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Abstract 

 

Although the St Lucia Estuary is a Ramsar Wetland of International Importance, it has 

historically been subjected to human-accelerated ecological stressors. One of these is high 

turbidity resulting from excessive sediment inputs. Laboratory-based studies have revealed a 

negative turbidity effect on the feeding and mortality rate of two dominant zooplankton 

species, the mysid Mesopodopsis africana and the calanoid copepod Acartiella natalensis. 

The first aim of this study was to determine the effect of turbidity on the feeding, respiration, 

and mortality rate of another important calanoid, Pseudodiaptomus stuhlmanni. Although this 

species was negatively affected by high turbidity, it was substantially more tolerant than M. 

africana and A. natalensis. The second aim was to test the field response of the dominant St 

Lucia zooplankton to a silt plume-causing flood event that occurred in March 2014. As M. 

africana was not abundant in the system prior to this event, attention was paid to the 

copepods. The field response of A. natalensis and P. stuhlmanni were in good agreement with 

the findings from the laboratory-based experiments. The population of A. natalensis 

underwent an immediate, and sharp decline, whereas that of P. stuhlmanni only declined in 

April 2014, after a month of surviving in highly turbid waters. However, P. stuhlmanni also 

took longer to recover, but this may be attributed to the attachment of parasitic epibiotic 

ciliates to this species. Therefore, although to different degrees, turbidity negatively impacted 

the dominant St Lucia zooplankton species. Through its observed positive correlation with 

the parasitic ciliates, turbidity further suppressed the abundance of the most turbid-water 

tolerant species, P. stuhlmanni. The importance of carefully managing sediment loading in St 

Lucia is stressed, as the effect of turbidity on zooplankton likely has food web-wide 

consequences. 
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GENERAL INTRODUCTION 

 

Rivers have suffered from intense and diverse stressors since the onset of the Anthropocene, 

primarily due to their inland location and accessibility to humans (Copeland, 1966; Eyre, 

1998). The most common of these activities have altered the global land-to-ocean sediment 

flux (Walling, 2006). For instance, sediment trapping by dams has caused a reduction in the 

sediment load transferred to some estuaries and the ocean (Hay, 1994). Conversely, mining 

and agricultural activities have increased the rate of soil loss and sediment yields within many 

river catchments globally, and are credited as the most important causes of increased 

sediment loading in aquatic systems (Abernethy, 1990; Douglas, 1996; Walling, 2006). 

The St Lucia Estuary is Africa’s largest estuarine lake system and a Ramsar Wetland of 

International Importance (Fielding et al., 1991; Cyrus and Vivier, 2006; Whitfield et al., 

2013). Lake St Lucia is known to experience cyclical wet and dry phases, which may last up 

to 10 years at a time (Bate and Taylor, 2008 and references therein). The more severe dry 

spells result in drastically reduced water levels, hypersalinity, and consequently, low species 

diversity (Begg, 1978; Carrasco and Perissinotto, 2010). Six rivcrs feed into Lake St Lucia, 

viz. Mpate, Nyalazi, Hluhluwe, Mzinene, Mkuze River, and Mfolozi (Whitfield and Taylor, 

2009).  

The Mfolozi River was historically the most important contributor, and inflow from this river 

performed the vital function of reducing drought symptoms during dry phases (Carrasco and 

Perissinotto, 2011; Whitfield et al., 2013). However, in the 1930s, the area in the vicinity of 

this river became the focal point of expanding sugarcane plantations (Whitfield and Taylor, 

2009; Taylor, 2013). Due to flooding of the plantations during high rainfall periods, a canal 

was excavated to channel water away from the agricultural area (Begg, 1978). The Mfolozi 

floodplains, which historically filtered suspended particles before they flowed into St Lucia, 

subsequently became less effective at performing this function (Carrasco et al., 2007; 

Carrasco and Perissinotto, 2010). High sediment loads washed into St Lucia, reducing the 

water column clarity, and also accelerating sedimentation rates (Lindsay et al., 1996; 

Whitfield and Taylor, 2009; Jerling et al., 2010a; Whitfield et al., 2013). This problem 

culminated in the decision to alleviate the inflow of sediment-laden Mfolozi water into St 

Lucia, by diverting the river mouth away from the estuary in 1952 (Whitfield and Taylor, 

2009; Cyrus et al., 2011; Whitfield et al., 2013).  
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However, this intervention was implemented without a full understanding of its ecological 

consequences (Bate and Taylor, 2008). Following isolation from its main freshwater source, 

and the frequent formation of a sand berm on the sea side, the St Lucia Estuary became prone 

to prolonged dry spells, accompanied by high rates of desiccation and hypersalinity (Carrasco 

and Perissinotto, 2011; Cyrus et al., 2011; Whitfield et al., 2013). Isolation of this important 

estuary from both the sea and the Mfolozi River meant the functional loss of the St Lucia 

Estuary as a nursery area for many estuarine dependent species(Whitfield et al., 2013 and 

references therein). Due to the geographic separation of estuaries in the northern KwaZulu-

Natal region (Bate and Taylor, 2008), there is no alternative estuary for the recruitment of 

such species. Ecological studies conducted within Lake St Lucia over the years have revealed 

that the diversity of several important taxonomical groups has been greatly reduced due to 

this isolation (Forbes and Cyrus, 1991; Mann and Pradervand, 2007; Vivier and Cyrus, 

2009). 

There have been many attempts to combat the problems of low water levels and hypersalinity 

in the St Lucia Estuary, by artificial breaching of the sand berm, and by creating links 

between St Lucia and the Mfolozi River. Many of these were successful only in the short 

term, or, in the case of artificial breaching, often further exacerbated the problem of 

hypersalinity (Whitfield et al., 2013). There are presently more measures being taken to re-

establish the link between the St Lucia Estuary and the Mfolozi River. A beach spillway 

connecting the St Lucia Estuary and the Mfolozi River mouths to each other, and to the 

Indian Ocean, became operational in 2012 (Carrasco et al., 2013; Whitfield et al., 2013). 

Although it closes during periods of low rainfall, the beach spillway has been shown to aid 

the recruitment and migration of marine, freshwater, and estuarine species through the three 

water bodies (van Elden et al., 2014). A narrow back-channel constructed in the 1960s in the 

Narrows region of Lake St Lucia has also been partially successful in channelling freshwater 

into the estuary (Taylor, 2013). However, this back-channel also carries high volumes of 

sediment-laden water during heavy flow events. The silt load of the Mfolozi River is 

currently regarded as among the highest in South African estuaries (Lindsay et al. 1996, 

Nhleko et al. 2012), with turbidity levels regularly exceeding 1000 NTUs after major rainfall 

events (Carrasco et al. 2007, Nhleko et al. 2012) . Therefore, although there is merit behind 

the decision to re-connect the St Lucia-Mfolozi River system, sediment loading of the St 

Lucia Estuary remains a major ecological concern.  
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The effects that turbidity can have on biota are varied. Through light attenuation, turbidity 

reduces the volume of water supporting primary production (Whalen et al., 2006).This then 

decreases food availability for higher trophic level organisms. Turbidity may also reduce the 

field of vision, and therefore the reactive distance of visual predators (Gardner, 1981; Rowe 

and Dean, 1998), and in this way alter species interactions within aquatic systems. Therefore, 

through its modification of both top-down and bottom-up ecological processes, turbidity is 

known to alter energy flow pathways, often in a way that reduces the overall productivity of 

coastal systems (Donohue and Molinos, 2009).  

Zooplankton play a pivotal role in the energy transfer of aquatic food webs (Jerling and 

Wooldridge, 1991; Hays et al., 2005; Guo et al., 2012). In St Lucia, there are four dominant 

species: the mysid Mesopodopsis africana, the calanoids Acartiella natalensis and 

Pseudodiaptomus stuhlmanni, and the cyclopoid Oithona brevicornis, which has only 

recently (2011— present) become numerically important with the onset of a wet phase. 

Various laboratory-based eco-physiological studies have tested the turbidity tolerance of M. 

africana and A. natalensis (Carrasco et al., 2007; Carrasco et al., 2013). The main findings 

are that turbidity reduces the feeding rate, and the survivorship of these two species. The 

turbidity tolerance of P. stuhlmanni and O. brevicornis has not as yet been documented. 

Further, in March 2014, intense precipitation (~210 mm) in the northern KwaZulu-Natal 

region resulted in a flood event, during which sediment-laden Mfolozi water flowed from the 

back-channel into the Narrows region of St Lucia. Thereafter, a silt plume began to spread 

throughout the South Lake basins (Figure 1.1; Figure 2.1). This provided the ideal 

opportunity to determine the previously untested effects of turbidity on zooplankton 

community structure in situ. In addition, the observation of live and preserved St Lucia 

zooplankton specimens have led to the discovery of epibiotic peritrich ciliates. These 

epibionts were found in the highest densities following the March 2014 flood event. 

Epibionts are organisms that use the surface area of other organisms, termed the basibionts or 

hosts, as an attachment site (Green and Shiel, 2000; Dias et al., 2008). Epibiotic relationships 

may be either commensal or parasitic to the host (Utz, 2003). Most studies have revealed 

negative effects on zooplankton hosts, which range from inhibition of free movement, to 

competition for food resources (Utz and Coats, 2005; Visse, 2007; Souissi et al., 2013). 

