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ABSTRACT
Five South African salinas (Velddrift and Kliphoek on the west coast and Missionvale,
Swartkops, Missionvale and Tankatara on the south coast) present varying
hypersaline environments. These environments pose different ecological challenges
to the organisms that live in them. Analysis of nutrient and biotic data from all ponds
in all systems over a 12-year period provided generalised insights, despite episodic
perturbations. The primary producers in the ponds were evaluated as phytoplankton
biomass determined as chlorophyll a concentrations, macroalgal biomass as the
percentage of the pond covered and Artemia salina (brine shrimp) abundance.
Macroalgal biomass was not correlated to nutrient concentrations, but they were
particularly sensitive to the increasing salinity, being almost entirely excluded by 100
psu. Below this salinity, macroalgae outcompeted the phytoplankton. Phytoplankton
thrived where birds provided soluble reactive phosphorus. However, once brine
shrimp numbers increased due to increased salinity, their grazing reduced
phytoplankton abundance and released nitrogenous nutrients into the water. Once
the salinity reached 220 psu, Artemia salina numbers were reduced, allowing the
halophilic phytoplankton (e.g. Dunaliella salina) to flourish. Despite a large range of
nutrient loadings, wide fluctuations in nutrient concentrations and resultant
perturbations in biotic activity were limited to episodic events. Even the biota of the
high nutrient load salinas adjusted and the systems remained ecologically sound.
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INTRDUCTION

The Chinese were the first to relate organisms in salinas to salt production (Baas-
Becking, 1931). However, formal documentation of the management of the biota of
solar saltworks began as recently as the 1950s with the development of large-pond
saltworks. It became clear that the biota of a salina can either have a positive or
detrimental effect on the quality and quantity of salt produced (Carpelan, 1957). As
technology advanced, the recognition of the value of organisms for clearing brine
resulted in the formulation of management procedures aimed at creating biological
systems that aid salt production (Davis and Giordano, 1996).

Inorganic nutrients are not essential for the production of salt, however they do play
an important role in controlling the biota of salinas (Difford, 2008). Nutrient
concentrations vary greatly in solar saltworks: Ammonium concentrations of up to
700 µM (Jones et al., 1981) have been reported, while nitrate in excess of 40 µM has
been found (Du Toit, 2001). Phosphate concentrations may also increase to
detrimental levels as reported by Sammy (1983) with concentrations of up to 35 µM
reported. Target concentrations appear to be around 15 µM NH4

+; 10 µM NOx
- and

1 µM PO4
3- (Davis and Giordano, 1996) with appropriate biotic activity reported for

dissolved inorganic nitrogen levels of 25 µM and less (Carpelan, 1957; Britten and
Johnson, 1987). Phosphate concentrations appear to be less important for
determining a beneficial salina biota. Orthophosphate in the water column of the
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Salin de Giraud was practically absent over most of the salinity range and was only
detected in the low salinity ponds, where the maximum concentration was 0.04 µM
(Britten and Johnson 1987). Even so, the salina, the largest in Europe, has an
efficient biological system (Britten and Johnson 1987) and another biologically highly
productive Indian saltworks had phosphate concentrations varying between 0.5 µM
to 3.5 µM (Rahaman et al., 1993).

Provision of nutrients to salinas is essential as nutrients promote development of the
microphytobenthos (Difford, 2008). This is important to the system as the microbial
mats seal the concentrator ponds and limit brine leakage (Difford, 2008). Sufficient
nutrients also promote phytoplankton growth in the water column, which colours the
brine, thus increasing solar absorption, raising the temperature of the water in the
ponds and increasing the rate of evaporation from the system (Javor, 1989). The
biological communities of salinas may become limited by nutrients: Davis (1978)
noted that the low concentrations of phosphorus in a newly constructed salina
resulted in pond leakage and general impairment in functioning of the salina.

