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ABSTRACT 

The uThukela shelf is a large section of the KwaZulu-Natal (KZN) Bight, and being situated 

adjacent to the largest river on South Africa’s east coast and the fluvially-dominated uThukela 

Estuary, is an excellent example of a fluvially-dependent coastal ecosystem. Previous studies 

found that this shelf contains structurally and functionally unique macroinvertebrate 

communities that contributed to the promulgation of the uThukela Marine Protected Area 

(MPA), as part of the South African MPA network of 20 new or extended systems. This study 

expands on this evidence using recent samples collected prior to the protection of the uThukela 

shelf to provide a good baseline database for future monitoring within the MPA. The uThukela 

macrofauna distributions and the environmental parameters correlated with these patterns were 

investigated through replicated sediment grabs that were collected with corresponding abiotic 

parameters, along coast-perpendicular transects. Macrofauna were subsequently classified 

taxonomically and their functional attributes determined. One replicate collected on the inner-

shelf was particularly noteworthy as the taxa composition was unique and unexpected for a mud 

depocenter as it was indicative of hard substrata, suggesting a nearby low-lying reef. This 

habitat anomaly should be further investigated as it may play an important role in biodiversity 

and ecosystem functioning within the uThukela benthic system that mostly consists of soft 

sediments. Overall, the uThukela shelf soft-sediment community represented a wide variety of 

taxa but in low abundance, and was dominated by burrowing polychaetes. These ubiquitous 

polychaetes exhibited diverse biological traits, and a finding of this study was that this group 

alone is a potential surrogate for future studies and monitoring of the entire uThukela shelf 

macroinvertebrate community. This community consisted of mostly facultative deposit feeders 

that shift to suspension-feeding and rely significantly on terrestrial particulate organic matter 

(POM) and mud deposited onto the shelf by the fluvially-dominated uThukela Estuary. The 

adaptive behaviour of these taxa allows intermittent shifts in food acquisition when conditions 

do not favour this optimal deposition (such as during reduced fluvial outflow), thereby 

enhancing ecosystem resilience to natural environmental fluxes. Natural fluctuations in the 

uThukela River flow results in reduced freshwater penetration onto the shelf during the dry 

(winter) season, and was observed during this study by the higher-than-expected salinity 

measurements further inshore and the resultant atypical salinity gradient across the uThukela 

shelf. Salinity, along with dissolved oxygen, were the measured near-bottom water parameters 

most correlated with macrobenthic distribution. Sediment composition also affected 

distribution patterns, forming fine-grained and medium-coarse-grained assemblages on the 



v 

inner and mid-shelf, and a muddy assemblage on the outer-shelf. The muddy outer-shelf is 

mostly old deposits that suggests the uThukela has functioned as a fluvially-dominated system 

for a long time. Overall, sediments contained a large amount of crushed-shell and high 

Foraminifera abundances, contributing to habitat complexity and increasing diversity. 

Maintaining macrofauna diversity by preserving benthic habitats is vital in the functional 

success of marine ecosystems; particularly so in the uThukela system that is classified as 

strongly benthic-driven. This study provides baseline information contributing to future 

monitoring of whether the uThukela MPA achieves the aim of protecting rare benthic habitats 

associated with the connection of the coast to the deep sea and whether macrofauna diversity 

and associated ecological processes are maintained. In addition, it will support future studies 

within the MPA that emphasise the importance of the critical role of freshwater to the marine 

system and that ensure areas important for life-history strategies of vertebrates and invertebrates 

with high conservation status are conserved.  
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CHAPTER 1. GENERAL INTRODUCTION 

1.1. The uThukela Marine Protected Area 

Conservation of marine processes and biodiversity is typically achieved through the 

establishment of Marine Protected Areas (MPAs) (Margules and Pressey 2000), which are 

formally protected by law and aim to preserve marine systems and taxa for sustainability and 

climate change adaptations (Skowno et al. 2019). The South African government recently 

launched Operation Phakisa, an initiative aimed at accelerating solutions to the country’s key 

development issues, with one of the aims being the maximisation of the ocean economy whilst 

also adequately protecting the ocean resources through MPAs (Skowno et al. 2019). An MPA 

network of 20 new or extended regions was declared in October 2018, gazetted in May 2019, 

and implemented on 1 August 2019 (Republic of South Africa Government Gazette 2019). This 

network increased the protection of the South African marine territory to 5% (57 736 km2), with 

87% of ecosystem types receiving at least some protection (Skowno et al. 2019). The uThukela 

MPA in KwaZulu-Natal (KZN) was incorporated into this new network and includes the coastal 

and offshore regions, as well as part of the uThukela Estuary (Republic of South Africa 

Government Gazette 2019). The purpose of declaring this MPA was to protect rare habitats 

connecting the coast to the deep sea, such as estuaries, sandy beaches, rocky shores, reefs, 

fluvial fans, unique mud beds, and the uThukela submarine canyon; to conserve ecologically 

sensitive biodiversity and the associated ecosystem processes; to preserve sensitive ecosystem 

types and the critical role of freshwater input; to protect areas important for life-history 

strategies; to provide refuge areas for threatened species; to contribute to nature-based tourism 

and environmental education (Republic of South Africa Government Gazette 2019). Indications 

that the uThukela shelf contained structurally and functionally unique macrobenthic 

communities (MacKay et al. 2016, Untiedt and MacKay 2016) contributed to the protection of 

the region, and this study expands on this preliminary evidence to provide a more fine-focussed 

baseline database. Baseline information of this region is crucial in the monitoring process as it 

assesses the original state of the shelf system to evaluate subsequent changes in the MPA (Hall 

2002, Edgar et al. 2007).  

1.2. The continental shelf 

The continental shelf is generally defined as extending from the low-water mark to the shelf 

edge (±200 m), where the seafloor gradient significantly steepens (Hall 2002). Although 

occupying only a small part of the ocean, these nearshore marine areas are among the most 
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productive habitats, combining pelagic and benthic carbon and nutrient cycles (Snelgrove et al. 

2014, Scharler and Ayers 2019). Shelf productivity is often further enhanced by terrestrial 

inputs that are mostly delivered by river discharge that passes through an estuary and into the 

ocean (Cooper 2001, Scharler and Ayers 2019). An example of this type of fluvially-influenced 

shelf is the uThukela as it is situated off the large fluvially-dominated uThukela Estuary (van 

Niekerk et al. 2020). 

1.2.1. Fluvially-influenced shelf ecosystems 

Estuary plume fronts are highly productive zones (Karati et al. 2018) due to the direct supply 

of particulate organic matter (POM) by river flooding, and the indirect enhancement of in situ 

planktonic production as a result of increased terrigenous nutrient supply to the shelf (Salen-

Picard et al. 2002). Freshwater outflow not only increases coastal productivity but is also a vital 

source of sediments to the coast and affects coastal circulation patterns and vertical stability 

(Drinkwater and Frank 1994, Snelgrove 1998, Hall 2002, Salen-Picard et al. 2002, McKee et 

al. 2004, Lutjeharms 2006c). Thus substantial fluvial input is crucial for the functioning of 

many shelf systems and associated biota (Snelgrove 1998, Hall 2002, Lutjeharms 2006c, 

Skowno et al. 2019). Although the influence of this outflow generally decreases with increasing 

distance from shore, global cycles still allow linkages with the deeper ocean (Snelgrove 1998) 

through a complex combination of factors controlling when and where particulate materials are 

distributed, deposited, and transformed and whether these are exported from or sequestered on 

the shelf (McKee et al. 2004). 

1.2.2. Soft-sediment habitats 

The establishment of benthic habitats for macrofauna occupation relies on sediment distribution 

and deposition mostly influenced by continental shelf bathymetry (Verfaillie et al. 2006). At 

local scales, however, the pattern of sediment grain size distribution depends on hydrographical 

processes such as currents, waves, river run-off, and fronts that impact the region’s energy 

balance (Gray 1981, Hall 2002, Bale and Kenny 2005, Gray and Elliott 2009). Coarse, well-

sorted, and mostly homogeneous sediments are usually characteristic of high-energy 

environments with large wave and current patterns (Gray 1981, Gray and Elliott 2009). Little 

deposition occurs during these conditions as only the heaviest particles settle to the bottom, and 

as such, coarse sediments contain little organic material (Pearson and Rosenberg 1978). 

Alternatively, fine muds and clays are generally found in low-energy environments with 

relatively stable wave and current patterns (Gray 1981, Gray and Elliott 2009, Akoumianaki et 
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al. 2013). These sediment particles remain suspended for variable periods, causing overlying 

turbid water (MacKay 2006), but once settled are usually packed tightly and are not easily 

resuspended (Sanders 1958, Gray 1981, Gray and Elliott 2009). The deposition site is generally 

poorly-sorted and heterogenous, with increased organic concentrations (Pearson and Rosenberg 

1978, Gray 1981, Gray and Elliott 2009, Akoumianaki et al. 2013).  

1.3. Macrobenthic invertebrate communities 

Unconsolidated sediments provide three-dimensional habitats for invertebrates that reside in 

(infauna) and on (epifauna) the seafloor (McClurg 1988, Snelgrove 1999, Lohrer and Hancock 

2004), including organisms retained on a 1000 μm or 500 μm sieve, referred to as macrobenthos 

(McClurg 1988, Gray 2002). Macrobenthos comprise a diverse array of organisms with the 

most common groups including polychaete worms, bivalve molluscs, and amphipod and 

decapod crustaceans (Gray and Elliott 2009). These invertebrates occur mostly within the top 

few centimetres of the sediment, where oxygen and organic contents are maximised (Snelgrove 

1997), as macrofauna utilise organic detritus and microscopic algae as food (Lohrer and 

Hancock 2004). Most of these organisms are completely reliant on the settling of organic matter 

from the water column above, due to very limited mobility disabling them from actively 

searching for food (Snelgrove 1999). It is this relative immobility, the relatively long lifespans, 

and the spatial stability of macrobenthos that allows these organisms to be widely used in 

baseline and monitoring studies, where local environmental changes can be observed through 

the alteration of the macrobenthic community (Pearson and Rosenberg 1978, McClurg 1988, 

Clarke and Warwick 2001, Hyland et al. 2005, Udalov et al. 2021).  

Macroinvertebrates play an important role in marine ecosystem functioning (Reise 2002, 

Lohrer and Hancock 2004, Hyland et al. 2005). They are integral in the marine food web, 

transferring nutrients to higher trophic-level species such as other benthic organisms, important 

fish species, and humans (Snelgrove 1997, Snelgrove 1999, Thrush and Dayton 2002, Gray and 

Elliott 2009, Grippo et al. 2011). They are also important habitat engineers and through their 

feeding and movement behaviours, as well as living habits, assist in the penetration of oxygen 

and nutrients into subsurface sediments and aid in carbon and nutrient cycling (Snelgrove 1997, 

Snelgrove 1999, Reise 2002, Dutertre et al. 2013). Some species also modify their habitats by 

acting as sedimentary “conveyor belts”, transporting sediment grains from subsurface to surface 

levels, and altering sediment cohesivity through mucus secretion (Snelgrove 1997, Reise 2002). 

Additionally, structure-forming benthos (e.g. constructors of tubes or burrows) contribute to 
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greater habitat dimensionality, increasing spatial availability for other taxa and altering 

processes such as water flow (Gray 1981, Gray 2002, Reise 2002, Thrush and Dayton 2002, 

McArthur et al. 2010).  

The importance of macroinvertebrates in marine ecosystem functioning indicates that the 

evaluation of community traits is vital (Lohrer and Hancock 2004). Trait analysis offers further 

information on the ecology of the area (Gray and Elliott 2009) by assessing the traits of each 

species in a community and combining these to evaluate the entire ecosystem functioning 

(Norling et al. 2007). Functional consistency or redundancy implies that more than one species 

is fulfilling a specific role and indicates ecosystem stability and the relative ability of soft-

bottom communities to resist habitat fluctuations (Snelgrove 1997, Snelgrove 1998, Jax 2005, 

Macdonald et al. 2012).  

1.4. Environmental influences on macrobenthos distribution 

Macroinvertebrate distributions are naturally patchy due to external influences and juvenile 

recruitment, as well as processes occurring within the already existing benthic assemblage 

(Underwood and Chapman 2005). Interactions between biotic and abiotic factors are complex 

(Khan et al. 2017) and natural perturbations greatly contribute to spatial variations in 

populations (Underwood and Chapman 2005). Species have different tolerances to each abiotic 

variable, hence as the environment fluctuates, so does the corresponding community according 

to the preferences of its taxa (Gray and Elliott 2009). Macrofauna distributions are usually 

affected by sediment grain size, organic content, and water depth (Snelgrove 1999, Ellingsen 

2002), and the near-bottom water parameters temperature, salinity, and oxygen (Gray 1981). 

Shallow-water zonation usually occurs alongside altering depth (Clarke and Warwick 2001), 

however, depth is a possible proxy for other water quality or seafloor characteristics as 

macroinvertebrates lack an apparent mechanism for depth measurement (McArthur et al. 2010), 

and water depth affects hydrodynamic conditions and sedimentation patterns (Zalmon et al. 

2013).  

In shallow regions with a strong physical reworking of sediments, benthic communities usually 

contain fewer macrobenthic individuals, fewer taxa, and reduced faunal diversities (Rhoads et 

al. 1985, McKee et al. 2004, Lohrer et al. 2006, Dutertre et al. 2013). Alternatively, 

heterogenous sediments potentially contain higher benthic diversities and abundances due to 

the combinations of different sediment types likely providing more niche spaces (Gray 1981, 
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Zalmon et al. 2013, Carvalho et al. 2017). Bioclastic sediments (shell-gravel) are found in 

isolated pockets throughout the world and usually contain a very high species richness (Gray 

2002). Coarse sediments usually contain low diversity (Gray 1981) and sediments with smaller 

mean particle sizes generally contain higher diversities (Zalmon et al. 2013), with medium and 

fine sands generally having high macrofauna abundances (Gray and Elliott 2009). Mud particles 

are usually packed tightly together, which results in poor water circulation and often low 

oxygen tension, reducing oxygen availability as the limited oxygen that diffuses into the 

sediments is rapidly consumed (Gray and Elliott 2009). Increased silt content also inhibits 

certain animal activities (Cocito et al. 1990), so fauna that are present in areas dominated by 

mud are expected to be more tolerant over short-term, small-scale changes to sediment grain 

size and water clarity (MacKay 2006). These communities are particularly prevalent adjacent 

to large rivers where high siltation rates can act as a stressor to benthic communities (Careddu 

et al. 2015). 

Fine sediments and shallow areas usually have higher food availability in the form of organic 

content (Gray 1981, Snelgrove 1999, Gray and Elliott 2009), and the alteration in food 

availability is usually considered a primary cause of macrobenthic community change (Pearson 

and Rosenberg 1978). Continental shelf sediments usually comprise organic content that is a 

heterogenous mix of phytobenthos, settled phytoplankton and zooplankton, and detritus from 

marine and terrestrial sources (Gray 1981, Schumacher 2002, Grippo et al. 2011, Cresson et al. 

2012, De Lecea et al. 2013). Detritus that settles at the sediment surface is largely degraded by 

bacteria (Gray 1981), affecting bottom water oxygen levels, recycling important nutrients, and 

determining the amount of organic materials eventually stored in sediments and used by 

macrobenthos (McKee et al. 2004). On a fluvially-influenced shelf, benthic primary consumers 

are inclined to shift their source of organic matter from phytoplankton to terrigenous detritus 

with decreasing distance from the estuary mouth, but this is dependent on topographic 

conditions and the hydrological regime (Careddu et al. 2015). The general response of benthic 

organisms to the introduction of organic matter is that as input to an area increases macrofauna 

abundance initially increases, then decreases to a community transition point, followed by 

another increase of a few small, short-lived, opportunistic species which disappear as well if 

enrichment continues to rise to an eventually uninhabitable condition (Pearson and Rosenberg 

1978, Hyland et al. 2005). The number of species (richness) typically has a peak at low to 

slightly moderate levels of organic carbon and decreases as concentrations increase toward the 

high-end of the scale (Hyland et al. 2005). A significantly large input of organic matter 
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ultimately reduces the oxygen concentration and the sediment can become devoid of 

macrofauna unless there is substantial flushing of the system (Pearson and Rosenberg 1978, 

Hyland et al. 2005, Harmelin–Vivien et al. 2009). Relationships between benthic consumers 

and organic matter, therefore, do not follow a specific pattern, but rather a variety of scenarios 

exist in which energetic input of organic matter can act as a feeding or stress source depending 

on quantity and quality (Cocito et al. 1990). 

1.5. Previous studies on the macrobenthic communities of the South African shelf 

Limited sampling of South African benthic habitats and subsequent knowledge of marine 

macrobenthic communities are mostly due to the expense and time required during sample 

collection and processing as well as restricted taxonomic expertise in this field (Snelgrove 1998, 

Snelgrove 1999, Griffiths et al. 2010, Skowno et al. 2019). Knowledge of the uThukela shelf 

biota is further constrained due to many South African macrofauna still requiring formal 

descriptions (Griffiths et al. 2010). Due to the shift in focus to phylogenetic, biological, and 

ecological studies, studies on macrobenthic systematics have declined (Griffiths et al. 2010). 

Systematics and taxonomy are the foundation of all biology, so this information is vital in 

understanding the biodiversity and functioning of the benthic environment (Brown 1999).  

The majority of benthic samples that have been collected on the South African shelf have 

origins along the west coast, with scientists virtually neglecting the benthos of KZN (Griffiths 

et al. 2010, MacKay et al. 2016). This regional focus has been mainly due to the west coast 

supporting large, commercially important fish-stocks as a result of intense coastal upwelling 

causing high productivity in the region (Griffiths et al. 2010). However, the west and east coasts 

of South Africa differ significantly in hydrological features and species compositions (Heydorn 

et al. 1978, Griffiths et al. 2010), so the information gathered on the west coast is of limited use 

to the east coast. Although the colder upwelling region of the west coast generally supports 

higher species biomass, the number of species in the subtropical east coast waters is greater, 

resulting in a more intricate ecology (Heydorn et al. 1978). 

There were a few macrofauna studies that occurred along the KZN coastline between 1974 and 

the late 1980s and these indicated a general trend of Annelida (largely polychaete worms) 

numerically dominating the macrofaunal community, followed by Arthropoda (almost entirely 

crustaceans), and then a small but significant presence of Echinodermata and Mollusca 

(McClurg 1988). Additional information about these communities has been recorded more 
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recently through widespread studies of the KZN Bight (MacKay et al. 2016, Untiedt and 

MacKay 2016, Maduna 2017). Dominance patterns remained similar during the 2010 African 

Coelacanth Ecosystem Programme (ACEP) Natal Bight study with Annelida (Polychaeta) 

dominating richness and abundances, followed by Arthropoda (Crustacea), Mollusca, 

Sipuncula, and Echinodermata (MacKay et al. 2016, Untiedt and MacKay 2016). The 

subsequent ACEP Surrogacy project included samples from the KZN mid-shelf in 2010 and 

2014 and showed that Arthropoda (mostly peracarid crustaceans) dominated abundances, 

followed by Annelida (Polychaeta), and Sipuncula (Maduna 2017). Richness was noted as still 

being dominated by Annelida (Polychaeta) and followed by Arthropoda (Crustacea) (Maduna 

2017). 

The uThukela shelf benthic research has mostly focussed on stocks and bycatch of the seasonal 

commercial trawl fishery that previously existed on the uThukela Banks that predominantly 

targeted the white prawn Penaeus indicus (Demetriades and Forbes 1993, Fennessy et al. 1994, 

Fennessy and Groeneveld 1997, De Lecea and Cooper 2016, De Lecea et al. 2016). Historical 

data on the uThukela shelf macrobenthic community is therefore limited, but a recent study by 

Untiedt and MacKay (2016) focussing on the entire KZN Bight has provided some information 

on the uThukela region and found it to be a significant component of the KZN shelf as it 

supports a richer and more abundant macrobenthic community than the shelf areas off Durban 

and Richards Bay. This study expands on this foundational study to further elucidate the 

uThukela shelf macrobenthic community structure and functioning and provide more baseline 

information using additional samples collected before uThukela MPA promulgation. 

1.6. Study aims, objectives, and hypotheses 

This study aims to focus an investigation on the uThukela shelf macroinvertebrate composition 

and biological traits and determine the potential influence of measured near-bottom water 

parameters, sediment habitats, and shelf position on fauna distributions. Through the analysis 

of biological traits, the study intends to reveal the role of macrofauna in the greater ecosystem 

functioning and the relative link between the uThukela Estuary and the adjacent shelf. In 

addition, further analysis of characteristic taxonomic groups identified during initial taxa 

analysis aims to propose potential ecological indicators that could be used in future monitoring. 

These findings represent a baseline of the condition, diversity, and functioning of the uThukela 

system (without trawling) up until it was protected. This will provide important information, 
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knowledge, and data for the uThukela MPA, representing one of the first baseline studies of the 

macrofauna in the MPA. 

Objectives: 

1. To characterise the uThukela shelf environment according to measured physico-chemical 

near-bottom water parameters and sediment habitats. 

2. To describe benthic assemblages based on taxonomic and functional (biological traits) 

characteristics. 

3. To relate taxa assemblages to biological traits assemblages. 

4. To determine the extent to which measured environmental conditions and sediment habitats 

influence benthic assemblages. 

5. To reveal characteristic taxa and assemblages that can be targeted for future research into 

potential MPA indicators for ecosystem monitoring. 

Hypotheses: 

H01: There are no significant differences in measured physico-chemical near-bottom 

environmental conditions on the uThukela shelf.  

H02: There are no significant differences in sediment measurements on the uThukela shelf.  

H03: There is no significant relationship between taxa assemblages and biological traits 

assemblages. 

H04: There is no significant relationship between measured near-bottom water parameters and 

macrobenthic taxa distributions. 

H05: There is no significant relationship between measured near-bottom water parameters and 

macrobenthic biological traits patterns. 

H06: There is no significant relationship between sediment habitats and macrobenthic taxa 

distributions. 

H07: There is no significant relationship between sediment habitats and macrobenthic biological 

traits patterns. 
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1.7. Dissertation structure 

This dissertation is presented in six chapters, comprising a general introduction (Chapter 1), 

general material and methods (Chapter 2), chapters investigating uThukela macrobenthic 

community structure (Chapter 3) and functioning (Chapter 4), a chapter expanding on 

interesting community attributes revealed in the community analyses (Chapter 5), and a general 

discussion and conclusion (Chapter 6):  

• Chapter 1 introduces the importance of macrobenthos and in the context of the 

positioning of the study site off the fluvially-dominated uThukela Estuary and within 

the newly promulgated uThukela MPA. 

• Chapter 2 describes the uThukela shelf study area and the processes influencing the 

region and presents the methods used for field sampling, laboratory protocols, and 

generic statistical analyses of biotic and abiotic data. Detailed methodology and 

analyses pertinent to a specific component are provided in the respective chapters 

(Chapters 3-5).  

• Chapter 3 investigates the taxonomic structure of the uThukela macrobenthic 

community, the uThukela shelf environment, and the link between these biotic and 

abiotic trends. 

• Chapter 4 expands further on Chapter 3 by evaluating the functional attributes of the 

uThukela macrobenthic community through Biological Traits Analysis (BTA). The 

potential correlations between these traits and measured environmental variables, as 

well as shelf positions, were assessed. 

• Chapter 5 highlights the findings from Chapters 3 and 4 (taxonomic composition and 

functional attributes) and investigates focal groups (selected because of dominance) as 

potential indicators. It focuses specifically on the important taxonomic groups 

Polychaeta, Decapoda, and Mollusca and investigates the large benthic Foraminifera 

community found in the uThukela shelf sediments. 