Many epibionts are host-specific (Utz and Coats, 2005; Ma and Overstreet, 2006), and at St 

Lucia it appears as though P. stuhlmanni is a preferred host. The negative impact epibionts 
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may have on their hosts may have community and food-web wide implications, as it may 

influence competitive interactions and alter grazing pressure. Pseudodiaptomus stuhlmanni is 

a key zooplankton species in Lake St Lucia, and is preyed upon by many important fish 

species (Nhleko et al., 2012; Peer et al., 2013; Dyer et al., 2015). 

In summary, the purpose of this study was: 

1. To determine the effect of turbidity on the feeding, respiration, and mortality rate of 

the copepod P. stuhlmanni (Chapter 1). 

2. To determine the response of the dominant zooplankton species of the Narrows region 

of Lake St Lucia to the March 2014 flood event and silt plume; and to document the 

field prevalence of the epibiotic peritrich ciliates on the body of P. stuhlmanni 

(Chapter 2).
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Turbidity effects on the feeding, respiration and mortality rate of the copepod 

Pseudodiaptomus stuhlmanni in the St Lucia Estuary, South Africa 

 

ABSTRACT 

The St Lucia Estuary is the largest estuarine lake in Africa and due to anthropogenic 

activities, it has since the 1950s been kept isolated from its main source of freshwater, the 

Mfolozi River. Stakeholders are increasingly calling for a full reconnection of the historical 

linkage in order to initiate system restoration. Studies conducted to test the effects of turbidity 

on the copepod Acartiella natalensis and the mysid Mesopodopsis africana have shown that 

turbidity reduces the fitness of these species. The turbidity tolerance of the dominant copepod 

Pseudodiaptomus stuhlmanni has not yet been documented. The aim of this study was to 

determine the effects of turbidity on the feeding, respiration and mortality rates of P. 

stuhlmanni. Although Chlorophyll consumption was negatively affected by inorganic silt, the 

use of natural silt resulted in more variable trends. In contrast, a positive relationship was 

found between total organic carbon (TOC) consumption and turbidity. The high ingestion 

rates in the highest turbidity treatments of the TOC experiments are attributed togut loading 

of organically-enriched silt. High turbidity also resulted in increased respiration rates of P. 

stuhlmanni, highlighting the energetic demand of turbid environments. Compared with other 

previously studied St Lucia zooplankters, P. stuhlmanni appears to be relatively tolerant of 

high turbidity. However, as the overall effect on this species is also negative, it is concluded 

that the St Lucia Estuary needs to be protected from excessive silt inputs if its ecological 

integrity is to be sustained. 

Keywords: turbidity, zooplankton, eco-physiology, Pseudodiaptomus stuhlmanni, St Lucia 

Estuary. 

1.1. INTRODUCTION 

The St Lucia estuarine lake of northern KwaZulu-Natal, South Africa, is the largest such 

system in Africa, covering an area of approximately 325 km2 (Begg, 1978). This system is 

not only a Ramsar Wetland of International Importance, but it also forms part of the 

iSimangaliso Wetland Park, South Africa’s first World Heritage Site (Whitfield et al., 2013). 

The primary source of freshwater for the St Lucia Estuary was historically the 10 645 
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km2large Mfolozi River system (Cyrus et al., 2011; Nhleko et al., 2012). Due to the scouring 

action characteristic of rivers and the high fetch exerted on large water bodies (Henley et al., 

2000), the Mfolozi River is a naturally turbid system (Nhleko et al., 2012). Historically, the 

vast swamps of the Mfolozi River effectively filtered out suspended matter, so that by the 

time the water reached the St Lucia Estuary, it was relatively particle-free (Cyrus et al., 2010, 

Nhleko et al., 2012). However, in the early 1900s, expanding agricultural practices along the 

Mfolozi floodplains resulted in the degradation of the filtering services provided by these 

swamps (Carrasco and Perissinotto, 2011; Whitfield et al., 2013). As a result, much of the 

fine sediment originally trapped in the swamps washed into the St Lucia Estuary, drastically 

increasing the sediment load and turbidity within the estuary (Carrasco et al., 2007; Nhleko et 

al., 2012). 

In a bid to stop the changes caused by the excessive sediment loading, stakeholders decided 

to physically separate the mouth of the Mfolozi River from that of the St Lucia Estuary in 

1952, isolating the two systems (Bate and Taylor, 2008; Carrasco and Perissinotto, 2011; 

Cyrus et al., 2011). Following this, lake bed desiccation and hypersalinity became prominent 

features during dry phases (Carrasco et al., 2007; Jerling et al., 2010a and references therein). 

The services previously provided by the estuary became degraded, species were lost and the 

integrity of the estuary has since become compromised (Cyrus et al., 2011; Carrasco et al., 

2013). St Lucia now maintains a connection with the Mfolozi River through a narrow back 

channel constructed in the late 1960s (Taylor, 2013). Further, there are currently system 

restoration measures being taken, to increase water inflow to the St Lucia Estuary.  

A newly constructed beach spillway became operational in 2012, and although it is currently 

closed, it successfully channels fresh and marine water into the estuary when it is open 

(Whitfield et al., 2013). The opening of this channel also coincided with the beginning of a 

new wet phase, as the area started receiving above average rainfall from 2011 onwards (van 

Elden et al., 2014; Dyer et al., 2015). Since the Mfolozi floodplains are still being used for 

agricultural purposes, the problem of increased sediment loading is expected to re-emerge 

(Carrasco et al., 2013). In addition, a large portion of the St Lucia lakes is relatively shallow 

(less than one metre), and during windy conditions, organic and inorganic particles are 

readily re-suspended, increasing the turbidity of the water column. 

Turbidity can play a structuring role in aquatic communities, as its effects have been shown 

to differ among taxa (Hart, 1988; Kirk and Gilbert, 1990; Kirk, 1991). While light attenuation 
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caused by turbidity decreases the level of primary production (Hart, 1988, 1992; Dejen et al., 

2004), some secondary producers may utilise organically-enriched sediment as a 

supplementary source of food (Arruda et al., 1983). Furthermore, high-turbidity environments 

degrade the field of view of visual predators, thereby providing refuge to their prey (Vinyard 

and O’Brien, 1976; Henley et al., 2000; Lehtiniemi et al., 2005; Levine et al., 2005). The less 

discriminant negative effects of turbidity on aquatic biota include physical injury caused by 

abrasion, and malnutrition caused by gut loading of nutritionally-poor sediment (McCabe and 

O’Brien, 1983; Hart, 1988; Koenings et al., 1990). As a result, most literature on turbidity-

effects report generally negative effects on aquatic biota (Hart, 1986; Koenings et al., 1990; 

Aka et al., 2000; Henley et al., 2000; Dejen et al., 2004; Carrasco et al., 2007, 2013). 

The role that zooplankton play in the energy transfer of aquatic systems, combined with their 

quick turnover rate make them an important functional group in eco-physiology studies. At St 

Lucia, studies have been conducted to determine the effect of turbidity on the feeding and 

mortality of two dominant zooplankton species, the mysid Mesopodopsis africana and the 

calanoid copepod Acartiella natalensis (Carrasco et al., 2007, 2013). Pseudodiaptomus 

stuhlmanni is another abundant calanoid, which has been singled out as a key prey item for 

several fish species at St Lucia (Nhleko et al., 2012, Peer et al., 2013; Dyer et al., 2015). The 

present study aims to expand on the past studies, by investigating not only how turbidity 

affects mortality and feeding, but also the respiration rate of P. stuhlmanni.  

1.2. MATERIALS AND METHODS 

1.2.1. Sample collection 

Sampling took place at Charter’s Creek in South Lake (Figure 1.1) from April to June 2014. 

Daytime sampling was conducted on all occasions using a hyperbenthic sled with a mesh size 

of 100 µm to collect the copepods. Estuarine water and sediment were also collected at 

Charter’s Creek. Experiments were conducted within three days of collection, and only 

healthy (i.e., active) adults were used. 
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Figure 1.1: Map of the St Lucia estuarine lake, showing the main lake basins. Adapted with 

permission from Raw et al. (2013). 

 

1.2.2. Experimental design 

Five different types of in vitro experiments were conducted: two testing turbidity effects on 

the mortality and respiration rate of P. stuhlmanni, and the other three testing turbidity effects 

on the feeding rate of the copepods. 
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The experimental design used a range of six turbidity levels, between ~ eight Nephelometric 

Turbidity Units (NTU), consisting of estuarine water with no added silt and as such acting as 

the control; and 2500 NTU, which is the highest recorded value at the Mfolozi River. The 

intermediate turbidity levels were 500, 1000, 1500, and 2000 NTU. Silt-sized particles 

(< 63µm) were obtained by sieving the sediment collected at Charter’s Creek through a 63µm 

mesh. The desired turbidity levels were achieved by adding silt to estuarine water and using a 

HACH 2100Qis instrument to measure turbidity. Prior to setting up the turbidity treatments, 

the estuarine water was filtered through a 55 µm sieve to exclude other grazers. 

To acquire inorganic silt, sediment was dried in an air circulating oven at 60 °C for two days 

and thereafter placed in a muffle furnace at 450 °C for 24 hours to burn off any organic 

matter. The sediment was then crushed for approximately three minutes using a grinder mill 

and only silt-sized (< 63 µm) particles used. Both approaches were utilised to ascertain 

whether there was a positive effect associated with natural organic silt. 

