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I

Abstract
The St Lucia estuarine system, Africa’s largest estuarine lake, is characterised by cyclic changes from
hypersaline to oligo/mesohaline conditions in response to alternations between drought and wetter
than average years. In addition, St Lucia also experiences stochastic disturbances, such as flooding
events that rapidly decrease salinity levels. Due to their sessile and slow moving nature, bivalves are
particularly vulnerable to rapid or prolonged changes in the physico-chemical environment. The
recent freshwater deprivation crisis that prevailed for the last decade resulted in a significant loss in
bivalve species richness within the system. An annotated and illustrated bivalve census revealed the
occurrence of twenty-four species within St Lucia between the years 1925 and 2011. However, only
six species were recorded during the most recent survey in March 2011. The infaunal razor clam,
Solen cylindraceus, and the epifaunal brackwater mussel, Brachidontes virgiliae, are currently the
dominant bivalve species within St Lucia. This study, therefore, aimed to record the species richness
of bivalves found in Lake St Lucia and to investigate key biological aspects of the two dominant
bivalve taxa within the system, under different salinity regimes. Experiments revealed that S.
cylindraceus can tolerate salinities between 15 and 65, while B. virgiliae prefers salinity levels
ranging from freshwater to 20. The varying tolerance limits, therefore, dictate the distribution of these
species during different climatic conditions within the estuarine lake. During wet periods, S.
cylindraceus is restricted to the northern reaches, unable to tolerate the oligohaline conditions present
in the rest of the system. Conversely, B. virgiliae, often restricted to the Narrows, becomes ubiquitous
throughout the system under such conditions. Solen cylindraceus can reach a maximum length of 95
mm. However, in the St Lucia estuarine system, specimens seldom exceed a length of 55 mm,
probably because prevailing/re-occurring harsh conditions prevent them from reaching maximum
size. In situ measurements of this species also revealed less growth during the first year of life than for
the same species in different systems. While B. virgiliae is substantially smaller than S. cylindraceus,
the high densities that this species is able to attain makes it an important grazer with the potential to
have significant feeding impacts on the local phytoplankton biomass. Results showed that in localised
areas, B. virgiliae populations may consume up to eight times the available phytoplankton biomass.
These key bivalve species are strongly influenced by the fluctuation in climatic conditions from wet to
dry phases. Thus, understanding the effects that climatic shifts have on key estuarine species is
essential, as flood and drought events are predicted to increase in frequency, intensity and duration as
a result of global climate change.
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General Introduction

General Introduction
Potter et al. (2010) revised the definition of an estuary as “a partially enclosed coastal body of water
that is either permanently or periodically open to the sea and which receives at least periodic
discharge from a river(s), and thus, while its salinity is typically less than that of natural sea water
and varies temporally and along its length, it can become hypersaline in regions when evaporative
water loss is high and freshwater and tidal inputs are negligible.” This definition was adapted from
both Pritchard (1967) and Day (1980; 1981), in order to incorporate the numerous estuaries, located in
south-western Australia, southern Africa and to a lesser extent in the northern hemisphere, which
experience hypersalinity (Potter et al. 2010). Hypersalinity occurs worldwide in systems such as the
Wellstead Estuary (Young & Potter 2002) and Coorong in Australia (Webster 2010); Mar Menor
lagoon in Spain (Lloret et al. 2005); Laguna Madre in Mexico (Quammen & Onuf 1993; Raz-Guzman
& Huidobro 2002) and the St Lucia estuarine system in South Africa (Whitfield & Taylor 2009;
Carrasco et al. 2010).

Estuaries are now recognised as being highly important both economically and ecologically, however
they are subjected to severe anthropogenic modifications (Henninger & Froneman 2011). St Lucia,
situated on the eastern seaboard of South Africa, is Africa’s largest estuarine lake. Declared a
RAMSAR Wetland of International Importance in 1986, St Lucia covers approximately 80% of the
estuarine area of KwaZulu-Natal (Begg 1978). It is a core feature of the iSimangaliso (previously
referred to as Greater St Lucia) Wetland Park, which became South Africa’s first UNESCO World
Heritage Site in 1999 (Begg 1978; Whitfield & Taylor 2009). Prior to 1952, the St Lucia estuarine
system and the adjacent Mfolozi River shared a common mouth. However, due to the development of
sugarcane farming in the Mfolozi floodplain, the Mfolozi River was artificially diverted away from
Lake St Lucia in an attempt to avoid excessive siltation. As a result, Lake St Lucia was deprived of its
most important freshwater source (Begg 1978; Ngqulana et al. 2010).

St Lucia also exhibits wide cyclic changes in climatic conditions, from wet to dry phases, with each
phase lasting between four to ten years (Begg 1978; Cyrus & Vivier 2006). Without the freshwater
input from the Mfolozi, St Lucia is unable to maintain lake levels during dry periods and as a result,
hypersaline conditions and low water levels persist. During the most recent freshwater deprivation
crisis (2002–2011), a reversed salinity gradient existed, with salinity levels in excess of 200 at times
recorded in the northern regions. In addition, during the peak of the drought (2005), more than 50% of
the lake bed was dry (Whitfield & Taylor 2009; Carrasco et al. 2010). At the opposite end of the
scale, St Lucia is also exposed to both flooding events (e.g. Cyclone Domoina and Imboa in 1984)
and a series of wetter than average years (Cyrus 1988; Forbes & Cyrus 1992; Pillay & Perissinotto
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2008). During these conditions, the lake system is usually dominated by oligohaline to limnetic
conditions (salinity < 5, Perissinotto et al. 2013). In July 2012, in an attempt to initiate system
restoration, the decision was made to reconnect the Mfolozi River with the St Lucia Estuary by means
of a beach spillway (Whitfield et al. 2013). This reconnection coincided with the commencement of a
new wet phase, as the area began receiving higher than average rainfall since December 2011. This
has resulted in a shift from unprecedented hypersaline extremes to a wet period dominated by
oligohaline to polyhaline (< 25) conditions. This shift between wet and dry phases is an important
mechanism structuring the local macrofaunal communities (Pillay & Perissinotto 2008; 2013; Pillay et
al. 2013). During hypersalinity, the northern reaches may become barren, with a loss of stenohaline
species throughout the lake (Boltt 1975). Additionally, large portions of the lake dry out and become
uninhabitable for macrofaunal species (Pillay & Perissinotto 2008). In contrast, species that are unable
to tolerate low salinity are eliminated during freshwater conditions (Pillay et al. 2013). Pillay &
Perissinotto (2013) suggest that species found in a variable system, such as St Lucia, have evolved
physiological mechanisms resulting in the tolerance of wide salinity fluctuations. It is thus essential to
understand the effects that these climatic shifts have on key estuarine species, as flood and drought
events are predicted to increase in frequency, intensity and duration as a result of global climate
change (Lumsden et al. 2009; Mather et al. 2013). In this context, there is a need to identify species
that are able to survive dramatic fluctuations in salinity regimes.

Particularly vulnerable to extreme changes in the estuarine environment are the sessile and slow
moving benthic organisms that are unable to relocate at the onset of unfavourable conditions (Hill
1981; Ysebaert et al. 2002). Bivalves (i.e. mussels, clams and oysters) are often numerically dominant
within an estuary and are, therefore, important both economically and ecologically (Dame et al. 1991;
Gerritsen et al. 1994; Pilditch & Grant 1999). They perform vital functional roles within estuarine
ecosystems. Bivalves serve as a link between primary producers and higher trophic consumers
(Kamermans 1994), they are involved in benthic/pelagic coupling (Fanslow et al. 1995; Pilditch &
Grant 1999; Inoue & Yamamuro 2000), and they are also capable of adjusting the water clarity by
filtering particulate organic matter (Gerritsen et al. 1994). In addition, bivalves may also provide a
multi-dimensional environment for other invertebrates to settle (Vaughn & Hakenkamp 2001). Pillay
et al. (2013) stated that it is essential to provide updated studies on the biology and taxonomy of
benthic invertebrates in St Lucia as the majority of the published literature is severely outdated. The
central aim of this study was, therefore, to record the species richness of bivalves found in Lake St
Lucia and to investigate key biological aspects of the two species that currently dominate the bivalve
community within the system, under different salinity regimes.

Although bivalve species present within Lake St Lucia have been recorded in the published literature
(Day et al. 1954; Millard & Broekhuysen 1970; Boltt 1975; Blaber et al. 1983; Owen & Forbes 1997;
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Pillay & Perissinotto 2008; MacKay et al. 2010), there has been no attempt to compile a
taxonomically updated and comprehensive list to reduce erroneous identifications in future research.
Thus, the aim of the first chapter was to provide an annotated and illustrated checklist of all bivalves
within St Lucia, clarifying any misidentifications and providing synonyms. Additionally, emphasising
changes associated with variable climatic conditions (i.e. drought-induced stress and flooding events)
and highlighting potentially new species found in this unique estuarine system. This long-term data
set will contribute to global estuarine management, highlighting extensive loss of bivalve species
richness under extreme events, thus emphasising the need for mitigation strategies.

It is also fundamental to understand the biology and ecophysiology of key species within an estuary,
in order to establish a greater understanding of how an estuarine ecosystem functions under different
climatic conditions (de Villiers 1989). The taxonomic census (Chapter 1) highlighted the dominance
of two bivalve species, Solen cylindraceus (Hanley, 1843) and Brachidontes virgiliae (Barnard,
1964), both varying temporally and spatially according to salinity. Salinity is an important factor
influencing all estuarine organisms (McLachlan & Erasmus 1974; Perissinotto et al. 2013). The
predicted increase in drought due to climate change may result in prolonged hypersaline conditions, as
well as flooding events that would drastically increase the frequency of hyposaline conditions (Mather
et al. 2013). While the infaunal bivalve S. cylindraceus is usually numerically dominant within St
Lucia during periods of marine to hypersaline conditions, B. virgiliae prefers oligohaline to limnetic
conditions. A salinity tolerance between 10 and 70 was suggested for S. cylindraceus by MacKay et
al. (2010), however, this was based on observations of live individuals in the field within this salinity
range. Brachidontes virgiliae, on the other hand, has a suggested salinity tolerance from 0 to 34 in the
Kowie Estuary, Eastern Cape, South Africa, but this is also based on anecdotal evidence (Davies
1980). The experimentally determined salinity tolerance of estuarine invertebrates in southern Africa,
such as the invasive gastropod Tarebia granifera (Miranda et al. 2010), the mysid Mesopodopsis
africana (Carrasco & Perissinotto 2011) and the decapods Callianassa kraussi and Chriomantes
eulimene (Thwala et al. 2011), were derived by exposing individuals to either rapid or gradual salinity
changes, simulating possible effects caused by flood or drought events. Similarly, Matthews and
Fairweather (2004) exposed the bivalve Soletellina alba to lowered salinity in an attempt to mimic the
annual flooding events in the Hopkins River Estuary, Australia. Thus the primary aim of Chapters 2
and 3 were to experimentally determine the salinity tolerance of S. cylindraceus and B. virgiliae,
respectively using both shock and acclimation techniques. Although, S. cylindraceus is predicted to
have a wide salinity tolerance, able to withstand high salinity levels, it is susceptible to low and
rapidly changing salinity (Pillay & Perissinotto 2008). Thus, it is vulnerable during flood events. In
contrast, B. virgiliae is predicted to have an affinity for low salinity levels, increasing in dominance
during the wet phase. This information is also key to predicting shifts in distribution and dominance
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of these two bivalve taxa, which will have a substantial effect on the ecosystem structure and
function.

