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Abstract The recorded salinity ranges of freshwater,
estuarine and marine fish species in Lake St Lucia, a
Ramsar and World Heritage Site, are documented. The
freshwater group is most diverse and abundant under
oligohaline conditions, although the Mozambique
tilapia (Oreochromis mossambicus) was common un-
der all salinity regimes. Estuary resident species also
favoured oligohaline conditions but, in contrast to the
freshwater taxa, were well represented in salinities up
to 40 %,. The marine group was most diverse and
abundant within the salinity range 10-40 9,, but a
large number of species could also be found in salin-
ities up to 70 %,. Very few fish species were able to
tolerate salinities between 70 %, and 110 %, with only
O. mossambicus surviving for extended periods in
salinities above 110 %,. All the aquatic macrophytes
and most of the zoobenthos within the lake appear to
die out within the salinity range of 50-60 9%, thus
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creating additional stress to those fish present under
such conditions. The food resources least affected by
extreme hypersalinity are the microphytobenthos and
detritus food chains, with detritivorous fishes being
dominant when the lake is in this state. Mass mortal-
ities of fishes in Lake St Lucia have been recorded
under both low (<5 %, and high salinity (>70 %,)
conditions. The fish kills are often triggered by
exceptionally low or high water temperatures which
affect the osmoregulatory abilities of these species.
Hypersaline conditions and fish mortalities under the
most recent closed estuary mouth conditions (2002—
2005) are reviewed. If the surface area of St Lucia
(35,000 ha) is compared to the total surface area of all
South African estuaries (approximately 70,000 ha),
then the possibility exists that the loss of the Lake St
Lucia nursery area for estuary-associated marine fish
species over the past few years may cause significant
short-term declines in the future abundance of these
taxa on both a local and regional scale.

Keywords Estuary - Fish - Food chains - Mass
mortalities - Salinity ranges

Introduction
Lake St Lucia is the largest estuarine system in Africa

and the oldest protected estuary in the world, with
the lake and its immediate surroundings having
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been officially proclaimed as the “St Lucia Game
Reserve” in 1895. A primary goal in the establish-
ment of this reserve, which included the entire water
body and a narrow land margin surrounding the lake,
was the protection of the largest remaining hippo and
crocodile populations in South Africa. In addition, the
lake is an important refuge for a diverse array of
water birds, including many that breed within this
protected area (Berruti 1983). Currently, the lake
system forms part of the Greater St Lucia Wetland
Park (Taylor 1991) which has both World Heritage
and Ramsar Site status.

Although invertebrates and fishes were not con-
sidered in the original St Lucia proclamation giving
protection to the area, this system is a major nursery
ground for prawns, crabs and fishes (e.g. Joubert and
Davies 1966; Wallace and van der Elst 1975; Hill
1979; Bickerton 1989). Currently, this estuarine lake
system supports a diverse array of marine, estuarine
and freshwater fish species and the extremely wide
salinity fluctuations (0-120 9,) offer unique oppor-
tunities to study the impact of short- and long-term
salinity changes on the ichthyofauna (Blaber and
Whitfield 1976; Martin et al. 1992) as well as other
components of the aquatic biota (e.g. Millard and
Broekhuysen 1970; Boltt 1975; Blaber et al. 1983;
Martin et al. 1992; Forbes and Cyrus 1993; Owen and
Forbes 1997).

More than 300 reports and formal scientific papers
covering the St Lucia system were produced between
1963 and 1987 (Cyrus 1989). Published studies cover
all the major biotic and abiotic components, e.g.
hydrology (Hutchison and Midgley 1978), geomor-
phology (Hobday 1975), sediments (Wright and
Mason 1990), turbidity (Cyrus 1988), suspensoids
(Fielding et al. 1991), detritus (Steinke and Ward
1988), diatoms (Cholnoky 1968), zoobenthos (Blaber
et al. 1983), hyperbenthos (Benfield et al. 1990),
zooplankton (Forbes and Benfield 1986), ichthyo-
plankton (Harris and Cyrus 1995), fishes (Blaber
1979), parasites (Whitfield and Heeg 1977), birds
(Berruti 1983), reptiles (Pooley 1973) and mammals
(Whitfield and Blaber 1980).

The biology and ecology of fish species in Lake
St Lucia, especially food and feeding studies, have
been a major focus of research attention over the
decades (e.g. Blaber 1976, 1979; Whitfield and
Blaber 1978a; Cyrus 1991), but comparatively little
effort has been directed towards assessing the impact
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of salinity fluctuations on the plants and animals
within the lake. This review is an attempt to draw
together the available information on the response of
fishes to salinity changes within the system, thereby
contributing to a better understanding of the impor-
tance of freshwater supplies to estuaries on a local,
regional and global scale (Whitfield and Wooldridge
1994; Drinkwater and Frank 1994; Gillanders and
Kingsford 2002).

Study area

The St Lucia system comprises three main lake
compartments linked to the sea by a winding channel
approximately 20 km long and 100-200 m wide
known as the Narrows (Fig. 1). The total lake area is
32,800 ha at mean lake level (Hutchison 1974)
which, together with the Narrows and additional
submerged marginal areas, amounts to a total surface
area of approximately 35,000 ha. However, the actual
surface area varies according to prevailing water
levels within the system. The major lake compart-
ments; False Bay, North Lake and South Lake are
very shallow with an average depth of 0.98 m
(Hutchison 1974) and a maximum depth of just over
2 m (Fielding et al. 1991). Parts of the Narrows are
slightly deeper than the lake, with a maximum
channel depth of 3—4 m (Forbes and Cyrus 1993).
The spring tidal range at the estuary mouth is
1.9 m, but decreases to <0.1 m in the upper Nar-
rows. There are no tidal fluctuations in the lakes but
persistent winds may temporarily raise or lower the
water level on the shores by as much as 0.3 m (Day
1981). This seiche action and wind-generated waves
stir up sediments in the shallow lake waters, thus
causing high levels of turbidity (Cyrus 1988). The
Narrows are also turbid due to tidal and other water
currents lifting fine sediments into suspension.
Freshwater currently enters Lake St Lucia by
direct rainfall (273x10° m>), by inflow from the
Mkuze, Mzinene, Hluhluwe, Nyalazi and Mpate riv-
ers, and by groundwater seepage, especially along the
eastern shores of the lake compartments (Taylor et al.
in press). Under natural conditions, the Mfolosi River
also entered the St Lucia Estuary just inside the
mouth, thus diluting the salinity of seawater flowing
up the Narrows towards the lake. In 1952 the Mfolosi
River was diverted southwards to form a separate
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Fig. 1 Map of the St Lucia system showing the inflowing
rivers, lake compartments, Narrows and estuary mouth