Adult P. stuhlmanni individuals were identified using a Kyowa SDZ dissecting microscope 

(40 ×) and isolated with a Pasteur pipette. The copepods were then randomly assigned to the 

various turbidity levels.  

Twenty-five mL vials were used in the mortality and feeding experiments, with five copepods 

incubated in each vial, while McCarthy vials (seven mL) were used in the respiration 

experiments, with three copepods incubated in each. There were three replicates of each type 

of experiment, and five replicate vials at each turbidity level. For the feeding and respiration 

experiments, there were three replicate blank treatment vials (without animals) at each 

turbidity level. All vials were attached to a laterally rotating plankton wheel (three rpm), in 

order to keep silt particles in suspension. Preliminary experiments showed that across the 

range of turbidities used, the copepods survived for at least 24 hours. Therefore, the copepods 

were left to feed and respire on the plankton wheel in a controlled temperature room (21± 1 

˚C) for 24 hours under a natural day: night regime. For the mortality experiment, copepods 

were left under the same conditions as those above, but checked at 24hour intervals until 

100% mortality across at least four levels was reached. 

1.2.2.1. In vitro feeding rates 

Pigment consumption, as chlorophyll a (chl a) and phaeopigment, was used as a proxy for 

ingestion rate in two feeding experiments (Carrasco et al., 2013). The difference between 
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these pigment consumption experiments is that one was set up using natural, therefore 

organically-enriched silt, whereas pre-combusted, inorganic silt was used in the other. The 

third feeding experiment investigated the total organic carbon (TOC) matter consumed across 

the turbidity gradient. The purpose of the TOC experiments was to determine how much 

organic matter P. stuhlmanni consumed, and if this changed along the turbidity gradient used. 

This information served as a test on the suitability of using pigment extraction methodologies 

in determining the feeding rate of this species. The complementary results obtained in all 

three feeding experiments should provide a more robust assessment of the relationship 

between turbidity and copepod feeding rates. 

After the designated 24 hour feeding period, the copepods were removed from the incubation 

vials by pouring the contents through a 200μm sieve. For the feeding experiments that used 

pigment consumption as a proxy for ingestion rate, the contents of each 25 mL vial were 

filtered through Whatman GF/F filters at the end of the 24 hour period. In addition, prior to 

the start of the experiment, three replicate 25 mL sub-samples of each turbidity treatment 

were filtered, in order to calculate the initial phytoplankton biomass. In order to extract 

pigments, the filters were placed in test tubes containing six mL of 90% acetone and 

refrigerated in darkness for 48 hours. The phytoplankton biomass in each sample was 

thereafter measured using a Turner Designs 10-AU fluorometer. Equations for the estimation 

of ingestion rate were derived from Båmstedt et al. (2000) and results were expressed as ng 

pigm.ind-1day-1. 

Ingestion rate: I = [V/(N.t)].[(Co-Cta) – (Co-Ctc)] 

Where I is the ingestion rate; V= the container volume; N = the number of copepods per 

container; t = the duration of the experiment; Co = the initial chlorophyll concentration (mg 

pigm.m−3); Cta= the chlorophyll concentration at the end of the incubation period in the 

experimental treatments (with animals); and Ctc= the chlorophyll concentration at the end of 

the incubation period in the blank treatments (without animals). 

For the TOC experiments, contents of all vials (i.e., three initials, three blanks and five 

treatment vials for each turbidity level) were filtered onto pre-combusted (eight hours, 

450 ºC) Whatman GF/F filters and oven-dried at 60ºC for 48 hours. The filters were 

thereafter weighed using a Shimadzu AUW220D Uni Bloc balance to an accuracy of 0.1 mg 

to get a measure of the total suspended matter content. The filters and their contents were 

then placed in a muffle furnace (450ºC) for eight hours, to burn the organic matter, after 
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which filters were re-weighed. The total organic carbon (µg C.ind-1day-1) consumed was 

calculated by subtracting the organic matter values of the treatment vials from those of the 

initials, after taking into account the values of the blank vials. 

1.2.2.2. Respiration rates 

The general protocol used by Isla and Perissinotto (2004) was employed in this experiment. 

The 55 µm filtered estuarine water was further filtered through a 0.2 µm filter so as to 

exclude all other respiring organisms. The turbidity treatments were then set up using the 

filtered water and the inorganic silt.  

In order to compensate for a possible decrease in dissolved oxygen content in the water after 

vacuum filtration, the water used in the incubations was aerated at the beginning of each 

experiment, sensu Ikeda et al. (2000). After the 24 hour incubation period, the copepods were 

removed from the bottles and the dissolved oxygen content of each incubation vial was 

immediately measured using a YSI 52 Dissolved Oxygen Meter. For each turbidity level, 

three replicates of initial dissolved oxygen content were measured. The amount of respired 

oxygen was thereafter calculated as the difference between the initial and final oxygen 

concentration, after taking the blank values into account. Specific respiratory rates were 

expressed as μg O2.ind-1day-1. 

1.2.2.3. Mortality rates 

At each 24 hour interval, the incubation vials were systematically removed from the plankton 

wheel and dead copepods were counted and removed. The general physical state of the 

copepods was also noted. Two litre buckets for each turbidity treatment were kept aerated 

throughout the duration of the experiment; after each time interval, live copepods were placed 

back into the 25mL bottles filled with fresh aerated medium. This served to eliminate oxygen 

and food deficiency effects. All three replicate mortality experiments ended at day eleven, as 

by then 100% mortality had occurred across the 1000— 2500 NTU levels. 

1.2.3. Statistical analyses 

Statistical analyses were conducted using IBM SPSS version 21 for Windows. One-way 

ANOVA was used to test the effects of turbidity on the feeding and respiration rate of P. 

stuhlmanni. The Kolmogorov-Smirnov One-sample test and the Levene’s test were 

performed to test for normality and equal variance of residuals, respectively. Datasets which 
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did not satisfy either of the assumptions were log10(x+1) transformed, and the assumptions 

tested again, to ensure that they were met before the use of the parametric test. To test the 

effect of turbidity on the mortality rate of P. stuhlmanni, a mixed-design repeated-measures 

ANOVA was carried out. Where the assumption of sphericity was violated, the Greenhouse–

Geisser epsilon values were used instead. For all experiments, where significant effects were 

found, Tukey post-hoc tests were performed to identify the source of the difference. 

 

1.3. RESULTS 

1.3.1. Ingestion rates 

1.3.1.1. Inorganic silt pigment experiments 

Turbidity significantly affected ingestion rates (rep. 1: p < 0.01, F1.6,0.3= 5.3; rep. 2: 

p < 0.001, F0.019, 0.001= 27.5; rep. 3:p < 0.001, F0.018,0.0005= 37.7). There was a decrease in 

ingestion rate with an increase in turbidity across the full turbidity range (Figure 1.2a). In all 

three replicates, highest ingestion rates were recorded at the lowest turbidity level, and these 

were significantly different to all other turbidity levels (Tukey post-hoc test, p < 0.05 for all 

comparisons). Lowest ingestion rates were recorded at the highest turbidity levels 

(Figure 1.2a). 

1.3.1.2. Natural silt pigment experiments 

The use of natural organically-enriched silt resulted in more variable trends in copepod 

feeding. The trend was somewhat bell-shaped, with ingestion rates peaking at 500 NTU 

(Figure 1.2b). A significant difference was found in all three replicates (rep. 1: p < 0.001, 

F0.068,0.004= 16.3; rep. 2: p < 0.001, F0.023,0.003= 6.8; rep. 3: p < 0.001, F0.03,0.002= 18.4). In all 

replicates, there was no significant difference in feeding between the control and 2500 NTU 

treatment (Tukey post-hoc test, p > 0.05). Feeding at both these levels was significantly 

different to those at 500 and 1000 NTU (p < 0.05). In replicate two, there was large 

variability at 2000 NTU (Figure 1.2b), and this level did not significantly differ from any 

other level (p > 0.05). Overall, lowest ingestion rates were recorded in the control, 

respectively followed by 2500 NTU and 2000 NTU. 
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1.3.1.3. Total organic carbon experiments 

A steady increase in total organic carbon consumption with an increase in turbidity was 

recorded (Figure 1.2c). In all three replicates, there was a significant increase in TOC 

consumption across the turbidity range (rep. 1: p < 0.001, F371,6= 64.8; rep. 2: p < 0.001, 

F363,24= 15.2; rep. 3: p < 0.001, F359,8=  44.6). In all replicates, feeding in the 1000 and 1500 

NTU levels did not significantly differ from each other (Tukey post-hoc test, p > 0.05). 

Feeding at 2500 NTU consistently differed from that at the control and at 500 NTU 

(p < 0.05). The control was further significantly different from all other levels in the first 

replicate, and from all but 500 NTU in the other two replicates. 
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Figure1.2: Ingestion rates of Pseudodiaptomus stuhlmanni in the various turbidity 
treatments. The inorganic silt pigment experiment, natural silt pigment experiment, and TOC 
experiment are represented by plots 1.2a, 1.2b and 1.2c, respectively. 

