 1987). Surface chlorophyll a 

concentrations tended to increase southwards towards the SCZ. Lutjeharms (2006) 

reported that there was little difference in surface chlorophyll concentrations between 

the various water masses, but that a band of high concentration appears near the 

boundaries between them. The chlorophyll a profiles measured here (Fig. 5.14) 

illustrate this band of high phytoplankton biomass at the Agulhas Current boundary. 

It is believed that water column stability and cross-boundary transport of nutrients is 

responsible for this (Chapman et al., 1987). The absence of intrusion of South Indian 

Central Water into the SCM could be an indication that upwelling caused by shear 

was negligible. Over much of the study area, the SCM was less than 25 m in width 

and was situated at a depth of approximately 50 m. Above the SCM, chlorophyll a 

concentrations were low. It appears that the SCM was associated with both the 

thermocline and the nutricline. A similar observation was made by Chapman et al. 

(1987) for the Agulhas Retroflection and by Anderson (1969) for the oceanic waters 

off the Oregon coast.  

The surface waters of the Agulhas Retroflection Area appear to be characteristic of 

nutrient-poor subtropical waters, although the Agulhas Retroflection phytoplankton 

community was mostly dominated by nanophytoplankton in our study and not 

picophytoplankton. In oligotrophic subtropical waters, picoplankton are generally the 

dominant component in terms of primary productivity, chlorophyll a and cell 

concentrations (Zubkov et al., 1998). 

5.5.3 Phytoplankton composition 

The phytoplankton community was found to be different between the Agulhas 

Current and non-Agulhas Current, as well as between the surface and the SCM. 

There was a minor change in dominance from dinoflagellates to diatoms. The other 

taxa made a substantially smaller contribution to the phytoplankton, but this could be 

an artefact of the preservation method used (Sonnekus et al., 2017).  
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A small proportion of the taxa found in the waters of the Agulhas Retroflection Area 

were cosmopolitan and recorded at all the stations. Despite this, the presence of a 

few dominant species was sufficient to group the 80 taxa into the two phytoplankton 

communities that corresponded with the Agulhas Current and non-Agulhas Current 

waters. Boden et al. (1988) also reported two different diatom communities for the 

Agulhas Retroflection region, the Agulhas Retroflection Group and the Agulhas 

Current Group. However, these two communities were based on a much larger 

geographical area than our study. The most abundant species in the Agulhas 

Retroflection Group were Pseudoeunotia doliolus (= Fragilariopsis doliolus), 

Chaetoceros peruvianus, Rhizosolenia stolterfothi, Cylindrotheca closterium (= 

Nitzschia closterium), Nitzschia chains, Thalassiosira spp. and Thalassiothrix spp. 

(Froneman et al., 1999).  

The dominant species of the waters of the Agulhas Retroflection area in this study 

were Thalassiosira weissflogii (diatom) and a species of Gonyaulax (dinoflagellate). 

A total of 44 diatom and 30 dinoflagellates species were recorded. Boden et al. 

(1988) reported 35 diatom species from the Agulhas Retroflection Area. They, 

however, only reported on diatoms and ignored the other taxa. Froneman and 

Pakhomov (2000) reported that the total number of diatom species was highly 

variable and ranged between 8 and 44 species. The diatom community recorded 

during this study was similar to those observed in previous studies carried out in the 

same region (Boden et al., 1988; Froneman et al., 1995; Froneman et al., 1999; 

Froneman and Pakhomov, 2000). Although diatom species appear to be similar for 

the Agulhas Retroflection Area, there was considerable variability in the dominants. 

This variability may be due to the complex hydrological processes found within the 

region (Froneman and Pakhomov, 2000). The most abundant dinoflagellate genera 

for the Agulhas Retroflection area were Gonyaulax sp.; Protoceratium sp., 

Alexandrium sp., Gymnodinium sp., and Protoceratium gracile – these were 

cosmopolitan in their distribution. Two species of dinoflagellates that did not occur in 

the Agulhas Current community were Oxytoxum constrictum (F.Stein) Bütschli and a 

Gyrodinium sp. Four species of silicoflagellates were recorded in the area: a 

Mesocena Ehrenberg sp., Dictyocha fibula Ehrenberg, Dictyocha octonaria 

Ehrenberg and Dictyocha speculum Ehrenberg. The latter two were not recorded in 
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the Agulhas Current community. The prymnesiophyte, Chrysochromulina hirta 

Manton was only recorded at three SCM stations. Rhodes and Burke (1996) found 

that C. hirta prefers lower temperatures and died at temperatures exceeding 25°C 

suggesting that temperature is a key factor in its distribution. It is possible to use the 

four species not recorded for the Agulhas Current Community as indicator species 

(Smayda, 1958) to distinguish the various water masses. An absence of these four 

species can be an indication that water mass modification occurred, resulting in their 

absence (Froneman and Pakhomov, 2000).  

Irigoien et al. (2004) found that on a global scale, marine phytoplankton diversity is a 

unimodal function of their biomass. Biodiversity patterns are generally consistent 

between oceanographic regions. During blooms, diversity is low whereas maximum 

diversity has been found at intermediate levels of phytoplankton biomass. The low 

species richness observed for the Agulhas Current region likely reflects the 

oligotrophic nature of these subtropical waters. However, species richness can also 

be low due to the lack of direct allochthonous input of nutrients into the Agulhas 

Current. Any nutrient input is quickly utilized by a few bloom-forming taxa, especially 

diatoms. The vertical stratification of the Agulhas Current will allow the heavier 

diatoms to settle out, thereby reducing both chlorophyll a concentration and species 

abundance. The Agulhas Current also appears to be a separate water mass and this 

“isolation” will limit any cross-boundary transfer between it and the surrounding 

waters.  

5.5.4 Environmental drivers of phytoplankton variability 

The results of the CCA showed that temperature, salinity and phosphate were the 

primary drivers of phytoplankton assemblages for the Agulhas Retroflection area. 

Temperature is a common factor influencing phytoplankton growth and distribution 

(Canale and Vogel, 1974; Rhee and Gotham, 1981; Schabhüttl et al., 2013). The 

strong positive correlation between temperature and silicate is linked to the presence 

of diatoms as the most dominant functional group. Salinity in conjunction with 

temperature can be used as an indication of where large water masses originated 

and hence it is import in the distribution of phytoplankton within the Agulhas 

Retroflection. Powell et al. (1989) found that salinity was a poor predictor for 
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mesoscale patterns in chlorophyll a and that it rather reflects mixing or transportation 

processes than phytoplankton dynamics.  

The non-Agulhas Current community can be separated by the Agulhas Current 

community based on a threshold of temperature and salinity: The Agulhas Current 

phytoplankton occur when the temperature is above 17°C and the salinity is above 

35.45.  

5.6 Conclusions 
The results of this study suggest that changes in phytoplankton species composition 

within the Agulhas Retroflection area reflect changes in the physico-chemical 

variables associated with different water masses. It is clear that frontal systems may 

form barriers between phytoplankton communities. The observed variation in the 

phytoplankton community was prominent only between the surface and the SCM.  

The study area, although located near the Retroflection, serves as a proxy for the 

Retroflection itself. This region was relatively more stable compared to the Agulhas 

Shelf and Agulhas Bank, removed from the direct influences of the coast and the 

processes associated with the continental shelf. It would be of interest though to 

investigate the phytoplankton dynamics in a region of high variability such as the 

Retroflection proper. Not only would the Retroflection be of interest, but the area 

west of it as well. This will shed light on how far the Agulhas Current influences the 

phytoplankton dynamics towards the west, and whether there is a transition zone 

between the sACLME and the Benguela Current BCLME.  

 

 

 

 



   
 

143 
 
 

6 Agulhas Return Current - Phytoplankton and nutrient dynamics of six 

South Indian Ocean seamounts 
 

6.1 Abstract 
A survey of six seamounts and two transects through the subtropical convergence 

zone (SCZ) in the South Indian Ocean in November and December 2009 showed a 

strong latitudinal gradient from the subtropics to the Subantarctic Front (SAF). 

Concentrations of oxygen, nitrate, nitrite, soluble reactive phosphorus as well as 

phytoplankton biomass (measured as chlorophyll a) increased while salinity and 

temperature decreased with an increase in latitude. These differences resulted in 

significant differences in the phytoplankton communities between seamounts. The 

chlorophyll a maximum became shallower at higher latitudes, changing from a depth 

of ~85 m in the subtropics to ~35 m over the seamounts and in the SCZ. The mixed 

layer depth also increased from ~50 m in the subtropics to ~100 m at higher latitude 

stations. The N:P and N:Si ratio indicated that nitrate was limiting at all the 

seamounts except one, at which silicate was the limiting nutrient. The phytoplankton 

community also showed a latitudinal gradient with decreasing diversity and a change 

in dominance from dinoflagellates in the tropics to diatoms towards the SCZ. The 

dominant diatom genus of the survey (>50% of the cell counts) was Pseudo-

nitzschia. Nutrients exhibited an inverse linear relationship with temperature and 

salinity. The oligotrophic subtropical areas differed from the mesotrophic seamounts 

in temperature (17.5°C) while waters over seamounts north and south of the Agulhas 

Return Current (ARC) differed in salinity (34.7). The phytoplankton (148 taxa) 

responded to this difference, resulting in three communities: the subtropical 

seamount phytoplankton (Atlantis, Walters and their off-mount samples); 

phytoplankton of the waters north of the ARC (Melville, Sapmer, MoW) and 

phytoplankton south of the ARC (Coral, SCZ1) characterised by a bloom of 

Phaeocystis antarctica Karsten. The environmental drivers most strongly linked to 

these observed differences were nitrate and temperature. These displayed a clear 

latitudinal gradient unaffected by mesoscale variability of the ARC eddy field thereby 

allowing the three phytoplankton communities to persist. Phytoplankton biomass was 
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enhanced in the shallow (<200 m) seamount waters, although the speed of the 

currents suggests an allochthonous origin.  

 

6.2 Introduction 
At the Agulhas Retroflection the Agulhas Current turns east and continues as the 

ARC, the fourth and last of the four biogeographical areas investigated in this study. 

Six seamounts, four off-mount stations and two SCZ transects are used to describe 

the ARC region, with a focus on the eastern termination region of the ARC.  

Seamounts are defined as “geographically isolated topographic features on the 

seafloor taller than 1 000 m…” (Staudigel and Clague, 2010). Approximately 172 000 

submarine seamounts, hills and knolls have been identified around the world’s 

oceans based on this definition (Yesson et al., 2011). Seamounts are important as 

they appear to support relatively large planktonic, benthic and higher consumer 

biomass when compared to the surrounding ocean, especially in the oligotrophic 

waters of the subtropics (Clark et al., 2010). Less than 1% of seamounts have been 

studied and although they are not as isolated or constitute centres of endemism as 

initially thought, they remain hotspots of biological activity in the deep sea (Clark et 

al., 2012; Priede and Froese, 2013; Djurhuus et al., 2017; Read and Pollard, 2017).  

The least studied seamounts in the world’s oceans are the deep seamounts located 

in the high latitudes of the Southern Ocean (Clark et al., 2010). The Southwest 

Indian Ocean, incorporating the ASCLME, is one of the least explored ocean regions 

of the world (Lutjeharms and Bornman, 2010). The western sector of the Southern 

Indian Ocean is one of the most energetic and globally important hydrographic 

regions of the world’s oceans (Read et al., 2000; Beal et al., 2011). The Agulhas 

Current flows along the east coast of South Africa as a fast boundary current until 

south of the continent where it retroflects (Agulhas Retroflection), with most of its 

water flowing eastward along the Subtropical Convergence as the ARC. The rest of 

the water is injected into the South Atlantic through the shedding of Agulhas Rings 

(Lutjeharms, 1985; Lutjeharms and Ansorge, 2001; Boebel et al., 2003; Lutjeharms, 

2006; Paldor and Lutjeharms, 2009; Lutjeharms and Bornman, 2010; Beal et al., 
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2011). The trajectory of the ARC is influenced by bottom topography, e.g. the 

Southwest Indian Ocean Ridge, which can result in extensive meridional excursions 

and formation of eddies (Lutjeharms and Ansorge, 2001). The ARC, the STF (also 

known as the SCZ) and the SAF form transitions between warm and saline 

subtropical waters and cold and less saline subantarctic waters, creating an area of 

complex biogeochemistry, phytoplankton productivity and biogeography (Laubscher 

et al., 1993; Bathmann et al., 1997; Read et al., 2000; Fiala et al., 2003).  