• Chapter 6 integrates outcomes from preceding chapters to discuss the overall study 

findings and implications. This final chapter discusses whether the original study aims 

were achieved and provides recommendations for future research. 
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CHAPTER 2. GENERAL MATERIALS AND METHODS 

2.1. Study site – The uThukela shelf 

2.1.1. Study area location 

This study is located in the tropical/subtropical Natal-Delagoa ecoregion of South Africa’s east 

coast (Skowno et al. 2019). This region is microtidal (typically 0.6 – 2.0 m), has a high wave 

energy, and is swell-dominated (Cooper 2001, Skowno et al. 2019). Here, the continental shelf 

is narrow (3 – 12 km wide) with a steep shelf slope, except the area between Richards Bay (28° 

48' 42.354'' S, 32° 05' 53.988'' E) and Durban (29° 51' 54.565'' S, 31° 03' 43.801'' E), known as 

the KwaZulu-Natal (KZN) Bight (Bosman et al. 2007, Engelbrecht et al. 2020). This coastal 

offset widens considerably along approximately 160 km of shoreline to a maximum of 50 km 

off the uThukela Estuary mouth (Lutjeharms et al. 2000). The study was undertaken on the 

uThukela shelf, that is positioned on the central KZN Bight, and was fully contained within the 

newly established uThukela Marine Protected Area (MPA) that extends between the uMlalazi 

(28° 55' 58.127'' S, 31° 52' 6.625'' E) and the uSetheni (29° 25' 58.152'' S, 31° 18' 1.080'' E) 

estuaries (Republic of South Africa Government Gazette 2019) (Figure 2.1).  
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(Lutjeharms 2006a, b, De Lecea et al. 2016) peaks in January (mean monthly rainfall of 118 

mm), with a dry winter peak in August (mean monthly rainfall of 39 mm) (Hunter 1988, 

Scharler et al. 2016b). Air temperatures have a relatively low seasonal range due to the damping 

effect of the adjacent Indian Ocean, and winds generally travel in a south-westerly or a north-

easterly direction (Hunter 1988).  

2.1.3. Oceanography 

The uThukela shelf is a unique system dependent on complex offshore oceanographic processes 

and inshore coastal dynamics, including high freshwater and sediment input (Bosman et al. 

2007). 

2.1.3.1. The Agulhas Current 

The KZN shelf edge is followed closely by the strong, well-defined, poleward-flowing western 

boundary Agulhas Current that virtually encloses the shelf (Pearce et al. 1978, Schumann 1988). 

This current is relatively narrow (only ±100 km wide) and characteristic of a typical western 

boundary current, with depths extending below 1 000 m (Schumann 1987) and core speeds 

averaging 1.1 – 1.4 m.s-1 (occasionally recorded > 2.5 m.s-1) (Pearce et al. 1978, Lutjeharms 

2006a). The Agulhas Current temperatures are 1 – 6 °C higher than the surrounding waters and 

approximate 20 – 28 °C at the sea surface (Pearce et al. 1978, Lutjeharms 2006a, c). Seasonal 

variations cause temperature peaks in February and lows in August (Lutjeharms 2006a). The 

surface salinity of the Agulhas Current is also season-dependent and averages between 35.0 – 

35.5 PSU (Heydorn et al. 1978, Lutjeharms 2006c).  

The South-West Indian Ocean subgyre is the main source of the Agulhas Current but mesoscale 

eddies from the Mozambique Channel and the East Madagascar Current (carrying waters from 

the east coast of Madagascar) also indirectly influence the current’s behaviour (Lutjeharms 

2006b). The Agulhas Current is fully formed along the shelf edge between Maputo and Durban 

(Lutjeharms 2006c), carrying warm tropical and subtropical water southward and influencing 

the ecosystems found along South Africa’s east coast (Schumann 1987, Lutjeharms 2006a). 

The current’s end-point is the Agulhas Current Retroflection that occurs at the southern tip of 

Africa as the current refracts and sheds rings of warm Indian Ocean water that are frequently 

carried into the South Atlantic Ocean (Lutjeharms et al. 2000). 
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2.1.3.2. Inshore hydrodynamics 

The widening of the shelf in the KZN Bight restricts the direct influence of the strong Agulhas 

Current on inshore ecosystems (Roberts et al. 2016), and ecosystems are instead affected by 

wind and wave energies (Schumann 1987, Roberts et al. 2016). Therefore this region has highly 

variable circulation patterns fluctuating from an alongshore current throughout, to almost no 

inshore currents, to an intermediate situation where northerly currents dominate south of the 

uThukela Estuary with very little circulation north of this point (Roberts et al. 2016). Offshore 

eddies significantly influence inshore currents, interrupting the general flow with non-

permanent cyclonic water circulations (Roberts et al. 2016). Overall KZN Bight water moves 

northwards, carrying cooler water inshore of the counterflowing warm Agulhas Current 

(Heydorn et al. 1978). These shelf currents reach maximum speeds of approximately 0.5 m.s-1 

(Roberts et al. 2016).  

The numerous estuaries along the KZN coast largely influence the marine coastal waters, 

particularly the uThukela shelf (Heydorn et al. 1978, Schumann 1988, Scharler et al. 2016b). 

KwaZulu-Natal has 76 notable estuaries (CoastKZN 2019), with seasonal fluctuations in river 

flow resulting in maximum outflow around February and minimum outflow in August when 

many estuary mouths close (De Lecea et al. 2016). The uThukela Estuary (29° 13' 37.844'' S, 

31° 30' 10.724'' E) in northern KZN is classified as a large fluvially-dominated system (van 

Niekerk et al. 2020) and connects the largest river on South Africa’s east coast (the uThukela 

River) to the ocean (Begg 1978, Cooper 2001, De Lecea and Cooper 2016). The uThukela River 

has a catchment area of 28 000 – 29 101 km2 and a mean annual run-off of 3 865 × 106 – 5 071 

× 106  m3 (Begg 1978, Whitfield and Harrison 2003, Hutchings et al. 2010), and through the 

uThukela Estuary is responsible for approximately 35 – 40% of the freshwater entering the 

KZN Bight (Lamberth et al. 2009, De Lecea and Cooper 2016). 

Offshore processes also indirectly affect inshore hydrodynamics as cool, nutrient-rich water of 

the deep ocean is transported onto the shelf by the Richards Bay upwelling cell in the north and 

the semi-permanent mesoscale Durban Eddy in the south (Lutjeharms 2006a, Guastella and 

Roberts 2016, Roberts et al. 2016). The uThukela shelf is typically influenced by these systems 

as the Richards Bay upwelling cell extends as far south as the uThukela Estuary, and the water 

within the sub-circular Durban Eddy is either expelled into the Agulhas Current or advected 

and transported northwards along the inner-shelf toward the uThukela Estuary (Guastella and 

Roberts 2016, Roberts et al. 2016). Under an initial strong south-westerly wind, the water from 
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the Durban Eddy can even extend beyond the uThukela shelf and connect the southern and 

northern KZN Bight regions within just 24 days (Roberts et al. 2016). 

2.1.4. Temperature and salinity 

The important properties used in characterising water type include temperature and salinity 

(Schumann 1988). There are slight seasonal variations in KZN sea temperatures and salinities 

as increased summer temperature causes warmer coastal waters, and increased summer rainfall 

causes less saline coastal waters due to greater estuarine outflow (Schumann 1988). Marginally 

lower salinity readings just north of the uThukela Estuary outflow indicate that freshwater exits 

this estuary and is transported in the north-flowing longshore current (Lutjeharms et al. 2000). 

Previous measurements indicate that the uThukela shelf has mid-winter sea temperatures of 

approximately 17.0 °C (100 m depth) to 22.0 °C (surface) and salinities of approximately 35.16 

PSU (surface) to 35.34 PSU (100 m depth) (Lutjeharms et al. 2000). 

2.1.5. Productivity 

The KZN coast is typically oligotrophic as it is fed by the nutrient-poor Agulhas Current 

originating from the tropics (Lamberth et al. 2009, Griffiths et al. 2010, Bernard and Smith 

2011). However, mesotrophic conditions are usually noted in the central KZN Bight (Meyer et 

al. 2002) due to terrigenous input of nutrients mostly via the uThukela Estuary (Lamberth et al. 

2009, Scharler et al. 2016b). The trophic dynamics of the system are strongly benthic-driven 

(Scharler et al. 2016a), and high organic carbon concentrations measured in uThukela shelf 

sediments indicate major contributions from riverine outflow (De Lecea et al. 2013, MacKay 

et al. 2016). The freshwater plume (containing particulate material) is suggested to have vast 

effects on the shelf as it has been observed to protrude outward from the uThukela Estuary and 

extend to approximately 25 km offshore (Meyer et al. 2002, Lutjeharms 2006b), reaching this 

furthest point within eight days (Roberts et al. 2016). 

2.1.6. Sediment characteristics 

The KZN Bight mostly consists of sand, except for the region off the uThukela Estuary, where 

the shelf is almost completely devoid of large-grained sediments (such as gravel) and is rather 

dominated by mud (Lutjeharms 2006b, Green and MacKay 2016, MacKay et al. 2016). This 

mud mainly originates from the uThukela Estuary, through which the uThukela River delivers 

6.79 × 106 – 10.5 × 106 m3 of sediment to the shelf per year, with plumes extending up to 5 km 

offshore and 15 km alongshore during the wet season (Begg 1978, Whitfield and Harrison 2003, 
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Hutchings et al. 2010). Adequate river flow is therefore critical for sediment transportation, 

with these fluvial sediments deposited seaward or deflected into a north-flowing longshore 

current before being distributed over larger areas (Begg 1978, Heydorn et al. 1978, Lutjeharms 

et al. 2000, Cooper 2001, Green and MacKay 2016, Skowno et al. 2019). 

The uThukela Estuary is fluvially-dominated and, therefore, relatively small, allowing large 

amounts of terrigenous particulates to pass straight through the typically open mouth and be 

deposited on the ocean floor, establishing the uThukela Banks (De Lecea and Cooper 2016, De 

Lecea et al. 2016). This mud depocenter is a rare phenomenon along the coast of southern Africa 

and can be compared to an estuarine system due to the constantly turbid environment, 

fluctuating salinities, good nutritional availability, and provision as a nursery area for juvenile 

fish and invertebrates (Demetriades and Forbes 1993, Fennessy et al. 1994). Soft inner-shelf 

mud is separated from older, compacted outer and mid-shelf mud by an intersecting paleo-dune 

of coarse sediments that stretches subparallel to the coastline between 55 m and 70 m depth 

(Flemming 1981, Flemming and Hay 1988, Green and MacKay 2016, MacKay et al. 2016). 

According to Green and MacKay (2016) these uThukela shelf mud deposits appear to have 

predominantly occupied the same position over the last 30 years.  

2.2. Sampling procedure 

Samples collected at 23 stations on the uThukela shelf (within the polygon 29° 10' 27.030'' S – 

29° 34' 50.819'' S and 31° 27' 12.089'' E – 31° 46' 59.160'' E) during the dry (winter) season, 

were considered for this study. These consisted of two datasets from samples collected along 

coast-perpendicular transects during 18 – 21 August 2008 (numeric labels) and 11 – 15 August 

2010 (alphanumeric labels). Macrobenthic samples were collected on the inner (0 – 50 m), mid 

(50 – 80 m), and outer (80 – 130 m) uThukela shelf in 2010 during the African Coelacanth 

Ecosystem Programme (ACEP) Natal Bight cruise on the research vessel F.R.S. Algoa. These 

were supplemented with 2008 samples collected on the inner uThukela shelf aboard the 

research vessel T.B. Davies. 

2.2.1. Field sampling 

On the initial arrival at a station, sea and weather conditions were noted in a field logbook, and 

the exact spatial reference points (latitude and longitude) were recorded, demarcating the 

locations of subsequent individual near-bottom water measurements and sediment grabs. 
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2.2.1.1. Physico-chemical readings 

At each station, a single cast of a Conductivity-Temperature-Depth (CTD) multiparameter 

profiler (YSI6600 in 2008 and Sea-Bird: SBE 19 Plus V2 SEACAT in 2010) was undertaken 

to within 1 – 5 m of the seabed (1 m for the YSI and 5 m for the SEACAT). The depth (m), 

temperature (°C), salinity (PSU), and dissolved oxygen (DO) (mg.L-1) of the near-bottom water 

were noted during this study. Turbidity (NTU) was also measured in 2008, but not in 2010. 

2.2.1.2.  Sediment and macrobenthic sampling 

Sediment samples were collected during daylight hours and collected in triplicate (≤ 100 m 

apart) at each station using a 0.25 m2 Day grab in 2008 and a 0.20 m2 Van Veen grab in 2010. 

Unfortunately, due to difficulty in successfully sampling the bottom, station 9 (sampled in 

2008) retrieved only two replicates. Grab retrieval was conducted by a mechanical winch and 

sediment depth in the grab was measured to ensure an adequate sample (≥ 50 mm) was 

collected. The sediment characteristics (depth, colour, and odour) were noted to further assess 

different habitats. 

Two sub-samples (maximum 175 g) were “cored” from the sediment of one of the three 

successful replicate grabs collected at each station in 2008 and from all three successful grabs 

in 2010 and set aside for later sediment analysis. During this process, care was taken to avoid 

removing visible fauna from the sample. One sediment sub-sample, for analysis of total organic 

carbon (TOC), was fixed with 5 ml of 40% formaldehyde to ensure that further bacterial 

degradation did not alter the TOC content (Bale and Kenny 2005). The remaining sub-sample 

was retained without fixation to determine sediment grain size composition. 

After removal of sub-samples, the grab was opened and the remainder of the sediment was 

released into a square stainless-steel sieve (mesh size 1000 µm) and washed using deck hoses. 

Washing was gentle to prevent the loss of macrofauna out of the sieve and to ensure that 

organisms were not damaged. In addition to this, any visible fauna were handpicked before and 

during washing and placed gently in an appropriately sized sample container. Washing 

continued until no excess sediment remained and the water leaving the sieve was clear of fine 

sediments. Particles and fauna retained in the sieve post-washing were placed in the sample jar, 

labelled, and preserved with 4% formaldehyde solution, buffered with filtered seawater (1-part 

40% formaldehyde solution to 9-parts seawater) (MacKay 2010). 
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 𝑂𝑀 =  
𝑊𝑖 − 𝑊𝑓

𝑊𝑖
 × 100% (2.1) 

 

Where 𝑂𝑀 is organic matter (%), 𝑊𝑖 is the initial sample weight (g), and 𝑊𝑓 is the final sample 

weight (g). Organic matter was converted to TOC by employing the appropriate factor. A 

conversion factor of 1.72 is traditionally used and was used during this study, based on the 

assumption that organic matter contains 58% organic carbon (Schumacher 2002). 

2.2.2.4. Macrobenthic invertebrate identification and enumeration 

In the macrobenthic laboratory, samples were emptied into sorting trays and organisms were 

manually separated from sediment and detritus under a magnifying lamp. These organisms were 

sorted into broad groups (e.g. polychaetes, crustaceans, echinoderms, molluscs) and placed in 

labelled glass polytop vials filled with 4% formaldehyde saline (formal saline) solution.  

After sorting, organisms were counted and identified to the lowest taxon level possible 

(preferably species) using a stereomicroscope (Zeiss stemi-DV4) and appropriate taxonomic 

keys (e.g. Barnard 1950, Day 1967, Kensley 1972, Griffiths 1976, Kensley 1978, Kilburn and 

Rippey 1982, Steyn and Lussi 1998, Olbers et al. 2015). Taxonomic identifications were 

verified using the World Register of Marine Species (World Register of Marine Species 

Editorial Board 2021) online database and altered where needed to ensure that the most current 

classifications were employed at the time of publishing. Reference specimens for each taxon 

were placed in separate labelled glass polytop vials filled with 4% formalsaline solution and 

compiled into a collection for comparison against past and future studies. After analysis, these 

were transferred to 70% ethanol for long-term storage. 

2.3. Generic statistical analyses 

Statistical plots and analyses were performed using Microsoft Excel for Office 365, 

Paleontological Statistics (PAST) v3.25 (Hammer et al. 2001), and the Plymouth Routines in 

Multivariate Ecological Research (PRIMER) v7.0.13 (Clarke and Gorley 2015) packages. 

Environmental and taxa maps were constructed using Ocean Data View (ODV) and Quantum 

Geographic Information System (QGIS) 3.14.16 packages. Where means were calculated, the 

standard deviation was used as the measurement of error. 
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A parametric analysis of variance (ANOVA) (F) test was employed to test for significant 

differences in environmental variables at different shelf positions when assumptions of 

normality and homogeneity of variance were met. When parametric assumptions were not 

satisfied, data transformations ranging from less to most severe (square root to log) were applied 

and assumptions re-tested after each. If assumptions were still not met, a non-parametric 

Kruskal-Wallis (H) test was conducted for non-normal data, while a Welch F test was carried 

out for unequal variances. The corresponding post-hoc pair-wise tests were subsequently used 

to determine the samples responsible for any significant differences identified during analyses. 

Draftsman plots were used to identify highly correlated environmental variables and skewed 

data. Highly correlated variables (ρ ≥ 0.950) indicate that as one variable increases so does the 

other, and these are reduced to a single chosen variable to avoid unnecessary noise during 

analyses (Clarke and Warwick 2001). Sediment data revealed that mean phi and median phi 

were highly correlated (ρ = 0.979), so only the median phi sediment variable was retained for 

subsequent analysis as this has shown to be the simplest descriptive measure of sediment grain 

size (Gray and Elliott 2009). This parameter is also the most widely utilised by a wide variety 

of scientists, so this data is highly valuable for comparison across studies (Verfaillie et al. 2006). 

Plots for the remaining 15 environmental variables revealed that data for sedimentary 

parameters %gravel, %vcs, %cs, and %vfs were right-skewed. Data for these variables were 

log-transformed as outliers dominate the analyses and often lead to poor-quality interpretation 

(Clarke and Gorley 2006). The variables were then normalised to allow the comparison of 

variables that contained different units (Clarke and Gorley 2006). Dissimilarity in 

environmental variables was computed using Euclidean distance that is an appropriate measure 

for abiotic data that produces a triangular distance matrix (Clarke and Gorley 2006). Spatial 

variations in these parameters were analysed by a principal components analysis (PCA) 

ordination that approximates the continuum of relationships between samples and portrays them 

in a two-dimensional (2D) plot while identifying the variables most responsible for the 

distances observed (Clarke and Warwick 2001, Dutertre et al. 2013). 

2.3.2. Biotic data 

Pelagic, larval, and unidentified organisms were removed from the dataset before statistical 

analyses. An abundance matrix was constructed for the remaining biological data and values 

were standardised to 1.0 m2. Standardisation converted counts to densities (used 

interchangeably with abundances) and involved the multiplication of 2008 data by a factor of 
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four (as samples were collected using a 0.25 m2 Day grab) and the multiplication of the 2010 

data by a factor of five (as samples were collected using a 0.20 m2 Van Veen grab). When 

considering data per station, the three replicates per station (except station 9) were combined 

and divided by 3 to calculate the mean. 

2.3.2.1. Univariate analyses 

The number of benthic species in a sample area is usually not accurately measurable, so an 

estimation of the extent that the values obtained from sampling represent the biological 

community is required (Ellingsen 2001). A species accumulation curve was used to determine 

this, as an area is considered well-sampled when this graph reaches an asymptote (McArthur et 

al. 2010). An estimation of the true species richness of the study area was determined by the 

non-parametric Chao2 method, which is based on the total number of observed taxa in addition 

to the prevalence of community uniques (restricted to a single sample) and duplicates (present 

in only two samples) (Colwell and Coddington 1994, Ellingsen 2001). 

Univariate tests collapse the full biotic dataset into a single coefficient (Clarke and Warwick 

2001). The primary community variables of taxa abundance (N: ind.m-2) and number of taxa 

(S), as well as various diversity indices, were analysed using the DIVERSE function in 

PRIMER v7.0.13 software. Numerous indices have been utilised to measure macrobenthic 

community diversity, with three aspects being considered in the present study. Biodiversity 

measures use data on the abundance of individuals among taxa and how these abundances are 

spread between these taxa (Gray and Elliott 2009). The Shannon-Wiener diversity index (H’) 

is the most commonly used measurement in macrobenthic community studies (Clarke and 

Warwick 2001) and is strongly affected by the taxa in the middle of the rank sequence (Gray 

and Elliott 2009). 

 
𝐻′ =  − ∑ 𝑝𝑖

𝑆

𝑖=1

𝑙𝑛 𝑝𝑖 
(2.2) 

Where 𝑝𝑖 is the proportion of individuals of the ith taxon (𝑁𝑖/𝑁). 

The calculated diversity value encompasses both taxa richness and evenness (Gray 1981, Gray 

and Elliott 2009), and to discern which of these were responsible for the high or low diversity 



GENERAL MATERIALS AND METHODS 

23 

values, two additional indices were calculated. Margalef’s richness index (d) measures the 

number of taxa present for a specified number of individuals (Clarke and Warwick 2001). It 

differs from the primary species richness measurement as it is calculated as independent of 

sample size (Clarke and Warwick 2001). 

 𝑑 =  
𝑆 − 1

ln 𝑁
 (2.3) 

Where 𝑆 is the number of taxa and 𝑁 is the number of individuals. 

Pielou’s evenness index (J’) explains the distribution of individuals per taxon in the community 

and is the opposite of dominance (Gray and Elliott 2009).  

 𝐽′ =  
𝐻′

ln 𝑆
 

(2.4) 

Where 𝐻′ is the Shannon-Wiener diversity index and 𝑆 is the number of taxa. 

In macrobenthic community studies, the Shannon-Wiener diversity index is usually more 

affected by evenness, so the addition of rare species to the assemblage will have less of an effect 

on the H’ value than changing species dominance (Gray 1981, Gray and Elliott 2009). 

ANOVA tests were employed to assess significant differences in these univariate outcomes at 

different shelf positions and were conducted identically to the significance testing of abiotic 

values (see section 2.3.1.). 

2.3.2.2. Multivariate analyses 

Community ecology does not usually exhibit linear responses as the community is complex and 

contains many taxa (Clarke and Warwick 2001). The data collected during ecological studies, 

therefore, require multivariate analyses. Normal Q-type analysis was used for this study, in 

which samples were grouped according to the similarity in taxa composition (Field et al. 1982). 

Community studies frequently reveal many rare taxa and only a few abundant ones, so the biotic 
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data are often highly skewed (Clarke and Warwick 2001). Although multivariate tests do not 

require the transformation of data to attain normality, data transformations are necessary to 

reduce the contribution of common taxa so that rare taxa may also contribute to the analyses 

(Clarke and Warwick 2001, Underwood and Chapman 2005). Square root (√), fourth root (√√), 

and log or log (x + 1) transformations downweigh data values, with more severe transformations 

reducing the influence of abundant taxa and increasing the influence of rare taxa in analyses 

outputs (Clarke and Warwick 2001). For this study, abundance data were fourth root (root-root) 

transformed to allow the mid-range and rarer species, as well as the common ones, to influence 

similarity calculations.  

Marine surveys commonly result in numerous taxa being absent from sampled stations, but this 

does not imply that these stations are similar due to sharing joint absences (Field et al. 1982). 

The Bray-Curtis (B-C) similarity coefficient considers this information (Field et al. 1982) and 

for this reason, is most widely used in benthic studies. It was therefore employed in this study, 

with group-average linking, to calculate sample similarity of the transformed abundance data. 

Samples were considered similar if they had analogous biotic communities and dissimilar if 

they had very few or no taxa in common (Clarke and Warwick 2001, Underwood and Chapman 

2005).  

This similarity was diagrammatically summarised using hierarchal classification and ordination 

(Field et al. 1982). Hierarchical classification, otherwise known as cluster analysis (used in 

Chapters 3 and 5), was represented by a dendrogram where samples were grouped based on 

their similarity to one another in terms of taxa composition (Clarke and Warwick 2001). 

Similarity profile (SIMPROF) permutation routines identified the significance of the groups 

formed during cluster analysis, and significant groups (p < 0.05) were represented by black 

solid lines (Clarke and Gorley 2015). Non-metric multidimensional scaling (nMDS) ordination 

(used in Chapter 4) was another method used to visually represent the dissimilarity between 

samples (based on the rank orders calculated previously in the Bray-Curtis matrix) on a 2D 

plane (Clarke and Warwick 2001). The relative distance between samples represented their 

similarity to one another, with nearby points having the most similar macrobenthic communities 

(Clarke and Warwick 2001, Underwood and Chapman 2005). Points placed in a 2D 

configuration do not usually satisfy the exact similarity, resulting in a level of distortion 

(measured by the Kruskal stress value) (Field et al. 1982, Clarke and Warwick 2001). Low 

stress values (< 0.05) usually indicate that the sample relationships are extremely well 
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represented, values 0.05 – 0.10 indicate a good representation, 0.10 – 0.20 give potentially 

useful results, and > 0.30 are considered highly stressed with points regarded as randomly 

positioned (Clarke and Warwick 2001).  

