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Abstract: Ugandan aquaculture is in the process of development; however, it requires access to an
affordable live food source, such as brine shrimp Artemia. This study fits within a broader feasibility
study of domestic Artemia production in salt lakes. Since Uganda is a landlocked country, the only
opportunity for live water food sources lies in the salt lakes in the west of the country. This study used
saline water from one of these lakes, Lake Bunyampaka (salinity 72 mg L−1). Two Artemia strains,
i.e., the Great Salt Lake strain, which is the dominant strain on the market, and the Vinh Chau
strain, which is by far the most inoculated strain in the world, were assayed for their survival,
growth, and reproduction in diluted Lake Bunyampaka water, using natural seawater as control.
The organisms were fed live freshly cultured microalgae Tetraselmis suecica ad libitum. Our study
revealed that the Vinh Chau strain performed especially well in Lake Bunyampaka water diluted
to 50 g L−1. The data presented in this study generate the first useful information for the future
inoculation of Artemia in Lake Bunyampaka in Uganda, and hence domestic Artemia production in
the country; however, further larger-scale laboratory work, followed by field trials, is still needed.
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1. Introduction

Land, labour, capital, and entrepreneurship are the four core factors of production, and apply to
the aquaculture sector the world over, Uganda inclusive. During the last 10 years, aquaculture growth
in Uganda has been tremendous, increasing from a production of about 600 tons in 1994 to about
100,000 tons in 2014 [1,2]. This increasing trend has been due to Uganda identifying and addressing the
major constraints that have historically affected the fish farming industry, such as quality seed and fish
feed. In this regard, the government has established several public fish fry centers, and encouraged
private farmers to establish fish hatcheries to address the issue of fish seed. However, despite the
increased efforts to boost farmed fish production, hatchery operators still face many problems in
larviculture, with most hatcheries reporting a survival rate of below 25% [3]. Most of these mortalities
could be attributed to the lack of a suitable larval feed that both meets the nutritional requirements
for fish and is affordable for the hatchery operators. At this stage of development, fish larvae require
a feed that is nutritionally complete to supply all of the required nutrients in their right amounts,
and that is small enough to go through the small mouth gape of the fish larvae. It’s also known
that fish larvae get digestive enzymes and hormonal precursors from the ingested food, which in
turn boosts their immunity. Now, there is no single dry artificial diet that can completely substitute
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live feeds, so the feeding of live feeds to fish larvae generally still remains essential in commercial
hatchery operations [4].

In nature, fish larvae do depend on several phytoplankton and zooplankton species for their
nutritional requirements, but in marine larviculture, the brine shrimp Artemia sp. has proved to be very
successful as a larval feed [5–8]. This crustacean is available in the form of cysts worldwide, and the
larvae (“nauplii”) hatching from those cysts are nutritionally adequate and small enough (400–450 µm)
for many small larval fish to ingest them [5]. Artemia can also be easily manipulated to meet fish
larvae nutritional requirements through bioencapsulation [4,5]. In freshwater aquaculture, Artemia has
been used to improve survival in the larviculture of freshwater prawn (Macrobrachium sp.), whitefish
larvae (family Coregonidae), walleye larvae (Stizostedion vitreum), striped bass larvae (Morone saxatilis),
African catfish (Clarias gariepinus), and African lungfish (Protopterus ethiopicus), amongst others [9–13].
The major drawback for Artemia use in freshwater fish culture has always been the short survival
period of Artemia in freshwater, which is in the order of 30 min to 60 min [14]. Therefore, they are not
continuously available to the larval fish, as is the case in marine larviculture systems, and ideally they
should be fed intermittently every 2 h to 3 h [11].

Artemia can survive in hypersaline environments where none of its predators are capable of
surviving [15]. These environments suitable for Artemia do vary considerably in terms of ionic
composition, climatic conditions, seasonality, productivity, altitude, and other characteristics [16–19].
Artemia has been shown [20,21] to inhabit chloride, sulphate or carbonate waters, and/or combinations
of two or even three major anions [18]. There are seven bisexual species and numerous parthenogenetic
populations [22]. Of these species, Artemia franciscana Kellogg 1906 is by far the most important one for
aquaculture use, and it is the species that has been introduced in salt-works for integrated Artemia–salt
production, especially in areas where there is no natural occurrence of Artemia [18].