Seamounts project from the seafloor into the water column, where they form 

obstacles to ocean flow that can generate internal waves (Kaneko et al., 1986; Toole 

et al., 1997; Kunze and Llewellyn Smith, 2004), give rise to ocean eddies (Royer, 

1978; Cheney et al., 1980), cause asymmetric current acceleration and recirculation 

(Mysak and Magaard, 1983; White and Walker, 1985; White et al., 2007; Lavelle and 

Mohn, 2010), allow development of Taylor columns (Eide, 1979; Owens and Hogg, 

1980; Genin and Boehlert, 1985; Dower et al., 1992; Rogers, 2004; Arístegui et al., 

2009; Clark et al., 2010) and increase vertical mixing (White et al., 2007). Genin and 

Boehlert (1985), Boehlert and Genin (1987), Genin and Dower (2007) and Dower et 

al. (1992) recorded elevated levels of primary production over the summit of 

seamounts. However, they and numerous other studies, have recorded no evidence 

of a persistent seamount effect on phytoplankton biomass (Comeau et al., 1995; 

Odate and Furuya, 1998; Mourino et al., 2001; Genin, 2004; White et al., 2007; 

Arístegui et al., 2009; Mohn et al., 2009; Drazen et al., 2011; Young et al., 2011; 

Misic et al., 2012).  

The cruise on board the R/V Dr Fridtjof Nansen targeted six seamounts spread 

across 15° of latitude and longitude. This study focussed on the physico-chemical 

oceanographic environment as drivers of phytoplankton biomass, composition and 

biogeography. To determine whether the selected seamounts of the South Indian 

Ocean are centres of enhanced biological productivity, we developed the following 

hypotheses: 

• The phytoplankton changes from a low biomass, flagellate dominated 

community in the oligotrophic subtropical waters to an elevated biomass and 

diatom dominant community in the mesotrophic ARC and SCZ. 
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• The phytoplankton community above the summit of a seamount has a higher 

concentration of microphytoplankton (diatoms) than elsewhere. This 

community is concentrated in an SCM. The surrounding oligotrophic water, 

where pico- and nanoplankton are dominant, has a DCM layer. 

 

6.3 Study area 
Seamounts in the Southern Indian Ocean are concentrated on the mid-ocean ridges; 

particularly the Southwest Indian Ocean Ridge and along plateaus such as the 

Madagascar and Mascarene Plateaux. The Madagascar Ridge extends southwards 

from the island of Madagascar for about 1 100 km. The shallowest section (15 m), 

Walter’s Shoal, is located roughly 400 nautical miles south of Madagascar and 600 

nautical miles east of South Africa (Fig. 6.1). The seamounts on the 2 000 km long 

Southwest Indian Ocean Ridge are highly diverse as the northeast-striking ridge 

crosses several major oceanographic boundaries marked by the closely spaced 

STF, the ARC and the SAF (Read et al., 2000; Lutjeharms, 2007; Garcia et al., 

2013). As the Southwest Indian Ocean Ridge crosses this oceanographic boundary, 

the southernmost seamounts are in sub-Antarctic waters and the northernmost in 

subtropical waters, with those in between lying within the western part of the 

subtropical gyre characterized by eddies and highly variable oceanography (Read et 

al., 2000; Sultan et al., 2007; Garcia et al., 2013; Pollard and Read, 2017; Read and 

Pollard, 2017). The latitudinal range also follows a productivity gradient from 

mesotrophic in the south to oligotrophic in the north (Read et al., 2000). The five 

seamounts sampled along the Southwest Indian Ridge were Atlantis Bank, Samper 

Bank, Middle of What, Coral and Melville Bank (Fig. 6.1, Table 6.1). A nameless 

seamount north of Walters Shoal on the Madagascar Plateau was included (Fig. 6.1, 

Table 6.1) and will be referred to as Walters. 
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Fig. 6.1 The Agulhas Return Current study site indicating the cruise track and 

position of the environmental stations (black circles). Individual seamounts are 

enlarged to show transect positions and station numbers. 

All the environmental data were collected in situ from the R/V Dr Fridtjof Nansen 

during Cruise 410 in November and December of 2009. Transects were chosen for 

their topographic features and were located over the peak of each seamount. In 

addition to the transect, an hourly measurement of physical conditions between the 

surface and the summit of the seamounts continued for 24 hours. A few stations 
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were also sampled between the seamount stations (off-mount) and two transects 

were also sampled across the SCZ (Fig. 6.1). The methodology and statistical 

analysis used in this study was identical to that presented in sections 3.3.2, 3.3.3 

and 3.3.4. 

 

Table 6.1 The stations sampled, depth of the summit, coordinates and the sampling 

date on which each of six seamounts was sampled (SCZ transects and off-mount 

stations shown in Fig. 6.1). 

Seamount Stations Summit (m) Latitude (S) Longitude (E) Date 

Atlantis 1217 - 1274 842  32° 42.87’ 057° 17.84’  2009/11/17 

Sapmer  1275 - 1346 332 36° 50.87’ 052° 04.88’  2009/11/21 

Middle of What (MoW) 1347 - 1389 1100 37° 57.56’ 050° 24.79’  2009/11/25 

Coral 1401 - 1495 205 41° 25.44’ 042° 50.82’  2009/12/01 

Melville 1509 - 1600 108 38° 31.56’ 046° 45.74’  2009/12/06 

Walters 1601 - 1635 1255 31° 34.33’ 042° 45.78’ 2009/12/12 

 

6.4 Results 
 

6.4.1 Physical and chemical oceanographic conditions 

Temperature profiles of the euphotic zone showed a clear gradient of decreasing 

temperature with an increase in latitude and depth. The only exception to this was 

Sapmer Seamount that had significantly lower (p < 0.05; n = 165) water 

temperatures than Melville and MoW to the south (Fig. 6.2). Coral Seamount had 

significantly lower temperatures (p < 0.05; n = 304) and salinity (p < 0.05; n = 304) 

than any of the other seamounts (Fig. 6.2 and Fig. 6.3). 
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Fig. 6.2 Temperature profiles through the epipelagic zone of six seamounts, the off-

mount stations and the two subtropical convergence transects. 

 

 

Fig. 6.3 Salinity profiles through the epipelagic zone of six seamounts, the off-mount 

stations and two subtropical convergence transects. 
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Fig. 6.4 Oxygen profiles through the epipelagic zone of six seamounts, the off-mount 

stations and two subtropical convergence transects. 

 

The dissolved oxygen profiles also showed a gradient of increasing oxygen with 

increase in latitude (Fig. 6.4). The oxygen concentration increased at the DCM (Fig. 

6.9). This zone of elevated oxygen is deeper in the subtropics (Off-mount, Walters 

and Atlantis) compared to the SCZ (Coral and SCZ1) (Fig. 6.4). Sapmer had no 

significant difference (F = 7.2; p > 0.05; n = 38) in any of the physical variables with 

depth.  

The only significant difference (F = 14.27; p < 0.05; n = 113) in NO2- concentrations 

were between Atlantis and Coral seamounts. Off-mount and Walters had elevated 

NO2- concentrations at the DCM (Fig. 6.5; Fig. 6.9a). All the profiles showed a 

decrease in nitrite from the surface to mid depths, before the values increased again 

in deeper waters (Fig. 6.6). The nitrate profiles showed a similar pattern and gradient 

as the physical variables, with Coral and SCZ1 differing from the rest of the sites 

(Fig. 6.5). Coral had a significantly higher (F = 41.69; p < 0.05; n = 304) nitrate 

concentration compared to the other seamounts.  
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Fig. 6.5 Nitrate concentrations in the epipelagic zone of the six seamounts, the off-

mount stations and two subtropical convergence transects. 

 

 

Fig. 6.6 Nitrite concentrations in the epipelagic zone of six seamounts, the off-mount 

stations and two subtropical convergence transects.  
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Fig. 6.7 Phosphate concentrations in the epipelagic zone of six seamounts, the off-

mount stations and two subtropical convergence transects. 

 

Fig. 6.8 Silicate concentrations in the epipelagic zone of six seamounts, the off-

mount stations and two subtropical convergence transects. 
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Phosphate showed a gradient of increasing concentration with an increase in 

latitude, although no significant difference (F = 10.74; p > 0.05; n = 304) between 

adjacent seamounts were found (Fig. 6.7). At SCZ1 there was an elevated 

subsurface phosphate concentration, similar to nitrate. No significant differences (F = 

2.21; p > 0.05; n = 395) were recorded in silicate concentrations between the study 

sites (Fig. 3d). Silicate concentrations decreased from the surface waters to ~30 m 

before increasing again in deeper waters. Nitrite showed a significant inverse 

correlation with depth overall (Table 6.2). 

 

Table 6.2 Pearson correlation analysis with pairwise deletion of the environmental 

variables of the Agulhas Return Current. Significant correlations are indicated as 

follows: *** p < 0.001, ** p < 0.01, * p < <0.05.  
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Fig. 6.9 Concentrations of nitrate versus phosphate in the epipelagic zone of the 

Agulhas Return Current. The black line is the regression line for the data and the 

blue line represents the Redfield Ratio (N:P = 16:1). Grey dots are all stations 

whereas the black dots represent the samples for the specific seamount. 
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Fig. 6.10 Concentrations of nitrate versus silica in the epipelagic zone of the Agulhas 

Return Current. The black line is the regression line for the data and the blue line 

represents the Redfield Ratio (N:Si = 1:1).  
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The ratio of nitrate versus phosphate concentration at low concentrations indicates 

nitrate limitation at MoW (1:1), Sapmer (2:1) and Melville (2:1) (Fig. 6.9). The N:P 

ratio at Coral (12.5:1) was the closest to the 16:1 Redfield ratio (Fig. 6.9). The 

concentration of N:P at Atlantis was 5:1 (Fig. 6.9). Atlantis and Walters had a N:Si of 

15:16 and 12:16 respectively indicating nitrogen limitation (Fig. 6.10). The water 

column above Coral had a nitrogen to Silicate ratio above 1 (18:16) indicating that Si 

was the limiting nutrient at the time of sampling (Fig. 6.10). Sapmer (4:16), MoW 

(4:16) and Melville (5:16) were nitrogen limited (Fig. 6.10). 

 

  

Fig. 6.11 Concentrations of nutrients 

(NO3-, SiO44-; PO43- and NO2-) versus 

temperature for all the euphotic zone 

stations of the Agulhas Return Current 

(n = 408).  

Fig. 6.12 Concentrations of nutrients 

(NO3-, SiO44-; PO43- and NO2-) versus 

salinity for all the euphotic zone stations 

of the Agulhas Return Current (n = 408). 

 

The four nutrients had a significant correlation with temperature (Table 6.2). 

Furthermore, all, except silicate, showed a significant correlation with salinity (Table 

6.2). Plotting the nutrients against temperature (Fig. 6.11) and salinity (Fig. 6.12), the 

nutrients showed an inverse linear relationship with both - this splits their 

relationships into two groups. At temperatures below 17.5°C and salinity below 34.5, 

the euphotic zone is characterised by higher nutrient concentrations (particularly 

nitrate). Where temperatures were over 17.5°C and salinity over 34.7, waters had 

lower nutrient concentrations. Nitrate plotted against temperature shows that off-
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mount waters, Walters and the surface water (top 50 m) of Atlantis differ from the 

water measured at the rest of the seamounts and the SCZ transects. The 

correlations between nitrate concentrations and salinity separated Coral and SCZ1 

from the other study areas. 

 

6.4.2 Spatial variability of phytoplankton 

Phytoplankton biomass (measured as chlorophyll a, Fig. 6.13 to Fig. 6.16) increased 

with an increase in latitude from the subtropics to the SCZ. Off-mount, Atlantis and 

Walters had a DCM at 95 m, 85 m and 75 m respectively. The DCM at Walters had a 

significantly higher (F = 15.01; p < 0.05; n = 48) concentration of total chlorophyll a 

and nanophytoplankton chlorophyll a compared to Atlantis, but was still significantly 

lower (F = 18.22; p < 0.05; n = 26) than the maximum chlorophyll a concentration at 

Coral. The higher latitude seamounts and SCZ transects had their maximum 

chlorophyll a (of all size fractions) in the surface waters (<40 m). There was no 

significant difference (F = 92.36; p > 0.05; n = 116) in chlorophyll a of waters deeper 

than 100 m between the study sites. Picophytoplankton (Fig. 6.16) contributed the 

least to the total phytoplankton biomass (especially at the higher latitude study sites) 

and showed no significant difference (F = 3.77; p < 0.05; n = 408) in concentration 

between study sites or at depth. There was a significant difference (F = 10.31; p < 

0.05; n = 408) in the overall contribution made by the different size classes 

(picophytoplankton mean: 0.144 ± 0.007 µg l-1; range 0 – 2.08 µg l-1; 

nanophytoplankton mean: 0.879 ± 0.042 µg l-1; range: 0.004 – 5.42 µg l-1; and 

microphytoplankton mean: 1.032 ± 0.068 µg l-1; range 0.001 – 9.91 µg l-1). 
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Fig. 6.13 Total chlorophyll a biomass in the epipelagic zone of six seamounts, the 

off-mount stations and two subtropical convergence transects.  