The significance of the a priori groups related to shelf position was tested using the 

permutational analysis of variance (PERMANOVA) with unrestricted permutation of raw data. 

The larger the resultant Pseudo-F value, the less likely the null hypothesis of no differences 

among groups was true (Anderson et al. 2008). The average contribution of each taxon to the 

separation or closeness between and within groups was calculated through the “similarity 

percentages” (SIMPER) routine (Clarke and Warwick 2001, Clarke and Gorley 2006). A taxon 

was characteristic of a group (contributed highly to the similarity of samples within the group) 

if there were consistent abundances and low associated standard deviations across samples 

within that group (Fennessy et al. 1994). 

2.3.3. Linking biotic assemblages to environmental variables 

The RELATE function, in PRIMER v7.0.13, was used to ascertain the strength of the 

relationship between biotic and abiotic similarity matrices. The resulting rank correlation 

coefficient (ρ) measures the agreement between the Bray-Curtis similarity matrix and Euclidean 

distance matrix, where a value of one indicates a perfect relationship (Clarke and Gorley 2006). 

The BIO-ENV procedure within the BEST function was employed to determine the 

combination of environmental variables that maximised rank correlation between biotic and 

abiotic matrices (Clarke and Warwick 2001, Clarke and Gorley 2006). The resultant Spearman 

Rank Correlation coefficient (ρ) ranges between -1 and 1, with extreme values signifying that 

the two sets of ranks are in complete opposition (-1) or complete agreement (1) and a value of 

zero implying no relationship (Clarke and Warwick 2001). This test provides evidence as to 

which suite of measured environmental variables appears to most affect the observed 

macrobenthic community structure but does not prove cause and effect (Clarke and Warwick 

2001).  

The relative importance of each environmental variable in contributing to the community 

variation was further analysed by a distance-based redundancy analysis (dbRDA) using the 

distance-based linear model (distLM) procedure in PRIMER v7.0.13 or a Canonical 

Correspondence Analysis (CCA) in PAST v3.25. The dbRDA routine is used for biological 

assemblage data (Chapter 3), providing a visual ordination using the model constructed from 
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the previous BEST test and with the distLM procedure using multiple regression analyses to 

test the relative importance of each environmental variable (independent of every other 

environmental parameter) in explaining the biotic community variations (Anderson et al. 2008). 

The test employed a stepwise routine for 9 999 permutations based on the second-order Akaike 

Information Criterion (AICc). The CCA is also a visual ordination that assumes a unimodal 

response and is used for traits data that are not on comparable ranges (Chapter 4), providing a 

direct gradient analysis of habitat preferences by inputting the a priori selected environmental 

variables identified using the BEST function (Hammer et al. 2001). 

The methods presented in this chapter are general analyses, and subsequent Chapters 3 – 5 

provide further in-depth analyses pertaining to the specific study hypotheses. 
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CHAPTER 3. A BASELINE MACROBENTHOS COMMUNITY AND THE 

ASSOCIATED POTENTIAL ABIOTIC DRIVERS IN THE NEW UTHUKELA 

MARINE PROTECTED AREA 

3.1. Overview 

The uThukela shelf is off the large fluvially-dominated uThukela Estuary on the east coast of 

South Africa and within the newly promulgated uThukela Marine Protected Area (MPA). 

Macroinvertebrates collected at 23 stations were identified and enumerated to characterise the 

uThukela community at various shelf positions (along a depth gradient and indicating distances 

from terrestrial influence and the influence of the uThukela Estuary). The macrofauna 

community was diverse and dominated by Polychaeta, Crustacea, and Mollusca in terms of 

taxa numbers and abundances. Abundance, number of taxa, and diversity did not differ 

significantly at different shelf positions, however, multivariate analyses identified five distinct 

macrobenthic assemblages with different taxa types. These distribution patterns were related 

to near-bottom water physico-chemistry and sediment habitats and appeared to be correlated 

mostly with the combination of depth, dissolved oxygen (DO), salinity, and sediment 

composition (mud, coarse sand, and medium sand). An atypical salinity gradient was observed 

during this analysis, with slightly more saline near-bottom waters near the shore and less saline 

bottom conditions near the shelf edge. This was unexpected but potentially due to the reduced 

penetration of freshwater from the uThukela Estuary onto the shelf during the dry season and 

the possible divergent upwelling at the shelf edge due to the widening of the uThukela shelf. 

3.2. Introduction 

The characteristically muddy uThukela is a relatively broad region of the KwaZulu-Natal 

(KZN) shelf, situated off the largest river on South Africa’s east coast and the fluvially-

dominated uThukela Estuary (van Niekerk et al. 2020) (see Chapter 2). This makes for a 

characteristic ecology as the uThukela shelf habitats are influenced by both oceanographic 

processes and estuarine inputs (including sediment and particulate organic matter) (Bosman et 

al. 2007). Indications that this environment contains structurally and functionally unique 

macrobenthic communities (Untiedt and MacKay 2016) (see Chapter 1) contributed to the 

protection of this region and the recent establishment of the uThukela MPA. The present study 

expands on this preliminary evidence and provides more fine-focussed investigation into the 

diversity of the uThukela shelf macrofauna communities. Biodiversity is an ecological property 

of the benthic community, with higher values generally indicating higher ecosystem 
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performance (Lohrer and Hancock 2004). It is traditionally studied through a taxonomic 

approach (Kaminsky et al. 2018), as used in this chapter, and provides information on 

community composition through enumeration and identification of taxa to the lowest 

classification level possible, ideally species (Gray and Elliott 2009). The information gathered 

through this process is foundational to understanding the biology of an environment and 

provides an essential taxonomic database for future comparison (Brown 1999, Maggiore and 

Keppel 2007). There are limited data available for South African macrofauna, especially on the 

east coast, as there have been limited studies focusing on this group due to restricted taxonomic 

expertise, as well as the expense and time required during sample collection and processing 

(Griffiths et al. 2010). Therefore, this study is an invaluable contribution to the baseline 

knowledge of the unconsolidated seafloor habitat off uThukela and is a biodiversity inventory 

for potentially interesting species that can be targeted for further study. Baseline datasets for 

MPAs are vital and provide essential knowledge on the reference conditions preceding 

protection to allow for a better understanding of community changes post-protection (Louzao 

et al. 2010). 

Due to the study site being situated off a major river system, the “position on shelf” (which is 

a factor detailing distance from estuary and shore) appears an appropriate predictor for this 

type of study (MacKay et al. 2016). Freshwater is important in defining these fluvially-

dependent shelf communities, and its influence typically decreases with increasing distance 

from the terrestrial source (Snelgrove 1998). The mid-shelf is expected to have the highest 

macrofauna diversities as the intermediate shelf section is typically exposed to minimum flow 

rates and wave disturbances (Zalmon et al. 2013). On the inner-shelf, fluctuating flow rates of 

a major river generally cause environmental and sediment instability (Drinkwater and Frank 

1994, Zalmon et al. 2013), with an increase in suspended particle concentration and a greater 

amount of fine sediment during regular estuarine discharge (Akoumianaki and Nicolaidou 

2007). The macrobenthic organisms occurring in this region are, therefore, at risk of burial and 

sediment instability which results in a typically poor community that is mostly characterised 

by small early colonisers and rare but persistent larger burrowing species (Akoumianaki and 

Nicolaidou 2007). The outer-shelf is also expected to contain lower standing stocks as although 

there is a decrease in sedimentation and resuspension of sediments, there is also a reduction in 

food supply (Akoumianaki and Nicolaidou 2007). Spatial factors, along with individual 

environmental variables, were therefore included during this investigation to determine if 

similar patterns existed on the uThukela shelf. 
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3.2.1. Aims, objectives, and hypotheses 

This chapter aimed to examine the taxonomic composition of the uThukela shelf 

macroinvertebrate communities and determine the potential influence of environmental 

conditions on these benthic distributions. The effect of shelf position (shelf zone, most direct 

distance from shore, and distance from the uThukela Estuary mouth) was also investigated.  

Objectives: 

3.1. To characterise the uThukela shelf environments according to measured physico-chemical 

and sediment parameters and determine potential differences in shelf position. 

3.2. To describe the uThukela shelf macroinvertebrate communities and determine whether 

there is a significant difference in communities occurring at different shelf positions.  

3.3. To relate measured environmental parameters to benthic assemblages and to determine the 

extent to which these conditions and habitats influence community patterns. 

Hypotheses: 

H01: There are no significant differences in environmental conditions at different uThukela 

shelf positions (shelf zones, distances from shore, and distances from the uThukela Estuary 

mouth).  

H02: There are no significant differences in macroinvertebrate communities at different 

uThukela shelf positions (shelf zones, distances from shore, and distances from the 

uThukela Estuary mouth). 

H02: There is no significant relationship between measured near-bottom physico-chemical 

parameters and macrobenthic community patterns. 

H03: There are no significant differences in macrofauna communities in the different sediment 

habitats. 

3.3. Materials and methods 

The study site description, general sampling and laboratory procedures, and general data 

analyses are presented in Chapter 2. Sampling was conducted during the dry (winter) season 

on the inner (IS: 0 – 50 m), mid (MS: 50 – 80 m), and outer (OS: 80 – 130 m) uThukela shelf 

in August 2010 and on the inner-shelf in August 2008 (Figure 3.1). Specific methods pertaining 

to this chapter are presented further. 
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Figure 3.1. Study site depicting sampled stations on the inner (0 – 50 m), mid (50 – 80 m), 

and outer (80 – 130 m) uThukela shelf. Refer also to Figure 2.1 for regional context. 

3.3.1. Data analyses 

3.3.1.1. Abiotic data 

Data from two closely associated but non-consecutive years were used during this study. Near-

bottom water readings were significantly different (measured using a parametric t-statistic or 

non-parametric Mann-Whitney U) for the inner-shelf samples in 2008 and 2010, so data were 

separated into respective years for abiotic data analyses. Ocean Data View (ODV) was used to 

visualise these near-bottom water characteristics. Due to the difference in near-bottom water 

measurements between years, the analyses of differences between the a priori factor of shelf 

zone for physico-chemical data used only 2010 water measurements, while sediment analyses 

included data from both years (as no significant differences occurred between 2008 and 2010). 

One-way analysis of variances (ANOVAs) (F) were employed to test the significance of these 

potential differences (Chapter 2).  

Near-bottom water parameters are commonly observed to fluctuate along with depth 

(McArthur et al. 2010) (Chapter 1). Depth was, therefore, linearly correlated (r) with 

temperature (°C), salinity (PSU), and dissolved oxygen (DO) (mg.L-1) to explore whether this 
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was true for this study. Additionally, the correlation between sediment grain size and sediment 

total organic carbon (TOC) was tested, as these variables are also typically related (Pearson 

and Rosenberg 1978) (Chapter 1). Data were then transformed, normalised, and similarities 

were presented in a principal components analysis (PCA) plot (Chapter 2). 

3.3.1.2. Macroinvertebrate data 

In this study, a single replicate grab from station 9 was an outlier as species observed in this 

sample were completely different from taxa found in other samples. After initial inclusion of 

9B in the study of taxa and individuals present, it was subsequently removed, resulting in 

station 9 being left with only one replicate. Due to station 9 providing unique and interesting 

results, it was not entirely excluded from the study, and replicate 9A was included (along with 

other stations) in further statistical analyses. 

Univariate analyses 

The true species richness of the study area was approximated by the non-parametric Chao2 

estimate (Chapter 2). The primary community variables mean abundance (N) and mean number 

of taxa (S), as well as the Shannon-Wiener diversity (H’), Margalef’s richness (d), and Pielou’s 

evenness (J’), were computed for stations and the assemblages obtained in cluster analysis. 

One-way ANOVA (F) testing (or Kruskal-Wallis H testing for non-normal and Welch F for 

inequality of variances) was used to identify any significant differences in univariate measures 

(Chapter 2) between shelf zones (inner-shelf, mid-shelf, and outer-shelf), between distances 

from shore (1 – 5 km, 5 – 10 km, 10 – 15 km, 15 – 20 km, 20 – 30 km, 30 – 40 km), and 

between distances from the uThukela Estuary mouth (< 10 km, 10 – 15 km, 15 – 20 km, 20 – 

30 km, 30 – 40 km, > 40 km). 

Multivariate analyses 

Macrobenthic abundance data of 67 uThukela shelf sample replicates (excluding 9B) were 

root-root transformed prior to the calculation of Bray-Curtis (B-C) similarities and subsequent 

cluster analysis (Chapter 2). The resultant clusters were verified statistically using the similarity 

profile (SIMPROF) routine, while the taxa responsible for sample groupings and dissimilarities 

were identified through similarity percentages (SIMPER) (Chapter 2). The potential effect of 

shelf position on macrobenthic composition was also tested using PERMANOVA (Pseudo-F) 

on a priori selected factors shelf zone, distance from shore, and distance from the uThukela 

Estuary mouth. 
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3.3.1.3. Relating macroinvertebrate distributions to abiotic variables 

The relationship between the abiotic (Euclidean) and biotic (Bray-Curtis) similarity matrices 

was tested using the RELATE procedure (Chapter 2). The suite of environmental parameters 

best describing the multivariate community distribution was identified by the BIO-ENV 

algorithm in the BEST procedure, and these were input to the distance-based linear model 

(distLM) with the distance-based redundancy analysis (dbRDA) (Chapter 2). The distLM, 

through marginal and sequential testing, identified the relative importance of each 

environmental variable in explaining macrofauna distribution. Marginal tests investigated the 

importance of each variable in isolation, while sequential tests indicated the importance of each 

variable when added to the model in a particular sequence (“step-wise” in this study). These 

results contributed to the dbRDA, a constrained ordination plot that reflects multivariate 

community variations and the environmental variables responsible for these distributions 

(Anderson et al. 2008). The vector overlays on the dbRDA plot indicated the extent that each 

variable influenced benthic distribution, with longer vectors having a greater effect on the 

dbRDA axes. Another predictor variable, taxa, was also overlaid on the plot to indicate the 

relationship between these organisms and the environmental conditions identified as 

responsible for the multivariate variation. 

3.4. Results 

3.4.1. Abiotic factors 

3.4.1.1. Depth 

The bathymetry of stations sampled on the uThukela shelf ranged from 24 m (station 6) to 126 

m (station K6) (Figure 3.2). The inner-shelf stations ranged between 24 – 48 m (x̄ = 39.44 ± 

7.11 m), mid-shelf between 51 – 69 m (x̄ = 59.50 ± 7.77 m), and outer-shelf between 87 – 126 

m (x̄ = 107.50 ± 16.01 m). 
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Figure 3.2. Depth (m) gradient of the uThukela shelf using interpolation between sampling 

stations. 

3.4.1.2. Temperature 

Near-bottom water temperatures for the inner uThukela shelf were significantly lower (t = 

12.869, p < 0.001) during the 2008 cruise (�̅� = 18.10 ± 0.10 °C) than the 2010 cruise (�̅� = 19.86 

± 0.45 °C) (Figure 3.3). During the 2008 cruise, where only the inner-shelf was sampled, 

temperatures ranged from 17.98 °C (station 24 and 30) to 18.29 °C (station 35), and 

temperature readings did not have any relation to depth (r = 0.110, p = 0.747, n = 11). Rather, 

the pattern observed was that of cooler water offshore in the area of estuary outflow, with 

slightly warmer temperatures bordering either side of this (Figure 3.3a). Across all stations in 

2010, near-bottom temperatures ranged between 14.47 °C (station K6) and 20.35 °C (station 

K3) (Figure 3.3b), declining significantly with increasing depth (r = -0.792, p = 0.002, n = 12). 

The outer uThukela shelf (�̅� = 16.90 ± 2.50 °C) was significantly cooler (Welch F = 2.891, df 

= 4.744, p = 0.151), than the inner-shelf (�̅� = 19.86 ± 0.45 °C, Tukey’s p = 0.046) and mid-

shelf (�̅� = 20.04 ± 0.22 °C, Tukey’s p = 0.036).  

uThukela 

Estuary 
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Figure 3.3. Near-bottom temperatures (°C) for (a) the uThukela inner-shelf in 2008 and (b) 

the uThukela inner, mid, and outer-shelf in 2010, using interpolation between sampling 

stations. 

3.4.1.3. Salinity 

Near-bottom salinities for the inner uThukela shelf were significantly higher (U = 0.000, p = 

0.005) for the 2008 cruise (�̅� = 36.32 ± 0.09 PSU) than the 2010 cruise (�̅� = 35.46 ± 0.01 PSU) 

(Figure 3.4). Inner-shelf salinities in 2008 ranged between 36.16 PSU (station 33) and 36.41 

PSU (station 16) but did not show any relation to depth (r = 0.014, p = 0.968, n = 11) (Figure 

3.4a). The pattern showed slightly more saline water just north of the estuary outflow region 

and less saline on either side of this (especially south of the estuary mouth) (Figure 3.4a). In 

2010, salinities across all stations ranged from 35.32 PSU (station K6) to 35.47 PSU (station 

H2), showing a significant decrease with increasing depth (r = -0.888, p < 0.001, n = 12) and 

significant differences between the inner, mid, and outer-shelf (F = 13.150, df = 11, p = 0.002) 

(Figure 3.4b). This atypical salinity gradient showed that the outer-shelf had significantly lower 

salinities (�̅� = 35.37 ± 0.04 PSU) than the inner-shelf (�̅� = 35.46 ± 0.01 PSU, Tukey’s p = 

0.003) and mid-shelf (�̅� = 35.45 ± 0.01 PSU, Tukey’s p = 0.006).  

a. 

uThukela 

Estuary 

uThukela 

Estuary 

b. 
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Figure 3.4. Near-bottom salinities (PSU) for (a) the uThukela inner-shelf in 2008 and (b) 

the uThukela inner, mid, and outer-shelf in 2010, using interpolation between sampling 

stations. 

3.4.1.4. Dissolved oxygen (DO) 

The near-bottom waters of the inner uThukela shelf were significantly less oxygenated (U = 

0.000, p = 0.005) in 2010 (�̅� = 6.52 ± 0.13 mg.L-1) than in 2008 (�̅� = 7.29 ± 0.10 mg.L-1) (Figure 

3.5). Depth and DO were negatively correlated during the 2008 inner-shelf cruise (r = -0.768, 

p = 0.006, n = 11), ranging from 7.18 mg.L-1 (station 30) to 7.54 mg.L-1 (station 6) (Figure 

3.5a). In the 2010 cruise across the shelf, DO significantly declined with increasing depth (r = 

-0.913, p < 0.001, n = 12), with lowest readings (5.21 mg.L-1) recorded at the deepest station 

(station H6) and highest readings (6.63 mg.L-1) noted at two of the shallow stations (stations 

H2 and I2) (Figure 3.5b). Like temperature and salinity, significantly lower DO concentrations 

(F = 145.300, df = 11, p < 0.001) were measured on the outer-shelf (�̅� = 5.31 ± 0.11 mg.L-1) 

than the inner-shelf (�̅� = 6.52 ± 0.13 mg.L-1, Tukey’s p < 0.001) and mid-shelf (�̅� = 6.38 ± 0.09 

mg.L-1, Tukey’s p < 0.001).   

 

uThukela 

Estuary 

uThukela 

Estuary 

a. b. 
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Figure 3.5. Near-bottom dissolved oxygen (DO) concentrations (mg.L-1) for (a) the 

uThukela inner-shelf in 2008 and (b) the uThukela inner, mid, and outer-shelf in 2010, using 

interpolation between sampling stations. 

3.4.1.5. Sediment grain size and total organic carbon (TOC) 

When considering only uThukela inner-shelf sediment samples, there was no significant 

difference between the 2008 and 2010 cruises for either median grain size (U = 55.500, p = 

0.538) or sediment TOC (t = 0.840, p = 0.410). Thus, all stations sampled on both cruises were 

combined for analysis. The uThukela shelf consisted mostly of mud (54.9%) with medium sand 

(14.8%) and fine sand (14.3%), and little coarse sand (7.9%), very fine sand (5.8%), very coarse 

sand (1.8%), and gravel (0.6%) (Table 3.1). Overall, sediments were dominated by fine grains 

(indicated by the mean negative skewness -0.78 ± 3.44), containing a modest TOC (�̅� = 2.2 ± 

2.2%) (Table 3.1). Sediments were moderately sorted (�̅� = 0.79 ± 0.36 Φ), implying some 

heterogeneity of the bottom and that numerous sedimentary habitats existed on the uThukela 

shelf during this study. A significantly positive relationship (r = 0.493, p < 0.001) was observed 

between sediment TOC and median grain size (phi) during this study, with a higher correlation 

for the 2010 data (r = 0.668, p < 0.001) than the 2008 data (r = 0.425, p = 0.015). 

Further analyses revealed significant differences for both TOC (F = 10.260, df = 35, p < 0.001) 

and median grain size (Welch F = 12.170, df = 14.710, p < 0.001) in different shelf zones. The 

outer-shelf (stations K6, J7, I7, and H6) was dominated by poorly sorted (�̅� = 1.04 ± 0.21 Φ) 

mud (�̅� = 72.6 ± 8.3%, Figure 3.6). When compared to the mid-shelf, the outer-shelf had 

significantly higher sediment TOC (Tukey’s p < 0.001) and median grain size (Tukey’s p < 

0.001). The mid-shelf consisted of three stations characterised by little mud, with coarse-

grained sands dominating (stations K3, J4, and I4), and one station that was almost exclusively 

uThukela 

Estuary 

b. a. 

uThukela 

Estuary 
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Sample 9B contained 2 864 ind.m-2 from 88 macrobenthic taxa representing 9 phyla, 11 classes, 

20 orders, 52 families, and 59 genera. Of these, 66 taxa were unique to the sample and not 

found in any of the other samples collected during the study. Although the macrofauna 

abundance of grab 9B was dominated by Annelida (N: 34%), there was a high contribution by 

Echinodermata (N: 26%). This was in contrast to the other samples collected, and was due to 

the high abundance of the brittle star Ophiothela mirabilis (N: 544 ind.m-2), which was the 

most abundant organism overall. Also noteworthy for this sample, was the relatively high 

Cnidarian abundance and number of taxa (N: 6%, S: 13%). All indications were of the habitat 

complexity presented because of a nearby reef. 

3.4.2.5. Macrobenthic community and diversity indices 

Number of taxa 

After the removal of outlier replicate sample 9B, the number of taxa (S) collected during this 

study decreased to 389 macrobenthic taxa. Station 9 was overall the most taxa rich (S: 106 ± 

49 taxa), but after exclusion of the replicate 9B, the mean number of taxa (S) at each station 

ranged between 10 ± 2 taxa (station H4) and 93 ± 6 taxa (station K2) (Figure 3.10). Most 

stations followed the overall trend of Annelida and Arthropoda being the most taxa-rich phyla, 

but some inner-shelf stations showed Mollusca to dominate local taxa numbers (stations 24, 

16, 23, 9, 15, and 28) (Figure 3.10). The numbers of taxa were similar for the inner (S: 14 – 93 

taxa), mid (S: 10 – 89 taxa), and outer-shelf (S: 42 – 78 taxa), and did not differ significantly 

between shelf zones (H = 1.981, df = 22, p = 0.371). There were no significant differences in 

number of taxa for stations sampled at variable distances from the shore (F = 0.802, df = 22, p 

= 0.564), and variable distances from the uThukela Estuary mouth (F = 0.965, df = 22, p = 

0.451). 
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highest evenness was recorded at station 6 (J’: 0.95 ± 0.02), which had the lowest abundance 

(Figure 3.12). There were no significant differences in mean evenness between the inner, mid, 

and outer-shelf (H = 2.468, df = 22, p = 0.291); between different distances from shore (H = 

7.393, df = 22, p = 0.193); and between different distances from the uThukela Estuary mouth 

(F = 1.417, df = 22, p = 0.269).  