Controlled nutrient supplementation by means of fertilisers is required under these
conditions to address this imbalance. The addition of nutrients to the Velddrift salina
on the west coast of South Africa resolved pond leakage, remedied the insufficient
production of biological matter, and improved solar energy absorption.
As saltworks are closed systems, nutrient recycling between the water column and
sediment is generally sufficient to maintain an efficient biological system: however,
loss of significant quantities of water via seepage can also affect the integrity of the
system as well as increase the need for additional fertilisation (Davis, 1978).
By contrast, pumping of nutrient-laden coastal or estuarine waters or direct inflow of
rainwater to solar saltworks generally causes hypertrophic conditions in the urban
context (MacKay, 1994). Increased runoff during the rainy season often provides
substantial nitrogen loading to lagoons, estuaries and coastal waters (Abreu et al.,
1995).

Disturbances due to excessive nutrients allow species that are usually constrained by
low nutrients and high salinities to reproduce excessively, displacing species
beneficial to salt production (Davis and Giordano, 1996). The geographic location of
a salina plays an important role in understanding which factors influence the nutrient
concentrations of water (Javor, 1989). Proximity to rivers, urban areas, the nutrient
status of the incoming seawater and climatic conditions all play a role in determining
the trophic status of a salina as are the extent and nature of the fauna and flora in the
area and the management practices employed (Javor, 1989).

Excessive nutrient concentrations of water entering the system affect the biota in a
variety of ways: substantial masses of pioneer species, predominantly chlorophytes
and grasses choke the initial ponds and release dead or decaying matter into higher
salinity ponds, suppressing or killing nutrient-stripping organisms (Davis and
Giordano, 1996); a rapid increase in brine viscosity may occur, as reported by Jones
et al. (1981) to be the result of an Aphanothece sp. bloom caused by high nutrient
conditions in pre-crystallizer ponds. High levels of ammonium may also become toxic
to algae (Campbell and Wooldridge, 1994).

Urban saltworks are particularly susceptible to nutrient loading due to their proximity
to human settlements. By contrast, the reduced cost of transport makes salinas close
to urban areas economically desirable, particularly for a low-price product, such as
salt. Evidence indicates that over the past ten years there has been a marked
increase in nutrient concentrations in the source water for the urban saltworks close
to Port Elizabeth (MacKay 1994, Du Toit 1998, Du Toit 2001). Estuarine ecosystems
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and coastal waters (from which the urban salinas derive their brine) are particularly
vulnerable to pollution (Winter 1990). Waste, including industrial (hydrocarbons,
heavy metals), domestic (phosphates and ammonium), and agricultural (nitrates) has
been linked to the disturbance of estuaries and salinas (Morand and Briand 1996,
Davis 1990, 1993).

Difford (2008) found that the primary controlling factor of the biota of initial ponds was
the balance between inorganic nitrogen and phosphorus. He concluded that
macroalgal growth was curtailed when nitrogen was in short supply. However when
nitrogen was abundant, water clarity became the controlling factor (Difford, 2008).
Nitrogen appears to be the critical nutrient in most salinas as reported by Sammy
(1983) who reported that the nitrate levels in the Dampier salt fields in Australia were
low by comparison to phosphate, indicating rapid utilisation of nitrate by organisms in
the system. High nitrate concentrations indicate that there is an imbalance between
the inorganic nitrogen supply and biological utilisation (Campbell and Wooldridge,
1994). However, reactive phosphate is often the growth-limiting nutrient for benthic
organisms, as the microphytobenthos remove soluble reactive phosphorus from the
water (Davis, 1999).

The proportions of ammonium and nitrate are also relevant as it is generally
accepted that the uptake of nitrate by phytoplankton is reduced in the presence of
ammonium, this being due either to a preference for ammonium or an inhibition of
nitrate uptake (Dortch, 1990). In extreme circumstances nitrate will not be taken up
above an ammonium threshold of around 1 µM for of marine phytoplankton (Dortch,
1990).