Currently, hatchery operators in Uganda are using both live and dry feeds in African catfish larval
feeding and weaning regimes, but with low survival rates [23]. Artemia is one of the live feeds used in
the country; however, farmers have cited major problems, such as high prices, low quality, and the
irregular availability of the product [23]. Local Artemia production in Uganda is expected to enhance
aquaculture production, especially for African catfish production, as it will increase the availability of
cysts and/or biomass for use in hatchery operations. This local production would reduce purchasing
costs of Artemia cysts, and hence increase profits for the hatchery operators. If combined with local
salt production, a commercially active Artemia production sector would increase incomes for local
salt farmers, who would be able to harvest both salt and Artemia cysts from their salt ponds, and also
reduce unemployment.

Uganda, a landlocked country, is naturally endowed with many saline crater lakes in the Rwenzori
region in the west of the country, although there is no natural occurrence of Artemia in these saline
environments [24]. In several of these crater lakes, the local rural communities produce artisanal salt.
Lake Bunyampaka is one of the saline lakes where salt is mined for use in the livestock sector, and could
provide a suitable environment for Artemia culture as an alternative source of livelihood to the salt
miners. This study reports on laboratory tests, and aims to assess the suitability of Lake Bunyampaka
saline water to culture Artemia, as a first phase of research before field culture tests can be considered.

Artemia performance in the water of Lake Bunyampaka was assessed (1) by investigating the
survival of two strains of A. franciscana, i.e., Great Salt Lake (GSL), from the United States, and Vinh
Chau (VC) from Vietnam; and (2) by assessing the reproductive performance of the Vinh Chau strain,
as it had performed better than the GSL strain in the first experiment.

2. Materials and Methods

2.1. Saline Water Used

Lake Bunyampaka (00◦2′25.62′′ S, 30◦7′46.53′′ E), is one of the saline crater lakes situated in
Queen Elizabeth National Park in western Uganda (Figure 1). It is a relatively shallow lake about
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0.3–0.5 m deep [25]. It is an alkaline lake with pH 9.5 [25]. Its salinity changes depending on
the season; field sampling with a hand-held refractometer (WZ-211, Beijing Smartech Corporation,
Beijing, China) over two years measured salinity as high as 88.1 ± 14.6 mg L−1 in the dry season,
and 72.4 ± 11.2 mg L−1 in the rainy season [25]. Water was collected from a channel in the middle
of Lake Bunyampaka during the rainy season. Surface water was collected in a 5 L jerry can and
transported by air to Ghent University, Belgium. Upon arrival, the water was kept at 4 ◦C until the
culture tests. These were done at the Laboratory of Aquaculture and Artemia Reference Centre (ARC),
Ghent University, Belgium. Table 1 summarizes the results of water analysis, as conducted at the
Laboratory of Environmental Toxicology and Aquatic Ecology, Ghent University, Belgium, using an
iCap 7200 dual view inductively coupled plasma-optical emission spectrometer (ICP-OES, Thermo
Scientific, Gent, Belgium) for Na+, K+, Ca2+, and Mg2+, and test kits for the other ions. The salinity of
the water was 72 g L−1 when measured with a hand-held refractometer, which was model ORD/ATC
WZ201/211.
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Figure 1. Detail map showing Lake Bunyampaka (left; see arrow) and its location in Uganda
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Table 1. Water analysis results for the Lake Bunyampaka sample used for Artemia culture tests.
ICP-OES: inductively coupled plasma-optical emission spectrometer.

Parameter Concentration Method

Sodium (Na+) 31,000 mg L−1 ICP-OES
Potassium (K+) 115 mg L−1 ICP-OES
Calcium (Ca2+) 1900 mg L−1 ICP-OES

Magnesium (Mg2+) 80 mg L−1 ICP-OES
Ammonium (NH4

+-N) 12 mg L−1 N Merck test kit: 114,752
Nitrite (NO2

−-N) 0.13 mg L−1 N Merck test kit: 114,776
Nitrate (NO3

−-N) 1.2 mg L−1 N Merck test kit: 114,773
Phosphorus (PO4

3−-P) 32 mg L−1 P Merck test kit: 114,848
Chloride (Cl−) 35,700 mg L−1 Cl− Merck test kit: 114,897

Sulphate (SO4
2−) 7500 mg L−1 SO4

2− Merck-test kit: 114,548

Note: Culture conditions and Artemia strains used; Merck test kit: HS Code 3822 00 00; Merck, Darmstadt, Germany.