Solen cylindraceus is a major contributor to the diet of birds such as the greater flamingo and fish,
such as grunter and tilapia (Hodgson & de Villiers 1986; Forbes & Cyrus 1992; Weerts et al. 1997;
Dyer et al. 2013). This fast growing species has a life span of approximately 5 years, with a reported
maximum size of 95 mm (McLachlan 1974; Kilburn & Rippey 1982). St Lucia exhibits periods of
hypersalinity (salinity > 100) alternating with periods of oligohaline conditions (salinity < 5), which
cause mass mortality of bivalves, including S. cylindraceus as this is outside its tolerance range
(Chapter 2; Nel et al. 2011), and preventing individuals from reaching their maximum potential size.
McLachlan (1974) investigated the growth rate of S. cylindraceus in the Swartkops Estuary, Eastern
Cape, South Africa. However, this estuary exhibited a stable physico-chemical environment. Thus, a
direct method of monitoring S. cylindraceus shell length in situ was used in the fourth chapter, to
determine basic growth rate data in an unstable subtropical estuary. This information may be used to
investigate the recovery of S. cylindraceus populations after a mass mortality event and whether a
population will reach sexual maturity before the onset of additional fluctuations.

Since the commencement of the new wet phase, S. cylindraceus has disappeared from South Lake and
is at present only recorded in the northern reaches of Lake St Lucia (i.e. False Bay) where the salinity
still falls within its range of tolerance. The new salinity regime has, however, been advantageous for
B. virgiliae, which has now become very abundant and widespread throughout St Lucia. Nel et al.
(2012) recorded the average benthic density of B. virgiliae at 51 ind.m-2, however, this does not take
into account the extremely dense aggregations currently observed on macrophytes, such as Stukenia
pectinata, on boat hulls, rocks and dead shells (H.A. Nel, pers. obs.). Given their extremely high
localised densities, there was a need to establish the effect this mussel could have on the available
phytoplankton community. Grazing by invertebrates is regarded as the main top-down factor affecting
microalgal biomass in estuaries and other aquatic ecosystems (Gerritsen et al. 1994; Inoue &
Yamamuro 2000), as they form an important link between primary producers and the higher trophic
consumers (Kamermans 1994). The final chapter, thus, investigated the trophic role of B. virgiliae by
estimating the ingestion rates and grazing impact, using a specially adapted in situ gut fluorescence
technique.

In summary, the main objectives of the study were as follows:
1. To compile an updated list of bivalve taxa for Lake St Lucia, highlighting the conditions
under which the taxa occur and investigating which species are no longer recorded in the
system.
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2. To determine the upper and lower lethal salinity limits for the infaunal bivalve Solen
cylindraceus, using both shock and acclimation techniques.
3. To determine the upper and lower lethal salinity limits of B. virgiliae exposed to both sudden
and gradual changes in salinity, using animals collected from localities experiencing
substantially different salinity regimes.
4. To investigate the growth of S. cylindraceus spat, and provide preliminary morphometric
estimates for this species.
5. To investigate the ingestion rates of B. virgiliae and determine the potential grazing impact of
this species within Lake St Lucia.
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ABSTRACT

During drought periods, the razor clam Solen cylindraceus, is the dominant bivalve species present in
the St Lucia estuarine system, although restricted to its South Lake region. However, with the recent
onset of a wet phase, the mussel Brachidontes virgiliae has become widespread throughout the system
and overwhelmingly dominant. In this study, the salinity tolerance of B. virgiliae is determined using
both rapid and gradual changes in salinity. Mussels were collected at Esengeni in the Narrows
(salinity ≈ 0) and Lister’s Point in False Bay (salinity ≈ 20). Mortalities were recorded for animals
exposed to a sudden change in salinity using 8 different treatments ranging from 0 to 70. Additionally,
animals were also exposed to a gradual change in salinity, using treatments that exceeded what the
mussels were previously able to tolerate. In all four experiments, animals were able to tolerate salinity
levels up to 20. However, a wider salinity tolerance was seen in animals collected from Lister’s Point
and those gradually acclimated to test conditions. These mussels were able to tolerate salinity levels
up to 50. Mobility severely decreased in the higher salinity treatments and attachment to the sides of
bottles was only seen in the low salinity treatments. With an increase in flood events predicted for this
region, it is imperative to understand how key species may be affected. During wet phases B. virgiliae
becomes ubiquitous throughout the system and it is unlikely that the species will disappear from the
system even if floods escalate in the future, as it has an ability to withstand near freshwater salinity
levels. Although dramatic decreases in salinity caused by flood events may not affect this mussel, silt
loading during these events may have more of a negative impact on its survival. During dry periods,
however, the mussel will be concentrated in the Narrows (oligohaline to limnetic conditions),
especially if an inverse salinity gradient with hypersaline conditions prevails within the system.
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INTRODUCTION

Salinity is an important factor structuring estuarine ecosystems (McLeod & Wing, 2008). This is
manifested as spatial and temporal variations in salinity modify species composition and distribution
within an estuary (Boltt, 1975; Cyrus, 1988; Owen & Forbes, 1997; Pillay & Perissinotto, 2008). The
salinity regimes of many estuaries have been severely altered by anthropogenic modifications within
their catchments (e.g. Coorong System in Australia and St Lucia Estuary in South Africa). As a result
of low freshwater inflow into the Coorong, a reverse salinity gradient and hypersaline conditions have
developed, causing benthic invertebrates to become restricted to the lower reaches (Rolston &
Dittmann, 2009). Similarly, an impoverished benthic community due to extreme hypersaline
conditions is often present in the northern reaches of St Lucia (Day et al., 1954; Millard &
Broekhuysen, 1970; Boltt, 1975; Pillay & Perissinotto, 2008).

Although St Lucia is naturally variable, exhibiting large-scale temporal changes from wet to dry
periods, the dry periods have been exacerbated by the artificial historical divergence of the adjacent
Mfolozi River into the sea (Begg, 1978; Forbes & Cyrus, 1993; Whitfield & Taylor, 2009). This has
deprived St Lucia of its most essential freshwater source (Forbes & Cyrus, 1993), which is
fundamental to maintaining lake levels during dry periods and mitigating the occurrence of
hypersaline events (Whitfield & Taylor, 2009). As a result, the system has experienced crises for
extended periods, the last from 2002 to 2011. A reverse salinity gradient develops during dry periods,
with salinities as high as 200 in the northern reaches recorded on numerous occasions (Forbes &
Cyrus, 1993; Cyrus et al., 2010). A unique halotolerant community can be established in the northern
reaches of the estuarine system, as few species are able to tolerate such salinity extremes (Carrasco &
Perissinotto, 2012).

In addition, St Lucia also experiences stochastic disturbances, such as flooding events and wetter than
normal years (Cyrus, 1988; Forbes & Cyrus, 1992; Pillay & Perissinotto, 2008), both causing a
dramatic decrease in salinity. Cyclones Domonia and Imboa in 1984 resulted in a large scale decline
in salinity that caused the disappearance and re-distribution of most benthic species (Cyrus, 1988;
Forbes & Cyrus, 1992; Owen & Forbes, 1997). Similarly, Matthews and Fairweather (2004)
suggested that mass mortality of the bivalve Soletellina alba in the Hopkins River Estuary was a
result of winter flooding. In November/December 2010, St Lucia received high rainfall, resulting in a
drastic salinity reduction within the system (Nel et al., 2013). Additionally, the management decision
to no longer keep the Mfolozi separated from St Lucia (Whitfield et al., 2013) allowed the re-linkage
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of the two systems in July 2012. Therefore, St Lucia shifted into a wet period resulting in the system
becoming dominated by an oligohaline environment (salinity < 5). This caused the disappearance of
the infaunal bivalve Solen cylindraceus from the South Lake and the successful re-establishment of
this species in False Bay, where the salinity fell within the species tolerance range (Nel et al., 2011;
Nel et al., 2013).

During drought conditions, S. cylindraceus is considered to be the dominant bivalve species in St
Lucia (Nel et al., 2011; Nel et al., 2013). Although restricted to the South Lake, it occurs at high
densities ranging from 14 to 3000 ind.m-2 (Nel et al., 2011). During the last hypersaline phase, S.
cylindraceus was a key species for the system. Having a salinity tolerance between 15 and 65, it was
able to withstand high salinities outside the tolerance range of other bivalve species (Nel et al., 2011).
Currently, however, the mussel Brachidontes virgiliae has become so abundant and widespread
throughout St Lucia that it has replaced S. cylindraceus as the dominant bivalve occurring in the
system. Anecdotal evidence suggests that this ubiquitous mussel is able to withstand very low salinity
levels and can rapidly invade denuded areas. Therefore, this study set out to investigate the
experimental salinity tolerance of B. virgiliae populations currently occurring in the St Lucia estuarine
system.

Brachidontes virgiliae is distributed from Mozambique to the Great Brak River (Kilburn & Rippey,
1982). With a habitat preference for the upper reaches of estuaries, this mussel is associated with low
salinity levels (Davies, 1980). By contrast, in St Lucia this species is found in the lower reaches, the
Narrows, due to the persistent reversed salinity gradient that prevails here. Tolerant of large salinity
fluctuations, this species may remain shut avoiding unfavourable salinity fluctuations (Davies, 1980).