In South Africa, salinas are limited to areas where high evaporative demand occurs
in proximity to a seawater supply (Campbell & Davis, 2000). Salinas have been
installed on the west coast of South Africa where the rainy season is in winter leaving
a long, dry, hot summer ideal for salt production. Low annual rainfall (ca. 325 mm;
Mucina and Rutherford, 2006) of the arid north-west coast also contributes to this
area becoming productive for salt production. Being relatively close (150 km) to the
large market of Cape Town minimises transport costs.
The other productive area for solar harvesting of salt in South Africa is the south-east
coast around the city of Port Elizabeth, Nelson Mandela Bay municipality. Here
annual rainfall is higher (ca. 480 mm; Mucina and Rutherford, 2006) but evaporation
is increased due to high wind frequency and speeds.

Evaluation of the nutrient environment of some of these South African salinas was
aimed at providing insight into how nutrient concentrations affect the biota in solar
salt harvesting ponds.

METHODS & MATERIALS

Five South Africa salinas were chosen for investigation: three on the temperate
south-east coast of South Africa (Missionvale, Swartkops and Tankatara; Figure 1)
and two on the arid west coast of South Africa (Velddrift and Kliphoek; Figure 2).
The nutrient environment in salina ponds was measured at various times over the
past twelve years. In order to compare the systems, water salinity (measured with an
Atago hand-held refractometer) was taken as a measure of in-flow position of the
sample along the path-length of the salina.

Water samples for nutrient analysis were collected from ponds and immediately
filtered through Schleicher & Schuell GF/C filters. Samples were darkened, cooled
and analysed within four hours. Ammonium was determined according to the method



17

of Solórzano (1969) and soluble reactive phosphorus according to Strickland and
Parsons (1972). Nitrate and nitrite were determined together (NOx

-) according to the
method of Greiss (1879) as modified by Ilosvay (1889) following the reduction of
nitrate to nitrite using the copper cadmium method recommended by Bate & Heelas
(1975).
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Figure 1. The locality of the salinas sampled on the south coast of South
Africa: Missionvale, Swartkops and Tankatara Salinas.
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Figure 2. The locality of the salinas sampled on the west coast of South
Africa: Velddrift and Kliphoek.

Phytoplankton biomass was determined using chlorophyll a concentration measured
spectrophotometrically according to the method recommended by Nusch (1980).
Macroalgal cover on the water surface of each pond was estimated as a percentage
of the pond area.
The number of brine shrimps was used as representative of the zooplankton
component of the ecosystem. Samples were collected using a 200 µm mesh tow-net
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with a total of 63.8 l of water filtered. Samples were preserved in a 5% formalin
solution prior to counting.

Statistical analyses were done using Statistica version 10. The Shapiro Wilks test
indicated that all data were nonparametric. The Spearman Rank test was used to
determine the significance of correlations between variables.

RESULTS

The different nature of the source water resulted in variable salinity profiles of the
initial ponds of the five salinas (Figure 3). The Velddrift salina had the highest initial
salinity as the water is pumped from an underground aquifer with a salinity of 100
psu (Figure 3). However, this salina had the most consistent initial salinity. The
Swartkops salina salinities remained low for longer than the other salinas (the first
four sampling points had lower salinity than that measured in the initial ponds of the
other four systems; Figure 3). By sampling stations 5 the salinities were similar for all
five salinas (Figure 3).
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Figure 3. The salinity profiles along the flow path of five salinas sampled on
the south and west coasts of South Africa.

South coast: Missionvale, Swartkops and Tankatara salinas;
West coast: Velddrift and Kliphoek salinas.