The Lake Bunyampaka water was diluted to different salinities, i.e., 30 g L−1 and 50 g L−1 using
demineralized water, after having filtered it through a GE-Whatman Cellulose Filter Grade 4: 20–25 µm
filter, and used thereafter for culture tests. All of the tests were conducted in a room acclimated at
28 ± 1 ◦C, which is the standard temperature for Artemia laboratory culture, as conducted at the
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Laboratory of Aquaculture and Artemia Reference Center (15), and is also close to the year-round
water temperature of 30.3 ± 1.5 ◦C of the lake (25). Artemia were fed with live freshly cultured
Tetraselmis suecica Butcher (1959) strain 66/4 ad libitum. An inoculum of this strain had been obtained
from the Culture Collection of Algae and Protozoa (CCAP), UK, and the algae had been cultured
following a standard protocol [26]. The VC Artemia strain was chosen since it is the most inoculated
strain in solar salt-works in most parts of the world for local Artemia production, while the GSL strain
was chosen because it is the dominant strain on the market.

2.2. Experiment 1: Survival Experiment with Both GSL and VC Strains at 30 g L−1

In a preparatory experiment, we wanted to find out if the two Artemia strains would survive in the
water of Lake Bunyampaka. Since the ionic composition of the lake is not identical to the environment
of origin of the GSL and VC strains, diluted lake water was used. Artemia hatching was achieved
by use of natural sea water in a falcon tube filled up to 35 mL, to which 70 mg of cysts was added,
and placed on a rotor at four cycles min−1 for 24 h under constant illumination (± 41 µE m−2 s−1)
using fluorescent lamps. Upon hatching, instar I nauplii were transferred into cylindrical shaped vials
(45 mL) (50 nauplii each) filled with Lake Bunyampaka saline water at 30 g L−1 salinity, and were fed
with live freshly cultured Tetraselmis suecica algae ad libitum, which was the feed used throughout the
tests. Natural sea water at 35 g L−1 was used as a control medium. Each treatment had three replicates.
No artificial aeration was used but to ensure sufficient oxygen levels; water renewal was done upon
survival determination on days 4, 8, and 12. One third of the culture water was replaced. Final survival
was determined at the end of the experiment on day 15. When riding couples were seen, it was noted
as the time in days when sexual maturity was attained at the earliest in those animals.

2.3. Experiment 2: Survival and Growth Experiment with the VC Strain at 30 g L−1

After the first culture of both strains (Experiment 1), VC was seen to be performing better in terms
of survival than GSL when cultured in diluted Lake Bunyampaka saline water. We therefore designed a
second experiment to investigate the survival and growth of the VC strain in diluted Lake Bunyampaka
water at 30 g L−1 salinity. Hatching was achieved by using filtered diluted Lake Bunyampaka water
at 30 g L−1. Fifty instar I nauplii were then transferred to 100 mL Scott glass bottles, which were
each filled with 50 mL of water, in three replicates. Natural sea water at 35 g L−1 was used as a
control medium. Survival determination was done more frequently and over a longer period than in
Experiment 1, i.e., on days 4, 7, 11, 14, 18, and 20. Water renewal was done upon survival determination.
To obtain more detailed information on Artemia performance, length measurement was also done in
Experiment 2, i.e., on days 7 and 20, measuring 15 animals/replicate. To measure the length, a light
microscope NIKON SMZ1270i equipped with software NIS-elements D version 4.3 for automatic
length measurements was used to measure the length of brine shrimp from the anterior of the head to
the end of the telson. This experiment provided the animals used for the reproductive performance
test (Experiment 3).