A species may have two types of controls on its tolerance ranges, genetic and phenotypic (Segnini de
Bravo et al., 1998). The former is defined as the genetically imposed capability to withstand an
external factor, while the latter is the ability to alter its tolerance in response to previously experienced
conditions (Segnini de Bravo et al., 1998). Thus, an extreme or moderate change in salinity may yield
varying adaptive potentials for a species (Berger & Kharazova, 1997). Castagna and Chanley (1973)
and Nel et al. (2011) showed that a gradual change in salinity may allow a species to extend its
environmental threshold. It is well established that a slow increase in salinity enables organisms to
widen their tolerance range. However, there is less evidence to show that a species found in two
habitats, with different salinity regimes, may exhibit different salinity tolerance ranges. Thus, the
objectives of this study were to determine the salinity tolerances of B. virgiliae exposed to both
sudden and gradual changes. Animals were collected from localities experiencing substantially
different salinity regimes, Esengeni (salinity ≈ 0) and Lister’s Point (salinity ≈ 20).
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MATERIALS AND METHODS

Sample collection and maintenance
Mussels with a mean shell length of 9.76 ± 1.06 (SD) mm were collected from two sites within the St
Lucia estuarine system during March 2013. At the time, St Lucia exhibited salinity levels ranging
from freshwater to approximately 20. Therefore the two sites, Esengeni and Lister’s Point (Fig. 1),
were representative of the minimum and maximum salinity levels. At both sites, Brachidontes
virgiliae were found attached to submerged macrophytes, which were subsequently removed. They
were then placed in buckets containing naturally occurring estuarine water and transported back to
laboratory conditions. Animals were aerated within 3 to 4 hours after collection and acclimated to
laboratory conditions for 3 days prior to their exposure to experimental conditions. During
acclimation, animals were maintained at salinity levels similar to those found at the collection site.
This was measured using a portable refractometer (Atago S/Mill-E). At ambient temperature (24oC),
mussels were exposed to a 12:12 hr light:dark regime using artificial light. Dead mussels were
removed daily, to avoid contamination of the sample stock and animals were selected randomly from
the holding buckets at the start of each experiment. All experiments took place between March and
August 2013.

Shock change test
Animals collected at Esengeni and Lister’s Point were exposed to a rapid change in salinity. Five
animals were transferred into each replicate, with five replicates per salinity for the Lister’s Point
experiment and three for Esengeni. This was due to the availability and accessibility of animals at the
time. Mussels were placed into 300 mL plastic bottles containing pre-made, aerated saline solutions
that were prepared using “Instant Marine” artificial seawater salt and fresh/distilled water. The
salinity treatments ranged from 0 to 70, increasing by increments of 10. Mortality was checked at 1, 2,
4, 8, 16 and 24 hours for the first day, thereafter they were checked daily for the next 30 days.
Measured using a portable refractometer, salinity was maintained at a constant level (± 1) and mussels
were fed a suspension of naturally occurring benthic microalgae, renewed once a week. Mussels that
remained gaping and did not respond to physical stimulation were deemed to be dead. In addition,
visible movement/activity was observed, but not quantified, as foot and siphon extension into the
water column.
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Fig. 1: Map of the St Lucia estuarine system, highlighting the two collection sites, Esengeni and
Lister’s Point, used for the salinity tolerance experiments carried out from March to August
2013 (adapted from Carrasco & Perissinotto, 2012).

Gradual change test
Fresh animals were collected from Esengeni and Lister’s Point for the acclimation experiments. These
mussels were gradually exposed to an increase in salinity over a period of 30 days. However, the
treatments used were restricted to those salinity levels that did not show 100% survival after 30 days
in the previous shock tests. Lister’s Point animals were exposed to a change in salinity of 5 units
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every 7.5, 5, 4 and 3 days for treatment 40, 50, 60 and 70, respectively. Treatments 30, 40, 50, 60 and
70 for the Esengeni experiment, were exposed to a change in salinity of 5 units every 5, 4, 3, 2.5 and 2
days, respectively. Mortality was checked daily and salinities were maintained at a constant level (±
1), measured using a portable refractometer. Thereafter, the same experimental set up used for the
shock tests was employed.

Analysis of data
SigmaPlot version 11.0 was used to generate the graphs for all four experiments. A repeated-measures
ANOVA was used to determine whether salinity, exposure time and the combination of the two
variables had a significant effect on animal survival. In all experiments, the fixed independent
variable (Time) was the within-subject factor and the fixed independent variable (Salinity) was the
between-subject factor. Measure name was “Survival” in all analyses. In all experiments there were
36 levels (groups). The Mauchly’s Test of Sphericity was used to test the assumption that the variance
was equal between the differences in all combinations of related groups (levels). The assumptions
were not met and, therefore, the Greenhouse-Geisser Epsilon value was used instead. SPSS 21.0 for
Windows was used for all statistical analyses.

RESULTS

During this study, Brachidontes virgiliae was recorded throughout St Lucia at salinities ranging from
near freshwater to ~ 20. The salinity maximum was recorded at Lister’s Point in the northern reaches,
while the minimum was found at Esengeni in the Narrows (Fig. 1). Esengeni mussels exposed to a
rapid change in salinity exhibited a narrow tolerance range. Visible movement was seen in the salinity
treatments ranging from 0 to 20, with 100% survival at the end of the experiment (Fig. 2A). Unable to
survive salinities above 20, animals exposed to levels above this threshold remained tightly shut.
Animals exposed to salinities of 30, 40 and 50 had a faster mortality rate than those at 60 and 70 (Fig.
2A). However, within 5 days there was 100% mortality in all treatments above 20 (Fig. 2A).

A wider salinity tolerance was recorded when Esengeni mussels were gradually exposed to a rise in
salinity. Animals increased their tolerance to include salinity levels from 30 to 50 (Fig. 2B).
Previously those exposed to 30, 40 and 50 experienced 100% mortality within four days, yet with a
gradual acclimation animals were able to survive these salinities indefinitely. However, the long-term
survival of animals at 50 is unknown, as they had a 73% survival at the end of the experiment (after
30 days). Animals in these three treatments showed movement and were attached to the sides of the
experimental bottles. Mussels were still unable to survive extreme salinities, 60 and 70, regardless of
the slow acclimation to test conditions (Fig. 2B). The slowly acclimated mussels were unable to
survive until the start of the experiment for the salinity treatment of 70. Additionally, only six
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individuals survived till the start of the experiment in the 60 treatment, with 100% mortality reached
within 3 days. This was less than the five days they were able to survive in the shock experiment (Fig.
2A).

Fig. 2: Percent survival of Brachidontes virgiliae exposed to varying salinity treatments ranging
between 0 and 70 for a 30 day period. Mussels were: A) collected at Esengeni (freshwater
conditions) and exposed to a rapid change in salinity; B) collected at Esengeni (freshwater
conditions) and gradually brought to test conditions; C) collected at Lister’s Point (salinity ≈ 20)
and exposed to a rapid change in salinity; D) collected at Lister’s Point (salinity ≈ 20) and
gradually brought to test conditions.
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Animals collected from Lister’s Point and exposed to a rapid change in salinity showed a similar trend
to the Esengeni mussels acclimated to test conditions. They were able to tolerate lower salinities, from
0 to 40 (Fig. 2C). Mortality was seen in the 60 and 70 treatments, similar to that observed in both
Esengeni shock and gradually acclimated animals (Fig. 2A, B and C). Activity was recorded in all
treatments below 50, however above this treatment mussels were tightly shut. In the salinity treatment
of 50, mussels experienced 100% mortality within five days, while complete mortality was reached
faster in the 60 and 70

treatments, after four and three days respectively. Again, mussels exposed to a gradual increase
towards test conditions showed a higher tolerance range than animals exposed to a rapid change in
salinity. However, the treatments of 60 and 70 were still lethal for B. virgiliae, regardless of the site of
collection or exposure method. Additionally, these animals were unable to survive the full acclimation
period and did not reach the onset of the experiment. This was similar to the pattern observed with the
gradually acclimated Esengeni mussels. Mussels were able to tolerate the salinity treatment of 50
(Fig. 2D), while 100% mortality occurred within five days in the Lister’s Point shock experiment.
Although the 60 treatment was still lethal for mussels, animals were capable of withstanding it for six
days, as opposed to the four days previously recorded in the shock test. Similarly, not all animals
survived until the end of the acclimation process and the majority of animals were dead within 24
hours in the 60 treatment (Fig. 2D).

Overall, B. virgiliae appeared to have a preferred tolerance ranging from 0 to 20, regardless of where
they were collected from. An increase in tolerance was seen in those collected from sites with a higher
salinity (i.e. Lister’s Point). In addition, an increase in tolerance was also seen when animals were
slowly exposed to an increase in salinity over a period of a month for both Esengeni and Lister’s Point
mussels. Salinity, exposure time and the combination of the two had a significant effect on the
survival of B. virgiliae in all four experiments (Table 1).
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Table 1: Repeated-measures ANOVA comparing the effects of salinity, exposure time and the
interaction between salinity and exposure time on the % survival of Brachidontes virgiliae
collected at Esengeni and Lister’s Point over a 30 day period.
Site

Experiment Variable

df

Adjusted

F

GG

df

Esengeni

Shock

Exposure Time

35

2.27

393

< 0.001

Salinity

7

7.00

56.9

< 0.001

Exposure Time x

245

15.9

4585

< 0.001

Exposure Time

35

1.86

11.2

< 0.001

Salinity

4

4.00

141

< 0.001

Exposure Time x

140

7.45

4.09

< 0.001

Exposure Time

35

1.85

744

< 0.001

Salinity

7

7.00

11130

< 0.001

Exposure Time x

245

13.0

103

< 0.001

Exposure Time

35

2.16

18.0

< 0.001

Salinity

3

3.00

783

< 0.001

Exposure Time x

105

6.49

16.5

< 0.001

Salinity
Acclimation

Salinity

Lister’s Point

Shock

Salinity
Acclimation

Salinity

DISCUSSION

Estuaries are characterised by large temporal and spatial fluctuations in physico-chemical parameters
due to dynamic hydrological cycles. Thus, in order to successfully manage an estuary, it is essential to
understand how the ecosystem will be affected by different climatic scenarios (Lester & Fairweather,
2009). Seasonal rainfall is highly variable in many parts of the world, including southern Africa and
Australia, resulting in estuaries experiencing drought induced stress as well as periodic flooding
events (Matthews, 2006; Davis, 2011). The Hopkins River Estuary in Australia experienced annual
flooding prior to 1997, however floods were greatly reduced due to drought conditions occurring in
the area until 2010 (Matthews, 2006). The Coorong in Australia has undergone severe salinity
increases as a result of decreasing water levels over the last decade (Lester & Fairweather, 2009). The
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St Lucia estuarine system in South Africa experiences cyclic alterations between dry and wet periods
extending 4 to 10 years (Begg, 1978).