As much as salinity plays an important role in determining the biotic composition of
the salinas, so do the inorganic nutrients of the systems. Nitrogenous nutrients were
greatest in the west coast salinas (Velddrift and Kliphoek) and the south coast salina
of Missionvale (Figure 4; Table 1). In the two west coast salinas, ammonium
contributed less than nitrate and nitrite (Figure 4). More than 80% of the nitrogenous
nutrients came from ammonium in the Swartkops and Missionvale systems (the two
urban salinas), while the rural Tankatara system had equal contributions between
ammonium and the oxidized nitrogen nutrients.
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Figure 4. The mean inorganic nitrogen concentrations (+/- 1 S.E.) of five
salinas sampled on the south and west coasts of South Africa.
South coast: Missionvale, Swartkops and Tankatara salinas;

West coast: Velddrift and Kliphoek salinas.

The inorganic nitrogen concentration of all five salinas falls within or is close to the
recommended target of inorganic nitrogen for salinas: 25 µM (Davis and Giordano,
1996).

Table 1. The mean inorganic nitrogen concentrations (+/- 1 S.E.) of five salinas
sampled on the south and west coasts of South Africa.

South coast: Missionvale, Swartkops and Tankatara salinas;
West coast: Velddrift and Kliphoek salinas.

By contrast, the low-nitrogen Tankatara salina had the highest concentration of
soluble reactive phosphorus (Figure 5, Table 2) with the high-nitrogen Missionvale
having the lowest concentration. All five salinas had higher average concentrations of
phosphate than what is ideal (1 µM; Davis and Giordano, 1996).
Kliphoek and Tankatara had the highest average phytoplankton biomass with
Swartkops, Missionvale and Velddrift salinas having low phytoplankton standing
biomass (Figure 6; Table 3). The average chlorophyll a concentrations varied greatly,
ranging from <0.01 µg l-1 to 500 µg l-1 (Figure 7). To convert this nonparametric data
to a trend-line, the running average of the phytoplankton biomass means recorded in
10 psu bin sizes of salinities (i.e. 35-44 psu; 45-54 psu; ...) was added (Figure 7).

Ammonium (µM) Nitrate and Nitrite (µM)

n median minimum maximum n median minimum maximum

Swartkops 183 10.897 0.927 139.540 219 4.539 0.445 60.897

Missionvale 74 8.263 0.490 196.857 84 7.230 1.718 28.355

Kliphoek 35 7.829 1.980 68.512 35 13.146 3.493 28.874

Velddrift 69 9.516 2.380 76.033 69 17.373 2.313 37.977

Tankatara 482 6.102 0.001 144.153 499 7.311 0.530 60.897
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This running average for phytoplankton biomass fluctuated between 50 and 100 µg
chl a l-1 (Figure 7).
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Figure 5. The mean inorganic nitrogen concentrations (+/- 1 S.E.) of five
salinas sampled on the south and west coasts of South Africa.
South coast: Missionvale, Swartkops and Tankatara salinas;

West coast: Velddrift and Kliphoek salinas.

Table 2. The median, minimum and maximum values for soluble reactive
phosphorus of the five salinas sampled on the south and west coasts of South
Africa. South coast: Missionvale, Swartkops and Tankatara salinas; west coast:

Velddrift and Kliphoek salinas.

Soluble reactive phosphorus (µM)

n median minimum maximum

Swartkops 210 1.554 0.038 16.000

Missionvale 83 0.772 0.000 15.950

Kliphoek 34 2.411 0.132 11.678

Velddrift 69 3.419 0.085 40.956

Tankatara 535 1.613 0.032 68.444

Missionvale and Tankatara had the highest average cover of macroalgae (Figure 8,
Table 3). With its high initial salinity, the Velddrift salina had no macroalgae (Figure 8,
Table 3). In the initial ponds of the other four salinas, the macroalgal cover varied
between 0 and 80%, with no macroalgae persisting after the salinity reached 150 psu
(Figure 9). The running average of the macroalgal cover means recorded in 10 psu
salinity size classes showed a steep decline in macroalgal cover as the salinity
increased above 70 psu (Figure 9). Macroalgae did not form a substantial part of the
biota above 100 psu (Figure 9).
Missionvale and Tankatara had the highest abundance of brine shrimps (Figure 10,
Table 3). Very low numbers of brine shrimp were found at salinities below 60 psu,
with the majority of the brine shrimps found at salinities between 100 and 200 psu
(Figure 11). The running average of the 10 psu salinity size classes of brine shrimp
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abundances indicates that the greatest abundance of brine shrimps were found at
160 psu with values declining to minimal values by 280 psu (Figure 11).