 

 

 

 

 

 

 

 

Figure 3.12. (a) Mean Shannon-Wiener diversity (H’ ± SD), (b) mean Margalef’s richness (d 

± SD), and (c) mean Pielou’s evenness (J’ ± SD) calculated from abundance data for 

macroinvertebrates sampled on the inner, mid, and outer uThukela shelf. 

3.4.2.6. Characterisation of macrobenthic assemblages 

Permutational ANOVA tests using taxa abundances for all 67 samples detected significant 

global differences for the a priori selected factors of shelf zone (Pseudo-F = 7.814, df = 66, p 
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< 0.001), distance from shore (Pseudo-F = 4.949, df = 66, p < 0.001), and distance from the 

uThukela Estuary mouth (Pseudo-F = 4.169, df = 66, p < 0.001). Pairwise comparisons 

indicated that these factors were almost entirely distinct in their taxa compositions, except for 

stations sampled “< 10 km” (stations 6, 16, 24, and I2) and “10 – 15 km” (stations 9, 15, 23, 

30, 33, 35, H2, and J2) from the uThukela Estuary mouth, which were shown as similar (p = 

0.085).  

Hierarchal classification of the 67 uThukela shelf macrobenthic samples distinguished five 

distinct macrobenthic assemblages at a 16% similarity (Assemblages I – V, Figure 3.13). 

Clustering indicated that the overall resemblance of branches was low, indicating great 

variability between samples collected during this study.  

Assemblage I 

Cluster I separated from the other clusters at only 5% similarity and contained a single station 

on the inner-shelf, station 6 (the shallowest depth sampled), that was characterised by fine sand 

(Figure 3.13) with low TOC (�̅� = 0.3 ± 0.0%). The samples in this assemblage had an average 

similarity of 23%, and the assemblage was characterised by the polychaete worms 

Aphelochaeta filibranchia and Armandia leptocirris (Table 3.2). Taxa in this group had the 

lowest mean taxa abundance (�̅� N: 28 ± 12; Figure 3.14b) and were the most evenly distributed 

(J’: 0.95 ± 0.00; Figure 3.15c). 

Assemblage II 

Cluster II comprised just a single mid-shelf station, the very well-sorted (�̅� = 0.31 ± 0.00 Φ) 

muddy station H4, which separated from other stations at 7% similarity (Figure 3.13). The 

samples in this assemblage had an average similarity of 28% that was represented entirely by 

the polychaete A. dibranchis (100% of the contribution) (Table 3.2). It had the lowest mean 

number of taxa (�̅� S: 4 ± 2; Figure 3.14a), corresponding with the lowest mean Margalef’s 

richness (d: 2.00 ± 0.62) and mean diversity (H’: 1.89 ± 0.53) (Figure 3.15). 

Assemblage III 

Cluster III was the largest assemblage, characterised by mostly fine sediments and separated 

from the remaining stations at 10% similarity (Figure 3.13). This assemblage contained 12 of 

the 15 inner-shelf stations and had an average similarity of 31%, represented by a diverse array 

of taxa including polychaetes (A. dibranchis and O. fusiformis), peanut worms (Sipunculidae 
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sp.2), crabs (X. cf. moebii), and scaphopod molluscs (Antalis longitrorsa) (Table 3.2). Taxa of 

this assemblage were the least evenly distributed (J’: 0.69 ± 0.01; Figure 3.15c). 

Assemblage IV 

Cluster IV comprised mid and inner-shelf samples with heterogeneous medium-coarse 

sediments containing low TOC (�̅� = 0.59 ± 0.43). It was split from cluster V at 11% similarity 

(Figure 3.13) and contained samples that were 27% similar, characterised by the amphipod 

crustaceans Basuto stimpsoni and Byblis gaimardii, as well as the polychaete worms 

Lumbrineris aberrans, Onuphis eremita, and Prionospio nirripa (Table 3.2). Assemblage IV 

had the largest mean abundance (�̅� N: 690 ± 351) and mean number of taxa (�̅� S: 42 ± 7) (Figure 

3.14), corresponding with the highest mean Margalef’s richness (d: 24.45 ± 1.28) and mean 

Shannon-Wiener diversity (H’: 4.24 ± 0.20) (Figure 3.15).  

Assemblage V 

Cluster V represented exclusively outer-shelf samples belonging to the deepest stations (87 – 

126 m) and was characterised by poorly-sorted (�̅� = 1.04 ± 0.28 Φ), muddy substrates (Figure 

3.13), with high TOC (�̅� = 3.1 ± 1.5%). This assemblage had an average similarity of 35%, 

with representation from various taxa groups including bivalve molluscs (Tellina sp.1), peanut 

worms (Sipunculidae sp.2), polychaete worms (Notomastus latericeus and Linopherus 

microcephala), and burrowing prawns (Callianassa sp.1) (Table 3.2).  
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Figure 3.13. Hierarchal clustering (using group-average linkage) for 67 uThukela shelf macrobenthic samples. Analysis is based on Bray-Curtis 

similarities calculated from root-root transformed taxa abundances. Similarity profile (SIMPROF) routines representing genuine clusters at 5% 

significance are indicated by black solid lines. Samples within assemblages (I – V) defined at 16% (indicated by horizontal dotted line) are 

presented with corresponding median grain sizes (Φ) as an indication of bottom habitat type. 
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Figure 3.14. (a) Mean number of taxa (S ± SD) and (b) mean abundance (N ± SD: ind.m-2) 

for assemblages I – V defined in cluster analysis. 

 

   

Figure 3.15. (a) Mean Shannon-Wiener diversity (H’ ± SD), (b) mean Margalef’s richness (d 

± SD), and (c) mean Pielou’s evenness (J’ ± SD) calculated from taxa abundances for 

assemblages I – V defined in cluster analysis. 

Phyla contributions 

Annelida contributed the highest number of taxa and the majority of the taxa abundance for all 

five assemblages (S: 29 – 49%; N: 43 – 67%; Figure 3.16). Arthropoda followed as the second 

largest contributor to taxa abundances for assemblages I – IV (located on the inner and mid 

uThukela shelf) and to numbers of taxa for assemblages I, II, IV, and V (Figure 3.16). The 
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assemblage (dissimilarities: 89 – 97%) (Table 3.3). Sipunculidae sp.2 was the main contributor 

to the dissimilarity between assemblages II and III (dissimilarity: 91%) (Table 3.3), and an 

important contributor to differences between assemblages I and III, being abundant in 

assemblage III but absent from assemblages II and I. 
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3.5.1. Species estimators 

Due to sampling limitations restricting the ability to detect the true richness of any given study 

site, several indices have been proposed to estimate this, including the non-parametric Chao2 

estimate (Colwell and Coddington 1994, Gotelli and Colwell 2011). For this study, both the 

species accumulation of observed taxa and Chao2 estimation curves did not reach asymptotic 

values, indicating that the study did not collect all potential taxa in the area and further sampling 

is required for a complete census (Colwell and Coddington 1994, Mackie et al. 2005, Gotelli 

and Colwell 2011). This is common for benthic studies as the number of slightly different 

patches increases as the sampling area increases because of small-scale spatial variability that 

occurs in soft sediments (Ellingsen 2002). A complete census of marine macrofauna is difficult 

as it requires that all small-scale variability be covered and entails a large sampling effort 

(collection and processing) that is both time-consuming and expensive (Snelgrove 1998). The 

Chao2 estimator is useful in finding a point at which no further sampling effort is needed for 

an area (as no additional undetected taxa are expected) due to a “stop rule” that states a census 

is complete if all taxa are observed at least twice and are no longer unique (Colwell and 

Coddington 1994, Chao et al. 2009, Gotelli and Colwell 2011). The census for the uThukela 

shelf was not completed during this study, and the observed taxa were 61% of the Chao2 non-

parametric estimator (Chao et al. 2009). The difference between the observed and estimated 

values represented a relatively large heterogeneity in the areas sampled and a high occurrence 

of rare taxa (Chao et al. 2009). During this study, restricted-range taxa (190 uniques and 76 

duplicates) comprised a large proportion (58%) of the macrofauna collected, with one sample, 

grab 9B, individually comprising 15% of the uniques sampled. Rare species, although not 

important to abundance, can provide unique biological traits to an area and be an indication of 

a richer variety of food resources and habitats available through certain environmental 

conditions (Ellingsen et al. 2007). Therefore, when considering critical areas, the selection of 

only species-rich areas will not necessarily guarantee effective protection of these restricted-

range taxa, so it is vital that rarity is also examined (Ellingsen 2002, Ellingsen et al. 2007). 

3.5.2. Macroinvertebrate community structure on the uThukela shelf 

Polychaeta-dominance is common for coastal macrobenthic studies worldwide (Karakassis and 

Eleftheriou 1997, Ellingsen 2002, Shin et al. 2004, Bigot et al. 2006, Ellingsen et al. 2007, 

Jayaraj et al. 2007, Currie et al. 2009, Raja et al. 2014), and is also observed in fluvially-

dependent shelf ecosystems, such as on the south-east and west coasts of India (Jayaraj et al. 

2008, Joydas and Damodaran 2009, Khan et al. 2017) and on the inner Brazilian shelf (Zalmon 
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et al. 2013). Jayaraj et al. (2008) noted that the fluvially-influenced west coast of India had a 

Polychaeta-dominated benthic community containing high abundances of Crustacea and 

Mollusca. Previous studies on the macroinvertebrates of the KZN Bight show this same 

Polychaeta-dominated community containing a large proportion of Crustacea and Mollusca 

(McClurg 1988, MacKay et al. 2016, Untiedt and MacKay 2016), while the present study found 

that these dominance patterns were also true of the muddy uThukela shelf. The prevalence of 

polychaetes during this study and other macrobenthic studies globally is attributed to their wide 

distribution in a variety of marine habitat types due to the diversity of the group, playing vital 

roles in food webs, sediment reworking, and bioturbation (Khan et al. 2017). Although 

dominance patterns of this study followed the global trend, it is important to note the relatively 

large abundance of Sipuncula, the fourth most abundant phylum on the uThukela shelf. Just one 

taxon of Sipunculidae was the most widely distributed and among the most abundant taxa 

sampled during this study. This high Sipuncula abundance on the uThukela shelf was also 

apparent during the 2010 Natal Bight dry season study that found Sipuncula and Polychaeta as 

typical of this region (MacKay et al. 2016).  

Replicate 9B was distinct from every other sample and may have been more a reflection of a 

community associated with hard substrata than soft sediments, resulting in it being treated as 

an outlier and removed before data analyses as to not cause skewed results. This replicate was 

situated north of the uThukela Estuary and collected in 2008 from a shallow station on the 

uThukela inner-shelf. It had a unique composition, with a relatively high number of taxa and 

rare taxa, as well as a large abundance. Although dominated by Polychaeta, the comparatively 

high abundance of Echinodermata was noteworthy. This was due to the high densities of the 

brittle star O. mirabilis, found mostly wrapped around a branch of Leptogorgia coral. This 

habitat type is common for O. mirabilis, as it is typically seen wrapped around soft corals on 

shallow reefs (World Register of Marine Species Editorial Board 2021). This finding, along 

with the notable presence of Cnidaria in this sample, indicates the possibility of a nearby low-

lying reef. Reefs are associated with high habitat heterogeneity and may have facilitated the 

proliferation of diverse macroinvertebrate taxa (Crame 2000) that was observed in sample 9B. 

Although, even with the removal of sample 9B, overall diversity on the uThukela shelf was 

relatively high (H’ = 2.90), ranging between 1.68 – 3.85 at the sampled stations. This 

macrobenthic community was found to be more diverse than the communities on the east coast 

of the tropical Reunion Island (maximum H’ = 2.5 – 2.8 at intermediate depths) (Bigot et al. 

2006) and on the subtropical northwest coast of India (H’ = 0.04 – 2.27) (Jayaraj et al. 2007), 
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but contained similar diversities to the benthic assemblages in subtropical Hong Kong that 

ranged between 1.36 – 3.07 (Shin et al. 2004). 

3.5.2.1. The effect of shelf position 

This study did not follow the typical patterns observed on most fluvially-dominated shelves of 

higher diversities at intermediate depths, as there was an increase in diversity values from the 

inner to outer-shelf but there were no significant differences between macrobenthic abundance, 

number of taxa, Shannon-Wiener diversity, Margalef’s richness, or Pielou’s evenness for 

different shelf positions (factors shelf zone, distance from shore, and distance from the 

uThukela Estuary mouth). Although univariate community indices were similar for all shelf 

positions, multivariate tests indicated that communities were significantly different, implying 

that specific taxa types were distributed according to varying local environments on the 

uThukela shelf. These were not distinctly according to shelf zones as there was an observed 

overlap of inner and mid-shelf stations during multivariate analyses. A reduction in marine 

penetration of the estuary plume, especially during the dry season when sampling occurred, 

could cause greater environmental stability (Zalmon et al. 2013) and is a possible reason for the 

similarity observed between stations at different shelf positions, especially on the inner and 

mid-shelf. Also, soft sediments and their associated community indices can be more affected 

on small rather than large scales (such as shelf zone) as many ecological processes operate at 

small scales, causing small-scale patchiness (Chapman et al. 2010).  

3.5.2.2. Macrobenthic community assemblages 

Cluster analysis identified groups of samples forming macrobenthic assemblages that were 

related according to community composition (Clarke and Gorley 2015). Assemblage I 

comprised fauna from the most shallow station (station 6) that was closest to terrestrial 

influence (shore and uThukela Estuary mouth). It was characterised by fine sand, with low 

TOC, containing the small deposit-feeding polychaetes Aphelochaeta filibranchia and 

Armandia leptocirris. This community had a small mean number of taxa and abundance, 

resulting in a low calculated richness and diversity but a high evenness. Assemblage III also 

consisted of inner-shelf samples from 12 of 15 inner-shelf stations sampled during this study. 

It was the largest (but least even) assemblage, containing mostly fine-grained sedimentary 

habitats that are characteristic of the inner uThukela shelf. This shelf section is influenced by 

longshore currents and much wave action, causing resuspension and redistribution of sediments 

with small grain sizes, resulting in fine-sediment dominance (Flemming 1981, Bosman et al. 
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2007). The absence of significant differences in both grain size and TOC between inner-shelf 

samples from 2008 and 2010 indicates a stable bottom habitat during this period. Notable of 

assemblage III was the inclusion of the least diverse station (station 33), which had a large 

abundance of the burrowing sandprawn B. gilchristi. Although the most abundant overall, B. 

gilchristi was not widespread and this finding resulted from an abundance of this organism 

collected at station 33. Balsscallichirus gilchristi inhabits subtidal sandy areas (Wooldridge and 

Coetzee 1988) and, unlike most uThukela shelf stations that are characteristically muddy, 

station 33 contained a high percentage of fine sand which could provide a suitable habitat for 

this species. Despite these high abundances, B. gilchristi was not among the main characterising 

taxa of assemblage III, and this group was distinguished by a variety of different organisms. 

These included the deposit-feeding Sipunculidae peanut worm, the scavenging crab X. cf. 

moebii, the carnivorous polychaete A. dibranchis and scaphopod A. longitrorsa, and the 

facultative deposit feeder O. fusiformis that shifts to suspension-feeding when food sources are 

altered. 

Assemblage II consisted of a single mid-shelf station (H4) that was positioned within the paleo-

channel that intersects the paleo-dune cordon on the uThukela mid-shelf (Green and MacKay 

2016). It was considerably less diverse and was only represented by one species, the polychaete 

A. dibranchis, which was the polychaete encountered most frequently in this uThukela shelf 

study and also comprised a large portion of the overall shelf abundance. This species is usually 

common in sandy mud habitats (World Register of Marine Species Editorial Board 2021), 

which were usual for the overall study site. Station H4, however, was one of the muddiest 

stations sampled, with very well-sorted sediments creating a homogeneous environment. 

Homogeneous environments are limited in potential niche spaces (Gray 1981), and very fine 

sediments often inhibit certain macrobenthic activities, so these areas only contain fauna that 

are tolerant of these conditions (Cocito et al. 1990). Therefore, both these characteristics limit 

organisms and reduce community diversity, and could be an explanation for the low mean 

number of taxa, abundance, and diversity observed for assemblage II. Although station H4 was 

very muddy, this was not the case for the other uThukela mid-shelf samples as these contained 

mostly coarse substrates. Assemblage IV comprised these remaining mid-shelf samples, along 

with the last inner-shelf samples, and was distinguished by medium to coarse sediments. These 

sediments that are seen to dominate the mid-shelf stations K3, J4, and I4 included in this 

assemblage, correspond with the position of the sub-continuous paleo-dune cordon that 

stretches subparallel to the coastline at 55 – 70 m (Flemming 1981, Flemming and Hay 1988, 
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Bosman et al. 2007, Green and MacKay 2016, MacKay et al. 2016). Coarse sediments are 

reported to contain little TOC as these environments are usually indicative of high energy, 

allowing only heavy particles to settle on the bottom and thus not including organic particulates 

(Pearson and Rosenberg 1978). This was shown to be true of cluster IV, as the sediments in this 

group contained lower levels of TOC. The sedimentary environment also contained a 

combination of sediment types, comprising the highest mean macrobenthic abundance and 

diversity, as well as the greatest mean number of taxa and calculated richness. High richness 

and diversity were also observed in medium grain-sized, heterogeneous sediments on the west 

coast of India (Jayaraj et al. 2008), and is expected for this habitat-type as heterogeneous 

sediments provide many potential niche spaces for a diverse range of macrofauna (Huston 1979, 

Gray 1981, Zalmon et al. 2013, Carvalho et al. 2017). Characterising taxa of assemblage IV 

included the amphipods Basuto stimpsoni and Byblis gaimardii, as well as the carnivorous L. 

aberrans, omnivorous O. eremita, and facultative deposit-feeding (that switches to suspension-

feeding) P. nirripa polychaetes. A relatively large proportion of the macrobenthic abundance 

for this group was attributed to Arthropoda, potentially due to the high abundance of 

Amphipoda observed at station K2. 

Assemblage V contained exclusively deep, muddy, outer-shelf samples. The poorly-sorted mud 

typical of this outer-shelf assemblage agrees with the uThukela shelf sediment distribution 

described by Bosman et al. (2007). This is an unusual finding for the KZN shelf edge as the 

scouring of the offshore sediments by the Agulhas Current usually results in gravel patches 

(Lutjeharms 2006b), but the uThukela shelf edge mud appears to be consolidated enough to not 

be eroded (Green and MacKay 2016). This group of samples contained the highest 

concentration of sediment TOC, which is typical of poorly-sorted muddy environments (Gray 

1981, Gray and Elliott 2009). It had the highest within-group similarity characterised by diverse 

taxa groups, including the deposit-feeding worms Sipunculidae and N. latericeus, the deposit-

feeding burrowing prawn Callianassa sp., the facultative deposit-feeding (that switches to 

suspension-feeding) bivalve Tellina sp., and the carnivorous polychaete L. microcephala that 

can facultatively switch to deposit-feeding. Mollusca, Sipuncula, and Cnidaria were relatively 

well represented in this group, while Arthropoda had comparatively poor representation.  

3.5.3. Relationship between macroinvertebrate variation and soft-sediment habitats 

Ecological studies require that the potential drivers of macroinvertebrate distribution patterns 

are defined (Akoumianaki et al. 2013). Broad-scale community distribution is not influenced 
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by just a single abiotic factor, but rather by an interaction of sedimentary and hydrographic 

parameters (Snelgrove 1999). For example, the benthos on the fluvially-influenced west coast 

of India was shown to be driven by the environmental variables sediment texture, depth, and 

dissolved oxygen (DO) (Jayaraj et al. 2008). A similar combination of variables was observed 

in this study, with the BIO-ENV procedure identifying the physico-chemical parameters DO, 

depth, salinity, and the sediment composition (mud, coarse sand, and medium sand), as most 

correlated to macrobenthic patterns. However, the parameters mud and median grain size had 

a similar relationship with benthic distribution patterns due to the dominance of mud on the 

uThukela shelf.  

Many studies show that macrofauna patterns are related to depth (Karakassis and Eleftheriou 

1997, Ellingsen 2002, Zalmon et al. 2013) and shelf zonation patterns, and these changes seem 

characteristic of shallow-water benthic communities (Clarke and Warwick 2001, Raja et al. 

2014). However, the environmental changes that occur with depth are likely the reason for this 

observed depth effect (McArthur et al. 2010), as seen by the decrease in DO with increasing 

depth in the study on the southeast coast of India (Raja et al. 2014), and the decrease in 

temperature and DO with increasing depth in the study on the fluvially-dependent western 

Indian shelf (Joydas and Damodaran 2009). The 2008 environmental measurements used 

during this study were only for the inshore uThukela Bank, and there was very little change in 

depth, so the finding that depth did not affect temperature and salinity was expected. However, 

in 2010 where measurements were taken for the inner, mid, and outer-shelf, the parameters 

temperature, salinity, and DO decreased with increasing depth, and values were significantly 

reduced on the outer-shelf. Dissolved oxygen was the most correlated variable during this study 

and the Raja et al. (2014) study, and the reduced measurements with increasing depth were 

expected due to the natural decrease in oxygen saturation with depth and less mixing of offshore 

waters by wind and wave energy (Dutertre et al. 2013). Alternatively, the findings of higher 

salinity measurements closer inshore and lower salinities further offshore were unexpected as 

there is usually a large freshwater input to the shelf from the uThukela Estuary (De Lecea and 

Cooper 2016). However, river flow is typically reduced during the dry season and could result 

in higher salinities on the shelf (MacKay et al. 2016), as was observed during this study. The 

lower salinities nearer the shelf edge could be due to the widening of the shelf in the uThukela 

region, causing the Agulhas Current to be displaced further offshore and resulting in divergent 

upwelling that transports cooler, less saline water from the depths of the Agulhas Current onto 

the shelf (Roberts et al. 2010). 
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Water movement also influences sediment composition that directly affects the movement and 

feeding behaviour of macrobenthos, and also indirectly affects fauna by impacting other 

environmental variables that are important for survival, such as oxygen and food supplies 

(Pearson and Rosenberg 1978, Gray and Elliott 2009). Sediment types appear among the key 

determinants of biotic distribution in multiple benthic studies worldwide, including those on 

fluvially-dependent shelves (Jayaraj et al. 2008, Zalmon et al. 2013). These shelves are typically 

muddy due to the fine-grained sediment that is transported by rivers to the coast (Lutjeharms 

2006b), and the findings of this study agreed with this trend as the uThukela shelf contained 

mostly mud. Fine sediments, especially those on fluvially-influenced shelves, are expected to 

contain increased organic content (Salen-Picard et al. 2002, Gray and Elliott 2009). Only a 

medium sediment TOC concentration was measured for the study site, but increased with 

increasing depth, having the highest measurements recorded on the outer-shelf. This 

corresponds with the findings of the Indian west coast study, where shelf edge sediments 

contained more TOC than nearshore sediments (Joydas and Damodaran 2009). Although there 

was a positive (weak) relationship between median grain size and TOC in this uThukela shelf 

study, and median grain size influenced benthic distribution, TOC was not shown to be directly 

correlated to biota. Organic content is usually considered a primary cause of macrobenthic 

community change (Pearson and Rosenberg 1978), and the lack of correlation between biota 

and TOC could indicate that the interaction is not necessarily non-existent but merely more 

complicated (e.g. through feeding preferences, see Chapter 4). 

3.5.4. Habitat heterogeneity influences biotic assemblages 

Due to the relationship between biota and their environments, it is expected that changes in 

abiotic parameters within a marine environment will alter macrobenthic community 

compositions (Gray and Elliott 2009). Changes in environmental variables at various scales 

result in habitat heterogeneity, and this is the reason for the numerous benthic assemblages 

(with distinct fauna compositions) observed on a continental shelf (McClain and Barry 2010). 