 

1.3.2. Respiration rates 

Because the copepods used in the respiration experiments exhibited uncontrolled and 

enhanced swimming activity at low and high turbidity levels, respectively, the metabolic rates 

may be defined as routine maximum as opposed to basal (see Ikeda et al. 2001). Turbidity 

significantly affected respiration (rep 1: p < 0.01, F0.72,0.12= 6.13; rep 2: p < 0.001, F2.23,0.24= 
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9.38; rep 3: p < 0.001, F0.68,0.07= 9.63). Respiration rates in the control were responsible for 

most of the differences. In the first replicate, respiration rates in the control differed from 

those at 1000, 1500, and 2000 NTU. In the second and third replicate, control rates at the 

control differed from those of all other levels, and from all but 500 NTU. With the exception 

of the difference between 500 and 2000 NTU in the third replicate, in all replicates, 

respiration rates across 500— 2500 NTU did not significantly differ from each other. 

Generally, respiration rates were lowest in the control, and plateaued from 500 to 2500 NTU 

(Figure 1.3). 
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Figure 1.3: Respiration rate of Pseudodiaptomus stuhlmanni in the various turbidity 
treatments. 
 

1.3.3. Mortality rates 

The mortality experiments lasted for eleven days (264 hours, Figure 1.4), and in all three 

replicate experiments, turbidity significantly affected mortality (rep. 1: p < 0.001, F64.7,0.38= 

170; rep. 2: p < 0.001, F63,0.34 = 187; rep. 3: p < 0.001, F72;0.42 = 173). Results from all 

replicates were in good agreement (Figure 1.4; Figure 1.5). The highest survival at 96 hours 

was recorded at 500 NTU, wherein between 80 and 100% of the copepods were still alive. 

There was more variability in the survival of animals exposed to the control, 1000 and 1500 

NTU. In the control, between 60 and 100 % survival was recorded in all replicates. Twenty to 

60, and zero to 40% survival in 1000 and 1500 NTU was respectively recorded at 96 hours. 

Animals exposed to 2000 and 2500 NTU had a survival of zero (replicates one and three) and 

20% (replicate two) after 96 hours (Figure 1.5). 



  Chapter 1     

16 
 

0

20

40

60

80

100

500100015002000

0
50

100

150

200

250

S
ur

vi
va

l (
%

)

Turbidity (NTU)
Ti

m
e 

(h
r)

Replicate experiment 1

0 
20 
40 
60 
80 
100 

Survival (%)

 

0

20

40

60

80

100

500100015002000

0
50

100

150

200

250

S
ur

vi
va

l (
%

)

Turbidity (NTU)

Ti
m

e 
(h

r)

Replicate experiment 2

0

20

40

60

80

100

500100015002000

0
50

100

150

200

250

S
ur

vi
va

l (
%

)

Turbidity (NTU)
Ti

m
e 

(h
r)

Replicate experiment 3

 

Figure 1.4: Survival rate of Pseudodiaptomus stuhlmanni in the various turbidity treatments 
over 11 days. 
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Figure 1.5: Survival rate of Pseudodiaptomus stuhlmanni in the various turbidity treatments 
at 96 hours. 
 
Tukey post-hoc tests revealed that, for all replicates, survival between the 1000 and 1500 

NTU did not differ significantly (p > 0.05) but differed from those at other levels (p < 0.05). 

The same was true for survival at 2000 and 2500 NTU, but only in replicates one and three. 

In replicate two, survival at 2000 differed to that at2500 NTU (p < 0.05). 

 

1.4. DISCUSSION 

Although wind-induced turbidities at the St Lucia Estuary are seldom above 1200 NTU, 

turbidities in excess of 2500 NTU have been recorded in the Mfolozi River, and therefore 

pose a threat to the St Lucia biota should the two systems be reconnected. This study revealed 

a range of deleterious turbidity effects on Pseudodiaptomus stuhlmanni, particularly at the 

highest (1500— 2500 NTU) levels. However, in the mortality experiments, this calanoid 

survived for much longer (eleven days) than was expected, particularly given results from 

similar studies (Carrasco et al., 2007, 2013). Further, the different trends of response 

observed in the feeding experiments show that it is both the proxy of ingestion (pigment 

versus TOC consumption), and the nature of silt used (organically enriched versus inorganic) 

that affect how turbidity may be perceived to affect this calanoid. 

The TOC experiments revealed an increase in ingestion with increasing turbidity, implying 

beneficial turbidity effects. This, however, is likely not the case. Calanoid copepods are 

generally classified as selective feeders (Richman and Dodson, 1983; Kirk and Gilbert, 1990 
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and references therein; Koenings et al., 1990). However, it is possible that their ability to feed 

selectively at elevated turbidities becomes impaired. In this case, the copepods can be 

expected to indiscriminately ingest particles within their vicinity. It is, therefore, more likely 

that gut-loading of nutrient-rich silt occurred in the high-turbidity treatments. This assertion 

is supported by the mortality experiment, as the animals exposed to the high turbidities had a 

substantially higher mortality rate than those exposed to low turbidities. 

Although both pigment feeding experiments showed an ultimately negative turbidity effect, 

the natural silt experiments produced a more variable trend, with the depression of ingestion 

only occurring from1000 NTU. In contrast, the findings of the inorganic silt experiments 

revealed a consistently increasing negative effect across the full turbidity gradient. Previous 

studies (Carrasco et al., 2007, 2013) investigated the effect of inorganic turbidity on the 

feeding (pigment) of the other dominant St Lucia zooplankters, the calanoid Acartiella 

natalensis and the mysid Mesopodopsis africana. The A. natalensis findings were in 

complete agreement with those of the present study, as a reduction in feeding was observed 

across the control— 2500 NTU gradient. This species also died within a week in mortality 

experiments conducted using natural silt. In contrast, the findings of the M. africana feeding 

study were more variable. In some cases, high inorganic turbidities depressed ingestion, 

whereas in others, either no relationship existed between ingestion rate and turbidity, or a 

positive correlation was recorded (Carrasco et al., 2007). The authors attributed the latter 

trends to a positive relationship between silt loading and mysid clearance rates (Carrasco et 

al., 2007). Carrasco et al. (2007) also found that mysids exposed to high turbidities had a 

significantly higher mortality rate than those exposed to low suspended silt loads. In the 

present study, mortality rates were also significantly higher at the higher turbidities. 

However, P. stuhlmanni survived for eleven days at the 500 NTU treatment, which is 

substantially longer than was observed with both A. natalensis and M. africana (Carrasco et 

al., 2007, 2013). 

The findings of the respiration experiments served to corroborate those of the inorganic 

feeding experiments, by highlighting the energetic cost of living in a silt-laden, food-deprived 

environment. Pseudodiaptomus stuhlmanni was found to deplete significantly more oxygen 

with increasing turbidity. Richman and Dodson (1983) also found that the cladoceran 

Daphnia pulex respired more when exposed to low versus high quality food. The authors 

attributed this to the fact that the rejection of food boluses by D. pulex came with a metabolic 

cost, as the animals expended energy while using their labrum and abreptor. In the present 



  Chapter 1     

19 
 

study, P. stuhlmanni likely had to expend more energy to prevent gut loading, and to expel 

any ingested inorganic silt. As adult copepods invest energy obtained from ingestion in 

reproduction among other metabolic costs, it is not only longevity, but secondary production 

of P. stuhlmanni that may be compromised by high, organically poor turbidities. 

The negative effects of inorganic silt on the dominant St Lucia zooplankton species have high 

relevance. If a full reconnection of the Mfolozi River to the St Lucia Estuary were to result in 

added silt loading, the allochthonous silt would have a lower organic matter content than the 

autochthonous silt currently characterising St Lucia. This is because the quantity of organic 

matter is known to decrease during heavy flow pulses (e.g. Sluss et al., 2008). More 

importantly, Nqgulana et al. (2010) and Nhleko et al. (2012) reported the benthic fauna of the 

Mfolozi River as highly impoverished, whereas that of St Lucia was found to be diverse. 

Ngqulana et al. (2010) attributed this finding to periodic flooding and the unstable nature of 

the Mfolozi substrate. Nhleko et al. (2012) cited the strong scouring action within the Mfolozi 

River as the cause of the degraded benthic substrate. The organically poor nature of the 

scoured particles, combined with the loss of the Mfolozi swamps, has resulted in the high 

organically-poor turbidities associated with the Mfolozi River flows (Nhleko et al., 2012). 

The turbidities currently characterising St Lucia are mainly as a result of silt and particulate 

organic matter re-suspended during windy conditions, which is why they are rich in organic 

matter. As shown by the natural silt experiments, at intermediate turbidities (500-1500 NTU) 

P. stuhlmanni is not as adversely affected by nutritious silt as it is by its inorganic 

counterpart. This may be due to the fact that nutritious silt is less abrasive, and can serve as a 

supplementary source of nutrition for zooplankton that are able to utilize the adsorbed carbon 

matter (Arruda et al., 1983, Koenings et al., 1990). Silt loading from the Mfolozi River would 

not only add to the already high in situ turbidities, it would also reduce the nutritional value 

and non-abrasive nature of the turbidities the St Lucia populations of P. stuhlmanni have to 

some degree adapted to. 