Table 3. The median, minimum and maximum values for phytoplankton biomass,
macroalgal cover and Artemia salina abundance of the five salinas sampled on
the south and west coasts of South Africa. South coast: Missionvale, Swartkops

and Tankatara salinas; west coast: Velddrift and Kliphoek salinas.

Phytoplankton (µg chl a l-1) Macroalgae (% cover)

n median minimum maximum n median minimum maximum

Swartkops 206 15.5 0.1 220.6 128 0.0 0.0 25.0
Missionvale 72 24.9 2.5 245.8 71 0.1 0.0 35.0
Kliphoek 35 113.8 7.5 385.0 35 0.0 0.0 10.0
Velddrift 58 12.35 0.4 98.0 70 0.0 0.0 0.0

Tankatara 541 74.0 0.5 951.9 190 0.0 0.0 80.0

Artemia salina (number l-1)

n median minimum maximum

Swartkops 165 2 0 13320
Missionvale 52 0 0 35240
Kliphoek 35 10 0 13420
Velddrift 50 125 0 9080

Tankatara 341 0 0 118906
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Figure 6. The mean phytoplankton biomass in units of chlorophyll a
concentration (+ 1 S.E.) of five salinas sampled on the south and
west coasts of South Africa. South coast: Missionvale, Swartkops
and Tankatara salinas; West coast: Velddrift and Kliphoek salinas.

At the lower salinities (100 psu), there is a significant negative relationship between
phytoplankton and macroalgae biomass (Figure 12, Table 4). As the salinity
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increases, the brine shrimp abundance increases, with a significant negative
correlation between phytoplankton biomass and brine shrimp numbers (Figure 12,
Table 4), so that where the brine shrimp numbers are at their highest the
phytoplankton concentration is lowest (Figure 12). As the salinity increases beyond
the tolerance of the brine shrimps, halophilic phytoplankton flourish (Figure 12).
Phytoplankton biomass was positively correlated to the concentration of soluble
reactive phosphorus while macroalgal biomass was not correlated to any of the
nutrients (Table 4) Artemia salina numbers were positively correlated to the
concentration of ammonium as well as nitrate & nitrite (Table 4).
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Figure 7. The phytoplankton biomass in units of chlorophyll a concentration
measured at different salinities in ponds of five salinas sampled on the

south and west coasts of South Africa.
South coast: Missionvale, Swartkops and Tankatara salinas;

West coast: Velddrift and Kliphoek salinas. The solid line is the running
average of the mean of each 10 psu class of salinity.
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Figure 8. The mean macroalgal cover (+ 1 S.E.) of the pond surface of five
salinas sampled on the south and west coasts of South Africa.

South coast: Missionvale, Swartkops and Tankatara salinas;
West coast: Velddrift and Kliphoek salinas.



23

Macroalgae therefore, appear to be controlled primarily by salinity (|R| = 0.637; Table
4), phytoplankton by competing macroalgae (|R| = 0.174; Table 4) and brine shrimp
feeding (|R| = 0.192; Table 4); while brine shrimp numbers are determined by the
salinity (|R| = 0.503; Table 4). The concentrations of nitrogenous nutrients are
significantly correlated to brine shrimp numbers indicating that their excretion and
feeding controls these concentrations (|R| = 0.164 & 0.165; Table 4).
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Figure 9. The macroalgal cover of the pond surface measured at different
salinities in ponds of five salinas sampled on the south and west coasts of
South Africa. South coast: Missionvale, Swartkops and Tankatara salinas;