estuary because of the high sediment loads that were
being carried into the St Lucia system (Day et al.
1954). The increased Mfolosi River sediments were a
direct result of the canalization and destruction of the
Mfolosi swamps in order to drain the floodplain for
sugar cane cultivation and from degrading catchment
areas. The loss of the Mfolosi River meant that the St
Lucia system was deprived of the benefits of more
than 700x10° m* of freshwater per annum (Hutchison
and Pitman 1977). The remaining rivers currently
deliver an average of approximately 362x10° m® to

the system (natural conditions=417x10° m® per

annum) with groundwater seepage contributing an
additional 23x10° m®. Evaporation of approximately
420x10° m® per annum means that during drought
years there is a net deficit in freshwater supplies to
the lake. Furthermore, increasing freshwater losses
(abstractions for irrigation, increased evaporation
from farm dams and transpiration from exotic tree
plantations) from the Mkuze, Mzinene, Hluhluwe and
Nyalazi rivers will accentuate the impact of droughts
upon the lake ecosystem.

During dry years, evaporation exceeds freshwater
inflow and the lake level drops below mean sea level.
If the mouth remains open, seawater flows down the
Narrows and into the lake, thus increasing the salt
load within the system (Millard and Broekhuysen
1970). During periods of severe drought, evaporation
results in hypersaline conditions, with the most saline
waters developing in the northern areas of the lake
(Fig. 2). This is a consequence of the lack of river
flow entering False Bay and North Lake, as well as
the continual transfer of additional salt loads from
South Lake into the northern compartments. In con-
trast, seawater flowing up the Narrows and into South
Lake during droughts has the effect of lowering
salinities within this compartment.

If the St Lucia mouth closes and evaporation ex-
ceeds freshwater inflows, then the lake level declines
and salinities within the compartments increase
(Taylor 1993). Prolonged mouth closure under
drought conditions (e.g. from 2002 to 2005) can re-
sult in the system shrinking to 25% of its original
surface area and salinities increasing above 70 9%, in
the now isolated lake compartments. Under natural
conditions, the estuary mouth closed from time to
time (e.g. in 1823 and 1833) but the recently recorded
shrinkage in water surface area and widespread hy-
persaline conditions within all the lake compartments
would have been unlikely due to the positive influ-
ence of river flow from the Mfolosi system (P. Hu-
izinga, pers. comm.).

Natural opening of the estuary mouth would
probably have occurred by overtopping, followed by
breaching of the beach berm at a water level of 3.0—
3.5 m above mean sea level and resulted in more than
1000x10° m*® of water scouring the estuary mouth
region (P. Huizinga, pers. comm.). An indication of
the impact of such an event was provided by Cyclone
Domoina which caused widespread flooding in Lake
St Lucia and associated catchments, and was subse-
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Fig. 2 Salinity fluctuations in the three major lake compartments of the St Lucia system

quently estimated to have removed 16x10° m® of
sediment from the estuary mouth region (Forbes and
Cyrus 1992). Salinities in St Lucia are likely to be
low following mouth breaching but will increase once
lake water levels have equilibrated and seawater
starts flowing down the Narrows and into the system.

Fishes and St Lucia salinities

One of the most important homeostatic functions of
all living organisms revolves around the regulation of
the internal osmotic environment. Deviation from the
normal range can jeopardize proper physiological
function through water loss or gain, the changing of
internal ionic concentrations, and shifts in osmotic
gradients (Helfman et al. 1997).

Although most fishes are osmoregulators with
respect to the external osmotic environment, indi-
vidual species have differing abilities in this regard.
Research on estuary-associated fishes found in Lake
St Lucia has shown that internal osmotic concentra-
tions can undergo considerable changes depending on
the species. For example, juvenile Cape stumpnose
(Rhabdosargus holubi) have an internal osmotic
concentration of 370 mosmol 17! when exposed to
seawater (35 %), 381 mosmol 17! when exposed to 65
o, and 216 mosmol 17! when exposed to 1 %, (Blaber
1974). All three Ambassis species tested by Martin
(1990) showed stable blood molalities (310-
390 mosmol 17") in salinities between 10 9, and 35 %,.
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However, the Malabar glassy perchlet (Ambassis
dussumieri) showed the least tolerance of the three
species to low salinities and experienced a 42%
decrease in blood osmotic concentration when
exposed to fresh water, whereas the decrease for
Commerson’s glassy (Ambassis ambassis) and
slender glassy (Ambassis natalensis) was only 23%
and 20%, respectively. Conversely, A. dussumieri
was the most tolerant of the three species to higher
salinities, as indicated by the lowest increase in blood
osmotic concentration when exposed to a salinity of
50 %, (Martin 1990).

In general, those fishes tolerating only small
changes in the solute concentration of their external
environment are referred to as stenohaline whereas
those with the ability to osmoregulate over a wide
range of environmental salinities are euryhaline. As a
result of the widely fluctuating salinities within
estuaries, those fishes making extensive use of these
systems tend to belong to the latter category (Whit-
field 1999). Most fish species entering Lake St Lucia
can be regarded as euryhaline, with the majority of
freshwater taxa showing only limited osmoregulatory
abilities with increasing salinities and the elasmo-
branchs having more restricted salinity tolerance
ranges when compared to their teleost relatives
(Whitfield et al. 1981). A number of fish species that
have been recorded from the St Lucia system are
limited to the mouth region where there is little or no
dilution of the seawater (Millard and Broekhuysen
1970). These are usually inshore marine taxa that are
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unable to cope with the osmoregulatory stress of
lowered salinities and are thus ecologically distinct
from estuarine forms (Wallace 1975).