2.4. Experiment 3: Reproduction Experiment with the VC Strain at 30 g L−1 and 50 g L−1

At reproductive maturity, the surviving individuals of Experiment 2 were transferred to falcon
tubes containing 30 mL of saline water at 30 g L−1 salinity. For the Experiment 2 control, couples
were seen on day 17, and 10 couples were taken out of each of the three Scott glass bottles of the
control, and each was transferred to a falcon tube, giving a total of 30 couples. For the treatment
with diluted Lake Bunyampaka water of 30 g L−1 salinity in Experiment 2, couples were first seen on
day 21, and again 10 couples were picked from each of the three Scott bottles (equaling 30 couples
in total) to observe reproduction at the same salinity. As more couples were seen in Experiment 2
(30 g L−1 salinity) as of day 25 onwards, another 30 couples were taken subsequently to observe
reproduction at 50 g L−1. Every day, the falcon tubes were checked for survival and for the production
of offspring (cysts or nauplii), based on which mean values of reproductive parameters were calculated
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(age at first offspring production; brood size; inter-brood interval; number of offspring/female/day;
total offspring production; percentage offspring produced as cysts). If a male died, it was replaced by
another male from the stock culture; if a female died, it was just recorded as mortality.

The reproduction test for all of the couples was terminated at the age of 50 days, and as all animals
originated from one single batch of hatched animals that were first used in Experiment 2, this implies
that the reproduction period observed for the 50 g L−1 couples was a few days shorter than for the
30 g L−1 and the control couples.

2.5. Statistical Analysis

Survival data were analyzed for statistical differences by subjecting the data to logistic regression
analysis using GenStat 16 (VSN International, Hemel Hempstead, UK). Significance level was set to
the lowest significant difference of the means and was manually adjusted. The overall significant
difference between the proportion of survival animals at the same time point, as expressed graphically,
was determined by chi square (x2 < 0.001).

Data for the reproductive performance of the VC strain in different culture media in Experiment 3
(reproduction test) did not obey the rules of normality and equal variances, and were analyzed by an
independent samples Kruskal–Wallis test to detect the effect of the treatment, followed by the post hoc
test (Wilcoxon rank sum test) to show pairwise comparisons.

3. Results

3.1. Experiment 1: Survival Experiment with Both GSL and VC Strains at 30 g L−1

As shown in Figure 2A,B, both strains of Artemia survived in Lake Bunyampaka saline water
when diluted to 30 g L−1. The survival of the GSL strain was significantly lower than the control for
GSL (CGSL) from day 4 up to day 15 (Figure 2A). The mean differences of the proportion of survived
animals for CGSL versus GSL were 0, 0.1266, 0.4933, 0.4934, and 0.4734 for the time points of day 0, 4,
8, 12, and 15 of culture, respectively. For the VC strain, there was a gradual decline in survival in the
Lake Bunyampaka water over the entire culture period, but the survival of VC was significantly higher
than that of the control for VC (CVC) (Figure 2B). The mean differences of the proportion of survived
animals for CVC versus VC were 0, 0.1333, 0.1333, 0.1, and 0.1667 for the time points of day 0, 4, 8, 12,
and 15 of culture, respectively. Comparison between the two strains showed that from day 4 onwards
up to day 15, VC exhibited a significantly higher survival than GSL (Figure 3). The mean differences of
the proportion of survived animals for GSL versus VC were 0, 0.1066, 0.5933, 0.56, and 0.5067 for the
time points of day 0, 4, 8, 12, and 15 of culture, respectively.
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3.2. Experiment 2: Survival and Growth Experiment with the VC Strain at 30 g L−1 

From Experiment 1, as seen in Figure 3, VC seemed to be the most promising strain. Therefore, 
a second experiment was performed with the VC strain for an extended culture period, whose aim 
was also to obtain sufficient animals for the reproduction test (Experiment 3). 

The VC strain was still able to survive in Lake Bunyampaka saline water at salinity 30 g L−1 for 
a longer culture period of 20 days, as shown in Figure 3. The proportion of Artemia nauplii surviving 
in diluted Lake Bunyampaka water was high for the first seven days, followed by a decline until day 
14, and levelling off towards the end of the culture period culture (Figure 4). The VC strain attained 
sexual maturity, and couples in riding position were seen on day 21 in Lake Bunyampaka water, 
while in the control, this was on day 17. 