In St Lucia, salinity fluctuations are fundamental in determining the distribution and abundance of
estuarine fauna and flora (Forbes & Cyrus, 1993). This is evident in the shift in bivalve dominance
from Solen cylindraceus (dry period) to Brachidontes virgiliae (wet period). In addition, there has
been a recent change in their distribution range, with S. cylindraceus previously widespread in the
South Lake but currently established only in the northern reaches (salinity ≈ 20). Brachidontes
virgiliae, previously abundant in the Narrows, has now become ubiquitous throughout the system. Nel
et al. (2011) determined an experimental salinity tolerance of between 15 and 65 for S. cylindraceus.
Adjustment to a gradual decrease in salinity allows this bivalve to survive salinities as low as 10,
although long term survival under such conditions is unknown (Nel et al., 2013). St Lucia is currently
in a wet phase, resulting in S. cylindraceus unable to tolerate the predominantly oligohaline
environment dominating the system. This has allowed the Brackwater mussel, B. virgiliae, to become
dominant throughout St Lucia. Weerts (1993) described a similar situation during periods of low
salinity, when B. virgiliae was considered the most abundant bivalve while S. cylindraceus was rare.
According to results obtained with the current in vitro study, B. virgiliae has a salinity tolerance
skewed towards the lower levels, able to tolerate virtually freshwater conditions. This mussel thrives
in St Lucia during the wet period, as it has a preferred tolerance range from freshwater to 20. A
similar dynamic may be seen in the Hopkins River Estuary, Australia, whereby winter flooding results
in mass mortalities of the infaunal bivalve Soletellina alba but not Arthritica helmsi (Matthews &
Constable, 2004). This is due to the ability of A. helmsi to tightly shut under unfavourable conditions,
while S. alba is exposed at its anterior and posterior ends (Matthews & Constable, 2004). The
estuarine mussel Xenostrobus securis is also able to tightly shut to avoid physiological stress,
additionally it is able to tolerate a sudden decrease in salinity and low salinities similar to B. virgiliae
(Wilson, 1968).

Brachidontes virgiliae is a minute, epifaunal mussel regularly underestimated in macrofaunal surveys,
with only anecdotal evidence available on its salinity tolerance. At St Lucia, Day et al. (1954) found
B. virgiliae at salinity levels ranging from 26.0 to 34.1. This is similar to the results obtained by
Blaber et al. (1983), showing the presence of this mussel in South Lake under stable marine salinities.
It has been described as a euryhaline species, commonly found in the salinity range of 34.4 – 36.0
(Millard & Broekhuysen, 1970). Absent or rare during periods of hypersalinity, the species has a
preference for low salinities (Boltt, 1975). Davies (1980) suggested a tolerance range from 0 to 34 for
mussels found in the Kowie Estuary, Eastern Cape, South Africa, although there has been no attempt
to experimentally determine their salinity tolerance. This range is consistent with the results obtained
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in the present study using mussels collected from Lister’s Point and exposed to a rapid change in
salinity (salinity tolerance: 0 to 40; Fig. 2C). In addition, mussels collected from both Esengeni and
Lister’s Point and gradually exposed to an increase in salinity showed a slightly wider salinity range,
which included the 50 treatment (Fig. 2B and D). In Florida, the invasive mussel Mytella charruana
had a similar salinity tolerance ranging from 2 to 40, surviving best at salinities between 2 and 23
(Yuan et al., 2010). The mussel B. striatulus, which occurs naturally in India, has a narrow salinity
tolerance range of 7 to 11 and has successfully established in Singapore (Barber et al., 2005). Sarà et
al. (2008) suggested a wider salinity tolerance range of 15 – 60 for the invasive B. pharaonis in the
Mediterranean Sea. Although there is no evidence of B. virgiliae establishing outside of its natural
distribution range, it is a potential biofouling threat given its wide salinity tolerance and ability to
attach to boats hulls.

Tolerance limits have been extended in numerous bivalve species by acclimation (Castagna &
Chanley, 1973; Nel et al., 2011). Berger and Kharazova (1997) stated that sensitivity to environmental
fluctuations may be shifted by previous acclimation to low/high salinity. Bivalves exposed to longterm changes in environmental salinity may lose or gain osmolytes, which assist in maintaining cell
volume (Neufeld & Wright, 1996 and references within). In this study a wider salinity tolerance range
was seen in mussels collected from the site exhibiting the higher saline environment. In addition, an
increase in tolerance was seen when animals were slowly exposed to an increase in salinity over a
monthly period. A wider salinity tolerance was also seen for S. cylindraceus when gradually
increased/decreased to test conditions (Nel et al., 2011). Numerous studies have illustrated an increase
in the salinity tolerance of bivalve species, when slowly adjusted to test salinities (Yuan et al., 2010).
This knowledge may be used to understand how species distribution may change as flood and
drought-induced stress increases due to global warming. Additionally, mitigation of mass mortality
events may be achieved by flow management, i.e. gradual versus sudden releases of water.

This mussel is often found attached to submerged macrophytes (Nel et al., 2012). In St Lucia, the
three main macrophyte species are Stukenia pectinata, Ruppia cirrhosa and Zostera capensis (Adams
& Bate, 1994). Floods may dislodge these submerged macrophytes and this will have an indirect
effect on the mussel population. An increase or dramatic decrease in salinity may also affect B.
virgiliae indirectly, by eliminating these macrophytes. Stukenia pectinata is excluded above salinity
levels of 20, Z. capensis can tolerate salinity levels between 10 and 45, while R. cirrhosa is able to
tolerate salinities as high as 50 (Adams & Bate, 1994; Adams et al., 2013). Although it is convenient
to use simple experimental systems in studies of environmental tolerance, it is important to appreciate
that the environment is a multivariate system (Perkins, 1974). Thus, apart from interactions between
various abiotic factors, the interaction that biotic factors play on structuring a bivalve population must
also be taken into account.

57

Chapter 3

Salinity may affect an organism directly through its physiology and indirectly by altering the food,
predator and habitat availability (Finney, 1979; Jassby et al., 1995; Montagna et al., 2002). The
metabolic rates of an organism are affected with escalation to its activity level (Berger & Kharazova,
1997; Segnini de Bravo et al., 1998). In mussels, the formation of byssus threads can be affected by
changes in the saline environment (Sundaram & Syed Shafee, 1989). Although these factors were not
directly measured in this study, a reduction in activity was observed under unfavourable salinity
levels. Additionally, mussels in the higher treatments did not attach to the sides of the incubation
vessel, as opposed to their counterparts exposed to lower salinities. There is a need for future research
to focus on sub-lethal effects of salinity on attachment, filtration and respiration as these factors will
affect population dynamics.

Sessile and relatively sedentary species are unable to move away from unfavourable environmental
conditions (Perkins, 1974). They, thus, employ behavioural strategies to cope with exposure to
salinity levels outside of their tolerance range. Mussels may close their shells when exposed to
abnormal salinities, this isolation reflex first occurring in the more sensitive individuals and later in all
(Berger & Kharazova, 1997). Individuals are able to withstand prolonged asphyxia and accumulation
of acidic products produced during anaerobic metabolism, while the mussel remains closed (Berger &
Kharazova, 1997). However, this is a temporary mechanism and long-term survival under such
conditions is unlikely. Zebra mussels are extremely starvation tolerant and this may be a mechanism
used to withstand periods of closure (McMahon, 1996). In the current study, B. virgiliae displayed an
ability to withstand unfavourable conditions for a few (4 to 7) days by tightly closing their shells.
Although, long-term survival at these salinity levels is unlikely, this mussel may be able to tolerate
short spikes in the saline environment.

St Lucia is characterised by floods, wetter than average years and periods of extreme drought
conditions. Floods such as those caused by Cyclone Domoina in January/February 1984 reduced the
salinity within St Lucia from ~ 40 to near freshwater conditions, in a matter of days (Cyrus, 1988;
Forbes & Cyrus, 1993; Nel et al., 2011). This cyclonic activity and heavy rains caused a reduction in
the macrofaunal density by ~ 40% (Cyrus, 1988). Owen and Forbes (1997) found that macrofaunal
biomass declined following cyclonic activity. Prolonged periods of rainfall will also cause a decline in
salinity, thus eliminating species unable to withstand oligohaline to limnetic conditions (Owen &
Forbes, 1997). There is often a moderate to large decrease in abundance (e.g. 28 to 100%) of certain
species, especially bivalves when exposed to a drastic decrease in salinity (McLachlan & Erasmus,
1974; Hakenom, 1989; Kanandjembo et al., 2001). Although, St Lucia has historically been subjected
to cyclonic activity (Cyrus, 1988; Owen & Forbes, 1997), an increase in the frequency of occurrence
and intensity of extreme events is expected in response to climate change (Schulze, 2006).
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Brachidontes virgiliae may be positively affected by the dramatic decrease in salinity, however an
associated high silt load entering the system may have detrimental effects on filter-feeding mussels
(Adam, 1986; Thrush et al., 2004). Although preliminary observations show that B. virgiliae may
withstand periods of about 30 days of exposure to high silt concentration, up to 1500 NTU (H.A. Nel,
unpubl. data), this aspect needs to be investigated further.

St Lucia has recently experienced a severe drought period that has resulted in the development of a
reverse salinity gradient and caused hypersaline events in its northern reaches. High salinities
prevailing in False Bay and North Lake have resulted in a scarcity of benthic fauna and flora (Day et
al., 1954). Similarly in the late 60s, Millard and Broekhuysen (1970) attributed the observed decrease
in faunal richness in the northern reaches to extreme conditions. In addition, Boltt (1975) reported that
an impoverished benthic community was seen when there were high salinities, between 45 and 80.
Pillay and Perissinotto (2008) suggested that the reduction in macrofaunal abundance, species
richness and diversity in the northern parts of the system were due to hypersaline conditions and low
water levels. Thus localised elimination due to hypersaline conditions is well documented, whereby
species that are unable to tolerate high salinities are temporarily eliminated from the system.
Brachidontes virgiliae is able to withstand salinity levels up to 50, if slowly acclimated or found in
habitats with higher salinities. Above 50, this species remains tightly shut and suffers mass mortality
within a week. Mass mortalities of bivalves are also recorded during winter flooding in the Hopkins
River Estuary (Matthews & Fairweather, 2006) and in St Lucia (Nel et al., 2011; Nel et al., 2012), but
mass mortality events do not appear to be widely documented in the literature.
Similar to S. cylindraceus in St Lucia, higher salinity levels during the study done by Matthews
(2006) appeared beneficial to S. alba, increasing its survivorship, although salinities never exceeded
35 in this study. The Swan-Canning Estuary in Australia is dominated by the bivalve Arthritica semen
due to its ability to withstand the wide range of salinity experienced by the system (Kanandjembo et
al., 2001). Both S. cylindraceus and B. virgiliae have a wide salinity tolerance that has enabled them
to persist, while numerous other bivalves have previously been eliminated from this system due to
unfavourable conditions (Nel et al., 2011; Nel et al., 2012).