During wet years there is a net outflow of water
from the system to the sea. Gradually salt is flushed
out the system via the Narrows and salinities in the
lake decline (Forbes and Cyrus 1993). If the fresh-
water inflow is large enough over a protracted period
then the salinity in parts of the lake nearest the rivers
can become completely fresh. Marine fishes from the
lake (e.g. large shoals of mugilids) have been ob-
served ‘hovering’ in the water column of these in-
flowing streams and rivers which is similar to the
behaviour of other marine fish species (e.g. Japanese
meagre Argyrosomus japonicus) that have been re-
corded spending a few days in freshwater before
returning to the estuary (Strydom 2000).

Recorded salinity ranges of fishes

Lake St Lucia is an ideal environment in which to
assess the salinity tolerance ranges of individual fish
species. This is because the hourly and daily salinity
fluctuations that are prevalent in tidal estuaries are
absent from the lake, with fish being exposed to
particular salinity regimes for extended periods. In
addition, the prevailing salinities within each lake
compartment are often very similar, with False Bay

and North Lake normally having higher salinity re-
gimes than South Lake during droughts (Fig. 2).
These differential salinities allow species to leave
compartments where they are encountering osmo-
regulatory stress and move southwards into lower
salinity waters. However, there are occasions where
salinity gradients within the entire lake are minimal
or where the compartments become isolated due to
lowered water levels. Most fish kills that have been
recorded in Lake St Lucia occur under such condi-
tions and are an indication of the lower and upper
tolerance limits of individual species. However, in
contrast to open tidal estuaries where salinity fluctu-
ations can be extremely rapid (minutes to hours),
Lake St Lucia undergoes very small changes in
salinity over long periods of time (weeks to months).
The extent to which these slow incremental changes
in salinity allow the fish species to tolerate more
extreme salinities is unknown.

For the purposes of this review, the fish species
recorded in Lake St Lucia are divided into freshwater,
estuarine and marine categories (Whitfield 1994).
Freshwater taxa are the least tolerant of increased
salinities (Fig. 3), apart from the Mozambique tilapia
(Oreochromis mossambicus) which is highly eury-
haline. Oreochromis mossambicus regularly occupies
parts of North Lake and False Bay when salinities are
70-120 9, and where most or all marine species are

Species I I I

Salinity (%)

Anguilla marmorata
Anguilla mossambica
Awaous aeneofuscus
Barbus paludinosus
Barbus trimaculatus
Clarias gariepinus
Glossogobius giuris
Hypseleotris cyprinoides
Oreochromis mossambicus
Pseudocrenilabrus philander
Redigobius dewaali

Seawater

Fig. 3 Recorded salinity ranges of freshwater fish species from Lake St Lucia
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absent (Cyrus et al. 2005). Indeed, large numbers of
juvenile O. mossambicus were recorded in the
northern parts of the lake during 1969 and 1970, thus
indicating that successful breeding was occurring
under hypersaline conditions (Wallace 1975). It
would appear that salinity stability which tends to
characterize South African estuarine lakes and la-
goons is more important to the success of O. mos-
sambicus than specific salinity levels (Whitfield and
Blaber 1979a).

During very low lake levels associated with estu-
ary mouth closure and drought conditions, ground-
water flows along the eastern shores of the lake create
shallow freshwater sheets and puddles that become
vegetated, and within which freshwater species such
as O. mossambicus, tropical carp gudgeon (Hypsel-
eotris cyprinoides) and checked goby (Redigobius
dewaali) find refuge from high lake salinities
(Vrdoljak 2004). However, a recent survey by Cyrus
et al. (2005) showed that even in those areas where
groundwater seepage was absent and hypersaline
conditions prevailed, both juvenile and adult O.
mossambicus were present.

Freshwater species are known to enter St Lucia in
large numbers following river flooding and the low-
ering of lake salinities below 5 9, The oligohaline
conditions, together with the inundation of marginal

vegetation and creation of eulittoral pools associated
with high lake levels, provide an ideal environment
for these fishes (Whitfield 1977). Once lake salinities
approach 10 9,, some of these species (e.g. straightfin
barb Barbus paludinosus and North African catfish
Clarias gariepinus) are forced to retreat back up the
rivers or perish.

The estuarine group of fishes in Lake St Lucia is
also very tolerant of oligohaline conditions, with
many species occurring in freshwater areas (Fig. 4).
However, the tolerance of this group to hypersaline
conditions is more limited, with only a few taxa
having been recorded in salinities above 50 %, A
number of these species (e.g. Gilchrist’s round her-
ring Gilchristella aestuaria, river goby Glossogobius
callidus and barebreast goby Silhouettea sibayi) also
occur in adjacent freshwater systems and would
therefore be able to recolonize the St Lucia system
once stream and river flow to the lake was restored.

Marine migrants are the dominant group of fishes
in Lake St Lucia and most species are highly eury-
haline (Fig. 5). Approximately 80% of these taxa can
tolerate salinities <5 9, whereas less than 40% were
recorded in salinities above 65 9%, This indicates a
greater tolerance of low rather than higher salinities
within the lake. Furthermore, the limited number of
elasmobranch species found in Lake St Lucia,

Species | |

Salinity (%.)

W
o
£y
o

50 60 70 80 90 100
| | | | l | | |

Ambassis ambassis
Ambassis dussumieri
Ambassis natalensis
Atherina breviceps
Croilia mossambica
Eleotris fusca
Gilchristella aestuaria
Glossogobius callidus
Hippichthys heptagonus
Hyporhamphus capensis
Silhouettea sibayi
Taenioides jacksoni

Seawater

Fig. 4 Recorded salinity ranges of estuarine fish species from Lake St Lucia
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together with their more reduced salinity ranges
(Fig. 5), is perhaps an indication of the reduced
osmoregulatory abilities of this component of the
ichthyofauna (Whitfield et al. 1981).

A composite view of the change in fish group
tolerance to increasing salinity categories is depicted
in Fig. 6. All three groups undergo major declines in
species diversity above the 30-40 9, category, with
only a small proportion of species capable of sur-
viving in salinities above 70 %,. Although a relatively
high proportion of the freshwater taxa survive in
salinities up to 40 %, a number of these species
(e.g. tank goby Glossogobius giuris, H. cyprinoides
and R. dewaali) belong to marine families (Smith and
Heemstra 1986) and are therefore more likely to

tolerate seawater salinities than primary freshwater
taxa (Skelton 1993).