Communities occurring on the deep outer uThukela shelf were characterised by reduced levels 

of DO. These conditions were correlated to diverse taxa types, including the facultative deposit-

feeding (that switches to suspension-feeding) brittle star A. cribriformis that has been 

previously recorded on the outer-shelf (86 – 200 m) in south-east Africa (Olbers et al. 2015), 

as well as the deposit-feeding polychaetes Euclymeninae sp. and N. latericeus. Maurer and 

Leathem (1980) also found that N. latericeus favoured this environment as they observed an 
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increase in densities of this polychaete with increasing depth and decreasing oxygen on Georges 

Bank, USA. This deep, less oxygenated environment was also preferred by a few carnivores 

(Synelmis sp., and Sthenelais sp.) and facultative carnivores (L. microcephala), as well as some 

facultative deposit feeders that shift to suspension-feeding when conditions do not allow for 

optimal organic deposition (Tellina sp. and Prionospio saldanha).  

The two remaining groups consisted of the shallower stations with increased DO that correlated 

with more facultative-feeding organisms. One group containing mostly mid-shelf stations and 

a few inner-shelf stations (assemblage IV, as well as station J2) was characterised by high 

percentages of medium to coarse sand that favoured diverse taxa. Among these were the wide-

ranging, tubicolous, facultative deposit-feeding amphipod Byblis gaimardii, and carnivorous 

amphipod Basuto stimpsoni, as well as the polychaetes that included carnivores (L. aberrans), 

facultative carnivores that switch to deposit-feeding (N. capensis), and facultative deposit 

feeders that switch to suspension-feeding (P. nirripa) when food sources change. The group 

containing the remaining inner-shelf stations and station H4 comprised muddy samples with 

increased salinity and DO, correlating with the carnivores Aglaophamus dibranchis and Antalis 

longitrorsa. 

Other abiotic and biotic factors not considered for this study may also contribute to macrofauna 

distributions on the uThukela shelf. For example, ecosystem engineers that dig burrows (e.g. 

Callichirus prawns) and form biogenic structures (e.g. polychaete and amphipod tubes) can 

influence community composition by altering their local sedimentary and hydrodynamic 

environment to the benefit or detriment of other macrofauna (Reise 2002, Passarelli et al. 2012). 

Productivity, predation, and direct and indirect competition can also affect benthic diversity 

(Huston 1979), with the high frequency and abundance of carnivores among the uThukela shelf 

macrobenthos indicating that this may contribute to the biotic patterns observed. Biotic factors 

were not analysed in this study, but Chapter 4 does provide insight into the biotic functioning 

of the uThukela shelf. 

3.6. Conclusion 

This study section provided an understanding of the macrobenthic community composition on 

the uThukela shelf and some of the environmental factors responsible for this observed structure 

and distribution. The study site contained a high percentage of unique taxa, and Polychaeta 

dominated numbers of taxa and abundances due to their vast distribution in various habitat 
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types. Numbers of benthic taxa, abundances, diversity, richness, and evenness did not differ 

based on shelf position, but multivariate analyses revealed that there were differences attributed 

to actual taxa that showed correlations to specific environmental conditions. 

Sediment composition varied across the shelf, resulting in heterogeneous habitat types. While 

the inner and outer-shelf corresponded mostly with the typically muddy environment expected 

off a fluvially-dominated estuary, the mid-shelf comprised coarser sediments, owing to the 

paleo-dune that is known to occur in this region. Near-bottom water parameters also varied on 

the shelf, with temperature, salinity, and DO declining with increasing depth. These variables, 

along with sediment TOC, were significantly different on the outer uThukela shelf. The 

variation in local environmental conditions resulted in five unique macrobenthic assemblages 

that were mostly correlated to the combination of depth, DO, salinity, mud, coarse sand, and 

medium sand. The significant difference observed for the outer-shelf environment was reflected 

in the macrofauna samples forming a distinct assemblage. However, the inner and mid-shelf 

samples did not separate into their respective shelf zones in terms of unique assemblages, 

possibly due to the greater environmental stability that potentially exists in the dry season with 

the reduction in river input to the coastal region. This was also seen by the atypical salinity 

gradient of more saline water on the shelf and less saline conditions at the shelf edge. The inner 

and mid-shelf macrofauna samples instead formed four assemblages: two contained just a single 

station, and the other two separated into a fine-grained assemblage and a medium-coarse-

grained assemblage. Therefore, the a priori separation of samples into shelf zones appears 

artificial and is not advisable as a determinant of macrobenthic community composition for this 

area, as this does not appear to be the factor most influencing distribution. This factor was, 

however, still used in Chapter 4 and Chapter 5 of this dissertation for comparisons with other 

benthic studies.  

This chapter provides further insight into the macrobenthic community structure and 

distribution on the uThukela shelf at finer spatial scales than the recent ACEP KZN Bight 

studies (MacKay et al. 2016, Untiedt and MacKay 2016, Maduna 2017). These findings confirm 

previous indications that the uThukela shelf has a structurally diverse and unique macrobenthic 

community and assists in filling the knowledge gaps that exist for the macrofauna in this region. 

Ultimately, this contributes towards building a record of baseline information for the uThukela 

MPA, that will assist in all aspects of conservation, protection, and management of the area. 
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CHAPTER 4. FUNCTIONAL DIVERSITY PATTERNS OF THE UTHUKELA 

SHELF MACROBENTHOS 

4.1. Overview 

This chapter follows on from the taxonomic analysis of the uThukela shelf macrofauna in 

Chapter 3, by exploring the community functions. Functional analysis is important as it explains 

how a shift in the taxonomic composition may affect the ecological processes that the 

macrofauna community provides. The newly promulgated uThukela Marine Protected Area 

(MPA) aims to protect the benthic ecological processes and this focussed study contributes to 

the baseline information by providing a better understanding of the macrofauna community 

traits. Biological Traits Analysis (BTA) revealed that the community of the uThukela shelf is 

functionally diverse and mostly represented by traits that imply community resilience. No 

spatial differences were observed for community traits, and the entire uThukela shelf 

community was found to have a high level of functional redundancy, implying that the 

macrofauna community is relatively stable and resilient during natural environmental 

fluctuations. Taxa have potentially adapted to the large inputs of sediment and detritus to the 

shelf and the high environmental variability off the fluvially-dominated uThukela Estuary. The 

reliance of the community functioning on terrestrial inputs emphasises the importance of the 

uThukela MPA in protecting the link between the estuary and the ocean. The similarity in traits 

across the shelf resulted in a weak relationship between traits and measured environmental 

parameters, but salinity and fine sand mostly correlated with the variance in community traits 

that did exist.   

4.2. Introduction 

The uThukela MPA aims to protect the ecological processes associated with the interconnecting 

coastal and offshore benthic ecosystems (Republic of South Africa Government Gazette 2019). 

However, the functioning of a system is not explained by taxa composition but by the traits of 

individuals, the distributions and abundances of these organisms, and their biological 

behaviours (Naeem and Wright 2003). Traits analysis identifies the ecological processes 

provided by particular taxa in the community (Miatta et al. 2021) and emphasises the need for 

adequate baseline information on both macrofauna composition and traits (Bremner 2008, Frid 

et al. 2008). The recent African Coelacanth Ecosystem Programme (ACEP) Natal Bight 

(Untiedt and MacKay 2016) and ACEP Surrogacy (Maduna 2017) projects supplied 

foundational information on the functioning of the uThukela shelf macrobenthic community. 
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This study expands on these findings and contributes toward a baseline database for the 

uThukela shelf before formal protection.  

A trait refers to a specific biological characteristic of a species in a given system, that affects 

the performance of this organism in relation to ecosystem properties and processes (Naeem and 

Wright 2003, Jax 2005). Functional analysis uses the concept that only certain species will be 

able to prevail under a given set of environmental conditions, as they have evolved biological 

and behavioural characteristics that permit them to exploit the specific combination of resources 

present in their habitats (Legendre et al. 1997, Bremner 2008, Sigala et al. 2012, Beauchard et 

al. 2017). “Effect traits” contribute to the ecosystem function being measured (Naeem and 

Wright 2003), integrating the connection between how organisms utilise resources and modify 

trophic webs, as well as their habitat preferences and influence on environmental processes 

(Bremner et al. 2003, Petchey and Gaston 2006, Gray and Elliott 2009, Kaminsky et al. 2018). 

Macrofauna contribute to ecosystem processes by secondary production, carbon and nutrient 

cycling, habitat creation, bioturbation and irrigation, and sediment stability (Snelgrove 1997, 

Reise 2002, Sigala et al. 2012). This implies that a shift in benthic diversity could potentially 

impact the entire ecosystem (Pratt et al. 2014). The overlap of traits between different taxa 

(representing the potential for functional redundancy) predicts how a shift in diversity and 

potential species loss could affect system functioning, with a high functional redundancy 

expected to increase ecosystem stability and resilience (Hewitt et al. 2008). 

Biological Traits Analysis is an analytical method that considers multiple variables to describe 

the ecological functioning of benthic assemblages, indicating links between fauna and their 

environments (Bremner et al. 2006, Pacheco et al. 2011, Miatta et al. 2021). Biological traits 

act as indicators of ecosystem functioning (Pacheco et al. 2011, Miatta et al. 2021), reflecting 

the morphology, life history, and behaviour characteristics of the taxa present in the system 

(Bremner et al. 2006, Paganelli et al. 2012, Kaminsky et al. 2018). Traits mask the taxonomic 

differences among communities to reveal their functional differences (Beauchard et al. 2017). 

Biological Traits Analysis has proven more useful than simply considering the relative taxon 

composition (which indirectly addresses functioning) or trophic group approaches, as although 

it includes information on the macrofauna trophic groups, it encompasses a wider range of trait 

information (Bremner et al. 2003). Traits are usually split into those that are biological (e.g. life 

history) and those that are ecological (e.g. mobility, skeleton, trophic group) (Costello et al. 

2015). The use of multiple indicators results in a good guideline of overall system functioning 
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and how functioning may respond to environmental changes (Pacheco et al. 2011). It, therefore, 

has the potential to identify subtle differences between samples and provide information on the 

mechanisms structuring benthic communities (Paganelli et al. 2012).  

4.2.1. Aims, objectives, and hypotheses 

This chapter aimed to explore the biological traits characterising the uThukela shelf 

macrofauna, and determine the potential relationships that exist between these traits and the 

measured environmental parameters of the study area. The potential influence of shelf position 

(shelf zone, distance from shore, and distance from the uThukela Estuary mouth) was also 

considered. 

Objectives: 

4.1. To determine the biological traits and functional diversities of the uThukela shelf 

macrobenthic communities. 

4.2. To determine if there is a significant difference in functional diversity and biological traits 

of the macrobenthic communities present at different shelf positions. 

4.3. To relate measured abiotic variables to the uThukela shelf macrobenthic assemblage traits 

to determine the extent to which these environmental conditions affect trait patterns. 

4.4. To relate taxonomic and functional assemblages. 

Hypotheses: 

H01: There are no significant differences between biological traits of macroinvertebrate 

communities at different uThukela shelf positions. 

H02: There are no significant differences between functional diversities of macroinvertebrate 

communities at different uThukela shelf positions. 

H03: There is no significant relationship between abiotic parameters measured during this study 

and the patterns in the biological traits of the uThukela shelf macroinvertebrate 

communities. 

H04: There is no relationship between taxonomic and functional assemblages. 
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4.3. Materials and methods 

The study site description (with associated map), general sampling and laboratory procedures, 

as well as general data analyses, were presented in Chapter 2 of this dissertation. Sampling 

occurred during the dry (winter) season on the inner (IS: 0 – 50 m), mid (MS: 50 – 80 m), and 

outer (OS: 80 – 130 m) uThukela shelf in August 2010 and on the inner-shelf in August 2008 

(Figure 4.1). Specific methods relating to this chapter are presented further. 

 

Figure 4.1. Study site depicting sampled stations on the inner (0 – 50 m), mid (50 – 80 m), 

and outer (80 – 130 m) uThukela shelf. Refer also to Figure 2.1 for regional context. 

4.3.1. Biological Traits Analysis (BTA) 

Macrobenthos were classified according to their functional groups using BTA. The initial step 

in BTA is to identify suitable traits for the ecosystem being studied (Bremner 2008). Ten 

biological traits were considered for the uThukela shelf system, reflecting morphology (support 

structure), adult behaviour (level of mobility, movement type, life habit, bioturbation), adult 

feeding ecology (diet, feeding mode), and life history (sexual differentiation, reproductive 

technique, larval development) (Table 4.1). The choice of biological traits, and subsequent 

divisions into relevant categories, was based on trait importance to ecosystem functioning and 

the availability of trait information for the taxa being studied (Veríssimo et al. 2012). This was 

determined using several marine studies and databases (Bremner et al. 2006, Tyler et al. 2012, 
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The possible influence of shelf position (shelf zone, distance from the shore, and distance from 

the uThukela Estuary mouth) on BTA was investigated using PERMANOVA (Pseudo-F). A 

Bray-Curtis (B-C) similarity matrix, based on a square-root transformation of the abundance-

weighted traits-by-sample matrix, was subsequently subjected to ordination by nMDS (method 

explained in Chapter 2). Distributions did not form distinct explanatory groups in terms of shelf 

position, so further distribution or distance-type analyses were not undertaken. However, the 

similarity percentages (SIMPER) analysis was performed to determine trait categories 

responsible for the functional assemblages identified by nMDS. This analysis was also used for 

the predefined taxonomic assemblages in Chapter 3 to provide better insight into the trait 

categories characterising assemblages that were based on shelf position.  

4.3.2.2. Relationship between biological traits and environmental parameters 

The RELATE procedure was used to investigate the relationship between BTA and 

environmental variables. The BIO-ENV analysis, using the BEST procedure, identified the 

environmental variables that best correlated with the distribution of traits on the uThukela shelf. 

This was also employed to test the main drivers of individual traits and trait groups 

(morphology, adult behaviour, adult feeding ecology, life history). The variables identified as 

best correlating with the entire community distribution were then included in a Canonical 

Correspondence Analysis (CCA) using PAST v3.25 (Chapter 2). 

4.4. Results 

4.4.1. Macroinvertebrate community functioning 

4.4.1.1. Data overview 

Although there were 575 gaps in the overall biological traits (BT) dataset, there was still 88% 

data completeness. Information on the “support structure” of species was the most available BT 

data (almost 100% of taxa), contrasting with the reproduction information which had the most 

gaps, as “larval development” and “reproductive technique” had 73% and 75% of BT data 

complete, respectively. 

One taxon (Mollusca sp.1) had no information available for biological traits, and many others 

had information available for only one or two traits. Most of these taxa were classified to a high 

taxonomic level (above family), so it was expected that there would be limited information 
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available, as traits were not inferred if multiple categories were exhibited by individuals within 

these groups. A total of 249 taxa (55%) had complete traits datasets, with information available 

for every trait. 

4.4.1.2. Distribution of community traits 

Number of trait categories 

There were 31 – 42 categories represented per station (Figure 4.2) out of a possible 43. No 

station represented all 43 categories, but stations 9, 35, 23, K3, and H6 represented over 40 

categories each (Figure 4.2). Stations 6, 15, and H4 represented the least number of biological 

trait categories (Sbt < 35 categories; Figure 4.2), which corresponded to the lowest number of 

taxa observed during taxonomic analysis (Chapter 3). 

 

Figure 4.2. Mean number of macrobenthic trait categories (Sbt ± SD) expressed at each station 

sampled on the uThukela shelf. 

Dominant traits 

The uThukela shelf communities were mostly dominated by soft-bodied macroinvertebrates 

(S1), although fauna with hard calcareous skeletons (S2) were also present in great abundances 

(Figure 4.3a). Macrofauna were generally free-living (H1), but tubicolous taxa (H2) were also 

abundant and mostly capable of leaving their tubes to relocate when disturbed. Taxa had low 

mobility (Mob2) and most moved by crawling over the sediment surface (Mov3), although 

burrowing through the sediment (Mov2) was also common (Figure 4.3b-d). Many organisms 

in this study exhibited more than one type of movement (e.g. could both crawl on and burrow 

Inner shelf Midshelf Outer shelf 
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through the sediment). These activities resulted in the continuous movement of sediment mostly 

by biodiffusors (B2) and surficial modifiers (B4) (Figure 4.3e). The uThukela shelf macrofauna 

were predominantly gonochoristic (SD1), with sexual reproduction by broadcast spawning (R2) 

and brooding (eggs carried on animal or laid in gelatinous mass) (R3) (Figure 4.3h-i). Broadcast 

spawning with mostly planktotrophic larval development (L1) was dominant on the outer and 

inner-shelf (although brooding being largely dominant at stations 28, 33, and K2), and brooding 

with direct development (L3) dominated the mid-shelf (Figure 4.3i-j). The uThukela shelf 

macrobenthos showed a diverse range of feeding modes but were predominantly characterised 

as suspension (F1) and surface deposit-feeding (F2) detritivores (D4) (Figure 4.3f-g), with a 

dependence on particulate organic matter (POM). High abundances of predators (F4), but very 

few parasites (F6) and grazers (F7), were also observed in the region (Figure 4.3.f-g). 

Carnivores (D1) were found in the greatest proportions on the mid-shelf (due to dominance at 

stations J4 and H4), although this region was dominated by suspension-feeding detritivores 

(Figure 4.3f-g). Surface deposit-feeding was the main mode of food acquisition on the outer-

shelf, while on the inner-shelf a combination of suspension and surface deposit-feeding 

predominated (Figure 4.3f-g). Although fuzzy coding revealed these feeding modes as 

dominant on the uThukela shelf, many of the taxa present exhibited more than one of these 

strictly-defined feeding modes and are known as facultative feeders, capable of shifting feeding 

behaviours depending on environmental conditions (Macdonald et al. 2012). These slight 

differences observed between community trait composition in the different shelf zones were 

not significant when considering the communities in their entireties (Pseudo-F = 2.137, df = 

67, p = 0.059).  
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Functional diversity and redundancy 

Mean Margalef’s richness (dbt) varied from 3.79 ± 0.17 (station J4) to 5.62 ± 0.90 (station 6) 

and there was no dominance of specific traits, with mean evenness (J’bt) ranging between 0.84 

± 0.04 (station 28) and 0.91 ± 0.04 (station J4) (Figure 4.4b-c). Mean Shannon-Wiener diversity 

(H’bt) was high across stations for the traits analysis, ranging between 2.92 ± 0.25 (station H4) 

and 3.32 ± 0.04 (station 35) (Figure 4.4a). Functional diversity did not respond to the distance 

gradients from the shore (G = 0.006, p = 0.939) or from the uThukela Estuary mouth (G = 

0.005, p = 0.943), and neither functional richness or functional evenness were related to these 

distance gradients (FR shore: G = 0.056, p = 0.813; uThukela Estuary mouth: G = 0.055, p = 

0.814. FE shore: G = 0.001, p = 0.978; uThukela Estuary mouth: G = 0.001, p = 0.979). 

Taxonomic and functional diversities had a significantly positive relationship (r = 0.586, p = 

0.003). 

 

 

 

Figure 4.4. (a) Mean functional diversity (H’bt ± SD), (b) richness (dbt ± SD), and (c) 

evenness (J’bt ± SD) for stations on the inner, mid, and outer uThukela shelf. 
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by the sedimentary parameters mud and fine sand, while the second axis separated samples 

according to the variables sorting and salinity, explaining 30% of the variation (Figure 4.6, 

Table 4.6). Samples were not widely spread, showing the high similarity that existed between 

them.  

When considering trait groupings, the BEST test revealed similar results to the findings 

regarding the entire community. Morphology (support structure), adult behaviour (level of 

mobility, movement type, living habit, bioturbation), adult feeding ecology (diet, feeding 

mode), and life history (sexual differentiation, reproductive technique, larval development) 

were all mostly correlated to the same four environmental variables: salinity, fine sand, mud, 

and sorting (Table 4.5). The single variable most related to these trait groups was also fine sand. 

However, when individual traits were considered, it was found that there were a few exceptions 

to fine sand being the most correlated environmental variable as living habit, feeding mode, and 

adult mobility were mostly associated with salinity, diet was mostly affected by depth, and 

larval development by mud. 
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the uThukela shelf taxa. This was an important attempt at contributing to the biological traits 

inventory and understanding of the benthic community functioning, yet only just over half 

(55%) of the taxa sampled during this study had complete datasets, which indicates that further 

focus is needed in this field. 

4.5.1. Functional diversity and community resilience 

High functional diversity and evenness were observed for the uThukela shelf macroinvertebrate 

community during this study. High diversity indicates that macrofauna in this region belong to 

a variety of functional groups (Akoumianaki et al. 2013), and there is great potential for 

interactions between functions, thus increasing ecosystem functionality (Hewitt et al. 2008). 

Functional diversity of the macrofauna communities did not change according to the spatial 

gradients of distance from the uThukela Estuary mouth and distance from the shore. This was 

in contrast to the macrobenthic study along the Emilia-Romagna coastline in the North-West 

Adriatic Sea, Italy, where functional diversity increased with distance from the Po River delta, 

suggesting that fluvial input had a detrimental effect on community functioning (Paganelli et 

al. 2012). The absence of functional differences between uThukela shelf positions during this 

study may be explained by the land-sea connection between the uThukela Estuary and the shelf 

edge (De Lecea et al. 2013, Scharler et al. 2016b). High functional evenness suggests that taxa 

have effectively utilised available resources across the shelf (Mason et al. 2005, Hewitt et al. 

2008) or that the chosen traits are less sensitive to the inter-habitat differences in supporting 

different assemblages. The weak relationship between taxonomic and functional diversities 

implies that many of the species in this community exhibit similar traits (i.e. they are redundant) 

(Naeem and Wright 2003). Redundancy ensures the stability and resilience of the uThukela 

shelf community and may protect against the complete loss of a function where natural river 

flow may affect specific species (Hewitt et al. 2008, Miatta et al. 2021).  

4.5.2. Distribution in biological traits of the uThukela shelf macrobenthic communities 

Differences in biological traits between stations were most apparent for stations 6 and H4, while 

most of the other stations showed high similarity. These differences were driven by 

dissimilarities in the numbers and abundances of taxa, instead of the presence/absence of traits, 

indicating the significance of altering community numbers in influencing the traits composition 

of an area (Hewitt et al. 2008).  
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As expected by the abundance of Polychaeta on the uThukela shelf (Chapter 3), soft-bodied 

macroinvertebrates (with hydrostatic skeletons) were dominant during this study. Hard-bodied 

invertebrates have internal or external skeletons that are a better defence against predators, and 

also have more controlled and often quicker movements (Brusca and Brusca 2003). However, 

they form their support structures using biominerals, such as carbonates (Brusca and Brusca 

2003), which may be affected by environmental shifts and disturbances (e.g. ocean 

acidification) (Costello et al. 2015). Organisms with hydrostatic skeletons are more resistant to 

these threats as they have flexible body shapes and movements, and have higher resilience to 

external impacts (Brusca and Brusca 2003). 

Food composition is a limiting resource that creates competition among organisms, allowing 

the occupation of many non-overlapping niches (Levinton 1972). Various feeding modes were 

observed during this study and indicated diverse food sources on the uThukela shelf (Sigala et 

al. 2012), but the apparent dominance of detritivores indicated that the most important of these 

was POM that is mostly imported from the uThukela Estuary (Ayers and Scharler 2011, De 

Lecea et al. 2016, Scharler et al. 2016b). This dominance agreed with the general trend that 

suspension and deposit feeders are the most common among benthic communities (Rhoads and 

Young 1970, Snelgrove 1997, Snelgrove 1998, Macdonald et al. 2012), but this community 

also contained a noteworthy portion of carnivores. Suspension feeders in the Macdonald et al. 