In conclusion, this study revealed that P. stuhlmanni is not as susceptible to turbidity as the 

two other previously studied zooplankters (Carrasco et al., 2007, 2013). However, the overall 

effect of elevated turbidity on this species was also negative. Nutritionally poor silt had a 

particularly adverse effect. As such, a full Mfolozi-St Lucia reconnection would likely lead to 

a decline in the secondary production and abundance of all dominant St Lucia zooplankton 

species. Pseudodiaptomus stuhlmanni has been particularly singled out as a key prey item of 
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higher trophic-level species (Jerling et al., 2010a; Nhleko et al,, 2012; Peer et al., 2013; Dyer 

et al., 2015). A population decline of this species might result in cascading effects on higher 

trophic levels (Cyrus et al., 2011). As such, reconnection of the St Lucia Estuary to the 

Mfolozi River should be accompanied by plans to reduce the threat of silt loading. 
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Impact of a sediment-laden flood event on estuarine zooplankton in Lake St Lucia 

 

ABSTRACT 

The St Lucia Estuary has a history of excessive sediment loading. Previous laboratory-based 

studies revealed that the dominant zooplankton species Mesopodopsis africana, Acartiella 

natalensis and Pseudodiaptomus stuhlmanni are negatively affected by high turbidities. A 

flood event in March 2014 resulted in a silt plume spreading through part of this estuary. This 

provided an ideal opportunity to monitor the field response of zooplankton to high suspended 

silt loads. The Narrows region of St Lucia was sampled on a monthly basis from March to 

September 2014. For comparative purposes, data from samples collected during 2013, prior 

to the flood event, were included in the statistical analyses. ANOSIM revealed that the three 

months following the flood event, that is March— May 2014, were significantly different 

from the rest of the sampling occasions in terms of species abundance. This period was 

therefore termed ―disturbed‖, and the rest of the sampling occasions ―undisturbed‖. The 

abundance of the copepods A. natalensis and Oithona brevicornis was lowest during the 

disturbed March— May period, and highest in September 2014. The other, more turbid-water 

tolerant copepod, P. stuhlmanni, prevailed in March 2014, but declined markedly in April. As 

of September 2014, this copepod had yet to regain its pre-flood abundance. It is, however, 

possible that the potentially parasitic epibiotic peritrich ciliates, which were observed to 

preferentially attach to P. stuhlmanni, further depressed this population. The interpretation of 

these results is also complicated by the possible combined effect of physic-chemical variables 

such as salinity and dissolved oxygen content. However, there is stronger support for the 

conclusion that the high turbidities accompanied by the March 2014 flooding event are 

primarily responsible for the observed outcome. 

Keywords: turbidity, zooplankton community structure, silt plume, epibiotic peritrich ciliates. 

2.1. INTRODUCTION 

Human-induced sediment loading and sedimentation are two of the most well-documented 

stressors of coastal ecosystems (Parkhill and Gulliver, 2002; Donohue and Molinos, 2009). 

During pulses of heavy flow, sediment-laden freshwater may discharge into estuaries, 

drastically increasing the sediment load, and in so doing, reducing the geological life of these 

systems (Whitfield et al., 2013). The finest sediment particles may persist in the water 
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column, resulting in high turbidities, which in turn affect, inter alia, the primary production 

and species interaction within affected estuaries (Tilzer, 1983; Cuker and Hudson, 1992; 

Cuker, 1993; Roach et al., 2014). 

In northern KwaZulu-Natal, South Africa, the 1930s canalisation of the Mfolozi River for 

agricultural purposes resulted in sediment loading of the St Lucia Estuary, Africa’s largest 

estuarine lake, and a Ramsar Wetland of International Importance(Bate and Taylor, 2008; 

Carrasco et al., 2007) (Figure 1.1). This problem accounted for the 1952 management 

decision to separate the then-common mouth of the two systems (Cyrus et al., 2011). Due to 

this isolation, other stressors, such as low water levels and hypersalinity during drought 

conditions, began to manifest (Jerling et al., 2010a). Early attempts at alleviating these latter 

stressors included excavation of a narrow back channel in the late 1960s (Taylor, 2013), 

which connects the Mfolozi River to the Narrows region of Lake St Lucia (Figure 1.1). There 

are currently other measures being taken to re-connect the Mfolozi River-St Lucia system 

(see Whitfield et al., 2013). 

The crucial role of zooplankton in energy transfer up the trophic levels of aquatic systems, 

combined with their quick generational turnover rate (Hays et al., 2005; Guo et al., 2012; 

Deale et al., 2013;), make them important determinants of the general health status of aquatic 

systems. Although various laboratory-based eco-physiological experiments have improved 

understanding of the turbidity tolerance of the dominant St Lucia zooplankton (Carrasco et 

al., 2007; Carrasco et al., 2013; Chapter 1, Jones et al., in review), the in situ response of 

these species to turbid conditions has not been documented. 

In March 2014, intense precipitation in the northern KwaZulu-Natal region resulted in a small 

flood (~210 mm rainfall) in the catchments of the St Lucia system. Sediment-laden water 

flowed from the Mfolozi River via the back-channel, as well as from the Mpathe River, a 

smaller freshwater source. Following the flood, a silt plume began to spread throughout the 

South Lake basins (Figure 2.1). This flooding event and resulting silt plume, which remained 

in place for approximately six weeks, provided the ideal opportunity to study the effect of 

turbidity on the ecology of the dominant zooplankton species, in situ. In addition, associated 

with this event was the discovery of epibiotic ciliates, which appeared to target and attach to 

the most turbid-water tolerant species, Pseudodiaptomus stuhlmanni (Figure 2.2). 
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Epibionts are organisms that use the exterior surface of other organisms (termed the hosts or 

basibionts) as an attachment substrate. They may have either a commensal or parasitic 

relationship with their hosts (Chatterjee et al., 2013; Utz and Coats, 2005). Many studies have 

described their attachment on crustaceans as parasitic (Bickel et al., 2012; Turner et al., 1979; 

Weissman et al., 1993). The zooplankton community structure of the Narrows region of Lake 

St Lucia was monitored on a monthly basis, from March to September 2014, with a two-fold 

aim: 

1) To determine the density fluctuation of the dominant zooplankton taxa following the 

March 2014 flooding event and resulting silt plume; 

2) To monitor the prevalence of epibiotic ciliates on the body of P. stuhlmanni, and the 

density fluctuations of P. stuhlmanni in response to this event. 

 

 

Figure 2.1: The discoloured water at the Narrows region after the March 2014 flood event 
(photo: Caroline Fox, March 2014). 
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Figure 2.2: Pseudodiaptomus stuhlmanni individual heavily infested with epibiotic peritrich 
ciliates, next to a non-hosting calanoid, Acartiella natalensis (micrograph: Salome Jones, 
March 2014). 

 

2.2. MATERIALS AND METHODS 

2.2.1. Sample collection 

Sampling was conducted at Esengeni in the Narrows region of the St Lucia estuarine lake 

(Figure 1.1). This region was chosen as the silt-laden water discharged from the back channel 

at this point. Monthly sampling events were undertaken from March until September 2014. 

Additionally, zooplankton samples taken at the Narrows in May, July, and November 

2013were included, for ―pre-disturbance‖ comparisons. Zooplankton, phytoplankton and 

microphytobenthic samples together with physico-chemical data were collected on each 

sampling occasion. 

2.2.2. Physico-chemical parameters 

Physico-chemical water quality measurements were taken with a YSI 6600-V2 water quality 

logger, fitted with temperature (˚C), depth (m), turbidity (Nephelometric Turbidity Units 
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[NTU]), dissolved oxygen (mg.L-1), and salinity probes. Rainfall data was obtained from the 

Ezemvelo KwaZulu-Natal Wildlife conservation authority. 

2.2.3. Microalgae, total suspended solids and particulate organic matter 

Microphytobenthic cores (two cm internal diameter, depth= one cm) were collected and 

immediately transferred to 100 mL polyethylene bottles containing 30 mL 90% acetone for 

48 hours cold-dark chlorophyll a (chla) and phaeopigment extraction. Water samples were 

collected in order to measure phytoplankton biomass. The samples were kept in ice during 

transportation to the laboratory (~ three hours). 

In the laboratory, 100 mL water subsamples were filtered through GF/F filters, which were 

then placed in six mL of 90 % acetone for 48 hours of cold-dark chl a and phaeopigment 

extraction. Phytoplankton (mg pigm.m-3) and microphytobenthic (mg pigm.m-2) biomass 

were determined fluorometrically, using a Turner Designs 10-AUnon-acidification system. 

Additionally, the concentration of total suspended solids (TSS, mg.L-1) and particulate 

organic matter (POM, %) were measured. This was done by filtering100 mL estuarine water 

through pre-combusted (6 hours, 420˚C) Whatman GF/F filters. Once dried (48 hours, 60 ˚C), 

the filters were weighed to 0.1 mg using a Shimadzu AUW220D Uni Bloc balance, 

combusted in a muffle furnace (six hours, 420 ˚C) and then re-weighed so that TSS and POM 

could be calculated. 