Support for the trend of declining species diversity
with increasing hypersalinity is provided by fish
catches from five different northern Lake St Lucia
surveys (Fig. 7). In addition, the most recent St Lucia
fish survey to monitor the impacts of drought under
closed estuary mouth conditions (Cyrus et al. 2005)
revealed only one surviving species (O. mossambi-
cus) from an area of North Lake/False Bay where
salinities exceeded 110 %,.

Oreochromis mossambicus has been recorded
breeding when salinities exceed 70 %, (van der Elst
1972), but very few fish in St Lucia appear to be able
to carry out successful spawning under these

— O
— -
o

Species

Salinity (%o)

80 90 100

Acanthopagrus vagus
Argyrosomus japonicus
Arothron immaculatus
Caranx heberi

Caranx ignobilis

Caranx sexfasciatus
Carcharinus leucas
Chanos chanos

Diplodus sargus capensis
Elops machnata
Epinephelus malabaricus
Gerres acinaces

Gerres macracanthus
Gerres methueni
Hemirhamphus far
Hilsa kelee

Himantura uarnak
Johnius dorsalis
Leiognathus equula
Lichia amia

Liza alata

Liza dumerili

Liza macrolepis

Liza tricuspidens
Lobotes surinamensis
Lutjanus argentimaculatus
Lutjanus fulviflamma

Seawater

Fig. 5 Recorded salinity ranges of marine fish species from Lake St Lucia
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Megalops cyprinoides
Monodactylus argenteus
Monodactylus falciformis
Mugil cephalus
Muraenesox bagio
Myxus capensis

Otolithes ruber
Platycephalus indicus
Polydactylus plebius
Pomadasys commersonnii
Pomadasys kaakan
Pomadasys multimaculatum
Pomatomus saltatrix
Pristis zijsron
Rhabdosargus holubi
Rhabdosargus sarba
Solea bleekeri

Sphyraena jello
Stolephorus holodon
Strongylura leiura
Strophidon sathete
Terapon jarbua

Thryssa vitrirostris
Trachinotus africanus
Valamugil buchanani
Valamugil cunnesius
Valamugil robustus

Seawater

Fig. 5 continued

conditions. Estuarine resident species breed in the St
Lucia system in a range of salinities below 40 ¢,
(Blaber 1979; Harris and Cyrus 1995) and the fer-
tilized eggs of marine migrant species have been
documented in salinities approximating seawater
(Connell 1996). Evidence presented by Cyrus et al.
(2005) suggests that, apart from O. mossambicus, all
fish spawning activity in Lake St Lucia ceases once
hypersaline conditions prevail. Although the adults of
many marine and estuarine species may be able to
survive salinities above 50 9%,, successful breeding
under these conditions is unlikely.

Spatial separation of fish species according to
salinity has been clearly demonstrated by Martin
(1988). He found that the co-existence and spatial
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separation of three Ambassis species, all of which are
found in the St Lucia system, can be explained pri-
marily by the survival capability of each species to
different salinity ranges (Martin 1990). Ambassis
ambassis is found mainly in areas of low salinity
(<10 %,), A. dussumieri is restricted to higher salinity
zones (>25 9,) and A. natalensis occurs mainly in
intermediate salinities (Martin 1988).

The spatial use of estuaries by fish larvae can also
be strongly influenced by salinity (Chiappa-Carrara
et al. 2003; Strydom et al. 2003). In addition, the
osmoregulatory abilities of fertilized eggs and larval
fishes may differ considerably from juveniles and
adults of the same species. The flathead mullet (Mugil
cephalus), an abundant species in Lake St Lucia, has
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Fig. 7 Numbers of fish species recorded in northern Lake St
Lucia under different salinity regimes (data from van der Elst
et al. 1976; Cyrus et al. 2005)

eggs which cannot survive decreased salinities (Syl-
vester et al. 1975; Lee et al. 1992), but the early
juveniles of these fish are attracted to low salinity
estuaries and even rivers (Mires et al. 1974; Bok
1979). Increasing or decreasing salinities could result
in the mortality of egg and larval stages but not
influence the survival of juveniles and adults of the
same species. Consequently, the presence of large
numbers of estuarine and marine species in Lake St

Lucia at salinities below 5 %, and above 40 %, does
not imply that the larvae of the same species can
survive such conditions. Indeed, there is evidence in
certain South African estuaries that the mesohaline
zone is the most productive in terms of accumulator
regions for larval fishes (Strydom et al. 2003).

McBride et al. (2001) have described how the
metamorphosing larval ladyfish (Elops saurus) are
attracted to the low salinity estuarine nursery areas
with “positive” salinity gradients and later move to
higher salinities within these systems. A similar lep-
tocephalus larval migration pattern has been recorded
for tenpounder (Elops machnata) entering South
African estuaries, including St Lucia (Harris and
Cyrus 1995; Whitfield 1998). What happens if the
salinity gradient within these estuaries becomes
“negative”, as can occur at St Lucia? According to
McBride et al. (2001) larval Elops can metamorphose
and juveniles can survive in hypersaline waters, thus
implying that “negative” estuaries may also serve as
a suitable nursery habitat. What is not clear, however,
is how salinity affects Elops growth and mortality in
“positive” versus “negative” estuaries.

Food chains and fish abundance

Salinity change affects not only the physiology of
fishes; it also impacts on the food resources for all
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aquatic biota. The major autochthonous primary
producers in Lake St Lucia include phytoplankton,
microphytobenthos and macrophytes, all of which are
affected by the prevailing salinity regime. Under low
salinity conditions (< 15 %) the important submerged
aquatic macrophyte Potamogeton pectinatus tends to
be well established within the system (Ward 1976). If
low salinities persist for a prolonged period
(>6 months) then the macrophyte beds become very
extensive and attain a high biomass.