Figure 2. Experiment 1. Proportion of surviving Artemia cultured in Lake Bunyampaka saline water
at 30 g L−1 for 15 days; GSL (A) and VC (B). Values are presented as means ± SE. (n = 3), * p < 0.05,
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control group. GSL: Great Salt Lake, CGSL: Control for Great Salt Lake, VC: Vinh Chau, CVC: Control
for Vinh Chau.
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3.2. Experiment 2: Survival and Growth Experiment with the VC Strain at 30 g L−1

From Experiment 1, as seen in Figure 3, VC seemed to be the most promising strain.
Therefore, a second experiment was performed with the VC strain for an extended culture period,
whose aim was also to obtain sufficient animals for the reproduction test (Experiment 3).

The VC strain was still able to survive in Lake Bunyampaka saline water at salinity 30 g L−1 for a
longer culture period of 20 days, as shown in Figure 3. The proportion of Artemia nauplii surviving in
diluted Lake Bunyampaka water was high for the first seven days, followed by a decline until day 14,
and levelling off towards the end of the culture period culture (Figure 4). The VC strain attained sexual
maturity, and couples in riding position were seen on day 21 in Lake Bunyampaka water, while in the
control, this was on day 17.
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Figure 4. Experiment 2. Proportion of surviving Artemia cultured in Lake Bunyampaka saline water at
30 g L−1 for 20 days. Values are presented as means ± SE. (n = 3), * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001, ***** p < 0.00001, ****** p < 0.000001 vs. the corresponding control group. VC: Vinh Chau,
CVC: Control for Vinh Chau.

3.3. Experiment 3: Reproduction Experiment with the VC Strain at 30 g L−1 and 50 g L−1

The VC performed well as it reproduced in all three culture media. There were significant
differences between its performance at 50 g L−1 and the performance of the control for the parameters
of age at first offspring, number of offspring per female per day, and total offspring production
(Table 2). Couples at 50 g L−1 salinity took a significantly longer time to produce their first offspring as
compared with the control. Also, the couples at 50 g L−1 salinity had significantly lower offspring per
female per day than the control, but not significantly different from those at 30 g L−1. Total offspring
production was highest in Artemia cultured in natural seawater followed by that in 30 g L−1, and lowest
in Artemia cultured at 50 g L−1 Lake Bunyampaka water. The brood size was smallest in females at
50 g L−1 salinity, followed by the control, and the 30 g L−1 salinity, although the three values were
not statistically significant. The inter-brood interval was slightly longer in couples at 50 g L−1 salinity
than at 30 g L−1 and the control, but this difference was not statistically significant. The percentage of
encysted offspring varied among the culture environments from a minimum of 16% (50 g L−1 salinity
Lake Bunyampaka) to a maximum of 21% (30 g L−1 salinity Lake Bunyampaka).

Table 2. Reproductive parameters determined for VC Artemia cultured in Lake Bunyampaka water of
different salinities and in a control medium over 50 days of observation.

Characteristics Lake Bunyampaka Water Control

Salinity 30 g L−1 50 g L−1 35 g L−1

Age at first offspring 28 ± 0.4 ab 35.5 ± 1.6 a 23.7 ± 1.1 b

Brood size 4.2 ± 0.6 a 2.9 ± 0.9 a 4.5 ± 0.5 a

Inter-brood interval (days) 3 ± 0.4 a 3.5 ± 0.3 a 3.4 ± 0.3 a

Number of offspring/female/day 18 ±1 ab 10 ± 4 b 28 ± 4 a

Total offspring production 4574 ± 243 ab 2650 ± 871 b 6952 ± 555 a

Percentage offspring produced as cysts 21 ± 6.8 a 16 ± 5.1 a 20.6 ± 10.3 a

Note: ab Means within the same row with the same superscript are not significantly different (Kruskal–Wallis, p < 0.05).
The values represent the mean ± SD of 30 couples.



Water 2018, 10, 189 8 of 10

4. Discussion

The impact of environmental stress on an organism depends mainly on the frequency and
magnitude of the disturbance, and the organism’s ability to have compensatory growth [27].
Sublethal stress may lead to reduced survival and reproductive potential in the individual,
and consequently a change in population structure, even though compensatory mechanisms may allow
the organism to survive. In our experiments, which fit within a broader study to assess the feasibility
of Artemia culture in salt lakes in western Uganda, we observed sublethal and lethal salinity effects in
Artemia. In prior tests, there was total mortality in Artemia cultured in undiluted Lake Bunyampaka
water (results not shown).