 

 

Fig. 6.14 Microphytoplankton chlorophyll a biomass in the epipelagic zone of six 

seamounts, the off-mount stations and two subtropical convergence transects.  
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Fig. 6.15 Nanophytoplankton chlorophyll a biomass in the epipelagic zone of six 

seamounts, the off-mount stations and two subtropical convergence transects.  

 

 

Fig. 6.16 Picophytoplankton chlorophyll a biomass in the epipelagic zone of six 

seamounts, the off-mount stations and two subtropical convergence transects.  
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Selected plots of the chlorophyll a concentration at depth and latitude in the euphotic 

zone illustrates the difference in phytoplankton biomass between the subtropics (Fig. 

6.17) and the SCZ area (Fig. 6.18). It was only at the two shallowest seamounts 

(Coral: summit = 205 m; Fig. 6.18 and Melville Bank: summit = 108 m; Fig. 6.19 and 

Fig. 6.20) where evidence was found of a chlorophyll a response in the vicinity of the 

summit. The isothermal mixed-layer depth and the isopycnal mixed-layer depth 

(Appendix: Agulhas Retroflection; Fig. 9.6) were situated above the DCM (Fig. 6.17), 

forming a barrier to mixing. The isothermal mixed-layer depth and isopycnal mixed-

layer depth were situated below the chlorophyll a maximum in Fig. 6.18 to Fig. 6.20 

and more or less followed the 0.1 to 0.2 µg l-1 isoline of chlorophyll. The only area 

where the isothermal mixed-layer depth was situated 50 - 100 m below the summit 

was along the longitudinal transect over Melville Bank (Appendix: Agulhas 

Retroflection; Fig. 9.7). The deepening of the mixing layer from ca. 50 m in the 

subtropics to more than 100 m at the higher latitudes positively influences 

phytoplankton biomass. 

 

Fig. 6.17 Latitudinal depth transect of chlorophyll a (µg l-1) concentrations for Walters 

Shoal. Vertical lines denote CTD positions. 
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Fig. 6.18 Latitudinal depth transect of chlorophyll a (µg l-1) concentrations for Coral 

Seamount. Vertical lines denote CTD positions. 

 

 

Fig. 6.19 Latitudinal depth transect of chlorophyll a (µg l-1) concentrations for Melville 

Bank. Vertical lines denote CTD positions. 
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Fig. 6.20 Longitudinal depth transect of chlorophyll a (µg l-1) concentrations for 

Melville Bank. Vertical lines denote CTD positions. 

6.4.3 Phytoplankton composition 

A total of 148 phytoplankton taxa were recorded during the survey: 74 diatom, 59 

dinoflagellate, six silicoflagellate, four chlorophyte flagellate, three coccolithophore, 

and one prymnesiophyte. The dominant genera (>1 000 counts), in order of 

dominance were: Pseudo-nitzschia (diatom), Alexandrium (dinoflagellate), 

Thalassiosira (diatom), Gymnodinium (dinoflagellate), the Prymnesiophyte species; 

Phaeocystis antarctica; Peridinium spp. (dinoflagellate), Navicula spp. (diatom), 

Oxytoxum spp. (dinoflagellate), Thalasionema spp. (diatom) and Chaetoceros spp. 

(diatom). 

The seamount with the highest phytoplankton diversity was Atlantis with 68 taxa in 

surface waters and 75 at the DCM (Fig. 6.21). Off-mount stations in subtropical 

waters had the second highest diversity (Fig. 6.21). Despite the high diversity, these 

stations, including Walters, had low phytoplankton biomass and were dominated by 

dinoflagellates. The other four seamounts and two SCZ transects had higher 

biomass although only Coral, SCZ1 and Sapmer had a significantly higher (F = 

15.23; p < 0.05; n = 121) surface and DCM chlorophyll a concentration than the 

subtropical stations. Dominance also changed from dinoflagellates to diatoms and 

even the appearance of a bloom of Pseudo-nitzschia spp. (this genus contributed 

>75% of the total diatom cell count of the survey). The prymnesiophyte, Phaeocystis 

antarctica was abundant (3 064 cells in total) in the Subtropical Convergence Zone, 
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and in waters over Coral and Melville (Fig. 6.21). Coccolithophores were restricted to 

SCZ1, and the Coral and Atlantis seamount waters.  

 

Fig. 6.21 Composition of phytoplankton from the surface and DCM layers of the nine 

study areas of the Agulhas Return Current. Mean total chlorophyll a concentrations 

are also provided for each site.  

Multivariate analyses grouped the taxa into three communities (Fig. 6.22): 

subtropical phytoplankton (Atlantis, Walters and Off-mount); phytoplankton south of 

the ARC (Coral and SCZ1) and phytoplankton north of the ARC (Melville, Sapmer 

and MoW). The communities north and south of the ARC shared many species, 

especially the abundant Pseudo-nitzschia spp. The two SCZ transects shared 

species with most of the seamounts, although the southern waters of SCZ1 formed a 

community with Coral, south of the ARC, because of the dominance of Phaeocystis 

antarctica. The species associated with the off-mount stations were part of the 

subtropical community with Alexandrium cf. carraun responsible for the off-mount 

outlier (Fig. 6.22). The dominance of Alexandrium spp. at Walters and selected 

stations of SCZ2 explain the close grouping of these in ordination space. 

Cosmopolitan species characterised most of the stations sampled, but the change in 
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dominance and the appearance of local species was enough to split the samples into 

three distinct communities, representing different geographical areas. 

 

 

Fig. 6.22 Detrended Correspondence Analysis ordination of the phytoplankton of 

the nine study areas of the Agulhas Return Current.  

 

6.4.4 Environmental drivers of phytoplankton variability 

The first canonical axis (Fig. 6.23) accounted for 38% of the species–environment 

relation. The strongest correlations were with temperature (r = 0.71), nitrate (r = 

0.89) and oxygen (r = 0.45). Adding the second canonical axis accounted for 68% of 

the cumulative variation and was positively correlated to temperature (r = 0.47; Fig. 

6.23). These stations also had a higher than average phosphate concentration. The 

samples collected at Coral and the southern stations of SCZ1 had a higher than 

average nutrient and oxygen concentration and the lowest water temperatures. 

Waters north of the ARC, Melville, MoW and Sapmer were characterised by high 

silicate, low phosphate and nitrate concentrations, high salinity and shallower than 
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average bathymetry and a DCM. The spread of the SCZ1 and SCZ2 stations across 

the ordination is indicative of the spatial extent of the transects from the ARC through 

the STF and into the SAF. 

 

 

Fig. 6.23 Canonical Correspondence Analysis ordination of the phytoplankton of the 

nine study areas of the Agulhas Return Current constrained by environmental 

variables.  

 

6.5 Discussion 
 

6.5.1 Physical and chemical oceanography 

The geographic spread of seamounts, off-mount stations and SCZ transects 

sampled during the survey in 2009 showed significant latitudinal differences in 

temperature, salinity and dissolved oxygen of the euphotic zone. Pollard and Read 

(2017) and Read and Pollard (2017) found that Coral was characterised by low 
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temperatures and salinity and high oxygen and density with a halocline situated at 70 

to 100 m depth and a fresh surface layer. This study found similar results for both 

Coral and SCZ1 and an even bigger response in waters of the SCZ1 - probably 

because the transect extended deeper into the SAF (Pollard and Read, 2017; Read 

and Pollard, 2017). It was this relatively fresh, low temperature, high oxygen layer 

that had elevated concentrations of all the nutrients except silicate. This subsurface 

layer also had low concentrations of total chlorophyll a, but relatively high 

concentrations of picophytoplankton. The weak stratification of all physical and 

chemical parameters measured at Sapmer was as a result of an anticyclonic eddy 

that caused mixing to deeper than 400 m (Pollard and Read, 2017; Read and 

Pollard, 2017). Atlantis and Walters, although also influenced by eddies, showed 

near-surface stratification at the time of the survey (Pollard and Read, 2017; Read 

and Pollard, 2017). The lowest oxygen concentrations were measured at Walters 

and this is due to the southward flow of low oxygen water from the tropics (Pollard 

and Read, 2017). Oxygen concentrations peaked at the depth of maximal chlorophyll 

a concentration: at the DCM for the lower latitude stations and at the SCM for Coral 

and SCZ1. Isopycnals were shallowest at Coral and Atlantis because of the strong 

eastward flow of the ARC north of Coral and weak westward drift between Atlantis 

and the other seamounts (Pollard and Read, 2017). 

Nitrogen and phosphorus are the main inorganic nutrients required for phytoplankton 

growth in marine ecosystems, although silicate could limit the growth of diatoms 

(Yool and Tyrrell, 2003; Crombet et al., 2011; de Souza et al., 2013). Nitrate, nitrite 

and phosphate showed a latitudinal increase in concentration from the oligotrophic 

subtropics to the mesotrophic STF. Nitrite and silicate showed a decrease in 

concentration with depth in the subsurface waters of the higher latitude seamounts 

that was mirrored by a decrease in total, micro and nanophytoplankton biomass and 

an increase in picophytoplankton biomass. The chlorophyll a maximum in the high 

latitude samples was situated between 30 and 40 m depth and was associated with 

an increased concentration of nitrite and silicate and a decreased concentration of 

nitrate and phosphate. The DCM in the subtropical stations was associated with 

increased concentrations of all the nutrients to form a nutricline, a boundary between 

the nutrient depleted surface waters and the light limited deeper ones (Cullen, 1982). 
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The high variability of the physical and chemical properties of the SCZ1 samples is 

due to the variability of the ARC, STF and SAF (Pollard and Read, 2017).  

The N:P and N:Si ratios of the water control the phytoplankton community structure 

(Read et al., 2000; Brauer et al., 2012), that in turn determines the stoichiometry of 

the ocean (Mills and Arrigo, 2010; Weber and Deutsch, 2012; Martiny et al., 2013). 

Ptacnik et al. (2010) is of the opinion that use of the relationships between major 

nutrients have limited applicability in understanding phytoplankton ecology and 

Anderson and Sarmiento (1994) reported that these ratios may not be applicable to 

the ocean waters shallower than 400 m. Redfield ratios are however useful in 

determining the utilisation of one nutrient relative to another. A near-to-origin 

intercept of nitrate versus phosphate indicates the competitive advantage of 

nitrogen-fixing phytoplankton groups at low ambient nitrate levels (Yool and Tyrrell, 

2003; Mills and Arrigo, 2010). Nitrate was limiting at all the seamounts except Coral 

that had an N:P ratio of 12.5:1 - this is close to the average N:P ratio of marine 

phytoplankton (16:1), even more closely matched to the nutrient content of mean 

ocean waters (14.3:1) (Weber and Deutsch, 2012) and identical to that measured by 

Martiny et al. (2013) for cold nutrient-rich high-latitude areas in the Southern Ocean. 

From Weber and Deutsch (2012) it is evident that the area sampled during this 

survey extended from oceanic waters, with a N:P of <16, to more than 16 in the 

higher latitudes. Nitrogen fixing organisms are advantaged in nitrogen depleted 

waters, where N:P <16, but are out-competed where N is not limiting (N:P >16) due 

to the energy demand of fixing nitrogen (Tyrrel, 1999; Lenton and Klausmeier, 2006). 

Phosphorus is therefore the ultimate limiting nutrient in the ocean (Tyrrel, 1999). 

Nitrogen fixation is an important process, especially in the subtropics, keeping the 

ratio of N:P close to 16:1 (Lenton and Watson, 2000). Denitrification continuously 

removes nitrate from surface waters, thereby maintaining an N:P deficit and a 

population of nitrogen-fixing organisms (Lenton and Klausmeier, 2006).  