West coast: Velddrift and Kliphoek salinas. The solid line is the running
average of the mean of each 10 psu class of salinity.
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Figure 10. The mean number of Artemia salina (brine shrimps; + 1 S.E.) of five
salinas sampled on the south and west coasts of South Africa.
South coast: Missionvale, Swartkops and Tankatara salinas;

West coast: Velddrift and Kliphoek salinas.
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Figure 11. The mean number of Artemia salina (brine shrimps) measured at different
salinities in ponds of five salinas sampled on the south and west coasts of South

Africa. South coast: Missionvale, Swartkops and Tankatara salinas;
West coast: Velddrift and Kliphoek salinas. The solid line is the running average of

the mean of each 10 psu class of salinity.
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Figure 12. The running average of the mean of major ecosystem measures
(phytoplankton  biomass as µg chl a l-1; macroalgae as cover abundance; Artemia

salina as number l-1) in ponds of five salinas sampled on the south and west coasts
of South Africa. South coast: Missionvale, Swartkops and Tankatara salinas;

West coast: Velddrift and Kliphoek salinas. Values are the mean of all measures
taken in each of 10 psu classes of salinity.
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Table 4. Spearman’s Rank correlation coefficients comparing water quality and
biota of five salinas sampled on the south and west coasts of South Africa. South
coast: Missionvale, Swartkops and Tankatara salinas; West coast: Velddrift and
Kliphoek salinas. Values in bold are significant at p < 0.05. For these the p-value

is given in parentheses.

Phytoplankton biomass
(µg chl a l-1)

Macroalgal biomass
(% cover)

Artemia salina
(numbers l-1)

Salinity 0.071 (0.037) -0.637 (<0.001) 0.503 (<0.001)

Ammonium -0.234 (<0.001) 0.063 0.165 (<0.001)

Nitrate & Nitrite 0.008 -0.044 0.164 (<0.001)

Phosphate 0.085 (0.011) -0.019 0.065

Phytoplankton -

Macroalgae -0.174 (<0.001) -

Brine shrimp -0.192 (<0.001) -0.298 (<0.001) -

DISCUSSION

The South African salinas investigated in this study range in biotic productivity. The
Swartkops and Missionvale salinas are important salt-producing systems for the
Eastern Cape Province and derive their brine from the Swartkops Estuary. The
Swartkops River and Estuary and River flows through an area with a variety of heavy
industries and nearly a million people within its catchment, many of whom live in
informal settlements with little or no formal sewage or rubbish removal services. The
result is a steadily increasing level of pollution in the estuary (Binning 1999, Mackay
1994) with a consequent increase in nutrient loading via in the inlet water. To
complicate matters, both these salinas are surrounded by informal settlements with
poor waste removal and rainfall runoff as well as occasional sewage spillage
deposits high-nutrient water into the ponds. As a result, these two salinas are
hypertrophic with a thick base of organic deposition as a result of many years of
abundant production (Du Toit, 2001; Difford, 2008).
Kliphoek, in the Western Cape Province, is an intermediate system in terms of
productivity. It is the smallest and most informal system studied. Salt water is
sourced from the Berg River Estuary and the salina forms part of a functioning farm.
The Berg estuary is also becoming progressively more polluted (Allanson and Winter
1999), but not to the extent of that in the Swartkops Estuary. The Kliphoek salina has
moderate benthic carbon deposits (Du Toit, 2002) supporting the observation that the
system is mesotrophic.
Both the Tankatara and Velddrif systems are oligotrophic and required fertilisation to
encourage the development of a benthic algal base that would control pond leakage
(Campbell et al., 2001 Du Toit, 2002). The Velddrif salina on the west coast of South
Africa derives its brine from an aquifer with a salinity of 100 psu, making it an
interesting alternative to the other salinas in this study. The aquifer water has low
nutrient concentrations, and considering the low rainfall of the area and the sandy
soils surrounding the salina, there is no runoff to deliver any nutrients to the system.
The only present source of fertiliser is derived from the birds that frequent the ponds.
The Tankatara system derives its water from an unpolluted portion of Algoa Bay
coastal waters, well away from the discharges of the city of Port Elizabeth. There is
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also no nutrient-rich runoff and, as in the case of Velddrif, birds provide most of the
nutrients to the salina.