For this reason, this study evaluated the performance in terms of survival, growth and
reproduction of Artemia in diluted water from Lake Bunyampaka. This also allowed us to run more
tests with the 5 L stock of original lake water.

In its non-diluted form, the salinity of the Lake Bunyampaka water used for our tests was 72 g L−1.
High salinity is the commonest feature of all of the Artemia biotopes, and is the predominant abiotic
factor determining the presence of Artemia and limiting its geographical distribution [28]. Artemia is
known to have an efficient osmoregulatory system that enables it to maintain osmotic homeostasis,
even at elevated salinities [28]. However, it does this at an increased energy cost, which may affect
other metabolic and physiological functions such as growth and reproduction [27,28]. The lower
fecundity observed in Experiment 3 at the higher salinity (50 g L−1) may be the result of such increased
energy costs for osmotic homeostasis. Couples at 50 g L−1 salinity took a relatively longer time to
produce their first offspring; they also had less offspring/female/day, and consequently lower values
for total offspring produced (Table 2).

Moreover, osmotic pressure differs as a function of the salt composition [28], and thus the cost of
osmoregulation may also differ in media of the same salinity, but with different ionic environments.
Artemia has been documented to withstand environments in which the ratio of major anions and
cations may be totally different from that in seawater [29], even environments where this ratio
reaches extremely high or low values in comparison to natural seawater. The Lake Bunyampaka
saline water that was used showed different concentrations and proportions of ions as compared to
seawater. The Na+/K+ molar ratio was very high (450) compared with the range (8–173) that has been
documented in other Artemia habitats [28,30,31]. On the contrary, the Cl−/SO4

2− molar ratio was very
low (0.078) compared with the established range (0.5–90) for Artemia biotopes [28,30,31]. This could
explain the lower performance that was generally observed for both strains in Lake Bunyampaka
water (especially at 50 g L−1) than in natural seawater (the control), which is identical to the natural
environment of Artemia from Vinh Chau (living in coastal salt-works) and the Great Salt Lake
(a seawater type, so-called thalassohaline, lake [31]). If the ionic composition of the new environment is
too different from the strain’s native habitat, it may be prohibitive as a culture environment to produce
a particular strain of Artemia [31].

The better performance of the Vinh Chau strain in Experiment 1, as compared with the Great Salt
Lake strain, may be attributed to the higher ability of the former to adapt to adverse environments.
This is consistent with earlier findings that the Vinh Chau strain displays a distinctive profile for
fitness-related attributes at increased temperatures because of thermal adaptation [32]. Further support
is provided by the observation of the significantly higher survival of the Vinh Chau strain grown
at 30 ◦C and 34 ◦C compared with San Francisco Bay A. franciscana, which originates from a more
temperature climate [6]. It has been documented that the Vinh Chau strain is better adapted to stress
conditions than other Artemia strains [33–35], and our study demonstrates that this could also apply to
ionic stress.

This is the first evidence of Artemia culture in a Ugandan saline water environment,
and demonstrates that the controlled culture of Artemia in diluted saline water from Lake Bunyampaka
is biologically feasible. However, there still remains a need to undertake laboratory culture of Artemia
with Lake Bunyampaka saline water at a larger scale (in the order of e.g., 100 L) before field cultures
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in ponds by the lakeside can be considered. Moreover, for practical field application, it should be
studied to what extent culture success can be obtained when using non-diluted water or water less
diluted than in our experiments. There is also need to carry out systematic research on the primary
production of Lake Bunyampaka as food for Artemia, and its seasonal fluctuations, in order to find
out if the phytoplankton species composition and abundance may sustain relatively dense Artemia
populations, as generally maintained in man-managed Artemia pond production. In view of the
seasonal temperature fluctuations in the lake, the effect of temperature on the performance of Artemia
should also be investigated using this saline water. However, our study may be the first to turn
the local production of the brine shrimp Artemia, an essential commodity for the development of
aquaculture, into a reality in Uganda.
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