2.2.4. Zooplankton 

Daytime zooplankton tows were taken off a boat in the deep regions of the Narrows using a 

100 μm mesh D-net mounted on a hyperbenthic sled (radius= 18.5 cm). The net was mounted 

on the sled so that it was raised 7.5 cm above the sediment surface. The area of the D-net 

mouth was multiplied by the distance towed (27 m) to obtain the volume of water filtered 

(≈ 1.43 m3). Two tows were taken per trip, and the samples collected in the cod end were 

each immediately emptied into a 500 mL polyethylene bottle containing five % 

phloxine-stained formalin. 

In the laboratory, each sample was suspended in a one-five litre solution, depending on the 

density of the zooplankton. The sample was then stirred to ensure a homogenous suspension 

of all the organisms and a 10 mL plastic vial attached to a metal rod was used to withdraw six 

subsamples from mid-depth (Perissinotto and Wooldridge, 1989; Carrasco et al., 2009). 

Zooplankton within the subsamples were identified and counted under a Kyowa SDZ 
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dissecting microscope (40 ×). Zooplankton density (ind.m-3) was then calculated. The 

epibiotic peritrich ciliate prevalence on P. stuhlmanni from March 2014 to September 2014 

was also recorded. 

To calculate the dry biomass of each sample, a Folsom plankton splitter was used to split 

each sample into two equal portions. One of these was filtered onto pre-weighed Whatman 

GF/F filters and oven-dried (24 hours, 60˚C). Biomass was estimated as the total dry weight 

(mg DW.m-3) of each sample. 

2.2.5. Statistical analyses 

Univariate statistical analyses were conducted with SPSS version 21 for Windows. All data 

met the assumptions of parametric testing (normality and even distribution of residuals). 

One-way ANOVA was conducted to test for temporal differences in total zooplankton 

abundance, biomass and species richness. Where differences were found, Tukey post-hoc 

tests were applied to determine the source of the differences. Spearman’s regression analyses 

were used to test for relationships between environmental variables and total abundance, 

biomass and species richness. 

Multivariate analysis was conducted using the PRIMER package (version 6.0). Abundance 

data were fourth-root transformed, in order to reduce the effect of the abundant species. 

Analysis of similarity (ANOSIM) was conducted to check for temporal differences in 

zooplankton community structure. A Bray-Curtis similarity matrix was then calculated for the 

different sampling periods. Cluster analysis (group averaged) and multidimensional scaling 

(MDS) plots were used to visually assess temporal differences in zooplankton community 

structure. Where differences were found, the similarity percentage (SIMPER) routine 

determined the magnitude of the difference between the sampling dates, and the different 

species’ contribution to the community structure on the different sampling occasions. The 

BIOENV Harmonic Spearman Correlation function was used to relate environmental 

variables to the zooplankton assemblages. 

 

2.3. RESULTS 

2.3.1. Physico-chemical parameters 

Water temperature ranged from 16.4 to 26.3 ˚C throughout the study period. Salinity was 

highest in November 2013 (21.6) and showed a sharp decline following the flood event, with 
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the lowest value (0.5) recorded in May 2014. Dissolved oxygen content was lowest in April 

2014, at 5.23 mg.L-1. Rainfall was highest in March 2014 (209.6 mm), and the water-column 

in the Narrows was two metres deep during the March–May 2014 period. Turbidity reached 

its peak following the flood event, with 962 NTU being recorded in March 2014 (Figure 2.3). 
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Figure 2.3: Environmental parameters measured in the Narrows region during each sampling 
occasion. The asterisk indicates the timing of the flood event. 
 

2.3.2. Microalgae, total suspended solids and particulate organic matter 

Highest phytoplankton biomass (22.9 mg.m-3) and lowest microphytobenthic biomass 

(1.45 mg.m-2) were recorded during March 2014, following the flood event (Figure 2.4). The 

highest TSS concentrations (426 mg.m-3) were also recorded after the flood. Percentage 

particulate organic matter content was highest in May 2013 (41%) (Figure 2.5). 
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Figure 2.4: Phytoplankton and microphytobenthic biomass measured from water samples 
collected in the Narrows region after each sampling occasion. The asterisk indicates the 
timing of the flood event. 
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Figure 2.5: Total suspended solids (TSS) and the corresponding percentage particulate 
organic matter (POM) measured from water samples collected at the Narrows region after 
each sampling occasion. The asterisk indicates the timing of the flood event. 
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2.3.3. Zooplankton abundance, biomass and species richness 

The total recorded zooplankton abundance ranged from 6.68 × 104 to 3.33 × 105 ind.m-3 

throughout the study period. The lowest zooplankton densities coincided with the flood event 

in March 2014 (Figure 2.6). Zooplankton abundance showed significant differences between 

sampling occasions (ANOVA, F9,10= 28.8, p < 0.05) with September 2014 values being 

significantly higher than those recorded on all other occasions (p < 0.05). In addition, the 

zooplankton abundance recorded during the March– May 2014 period was significantly 

different to those of all subsequent sampling occasions (p < 0.05).  

Total zooplankton biomass ranged from 50.7 to 239 mg DW.m-3 (Figure 2.6). Biomass varied 

significantly between sampling occasions (ANOVA, F9,10= 179, p < 0.05). The main month 

responsible for the difference was September 2014, which differed from all other months 

(Tukey post-hoc test, p < 0.05).  

Species richness was greatest in March 2014, with 18 taxa recorded on this sampling 

occasion. The lowest species richness was recorded during July 2013 (Figure 2.6). There was 

a significant difference between sampling occasions (ANOVA, F9,10= 30.9, p < 0.05). The 

species richness recorded during the 2013 months did not significantly differ from one 

another (Tukey post-hoc test, p > 0.05), but differed from March, May, June and August 

2014 (Tukey post-hoc test, p < 0.05). 
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Figure 2.6: Mean (± SD) zooplankton abundance, biomass, and species richness recorded at 
each sampling occasion. The asterisk indicates the timing of the flood event. 
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Regression analyses revealed that neither total zooplankton abundance nor biomass were 

significantly correlated with any of the environmental parameters (p > 0.05). Species richness 

was significantly correlated only with salinity (R= 0.8; p < 0.05). 

2.3.4. Zooplankton community structure 

The abundance of Pseudodiaptomus stuhlmanni was highest in May 2013 (4.59 × 104 

ind.m-3). Its lowest recorded abundance (1177 ind.m-3), and contribution (< 1 %) towards 

total abundance, were recorded during April 2014. Overall, P. stuhlmanni underwent a drastic 

population decline between March and April 2014, with about a third of the initial total 

abundance remaining after this period. This was not unique to this particular species, as the 

abundance of the other dominant St Lucia copepods, Acartiella natalensis and Oithona 

brevicornis, also decreased markedly from March to April 2014 (Figure 2.7).  

Acartiella natalensis was present on all sampling occasions, with the exception of April 

2014. The relative abundance of this species was significantly higher on the sampling 

occasions preceding the flood event (i.e. May, July and November 2013). Following the flood 

event and silt plume, however, A. natalensis densities remained relatively low, until they 

peaked at 2.71 × 104 ind.m-3 in September 2014 (Figure 2.7). 

The cyclopoid copepod O. brevicornis occurred at densities of 3.12 × 104 ind.m-3 in 

November 2013, and was absent from the system in March and April 2014. Similar to 

A. natalensis, O. brevicornis peaked in September 2014, at 2.3 × 105 ind.m-3 (Figure 2.7). 

Only one exclusively freshwater species was recorded prior to the flood; the cladoceran 

Moina cf. micrura in July 2013 (74 ind.m-3) and November 2013 (172 ind.m-3). All other 

freshwater species were recorded for the first time in March 2014, following the flood. These 

include the cladocerans Ceriodaphnia sp. and Bosmina sp. In total, freshwater species 

accounted for 25.8% of all species recorded in March 2014, compared to the less than one % 

during the three pre-disturbance months. By April 2014, concurrent with the decline of 

estuarine taxa, the abundance of the freshwater taxa had increased markedly, accounting for 

95 % of the total abundance. Moina cf. micrura was particularly prevalent, accounting for 

65.9 % of the total abundance recorded during this month (Figure 2.7). 
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Figure 2.7: Abundance of zooplankton taxa recorded from May 2013 to September 2014 in 
the Narrows region of Lake St Lucia. The asterisk indicates the timing of the flood event. 

Cluster analysis and MDS plots (Figure 2.8) showed that the zooplankton communities 

recorded in the three months following the disturbance, viz. March, April and May 2014 

differed from those of the other months (Figure 2.8). These months were therefore termed 

―disturbed‖, and the rest of the sampling occasions ―undisturbed‖. ANOSIM revealed a 

significantly different community structure between the disturbed and undisturbed period (R= 

0.92, p < 0.1). 
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Figure 2.8: A Bray-Curtis similarity dendrogram and a multi-dimensional scaling (MDS) 
plot showing the grouping of zooplankton communities according to abundance in the 
Narrows region from May 2013 to September 2014. 

 

SIMPER analysis revealed five taxa that accounted for ~ 90 % of the abundance in the 

undisturbed period. These were copepod nauplii, P. stuhlmanni, A. natalensis, O. brevicornis 

and the ostracod Cyprideis torosa. During the disturbed period, nine taxa accounted for ~ 

90 % of the abundance. The most important of these were M. cf. micrura, Ceriodaphnia sp., 

copepod nauplii and P. stuhlmanni (Figure 2.7). 