The biology of the five salinas reflects the diverse conditions under which salt is
produced. The fifty year old east coast salinas of Swartkops and Missionvale, with
their surrounding urban pollution, face particular nutrient loading problems. The
oligotrophic Tankatara and Velddrif systems are some distance away from urban
pollution but are challenged by low nutrient provision making them susceptible to
leakage. Kliphoek, drawing water from the Berg River Estuary, with its ever
increasing nutrient load from the agricultural catchment will require careful biological
management to ensure an efficient biology. These systems showed high variation in
biological production. Average phytoplankton biomass varied by six-fold (Figure 6),
macroalgal, cover by five-fold (Figure 8) and brine shrimp abundance by ten-fold
(Figure 10).

Despite the substantial differences between the inorganic nutrient loads, the nutrient
concentrations in the ponds of all five systems were seldom particularly high (Table
1). In 95% of the samples taken (n = 908) the ammonium concentration was in the
lower 20% of the range (Table 1). For nitrate and nitrite, 83% of the samples taken (n
= 968) fell in the lower 30% of the range (Table 1). Inorganic nitrogen (ammonium,
nitrate and nitrate concentrations) fell in the lower 20% of the range in 90% of the
samples. This indicates, that the biota, for the most part take up much of the nutrient
load and convert it to biomass.

Despite these differences in nutrient loading, if analysed together, the salinas
showed the required replacement of dominant biota as the salinity increased as
found by Davis (1990). The early ponds were dominated by algae (macroalgae and
phytoplankton; Figures 7 & 8). The more hypertrophic systems had high levels of
biomass of macroalgae in the earlier ponds so that they out-competed the
phytoplankton. This is a common phenomenon in estuarine (Fong et al., 1996) and
hypersaline (Difford, 2008) habitats. Difford (2008) postulated the operation of a
“bloom-and-bust” cycle in solar saltworks that occurs when the phytoplankton
population collapses in the salina due to macroalgal blooms in the ponds. The
macroalgae float on the water surface, and shade the phytoplankton below. This
results in the phytoplankton death and decomposition (Difford, 2008). This decay of
the phytoplankton biomass leads to an increase of nutrients into the water column
and this causes macroalgal blooms again (Difford, 2008). This feed-back loop is
supported by this negative correlation between macroalgal cover and phytoplankton
biomass (Table 4) overall for the five salinas investigated here.

Irrespective of the nutrient concentrations, the macroalgae are the first to be affected
by the increasing salinity (Figure 12). As found in other systems, the macroalgae do
not persist beyond 120 psu (Davis, 1990), but begin to decline above 70 psu (Difford,
2008). Macroalgae cannot survive salinities above 70 psu in the long term and can
only withstand higher salinities for short periods. This relationship is supported by the
negative correlation between salinity and macroalgal biomass overall (Table 4).
Macroalgae reached high standing biomass only infrequently, with 92% of the
samples falling in the lower 10% of the range.

The phytoplankton community is affected by salinity at a later stage in the gradient
(Rijstenbil, 1987). In these five salinas, phytoplankton biomass declines above 125
psu (Figure 7). Salinity is one of the most variable abiotic factors (Remane, 1955,
1958; Gasiunaite, 2000) and with the specific growth rates of phytoplankton being
affected by salinity fluctuations (Rijstenbil, 1987), this effect is predicted. However,
this effect may be secondary, as at around 100 psu Artemia salina (brine shrimps)
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appear (Figure 11). Between 120 and 180 psu there is a decrease in the
phytoplankton as the shrimps clear the water. Phytoplankton is the primary food
source for brine shrimp (Sammy, 1983). Their reproduction rates, brood size, lipid
contents and cyst yields are all determined by the quantity and type of food available
(Mohebbi, 2010). Where abundant, the phytoplankton biomass is significantly
reduced by Artemia grazing (Table 4; Mohebbi, 2010) as manifest in the negative
correlation between phytoplankton chlorophyll a (biomass) and brine shrimp numbers
overall (Table 4). Brine shrimp grazing, in turn results in release of nutrients that
further enhance phytoplankton production, leading to a continuous reciprocal
interaction (Mohebbi, 2010).