Salinities above 20 %, lead to the replacement of P.
pectinatus, with Ruppia cirrhosa and Zostera cap-
ensis. All macrophytes tend to disappear once salin-
ities rise above 50 %, (Ward 1976). It has been
suggested that the cyclical senescence of aquatic
macrophytes in the lake during high salinity regimes
may increase the amount of detritus available, and is
therefore beneficial to the fauna (Hutchison 1977).
Although the detritus pool may be temporarily in-
creased by the decomposition of large plant beds, the
more long-term effects on detritivorous invertebrates
and fishes are negative because growing plants are
absent during hypersaline conditions.

Salinities above 55 ¢, result in the disappearance
of much of the zoobenthos and only chironomids and
ostracods remain (Boltt 1975). Many zoobenthic
feeding fishes are capable of surviving in salinities
above this level but the absence of suitable prey will
lead to a change in diet or having to move to areas of
the lake where salinities are less than 55 %,. Evidence
to support this view is provided by Wallace (1975)
who found that the few specimens of smallspotted
grunter (Pomadasys commersonnii) and goldlined
seabream (Rhabdosargus sarba) recorded in areas of
the lake where salinities were >70 %, were no longer
able to feed on their normal molluscan and crustacean
prey items but were consuming mainly filamentous
and cynophytic algae. In addition, hypersaline con-
ditions may also affect food conversion by fishes in
the same way that oligohaline conditions can result in
reduced growth, condition and food conversion effi-
ciencies in juvenile P. commersonnii (Deacon and
Hecht 1999).

The five penaeid prawn species that dominate the
St Lucia hyperbenthos appear unable to survive in
salinities above 65 %, (Champion 1976). Catch per
unit effort declines of more than 99% occurred for all
these species when lake salinities rose above 40 9%,.
Since penaeid prawns are an important prey item of
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large predatory fish in Lake St Lucia (Whitfield and
Blaber 1978a), any decline in the abundance of these
invertebrates is likely to have an effect on the con-
dition, distribution and abundance of fish species
such as A. japonmicus and E. machnata. The most
common swimming prawn, Fenneropenaeus indicus,
showed a 93% decline in the northern parts of Lake
St Lucia between 1966 and 1968 due to the onset of
hypersaline conditions (>50 %, in this region
(Champion 1976). Fenneropenaeus indicus numbers
declined by only 15% in the southern parts of the
system, where salinities were similar between 1966
and 1968.

The movement of predatory fish away from North
Lake in response to the hypersaline conditions and
declining food resources would be expected to in-
crease fish abundance in South Lake. In the case of A.
Jjaponicus, Wallace (1975) was able to discern an
increase in the gill net catch in the south during
periods of very high salinity in the north, and a ten-
dency for the fish to redistribute towards the north
(causing catch rates to decline in the south) when
salinities became less extreme (Fig. 8). This trend
was not reflected in catches in the St Lucia Estuary,
where changes in abundance occurred annually and
seemed to be related to cyclical events in the biology
of A. japonicus rather than salinities in the lake
(Wallace 1975).

There is much evidence in support of the hypoth-
esis that increasing salinities (>50 9%,) cause a decline
in large fish abundance in Lake St Lucia. According
to van der Elst et al. (1976) gill net catch rates at
salinities of <20 %, were double those when salinities
exceeded 50 9,. Although more recent gill net catch
data indicates that low fish catches can occur under
all salinity regimes, it is noteworthy that the three
highest CPUEs were recorded at salinities of between
10 %, and 20 9%, (Fig. 9). These fish abundance trends
are also supported by Mann et al. (2002) who found
an inverse relationship between anglers CPUE and
increasing lake salinities (Fig. 10).

Phytoplankton is present during both high and low
salinity regimes (Johnson 1977), but this food re-
source is not consumed directly by any fish species
within the lake (Whitfield 1980). However, phyto-
plankton is utilized by zooplankton which is, in turn,
preyed upon by zooplanktivorous fishes within the
system (Blaber 1979). Most of the zooplankton spe-
cies in Lake St Lucia were found to tolerate salinities
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Fig. 9 Individual gill net catch per unit effort data collected by Ezemvelo KwaZulu-Natal Wildlife at three sites under different

salinity conditions in Lake St Lucia, with the three highest catches

above 40 %,, with many of the dominant taxa capable
of breeding in 60 %, (Grindley 1976). Unfortunately
most of these species disappear from the plankton
once salinities rise above 70 9%, which will have
major consequences for the feeding ecology of zoo-
planktivorous fishes that can tolerate hypersaline
conditions.

Microphytobenthos is also present under a range of
salinity regimes although the tolerances of individual
taxa differ considerably (Cholnoky 1968). Most

encircled

species that are found in Lake St Lucia have a wide
salinity tolerance, e.g. the diatom Coscinodiscus
granii was abundant between 10 9%, and 50 9,
(Johnson 1977) and probably has an even wider tol-
erance range. Mugilids are a dominant group of fishes
in Lake St Lucia (Whitfield and Blaber 1978b) and
their dependence on detritus and microphytobenthos
(Blaber 1976) will enable them to survive prolonged
hypersaline conditions when compared to inverte-
brate feeding fish species whose prey has succumbed
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Fig. 10 Total catch per unit effort (fish per angler per hour) of all angling fish species in South and North lake combined (solid line)
versus the average salinity (dashed line) measured in these compartments (data from Mann et al. 2002)

to the adverse salinity regime. Evidence to support
this view is provided by Wallace (1975) who found
that O. mossambicus, M. cephalus and milkfish
(Chanos chanos), all of which are primarily detri-
tivorous feeders (Whitfield and Blaber 1978c), re-
mained abundant in North Lake when salinities were
in excess of 70 %,.

It is important to note that when salinities exceed
110 %,, O. mossambicus appears to be the only fish
species capable of surviving under such conditions
(van der Elst 1972). Indeed, as salinities in Lake St
Lucia declined during 2004 following renewed fresh-
water inputs, O. mossambicus proliferated and com-
prised almost half of all fishes captured in December
2004 (Cyrus et al. 2005). This was primarily due to
very successful breeding in the spring and summer of
2004 under conditions of reduced competition and
limited piscivorous predation from depleted marine
fish populations. However, the abundant O. mossam-
bicus populations soon attracted the attention of peli-
cans, with increasing numbers of these birds preying
on this favoured food item (Whitfield and Blaber
1979b) during the latter half of 2004 and early 2005
(Fig. 11, M. Bowker, pers. comm.).