(2012) study were found to also deposit feed, allowing greater distribution of suspension-

feeding taxa. Most of the suspension and deposit-feeding detritivores encountered during this 

study were also able to alternate between the two major feeding modes, therefore agreeing with 

the findings by Untiedt and MacKay (2016) that interface feeding (utilising deposit and 

suspension-feeding interchangeably) and carnivory dominated the uThukela shelf. Facultative 

feeding during a shift in environmental conditions and food availability (Macdonald et al. 2012) 

is particularly beneficial on the uThukela shelf with fluctuating hydrodynamics and food supply 

(Jumars et al. 2015). This adjustment in feeding behaviour enhances community resilience, as 

macrofauna cannot relocate over large distances when resources are altered, so must be flexible 

to changes in food supply to survive these habitat changes (Levinton 1972, Pearson and 

Rosenberg 1978, Macdonald et al. 2012). The large abundance of detritivores does, however, 

indicate the reliance of the community on the uThukela River and even with the ability to shift 

behaviours with changing environmental conditions, there is a need for significant input of 

organic matter to the shelf. The primary consumers, i.e. herbivores and detritus feeders, also 

comprised the major portion of the benthic community in Buzzards Bay in the Sanders (1958) 
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study, with suspension feeders making up the majority of fauna in sandy sediments, while 

deposit-feeders dominated the community in finer sediments. Similar patterns were found for 

the uThukela shelf, with the sandy mid-shelf dominated by suspension feeders, the poorly-

sorted outer-shelf mud dominated by deposit feeders, and the relatively well-sorted muddy-

sand inner-shelf shared dominance of suspension and deposit feeders. Deposit feeders are 

known to thrive in muddy regions with an abundant supply of organic matter (Rhoads and 

Young 1970), and are relatively tolerant to different environments and environmental changes 

(Sigala et al. 2012). Through their feeding behaviours, deposit feeders affect the structure of 

the substratum (Levinton 1972) and play a vital ecological role in sediment turnover by 

removing organic matter from an area and preventing the subsequent depletion of oxygen by 

bacterial decomposition (Brusca and Brusca 2003). The particles of muddy bottoms, however, 

are frequently reworked and this is often detrimental to suspension-feeding fauna as their 

feeding structures are often clogged and feeding is inhibited (Rhoads and Young 1970, Brusca 

and Brusca 2003). It is due to this, and the need for attachment sites, that infaunal suspension 

feeders usually reach their maximum abundances in coarse sediments (Levinton 1972, 

Macdonald et al. 2012). This mid-shelf habitat also contained the highest proportion of 

carnivores due to sandy sediments providing a range of suitable accumulation sites for potential 

prey in the interstitial spaces between grains (Muniz and Pires 1999). The increase in this 

feeding mode further away from the shore suggests that these macrofauna benefit from food 

resources not directly linked to land inputs (Akoumianaki et al. 2013).  

Although crawling was the dominant form of movement on the uThukela shelf, burrowing 

through the sediment was also common, with many organisms capable of both forms. 

Consequently, most organisms found in this study were involved in the bioturbation of the shelf 

sediments. Bioturbators assist in sediment oxygenation and increase the ventilation of produced 

compounds deeper into the sediment, potentially altering the rates and pathways of organic 

matter mineralisation and the overall recycling of materials between the benthic and pelagic 

realms (Norling et al. 2007, Manokaran et al. 2013, McGovern et al. 2020). Tube and burrow-

builders are also involved in the modification of the bottom environment, affecting 

remineralisation processes, altering local hydrodynamics, and providing habitats to other 

organisms (Pacheco et al. 2011, Passarelli et al. 2012). While these were not the main habits 

expressed on the uThukela shelf (organisms were mostly free-living), tube-building was 

relatively common. These aforementioned traits that characterise macrofaunal behaviour in this 

region reflect the species’ capability of habitat modification through their activities, providing 
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significant insights into the ecosystem functioning of the uThukela shelf (Pacheco et al. 2011). 

Due to complex interactions that exist in an ecosystem, by modifying sediment properties and 

altering resources available to other organisms, habitat engineers can influence functioning via 

other biological components of the system (Pratt et al. 2014). 

Life-history traits influence community structure, determining long-term patterns of abundance 

(Giangrande et al. 1994). Sexual reproduction is energetically costly but is still the characteristic 

method utilised by multicellular organisms (Brusca and Brusca 2003), as observed in the 

uThukela shelf macrobenthic community. It is thought that the genetic variation that results 

from the sexual exchange between individuals is beneficial as it allows species to adapt to 

environmental fluctuations, such as shifts in the physical environment or changes in biological 

interactions with predators, prey, competitors, and parasites (Brusca and Brusca 2003). The 

macrofauna of the inner uThukela shelf mainly reproduced using free-spawning and had 

planktotrophic larval development. This reproductive strategy is the most widely distributed 

among macroinvertebrates in shallow tropical and temperate seas (Giangrande et al. 1994, 

Brusca and Brusca 2003) and is relatively simple and inexpensive, with the only reproductive 

energy required from the adult being in the production of gametes, as after this there is no 

parental care (Brusca and Brusca 2003). The larvae feed on material suspended in the water 

column and resultantly can survive extended periods as part of the plankton (Giangrande et al. 

1994, Brusca and Brusca 2003). Many species can also prolong the larval period until suitable 

settlement conditions are encountered, which has obvious advantages for post-larval survival 

(Brusca and Brusca 2003) and wider regional and geographical distributions (Giangrande et al. 

1994, Brusca and Brusca 2003). The elimination of local populations during a disturbance is 

therefore not likely to cause the extinction of the entire species, as these vast dispersal 

techniques indicate that larvae can recolonise from other populations (McHugh and Fong 2002). 

The dominance of taxa exhibiting planktotrophy, therefore, indicates that the uThukela inner-

shelf is an area that consists of highly variable environments, whereby populations can be 

maintained during fluctuating conditions (McHugh and Fong 2002). However, the mid-shelf 

community (and subsequently assemblage IV from Chapter 3) contained mostly brooders with 

direct development/benthic larvae. The greater abundances of Arthropoda associated with the 

coarser sediments in this region (Chapter 3) were mostly responsible for this observed 

dominance. Brooding with direct development requires parental care and is more energy 

expensive than spawning, resulting in fewer embryos but with higher survival rates (Brusca and 

Brusca 2003). Taxa exhibiting these traits tend to have narrower area ranges than taxa with 
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planktotrophic development, and consequently, there is a greater risk of local extinctions 

threatening the entire population (McHugh and Fong 2002).  

Although biological traits are discussed individually, the sensitivity of a single taxon, and the 

resulting community, should not be determined by a single trait, as traits are often coupled to 

determine resilience (e.g. sessile organisms are sensitive to disturbance but may have a pelagic 

larval stage that aids in dispersal and assists in recovery of the population) (Beauchard et al. 

2017). Therefore, complex combinations should be considered in determining the species’ 

ability to survive specific conditions: some species are adapted to physical stress and 

disturbance, while others from stable environments may be more adapted to biotic interactions 

(Beauchard et al. 2017). The uThukela shelf macrofauna are likely from the former species 

group, having adapted similar traits to survive the fluctuating river flow and thus POM and 

sediment supply off a fluvially-dominated estuary (van Niekerk et al. 2020). This functional 

redundancy and the lack of distinct assemblages according to shelf position resulted in a weak 

association between the taxa traits and environmental parameters measured during this study, 

but the combination of salinity and fine sand was mostly correlated to the community traits 

distribution. This relationship was even more weak than the correlation between the measured 

environmental parameters and taxa composition. 

Traits analysis provides an understanding of the relationships between species and their 

environments and can predict changes in ecological processes that the community performs 

(Bremner 2008, Miatta et al. 2021). It is an important component in MPA studies as 

understanding this relationship allows the maintenance of important habitats required for 

certain trait types and functions (Bremner 2008, Frid et al. 2008) and can identify resilience in 

natural systems (Miatta et al. 2021). This study provided an insight into the interactions and 

functioning of the benthic system within the newly promulgated uThukela MPA. Although the 

findings presented here do not fully measure the entire gambit of uThukela ecosystem 

functioning as this is made up of many physical, chemical, and biological components, it does 

assist in identifying important ecological processes supplied by the macrobenthic community 

and contributes to the baseline macrofauna traits information for the region. The results 

indicated that the macrobenthic community functioning relies on the freshwater, POM, and 

sediment input from the uThukela Estuary and emphasises the importance of the uThukela 

MPA in protecting the riverine outflow that supplies these nutrients and sediments to the coast 

(Republic of South Africa Government Gazette 2019). These results can further be used in MPA 
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management and monitoring by providing macrobenthic system reference states to predict and 

analyse future changes and to evaluate the success of management actions (Bremner 2008, 

Veríssimo et al. 2012).  

4.6. Conclusion 

This section provided information on the functioning of the uThukela shelf macroinvertebrate 

community. The community was defined as mostly soft-bodied, free-living, facultative 

detritivores. These traits, along with high functional diversity, evenness, and redundancy on the 

shelf implies that the community is relatively stable and resilient to fluctuating environmental 

conditions. This is particularly important for the benthic community of the uThukela shelf due 

to the frequent variation in river hydrodynamics and thus food supply in this region. Although 

there were no significant differences between macrofauna communities at different shelf 

positions, the mid-shelf community was observed to be slightly different from the inner and 

outer-shelf communities, and the reproductive traits were particularly noteworthy. The inner 

and outer-shelf communities had mostly broadcast spawners with planktotrophic larval 

development, but the mid-shelf community was dominated by brooders with direct 

development. This difference could be attributed to the abundance of amphipods in the coarser 

sediments of the mid-shelf that coincided with the positioning of the uThukela paleo-dune. 

There were no distinct functional assemblages formed due to the high similarity in traits 

exhibited by the taxa, and consequently, the environmental parameters measured during this 

study did not strongly relate to the variance in biological traits expressed by the macrobenthic 

community.  

The results presented in this chapter provide vital insights into the functioning of the uThukela 

shelf macrobenthic community, contributing to the biological traits database for this region and 

the baseline information of the uThukela MPA. The dominant traits indicated that the 

community is reliant on fluvial input from the uThukela Estuary and reiterates the importance 

of the uThukela MPA in protecting this unique shelf. This information further assists in guiding 

management decisions and monitoring MPA effectiveness by ensuring that these important 

habitats essential for the ecological processes performed by macrofauna are maintained.
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CHAPTER 5. A CHARACTERISTIC MACROBENTHIC COMMUNITY OFF 

THE FLUVIALLY-DOMINATED UTHUKELA ESTUARY 

5.1. Overview 

This chapter builds on the findings of Chapters 3 and 4, by providing an in-depth analysis of 

the characteristic macrofauna typifying the uThukela shelf community, and identifies potential 

surrogates and biodiversity indicators for future monitoring. Polychaeta was the dominant 

group in terms of taxa numbers and abundances, followed by the Crustacea (dominated by 

Decapoda) and Mollusca (as revealed in Chapter 3), and these were selected as the focal groups 

for this chapter. Large benthic Foraminifera (LBFs), although not a component of the 

macrofauna community, were also studied as they were abundant in the uThukela shelf samples 

and are usually considered ideal bioindicators. The distribution patterns of each focal group 

related to the varying conditions at different shelf positions and depths. Polychaetes were 

identified as potential surrogates of the macrofauna community as their distribution patterns 

were similar to those of the entire community, implying that they can be used in future 

monitoring if resources are limited and the entire macrobenthic community cannot be 

examined. 

5.2. Introduction 

The analysis of macrofauna patterns is usually time-consuming and expensive (Snelgrove 

1998), indicating the need to identify potential surrogates of community variability (Moreno et 

al. 2007, Lewandowski et al. 2010), especially for monitoring studies. Specific taxonomic 

groups can often be used as surrogates and indicators for the biodiversity of the entire 

community if the patterns of the focal group and macrofauna are correlated (Moreno et al. 

2007). These focal groups, therefore, represent alternate routes to monitor diversity, ecological 

processes, and habitat quality and are often specific to particular environmental or 

biogeographical situations (Moreno et al. 2007). The dominant taxonomic groups, identified in 

Chapter 3, were used in this chapter to investigate potential benthic surrogates and biodiversity 

indicators for the uThukela shelf. These included Polychaeta, Decapoda, and Mollusca. Large 

benthic Foraminifera (that are generally larger than 1 mm) were also included as they were 

abundant in the uThukela shelf sediments, and although not representative of the entire 

Foraminifera community, can provide foundational data as potential surrogates that can be 

expanded through further study. 
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5.2.1. Polychaeta 

Polychaeta are a characteristic group of macrofauna, widely distributed in marine sedimentary 

environments and often numerically dominating infaunal communities (Muniz and Pires 2000, 

Manokaran et al. 2013, Jumars et al. 2015). Polychaetes are well represented in every benthic 

habitat (Beesley et al. 2000) due to the development of different morphological, reproductive, 

and feeding traits allowing adaptation to various niches (Fauchald and Jumars 1979, Wilson 

1991, Brusca and Brusca 2003). They are an integral part of the ecosystem by creating key 

trophic linkages in marine food webs (as they are common in the diet of many fish, crustaceans, 

and shorebirds), and through their respiration and feeding activities, irrigate sediments, greatly 

altering the sediment redox conditions and sediment-water fluxes of nutrients and material 

(Jumars et al. 2015, Khan et al. 2017).  The ubiquitous and heterogenous nature of polychaetes 

signifies that they are very important as indicators of environmental quality and potentially can 

be used in monitoring studies (Pocklington and Wells 1992). Very little is known about the 

uThukela shelf polychaete community, but a previous African Coelacanth Ecosystem 

Programme (ACEP) Natal Bight macrobenthic study identified Spionidae and Onuphidae as 

the most abundant polychaete families in this region (Untiedt 2013). 

5.2.2. Decapoda 

Arthropoda was the second most abundant phylum on the uThukela shelf. Although dominated 

by Amphipoda in the KwaZulu-Natal (KZN) Bight, Decapoda dominated the Arthropoda in 

the uThukela region (Chapter 3). Decapods comprise a highly diverse group, including crabs, 

shrimps, and lobsters that have various feeding strategies and occur in all aquatic environments 

at all depths (Brusca and Brusca 2003). Previously, the larger uThukela shelf decapods were 

assessed during demersal fisheries assessments and reviews of the former uThukela Banks 

commercial trawl fishery that mostly targeted prawns (Demetriades and Forbes 1993, Fennessy 

et al. 1994, Fennessy and Groeneveld 1997). These studies provided insight into the range of 

uThukela shelf decapods through the analysis of bycatch, however, the results were limited to 

the larger-sized epifauna due to the use of a demersal trawl net. The ACEP Natal Bight study 

better analysed the infauna component and identified a large abundance of pagurids (hermit 

crabs) living in gastropod shells that were mostly on the inner uThukela shelf (Untiedt and 

MacKay 2016). 
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5.2.3. Mollusca 

Gastropoda and Bivalvia are the main benthic Mollusca. Other minor classes include 

Scaphopoda, Caudofoveata, Monoplacophora, Polyplacophora, and Solenogastres that are less 

speciose but exclusively marine (Sigwart and Sumner-Rooney 2016). Most molluscs contain a 

shell (which forms part of the sediment when broken), with the calcified part of this shell 

consisting of aragonite or calcite, or a combination of these (Kennedy et al. 1969). 

Consequently, this group is sensitive to changing environmental conditions such as increasing 

temperature and acidification (Byrne and Przeslawski 2013). Early life stages are particularly 

sensitive to these changes, resultantly reducing growth and the chances of survival of 

individuals and the population (Byrne and Przeslawski 2013). Previous studies (MacKay et al. 

2016, Hunter n.d.), as well as this study, noted a large amount of shell material in the uThukela 

shelf sediments. This observation indicated that the historic uThukela shelf macrobenthos 

potentially supported large abundances of this phylum and was possibly a Mollusca-dominated 

community with many different species of Gastropoda and Bivalvia (MacKay et al. 2016). 

5.2.4. Large benthic Foraminifera (LBFs) 

Foraminifera are not macroinvertebrates but are free-living protozoans that are widely 

distributed in the marine environment (Sen Gupta and Machain-Castillo 1993, Murray 2006). 

Benthic forms constitute a large portion of the benthic community (as also seen in this study), 

but despite this are usually not considered during biological studies investigating modern 

systems (Sen Gupta and Machain-Castillo 1993, Murray 2006). However, they are integral in 

the benthic food web as they consume a large amount of small epiphytes and bacteria and 

provide food for higher trophic levels, including macrofauna (Lipps and Valentine 1970). 

Foraminifera are also ubiquitous in all marine environments and are good at detecting 

ecosystem variations, so are usually considered useful indicators of habitat quality (Reymond 

et al. 2012). Many are opportunistic, surviving in small numbers during non-optimal conditions 

and rapidly increasing abundances when conditions are favourable (Murray 2001), and many 

larger forms can survive even during oligotrophic conditions (Murray 2006). Most have 

preservable (mostly calcareous) tests, meaning that once dead these organisms contribute to 

the fossil record and can provide details of past communities (Gustiantini et al. 2007). They 

can subsequently be used as proxies to paleoenvironmental conditions and can indicate sea 

level and climate fluctuations, signifying how a system has changed over time (Brusca and 

Brusca 2003, Murray 2006, Gustiantini et al. 2007). These Foraminifera tests, along with 

Mollusca shells, also greatly contribute to the bioclastic sediments of the uThukela shelf. 
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Carbonate sediments generally consist of bioclasts of Mollusca, Echinodermata, Bryozoa, 

Cirripedia, Foraminifera, and red calcareous algae in cool, temperate, and tropical regions 

(Murray 2006). These biogenic structures provide habitat complexity that usually increases 

benthic community diversity and related ecological processes (Passarelli et al. 2012) by 

modifying the structure and mixing properties of the benthic boundary layer (Moulin et al. 

2007). 

5.2.5. Aims, objectives, and hypotheses 

This chapter further explored the structure and functioning of the characteristic taxonomic 

groups (Polychaeta, Decapoda, Mollusca, and LBFs) found on the uThukela shelf and 

determined the potential influence of shelf position (shelf zone, distance from shore, and 

distance from the uThukela Estuary mouth) and environmental parameters on the distribution 

of these communities. Through this, taxa were identified as potential surrogates and 

biodiversity indicators that may be targeted for future monitoring.  

Objectives: 

5.1. To describe the uThukela shelf characteristic Polychaeta, Decapoda, Mollusca, and LBF 

communities. 

5.2. To determine whether the distributions of these characteristic groups are influenced by 

shelf position. 

5.3. To relate measured environmental parameters to community distributions to investigate 

potential abiotic drivers of these groups. 

5.4. To determine whether the Polychaeta community is an appropriate surrogate for the entire 

macrobenthos by comparing the distribution patterns of both groups. 

5.5. To reveal specific taxa that can be targeted for research into Marine Protected Area (MPA) 

indicators, ecosystem health, function etc., and the conditions in which they need to thrive. 

Hypotheses: 

H01: Polychaeta, Decapoda, Mollusca, and LBF communities do not change with shelf position. 

H02: Measured environmental parameters did not influence Polychaeta, Decapoda, Mollusca, 

and LBF communities. 
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H03: Distribution patterns are different for the polychaete community and the entire 

macrobenthic community. 

5.3. Materials and methods 

The study site description and map, general sampling techniques, and general statistics are 

presented in Chapter 2 of this dissertation. Sampling was conducted during the dry (winter) 

season on the uThukela inner-shelf (0 – 50 m) in 2008 and the inner, mid (50 – 80 m), and 

outer-shelf (80 – 130 m) in 2010 (Figure 5.1). 

 

Figure 5.1. Study site depicting sampled stations on the inner (0 – 50 m), mid (50 – 80 m), 

and outer (80 – 130 m) uThukela shelf. Refer also to Figure 2.1 for regional context. 

5.3.1. Data analyses 

5.3.1.1. Biotic data 

The characteristic taxonomic groups were discerned from the assemblages studied in Chapter 

3 (using taxonomy) and Chapter 4 (using BTA). The taxa in these groups (Polychaeta, 

Decapoda, and Mollusca), as well as the LBFs, were identified to the lowest taxonomic level 

possible (Chapter 2), and each group was analysed as a separate matrix. During this study, the 

main Decapoda taxon Callichirus gilchristi was reclassified as Balsscallichirus gilchristi and 

moved from Callianassidae to Callichiridae. For analyses, these two families remained grouped 
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as Callianassidae as these sandprawns occupy a similar niche, and this allowed the comparison 

of different sandprawn taxa distributions across the shelf. 

Sediment cores are usually used to sample Foraminifera (as they are a part of the meiofaunal 

component) but were not taken during this study as the focus was on the larger 

macroinvertebrates. Due to this, this study did not investigate the entire Foraminifera 

community but considered only the LBFs that were retained on the 1 mm sieve used to capture 

macrofauna. Consideration was also given to the empty Foraminifera tests of this size class to 

analyse if there was a difference between the distribution patterns in the “live” and dead 

communities.  

During polychaete data analyses, a single replicate sample 9B was an outlier as it contained a 

considerably different polychaete community to the other replicate grabs. Although being 

included for the basic observation of taxa and individuals, it was removed for subsequent 

statistical analyses. One replicate remained as only two grabs were retrieved for station 9, but 

due to interesting results, this station was not excluded from the study, and replicate 9A was 

included (along with other stations) in further statistical analyses. The mean number of taxa (S) 

and abundances (N) of each group (separate groups signified by subscripts: e.g. Np), as well as 

Shannon-Wiener diversity index (H’), Margalef’s richness index (d), and Pielou’s evenness 

index (J’) for polychaete data, were calculated for each shelf zone. One-way ANOVA (F) 

testing (or Kruskal-Wallis H testing for non-normal and Welch F for inequality of variances) 

was used to identify any significant differences in these community indices. Generalised linear 

models (GLMs) (G), using Poisson distribution and a log link function, were carried out in 

PAST v3.25 (as in Chapter 4) for all focal groups to determine the relationships between the 

community indices and distances from the shore and the uThukela Estuary mouth. The most 

abundant taxa for each shelf zone were then identified for each biotic group. 

In-depth multivariate analyses were only carried out for Polychaeta as the heterogenous nature 

and distributional patchiness of the other groups (e.g. abundances concentrated at certain sites 

and absent from many others) were not conducive to these analyses. Polychaete abundance 

data for 67 uThukela shelf samples (excluding sample 9B) were root-root transformed and the 

Bray-Curtis (B-C) similarity calculated. This matrix was subjected to group-average cluster 

analysis, and SIMPROF routines defined significant groups (Chapter 2). The polychaetes 

responsible for these sample groupings were identified through SIMPER. The RELATE 
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procedure was used to test the relationship between the polychaete and macrofauna similarity 

matrices (assemblages) (Chapter 2). 

5.3.1.2. Link between environmental variables and biotic distributions 

Measured environmental variables were correlated with the abundance of the main Polychaeta, 

Decapoda, Mollusca, and LBF families in PAST v3.25 to determine the potential univariate 

relationships between abiotic parameters and biotic groups. The most correlated environmental 

variables were identified using linear correlation (r) and used to plot group 

abundances/densities and environmental parameter distributions in Quantum Geographic 

Information System (QGIS) 3.14.16. When depth was the most highly correlated 

environmental variable, the second most highly correlated variable was used as sample depth 

is already indicated by shelf position. The environmental variables were plotted as heatmaps, 

where higher measurements were indicated by darker colours. Densities were overlaid as 

graduated markers, with the larger bubbles indicating higher densities. 

The suite of measured environmental variables (log-transformed where needed to reduce right-

skewness and then normalised) best associated with community distribution of each biotic 

group was determined by the BIO-ENV algorithm through the BEST procedure (Chapter 2). 

While no further analyses were conducted for Decapoda, Mollusca, and LBFs, the 

environmental variables most correlated to Polychaeta community distribution were used with 

the Polychaeta B-C resemblance matrix in a constrained linkage tree (LINKTREE) (Clarke and 

Gorley 2015). The program LINKTREE constructs a dendrogram where successive binary 

splits of biotic community samples are determined by thresholds on specific environmental 

variables that maximise the between-group variance (maximising the ANOSIM R-statistic) 

(Clarke and Gorley 2015). The environmental variables and accompanying thresholds 

essentially explain the splits and subsequent community branches. The R-statistic ranges from 

zero to one, with higher values indicating better rank separation where between-group 

dissimilarities are greater than within-group dissimilarities (Clarke and Gorley 2015). The B% 

was chosen for the y-axis scale as this uses the average original rank dissimilarities and does 

not re-rank at each division, allowing comparison between values across different parts of the 

tree (Clarke and Gorley 2015). 
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5.4. Results 

5.4.1. Polychaeta 

A mean of 256 polychaetes.m-2 were collected during this study. Of the 180 polychaete taxa 

encountered, 91% were identified to family level or lower, representing 42 families and 123 

genera. There has been a recent amalgamation of Echiura (spoon worms) into Polychaeta, but 

these contributed very little to taxa abundance or numbers. The analysis of the other subclasses 

resulted in sedentary polychaetes being dominant (Np: 64%, Sp: 58%) over errant forms (Np: 36 

%, Sp: 42%). 