Overall, this study has highlighted the extent of mass mortality in bivalves which is dependent on the
extent and rate of change in salinity, i.e rapid versus gradual decrease during flood events. This has
consequences for managing flows within the system. Subsequently, this species is unlikely to
disappear from St Lucia, as it becomes widespread during wet periods, able to withstand the low
salinities. During dry periods it remains abundant in the Narrows and is restricted to areas with
salinity levels below 50. During the most extreme drought periods, when salinities may reach 200 in
the northern reaches, the Narrows, with oligohaline to limnetic conditions, would act as a refuge area
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for this mussel. This is in contrast to S. cylindraceus which uses South Lake as its reservoir during
hypersaline conditions and the northern reaches during oligohaline conditions. Lancaster and Belyea
(1997) described a refuge as an area that provides a species with protection from the negative effects
of the surrounding environment. These areas are important during natural disturbances (i.e. drought
and flood events), as they allow species to persist in a highly variable ecosystem (Magoulick &
Kobza, 2003; Taylor et al., 2006). Posey et al. (2005) described how the blue crab, Callinectes
sapidus used low salinity regions as refuge areas vital for maintaining estuarine populations. Madon
(2008) also mentioned thermal refuges used by estuarine fish species. Solen cylindraceus and other
estuarine bivalves in St Lucia rely on populations surviving within the system for recolonisation
(Taylor et al., 2006). It is, thus, important to identify and protect these refuge areas as they support the
resilience of the estuary (Taylor et al., 2006). Future studies should investigate the rate at which these
areas act as nuclei from which recolonisation of the remaining lake can occur once favourable
conditions have returned.
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Abstract

Bivalves feed on a combination of phytoplankton and zooplankton and as such, can have a significant
impact on the planktonic biomass, especially when they occur in high densities, such as in oyster and
mussel beds. Brachidontes virgiliae (Barnard, 1964) is currently numerically dominant within
Africa’s largest estuarine lake, St Lucia. The ingestion rates and grazing impact of this small mussel
(maximum size = 2.5 cm) was determined for both the wet and dry seasons using an in situ gut
fluorescence technique. Ingestion rates were higher during the wet season (5.78 µg pigm.ind-1.d-1) as
opposed to the dry season (4.44 µg pigm.ind-1.d-1). This may be explained by the increased water
temperature and food availability during the wet season. Due to the patchy distribution of mussel
populations, there may be higher localised grazing impact near mussel aggregations. This study
showed that mussel populations attached on the sediment had a grazing impact of 2.5 (wet season)
and 8% (dry season) of the available phytoplankton biomass, while mussels clustered on dead oyster
shells have the potential to consume 3 to 8 times the available phytoplankton biomass per day. This
high grazing impact may affect the levels of phytoplankton measured in St Lucia. This needs to be
factored into the management strategy for the system, as increased flood events may increase the
spread and dominance of this mussel throughout the estuary.

Additional keywords: Suspension-feeding bivalves, estuarine lake, climate change, population
feeding impact, diel variations.
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Introduction

Suspension-feeding bivalves (i.e. mussels, oysters and clams) are often dominant constituents of
estuarine benthic communities (Gerritsen et al.1994; Pilditch and Grant 1999). Since bivalves utilise
microalgae as a dietary component, grazing enforces a top-down control that may alter the quality and
quantity of available phytoplankton standing stocks (Gerritsen et al. 1994; Nakamura and Kerciku
2000; Inoue and Yamamuro 2000; Rouillon and Navarro 2003; Hwang et al. 2004). This forms a link
between the primary producers and the higher trophic consumers including crabs, fish and birds
(Kamermans 1994).

Phytoplankton consumption indirectly affects water clarity by the removal of suspended particles
from the surrounding environment (Gerritsen et al. 1994; Vaughn and Hakenkamp 2001; Hwang et al.
2004; Frau et al. 2013). This subsequently increases light availability, which may cause a positive
feedback effect by promoting phytoplankton growth (Naddafi et al. 2007). Release of nutrients
through excretion and microbial degradation of biodeposits may also stimulate microalgal growth via
bottom-up forces (Newell 2004). In addition, sedimentation of faeces and pseudofaeces are important
in coupling the benthic and pelagic environments (Fanslow et al. 1995; Pilditch and Grant 1999;
Inoue and Yamamuro 2000). Lonsdale et al. (2009) highlighted the complexity of food web
dynamics, as bivalves not only graze on phytoplankton but are simultaneously competing for, and
preying on, planktonic species, such as copepod eggs and nauplii and heterotrophic protists.

A high diversity of bivalve molluscs (24 species) has historically been recorded in the St Lucia
estuarine system, however due to adverse conditions, St Lucia has recently lost the majority of this
community (Nel et al. 2012). For example, the bivalve Barnea manilensis (maximum size = 7.8 cm)
was considered a major filter-feeder within the system, occurring at densities in excess of 100 ind.m-2
(Nel et al. 2012). As a result of low water levels and hypersaline conditions prevailing during the
decade 2002–2011, this bivalve no longer occurs in St Lucia. Additionally, Nel et al. (2012) reported
three oyster species within St Lucia, none of which has been recorded alive recently. Currently,
Brachidontes virgiliae and Solen cylindraceus are the two dominant bivalve species within Lake St
Lucia (Nel et al. 2012). de Villiers et al. (1989) suggested that S. cylindraceus may have a filtration
rate between 10 to 20 ml.min-1. Additionally, Tirok and Scharler (2013) calculated that S.
cylindraceus may filter the entire St Lucia volume 2.88 times per day, when found at densities of 100
ind.m-2. The gastropod, Tarebia granifera also found in high densities within St Lucia has an
estimated potential to consume 35% of the total microphytobenthic biomass per day (Miranda et al.
2011). Therefore, both molluscs playing a major role on ecosystem structure and function.
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Brachidontes virgiliae (maximum size = 2.5 cm) is an estuarine mussel that attaches to stones, drift
logs, roots and submerged macrophytes (Kilburn and Rippey 1982; Appleton 1996; Branch et al.
2010). Endemic to southern Africa, this species is currently widespread in the St Lucia estuarine
system (Begg 1978; Branch et al. 2010; Huber 2010), an integral component of the iSimangaliso
Wetland Park. St Lucia typically experiences fluctuations from wet to dry phases (Begg 1978). Due to
the above average rainfall the system has recently been receiving, coupled with the recent
reconnection of the St Lucia Estuary with the Mfolozi River, the system has undergone a regime shift
from a dry hypersaline to a wet phase. St Lucia is presently dominated by oligohaline to polyhaline (<
25) conditions. This has resulted in B. virgiliae becoming widespread throughout the system, as it
thrives under near-freshwater conditions (H.A. Nel, unpubl. data). Nel et al. (2012) recorded the
maximum benthic density of B. virgiliae at 51 ind.m-2, however, this does not take into account the
extremely dense aggregations currently observed on macrophytes, boat hulls and dead oyster beds
(H.A. Nel, pers. obs.). Davies (1982) recorded densities ranging from 1 x 103 to 1 x 106 ind.m-2 as
surface area for attachment increased in Swartvlei.

This study used an in situ gut fluorescence technique, which is typically utilized in the study of
zooplankton feeding dynamics (e.g. Perissinotto 1992; Froneman 2000; 2001 & 2004; Carrasco and
Perissinotto 2010), although recently Miranda et al. (2011) and Diaz et al. (2012) successfully
employed this technique when investigating the grazing impact of the gastropods Tarebia granifera
and Littorina littorea, respectively. Given the extremely high localised densities of B. virgiliae, there
was a need to establish the effect this mussel may have on the available phytoplankton biomass. Thus,
the overarching aim of the present study was to investigate the ingestion rate of the epifaunal bivalve,
B. virgiliae in the St Lucia estuarine system and determine the impact this species may have on the
available phytoplankton standing stock.

Materials and methods

Brachidontes virgiliae were collected from the lower reaches of the Narrows, St Lucia estuarine
system (Fig. 1). Mussels with a size range between 0.6 and 1.9 cm were individually removed from
the macrophyte Stukenia pectinata or from stationary boats located at the sampling area (Fig. 1). A
single area was investigated in this study, due to their poor accessibility in most areas of the system
because of the presence of crocodiles and hippos. On all occasions physico-chemical data were
measured using a YSI 6600V2-D water quality logger, fitted with temperature, salinity, dissolved
oxygen, pH and turbidity probes.
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Fig. 1: Map showing the collection site of Brachidontes virgiliae used in the feeding experiments
during both wet and dry seasons within the St Lucia estuarine system, as well as the sampling site of
Lister’s Point in the northern reaches (adapted from Carrasco and Perissinotto 2010).
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Gut pigment content
The variation in B. virgiliae day/night gut pigment concentrations were determined during both
November 2012 (wet season) and June 2013 (dry season). Ten individual bivalves were collected at 3
hr intervals for a period of 24 hrs. Bivalves were rinsed using filtered estuarine water (0.2 µm) and
epizoic algae were gently removed. Valves were opened and the soft mass was excised and placed in
individual test tubes containing 8 mL of 90% acetone solution. Test tubes were then stored at 4oC for
48 hrs in the dark, to allow for pigment extraction. Chlorophyll a and phaeopigments were measured
using a Turner Designs 10-AU fluorometer, fitted with a non-acidification system (Nozais et al.
2001). Thereafter, measurements of total pigments (chl a and phaeopigment combined) were size
standardized to account for differences in animal size (µg pigm.ind-1). For this purpose, an animal size
with mean and standard deviation of 1.07 ± 0.20 cm was used, on the basis of surveys conducted
through the area prior to the study. Simultaneously, triplicate subsurface water samples were collected
using 1 L polyethylene bottles. A 250 mL subsample was filtered through a GF/F glass fiber filter to
determine total phytoplankton biomass. Filters were placed in individual test tubes and chlorophyll
pigment equivalents were extracted and determined using the same method as above. An independent
sample t-test was performed in SPSS version 21 for Windows, to investigate differences between day
and night in gut pigment contents and water-column phytoplankton biomass. The period from 06:00
to 18:00 was included in the day sample during the dry season and from 05:30 to 18:30 in the wet
season (Carrasco and Perissinotto 2010). The t-test was run after both the one-sample KolmogorovSmirnov normality and Levene’s test were satisfied (p > 0.05).

Ingestion rates
Ingestion rates (µg pigm.ind-1.d-1) were estimated using the in situ gut fluorescence approach that
utilises the equation (Perissinotto 1992),
I = kG/(1-b),
where: I = ingestion rate, k = gut evacuation rate constant (h-1); G = integrated gut pigment
concentration for a 24 hr period (µg pigm.ind-1) and b = gut pigment assimilation/destruction index
(%).

All gut evacuation experiments were conducted during November and December 2012 (wet season),
and June and early September 2013 (dry season). The gut evacuation rate (k) was estimated using
freshly caught bivalves that had been rinsed in filtered estuarine water and cleaned of epizoic algae.
Bivalves were individually placed in separate 100 mL plastic vials, each containing a solution of
filtered estuarine water and non-florescent corn starch. The estuarine water was filtered through both a
GF/F filter (0.7 µm) and a 0.22 µm Millipore filter, in order to eliminate any other grazers or algal
material. Corn starch was added to the medium in order to allow the bivalves to feed continuously and
displace previously ingested food (Perissinotto 1992). Animals were removed from the incubations
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every ten minutes for the first 30 minutes, then every 30 minutes for the next three hours and every
hour thereafter. The final incubation time was six hours. At each time interval, the entire tissue mass
was excised from the valves and placed in 8 mL 90% acetone for chlorophyll pigment extractions, as
described above. Ten replicates were used for the zero time intervals and five for each subsequent
time interval thereafter. The results were assumed to follow a negative exponential model, thus 10%
outliers were removed accordingly (Perissinotto and Pakhomov 1996; Miranda et al. 2011). The gut
evacuation rate constant (K) was then estimated from the regression slope calculated by the change in
log-transformed gut pigment content versus time (Perissinotto and Pakhomov 1996).