Mass mortalities of fishes

Most observations on the impacts of salinity changes
on fishes in southern African estuaries are derived
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from extreme salinity events (Whitfield 1995). In this
context Lake St Lucia has proven to be an ideal field
laboratory for the recording of fish responses to
extreme salinities under natural conditions. During
June 1976, when salinities throughout Lake St Lucia
were <3 %, a minimum of 100,000 fish of marine
origin, belonging to at least seven species, died when
water temperatures suddenly declined to 12°C
(Blaber and Whitfield 1976). A temperature-induced
fish kill involving an estimated 250,000 individuals
comprising at least 21 species was noted in the winter
of 1987 (Cyrus and McLean 1996) but salinities on
that occasion were much higher than those recorded
in June 1976. Low temperatures are not always
necessary to trigger a fish kill in oligohaline waters.
Bennett (1985) documented how marine fishes in the
Bot River estuarine lake survived low winter
emperatures (< 14°C) and salinities (<8 %,), only to
undergo a mass mortality during spring (October)
when water temperatures had increased to 18°C and
salinities declined further to 2-3 9.

Examination of dead and dying fish in Lake St
Lucia during the winter of 1976 revealed skin lesions
and haemorrhaging over large areas of the body, al-
though most commonly encountered around the
caudal peduncle, fin bases, opercula and mouth
(Blaber and Whitfield 1976). The large mortality was
probably due to a lethal combination of low salinities
and sudden low temperature leading to osmoregula-
tory failure, with fungal infection of the skin lesions
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Fig. 11 Pelican counts from the Lake St Lucia system between January 2002 and May 2005 (data provided by M. Bowker)

hastening the death process. The disorientation
behaviour shown by dying fish in the lake is symp-
tomatic of osmoregulatory failure recorded in R.
holubi (Blaber 1974), and the development of skin
lesions under freshwater conditions has also been
documented in osmoregulatory stressed white steen-
bras (Lithognathus lithognathus) (Mehl 1973).

The cichlid O. mossambicus is abundant in Lake St
Lucia but was not recorded dying in the 1976 mass
mortality (Blaber and Whitfield 1976). Experimental
work conducted by Allanson et al. (1971) has shown
that osmoregulation by O. mossambicus breaks down
at 11°C in salinities below 5 9%,. Therefore, the sur-
vival of this freshwater species in St Lucia during the
1976 winter may have been partially facilitated by the
brackish water conditions prevailing within the lake.
In contrast, large numbers of O. mossambicus were
recorded dying during July 1978 in Lake Bhangazi, a
freshwater system on the eastern shores of St Lucia
(Bruton and Taylor 1979). This mass mortality
coincided with low winter water temperatures
(<13°C) whereas no O. mossambicus were recorded
dying in the adjacent Lake St Lucia over the same
period. A similar mortality of O. mossambicus was
recorded in the Kasouga Estuary during July 1979
when winter water temperatures coincided with
salinities declining from 30 9, to <3 9, as a result of
river flooding (Jubb 1979).

Mass fish mortalities during high salinity regimes
in Lake St Lucia have also been recorded. When the
estuary mouth was open during 1969/70 and all the
hypersaline lake compartments were linked, fish

mortalities, as evidenced by sightings of dead speci-
mens, were rare. According to Wallace (1975) this
was because the fish population tended to move
southwards to alleviate stress before conditions in
North Lake and False Bay became lethal. However,
mortalities during 1969/70 did occur and generally
followed sudden periods of cold weather.

The physiological explanation for fish mortalities
under low temperatures at both extremes of the
salinity continuum can be attributed to the reduction
in enzymatic rates which result in a lowering of ionic
efflux and an increase in the osmotic concentration of
the body fluids (Maetz and Evans 1972). Thus when a
fish is already close to its upper or lower limit of
salinity tolerance, a temperature-induced reduction in
osmoregulatory efficiency can result in internal ionic
concentrations reaching lethal levels for that species.
This effect has been experimentally demonstrated by
Blaber (1973) for one of the common marine fish
species in Lake St Lucia, viz. the sparid R. holubi.
Temperature and salinity tolerance experiments
indicated that salinity tolerance decreased as tem-
peratures decreased beyond certain levels. Thus a
drop in temperature from 18°C to 12°C would not
have caused a mortality at a salinity of 30 9, but it
would have resulted in 100% mortality at 60 %, and
50% mortality at 1 %,.

When the St Lucia Estuary mouth closed in June
2002, salinities throughout the system were below 35 9,
with South Lake at 30 9%, and False Bay at 10 9. Overall,
an estimated five million tons of salt was trapped within
the system and, as evaporation exceeded freshwater
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inflow over the succeeding months, water volume
decreased and salinities rose. Between March and
December 2003 the lake became compartmentalized
due to low lake levels, with the total water surface area
declining to 25% of normal. Hypersaline conditions
prevailed in most areas, with parts of False Bay having
salinities in excess of 150 %, before drying up and those
in South Lake rising above 70 %, in places. Isolation
of the lake compartments meant that fish species
were trapped and could not escape to areas of lower
salinity. During the summer of 2003/04 a minimum
of eight fish mortality events were recorded, most
of which were dominated by two to three species.
Since different fish taxa dominated on each occasion,
this mortality pattern indicates species specific impacts
(Cyrus et al. 2005).

In contrast to the above hypersaline conditions and
lake compartmentalization, during the 1969/70
hypersalinities fish from False Bay and North Lake
were able to move to South Lake where salinities
were lower, or even out to sea via the Narrows
(Wallace 1975). Fish movement between the lake
compartments was possible because the mouth re-
mained open and lake levels did not show significant
declines due to the inflow of sea water into the system
to compensate for evaporation.

The impact of the 2003/04 hypersaline conditions
at St Lucia on certain estuary-associated marine fish
species may be large, especially as Cyrus et al. (2005)
have estimated that as many as 40% of species may
have disappeared from the system and overall stock
abundance may be as much as 50% below ‘normal’
levels. If the surface area of St Lucia (35,000 ha) is
compared to the total surface area of all South Afri-
can estuaries (approximately 70,000 ha), then the
possibility exists that the loss of the Lake St Lucia
nursery area for estuary-associated marine fish spe-
cies over the past few years may cause significant
short-term declines in the future abundance of these
taxa on both a local and regional scale.