Brine shrimp populations naturally occur in salt lakes, with their salinity tolerances
ranges generally being between 100 psu to 250 psu. Difford (2008) found that brine
shrimps occur at salinities greater than 70 psu, but do best at salinities of 120 to 140
psu where they have protection from less halotolerant predators. At around 250 psu
Artemia salina food sources generally become limiting (Sorgeloos et al., 1991)
causing their decline. However, in the South African salinas this was not the case.
The reduction in brine shrimp numbers as the salinity increased was due to the
change in salinity and not the abundance of microalgae, as there was a second
phytoplankton biomass maximum (measured as chlorophyll a and therefore
excluding the halophilic bacteria). Samples showed abundance of Dunaliella salina
that proliferated at the higher salinities, particularly in the meso- and oligotrophic
salinas (Figure 7, Table 3). This unusual phenomenon was not expected according to
Davis (1990), but was most likely caused by the reduction in brine shrimp numbers.

The phytoplankton biomass increases in inverse proportion to the abundance of brine
shrimps at salinities above 200 psu (Figure 12). This may have implications for the
harvesting of the salt from the crystallisers, as there is still a substantial biomass of
phytoplankton at this stage (around 80 µg chl a l-1, Figure 7).
Brine shrimp are either absent or are present in lesser numbers when there is
macroalgae present (Table 4) because they do not share tolerance to much of the
salinity range (Figure 12). Difford (2008) found that macroalgae generally have
disappeared by 70 psu, whereas in this study they had disappeared by 90 psu with
very few exceptions (Figure 8). In this study, the brine shrimps appeared at around
80 psu with very few exceptions (Figure 9) indicating that this negative correlation is
unlikely to be due to a direct response of the one to the other, but rather an
intolerance of each to the salinity favoured by the other.

The nutrient environment of the salinas is partially controlled by the fauna. Artemia
salina abundance was correlated to the ammonium concentration of the water as
they excrete ammonium (Colvin and Brand 1977, Meyer-Willerer, 1997).
Phytoplankton in turn example removed ammonium from the surrounding medium
(e.g. in Dunaliella salina cells - Thakur and Kumar, 1999).
Nitrate concentrations were, however, correlated to salinity (Figure 4, Table 1).
Camargo et al. (2004) found that nitrate was released during the decomposition of
the numerous organisms that can no longer tolerate the increasing salinity.
Soluble reactive phosphorus was not the limiting nutrient in any of the salinas (Figure
5, Tables 3) as there is a positive relationship between phytoplankton biomass and
the concentration of soluble reactive phosphorus (Table 4). The phosphates are
generally deposited in abundance by birds in all five salinas (Du Toit, 2001).
Avifaunal abundance (data not shown) was significantly correlated with the soluble
reactive phosphorus concentrations in the water (r2 = 0.79, d.f. = 48, p < 0.01).
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CONCLUSION

In conclusion, this study showed that when the data from five South African salinas
were analysed collectively, significant correlations were found between inorganic
nutrients and the biota, confirming that nutrients play an important role in the overall
functioning of systems. Total inorganic nitrogen and soluble reactive phosphorus
influenced the total standing biomass of the salinas, showing how beneficial nutrients
are to the productivity of a salina. Provided that the exceptional nutrient input events
are controlled and/or well managed, the salinas will be productive and remain in
equilibrium, and will lead to production of good quality salt.
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