All the seamounts, except Coral, had a N:Si ratio below 1, indicating that nitrogen 

was limiting. Coral on the other hand was silicate limited. The STF and the SAF had 

previously been found to be silicate limited (Read et al., 2000; Mohan et al., 2011). 

The proliferation of diatoms at Coral and in the STF and SAF are likely to have 

depleted silicate, similar to what Comeau et al. (1995) found on Cobb Seamount. If 
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the ratio remains below 1:1 then the proportion of diatoms in the phytoplankton 

community will decline and that will impact on the higher trophic level food web over 

the seamounts (Turner et al., 1998). The deviation of N:Si from the Redfield ratio 

with depth is because biogenic silica dissolution is slower than the remineralisation 

processes of nitrate and phosphate (Tyrrel, 1999; Read et al., 2000; Yool and Tyrrell, 

2003).  

Nutrients exhibited an inverse linear relationship with temperature and salinity, 

splitting the study area into three sectors defined by a temperature threshold of 

17.5°C and a salinity threshold of 34.7. Higher nutrient concentrations can be 

expected where temperatures are less than 17.5°C and the salinity is less than 34.7. 

This splits the oligotrophic subtropical areas from the mesotrophic seamounts based 

on temperature and then further divides the seamounts into those north of the ARC 

and those situated south of it (Coral and SCZ1) based on salinity. de Souza et al. 

(2013) found a similar relationship where the upper euphotic zone grouped 

separately from the deeper water based on temperature and salinity.  

 

6.5.2 Spatial variability of phytoplankton 

Phytoplankton biomass showed the same latitudinal change as the nutrients and 

physical properties of the water. Chlorophyll a biomass increased with latitude and 

the DCM became shallower, from around 85 m in the subtropics to 35 m over the 

seamounts and long SCZ transects north and south of the ARC. Santos et al. (2013) 

found that the DCM varied significantly (from 15 m to 75 m) over the Condor 

Seamount between seasons and it may well be that the DCM depths recorded 

during this snapshot survey may vary during different times of the year. The 

mesotrophic nature of the ARC region could however sustain high chlorophyll a 

concentrations, a shallow DCM and nitricline (Estrada et al., 1993). The mesoscale 

eddies associated with the ARC could be responsible for high chlorophyll a and 

nutrient variability through eddy-induced redistribution and spatially and temporally 

intermittent fluxes of nutrients into the euphotic zone, rather than a change in 

autochthonous growth (McGillicuddy Jr et al., 1998; Levy et al., 2001; Bibby and 

Moore, 2011; Chelton et al., 2011; Drazen et al., 2011). There was no significant 
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difference in biomass between the subtropics and the area under the influence of the 

ARC at depths deeper than 100 m.  

Read et al. (2000) also found that the chlorophyll a peaked where the ARC, STF and 

SAF were in close proximity. However, during this survey the phytoplankton biomass 

measured on the SCZ1 transect was substantially higher (over 5 µg l-1) than the 

maximum of 1.25 µg l-1 measured by Read et al. (2000). The maximum chlorophyll a 

concentration for this survey was 15.67 µg l-1, measured in the SCM of the SAF 

along the SCZ1 transect (see Fig. 3 in (Pollard and Read, 2017). Sedwick et al. 

(2002) also recorded a maximum chlorophyll a concentration of less than 1 µg l-1 in 

the SAF/STF. This cannot really be attributed to season since both Read et al. 

(2000) and Sedwick et al. (2002) also sampled in summer (January and February). 

The main difference between their studies and this one is that they did not sample 

seamounts. With the exception of the subtropics, chlorophyll a concentrations were 

highly variable in the euphotic zone, highlighting the role of physical processes 

(upwelling and increased mixing) associated with frontal systems, eddies and 

shallow seamounts in local enhancement of primary production.  

The mixed layer depth increased from around 50 m in the subtropics (with the DCM 

located below this layer) to as deep as 100 m in the higher latitudes. Most 

productivity occurred near the base of the surface mixed layer in the subtropics. 

Arrigo et al. (1999) found that the phytoplankton community structure varies as a 

function of the depth of the mixed layer. The latitudinal difference in seamounts 

studied and the variable influence of eddies on the vertical structure of the water 

column, made it difficult to detect any community differences associated with the 

depth of the mixed layer. 

Micro- and nanophytoplankton made up most of the total chlorophyll a biomass in 

waters at the higher latitudes, whereas the subtropics had a more or less equal 

contribution of size fractions. The increase in picophytoplankton biomass in the 

subsurface waters at Coral and SCZ1 could be due to the presence of 

cyanobacteria. The smallest marine phytoplankton, collectively termed 

picophytoplankton, includes marine photosynthetic cyanobacteria such as 

Prochlorococcus and Synechococcus (Buitenhuis et al., 2012). Fiala et al. (2003) 
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found that although Pseudo-nitzschia spp. were dominant in the STF of the Crozet 

Basin, pico- and nanophytoplankton had the highest biomass and cyanobacteria 

contributed the most to the picophytoplankton size fraction. However, cyanobacteria 

are only present in subtropical waters warmer than 12.5°C (Fiala et al., 2003), which 

excludes them from the Coral seamount and SCZ1 waters. The sampling (0.7 µm 

filter paper instead of 0.2 µm) and preservation (2% Lugols) methods were found to 

be less than ideal for studying the picophytoplankton community. It would appear 

that the subsurface waters at Coral and SCZ1 were different to the rest of the profile 

and were in all likelihood Subantarctic Surface Water (Fig. 5f in Pollard and Read, 

2017), as it was colder, less saline and more nutrient rich (although silicate 

depleted). The depletion of silicate, the high concentrations of nitrate and phosphate 

and the decreased biomass indicate that diatoms were silicate limited, which could 

explain their low numbers.  

Phytoplankton biomass showed a positive response to the presence of a shallow 

(<200 m) seamount summit. Similar increases in chlorophyll a over the summit of 

seamounts have been found, however, no evidence of a persistent seamount effect 

on phytoplankton production have yet been recorded (Genin and Boehlert, 1985; 

Boehlert and Genin, 1987; Dower et al., 1992; Comeau et al., 1995; Odate and 

Furuya, 1998; Mourino et al., 2001; Genin, 2004; Genin and Dower, 2007; White et 

al., 2007; Arístegui et al., 2009; Mohn et al., 2009; Drazen et al., 2011; Young et al., 

2011; Misic et al., 2012). Even if there was an effect, it would have to be maintained 

over the seamount for several months to have a positive influence on the higher 

trophic level species resident on the seamount (Morato et al., 2009; Clark et al., 

2010), unless the summit of the seamount was situated close to the DCM so that the 

benthic community directly benefitted from the phytoplankton (Cordeiro et al., 2013). 

The export of phytoplankton biomass downstream of the seamounts (Genin and 

Dower, 2007; White et al., 2007) was not found during this survey - possibly because 

the transects and stations were limited to the slopes and peak(s) of the seamounts. 

The high concentration of nitrate and silicate in the water (ARC) flowing over Coral 

and Melville seamounts could have resulted in a positive phytoplankton response 

irrespective of a possible seamount effect. It is impossible to determine from the 

limited data which of the six possible physical processes (or combinations thereof) 
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described by White et al. (2007) was responsible for the enhanced biomass. Pollard 

and Read (2017) found that mesoscale eddies had the greatest influence on the 

circulation near each seamount and a shallow seamount will cause a flow 

disturbance that interacts with the euphotic zone (Beckmann and Mohn, 2002; 

Stevens et al., 2014). At the time of sampling, Melville Bank was situated on the 

flank of a westward propagating cyclonic eddy that had pinched off the ARC (Pollard 

and Read, 2017). The current flow over Melville was the highest recorded during the 

survey (34 cm s-1; Pollard and Read (2017)). The ARC meanders and on occasion 

Coral may lie within the ARC (Boebel et al., 2003). Eddies play an important role in 

redistributing phytoplankton through horizontal advection and thereby sustaining new 

production within the euphotic zone (Woodward and Rees, 2001; Chelton et al., 

2011). Coral was located south of the ARC and on the boundary of the STF and the 

SAF and was subjected to an eastward circulation of 10 to 20 cm s-1 (Pollard and 

Read, 2017). The proximity of the frontal zones could be responsible for vertical 

mixing and the enhanced productivity recorded there (Read et al., 2000; Clayton et 

al., 2014). Perissinotto et al. (1990) and Comeau et al. (1995) found that increased 

vertical stability of the euphotic zone increased phytoplankton production. Such 

vertical stability is, however, unlikely to persist in this highly variable environment 

associated with the meandering ARC eddy field.  

 

6.5.3 Phytoplankton composition 

The phytoplankton community showed a latitudinal gradient with decreasing diversity 

as latitude increased. There was a concomitant change in dominance from 

dinoflagellates to diatoms. The other taxa made a substantially smaller contribution 

to the phytoplankton, but this could be an artefact of the preservation method used 

(Sonnekus et al. 2017). The Lugol’s Iodine method was specifically developed to 

preserve diatoms (Parsons et al., 1989; Karayanni et al., 2004) and it could be that 

the chlorophyte flagellate cells were compromised using this method as the 

preservative is highly acidic. It is likely that the coccolithophores would have been 

underestimated using this preservative. The oligotrophic waters of the Indian Ocean 

are characterised by the smaller phytoplankton groups such as chlorophyte 

flagellates due to their ability to rapidly take up nutrients (Twomey et al., 2007). Read 
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et al. (2000) found that diatoms were not dominant when the chlorophyll a was below 

0.3 µg l-1. For this study, this included the surface waters of the Off-mount stations 

and Atlantis. However, the high numbers of Phaeocystis antarctica indicate that the 

method did at least preserve soft-bodied cells.  

The dominant diatom genus in the higher latitude stations was Pseudo-nitzschia that 

accounted for more than 50% of the cell counts from the entire survey. (Santos et al., 

2013) also found Pseudo-nitzschia to be the most abundant taxon on Condor 

Seamount. A large proportion of the taxa were cosmopolitan and recorded at all the 

stations. Despite this, the presence of a few dominant taxa was sufficient to group 

the phytoplankton into the three communities that corresponded with the waters that 

had a definable signature of nutrient concentration, salinity and temperature. The 

three communities were: subtropical, north of the ARC and south of the ARC. 

Although Atlantis, Walters and the Off-mount stations grouped together based on the 

physical, chemical and biomass data, it is interesting that the species composition 

was sufficiently similar to be considered a single community, despite the two 

seamounts being 15° of longitude apart (>800 nautical miles) and subjected to 

different oceanographic conditions. Pollard and Read (2017) recorded a slow (<20 

cm s-1) westward drift of mostly cyclonic eddies around Atlantis, whereas Walters is 

continuously subjected to fast-flowing cyclonic and anti-cyclonic eddies that originate 

from the East Madagascar Current and pass south of Madagascar to join the 

Agulhas Current.  

The species composition at Coral and SCZ1 stations located in the SAF was unique 

enough to constitute their own community. Clayton et al. (2014) also recorded a 

clear distinction between subtropical and subpolar phytoplankton communities 

separated by a front. Turbulent hydrodynamics, as are found in the vicinity of frontal 

zones and eddies, favour diatoms such as species of Chaetoceros, Pseudo-

nitzschia, Thalassiosira and Thalassiothrix (Bracher et al., 1999; Santos et al., 2013), 

all of which were abundant at Coral and in the SCZ transects. However, Coral also 

had a high abundance and diversity of dinoflagellates. Comeau et al. (1995) found 

that diatoms were dominant in the SCM over Cobb seamount and that 

dinoflagellates became dominant near the bottom of the euphotic zone. The 

assemblage of species associated with the STF and SAF in SCZ1 grouped those 



   
 

173 
 
 

stations with Coral, with Phaeocystis antarctica being the most dominant species. 

Phaeocystis antarctica requires nitrate and diatoms phosphate to attain maximum 

standing biomass (Arrigo et al., 1999; Schoemann et al., 2005), neither of which was 

limiting at Coral and SCZ1. It is understandable that the SCZ transects contained a 

variety of species associated with the eddies that flow from the ARC, the STF and 

the SAF.  

The number of diatom genera occupying the DCM was almost always higher than in 

the surface water, especially in the subtropics. The ability of diatoms to grow at 

depth is commonly observed in other oligotrophic regions and often accompanied by 

large motile dinoflagellates (Cullen, 1982; Crombet et al., 2011). Communities found 

on seamounts are variable over large spatial scales (Clark et al., 2012) and the 

phytoplankton of the south-western Indian Ocean is no different. Bio-communication 

and material transfer (Lavelle and Mohn, 2010) between higher latitude seamounts is 

likely, considering the variability of mesoscale features and the extent of the ARC 

eddy field, explaining to some extent the large number of cosmopolitan species 

recorded at all the seamounts. 