Fish mortalities that are indirectly linked to
hypersalinity have also been recorded at St Lucia.
During July and August 1969 the protozoan Noctil-
uca scintillans underwent a massive proliferation
following a period of hypersalinity in North Lake and
False Bay. The ‘red water’ was associated with a
minor fish mortality, mostly mugilids, that were wa-
shed up along with the decaying masses of plankton
(Grindley and Heydorn 1970). Salinities in these lake
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compartments had declined from more than 80 %, in
March 1969 to 40-50 %, during the red water events.
No occurrences of red water were noted during the
most recent hypersaline conditions in North Lake and
False Bay (Cyrus et al. 2005).

Some global comparisons

Salinity is an important driving force that influences
the structuring of estuarine fish assemblages around
the world (e.g. Raseira et al. 2002; Jaureguizar et al.
2003; Albaret et al. 2004a; Barletta et al. 2005).
Salinity also has both a direct and indirect influence on
food availability (Forbes and Cyrus 1993), as well as
influencing the physiology of individual species
(Moser and Gerry 1989; Comyns et al. 2004). The
ability of many estuarine residents to spawn under
varying salinities is seen as an advantage for those taxa
(Strydom et al. 2002), whereas the marine migrants
tend to breed either at sea or on the ebb tide in the
lower reaches of estuaries so that the fertilized eggs
hatch in coastal waters where the salinity is approxi-
mately 35 %, (Hesp et al. 2004). Those taxa that are
best adapted to cope with wide salinity fluctuations
have access to productive estuarine environments and
are at a competitive advantage over those species that
are less euryhaline. Optimum salinity conditions will
obviously vary between species and within individual
taxa depending on developmental stage (Davenport
1985; Boltachev and Valovaya 1994).

There are very few estuarine or coastal lakes that
exhibit similar salinity characteristics to St Lucia.
The Laguna Madre of Texas, located in the Gulf of
Mexico, is one of the few systems where comparable
information is available. This large (>100,000 ha),
shallow (mean depth=<1 m) system with limited
river inflow also has widely fluctuating salinities,
ranging from more than 100 9%, in some years to 2 %,
following major rainfall events (Hedgpeth 1967). As
is the case at Lake St Lucia, major fish mortalities are
recorded during winter when abnormally cold tem-
peratures occur and during summer when high
salinities coincide with high water temperatures.
According to Hedgpeth (1967) almost double the
number of fish species are found in low salinities
(<10 %,) when compared to high salinity (>60 %)
regimes, a situation that is very similar to fish species
responses in Lake St Lucia (Fig. 6).
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The normally closed Wellstead Estuary (Austra-
lia) is also subjected to salinity fluctuations on the
scale of Lake St Lucia. Between October 1993 and
September 1997 the estuary remained closed and
salinities rose above 110 %, in March 1997 (Young
and Potter 2002). Although species such as
M. cephalus and yellow-eye mullet (Aldrichetta
forsteri) were able to survive the highly variable
salinities, others such as western hardyhead Lep-
tatherina wallacei and bridled goby Acentrogobius
bifrenatus perished. The atherinid Atherinosoma
elongata was the only species caught in March
1997 at the lower estuary site when the salinity
reached 122 9,. Other species moved from the lower
to the upper reaches of the estuary where salinities
did not rise to such high levels (Young and Potter
2002). The increased densities of fishes in the upper
reaches of the Wellstead Estuary indicated a salinity
response that can be equated to the movement of A.
Jjaponicus from North Lake to South Lake in the St
Lucia situation (Fig. 8).

The permanently open Sine Saloum Estuary
(Senegal) is also characterized by prolonged periods
of zero river flow, with hypersaline conditions
(mean=45-50 9%, prevailing in most parts of the
system and salinities reaching >100 %, in the upper
reaches. As expected, salinity is a strong driver of fish
assemblage structure within this estuary (Simier et al.
2004), with the highest species diversity being asso-
ciated with a station in the middle reaches where
aquifers reduce the salinity to 25 9%, (Vidy 2000).
Also of interest is the fact that both the bonga shad
Ethmalosa fimbriata and blackchin tilapia Sarother-
odon melanotheron have slower growth rates and
reduced size-at-maturity in the hypersaline parts of
this estuary (Albaret et al. 2004b; Diop et al. 2004).
The extent to which these fish responses can be
attributed to reduced food resources, high osmoreg-
ulatory demands and increased energy expenditure in
a hypersaline environment is unknown.

At the other extreme, low salinities (<5 9%,) can
also result in marked changes in the fish species
composition of estuaries. High rainfall associated
with El Nifio events cause salinities in the Patos
Estuary lagoon (Brazil) to decline, thus facilitating
the invasion of this system by additional freshwater
species (Garcia et al. 2003); a situation reminiscent to
that recorded in Lake St Lucia. Within 3—6 months of
the end of the El Nifio period, large seawater inputs to

the lagoon give rise to increased densities of estuary-
associated marine taxa and the fish assemblage re-
turned to its pre-El Nifio state (Garcia and Vieira
2002). Similar changes in species composition have
been documented in the St Lucia system, with the
diversity and abundance of freshwater taxa increasing
following river flooding and lowered lake salinities
(van der Elst et al. 1976). Although most marine
species can tolerate oligohaline conditions (Fig. 6),
these salinities are not optimal for the feeding, growth
and survival of large numbers of this dominant group.
Indeed, it could be argued that osmotically the opti-
mum salinity for most fishes in Lake St Lucia is
between 10 %, and 20 9,, since the three highest
catches were recorded within this range (Fig. 9), and
it also happens to encompass the isosmotic state for
many marine and estuarine fish species (Blaber 1974;
Martin 1990; Helfman et al. 1997).