The species generally responsible for the dissimilarity between the pre-disturbance months 

and June–August 2014 were A. natalensis, O. brevicornis, and P. stuhlmanni. All three 

copepods were more abundant during the pre- compared to post- disturbance months. 
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The BIOENV procedure identified turbidity, salinity and dissolved oxygen as the main 

environmental factors affecting the zooplankton communities (R= 0.72). 

2.3.5. Epibiotic peritrich ciliate prevalence on Pseudodiaptomus stuhlmanni 

Sixty-eight % of P. stuhlmanni individuals recorded in March 2014 harboured epibiotic 

ciliates. No epibionts were found on the specimens collected in April, but the epibionts 

re-emerged in May 2014, and were subsequently consistently found on P. stuhlmanni, 

although at a low prevalence (Figure 2.9). 

0

5

10

15

20
Total abundance

Infected individuals

2.9a

Ps
eu

do
di

ap
to

m
us

 s
tu

hl
m

an
ni

ab
un

da
nc

e 
(in

d.
m

-3
)

0

20

40

60

80

100

Mar 
'14

Apr 
'14

May
 '1

4

Ju
n '

14
Ju

l '1
4

Aug
 '1

4

Sep
 '1

4

2.9b

Ep
ib

io
nt

 p
re

va
le

nc
e 

(%
)

 

Figure 2.9: Epibiotic ciliate occurrence (2.9a), and epibiotic ciliate prevalence (2.9b) on 
Pseudodiaptomus stuhlmanni across the 2014 sampling dates. The data is fourth-root 
transformed. 
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2.4. DISCUSSION 

Previous laboratory-based studies have revealed that turbidity has a negative effect on the 

eco-physiology of three of the dominant St Lucia zooplankters, Mesopodopsis africana 

(Carrasco et al., 2007), Acartiella natalensis (Carrasco et al., 2013), and Pseudodiaptomus 

stuhlmanni (Chapter 1, Jones et al., in review). However, the effect was not uniform among 

these species, as P. stuhlmanni appeared to be more turbidity tolerant than the other two 

species. The March 2014 flooding event and resulting silt plume were therefore expected to 

result in an uneven decline of estuarine species. As the mysid M. africana was virtually 

absent from the system before the disturbance, the attention was paid predominantly to the 

copepods. In the laboratory-based mortality experiments, A. natalensis was exposed to the 

13.5— 2500 NTU turbidity gradient, and by 96 hours, 100% mortality had occurred across 

this gradient. In a similar experiment run with P. stuhlmanni, there were still survivors across 

the eight— 1500 NTU gradient after a week of exposure. The experiment was terminated at 

day eleven, when 100% mortality had occurred across the 1000— 2500 NTU gradient. The 

findings of this in situ study therefore corroborate those obtained in laboratory studies, as the 

reaction of A. natalensis was an immediate population decline, whereas P. stuhlmanni 

remained abundant in March 2014, but eventually declined in April. However, at any given 

time, natural systems are impacted by an array of factors, which usually act in synergy to 

shape the prevailing community structure. Although turbidity was the main factor of interest 

in this study, other factors, namely salinity and dissolved oxygen content, also emerged as 

statistically significant drivers of the prevailing zooplankton assemblage. 

As the silt-laden waters that caused high turbidity in March 2014 were of freshwater origin, it 

was expected that salinity would also play an important role in structuring the subsequent 

zooplankton assemblage of the Narrows region. The BIOENV analysis revealed that 

turbidity, dissolved oxygen and salinity were the main determinants of the Narrows 

community structure during ―the disturbance‖. The fact that regression analyses indicated that 

salinity was correlated with species richness, was therefore not surprising.  

Low salinity prevailed for longer (March–May 2014) than high turbidities (March–April 

2014). The low salinity regime was characterised by a unique zooplankton community, as it 

was during this time that the freshwater cladocerans Moina cf. micrura and Ceriodaphnia sp. 

were dominant while the St Lucia copepods O. brevicornis and A. natalensis were virtually 

absent. Oithona brevicornis has been variably abundant at St Lucia since the 2011 onset of 
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the wet phase. This cyclopoid mainly inhabits estuarine and marine environments (Boxshall 

et al., 2007). Therefore, both the low salinity and high turbidity could have been responsible 

for the decline of this species in March 2014. Acartiella natalensis, however, is able to 

withstand low salinity (freshwater to ~ 80) (Grindley, 1976, 1982), and is a dominant 

member of the Mfolozi River zooplankton community (Jerling et al., 2010b). Apart from 

salinity and turbidity, other factors, such as competition imposed by the cladocerans, may 

have also prevented this calanoid population from making a quicker recovery. 

In contrast to A. natalensis, P. stuhlmanni was present in high densities in March 2014 

following the flooding event. During the March sampling event, P. stuhlmanni was 

discovered grossly covered in parasitic epibiotic ciliates. Many studies have reported the 

parasitism of copepods by epibiotic ciliates (Weissman et al., 1993; Morado and Small, 1995; 

Visse, 2007; Bickel et al., 2012). These ciliates not only harm their hosts by inhibiting free 

movement (thus increasing predation risk, and reducing feeding efficiency), but also by 

competing for food resources (Souissi et al., 2013). 

In the current study, 68% of P. stuhlmanni individuals were observed to host epibionts in the 

March 2014 samples. By April 2014, the P. stuhlmanni population had undergone a threefold 

decline in abundance. It was also noted during this time that the epibiotic ciliates were absent 

from the zooplankton samples. Pseudodiaptomus stuhlmanni re-emerged in May 2014, as did 

the epibionts, although with only a four % prevalence on P. stuhlmanni individuals. The field 

density of the epibionts has since been generally positively correlated with that of 

P. stuhlmanni. It is unclear whether the eventual demise of P. stuhlmanni in April-May 2014 

was principally caused by the high turbidities, or the epibiotic ciliates. However, epibiotic 

ciliates have been found to be favoured by polluted environments, and have been associated 

with eutrophic conditions (Utz and Coats, 2005). Laboratory-based experiments have shown 

that turbidity facilitates the population growth of the St Lucia epibionts, as the epibiont 

prevalence on P. stuhlmanni individuals exposed to turbidities of 500 and 1000 NTU was 

found to be significantly higher than that on P. stuhlmanni exposed to lower (~0 and 12 

NTU) turbidities (Jones et al., unpublished data). In addition, unaffected P. stuhlmanni 

individuals, and those with a low epibiont load, had a significantly lower mortality rate than 

their heavily infested counterparts (Jones et al., unpublished data). The decline of P. 

stuhlmanni may have therefore been caused by both the after-effects of high turbidity and the 

parasitic ciliates. 
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The freshwater cladocerans M. cf. micrura and Ceriodaphnia sp. were able to thrive during 

the time when P. stuhlmanni declined. Cladocerans are generally more sensitive to turbidity 

than copepods (Kirk and Gilbert, 1990; Koenings et al., 1990). Therefore, it is unlikely that 

the high turbidities of March favoured these cladocerans over the St Lucia copepods. The 

epibionts were microscopically observed to target only P. stuhlmanni, irrespective of the 

presence of the cladocerans and other zooplankton species (personal observation). The three-

month persistence of the cladocerans may be attributed to both low salinity, and niche 

availability following the population decline of the St Lucia resident species. 

The high numbers of copepod nauplii observed from May 2014 onwards are an indication 

that the copepods can regain their characteristically high densities, but only after several 

months following the disturbance. Oithona brevicornis attained its peak densities in the last 

two months (August and September 2014) of this study. Acartiella natalensis also regained 

its pre-disturbance densities in September 2014. However, although P. stuhlmanni has been 

among the top four dominant species since June 2014, this species had, as of September 

2014, not yet attained its pre-disturbance abundance. The epibiotic ciliates may be 

responsible for the continued suppression of this species. The quicker recovery of O. 

brevicornis and A. natalensis may also be attributable to their smaller body size at maturity, 

which might mean that they have a quicker regeneration time than the larger P. stuhlmanni. 

The findings of this study nonetheless exemplify the turbidity tolerance of P. stuhlmanni that 

was found through the laboratory experiments (Chapter 1, Jones et al., in review). In the 

laboratory experiments, P. stuhlmanni survived for up to 11 days, with the highest percentage 

survival recorded at a turbidity of 500 NTU. This species has now been found abundant in the 

field under turbidities in excess of 900 NTU, despite being parasitized by epibionts. 

The March— May 2014 period was characterised by the lowest concentration of dissolved 

oxygen, which might explain the BIOENV inclusion of this factor as a determinant of the 

community structure during this study. Sediments have a high oxygen demand (Sklar and 

Browder, 1998; Donohue and Molinos, 2009), and have been found to sequester as much as 

16 times their volume of aerated water (Bruton, 1985). Therefore, high turbidities, such as 

those experienced at St Lucia during the March–April 2014 period, are generally 

accompanied by decreased oxygen content (Appleby and Scarratt, 1989; Donohue and 

Molinos, 2009). Further, there was generally a higher concentration of particulate organic 

matter in the Narrows in the four months following the disturbance. Large amounts of 

organic matter may result in a high ratio of water column community respiration: available 
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dissolved oxygen content. Studies on the effect of turbidity on the respiration of P. 

stuhlmanni have revealed that this species requires more oxygen at high versus low 

turbidities (Chapter 1, Jones et al., in review). Therefore, turbidity per se results in low 

physical oxygen availability, while simultaneously increasing the oxygen requirements of at 

least this species. In cases where oxygen is a limiting factor, attachment of epibiotic ciliates 

on P. stuhlmanni may not only elicit competition for food, but also for oxygen. 