To calculate the gut assimilation/destruction efficiency (b) the two-compartment (water and grazer)
pigment budget approach was used (Lopez et al. 1988). Prior to the experiment, bivalves were
allowed to empty their guts for 48 to 72 hrs in a filtered estuarine water and corn starch solution (as
above). The experiment consisted of five replicate 250 mL plastic jars that each contained a single
bivalve in naturally occurring estuarine water. The estuarine water was sieved through a 55 µm mesh
in order to remove larger metazoan grazers. Five replicates without grazers served as the control.
After a 1 hr incubation period, each replicate was individually filtered through a GF/F filter and tissue
mass was removed from each animal. Phytoplankton biomass and gut pigment content were
determined using the methods described above. The loss of pigments by absorption/destruction was
estimated from measurements of decrease in pigment content of grazing bottles and in gut
measurements of animals incubated in the bottles, as no fecal pellets were produced throughout the
experiment. Gut assimilation/destruction efficiency was calculated using the following equation
(Perissinotto 1992),
b(%) = {[(Gt-Pb)/P]-1} 100,
where: Gt= gut pigment content (ng pigm.ind-1) at the end of the incubation; Pb = background
fluorescence (ng pigm.ind-1) and P = total amount of pigment ingested (mg chla.m-3), P is derived
from the difference between the control (Ct) and experimental (Et) bottles at the end of the incubation
divided by (n) the number of animals in the grazing bottle.

Mussel abundance and grazing impact
Quantitative samples were taken to estimate mussel densities within St Lucia. Highest densities were
estimated by removing five randomly selected oyster shells from Lister’s Point (Fig. 1). Mussels
within the size class 6 – 19 mm were gently removed and counted. Thereafter, the oyster shell was
cleaned and surface area was estimated using the paraffin wax coating method (Naumann et al. 2009).
Paraffin wax (ACE, paraffin wax refined) was melted, inside a water bath, at 80 oC in a 250 mL glass
jar. Oysters were dipped into the melted paraffin wax for 4 s and weighed. Subsequently, they were
re-dipped for 4 s and re-weighed. The difference between the initial and final weight (x) was used to
determine the surface area (y) using the following regression relationship: y = 0.001x + 0.017, R2 =
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0.973 (Y. Kisten, pers. comm.). The lowest density was estimated using a Zabalocki-type Ekman grab
(sampling area 0.0236 m2; depth 15 cm). A single sample comprised three grabs and three replicate
samples were taken at Lister’s Point (Fig. 1). The method used followed the procedure described in
Nel et al. (2012).

Brachidontes virgiliae population grazing impact was calculated as the product of bivalve abundance
and individual ingestion rates for each season. Grazing impact was then expressed as a percentage of
the mean phytoplankton standing stock consumed per day.

Results

Gut pigment content
The diel variation in gut pigment concentration of Brachidontes virgiliae ranged from 0.49 to 2.58 µg
pigm.ind-1 during the wet season, and from 0.18 to 1.12 µg pigm.ind-1 during the dry season. A twofold higher gut pigment content was recorded during the wet in comparison to the dry season, 1.30 ±
0.47 µg pigm.ind-1 versus 0.62 ± 0.22 µg pigm.ind-1, respectively (Table 1). Figure 2 shows no visible
difference between day/night samples for both wet and dry seasons. However, there was a significant
difference between the day and night gut contents during the dry season (t = -2.001, df = 78, p <
0.05), although this was not the case for the wet season data (t = -1.398, df = 77, p > 0.05). However,
there was a high degree of variability among individuals within this study. Total phytoplankton
biomass revealed average values of 3.568 ± 1.781 mg.m-3 and 1.235 ± 0.227 mg.m-3 for the wet and
dry season, respectively (Table 1). A significant difference between the day and night was found for
both wet and dry seasons (tWET = 5.410, tDRY = 3.202, df = 22, p < 0.05).
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Fig. 2: Diel variations in gut pigment content (µg pigm.ind-1) of Brachidontes virgiliae collected in
the Narrows during the wet (A, November 2012) and dry season (C, June, 2013); as well as
phytoplankton biomass (mg.m-3) at the same locality during the wet (B, November 2012) and dry
season (D, June 2013).
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Fig. 3: Gut evacuation rates (K, h-1) of Brachidontes virgiliae (mean individual size; 1.07 ± 0.6 cm)
collected in the Narrows during the wet season (A, November and B, December 2012) and the dry
season (C, June and D, September 2013).
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Ingestion rates
In all four experiments, a negative exponential model was fitted to the declining gut pigment
concentration over the 6 hour feeding period (R2 values ranged from 32.0 to 33.7% for the wet season
and 22.9 to 27.0% for the dry season). The initial gut pigment concentration was higher during both
wet season experiments, as compared to the dry season (Fig. 3). The calculated gut evacuation rate
constant (K) was low in both seasons (Fig. 3), with the wet season showing values of 0.0618 and
0.0454 h-1, and the dry season of 0.0468 and 0.0916 h-1 (Fig. 3). These values correspond to the
following gut passage time: 16.18 – 22.03 h (wet season) and 21.38 – 10.92 h (dry season).

The gut pigment assimilation/destruction efficiency (b) was calculated at 71% for the wet season and
78% for the dry season. This resulted in an overall ingestion rate for B. virgiliae of 5.78 and 4.44 µg
pigm.ind-1.d-1 for the wet and dry season, respectively.

Mussel abundance and grazing impact
Dense aggregations were observed attached to substrates such as stones/rocks, submerged logs, dead
oyster beds and macrophyte fronds. An estimate of the highest density was calculated for oyster shells
at Lister’s Point, amounting to 2178 ± 742 ind.m-2 (Fig. 4). The lowest density was estimated for
mussels attached to scattered objects on the sediment. This was calculated at 20 ± 27 ind.m-2. The
population feeding impact was calculated at 0.116 and 0.089 mg pigm.m-2.d-1, using the lowest
density. This resulted in a grazing impact of 2.5 and 8.0% consumption of phytoplankton biomass per
day. Using the maximum density, the population feeding impact was 12.6 and 9.67 mg pigm.m-2.d-1
for the wet and dry season, respectively. This equated to a grazing impact of 271 and 870% of
phytoplankton biomass for the wet and dry season, respectively.
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Fig. 4: Dense aggregations of brack-water mussels, Brachidontes virgiliae on dead oyster beds along
the shoreline of False Bay, Lister’s Point 14 April 2013 (Photo: Lynette Clennell).
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Table 1: Physico-chemical variables (salinity, temperature and turbidity), phytoplankton biomass (PP, mg.m-3; mean ± SD), and mean estimates of gut
pigment content (G, ng pigm.ind-1 ), gut evacuation rates (k, h–1), gut pigment destruction (b, %) and ingestion rates (I, µg pigm.ind-1.d-1 ) measured on each
sampling occasion.

Salinity

Temp (oC)

Turbidity

PP (mg.m-3)

G (µg pigm.ind-1)

k (h-1)

b (%)

I (µg pigm.ind-1.d-1)

(NTU)
Wet Season

1.52 ± 0.37

26.76 ± 0.90

31.37 ± 10.95

3.568 ±1.781

1.30

0.0537

71

5.78

Dry Season

22.8 ± 0.54

16.50 ± 5.87

6.55 ± 1.34

1.235±0.227

0.62

0.0660

78

4.44
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Discussion

Atkinson et al. (2013) highlighted that the spatially heterogeneous nature of mussel distribution
results in their effect on the surrounding communities being equally heterogeneous. During this study,
densities in excess of 2000 ind.m-2 were recorded on dead oyster beds at Lister’s Point (Fig. 4). This is
in contrast to the low densities found within the sediment (20 ± 27 ind.m-2). The results of the present
study indicate that Brachidontes virgiliae may exert a substantially lower grazing impact when
scattered on the sediment, with 2.5 and 8.0% consumption of phytoplankton per day, for the wet and
dry season respectively. Conversely, mussels aggregated on dead oyster beds have the potential to
consume 3 to 8 times the available phytoplankton standing stock. Carrasco and Perissinotto (2010)
reported that the grazing impact of the mysid Mesopodopsis africana at Charter’s Creek and the
Mouth of St Lucia was estimated at 3.05% and 11.0% of phytoplankton biomass per day, at the
respective sites. Additionally, the gastropod, Tarebia granifera showed a 0.5 to 1.8% consumption of
microphytobenthic biomass per day at Catalina Bay during freshwater conditions, and 3.6 to 23.9%
during brackish states (Miranda et al. 2011). Thus, the grazing effect of mussels is within the range of
other St Lucia grazers, although localised areas with high densities show an elevated grazing impact
possibly causing localised biological oliogotrophication (Vaughn and Hakenkamp 2001).

Bivalves have globally been recognised as ecosystem engineers, shaping the planktonic community.
Notable decreases in chlorophyll-a concentration were recorded as water come into close proximity
with mussel beds in two Dutch estuaries (Dame et al. 1991). The zebra mussel, Dreissena
polymorpha, population within Saginaw Bay, U S A, was able to filter the volume of the inner bay 1.3
times per day in 1992 and 0.2 times in 1993 (Fanslow et al. 1995). In addition, the mussel population
in two Korean lakes had a significant effect on both phytoplankton density and biomass (Hwang et al.
2004). Frau et al. (2013) used mesocosm experiments to illustrate the reduction in both phytoplankton
and zooplankton in the presence of Limnoperna fortunei. The blue mussel, Mytilus galloprovincialis
in Spain caused a severe depletion in chlorophyll a and zooplankton in the waters surrounding
cultivation rafts (Petersen et al. 2008). Bivalves not only feed on primary producers but prey on
heterotrophic protists (flagellates and ciliates), bacteria, and crustacean zooplankton mainly as
copepod eggs and/or nauplii (Pace et al. 1998; Davenport et al. 2000; Lonsdale et al. 2009).
Therefore, although mussel aggregations in St Lucia have the potential to consume 3 to 8 times the
available phytoplankton standing stock, they have the ability to utilise alternate sources of energy as
well.