6.5.4 Environmental drivers of phytoplankton variability 

The environmental drivers most responsible for the observed species distribution in 

the southern Indian Ocean were nitrate concentration and temperature. Similar 

results were found by Davidson et al. (2013) in they found that temporal changes in 

diatom and dinoflagellate communities were related to temperature and nitrate 

respectively. However, contrary to the findings of McGillicuddy Jr et al. (1998), there 

was no significant correlation between nitrate and standing phytoplankton biomass in 

this study.  

Ordination (Fig. 6.23) showed a negative correlation between nitrate and silicate, 

indicating that either the one or the other was limiting at any given station. Despite 

constraining the ordination using environmental variables, the same three 

phytoplankton communities could be identified in the unconstrained analysis (Fig. 

6.22), confirming the environmental control of the communities. Nutrient, 

temperature and salinity characteristics separated Coral and SCZ1 phytoplankton to 

be linked to low temperature and salinity waters. The separation of phytoplankton in 
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the subtropics from the other seamounts was not as strong and could only loosely be 

associated with low nitrate concentrations. 

Current flow, an important possible physical driver of phytoplankton biomass, was 

not analysed in this study. It is however clear from Pollard and Read (2017) and 

Boebel et al. (2003) that the timescale of physical transport was shorter than what 

would be required for a phytoplankton response and the subsequent cascade up the 

trophic levels. Even if phytoplankton blooms developed, they decay so rapidly (Misic 

et al., 2012) that it is difficult to study these events in situ in these remote parts of the 

ocean. Although impossible to determine from this snapshot survey, it is likely that 

the input of nutrients and biological material to the seamounts were allochthonous 

because the current flow past the seamounts was in the order of 30 to 50 cm s-1 and 

the circulation at each seamount was determined more by its proximity to an eddy 

than by the weak eastward water flow (Pollard and Read, 2017). However, Read et 

al. (2000) found that not all eddies associated with the ARC had elevated nutrient 

and chlorophyll a concentrations, and only by conducting a long-term survey would it 

be possible to determine if the production at any individual seamount is 

autochthonous or allochthonous. Individual seamounts in the southern Indian Ocean 

would in all likelihood also exhibit significant temporal variation (Mourino et al., 2001; 

Carmo et al., 2013).  

 

6.6 Conclusions 
Clear latitudinal differences were evident for all the variables measured during the 

survey despite the high variability associated with the mesoscale eddies. However, 

very few flagellates were recorded which can be ascribed to the preservation method 

used. The most limiting nutrient in the survey area, with the exception of Coral 

Seamount, was nitrogen. This would create conditions that advantage nitrogen-fixing 

species. The waters around Coral Seamount were silicon limited at the time of the 

study. It is doubtful that this would have a negative impact on diatom biomass 

because of the constant allochthonous introduction of inorganic nutrients through the 

ARC. The null hypothesis that there is no change in the phytoplankton community or 

depth of the chlorophyll maximum layer on and off a seamount could not be 
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completely rejected. Shallow seamounts that extend into the euphotic zone (<200 m) 

did have a positive influence on primary production, but unfortunately there were no 

comparative off-mount stations next to each seamount to compare species 

composition and depth of the DCM.  

This study has contributed significantly to our knowledge of phytoplankton 

distribution and ecology and identified three distinct phytoplankton communities. This 

survey, however, only provided a snapshot and so could not resolve a number of 

processes that have timescales of longer than a day. The natural variability in 

processes influencing a seamount was compounded in this study by the fact that all 

six seamounts were located either within the Agulhas Current or ARC eddy field, 

making it difficult to confirm conclusions regarding the drivers and biological 

response on the seamounts. 
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7 The southern Agulhas Current Large Marine Ecosystem (sACLME) 

7.1 Abstract 
Four biogeographical regions were identified within the southern Agulhas Current 

Large Marnie Ecosystem (sACLME) and the composition of the phytoplankton 

communities and the associated physico-chemical variables in each were 

investigated.  The phytoplankton community showed a longitudinal gradient with 

increasing diversity from west to east with a concomitant change in dominance from 

diatoms to dinoflagellates. Species diversity also showed a decrease from north to 

south. The other taxa made a substantially smaller contribution to the phytoplankton 

throughout the region. A total of 215 phytoplankton taxa were identified that were 

separated into two groups, the Agulhas Current group and the South West Indian 

Ocean Ridge group. The Agulhas Current group was further subdivided into the 

Agulhas Shelf, the Agulhas Bank and the Agulhas Retroflection 

7.2 Introduction 
The aim of this chapter is to present a large-scale view of the phytoplankton of the 

sACLME based on the results for each geographical region (presented in Chapters 

3, 4, 5 and 6). Consideration is given to how global climate change may influence 

phytoplankton dynamics within the sACLME, as well as to make recommendations 

for further research. 

The Agulhas Shelf (Chapter 3) was the most biodiverse region with 118 

phytoplankton taxa recorded. It was characterised by low biomass in the north, 

increasing as the Agulhas Current forces upwelling (Lutjeharms, 2006; Goschen et 

al., 2012; Goschen et al., 2015) along its path southwards, transitioning from 

subtropical oligotrophic to cooler mesotrophic waters. The Agulhas Bank (Chapter 4) 

with its mesotrophic waters was the most productive area in terms of chlorophyll a 

biomass, but the increased productivity was associated with reduced diversity. As 

the Agulhas Current continued southwards on its trajectory, it enters the region 

known as the Agulhas Retroflection (Chapter 5), just south of the Agulhas Bank. The 

Retroflection was oceanographically dominated by the Agulhas Current that 
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dissected the sampling area with a clear boundary and physio-chemical gradients 

separating the Agulhas Current from the surrounding waters. These gradients also 

separated the phytoplankton into two distinct communities: the Agulhas Current and 

non-Agulhas Current group. The Agulhas Retroflection is where the Agulhas Current 

makes a 180° turn to flow eastwards as the ARC (Chapter 6). Although the ARC is 

by far the biggest geographical area within the sACLME, the study area was 

focussed towards its eastern end where it flows over the South West Indian Ocean 

Ridge. Forming a boundary between the ARC and the Southern Ocean is the SCZ 

that was characterised by steep environmental changes that are typical of frontal 

areas (Read et al., 2000). Passing eddies and upwelling are sources of nutrients for 

the ARC (Read et al., 2000). The variability of the ARC waters grouped its 

phytoplankton into three communities: subtropical seamount phytoplankton, 

phytoplankton of the waters north of the ARC, and phytoplankton south of the ARC 

(characterised by a bloom of Phaeocystis antarctica). The environmental drivers 

most strongly linked to these differences were nitrate concentrations and water 

temperature. These drivers displayed a clear latitudinal gradient unaffected by 

mesoscale variability of the ARC eddy field and allowed the three phytoplankton 

communities to persist. Pollard and Read (2017) suggested that some of the ARC 

near the Southwest Indian Ocean Ridge is deflected towards the equator and back 

to the origin of the Agulhas Current. 

Phytoplankton forms the base of large marine ecosystem food webs and determines 

energy flow to higher trophic levels such as fish, shellfish, seabirds and marine 

mammals. In marine ecosystems, they play an important role in primary production, 

biochemical cycles and the regulating of the global carbon budgets of the oceans. 

Phytoplankton communities are dynamic and may vary between areas, as well as 

within the same water body. This high variability is a result of the complex 

hydrological features that drives them. Barlow et al. (2010) remarked that the 

phytoplankton communities are highly adaptable to changing environmental 

conditions and are able to change their physiological mechanisms accordingly. How 

will climate change, especially the warming (Rouault et al., 2009) and broadening 

(Beal and Elipot, 2016) of the Agulhas Current affect phytoplankton communities and 

primary production? 
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In view of this question, the objective of this snapshot observation was to study the 

phytoplankton community structure of the sACLME by characterising species 

composition and chlorophyll a, and to evaluate them in relation to the prevailing 

physico-chemical variables. The information obtained from this study would be useful 

in contributing to our knowledge of the phytoplankton communities that occur within 

the sACLME. To determine whether the waters of sACLME have an influence on its 

phytoplankton community structure we developed the following hypotheses:  

1. The distribution of phytoplankton changes from a low biomass, chlorophyte 

flagellate dominated community in the oligotrophic subtropical open waters on 

the northern Shelf and subtropical open waters, to an elevated chlorophyll a 

biomass and diatom dominated community in the cooler mesotrophic waters 

of the Agulhas Bank. 

2. The sACLME can be divided into four biogeographic regions based on the 

phytoplankton community and the environmental drivers responsible for them. 

3. Species richness decreases from the oligotrophic north to the mesotrophic 

southern region of the sACLME. 

4. The main drivers determining the composition of the phytoplankton 

community in the sACLME are temperature and nitrate. 

7.3 Study Area 
The study was based on materials collected on several oceanographic surveys that 

were carried out over a period of 18 months from September 2009 to March 2011. 

Fifty-three transects with a total of 714 oceanographic and 314 biological stations 

were sampled. Sampling was conducted within the framework of ACEP II (African 

Coelacanth Ecosystem Program Phase II) and ASCLME (Agulhas Somali Current 

Large Marine Ecosystems Project). The study area covered the greater Agulhas 

Current system from 24°S to 42°S and 18°E to 58°E. The methodology and 

statistical analysis used in this study was identical to that presented in sections 3.3.2, 

3.3.3, 3.3.4 and 3.3.5.  
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Fig. 7.1 Study site indicating the position of the environmental stations in the greater 

Agulhas Current system.  

7.4 Statistical analyses 
Main Effects Measures Analysis of Variance was used to determine significant 

differences among means. When a significant difference was found, a Pairwise 

Multiple Comparison Procedure was run to determine differences between individual 

means. All analyses were done using R version 3.5.0 (R Core Team, 2018) with 

packages vegan (Oksanen et al. 2018), ggplot2 (Wickham et al. 2018) and mvabund 

(Wang et al. 2018). Detrended Correspondence Analysis (DCA) was used to identify 

patterns in the distribution of the species recorded at stations across the study area. 

CCA was used to obtain an ordination of species and stations as constrained by 

environmental variables. Monte Carlo permutation tests (999 unrestricted 

permutations; p < 0.05) were used to assess the significance of the relationship 

between the groups and selected environmental variables. Abundance and 

dominance were determined from the cell concentration data following the criteria 

proposed by Calijuri et al. (2002). Abundant species were those with values above 

the mean value of the community, and dominant species were those with values 
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surpassing 50% of the total number of cells counted. Species diversity and evenness 

indices were calculated using the vegan package from R (Oksanen et al., 2018). A 

Generalized Linear Model (GLM) was also applied to further explore the relation 

between the environmental variables and phytoplankton abundance.  

7.5 Results 

7.5.1 Physical and chemical oceanographic conditions 

A general comparison of the environmental features measured during the 

oceanographic surveys are summarised in Table 9.1 (Appendix: sACLME). 

Temperature varied from 21.76 ± 1.08°C for the northern Agulhas Shelf 15.74 ± 

1.11°C for the western Agulhas Bank and to 10.55 ± 0.21°C for Coral Seamount, 

located in the Southern Ocean. Salinity exhibited an irregular pattern, with mean 

values lower for the subtropical convergence zone (SCZ) and Coral seamount 

waters. However, towards the Agulhas Retroflection, as well as in the SCZ, clear 

salinity gradients were observed. Surface waters of the Agulhas Bank were well 

oxygenated compared to the adjacent waters of the Shelf, the Retroflection and the 

ARC. At a depth of 10 and 20 m, the same pattern was observed but at lower 

concentrations. Oxygen showed a small but concomitant change with nutrients 

(Appendix sACLME: Table 9.1). 

While nitrite concentration did not show a clear trend across the sACLME, nitrate 

and phosphate showed a gradient of increasing concentrations along the flow path of 

the Agulhas Current, peaking on the Agulhas Bank. Elevated levels of nutrients were 

found in regions of known upwelling throughout the sACLME. Nutrient 

concentrations remained relatively constant between the surface and the S/DCM but 

below the S/DCM, nutrient concentrations increased with depth. Silicate 

concentrations were relatively constant throughout the study area, but higher 

concentrations were found on the western Agulhas Bank as well as on the northern 

Agulhas Shelf. 