Prolonged lowered salinities resulting mainly from
freshwater sewage spills or winter rains into the
Tijuana Estuary and Los Pefiasquitos Lagoon
(California) caused the loss of most marine fish
species from the channels of these two systems
(Nordby and Zedler 1991). Similarly, low salinities
prevailing in the middle and upper reaches of the
Gambia Estuary (West Africa) meant that the juve-
niles of most marine fish species were confined to the
higher salinity lower reaches of this system during the
rainy season (Darboe et al. 2004). Further evidence of
marine fish responses to low salinity can be found in
the Gulf of Finland (Baltic Sea) where salinities de-
clined from 6 9%, to <1 %, along a transect and was an
important factor influencing fish species richness,
with marine taxa gradually disappearing as salinities
declined towards the less haline eastern areas
(Lappalainen et al. 2000). Detailed information on
the responses of marine fishes to low salinities in the
St Lucia system are more limited than equivalent data
collected during high salinity regimes, especially how
the recruitment of the larvae and juveniles of marine
taxa are influenced by widespread oligohaline con-
ditions. In this context Darboe et al. (2004) suggested
that river flooding in certain West African tropical
estuaries may temporarily reduce the nursery ground
value of these systems to juvenile marine recruits.

In the Kosi estuarine system (South Africa) the
diversity of marine fishes declines between the
northern, more saline lakes, and the southern oli-
gohaline Lake Nhlange (Blaber 1978). During the
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late 1970s, increased rainfall and run-off into Lake
Nhlange resulted in further salinity declines to below
1 %, and certain predatory marine species such as
great barracuda Sphyraena barracuda and double-
spotted queenfish Scomberoides lysan moved away
from this lake to the more saline northern compart-
ments (Blaber and Cyrus 1981). There was a corre-
sponding increase in the numbers of the freshwater
predator C. gariepinus and cichlids such as O. mos-
sambicus in Lake Nhlange (Blaber 2000), a situation
very similar to that recorded in Lake St Lucia under
oligohaline conditions. As was the case in Lake St
Lucia when salinities were <3 9, at least 22 marine
taxa were still present within Lake Nhlange when
salinities were <1 %, (Blaber 2000). However, some
of these marine species (e.g. P. commersonnii) in
Lake Nhlange suffered mass mortalities during July
1975 due to a combination of low salinities (1 %,) and
low temperatures (Blaber 1978).

A reverse trend to that described in Lake Nhlange
above was recorded in Ebrié Lagoon (Ivory Coast),
where an artificial opening of the lagoon resulted in
salinities increasing from almost freshwater to at least
20 %, (Albaret and Ecoutin 1989). In response, the
numbers of freshwater fish in the system decreased
and marine taxa became dominant.

The relationship between salinity and the presence
of marine fish species in estuarine lakes can be
complicated by the segmented nature of certain sys-
tems. For example, Hill et al. (1975) found that the
fish community of Lagoa Poelela (Mozambique)
was dominated by freshwater species (mainly
O. mossambicus and redbreast tilapia Tilapia ren-
dalli), despite the fact that salinities in the lake were
8 %,- The low representation of marine taxa in Lagoa
Poelela was attributed to the 75 km long channel and
lagoonal systems connecting Poelela to the sea.
Marine species that were not recorded in Lagoa
Poelela were found in Lagoa Massava and Quissico
which were closer to the sea (Hill et al. 1975).

Young et al. (1997) found that the ichthyofaunal
composition in the Moore Estuary (Australia) changed
progressively in an upstream direction, reflecting a
decline in marine species and an increase in the density
of estuarine species along this salinity axis. Fish spe-
cies distributions during a normal horizontal salinity
gradient period within the St Lucia system indicated a
similar longitudinal distribution pattern for marine and
estuarine species, with many marine species extending
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into South Lake but not the northern parts of the sys-
tem, and certain estuarine species being more abun-
dant in the northern lake compartments (Millard and
Broekhuysen 1970). Further support for salinity being
aprimary influence on the balance between marine and
estuarine fishes in estuaries is provided by the work of
Griffiths (2001). He found that in Shellharbour Lagoon
(Australia) the salinity during both the open and closed
phases was maintained at a level intermediate of the
tolerances of both marine and estuarine species, thus
conferring stability on the system with respect to
changes in fish assemblage composition.

Conclusions

The unique features of Lake St Lucia have provided an
ideal opportunity to examine the impact of short-,
medium- and long-term salinity changes on the ich-
thyofauna of this estuarine system. Overall, it would
appear that the different fish groupings have differential
salinity range preferences (Table 1). Although fresh-
water species have a definite preference for oligohaline
conditions, O. mossambicus was common under all five
major salinity regimes. Both the marine and estuarine
fish groups are well represented under low (1-10 %) and
medium (1140 9,) salinity regimes. Most marine
species are still common under high salinity conditions
(41-70 9,) but many of these taxa are absent under
extreme hypersalinity (71-110 %,).

The ability of the estuarine and marine fish groups
to cope with changing salinity regimes at St Lucia is
very apparent. However, certain primary and sec-
ondary food sources (e.g. aquatic macrophytes, zoo-
benthos) are less able to tolerate hypersaline
conditions. Therefore the abundance of particular fish
taxa in a lake compartment may decline long before
the limits of that species’ salinity tolerance is attained.
In this context, the absence of a fish taxon from a
particular area cannot be presumed to be because the
salinity tolerance of that species has been exceeded;
the cause may be indirect and related to the loss of an
important food source and structural changes in the
habitat. Whitfield (1986) has shown major changes in
fish species composition in the Swartvlei estuarine
system as a result of the loss of aquatic macrophyte
beds and associated invertebrate prey.

Short-, medium- and long-term salinity fluctuations
have always been a natural feature of the St Lucia
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Table 1 Relative diversity and abundance of the three major
fish groups in Lake St Lucia under five different salinity regimes

Fish group  Salinity regime ( %,)

1-10 1140 41-70 71-110 111-120
Freshwater — ++++ ++ + + +
Estuarine +H++ ++ +
Marine +++ ++++ +

system (Hutchison 1976). However the salinity fluc-
tuations have changed considerably over the past
century as the quantity of fresh water entering the lake
has been reduced. Studies have been initiated to
investigate various management options that could
rectify this situation and return the lake to more nat-
ural regimes. The current review and interpretation of
information about fish responses to changing salinities
provides insights that will need to be considered when
deciding on future management options.
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