Situated in a subtropical region, the St Lucia estuarine system is strongly influenced by the shift
between wet (October – April) and dry (May – September) seasons, rather than seasonal temperature
variations (Tirok and Scharler 2013). However, a higher temperature was recorded in this study
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during the wet season, which broadly coincides with the late spring to summer months. Kamermans
(1994) investigated the similarity between deposit and suspension-feeding bivalves and suggested that
the higher temperatures associated with summer may influence bivalve feeding mechanisms (Table
1). Generally, suspension-feeding activity does show a pronounced seasonal pattern, with the most
activity in spring and summer (Gerritsen et al. 1994). Although it is well documented that temperature
has an effect on the uptake and release rates of bivalve species (Dame et al. 1991; Widdows 2001),
food concentration also significantly affects bivalve filtration rates. The reduced phytoplankton
biomass observed during the colder winter months can in part be attributed to the effect of lower
water temperatures on the growth rates of phytoplankton. Similar to what was obtained by
Kamermans (1994), in the current study maximum pigment content of mussel stomachs corresponded
with the months of maximum phytoplankton biomass. A phytoplankton biomass of 3.57 ± 1.78 mg.m3

was recorded during the wet season. This was higher than that of 1.24 ± 0.23 mg.m-3 associated with

the dry season. This correlates with a two-fold increase in gut pigment content during the wet season
(Table 1). Freshwater input, or re-suspension of bottom-regenerated nutrients, is widely accepted as
controlling phytoplankton biomass in most South African estuaries (Pinckney et al. 2001). Salinity
also varies between seasons, with a lower salinity level expected during the wet period as a result of
higher rainfall (Tirok and Scharler 2013). This was evident in the current study, as a salinity of 22.82
± 0.54 was associated with the dry season, while near freshwater conditions prevailed during the wet
period. Increased water inflow, may also result in increased macronutrients entering the system, thus
leading to increased phytoplankton production (Froneman 2004).

Temperature, salinity and initial gut content have been known to affect the gut evacuation rate (k) of
filter-feeding species (Pakhomov et al. 1997; Irigoien 1998; Froneman 2004). In this study, B.
virgiliae had a gut evacuation rate of 0.054 and 0.066 h-1 for the wet and dry season, respectively
(Table 1). This equates to a gut passage time of 18.52 h for the wet season and 15.15 h for the dry
season. These values do not fall within the range reported for any zooplankton species: e.g. Acartia
longipatella and Pseudodiaptomus hessei had values ranging from 0.38 – 0.58 and 0.29 – 0.77 h-1,
respectively; Euphausia superba between 0.133 and 0.424 h-1; mixed mesozooplankton between 0.97
and 1.96 h-1 (Perissinotto 1992; Pakhomov et al. 1997; Froneman 2004). These extremely low gut
evacuation rates also fall out of the range reported by Miranda et al. (2011) for the gastropod Tarebia
granifera (0.36 - 0.62 h-1). A possible explanation for the low k values observed in B. virgiliae is the
sessile lifestyle of mussels. Gili and Coma (1998) highlighted that filter-feeding mussels use minimal
energy while foraging for food and generally exhibit very low metabolic activity. The gut evacuation
experiment also requires individuals to continuously feed, but this becomes difficult when animals are
disturbed and remain tightly shut for some time. This may result in very low gut evacuation rates been
measured. Miranda et al. (2011) reported similar responses in T. granifera, with periods of quiescence
in the field resulting in high variability amongst individual gut pigment content.
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A wide variation in individual gut pigment data was reported in the current study. This may be
attributed to the cluster formation within mussel beds, resulting in individuals within the population
receiving alternate restrictions in food availability (Tuchman et al. 2004). This variability was also
seen in the study of Miranda et al. (2011) and was attributed to the complexity in the feeding history
experienced by each individual. Individual feeding variability has been widely reported for molluscs
and this may result in individual grazing impacts to differ (Miranda et al. 2011). Bricelj and Malouf
(1984) suggested an individual variability in clearance rate for the clam Mercenaria mercenaria.
MacDonald and Ward (2009) and Pilditch and Grant (1999) highlighted the fact that there are many
exogenous and endogenous factors that may affect individuals. For instance micro-variations in food
availability will change an individual feeding history and, therefore, the local grazing impact (Pilditch
and Grant 1999). Fanslow et al. (1995) also mentioned that individuals may have an influence on each
other, which results in laboratory determination of filtration rates to be generally inaccurate. Newell
(2004) even highlighted the possible competition between bivalves and zooplankton as compounding
inter-individual variability.

In summary, the estimated grazing impact for Brachidontes virgiliae at a background density of 20 ±
27 ind.m-2 was 2.5 and 8.0% consumption of phytoplankton per day. However, when the densest
mussel concentrations observed in the St Lucia estuarine lake system are considered, the population
can consume 3 to 8 times the phytoplankton standing stock. This shows the significant effect B.
virgiliae may have as a major top-down player during wet phases in Lake St Lucia. This may be
underestimated, as smaller and larger mussels were not included in the calculations of grazing impact.
More work needs to be done to investigate the extent to which secondary consumers and even detritus
may contribute to the diet of B. virgiliae. Additionally, nutrient enrichment via mussel excretion needs
to be determined, with a view to the role that this may play as “fertiliser” in phytoplankton growth,
especially near mussel aggregations. Overall, brackwater mussels play an important role in structuring
phytoplankton biomass within St Lucia and this needs to be recognised when estimating energy
budgets for the system.
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General Discussion
Estuaries are characterized by large temporal and spatial fluctuations in physico-chemical parameters.
In particular, the St Lucia estuarine lake undergoes natural cycling from wet to dry phases. This
balance has, however, been disrupted due to water abstractions and the separation and subsequent
reconnection of the Mfolozi River from the St Lucia Estuary (Begg 1978; Ngqulana et al. 2010).
Seasonal rainfall is highly variable in many parts of the world, including southern Africa and
Australia, which results in estuaries being exposed to a combination of drought-induced stress as well
as periodic flooding events (Matthews 2006; Davis 2011). Historically, the Hopkins River Estuary in
Australia has experienced floods annually, but this cycle has been dramatically altered by a recent
drought (Matthews 2006). The Coorong, also in Australia, has undergone severe salinity increases
over the last decade (Lester & Fairweather 2009). In addition, global climate change is expected to
cause increases in extreme weather conditions (flood and drought events) in these regions (Lumsden
et al. 2009; Mather et al. 2013). Lester and Fairweather (2009) stated that an estuary may only be
managed successfully once an understanding of the ecosystem under different climatic conditions is
obtained. The present thesis, thus, investigated how oscillations between wet and dry phases may
affect the sessile and slow-moving bivalves present within Lake St Lucia, a World Heritage Site and
RAMSAR Wetland of International Importance.

Bivalve species richness is very poorly documented in southern African estuarine studies, the majority
of which have focused on macrofaunal communities (e.g. Davies 1982; MacKay & Cyrus 1998;
Teske & Wooldridge 2001; Ngqulana et al. 2010). Chapter 1 provided the first bivalve census for
Lake St Lucia, illustrating twenty-four bivalve species that have occurred recently within the system.
The large majority of these species disappeared during the recent drought (2002–2011), as salinity
levels increased and parts of Lake St Lucia were exposed due to decreased water levels. Although
there have been a number of studies investigating the benthic community of Lake St Lucia (Day et al.
1954; Millard & Broekhuysen 1970; Boltt 1975; Blaber et al. 1983; Owen & Forbes 1997; Pillay &
Perissinotto 2008; MacKay et al. 2010; Pillay & Perissinotto 2013), twelve of the twenty-four bivalve
species recorded during this study had not been reported previously in the literature. Pillay et al.
(2013) stated that it is important to provide an updated, taxonomically correct list of benthic fauna in
St Lucia, as there is a potential to harbour both new and endemic species in this system. For example,
Todaro et al. (2011) and Daly et al. (2012) identified new species of gastrotrichs and of burrowing
anemone (Edwardsia isimangaliso) within St Lucia, respectively. The present study also resulted in
the identification of two new bivalve species in the estuarine lake, Tellinides kilburni (previously
reported as Tellina cf. rousi), and Siliqua herberti (previously reported as Siliqua cf. polita). Both of
them are currently in description (M. Huber, pers. comm.).
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The clam Meretrix meretrix being reported south of Mozambique for the first time was described in
Chapter 1. Defined as a cryptogenic species, as it is neither clearly native nor a proven alien (Miranda
& Adams 2013), this species appears to no longer be present within St Lucia. However, monitoring
the benthic fauna is necessary to allow detection of further introductions and/or re-establishment
thereof. The recognition of large numbers (> 100 ind.m-2) of Barnea manilensis shells embedded in
cretaceous sandstone was also reported in this study. This large species (maximum size = 78 mm)
may have been a major filter-feeder in the system in the past, however it has subsequently
disappeared, probably due to drought conditions. It is fundamental to establish the role of key taxa
within the system, allowing the evaluation of species loss through prolonged drought or major flood
events (Pillay et al. 2013).

Of the twenty-four bivalve species recorded in Lake St Lucia, only six were reported in the most
recent bivalve survey, conducted in March 2011. This annotated and illustrated checklist will
minimise the occurrence of erroneous identifications and provide an identification guide for managers
and future researchers. It has also highlighted the significant loss of bivalve species richness as a
result of severe drought within St Lucia, which has subsequently not been reported for this region. In
contrast, Henninger and Froneman (2011) highlighted the presence of the euryhaline bivalves, Solen
cylindraceus, Arcuatula capensis and Macoma litoralis in the freshwater-deprived permanently open
Kariega Estuary. Although this estuary is freshwater deprived, the bivalve community has remained
the same for the last three decades (Henninger & Froneman 2011). This may highlight the importance
of the ocean connection in sustaining estuarine stability. The current situation, with the Mfolozi
mouth open to the ocean and a beach spillway connecting the Mfolozi River with St Lucia since July
2012, may allow recruitment into the estuary. However, restocking from the Mfolozi alone is unlikely
due to the very low bivalve species richness within the system (Owen et al. 2010). Ngqulana et al.
(2010) showed the lack of any bivalve species, apart from Eumarcia paupercula, in the Mfolozi
River. Thus, it is imperative to maintain/conserve the St Lucia benthic community as the Mfolozi is
an unlikely source of recolonization (Owen et al. 2010). However, E. paupercula was historically
recorded in St Lucia, therefore this population may be restored by the Mfolozi/St Lucia link.
Evaluating the bivalve community in St Lucia must continue as this may indicate whether an increase
in bivalve species richness occurs as a result of the marine intrusion.