5.4.1.1. Dominance 

The most abundant families were the sedentary Spionidae (Np: 17%), Cirratulidae (Np: 14%), 

and Capitellidae (Np: 6%), and the errant Nephtyidae (Np: 13%) and Onuphidae (Np: 6%) 

(Figure 5.2a). The five most abundant taxa that characterised the uThukela shelf community 

and its functioning were Cirratulus concinnus (Np: 11%), Aglaophamus dibranchis (Np: 10%), 

Aonides oxycephala (Np: 9%), Onuphis eremita (Np: 4%), and Linopherus microcephala (Np: 

3%).  

Spionidae was also the most speciose family (Sp: 12%), followed by Terebellidae (Sp: 6%), 

Onuphidae (Sp: 5%), Polynoidae (Sp: 5%), and Maldanidae (Sp: 4%) (Figure 5.2b). Rare taxa, 

restricted to one or two samples, made up 47% (33% uniques and 13% duplicates) of the 

polychaete population. Despite Owenia fusiformis being absent on the mid-shelf and Onuphis 

eremita being absent on the outer-shelf, these polychaetes were widespread (in 44% and 38% 

of samples respectively), along with A. dibranchis (59% of samples).  
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Figure 5.2. (a) Mean abundance (Np: ind.m-2) and (b) number of taxa (Sp) of polychaete 

families on the uThukela shelf. 

5.4.1.2. Sample 9B 

Sample 9B was considerably different from other sample replicates and removed before further 

statistical analyses. This sample contained 960 polychaetes.m-2 from 26 taxa, with 18 of these 

unique to this sample: Sabellaria intoshi, Marphysa sp.1, Leocrates claparedii, Websterinereis 

punctata, Harmothoe cf. gilchristi, Lepidonotus tenuisetosus, Haplosyllis spongicola, 

Lamellisyllis comans, Pseudopotamilla reniformis, Ficopomatus sp.1, Hydroides sp.1, 

Hydroides cf. ralumiana, Serpulinae sp.1, Maldanella capensis, Phyllochaetopterus socialis, 

Ampharete octocirrata, Daylithos parmatus, and Thelepus sp.1. 

b. a. 
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5.4.1.3. Spatial differences 

Polychaete abundances correlated to the distance from shore (G = 117.930, p < 0.001) and the 

uThukela Estuary mouth (G = 38.000, p < 0.001), but the polychaete abundances were not 

significantly different (F = 0.601, df = 22, p = 0.558) in the different shelf zones (inner-shelf �̅� 

Np: 240 ± 208 poly.m-2, mid-shelf �̅� Np: 243 ± 167 poly.m-2, outer-shelf �̅� Np: 313 ± 174 poly.m-

2). However, polychaete composition differed significantly between these shelf zones (Pseudo-

F = 0.590, p < 0.001; all pairwise-tests: p < 0.001).  

In 2008 there was a dominance of the errant family Nephtyidae on the inner-shelf, but in 2010 

there was a shift in dominance to the sedentary family Spionidae. While C. concinnus was the 

most abundant polychaete on the inner-shelf in 2010 (Np: 95 ind.m-2), A. dibranchis had the 

highest abundances in 2008 (Np: 50 ind.m-2). Overall, Spionidae dominated the inner-shelf, 

mostly represented by A. oxycephala (Np: 38 ind.m-2), the third most abundant polychaete taxon 

in this shelf zone (Table 5.1). Spionids were abundant and among the top five polychaete 

families in all shelf zones but did not dominate communities on the mid-shelf and outer-shelf. 

Onuphidae were the dominant family on the mid-shelf, mostly represented by Diopatra 

papillosa (the second most abundant polychaete on the mid-shelf; Np: 16 ind.m-2) and O. 

eremita (the fourth most abundant polychaete on the mid-shelf; Np: 10 ind.m-2), despite 

Poecilochaetus serpens (Np: 21 ind.m-2) being the dominant polychaete taxon for this zone 

(Table 5.1). Onuphids were also abundant on the inner-shelf but were greatly reduced on the 

outer-shelf. The outer-shelf contained mostly Amphinomidae, represented by L. microcephala 

(Np: 47 ind.m-2), the typifying taxon of this shelf zone (Table 5.1).  

The number of polychaete taxa also responded to distance gradients from the shore (G = 

27.398, p < 0.001) and the uThukela Estuary mouth (G = 25.742, p < 0.001), but did not differ 

significantly between shelf zones (H = 3.659, df = 22, p = 0.160), ranging between 2 – 45 taxa 

(overall Sp: 98 taxa) on the inner-shelf, 4 – 53 (overall Sp: 90 taxa) on the mid-shelf, and 23 – 

38 taxa (overall Sp: 64 taxa) on the outer-shelf. The inner-shelf was the least diverse (�̅� H’p: 

1.63 ± 0.85), had the lowest mean richness (�̅� dp: 2.92 ± 2.31), and the lowest mean evenness 

(�̅� J’p: 0.66 ± 0.17) of the shelf zones. The mid and outer-shelf were similarly diverse (�̅� H’p: 

2.66 ± 1.16 and 2.64 ± 0.24 respectively), but the mid-shelf was slightly richer (�̅� dp: 6.01 ± 

3.49) and had a higher mean evenness (�̅� J’p: 0.81 ± 0.09) than the outer-shelf (�̅� dp: 5.01 ± 

0.87, �̅� J’p: 0.79 ± 0.09). 
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Assemblage II 

Assemblage II was the largest cluster, containing 12 of the inner-shelf stations, the mid-shelf 

station H4, as well as one sample from station J4 (replicate 3). These samples generally 

consisted of fine-grained sediments (Figure 5.3). The assemblage contained an abundance of 

Spionidae and high quantities (the highest in all assemblages) of Nephtyidae and Cirratulidae. 

It had an average similarity of 32% and was characterised by the carnivorous A. dibranchis and 

the facultative detritivores O. fusiformis, C. concinnus, and Magelona capensis (Table 5.2). 

This assemblage had the highest percentage of carnivores, with the abundances of surface 

deposit feeders and predators being almost equivalent. It contained the most mobile 

polychaetes (many with a medium level of mobility), with the highest abundance of those with 

swimming ability. 

Assemblage III 

Assemblage III was formed by the remaining mid-shelf and inner-shelf samples and typically 

had heterogenous medium-coarse sediments with low TOC (Figure 5.3). This assemblage also 

contained mostly Spionidae, but Onuphidae, Terebellidae, and Goniadidae were also abundant. 

The samples had an average similarity of 32% and were primarily characterised by the 

facultative omnivore O. eremita, carnivorous Lumbineris aberrans, and the facultative 

detritivore Prionospio nirripa (Table 5.2). Most polychaetes in this assemblage produce larvae 

that have planktotrophic and lecithotrophic development. 

Assemblage IV 

The outer-shelf (i.e. deepest stations) combined to form polychaete assemblage IV. These 

samples were generally poorly-sorted mud with high TOC concentrations and had an average 

similarity of 35% (Figure 5.3). This assemblage contained an abundance of Amphinomidae, 

Trichobranchidae, and Capitellidae, and was represented by the subsurface detritus-feeding 

Notomastus latericeus, the facultative carnivore L. microcephala, and the facultative 

detritivore Spiophanes duplex (Table 5.2). It contained the least abundance of predators and 

most subsurface deposit feeders of all the communities but was still dominated by surface 

deposit feeders. These polychaetes had mostly planktotrophic larval development, but many 

had benthic or direct development. Consequently, this assemblage contained the most brooders 

of all the polychaete assemblages.
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Figure 5.3. Hierarchal clustering (with group-average linkage) based on Bray-Curtis similarities of 67 root-root transformed uThukela shelf 

polychaete samples. Samples within assemblages (I – IV) defined at 18% similarity (indicated by horizontal dotted line) are presented with their 

corresponding median grain sizes (Φ) as an indication of bottom habitat type. SIMPROF results representing significant clusters (p < 0.05) are 

indicated by solid black lines. 
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5.4.2. Decapoda 

Arthropoda, the second most abundant phylum, was dominated by Decapoda (Na: 47%; Figure 

5.6a), with 58 decapods.m-2 belonging to 41 taxa recorded on the uThukela shelf. Rare 

decapods, restricted to one or two samples, made up 61% (51% uniques and 10% duplicates) 

of the infauna decapod population, while the most widespread taxon was Xenophthalmodes cf. 

moebii (present in 47% of samples). This crab was abundant and widespread on the inner-shelf, 

with only two samples from the other shelf zones containing this taxon, and in very low 

abundances. Callianassidae (including Callichiridae) was the most abundant family, mainly 

represented by Balsscallichirus gilchristi (the most abundant decapod; Nd: 53%), followed by 

the hermit crab family Diogenidae that was dominated by Diogenes costatus (the second most 

abundant decapod; Nd: 10%) (Figure 5.6b).  

5.4.2.1. Spatial differences 

The number of decapod taxa corresponded with distance from the shore (G = 5.431, p = 0.020) 

and the uThukela Estuary mouth (G = 5.568, p = 0.018). The highest number of taxa occurred 

on the inner-shelf (Sd: 34 taxa) when compared to the mid (Sd: 10 taxa) and outer-shelf (Sd: 11 

taxa), but these differences between shelf zones were not significant (F = 2.065 df = 22, p = 

0.153). Decapod abundances also reflected distance from the shore (G = 249.630, p < 0.001) 

and the uThukela Estuary mouth (G = 211.470, p < 0.001), decreasing from the inner to the 

outer-shelf (inner-shelf �̅� Nd: 71 ± 136 deca.m-2, mid-shelf �̅� Nd: 38 ± 55 deca.m-2, outer-shelf 

�̅� Nd: 19 ± 7 deca.m-2), but with no significant differences between shelf zones (F = 0.731 df = 

22, p = 0.494).  

The facultative deposit-feeding, burrow-dwelling Callianassidae (including Callichiridae) 

dominated all shelf zones, with B. gilchristi as the most abundant taxon for both the inner and 

mid-shelf, and the outer-shelf containing a higher abundance of Callianassa sp.1 (Table 5.5). 

The second most abundant were the relatively active, omnivorous hermit crabs from the family 

Diogenidae. Although these were plentiful on the inner and outer-shelf, there were relatively 

few specimens on the mid-shelf. The hermit crabs on the inner-shelf were mainly D. costatus 

(Table 5.5), but this taxon was absent from both the mid and outer-shelf stations. The outer-

shelf hermit crab community was dominated instead by Paguristes sp.1, which was also 

relatively abundant on the inner-shelf (Table 5.5) but rarely sampled on the mid-shelf.  
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5.4.3. Mollusca 

Mollusca was the third most abundant phylum (after Annelida and Arthropoda), with 53 

molluscs.m-2 belonging to 77 mollusc taxa sampled on the uThukela shelf. Molluscs restricted 

to one or two samples (rare taxa) made up 65% (45% uniques and 19% duplicates) of the 

population, while Macomopsis moluccensis was the most widespread taxon (in 41% of the 

samples). Bivalvia was the dominant class, with 41 bivalves.m-2 belonging to 37 taxa 

encountered during sampling (Figure 5.9a). The burrowing, facultative deposit-feeding 

Tellinidae was the most abundant bivalve family (and also mollusc family) on the uThukela 

shelf (Nb: 19 ind.m-2; Figure 5.9b). 

5.4.3.1. Spatial differences 

The number of mollusc taxa corresponded to the distance from shore (G = 13.822, p < 0.001) 

and the distance from the uThukela Estuary mouth (G = 15.898, p < 0.001). The inner-shelf 

comprised the highest number of mollusc taxa (Sm: 63 taxa) and was significantly different (F 

= 9.010 df = 22, p = 0.002) to the mid-shelf that had the least number of taxa (Sm: 10 taxa). 

Mollusc abundances also responded to the spatial gradients (from shore: G = 14.256, p < 0.001; 

from the uThukela Estuary mouth: G = 5.543, p = 0.019). The outer-shelf had the highest 

abundance of molluscs (�̅� Nm: 88 ± 69 moll.m-2), while the mid-shelf had the lowest abundance 

of molluscs (�̅� Nm: 18 ± 23 moll.m-2), but the differences between shelf zones were not 

significant (H = 4.191 df = 22, p = 0.123).  

The outer-shelf displayed the highest mollusc abundances due to the high abundance of the 

facultative detritivore Tellina sp.1 (Table 5.7). The abundance of Chaetodermatida sp.1 on the 

outer-shelf was noteworthy as it was among the top five in this shelf zone but was absent from 

the inner and mid-shelf. The mid-shelf had the highest abundance of the facultative-feeding 

small nut clam, Nucula nucleus (Table 5.7). Although dominated by bivalves, the inner-shelf 

had a large abundance of the carnivorous tusk shell Antalis longitrorsa that was found 

exclusively in this shelf zone (Table 5.7). 
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5.5. Discussion 

5.5.1.  Polychaeta 

The uThukela shelf polychaetes were diverse, with 3 885 individuals belonging to 180 taxa 

from 42 families, collected during this study. This was comparable to the Venezuelan coast off 

the major Orinoco River where 2 452 individuals, representing 43 families, were sampled in 

16.4 m2 (Bone et al. 2011). The results were also comparable to other polychaete studies in 

areas with no major freshwater influences. The western Indian coast contained 165 taxa 

belonging to 32 families (Joydas and Damodaran 2009) and the São Sebastião Channel, Brazil, 

had 126 taxa from 34 families (Muniz and Pires 2000). Polychaete rarity was high on the 

uThukela shelf, with 47% of taxa being found in only one or two samples. This does not seem 

to be uncommon as rare polychaetes comprised 45% of the population for the study in the 

tropical/subtropical São Sebastião Channel, Brazil (Muniz and Pires 2000).  

Spionids are typically known to be a major component of benthic communities (Abe et al. 

2019), and previous studies on fluvially-influenced shelves around the world have found them 

to be the most abundant polychaete family (Probert et al. 2001, Bone et al. 2011, Manokaran et 

al. 2013). This study agreed with this trend and confirmed the finding by Untiedt (2013) that 

Spionidae is one of the most abundant families on the uThukela shelf. The success of spionids 

in a naturally disturbed environment, such as off the uThukela Estuary mouth, is potentially due 

to their ability to shift between suspension and deposit-feeding modes depending on food 

availability (Vijapure et al. 2019). 

The polychaete assemblages were similar to those explored for the macrofauna community 

analyses (in Chapter 3) as the muddy outer-shelf samples formed a unique assemblage, and the 

fine to coarser-grained inner and mid-shelf samples formed multiple assemblages based on 

measured near-bottom water parameters and habitat type. The main sediment parameters 

correlating with these assemblages were coarse sand and mud, and Untiedt (2013) observed 

these same sediments as potential drivers of polychaete distribution on the KZN Bight. The 

deep, muddy, least saline, and least oxygenated samples from the outer-shelf were characterised 

by the subsurface deposit-feeding N. latericeus. The high abundance of Capitellidae showed a 

strong inverse relation to dissolved oxygen (DO) and shows the ability of this family to 

withstand adverse conditions, especially reduced oxygen concentrations (Jayaraj et al. 2007). 

The stations with the highest percentages of coarse sand belonged to assemblage III, containing 
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most of the mid-shelf samples and corresponding with the sub-continuous paleo-dune that 

exists on the mid-shelf (Flemming and Hay 1988, Green and MacKay 2016). Both this study 

and the study by Untiedt and MacKay (2016) found D. papillosa (family Onuphidae) dominated 

this coarse-grained uThukela mid-shelf environment, but this taxon was not characteristic of 

assemblage III, as it was spatially restricted and only found in large abundances at station I4. 

This coarse sediment characteristic of this shelf region could be the reason that O. fusiformis, 

although being the most widespread polychaete, was completely absent from the mid-shelf, as 

this taxon requires fine particles to build a tube and grow (Pinedo et al. 2000). Instead, O. 

fusiformis was one of the characterising taxa in the assemblage associated with fine sand 

(assemblage II), containing mostly inner-shelf samples. This species also numerically 

dominated shallow, fine sandy bottoms in the study by Dutertre et al. (2013) along the coastal 

fringe of South Brittany on the French Atlantic shelf. Assemblage II was mostly characterised 

by the same family (Spionidae) and taxa (A. dibranchis and C. concinnus) that characterised 

the polychaete community overall. The community on the inner-shelf is at risk of burial and 

environmental instability, which results in many small, opportunistic taxa (Akoumianaki and 

Nicolaidou 2007), such as from the family Spionidae. This environmental instability could also 

be the reason for the higher abundances of mobile taxa (capable of swimming when disturbed) 

that were found in this region (Pacheco et al. 2011). 

The uThukela shelf polychaetes exhibited similar patterns in dominant traits that were observed 

for the entire macrobenthos (Chapter 4) due to the abundance of polychaetes in the community. 

The major differences were that polychaetes mostly burrowed through the sediment while other 

macrofauna mostly crawled on the sediment, and suspension feeders that were common among 

macrofauna were not common in the polychaete community. Surface deposit feeders and 

carnivores were dominant (taxa and abundance-wise) feeding modes in the uThukela shelf 

polychaete community. These were best represented by the three most abundant taxa, C. 

concinnus and Aonides oxycephala (facultative detritivores), and Aglaophamus dibranchis 

(carnivore). Other studies, such as on the oligotrophic Creten shelf (Karakassis and Eleftheriou 

1997) and off the Amazon River (Alongi and Robertson 1995), also recorded this dominance 

of surface deposit feeders and carnivores. Although subsurface deposit feeders were not 

common in the uThukela shelf macrofauna community (Chapter 3), they were the third most 

abundant group in the polychaete community, with the highest concentrations on the outer-

shelf. The top representative of the outer-shelf, N. latericeus, represented this feeding group. 

Subsurface deposit feeders appear to have a higher tolerance to extreme environmental 
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conditions (Macdonald et al. 2012). They may modify the habitat by transporting sediment 

particles vertically and altering the spectrum of sediment grain sizes by egesting larger faecal 

pellets than originally ingested (Manokaran et al. 2013).  

It has been suggested that due to polychaete dominance, it is likely that this taxonomic group 

provides a good approximation of the entire infaunal community (Probert et al. 2001). This 

study found that the uThukela shelf polychaetes comprised 50% of the sampled macrofauna 

(Chapter 3) and their distribution patterns show a strong correlation to macrofauna patterns 

(analysed in Chapter 3). Polychaetes are, therefore, possible surrogates that can determine 

macrofauna responses to natural environmental changes, as the polychaete community 

variability influences the patterns of the entire macrofauna community. The identification of 

polychaetes as potential surrogates implies that the polychaete community patterns may allow 

an understanding of the entire macrofauna community in a more efficient and less costly manner 

if resources are limited and the entire community cannot be studied (Moreno et al. 2007). This 

is particularly beneficial in monitoring and when rapid decision-making may be needed 

(Moreno et al. 2007). However, information about the complete biodiversity is lost when using 

surrogates (Moreno et al. 2007), so it is advised that the entire macrofauna community is studied 

when possible. 

5.5.2. Decapoda 

The uThukela shelf decapod abundances decreased with the distance offshore, therefore 

decreasing with the increasing depth gradient. The study on the Creten shelf showed a similar 

trend with Crustacea as their abundances also decreased with increasing depth (Karakassis and 

Eleftheriou 1997). 

The most abundant decapod family on the uThukela shelf was Callianassidae (including 

Callichiridae), and these sandprawns had the highest abundances at the shallower fine-grained 

stations. The shallow sand and mud habitats near the Amazon mouth were also found to contain 

many thalassinid shrimp (Alongi and Robertson 1995). This group of decapods often occur in 

high densities (Reise 2002) and characteristically build and inhabit burrows in sedimentary 

environments (Stamhuis et al. 1997). They are some of the most effective bioturbators, altering 

the sediment structure and nutrient processes, and although they have been known to exclude 

other organisms that rely on sediment stability, they accommodate burrow inhabitants and small 
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infauna similar to those that dwell in hydrodynamically-disturbed habitats, such as on the 

uThukela shelf (Reise 2002).  

Diogenidae were the second most abundant decapod family on the uThukela shelf, with the 

highest abundances on the inner-shelf. Untiedt and MacKay (2016) also found that the 

abundance of hermit crabs was prominent on the uThukela inner-shelf during the dry (winter) 

season, and these scavengers have also been reported in other regions continuously subjected 

to high environmental stress (Dolbeth et al. 2009). Hermit crabs have soft abdomens and 

typically inhabit empty gastropod shells that are needed for protection and survival (Brusca and 

Brusca 2003, de la Haye et al. 2011). They require the availability of shells occupied by other 

conspecifics or that are empty, and relocate to larger shells as they grow (de la Haye et al. 2011, 

Laidre 2011). However, these shells are only accessible to the crabs for a short period between 

the disappearance of the previous animal and the burial of the shell (Laidre 2011). This may 

explain the similarity in distributions of the hermit crabs and live gastropods during this study.  

5.5.3. Mollusca 

Gastropods were concentrated on the inner uThukela shelf, but the analysis of the live molluscs 

during the present study and the remanent shell material during a previous study (Hunter n.d.) 

revealed that bivalves dominated both the non-recent and recent mollusc communities across 

the shelf. The observed remanent shell material was very fragmented and sub-angular, 

indicating that the dead mollusc shells undergo extensive reworking due to currents and waves 

(Hunter n.d.), and that the shell material has potentially been there for a long time.  

The live bivalve community observed during this study had a relatively large abundance of 

Tellinidae. Tellinids are facultative detritivores that rapidly burrow in sediments and are 

common in tropical open seas (Simone and Wilkinson 2008). This study found that they were 

concentrated at stations on the outer uThukela shelf with low oxygen concentrations and thus 

agreeing with the findings of Untiedt (2013). This pattern was also found on the west coast of 

India during postmonsoon conditions, where Tellina were characteristic of the cooler, less 

oxygenated, deeper stations (Jayaraj et al. 2008). Although Tellina was the most abundant taxon 

on the outer-shelf, Chaetodermatida, belonging to the minor class Caudofoveata, also 

characterised this shelf region. This mollusc was not abundant but was exclusively found on 

the outer-shelf. Members of Caudofoveata commonly dwell in deep marine waters where they 

burrow through mud, mostly feeding on detritus (Todt et al. 2008). They are worm-shaped and 
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lack a shell but are covered by a coat of calcareous sclerites (Sigwart and Sumner-Rooney 2016) 

that potentially evolved to ward off predators (Todt et al. 2008). 

5.5.4. Large benthic Foraminifera (LBFs) 

The sampling design was not optimal for the full analysis of Foraminifera as there are many 

smaller forms that would have not been retained by the 1 mm sieve used during sampling. The 

results, however, allowed an analysis of the larger taxa and can be used as preliminary 

information for future studies. The LBFs were concentrated on the muddy outer-shelf, agreeing 

with a previous study focussing on the uThukela shelf sediments (Hunter n.d.), and this 

distribution was also observed on the eastern Great Australian Bight where Foraminifera were 

proportionally best represented in the silty sediments of the deep outer-shelf (Currie et al. 2009). 