The various correlations between the environmental variables are shown in Table 

7.1. The distribution of chlorophyll a throughout the sACLME appears to be patchy, 
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and negatively correlated with temperature and nitrate and positively with oxygen. 

Temperature was also inversely correlated with phosphate (r = -0.45) but did not 

evince a relationship with chlorophyll a. Phosphate was also positively associated 

with nitrate (r = 0.56), silicate (r = 0.21) and nitrite (r = 0.19). Silicate had no 

significant correlation (t = -0.399; p = 0.69) with chlorophyll a concentration within the 

sACLME. 

 

Table 7.1 Pearson correlation analysis with pairwise deletion of the environmental 

variables of the sACLME. Significant correlations are indicated as follows: *** p < 

0.001, ** p < 0.01, * p << 0.05. 
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7.5.2 Spatial variability of phytoplankton 

The highest chlorophyll a concentration was found along the coastal area of the 

sACLME and for the mesotrophic waters of the ARC. Chlorophyll a in the subtropical 

waters presented relative homogenous values, with values significantly lower in 

areas such as the Agulhas Shelf and Agulhas Bank. In general, the S/DCM for 

oligotrophic subtropical waters is located at greater depths when compared to the 

cooler mesotrophic waters of the sACLME.  

Differences in size fractionated chlorophyll a were observed across the study area 

(Fig. 7.2). The northern and southern Agulhas Shelf waters had all three size classes 

of phytoplankton. The waters of the eastern and western Bank were dominated by 

microphytoplankton, due to the presence of large numbers of Thalassiosira 

weissflogii. As the Agulhas Current entered the Agulhas Retroflection Area the 

phytoplankton shifted towards nanophytoplankton. Along the ARC, 

picophytoplankton contributed little to the total chlorophyll a. The oligotrophic 

subtropical waters of the northern section of the Southwest Indian Ocean Ridge and 

the area around Walter’s Shoal, especially the off-mount sites, were dominated by 

picophytoplankton. 

 

 

Fig. 7.2 Percentage contribution of size fractionated chlorophyll a to total chlorophyll 

a of the greater Agulhas Current. 

 



   
 

183 
 
 

7.5.3 Phytoplankton composition. 

A total of 215 taxa were recorded throughout the study area, 72 of which were 

identified to species level. These taxa were grouped into six classes with 117 

Bacillariophyceae (diatoms) and 81 Dinophyceae (dinoflagellates) taxa forming the 

dominant functional groups. Silicoflagellates (10), chlorophyte flagellates (4), 

prymnesiophytes (2) and coccolithophores (1) were also present. Only a few species 

were found to be numerically dominant with most species occurring at very low 

numbers. Three taxa contributed more than 50% of total cell counts: the pennate 

diatom Pseudo-nitzschia sp., the dinoflagellate, Alexandrium sp. and the centric 

diatom, Thalassiosira sp. (Fig. 7.3).  

 

Fig. 7.3 Mean frequency (%) of the 50 most numerous species of the greater 

Agulhas Current. 

 

While most taxa showed relative low abundance (<1% of total cells counted), those 

in the greatest abundance (Fig. 7.4) were found to be similar to the most widely 

distributed species (Fig. 7.5), with the first 6 taxa being identical. The highest mean 

relative abundances were for Pseudo-nitzschia sp. (32%), Alexandrium sp. (12%), 

Thalassiosira sp. (12%), Gymnodinium sp. (5%), Gonyaulax sp. (4%) and Guinardia  

sp. (3%). Twelve species occurred at more than 50% of the stations, with 
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Alexandrium sp. (98%); Pseudo-nitzschia sp. (95%), and Thalassiosira sp. (95%) 

being the most widespread.  

 

 

 

Fig. 7.4 Mean relative species contribution (%) to the phytoplankton of the 50 most 

numerous species of the greater Agulhas Current. 
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Fig. 7.5 Mean frequency of presence of the 50 most numerous species of the greater 

Agulhas Current. 

 

 

Fig. 7.6 The distribution of phytoplankton functional groups throughout the greater 

Agulhas Current.  
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Fig. 7.6 shows the distribution for the six functional groups and their contribution to 

the total number of phytoplankton taxa. The total number of taxa decreased 

southwards with the highest number of taxa observed along the northern Agulhas 

Shelf. 

The number of taxa per station ranged between 4 (western Agulhas Bank) and 48 

(northern Agulhas Shelf), with the Shannon-Weiner Index varying from 0.38 to 3.10 

(Fig. 7.7). These parameters were higher and lower than the overall mean value for 

each (24 and 1.99 respectively). The Agulhas Current appears to be more species 

rich compared to the waters of the Southwest Indian Ocean Ridge, with Atlantis and 

the nearby Off-mount stations being the exception.  
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Fig. 7.7 Phytoplankton species richness (A), evenness (B) and Shannon–Wiener 

diversity (C) for all stations. The dashed line represents the overall mean. 

 

Multivariate analyses grouped the 215 taxa into the following major groups (Fig. 7.8): 

Agulhas Current group and the Agulhas Return Current group. The Agulhas Bank, 

Retroflection and Shelf form smaller, overlapping communities in the Agulhas 

Current group. 
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Fig. 7.8 Detrended Correspondence Analysis ordination of the samples taken across 

the greater Agulhas Current. The Agulhas Current samples are shown as solid 

symbols while the Agulhas Return Current (ARC) ones are shown as an open 

symbol. 

 

7.5.4 Environmental drivers of phytoplankton variability 

Statistical relationships between environmental variables and phytoplankton 

communities were explored using CCA (Fig. 5.17). The eigenvalues of the CCA1 

was 0.24 and CCA2 was 0.07, explaining a cumulative 61% of the total variance of 

the species distribution. The explained variance of CCA1 was 47% and CCA2 was 

14%. The Monte Carlo test confirmed the significance of the relationship model (p < 

0.01). The first canonical axis was positively correlated to oxygen (r = 0.78) and 

nitrite (r= 0.40) but was negatively correlated with temperature (r = -0.64) and 

phosphate (r= -0.20). On the other hand, the second canonical axis had a negative 

relationship with nitrate (r = -0.47); phosphate (r = -0.42) and nitrite (r = -0.14) but 
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was positively correlated with temperature (r = 0.72) and salinity (r = 0.55). 

Temperature was positively correlated with salinity (r = 0.54) and temperature 

showed a negative correlation with nitrate (r = -0.57); phosphate (r = -0.34), nitrite (r 

= -0.39) and silicate (r = -0.10).  

 

 

Fig. 7.9 Canonical correspondence analysis (CCA) ordination of the environmental 

variables measured at the sampling sites of the greater Agulhas Current. 

Environmental variables are temperature, salinity, concentrations of dissolved 

oxygen (oxygen), nitrite (NO2-), nitrate (NO3-); phosphate (PO43-), silicate (SiO44-) as 

well as the N:P ratio (N_P) and the N:Si Ratio (N_Si). Environmental variables are 

displayed as vectors. The Agulhas Current samples are shown as solid symbols 

while the Agulhas Return Current (ARC) ones are shown as an open symbol. 

. 
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The relationships between the nutrient concentrations of the waters from the four 

biogeographical regions of the sACLME are illustrated in Fig. 7.10. Nutrient limitation 

for both the Bank and the Southwest Indian Ocean Ridge were highly variable, but 

less so for the Shelf and Retroflection. It is also evident from Fig. 7.10 that most of 

the sACLME is nitrogen limited.  

 

 

Fig. 7.10 Dissolved nutrient ratio relationships for the four major biogeographical 

areas of the greater Agulhas Current. Sampling sites are represented by different 

symbols. Solid lines indicate the Redfield ratios and dashed lines indicate the ratios 

following Jennings et al. (1984).  

 

A generalised linear model was used to explore the environmental variables 

measured in the biogeographical areas. Results indicate that all the physio-chemical 

variables influenced the composition and distribution of phytoplankton in the 
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sACLME except for silicate that showed no significant influence on the distribution of 

the phytoplankton communities (Table 7.2).  

Table 7.2 ANOVA results for the GLM model of the sACLME. 

Environmental variable Wald value p 

Intercept 18.68 0.033* 

Biogeographical Area 37.55 0.031* 

Temperature (°C) 27.28 0.033* 

Salinity 15.68 0.032* 

Oxygen (mg l-1) 20.80 0.033* 

Nitrate (µM) 19.41 0.033* 

Nitrite (µM) 20.24 0.031* 

Phosphate (µM) 18.67 0.032* 

Silicate (µM) 15.76 0.174 

Test statistic 68.76 0.039* 

Sigificance Codes: ***p < 0.001, ** p < 0.01, * p < 0.05 

7.6 Discussion 

7.6.1 Physical and chemical oceanography 

The sACLME is comprised of the northern and southern Agulhas Shelf, the eastern 

and western Agulhas Bank, the Agulhas Retroflection as well as the Aguhas Return 

Current. The Subtropical Convergence is a frontal system that separates the 

sACLME from the subantarctic waters of the Southern Ocean. These two water 

masses differ in their biological as well as chemical and physical properties. The 

influence of the Agulhas Current on its immediate surroundings is well known and 

this is supported by the data set obtained in this study. During the eastern and 

western Bank survey, a Natal pulse was located off the eastern section of the 
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eastern Bank. Natal pulses are known to influence the dynamics, structure and 

biological properties of the coastal ocean (Lutjeharms, 2006; Goschen et al., 2015).  

Two regions of elevated nutrient concentration were observed within the sACLME: 

the combined region of the SCZ and the eddy field of the ARC, as well as the 

Agulhas Bank region. The SCZ, especially the proximity of the two frontal systems 

(Southern Ocean Front and STF), is known for its vertical stability and enhanced 

upwelling of nutrients (Read et al., 2000). The leakage of nutrients across the fronts 

will enhance phytoplankton productivity in the immediate area, elevating chlorophyll 

a concentration. The eastern edge of the Agulhas Bank is also a known upwelling 

region that supplies it with nutrient-rich water, elevating phytoplankton productivity.  

The geographic spread of the Agulhas Shelf, Agulhas Bank, Agulhas Retroflection 

and the Agulhas Return Current sampled during four oceanographic surveys 

between 2009 and 2011 showed significant latitudinal and longitudinal differences in 

temperature, salinity and dissolved oxygen of the epipelagic zone. Oxygen showed a 

small negtive correlation with nutrients, and this was expected since oxygen is 

consumed during the remineralisation of detritus and release of dissolved nutrients 

(Whitney et al., 2013).  

7.6.2 Spatial variability of phytoplankton 

The distribution of chlorophyll a throughout the sACLME was patchy and showed 

significant differences between the various geographic areas. Chlorophyll 

a concentration is an important indicator of primary production and biomass (Henson 

et al., 2010). Various authors emphasized the importance of the relationships 

between phytoplankton size classes and their distribution, structure and succession 

at both local and global scales. This in turn leads to a better understanding of how 

marine ecosystems function. The difference in distribution of phytoplankton size 

class can indicate whether the water mass is mesotrophic or oligotrophic. The former 

favouring the larger cell sizes of micro-and nanophytoplankton, and the latter 

picophytoplankton (Van de Poll et al., 2013). McMurray et al. (1993) found that 

during summer and winter months, nanophytoplankton dominated over the western 

Agulhas Bank. During winter months, microflagellates (<15 µm) dominated the 
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nanophytoplankton, whereas during the summer months, diatoms, such as Nitzschia 

delicatissma, Asterionella glacialis, Bacteriastrum delicatulum and Chaetoceros 

peruvianus dominated. Froneman et al. (2001) reported that picophytoplankton 

dominated the waters of the ARC, but in our study, nano- and microphytoplankton 

where the main contributors to total chlorophyll a within the ARC. However, this 

study did not sample the ARC proper, which could explain the variation.  

Seasonal variability can also occur within the Agulhus Current system. On the 

Agulhas Bank, a shift in phytoplankton size composition from a large 

microphytoplankton dominated community in summer to one dominated by small 

cells in winter has been observed (Froneman et al., 1998). It is suggested that an 

increase in turbulence and the availability of light are contributing factors (Laubscher 

et al., 1993).  

7.6.3 Phytoplankton composition 

In this study, the results showed a steady change in species richness along the 

“flow” of the greater Agulhas Current. As was expected, species richness decreased 

in regions of high productivity. The phytoplankton community also showed an 

increase in diversity with an increase in longitude. There was a concomitant change 

in dominance from diatoms to dinoflagellates (Fig. 5). The other taxa made a 

substantially smaller contribution to the phytoplankton throughout the region. 