The two dominant species emerging from the diversity census, i.e. Solen cylindraceus and
Brachidontes virgiliae, were designated for focused ecophysiological studies as presented in Chapters
2-5. The bivalve community within Lake St Lucia is strongly structured by salinity. This is seen in the
shift in dominance from S. cylindraceus (dry phase) to B. virgiliae (wet phase). Solen cylindraceus
was restricted to the South Lake during the hypersaline period and subsequently migrated to the
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northern reaches as a result of the system becoming freshwater dominated. In contrast, B. virgiliae
was restricted to the Narrows during periods of high salinity, however it has now become ubiquitous
with the onset of the wet phase. The experimental salinity tolerance of S. cylindraceus was
investigated in the second chapter, using both a shock and gradual change test to mimic flood and
drought conditions, respectively. In the shock test, animals were able to tolerate salinity levels
between 30 and 60, which suggested that this species may be vulnerable to flooding events. This
dramatic decrease in salinity within the system has been known to cause mass mortality in bivalves
(Matthews & Fairweather 2004; Nel et al. 2011). The gradual change test expanded the above
tolerance range, as this species was able to withstand salinities from 15 to 65, highlighting the
importance of acclimation. Salinity levels were adjusted over two weeks, however salinities may
gradually increase over a period of months in the field resulting in an even wider tolerance range.
Animals found at salinities around 10 in the field substantiated this claim, although the long-term
persistence and sub-lethal effects are unclear (Chapter 2; Nel et al. 2013). In addition, S. cylindraceus
may burrow deep within the sediment, thereby achieving the protection of a stable environment for a
short period (de Villiers & Allanson 1989; Matthews & Fairweather 2004). The third chapter
determined the experimental salinity tolerance for the mussel, B. virgiliae, using animals collected at
two localities with substantially different salinity regimes (Lister’s Point ≈ 20 and Esengeni ~ 0). The
results showed that this mussel has a preferred tolerance range from freshwater to 20, although when
gradually exposed to an increase in salinity over a monthly period, animals were able to tolerate
salinities up to 50. However, it must be noted that mussels have the ability to remain shut when
exposed to unfavourable conditions, thereby allowing populations to withstand short salinity spikes
(Davies 1980; Berger & Kharazova 1997). With the wide salinity tolerance suggested in Chapter 3, it
is important to note that this species may be a potential biofouling threat, as it readily attaches to boat
hulls and other hard structures. Additionally, as its spread and dominance are predicted to increase as
St Lucia remains in a wet phase, understanding how this key species may affect overall ecosystem
function is pivotal.

Although sub-lethal effects were not investigated in the above studies, estuarine and marine bivalves
often exhibit a decrease in growth rate when exposed to salinity levels outside their tolerance range
(Niamaimandi 2012). In St Lucia, S. cylindraceus is often exposed to salinity levels outside the range
reported in Chapter 2. Although this species has the potential to reach a maximum size of 95 mm
(McLachlan 1974; Kilburn & Rippey 1982), specimens in Lake St Lucia are seldom larger than 55
mm (Nel et al. 2011). Solen cylindraceus shells collected along the banks of Lake St Lucia have a
maximum length of 70 mm, but this size has not been reported for any live specimens within the
system. Another Solenidae found in southern Africa, S. capensis, has a maximum size of 160 mm
(Kilburn & Rippey 1982; Branch et al. 2010). Solen dactylus found on the coast of the Persian Gulf
reaches larger sizes than S. cylindraceus, with a maximum length estimated between 101 and 108 mm
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(Saeedi et al. 2009). Additionally, the razor clams, Tagelus plebeius and Ensis macha attain a
maximum length of 90 and 165 mm, respectively (Holland & Dean 1977, Baron et al. 2004).
Chapter 4 described how a dramatic decrease in salinity caused the disappearance of larger species,
while a single cohort of juvenile S. cylindraceus (5 to 15 mm) remained. The growth rate of S.
cylindraceus was determined in situ using a direct method of measuring shell length of individuals
within this cohort (Chapter 4; Nel et al. 2013). Results suggested that S. cylindraceus in this system
reach smaller lengths within its first growth year than previously reported for this species in the
Swartkops Estuary (McLachlan 1974). Within their first year, caged and uncaged animals reached a
size of 31.0 ± 4.5 and 31.7 ± 2.3 mm, respectively (Nel et al. 2013). This is substantially less than the
shell length of 40 mm obtained by Robinson and Richardson (1998) for the razor clam, E. arcuatus.
After 4 months in natural conditions and 1 year under culture, S. marginatus reached a size of 38 mm
(da Costa and Martínez-Partiño 2009). Ensis arcuatus and S. marginatus reached a size of between 90
– 100 and 78 mm after 2 years, respectively (da Costa and Martínez-Partiño 2009). In addition, S.
cylindraceus in the Swartkops Estuary reached a size of 60 mm after a 2 year growth period
(McLachlan 1974). This may suggest that S. cylindraceus in the St Lucia Estuary has a reduced
growth rate within their second year, but this needs to be investigated further. In addition, they may be
eliminated by unfavourable environmental conditions before maximum size is reached. This was seen
in the experiment, as it was terminated after a year, due to salinities decreasing below the tolerance
range of S. cylindraceus and a high mortality rate occurring within the area.

The commencement of a wet phase has resulted in the St Lucia receiving higher than average rainfall
since December 2011. This has resulted in an increase in abundance of the freshwater tolerant mussel,
B. virgiliae. Nel et al. (2012) recorded the maximum benthic density of B. virgiliae at 51 ind.m-2,
however this does not take into account the extremely dense aggregations currently observed on
macrophytes, boat hulls and dead oysters (> 2178 ± 742 ind.m-2; Chapter 5). The last chapter thus
looked at the grazing impact these localised aggregations may have on the available phytoplankton
standing stock. A relatively low mussel grazing impact, between 2.5 and 8% consumption of
phytoplankton biomass per day, was calculated using the average density found in the sediment.
However a grazing impact of 3 to 8 times the available phytoplankton standing stock was found for
animals aggregated on dead oyster beds. This showed the significant effect B. virgiliae may have as a
major top-down grazer during wet phases. This study used an in situ gut fluorescence technique,
which is typically utilised in the study of zooplankton feeding dynamics (e.g. Perissinotto 1992;
Froneman 2000; 2001 & 2004; Carrasco and Perissinotto 2010), although Miranda et al. (2011) and
Diaz et al. (2012) successfully employed this technique when investigating the grazing impact of the
gastropods Tarebia granifera and Littorina littorea, respectively. Thus, to our knowledge this is the
first study involving bivalve taxa. The grazing impact of S. cylindraceus within St Lucia also needs to

97

General Discussion

be investigated, as both species occur in the northern reaches, thus resulting in a possible competitive
effect. This is, however unlikely due to the relatively large phytoplankton biomass in the overlying
water-column.

In conclusion, this thesis emphasized the significant role salinity plays in structuring bivalve species
within Lake St Lucia, therefore affecting overall ecosystem functioning. The onset of drought
conditions (high salinity and low water levels) resulted in a severe loss of bivalve species richness.
Thus, mitigation strategies need to be in place if this were to occur in the future, either by increasing
flow via tributaries or by periodical freshwater release through a link canal and or back channel.
Currently, S. cylindraceus and B. virgiliae are the two dominant bivalve species in the system. Both,
strongly influenced by the climatic shift from hypersaline to meso/oligohaline conditions, associated
with the fluctuations between dry and wet phases, respectively. With drought and flood events
predicted to increase in frequency, extent and magnitude, understanding how key species react to
climatic conditions is pivotal for informed management decisions to be made.

Future research

Results reported in this thesis revealed two undescribed bivalve species within St Lucia, as well as 12
species not recorded in previously published literature. It is, therefore, critical to continue providing
updated annotated and illustrated checklists of all major estuarine groups. This may further reveal
major biodiversity loss due to drought-induced crises experienced in the past, misidentifications and
new/endemic species within the area. This may also reveal resilient species, which are able to persist
within the harsh environment. This resilience may be due to the use of refuge areas that provide
protection from unfavourable conditions (Lancaster & Belyea 1997; Taylor et al. 2006). These areas
are important during natural disturbances (i.e. drought and flood events), allowing the persistence of
species in a highly variable ecosystem (Magoulick & Kobza 2003). Taylor et al. (2006) hypothesized
that Solen cylindraceus and other estuarine bivalves in St Lucia rely on populations surviving within
the system for recolonization. It is, thus, important to identify and protect these refuge areas as they
support the resilience of the estuary (Taylor et al., 2006). Additionally, future studies should
investigate the rate at which these areas act as nuclei from which recolonization of the remaining lake
can occur.

Bayne et al. (1976) stated that the early life stages (i.e. larval phase) of a bivalve may be more
susceptible to fluctuations in the surrounding environment. Therefore, although S. cylindraceus has a
wide salinity tolerance, it is essential to establish the vulnerability of its larval phase. This also needs
to be done with B. virgiliae. In addition, the sub-lethal effects (e.g. decrease in growth rate and
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movement) need to be investigated for a combination of abiotic parameters. The decrease in salinity
as a result of flood events may positively affect B. virgiliae, however the effect of an increased silt
load into the estuary on bivalves such as B. virgiliae and S. cylindraceus needs to be investigated.
While the re-connection of the Mfolozi River with the St Lucia Estuary is largely positive and a major
step towards ecosystem recovery, the high silt loads that accompany the Mfolozi water remains a
threat. The effect that these high silt loads could have on the bivalve community are largely unknown.
While silt may interfere with the filter-feeding and/or respiration of some species (Adam 1986;
Thrush et al. 2004), bivalves also have the potential to settle large amounts of suspended sediment
and thus increase water clarity (Gerritsen et al. 1994; Vaughn & Hakenkamp 2001; Hwang et al.
2004). It is necessary to investigate this process as a possible mechanism to alleviate excessive
siltation within Lake St Lucia.

A loss of bivalves will have detrimental effects on ecosystem functioning, as bivalves not only feed
on primary producers but prey on heterotrophic protists (flagellates and ciliates), bacteria, copepod
eggs and/or nauplii (Pace et al. 1998; Davenport et al. 2000; Lonsdale et al. 2009). The effect of
mussel filtration on the heterotrophic planktonic community needs to be investigated. In addition,
determining the ingestion rates and grazing impact of S. cylindraceus is an important gap which needs
filling. This species currently occurs in high densities throughout Lister’s Point, thus exerting a strong
grazing impact on the planktonic community.

Chapter 4 determined the basic growth rate data for S. cylindraceus in the St Lucia estuarine system,
using a direct method of following an individual cohort. This method was chosen as McLachlan
(1974) suggested that growth lines in this species are too indistinct and irregular to be of any use.
Additionally, there is difficulty in distinguishing between annual lines and disturbance marks (Palmer
2004; Cardoso et al. 2013). Thus in future studies, isotope sclerochronology may be used in
combination with traditional methods, to eliminate the error introduced by disturbance marks
(Cardoso et al. 2013). This progressive technique will be useful in a variable system, such as St Lucia.
Additionally, it may be used to analyze bivalve populations found in areas with substantially different
environmental conditions (e.g. the Kariega and St Lucia Estuary). The breeding strategies of both S.
cylindraceus and B. virgiliae are still largely unknown. Although S. cylindraceus and B. virgiliae
juveniles of similar sizes have been found throughout the year, suggesting that there may not be a
particular breeding season but rather a set of parameters that induce spawning.
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