The most abundant taxon was Ammonia sp.1, and members of this genus are usually common 

in marginal marine environments with high mud content (Bird et al. 2020). During the study in 

Chesapeake Bay, the historic abundance of Ammonia was shown to be related to periods of 

seasonal oxygen lows (Murray 2006). The highest abundance of Ammonia sp.1 was also 

recorded in the least oxygenated areas of the uThukela shelf, which were further offshore. Large 

benthic Foraminifera distribution overall was mostly related to reduced salinity, reduced DO, 

and the reduced percentage of medium sand. This does not imply that these LBFs are confined 

exclusively to these low oxygen areas, but rather that some species have very low critical 

thresholds and can survive in areas that other organisms may not be able to (Murray 2001). The 

dead LBF community of the uThukela shelf comprised similar taxa and is assumed to have been 

alive in the recent past and representative of current conditions due to only collecting surficial 

sediments and not sediment cores. Sediment cores provide details of historic communities 

(Gustiantini et al. 2007) and sample the entire size spectrum so can indicate how the uThukela 

system has changed over a relatively long period and it is, therefore, recommended that 

sediment cores are collected in future studies to analyse these changes. Additionally, by 

investigating the chemistry of these carbonate Foraminifera tests (usually through isotope 

analysis), the chemistry of the environment in which they calcified can be explained and can 

assist in understanding past climate changes (including temperature, sea-level, carbonate 

chemistry etc.) (Katz et al. 2010), so studies should also consider chemical analysis to 

understand the historical conditions of the uThukela shelf.  
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5.6. Conclusion 

This chapter provides an in-depth assessment of the important uThukela shelf macrofauna 

groups at finer spatial scales than previous studies. Decapoda abundances decreased with depth, 

with the dominant sandprawns and hermit crabs concentrated on the fine-grained inner-shelf. 

Large benthic Foraminifera and Mollusca showed the opposite trend, with higher abundances 

of the dominant families (Ammoniidae and Tellinidae respectively) on the deep, muddy outer-

shelf. This was due to their association with muddy habitats. However, gastropod abundances 

were concentrated on the inner-shelf and correlated with hermit crab abundances, possibly due 

to the use of empty gastropod shells by these crabs. Polychaeta abundances and traits were 

similar across the shelf, but multivariate analysis revealed that there was a distinct less saline, 

less oxygenated, muddy outer-shelf, deeper water community and that the inner and mid-shelf 

Polychaeta did not form distinct assemblages according to shelf zones but rather based on 

habitat conditions that overlapped between these zones. The polychaete distributions presented 

similar patterns to the entire macrofauna community analysed in Chapter 3 (signifying 

polychaete dominance) and indicated that this focal group may be a good surrogate for 

understanding the uThukela macrofauna community patterns. This may assist in more efficient 

and less costly monitoring and decision-making in a situation where resources are limited and 

the entire benthic community cannot be studied.  
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CHAPTER 6. GENERAL DISCUSSION AND CONCLUSIONS 

This study expands on the findings of the African Coelacanth Ecosystem Programme (ACEP) 

Natal Bight and Surrogacy projects of the structural and functional uniqueness of the uThukela 

shelf macrofauna community, and that contributed to the recent promulgation of the uThukela 

Marine Protected Area (MPA). This study contributes to the uThukela macrofauna taxonomic 

and traits inventories, providing a good baseline database of the macrofauna and conditions off 

the large fluvially-dominated uThukela Estuary from collections prior to its protection. The 

macrobenthic communities were characterised by taxa composition and biological traits, and 

further related to measured near-bottom water and sediment parameters to determine the 

potential influence of local conditions on these distribution patterns. The key hypotheses 

investigated were that changes would occur in the uThukela shelf community composition and 

functioning with shelf position (indicating distances from terrestrial influence and the influence 

of the uThukela Estuary) and that macrofauna distribution patterns would relate to the changes 

in environmental conditions and sediment habitats at local spatial scales. 

6.1. The uThukela shelf community composition 

The initial step in environmental research and conservation studies involves taxonomic 

exploration of the community diversity, as this provides an essential dataset for future 

comparison (Maggiore and Keppel 2007). Many ecological studies exclude rare taxa (those 

only encountered once or twice during the study) during analysis due to them occurring 

infrequently and in low abundances. However, a large portion of the species diversity is usually 

composed of these rare species (sometimes containing rare traits) and they are often significant 

in determining differences in communities (Murray 2006). This study comprised many rare taxa 

too, and the exclusion of these taxa would potentially fail to accurately represent the full 

ecological structure and functioning of the uThukela shelf (Bremner 2008). Overall, this region 

supported a structurally diverse macrobenthic community, which the uThukela MPA aims to 

protect (Republic of South Africa Government Gazette 2019). There were no significant 

differences observed between shelf positions with regards to numbers of taxa, abundances, and 

diversity, and broad taxonomic groupings specified Polychaeta as the most abundant and 

speciose across the uThukela shelf. This agreed with the KwaZulu-Natal (KZN) dominance 

patterns (McClurg 1988, MacKay et al. 2016, Untiedt and MacKay 2016) and other global 

studies in fluvially-dependent shelf ecosystems (Jayaraj et al. 2008, Joydas and Damodaran 

2009, Zalmon et al. 2013, Khan et al. 2017). Arthropoda (almost exclusively Crustacea) was 
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the second most dominant phylum, and although the ACEP Natal Bight and Surrogacy studies 

identified Amphipoda as the most abundant crustacean group in the KZN Bight (MacKay et al. 

2016, Maduna 2017), this study found that the uThukela shelf was dominated by Decapoda. 

Mollusca was also important in the uThukela shelf community and was dominated by the order 

Bivalvia, agreeing with the patterns observed for the KZN shelf (MacKay et al. 2016, Maduna 

2017). Dead mollusc shells, along with a large abundance of large benthic Foraminifera (LBFs), 

contributed greatly to the uThukela shelf bioclastic sediments that enhance bottom habitat 

complexity and thus increase benthic diversity (Passarelli et al. 2012). The live Foraminifera 

do not contribute to macrofauna diversity as they are free-living protists, but they are controlled 

by a wide range of environmental conditions and are usually considered useful bioindicators 

due to easily detecting ecosystem variations (Murray 2006). This study focussed on the larger 

macroinvertebrates of the uThukela shelf so only LBFs were collected on the sieve used to 

sample macrofauna. It is recommended that sediment cores or subsamples (like those for 

sediment analysis) are collected in future studies to better analyse the full community (including 

the smaller forms). 

6.2. A unique single replicate indicates a potential low-lying reef 

One replicate (9B) from the uThukela inner-shelf had a unique macrofauna composition, high 

diversity of taxa, and many species that were exclusive to the sample. These included numerous 

cnidarians and associated brittle stars (Ophiothela mirabilis) along with other taxa usually 

associated with hard substrata, that potentially indicate a nearby low-lying reef. This perhaps 

explained the high diversity of taxa as reefs generally contain high habitat heterogeneity that 

usually facilitates diverse communities (Crame 2000). The presence of a reef could also explain 

the difficulty that was encountered during sampling of station 9 and the reason for two out of 

three successful replicates being collected. The composition of replicate 9A collected at this 

station was completely different from 9B but was similar to the other samples collected on the 

inner-shelf. The replicates within station 9, therefore, do not appear to come from the same 

habitat type and this could be due to the small-scale variation that occurs in soft sediments 

(Ellingsen 2001, Chapman et al. 2010). To understand this habitat anomaly, going forward it 

would be beneficial to collect more sediment samples in this area to study the macrofauna 

community composition and traits, and map the bottom topography or collect images to identify 

the positioning of the potential reef. This reef habitat may play an important role in the uThukela 

benthic ecosystem as it may be an isolated habitat patch (an “ecological island”) containing 



GENERAL DISCUSSION AND CONCLUSIONS 

130 

many unique species for this region, and it would then need to be closely monitored to ensure 

that this habitat is not lost (Cartwright 2019). 

6.3. The uThukela shelf community functioning 

Although informative, taxa composition does not explain ecosystem functioning which is an 

important component of biodiversity and conservation (Bremner 2008). To explain this 

connection between uThukela shelf benthos and their habitats, functional analysis was 

conducted through Biological Traits Analysis (BTA) (Chapter 4).  The uThukela macrofauna 

community was functionally diverse, and shelf position did not affect community functioning 

as many of the taxa sampled during this study exhibited similar biological traits. The functional 

similarity of communities at different shelf positions is likely due to the land-sea connection 

between the uThukela Estuary and the shelf edge (De Lecea et al. 2013, Scharler et al. 2016b), 

and indicates that the relative stability and resilience of the community occurs across the shelf 

as multiple taxa fulfil the same functional roles and potentially have adapted similar traits to 

survive fluctuating river flow and corresponding environmental conditions (Hewitt et al. 2008, 

Miatta et al. 2021). The presence of various trophic groups including carnivores, surface deposit 

feeders, subsurface deposit feeders, and omnivores, indicated that there are numerous food 

sources available (Pacheco et al. 2011), but the apparent dominance of detritivores indicates 

that the most important of these is particulate organic matter (POM) mostly imported from the 

uThukela Estuary (Ayers and Scharler 2011, De Lecea et al. 2016). The estuary inputs fluctuate 

naturally according to river flow but most of the uThukela shelf macroinvertebrates are capable 

of facultative-feeding, whereby they can intermittently switch between feeding modes when 

conditions alter the type of food available and sediment deposited (Macdonald et al. 2012). This 

indicates that most uThukela shelf macrofauna are relatively resilient to these naturally 

fluctuating habitat conditions (Macdonald et al. 2012, Jumars et al. 2015), but that the shelf 

cannot be entirely separated from the estuary as it is still reliant on terrestrial inputs for the 

benthic habitats and food web. This emphasises the importance of the uThukela MPA in 

conserving the critical role of river input in supplying nutrients and sediments to the shelf and 

protecting the link between the estuary and the deep ocean in order to preserve the conditions 

required by the macrobenthic community for its ecological functioning (Republic of South 

Africa Government Gazette 2019). 
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6.4. Associations between measured environmental variables and uThukela shelf 

macrofauna communities 

Although the uThukela shelf is mostly muddy due to the input of terrestrial sediment, a paleo-

dune cordon bisects the shelf to separate the newly-deposited mud on the inner-shelf from the 

older mud deposits of the outer-shelf (Flemming and Hay 1988, Green and MacKay 2016). This 

provides for heterogenous habitats, thus sediment parameters were combined with near-bottom 

water parameters to distinguish environmental conditions influencing unique assemblages in 

this region. The combination of near-bottom water parameters dissolved oxygen (DO) (mg.L-

1), salinity (PSU), and depth (m), along with sediment composition (specifically %coarse sand, 

%medium sand, and %mud), best explained the relationship that existed between the measured 

environmental variables and macrofauna community distribution. The correlation of depth with 

taxon assemblages may not have been along a depth gradient per se, but rather likely indicates 

the effects of changing environmental conditions (McArthur et al. 2010) that may be 

confounded due to the distance away from coastal influences (MacKay et al. 2016). Dissolved 

oxygen and salinity were environmental variables that decreased with increasing uThukela shelf 

depth. Dissolved oxygen may be reduced further offshore due to the natural decrease in oxygen 

saturation with depth and less mixing of offshore waters by wind and wave energy (Dutertre et 

al. 2013), but the salinity gradient was atypical for a shelf off a fluvially-dominated estuary as 

it is expected that the less saline water would be inshore due to the introduction of freshwater 

to the coastal region through the uThukela Estuary mouth (De Lecea and Cooper 2016). 

However, the uThukela River flow is usually reduced during the dry season, resulting in less 

freshwater input to the shelf, and is likely the reason for the elevated salinities closer to shore 

than usual (MacKay et al. 2016, van Niekerk et al. 2020). Alternatively, the lower salinities 

recorded further offshore could be the result of cooler, less saline deep water from the Agulhas 

Current being transported onto the shelf, as the Agulhas Current is displaced further from the 

coast by the widening of the shelf and this results in divergent upwelling (Roberts et al. 2010). 

Macrofauna traits showed limited responses to the variability in measured environmental 

conditions, as although the environmental parameters varied across the uThukela shelf, the 

functioning did not change significantly with shelf position. This indicates that the community 

has potentially adapted to the large inputs of sediment and detritus to the shelf and is tolerant 

to the high environmental variability off the fluvially-dominated uThukela Estuary. The 

relationship between the biota and environment may also be more complex than the direct 

influence that was assumed during analyses. This is seen by the apparent lack of relationship 
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between the macrofauna community and total organic carbon (TOC) during this study, but the 

dominance of facultative deposit feeders on the uThukela shelf implying that there is a reliance 

on POM mostly supplied by the uThukela Estuary (Ayers and Scharler 2011). The TOC 

measurement during this study may be an indirect correlation of food use as although TOC is 

present in the uThukela shelf sediments, it may not be available for consumption by macrofauna 

(McArthur et al. 2010). Future studies may benefit from considering the reactive (labile) and 

unreactive (recalcitrant) components of TOC due to the importance of organic matter in the 

uThukela system. Biological interactions were not tested but may also explain much of the 

observed species distribution patterns observed during this study (Gray 1981, Ambrose 1991). 

For example, biogenic structures, such as the large amount of shell material observed, provide 

habitats for macrofauna (Pacheco et al. 2011). Although noted in the sediments, shell material 

was only observational and could not be assumed to have a direct relationship with macrofauna 

distribution. However, the importance of shell remnants in increasing habitat complexity was 

recognised during the analysis of samples, as cnidarians and tubicolous polychaetes were found 

attached to dead fragments and some tubicolous fauna incorporated these pieces into their tubes. 

This indicates that biogenic structures should possibly be considered in future studies 

investigating macrofauna and factors influencing their distributions. This possibly can be done 

in situ by using a specialised camera that captures the bottom environment and where 

subsequent observations can be made about the biogenic structures within the sediment. The 

inclusion of environmental measurements and corresponding benthic communities from 

different seasons and years would also be beneficial for future studies and during the integration 

of other baseline information. This would provide more robust evidence of the relationship 

between abiotic parameters and the uThukela shelf macrofauna while considering the 

environmental variability that exists off the uThukela Estuary. 

6.5. Distinct assemblages according to local environmental conditions 

Multivariate analyses of the remaining 67 samples (excluding replicate 9B) collected during 

this study identified five uThukela shelf assemblages, reflecting differences in shelf position in 

terms of taxa composition. Although the outer-shelf stations formed a distinct assemblage, the 

inner and mid-shelf samples did not form assemblages according to shelf zone but grouped 

according to bottom habitat type that overlapped between the two zones. Therefore, the 

separation of the uThukela shelf into inner, mid, and outer zones, although having worked for 

other shelf-wide studies, was artificial for the macrobenthic community in this shelf section 

during the dry (winter) season. 



GENERAL DISCUSSION AND CONCLUSIONS 

133 

Two of the five distinct assemblages in this study did not form distinct zones as they each 

consisted of just a single station (one on the inner-shelf and one on the mid-shelf) that had the 

lowest numbers and abundances of taxa and represented the least number of trait categories. 

The first assemblage was formed by fine-sand samples at the most shallow station (station 6) 

and was typified by small deposit-feeding polychaetes. Deposit feeders are beneficial in areas 

exposed to high terrestrial inputs as they play a vital role in the removal of organic matter and 

are often involved in sediment turnover that assists in the oxygenation and nutrient cycling in 

the top sediment layers (Brusca and Brusca 2003). The other fine-grained inner-shelf 

assemblage comprised many facultative deposit feeders and was characterised by the most 

widely distributed taxa overall, the carnivorous polychaete Aglaophamus dibranchis and the 

deposit-feeding peanut worm from the family Sipunculidae. This assemblage had the highest 

numbers of Balsscallichirus gilchristi, the most abundant taxon overall. The abundance of these 

thalanassid shrimp on the inner-shelf corresponds with the distribution observed by Barnard 

(1950) at 37 m depth along the Natal coast. Thalanassids are among the most effective 

bioturbators and habitat engineers, and although they exclude fauna reliant on sediment 

stability, they accommodate small infauna similar to those occurring in hydrodynamically-

disturbed habitats, such as the inner uThukela shelf (Reise 2002). These habitats were also rich 

in diogenid hermit crabs inhabiting dead gastropod shells. The success of these crabs relies on 

the availability of shells occupied by other conspecifics or that are empty (Laidre 2011), and 

these shells are only accessible to them for a narrow period between the disappearance of the 

previous organism and the burial of the shell (Laidre 2011). This time constraint may explain 

the similar distributions observed between the hermit crab and gastropod communities on the 

inner-shelf. The inner-shelf community can withstand environmental instability caused by 

naturally fluctuating estuarine inputs and this was evidenced in the analysis of the polychaetes 

that were represented by a higher abundance of mobile taxa (capable of swimming) (Pacheco 

et al. 2011) and resilient spionids. The success of these spionids is potentially due to their ability 

to effectively shift between suspension and deposit-feeding when food sources change 

(Vijapure et al. 2019). They are typically a major component of benthic communities due to 

their taxa diversity (Abe et al. 2019) and have also been observed to dominate other fluvially-

influenced shelves around to world (Probert et al. 2001, Bone et al. 2011, Manokaran et al. 

2013). 

The second assemblage containing just a single station was formed by samples from the only 

muddy mid-shelf station sampled (station H4). The position of this station corresponded with a 
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paleo-channel that intersects the paleo-dune cordon on the uThukela mid-shelf (Engelbrecht et 

al. 2020) and was characterised by the carnivorous polychaete A. dibranchis. This station had 

a relatively homogenous habitat due to the high mud content, and only contained fauna that 

were tolerant of these conditions, resulting in a low diversity. The other mid-shelf stations 

sampled during this study corresponded with the paleo-dune cordon (Green and MacKay 2016) 

and these, along with two inner-shelf stations sampled south of the uThukela Estuary mouth, 

formed a medium-coarse-grained assemblage. Alternatively, this assemblage contained 

heterogenous sediments that provided many potential niches for a diverse community (Gray 

1981, Carvalho et al. 2017) that was characterised by the amphipods Basuto stimpsoni and 

Byblis gaimardii, the carnivorous polychaete Lumbrineris aberrans, and the omnivorous 

polychaete Onuphis eremita. Carnivores and suspension feeders were abundant as sandy 

sediments allow the accumulation of potential prey of carnivores in the interstitial spaces 

between grains (Muniz and Pires 2000) and provide attachment sites for infaunal suspension 

feeders (Macdonald et al. 2012). There was also a large proportion of arthropods, and 

resultantly there was a dominance of brooders with direct (benthic) development. These life-

history traits result in species generally having narrower area ranges, indicating that there is a 

greater risk of local disturbances and consequent extinction threatening the entire population 

(McHugh and Fong 2002), however, the establishment of the uThukela MPA protects these 

taxa with vulnerable life-history traits. The MPA aim of protecting vulnerable life-history traits 

of crustaceans mostly considered the penaeid prawns (that also brood but have pelagic larvae 

that rely on estuaries) important in the industrial trawl fishery that previously occurred inshore 

and offshore on the uThukela Banks (Fennessy et al. 2014). 

The fifth macrofauna assemblage is on the outer uThukela shelf and just inshore of the previous 

offshore prawn fishery location. It was characterised by deep, muddy, less-oxygenated samples 

with distinguishable facultative-feeding tellinid bivalves, deposit-feeding peanut worms, and 

the subsurface deposit-feeding polychaete Notomastus latericeus. Consequently, surface 

deposit-feeding was the main form of food acquisition in this shelf zone, which is expected as 

this muddy, organically enriched habitat is suited to the dominance of deposit feeders (Rhoads 

and Young 1970). It is, therefore, probable that the facultative deposit feeders in this shelf zone 

would deposit feed as opposed to suspension feed. This muddy habitat on the outer-shelf was 

previously observed by other authors and indicates the transport of fine sediments across the 

shelf and over the shelf edge (Flemming and Hay 1988, Bosman et al. 2007, Green and MacKay 

2016). It is an interesting environment as this shelf zone corresponds with the positioning of 
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the strong Agulhas Current that is expected to scour the bottom habitat (Lutjeharms 2006b). 

However, this outer-shelf mud appears to be consolidated, meaning that the sediment is not 

easily resuspended, thus creating a relatively consistent habitat (Sanders 1958, Gray and Elliott 

2009, Green and MacKay 2016). Large benthic Foraminifera were concentrated in the 

sediments of the outer-shelf and these were mostly from the genus Ammonia that is common in 

marginal marine environments with high mud content and seemingly able to withstand broad 

ranges of oxygen, salinity, and temperature that other organisms may not be able to (Murray 

2006).  

6.6. Polychaetes as surrogates 

The analysis of the uThukela shelf macrofauna revealed that polychaetes were the most 

ubiquitous and abundant in all assemblages. They are globally considered some of the most 

characteristic macrofauna (Jumars et al. 2015), exhibiting various behaviours, reproductive 

techniques, and feeding traits that allow them to inhabit a diverse range of habitats (Brusca and 

Brusca 2003). Due to their dominance and diversity, it has been suggested that the polychaete 

community provides a good approximation of the entire infaunal community (Probert et al. 

2001). This was investigated by determining whether the assemblages defined during 

multivariate analyses of the uThukela macrofauna and the uThukela polychaetes would 

demonstrate similar patterns. The analysis revealed that polychaetes and macrobenthos did 

form very similar assemblages, implying that polychaetes could potentially be used as 

surrogates if there are limited resources available to investigate and monitor the entire 

macrofauna community. 

6.7. Conserving and monitoring the unique uThukela shelf 

These unique habitats and associated macrobenthic communities are within the uThukela MPA 

and protected from certain direct anthropogenic activities that sometimes occur on the 

continental shelf (e.g. trawling, mining, etc.) but are still indirectly affected by activities that 

occur in the uThukela catchment, moving into the river, and out of the estuary. Agriculture, 

land development, and deforestation cause high land runoff that potentially increases the coastal 

pollutants and excess sedimentation on the shelf, whereas freshwater abstraction and damming 

leads to a decline in river flow and consequently reduces the freshwater, sediment, and nutrient 

inputs to the shelf (Drinkwater and Frank 1994, Hall 2002, Skowno et al. 2019). There has 

already been a reduction in the uThukela freshwater outflow due to damming and abstraction, 

with nearly a third of the freshwater no longer reaching the coast (Skowno et al. 2019). South 



GENERAL DISCUSSION AND CONCLUSIONS 

136 

Africa will likely experience additional water demands in the future as it is a water-stressed 

developing country with a growing population (De Lecea and Cooper 2016), and this will put 

further pressure on the uThukela River as it is a potential source of surplus water for the KZN 

grid, but decisions on water abstraction and utilisation of this area should be carefully 

considered (De Lecea and Cooper 2016). This study has shown that the uThukela shelf 

macrofauna community is reliant on the sediment and POM imports from the uThukela Estuary 

and indicates that if the river flow was considerably reduced (due to abstraction) that it no longer 

reached the coast even during the wet season, the macrofauna, and thus the entire food web, 

would be altered due to the system being strongly benthic-driven (Scharler et al. 2016b). 

Communities that thrive in these generally muddy, organically enriched environments will 

potentially shift to an alternate state as species from adjacent sandy habitats move into this area, 

and there is a risk of losing the unique uThukela shelf biodiversity and the ecosystem processes 

that originally contributed to declaring this MPA (Republic of South Africa Government 

Gazette 2019). Effective ecological conservation is, therefore, necessary and involves sufficient 

baseline information on the taxonomic composition and ecological functioning of a protected 

area (Bremner 2008, Vijapure et al. 2019). Due to the importance of benthic communities in 

the uThukela system, the preservation of community taxa and traits are vital in management 

efforts to sustain the functioning of this coastal environment (Villnäs et al. 2019). The success 

of management also involves understanding the factors influencing these complex biotic 

communities (Vijapure et al. 2019). It is important to monitor both the macrofauna taxa and 

traits as communities can show variability in their abundances and compositions that will affect 

taxonomic biodiversity, but if one taxon is replaced by another taxon with similar functional 

attributes, the impact of this change on the functioning of the system may not be noticed (Frid 

and Caswell 2015). This study showed that although taxa composition changed with shelf 

position, biological traits did not, suggesting that the shifts in the uThukela shelf community 

due to habitat variability may be more easily noticed in taxonomic analysis than traits analysis. 

This baseline information assists in assessing whether the aims of the uThukela MPA are being 

achieved as it helps to monitor whether the rare benthic habitats associated with the connection 

of the coast to the deep sea are being protected, whether the critical role of freshwater input is 

preserved, whether the macrofauna diversity is being maintained, and whether the areas 

important for life-history strategies are conserved (Republic of South Africa Government 

Gazette 2019). This evaluates the direction of response and status of the protected area and can 

only be investigated through consistent MPA research and monitoring going forward (Edgar et 

al. 2007). 
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