Species diversity tends to decline towards the poles (Gaston, 2000) and this was 

also evident for the sACLME. The structure of the phytoplankton community was 

consistent throughout the sACLME. Hanson et al. (2007) made a similar observation 

for the Leeuwin Current off the Australian west coast. Another change in the 

structure of the phytoplankton community was the introduction of subantarctic 

species, such as Phaeocystis antarctica, across the subtropical convergence front 

into the ARC.  

Gaines and Elabrachter (1987) and Taylor et al. (2008) suggested that 

approximately half of all dinoflagellate species are exclusively heterotrophic. Genera 

such as Protoperidinium sp., Gymnodinium sp., Oxytoxum sp., were common in the 

phytoplankton, similar to the findings from northern Australian waters (Hallegraeff 
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and Jeffrey, 1984) and the Leeuwin Current (Hanson et al., 2007b). Hanson et al. 

(2007b) suggested that the presence of these heterotrophs is due to the abundance 

of pico- and nanophytoplankton as a food source for them.  

Diatoms prefer new nitrogen and will therefore thrive in regions where upwelling 

occurs (Margalef, 1978; Furnas, 1990). The relatively large dinophysoids 

(Dinophysis spp.) were also recorded within the sACLME, where they preferred 

oligotrophic offshore and coastal waters. Three genera of silicoflagellates 

(Dictyochophyceae) were recorded: Dictyocha (six species), Mesocena (two 

species) and Octactis (one species). Silicoflagellates are good indicators for past 

and present changes within the water column due to their responsiveness to 

environmental signals that is retained within their skeletal remains (Takahashi, 

1989). They are considered to be the most useful in describing productivity and 

sinking rates of siliceous phytoplankton (Pisias et al., 1986). Takahashi (1989) found 

that species specific ratios of silicoflagellates are better productivity indicators than 

temperature and can show small but significant changes to the immediate 

environment. Silicoflagellates can also be used to indicate specific water masses 

(Takahashi and Blackwelder, 1992). Using a ratio of warm- to cold-water species it is 

possible to determine the origin of past and present water masses within the 

sACLME. It appears that silicoflagellates do not correlate to nutrient concentrations 

(Takahashi and Blackwelder, 1992), whereas diatoms do (Margalef, 1978; Furnas, 

1990). For this reason, silicoflagellates are useful indictors of specific water bodies 

and can be used to predict past and present changes within the ARC.  

The DCA (Fig. 7.8) displayed two distinct groups of phytoplankton communities, the 

Agulhas Current and Southwest Indian Ocean Ridge groups, but these partially 

overlap. As the Agulhas Current follows its course the Agulhas Current Group 

transitions into the Southwest Indian Ocean Group and this is evident throughout the 

SWIO with similar transitions within the Agulhas Current and SWIO Groups. 

“Transitions zones” are based on water temperature and the availability of nutrients. 

These transitions zone are normally associated with areas of upwelling and distinct 

oceanographic features such as fronts, etc. Changes in the strength and 

characteristics of the Agulhas Current will favour certain species above others.  
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7.6.4 Environmental drivers of phytoplankton variability 

The CCA ordination yielded two main phytoplankton groups (Fig. 5.17), an Agulhas 

Current group and a Southwest Indian Ocean Ridge group. The Agulhas Current 

group consisted of three smaller groups: the Agulhas Shelf, the Agulhas Bank and 

the Agulhas Retroflection. The Southwest Indian Ocean Ridge group consisted of a 

more Subtropical Open Ocean group and an Agulhas Return Current group. The 

Agulhas Current group and Southwest Indian Ocean Ridge group are clearly divided 

by the Agulhas Current losing its characteristics (Lutjeharms and Ansorge, 2001).  

Temperature is also important in regulating cellular processes within phytoplankton, 

which, in turn, has implications for co-limitation. Thus, temperature often works with 

or against other environmental variables. An elevation in temperature can shift a 

diatom dominated community to a nanophytoplankton dominated community (Hare 

et al., 2007). This change can have severe consequences for the export of carbon to 

the deep ocean waters, with the smaller and less rapidly sinking nanophytoplankton 

species sequestering less carbon (Hare et al., 2007). 

At adequate light and temperature levels, phytoplankton growth can become limited 

by the availability of nutrients (Hecky and Kilham, 1988). Nutrients showed varied 

distribution throughout the sACLME. Nitrate was the most abundant source of 

nitrogen, especially in regions that were subject to the upwelling of cold nutrient-rich 

water, e.g. the SCZ (Read et al., 2000), the eastern Agulhas Bank ((Lutjeharms et 

al., 1996) and the western Agulhas Bank (Largier et al., 1992). Phytoplankton 

communities are strongly influenced by the availability and the stoichiometry of the 

macronutrients of nitrogen, phosphorus and silicon. Redfield (1958) showed that 

phytoplankton take up nutrients from the water in a fixed ratio of C:N:P:Si of 

106:16:1:15. Jennings et al. (1984) proposed a C:N:P:Si ratio of 62:11:1:24 for the 

Southern Ocean. Nutrient limitation and N:P ratio play an important role in 

determining the structure of phytoplankton communities and these variables vary 

considerably between regions (Read et al., 2000; Lagus et al., 2004; Brauer et al., 

2012). The low mean ratio of N:P of 5.51 is an indication that the sACLME is mainly 

nitrogen limited - this is typical of marine systems (Hecky and Kilham, 1988). Coral 

Seamount (31.74), Cape Recife (16.1) and Cape St Francis (16.45) were the only 

regions showing an excess of nitrogen. The Off-mount 2 and SCZ 1 were the only 
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areas near the N:P ratio of 11 (Appendix: 9.3 sACLME; Table 9.1) as suggested by 

Jennings et al. (1984) and a N:Si ratio of 1 and 0.45 as suggested by Redfield (1958) 

and Jennings et al. (1984). Regions of high N:Si corresponds well to the regions of 

higher chlorophyll a concentration, where nanophytoplankton was the major 

contributor to total chlorophyll a. A decline in Si:P ratios may cause a possible shift in 

the assemblage of the phytoplankton community towards a non-diatom community 

(Smayda, 1990) and a non-silicoflagellate community. 

Diatoms and dinoflagellates are the most abundant functional groups of marine 

phytoplankton (Carter et al., 2005) and this was also found to be true in the 

sACLME, where the dominance shifted from a dinoflagellate abundant assemblage 

in the east to a diatom abundant assemblage in the west (Fig. 7.6). Diatoms tend to 

prefer regions with high levels of nutrients, especially upwelling regions, that can 

support their rapid growth (Furnas, 1990) and provide vertical mixing to maintain 

their position in the euphotic zone (Smayda, 1970; Margalef, 1978). It was also 

evident from this study, e.g. southern Agulhas Current and Eastern Agulhas bank, 

that diatoms prefer regions where vertical mixing and upwelling occurs. 

Dinoflagellates on the other hand prefer more stratified waters where they can 

exploit the underlying nutrient-rich waters as well as the euphotic zone above 

(Margalef, 1978; Cullen, 1982). Small sized phytoplankton have a higher nutrient 

uptake efficiency and a greater surface area to volume ratio than their larger 

counterparts and can therefore exploit a nutrient-limited environment better. The 

significant correlation of nanophytoplankton to both the N:P (r = 0.27; p < 0.01) and 

N:Si (r = 0.15; p < 0.01) ratios showed that nanophytoplankton was able to better 

exploit the N-limitation within the sACLME. Picophytoplankton were found in low 

abundance throughout the sACLME, but this could be more of an artefact of using a 

0.7 µm Whatman GFF filter and not a smaller 0.2 µm filter.  

To assess phytoplankton communities and their ecological dynamics within marine 

food webs, understanding the spatial and temporal variability of phytoplankton is 

important. One dynamic of phytoplankton variability and an important driver in 

phytoplankton blooms is the mixed layer depth (Behrenfeld and Boss, 2014; 

Carvalho et al., 2017). Behrenfeld and Boss (2014) refer to the various processes 

and limitations that may or may not enhance the formation of phytoplankton blooms 
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and drive species succession. These processes may change the understanding 

phytoplankton dynamics along the Agulhus System but will be better applied to study 

smaller and more specific regions within the Agulhas System.  

The warming of the Agulhas Current (Rouault et al., 2009) and the ACLME (Belkin 

(2009) through climate and global change will lead to a change in phytoplankton 

communities (Morán et al., 2010) and productivity (O'Connor et al., 2009; Boyce et 

al., 2010; Thomas et al., 2012). It is estimated that marine phytoplankton are 

responsible for ~ 50% of global primary productivity (Field et al., 1998) and they have 

important roles in biogeochemical cycles and regulating the global carbon budgets in 

the world’s oceans (Redfield, 1958; Falkowski et al., 1998; Boyce et al., 2010; 

Thomas et al., 2012). Another consequence of ocean warming is an increase in 

metabolic rates of zoo- and phytoplankton. Phytoplankton biomass will decrease 

under increasing grazing pressure as heterotrophs and autotrophs respond 

differently due to their sensitivity to temperature (O'Connor et al., 2009). The 

warming (Rouault et al., 2009) and broadening (Beal and Elipot, 2016) of the 

Agulhas Current will have an impact on the phytoplankton communities within the 

sACLME. In its subtropical regions, the rise in ocean temperature will interrupt the 

supply of nutrients to the surface waters as a direct consequence of increased ocean 

stratification (Bopp et al., 2005; Doney, 2006; Thomas et al., 2012). On the other 

hand, the broadening of the Agulhas Current can lead to enhanced upwelling over 

the continental shelf (Beal and Elipot, 2016). An increase in upwelling frequency and 

strength will alter nutrient concentrations and ratios and is already been observed for 

the California Current System (Bograd et al., 2015; Xiu et al., 2018). An increase in 

frequency and strength of upwelling events will favour diatoms over the other 

functional groups (Anderson et al., 2008). If this shift is in favour of the already 

dominant Pseudo-nitzschia, a neurotoxin (domoic acid) producing diatom, it can 

have devastating effects on the food web and can alter the abundance and 

community structure of zooplankton and ichthyoplankton. An increase in domoic acid 

production was observed under silicate or phosphate limitation for uni-algal batch 

cultures (Fehling et al., 2004). Within the Santa Barbara Basin Pseudo-nitzschia 

blooms were linked to low Si:P and N:Si ratios (Anderson et al., 2006; Anderson et 

al., 2011). Altered biogeochemistry of upwelled source waters for the sACLME will 
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impact phytoplankton composition as well as the intensity and frequency of toxic 

Pseudo-nitzschia blooms. Regions of the Agulhas Shelf, Agulhas Bank and the ARC 

will be vulnerable to this. Frequent but weaker upwelling events along the coastal 

region of the sACLME accompanied by increase in temperature will favour 

dinoflagellates and harmful algal species, such as the subtropical dinoflagellate, 

Lingulodinium polyedra (F.Stein) J.D.Dodge (Whitfield et al., 2016).  

There will also be a progressive loss of phytoplankton biodiversity, up to one third of 

tropical species (Thomas et al., 2012), with increasing water temperature and 

nutrient supply. If one third of the phytoplankton species is lost within the sACLME, 

ecosystem resilience as well as ecosystems services and functions will be impacted. 

The shift of tropical species southwards (Thomas et al., 2012) within the sACLME 

could potentially bring non-blooming, “dormant” taxa into more favourable 

environmental conditions (e.g. elevated nutrients). This could result in massive algal 

blooms, species becoming invasive (Whitfield et al., 2016) and negative socio-

economic impacts for all the countries associated with the ACLME. 

7.7 Conclusions 
Clear latitudinal and longitudinal differences were evident for all the variables 

measured during the various cruises despite the high variability associated with 

mesoscale eddies and the Agulhas Current. The null hypothesis that the distribution 

of phytoplankton changes from a low, chlorophyte flagellate dominant community in 

the oligotrophic subtropical open waters of the east, to an elevated chlorophyll a 

biomass and diatom dominance in the cooler mesotrophic waters for the Agulhas 

Bank, could not be completely rejected. The oligotrophic subtropical open waters of 

the eastern sACLME and northern Agulhas Shelf had lower biomass, but consisted 

of a community largely made up of dinoflagellates and diatoms. Very few chlorophyte 

flagellates were recorded throughout the sACLME, which may be ascribed to the 

preservation method used. The Agulhas Bank, however, showed elevated levels of 

chlorophyll a and a phytoplankton community dominated by diatoms. 