Other taxa of note during this study were various unidentified freshwater cyclopoids, which 

were mainly present in March 2014, and traditionally benthic taxa. The benthic taxa include 

the cosmopolitan ostracod Cyprideis torosa, and Tenellia adspersa, a small estuarine 

nudibranch previously unrecorded in Africa. A thorough discussion of the dynamics of these 

less abundant taxa is beyond the scope of this study. However, although species identification 

was not the purpose of this study, it is apparent that several potentially important 

zooplankton, particularly Mfolozi River cyclopoids, are in need of accurate identification. 

The importance of the Mfolozi River as a source of freshwater for Lake St Lucia is well 

documented in the literature (Taylor, 2006; Cyrus et al., 2010, 2011; Carrasco and 

Perisinotto, 2011; Taylor, 2013; Whitfield et al., 2013). However, in the compromised current 

state of this river, the freshwater aid it provides during calm periods is to some degree offset 

by the sediment loads it discharges into St Lucia during heavy rainfall. The flooding event 

and resulting silt plume, although temporary (~ six weeks), has had a long-lasting effect on 

the community structure of the zooplankton of at least the Narrows region. Although 

literature pertaining to the Lake St Lucia-Mfolozi River system (Grindley, 1976, 1982; 

Jerling et al., 2010a, b) concur that the dominant St Lucia calanoids are euryhaline, it is 

difficult to isolate the effect of salinity from that of turbidity. However, recent eco-

physiological experiments (Carrasco et al., 2013; Chapter 1, Jones et al., in review) suggest 

that turbidity may be primarily responsible for the community decline of the calanoid 

copepods P. stuhlmanni and A. natalensis. 

Studies conducted in other parts of the world cite human-induced sediment loading of aquatic 

systems as one of the greatest threats to biodiversity and ecosystem service provision 

(Cooper, 1993; Wood and Armitage, 1997; Sklar and Browder, 1998; Gray et al., 2014;). One 

of the biggest biological impacts of this factor is on the food web structure of aquatic 

systems, and its effects on the feeding of fish have been well researched (Vinyard and 

O’Brien, 1976; McCabe and O’Brien, 1983; Bruton, 1985). The generally reported impacts 
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on the feeding of fish are a reduction in feeding efficiency due to field of view obstruction 

(Vinyard and O’Brien, 1976; Gardner, 1981), and a shift in prey items caused by their 

selective suppression by turbidity (Arruda et al., 1983; McCabe and O’Brien, 1983; Kirk and 

Gilbert, 1990; Dejen et al., 2004). At the St Lucia Estuary, stable isotope and gut content 

analyses of several dominant fish species have shown that A. natalensis and P. stuhlmanni are 

key dietary constituents (Nhleko et al., 2012; Peer et al., 2013; Dyer et al., 2014). Therefore, 

the decline of these copepods impacts important energy transfer pathways, which may affect 

the trophic functioning of Lake St Lucia as a whole. 

Future turbidity effect studies should be conducted on O. brevicornis. This species has 

become important in St Lucia in terms of abundance, and the findings of this study revealed 

that it reacts similarly to A. natalensis; its density declined dramatically following the March 

2014 flood event. There are currently on-going laboratory experiments to test the effect of 

turbidity on the feeding, oxygen depletion, ammonia excretion, and mortality of this 

cyclopoid copepod.
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CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 

Sediment loading has been described as a primary and global threat to the functioning of 

coastal ecosystems (Ryan, 1991; Parkhill and Gulliver, 2002, Donohue and Molinos, 2009). 

Despite this, there has been a relatively small body of work dedicated to understanding the 

biological impacts of sediment loading on lake systems (Donohue and Molinos, 2009). This 

is especially true for African water bodies (but see Hart, 1986, 1988, 1992; Dejen et al., 2012, 

and Carrasco et al., 2007, 2013). Findings of this study are therefore of importance not only 

for the conservation of St Lucia, but for that of other similarly challenged systems. 

At St Lucia, the effects of turbidity are important to understand for two reasons. Firstly, a 

large proportion of this estuary is shallow, and during windy conditions, organic and 

inorganic particles are readily re-suspended. Secondly, its connection to the Mfolozi River 

subjects it to excessive sediment loading, as exemplified by the March 2014 flood event. 

Therefore, with the current measures to establish more links between the St Lucia Estuary 

and the Mfolozi River, the St Lucia zooplankton, as well as other functional groups, will be 

subjected to more frequent turbidity spells, resulting from both wind-induced particle re-

suspension, and silt loading from the Mfolozi River. 

Through laboratory experiments and ecosystem monitoring, this study has confirmed that 

turbidity exerts a negative impact on all dominant St Lucia zooplankters. The feeding rates of 

the mysid Mesopodopsis africana (Carrasco et al., 2007), and the calanoids Acartiella 

natalensis (Carrasco et al., 2013) and Pseudodiaptomus stuhlmanni (Chapter 1, Jones et al., 

in review), are reduced at high turbidity. Turbidity also exerts added metabolic costs on P. 

stuhlmanni, as this copepod was found to deplete significantly more oxygen at high versus 

low turbidities. High turbidity ultimately reduces the fitness of all three dominant St Lucia 

zooplankton species, as it results in premature mortality. However, this study has also 

highlighted the differential impact of turbidity on different species, as P. stuhlmanni has been 

found to be substantially more tolerant than M. africana and A. natalensis.  

The finding of the first chapter might therefore lead to the prediction that with more frequent 

turbidity spells, P. stuhlmanni will cope better than the other currently co-dominant 

zooplankton species. However, on-going laboratory experiments have revealed that 

nutrient-rich turbidity also provide ideal conditions for the proliferation of the epibiotic 
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peritrich ciliates (Jones et al., unpublished data). Chapter 2 revealed that once the population 

of P. stuhlmanni declines, it takes a relatively long time (> five months) for this species to 

recover. Therefore, the less detrimental effects of turbidity on P. stuhlmanni become more 

pronounced through its facilitation of the epibionts, which act to ensure the suppression of P. 

stuhlmanni. 

The Mfolozi River flows are generally associated with organically poor particles (Nqgulana 

et al., 2010, Nhleko et al., 2012; Chapter 1, Jones et al., in review). Given the fact that the 

highest epibiont densities were observed in the Narrows region following discharge of 

Mfolozi River water (Chapter 2), the findings of this study might seem contradictory. 

However, as this was a flood event, other factors, such as terrestrial runoff, and re-suspension 

of settled organic particles at St Lucia, may have contributed towards making this water more 

organically-rich than would regular inflow of sediment-laden Mfolozi River water. 

The findings of this study have major implications for the food web of Lake St Lucia. The 

shorter life span of M. africana, A. natalensis, and P. stuhlmanni during turbid conditions has 

the effect of reducing the egg production rate of these dominant species. Stable isotope and 

gut content analyses studies have identified P. stuhlmanni and A. natalensis as primary prey 

items of the dominant fish species at St Lucia (Nhleko et al., 2012; Peer et al., 2013; Dyer et 

al., 2014). Although the Mfolozi River flows carry a high sediment load, inflow into St Lucia 

is accompanied by freshwater zooplankton, particularly cladocerans, which the planktivorous 

fish might temporarily prey upon in the absence of the dominant St Lucia species. Wind-

induced turbidity associated with epibiont proliferation, on the other hand, can be expected to 

result in a population decline of the St Lucia zooplankton, and therefore a reduction of prey 

items for planktivorous species. 

Wind-induced turbidity might intuitively be expected to be a comparatively smaller threat, 

due to its short-lived nature, and the fact that it is characterised by autochthonous particles. 

However, on one occasion at Charter’s Creek (Figure 1.1) in 2013, intense wind action 

resulted in turbidities in excess of 1200 NTU, and zooplankton samples collected during this 

period revealed a low abundance (personal observation). Additionally, P. stuhlmanni was 

covered in the then-unidentified peritrich ciliates. In light of these findings, it is even more 

important that the inflow of Mfolozi River sediments be controlled. Through increasing the 

sedimentation rate, allochthonous sediment further reduces the depth of the lake basins, 
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which results in increased concentrations of suspended silt during wind-induced turbidities 

(Whitfield et al., 2013). 

 RECOMMENDATIONS FOR FUTURE WORK 

There are currently on-going laboratory experiments, aimed at determining how turbidity 

affects the feeding, respiration, and mortality rate of the cyclopoid copepod Oithona 

brevicornis, which has gained prominence since the 2011onset of the wet phase. Other on-

going studies have also confirmed that the turbid-water associated epibiotic peritrich ciliates 

recently discovered at St Lucia are specific for P. stuhlmanni. At high densities, these 

epibionts also parasitize P. stuhlmanni, ultimately reducing survivorship. Future studies 

should aim at quantifying the food web effects of turbidity, as well as those of the epibiotic 

peritrich ciliates, which are currently being identified to species level. Sediment control 

measures, and a better understanding of the ecological role of the epibiotic peritrich ciliates, 

may be vital in maintaining the ecological functioning of the St Lucia Estuary.  
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