This study further demonstrates, albeit indirectly, that temperature forms an obvious 

environmental gradient that controls species distribution within the sACLME. The 
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ordination analysis provided a good understanding of the distribution of the various 

phytoplankton communities and the homogeneity, or in some instances, similarity, 

between communities. One major goal in biological oceanography is to 

mechanistically predict current and future phytoplankton distributions and rates of 

change and this study forms a baseline to compare with future changes. This study 

also contributed to our understanding of phytoplankton dynamics on a geographical 

scale. However, more studies are needed within the sACLME to address the forcing 

dynamics of water mass modifications, their impact on the transformation of 

upwelled water masses, and their effects on regional as well as large marine 

ecosystem processes. This study, however, only provided a snapshot and so could 

not resolve a number of processes that have timescales of longer than a day.  

7.8 Future Research  
The sampling was primarily conducted during spring and summer and it will therefore 

be advantageous to investigate the phytoplankton dynamics during autumn and 

winter to see how winter storms, shorter days and different oceanographic conditions 

(such as a stronger inshore counter current), will influence the phytoplankton 

community. As this study was only a snapshot of the phytoplankton community, long 

term monitoring of reference stations along the coast will be advantageous as to 

obtain a more detailed picture of the environmental drivers and their influence on the 

phytoplankton community. This in turn will also allow observation of specific changes 

in the phytoplankton community with regards to climate change.   
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9 Appendices and supplementary material 
 

 

 

 

9.1 Agulhas Bank 

 

Fig. 9.1 Sea surface plot of salinity measured on the Agulhas Bank. 
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Fig. 9.2 A vertical station plot of 

potential density anomaly or sigma-

theta with a chlorophyll a overlay to 

indicate the SCM for Transect 11. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.3 A vertical station plot of 

potential density anomaly or sigma-

theta with a chlorophyll a overlay to 

indicate the SCM for Transect 15. 
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Nitrate Nitrite 

  

Phosphate Silicate 

  

Fig. 9.4 Surface plots of nitrate, nitrite, phosphate and silicate concentrations of the Agulhas Bank. 
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9.2 Agulhas Retroflection 
 

 

Fig. 9.5 Temperature – salinity plots of the Agulhas Retroflection epipelagic to 

compare water mass characteristics. Water masses identified are: Subtropical 

Surface Water (STSW), Tropical Surface Water (TSW), Tropical thermocline Water 

and South Indian Central Water. 
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Fig. 9.6 Latitudinal transect showing 

the euphotic zone temperatures, 

salinity and density for Melville Bank. 

Vertical lines indicate the position of 

the CTD casts, whereas the bold 

contour line indicates either the MLDT 

for temperature or the MLDD for 

density. 

Fig. 9.7 Longitudinal transect 

showing the euphotic zone 

temperatures, salinity and density for 

Melville Bank. Vertical lines indicate 

the position of the CTD casts, 

whereas the bold contour line 

indicates either the MLDT for 

temperature or the MLDD for density. 

 

9.3 sACLME 
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Table 9.1 Mean ± standard deviation (top row), minimum and maximum (bottom row) values of abiotic variables and chlorophyll a for the entire sACLME 

Area Salinity 

Temperature 

(°C) 

Oxygen 

(mg l-1) 

Chlorophyll 

a (µg l-1) NO2- (µM) NO3- (µM) SiO44- (µM) PO43- (µM) N:P N:Si 

Off-Mount 
35.45 ± 0.12 

35.32 - 35.56 

21.34 ± 3.59 

17.26 - 24.04 

4.95 ± 0.19 

4.79 - 5.16 

0.09 ± 0.08 

0.04 - 0.18 

0.10 ± 0.09 

0.00 - 0.17 

0.21 ± 0.19 

0.04 - 0.42 

2.10 ± 0.56 

1.74 - 2.74 

0.07 ± 0.06 

0.00 - 0.11 

2.88 ± 2.65 

0.00 - 5.22 

0.17 ± 0.16 

0.02 - 0.33 

Atlantis 
35.55 ± 0.02 

35.52 - 35.61 

17.62 ± 1.05 

16.03 - 19.03 

5.30 ± 0.11 

5.17 - 5.52 

0.15 ± 0.11 

0.05 - 0.42 

0.06 ± 0.04 

0.00 - 0.12 

0.37 ± 0.58 

0.00 - 1.62 

3.12 ± 0.72 

1.94 - 4.45 

0.25 ± 0.11 

0.14 - 0.50 

2.06 ± 3.63 

0.03 - 12.67 

0.14 ± 0.18 

0.00 - 0.54 

Sapmer 
35.55 ± 0.00 

35.54 - 35.55 

15.90 ± 0.07 

15.82 - 16.04 

5.54 ± 0.02 

5.52 - 5.57 

0.36 ± 0.08 

0.16 - 0.46 

0.18 ± 0.09 

0.09 - 0.34 

1.39 ± 0.37 

0.94 - 1.84 

1.56 ± 1.06 

0.27 - 2.84 

0.36 ± 0.14 

0.17 - 0.57 

5.51 ± 3.68 

2.18 - 11.49 

1.89 ± 1.95 

0.39 - 6.69 

SCZ #1 
34.76 ± 0.78 

33.71 - 35.59 

12.69 ± 4.07 

5.28 - 17.29 

6.41 ± 1.54 

5.33 - 11.18 

0.55 ± 0.42 

0.09 - 1.39 

0.16 ± 0.10 

0.01 - 0.45 

8.45 ± 8.69 

0.02 - 26.50 

2.80 ± 2.12 

0.14 - 8.56 

0.67 ± 0.52 

0.00 - 2.16 

11.03 ± 11.30 

0.00 - 43.46 

9.91 ± 20.67 

0.05 - 90.74 

Coral 
34.41 ± 0.07 

34.26 - 34.48 

10.55 ± 0.21 

10.05 - 10.76 

6.46 ± 0.08 

6.36 - 6.62 

0.68 ± 0.21 

0.14 - 1.02 

0.19 ± 0.07 

0.10 - 0.32 

9.57 ± 2.46 

6.67 - 15.97 

2.58 ± 2.35 

0.26 - 6.51 

0.70 ± 0.19 

0.34 - 0.96 

31.74 ± 64.50 

7.55 - 255.06 

11.43 ± 12.59 

1.57 - 39.33 

SCZ #2 
35.33 ± 0.37 

34.63 - 35.59 

15.41 ± 2.27 

11.30 - 17.34 

5.55 ± 0.39 

5.19 - 6.25 

0.31 ± 0.15 

0.16 - 0.63 

0.15 ± 0.10 

0.00 - 0.33 

2.25 ± 2.56 

0.08 - 8.50 

2.79 ± 0.87 

0.99 - 4.58 

0.24 ± 0.27 

0.00 - 1.00 

5.33 ± 9.61 

0.00 - 46.08 

1.22 ± 1.81 

0.04 - 7.12 

MoW 
35.58 ± 0.01 

35.55 - 35.59 

17.08 ± 0.34 

16.31 - 17.30 

5.44 ± 0.05 

5.39 - 5.57 

0.27 ± 0.08 

0.20 - 0.44 

0.09 ± 0.07 

0.00 - 0.21 

0.05 ± 0.05 

0.00 - 0.14 

4.52 ± 4.13 

0.36 - 12.31 

0.19 ± 0.12 

0.00 - 0.42 

0.82 ± 0.77 

0.00 - 2.12 

0.05 ± 0.04 

0.01 - 0.17 

Melville Bank 
35.57 ± 0.03 

35.44 - 35.59 

16.69 ± 0.14 

16.04 - 16.81 

5.39 ± 0.20 

5.29 - 6.44 

0.31 ± 0.11 

0.10 - 0.47 

0.12 ± 0.06 

0.01 - 0.26 

0.25 ± 0.21 

0.00 - 0.72 

2.98 ± 2.15 

0.68 - 9.20 

0.19 ± 0.16 

0.00 - 0.65 

1.81 ± 2.15 

0.00 - 8.72 

0.14 ± 0.09 

0.02 - 0.32 

Walters Shoal 
35.58 ± 0.03 

35.55 - 35.62 

19.74 ± 1.42 

17.91 - 21.97 

4.94 ± 0.15 

4.60 - 5.11 

0.13 ± 0.08 

0.05 - 0.29 

0.12 ± 0.07 

0.02 - 0.30 

0.46 ± 0.80 

0.00 - 2.26 

2.42 ± 1.19 

1.11 - 5.18 

0.42 ± 0.37 

0.00 - 1.30 

1.87 ± 3.04 

0.00 - 11.07 

0.17 ± 0.18 

0.05 - 0.55 
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Table 9.1 Mean ± standard deviation (top row), minimum and maximum (bottom row) values of abiotic variables and chlorophyll a for the entire sACLME 

Area Salinity 

Temperature 

(°C) 

Oxygen 

(mg l-1) 

Chlorophyll 

a (µg l-1) NO2- (µM) NO3- (µM) SiO44- (µM) PO43- (µM) N:P N:Si 

Off-Mount 2 
35.58 ± 0.01 

35.57 - 35.59 

20.24 ± 2.09 

18.77 - 21.72 

4.94 ± 0.01 

4.93 - 4.95 

0.18 ± 0.12 

0.10 - 0.27 

0.10 ± 0.04 

0.07 - 0.13 

0.67 ± 0.95 

0.00 - 1.34 

2.14 ± 0.36 

1.88 - 2.39 

0.15 ± 0.13 

0.06 - 0.24 

12.21 ± 16.85 

0.30 - 24.13 

0.33 ± 0.41 

0.04 - 0.61 

Northern 

Agulhas Shelf 
35.39 ± 0.05 

35.21 - 35.50 

21.76 ± 1.08 

18.71 - 23.93 

4.60 ± 0.19 

4.17 - 5.27 

1.25 ± 1.56 

0.05 - 8.23 

0.11 ± 0.11 

0.00 - 0.61 

1.00 ± 1.51 

0.00 - 8.23 

4.23 ± 6.07 

1.01 - 45.28 

0.36 ± 0.27 

0.00 - 1.66 

3.50 ± 5.50 

0.00 - 32.00 

0.32 ± 0.39 

0.00 - 1.65 

Southern 

Agulhas Shelf 
35.38 ± 0.08 

35.15 - 35.49 

18.73 ± 2.17 

14.83 - 21.85 

4.90 ± 0.49 

4.07 - 6.24 

2.54 ± 1.99 

0.26 - 8.66 

0.08 ± 0.07 

0.00 - 0.28 

2.92 ± 3.13 

0.05 - 12.50 

3.26 ± 1.75 

1.04 - 8.85 

0.62 ± 0.30 

0.22 - 1.50 

3.96 ± 3.04 

0.18 - 12.12 

0.71 ± 0.49 

0.05 - 1.76 

Eastern 

Agulhas Bank 
35.40 ± 0.06 

35.18 - 35.47 

18.07 ± 1.84 

14.23 - 22.01 

5.11 ± 0.28 

4.66 - 5.84 

1.94 ± 1.15 

0.51 - 5.96 

0.09 ± 0.07 

0.01 - 0.26 

1.24 ± 1.50 

0.01 - 6.04 

3.20 ± 3.22 

0.11 - 11.93 

0.40 ± 0.16 

0.06 - 0.81 

4.09 ± 5.15 

0.06 - 23.31 

2.84 ± 7.31 

0.00 - 36.45 

Western 

Agulhas Bank 
35.34 ± 0.12 

35.12 - 35.49 

15.74 ± 1.11 

14.45 - 17.58 

5.18 ± 0.32 

4.51 - 5.56 

2.15 ± 0.79 

0.99 - 3.51 

0.14 ± 0.09 

0.01 - 0.27 

1.56 ± 1.40 

0.08 - 4.39 

8.65 ± 12.10 

2.61 - 37.86 

0.58 ± 0.40 

0.00 - 1.56 

4.46 ± 7.94 

0.00 - 31.33 

0.29 ± 0.19 

0.02 - 0.55 

Agulhas 

Retroflection 
35.40 ± 0.10 

35.30 - 35.61 

21.10 ± 3.18 

15.68 - 26.16 

4.42 ± 0.35 

3.62 - 4.80 

0.91 ± 1.10 

0.00 - 4.11 

0.03 ± 0.06 

0.00 - 0.23 

1.51 ± 2.21 

0.00 - 7.04 

1.60 ± 1.42 

0.00 - 4.45 

0.17 ± 0.19 

0.00 - 0.56 

5.85 ± 7.98 

0.00 - 34.00 

0.52 ± 0.58 

0.00 - 1.63 
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