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Abstract Alcolapia grahami is a small cichlid fish that
inhabits the scattered lagoons and sites of Lake Magadi
(Kenya). Exceptional physiological, morphological,
biochemical and behavioural adaptations allow the fish
to tolerate the harsh environmental conditions that exist
in the locations, the most extreme milieus occupied by a
species of fish on Earth. The temperature of the water is
inordinately high for a fish; large diurnal fluctuations in
the levels of the partial pressure of oxygen occur, with
acute hypoxia happening during the night and hyperoxia
during the day; the salinity of the water is ~60% of that
of seawater and; the pH may be as high as 11. Having an
average adult body length of less than 6 cm and a body
mass of ~5 g, the fish is very small in size. Here, body
mass, body length, condition factors (CFs) and sex
ratios (SRs) were determined on fish sampled from nine

accessible isolated populations. Except for the Cement
Water Holding Tanks (CWHT) population, where the
female-to-male SR was 4:1, overall, the number of male
fish surpassed the female ones by a ratio of ~2:1. The
male fish were heavier and longer compared to the
female ones. The relatively lower ambient temperature
in the CWHT (32 °C) may explain the female dominated population and the effect future increase in temperature may have on sex distribution in the various populations of A. grahami. In fish from the Fish Spring
Lagoons B and D, the CFs were greater in the male fish
relative to the female ones. Exhibiting poor-to-fair body
states, the CFs of the different populations of
A. grahami, that ranged from 1.1. to 1.8, were among
the lowest that have been reported in fish living under
natural setting. The skewed SRs and the markedly low
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CFs of A. grahami reported here may be ascribed to the
harsh (stressful) environmental conditions the fish contends with. The values may signal prospective demise of
the fish. Conservation measures are urgently needed to
protect a very rare fish.
Keywords Sex ratio . Alcolapia grahami . Lake
Magadi . Condition factor . Extreme environment

Introduction
‘Lake Magadi, in the southern Rift Valley of Kenya,
is arguably the most extreme aquatic environment
on earth to support fish life.’
Pörtner et al. (2010).
Lake Magadi that covers a surface area of ~100 km2
and lies at an average altitude of ~620 m above sea level
(Baker 1958), is located between latitude 1°43’S to 2°10’S
and longitude 36°00′E to 36°30′E [Fig. 1a] at the southern
end of the Kenyan section of the East African Great
(Gregory) Rift Valley. Situated in a closed hypersaline
basin, the Lake comprises a vast evaporation salt pan that
covers ~70% of its surface (McNulty 2017) [Fig. 1b, c].
During the late Pleistocene to mid-Holocene (~12,000 to
~10,000 years ago), the Lake Magadi region to the north
and the larger Lake Natron to the south consisted of a vast
paleo-lake called Lake Orolonga (LO) (Parkinson 1914;
Bützer et al. 1972; Damnati 1993). It is speculated that the
common lake contained a large population of freshwater
cichlids, probably related to the modern day Alcolapia
grahami (Boulenger 1912; Seegers and Tichy 1999;
Tichy and Seegers 1999). LO was ~50 to ~60 m higher
in elevation compared to the present Greater Lake Magadi
and ~48 m above that of the present Lake Natron (Baker
1958; Bützer et al. 1972; Jones et al. 1977; Eugster 1980).
The separation of LO into Lakes Magadi and Natron
probably occurred ~13,000 years ago (Bützer et al. 1972;
Tichy and Seegers 1999) from extreme climatic- and geological changes (Roberts et al. 1993; Damnati 1993;
Hassan 1997; Broecker 2006; Clark et al. 2009). Further
decrease in precipitation and increase of seismic activities
lead to drop of the level of the prehistoric Lake Magadi,
leading to its separation into the Greater Lake Magadi and
the Little Lake Magadi (Fig. 1d). The maximum depth of
the Little Lake Magadi is 1.2 m, it is 7 km long, covers a
surface area of ~14 km2 and signifying the past complex
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geology and the intense seismic activity that has occurred in the Lake Magadi region lies ~100 m higher
than the Greater Lake Magadi. At their closest proximity, the two lakes are only ~50 m apart (Fig. 1d). The
past higher levels of the prehistoric Lake Magadi are
now evidenced by columns of soda ash and alluvial
deposits that stand high above the old dry lake bed
(Eugster 1970) (Fig. 1e). Since no perennial rivers enter
or leave Lake Magadi, the lagoons and sites that are
inhabited by A. grahami are replenished by hot
(geothermal) alkaline springs (Fig. 1f). Those at the
Little Lake Magadi are as hot as 86 °C (Eugster
1970; Jones et al. 1977). In the different locations that
are inhabited by A. grahami, the chemistry of the waters
varies greatly (Eugster 1970; Wilson et al. 2000, 2004;
Wood et al. 2013, 2016). With continuous accumulation
of soda ash in Lake Magadi (Eugster 1970, 1980; Goetz
and Hillaire-Marcel 1992), the fish was displaced to the
more hospitable peripheral locations (Fig. 1). The conditions that A. gahami lives under are extreme: the pH
of the water is as high as 11; the titration alkalinity
ranges from 350 mEq.L−1 to 1625 mEq.L−1; the salinity
of the water is ~60% of that of seawater; the osmolarity
of the water ranges from 617 to 1689 mOsm.kg−1; the
water contains high levels of reactive O2 species
(>8 μ mol L−1); the temperature of the water (in the
hospitable areas) may be as high as 45 °C and; the
partial pressure of oxygen (PO2) changes from a daytime hyperoxia to severe night time hypoxia (Narahara
et al. 1996; Wilson et al. 2004; Johannsson et al. 2014).
Among fish, the thermal tolerance of A. grahami is only
rivalled by the pupfishes (Cyprinodontidae: Cyprinodon
spp.) of the Death Valley of Southern California and
Nevada (Brown and Feldmeth 1971; Echelle et al.
2005; Lama 2008; Hausner et al. 2013; Carson et al.
2014; Martin et al. 2016; Jones 2017). There is consensus that A. grahami is an extreme animal (Talling and
Talling 1965; Wilson et al. 2004; Pörtner et al. 2010;
Kavembe et al. 2014, 2015, 2016a, b; Kavembe 2015;
Schagerl and Burian 2016; Oduor and Kotut 2016;
Bianchini et al. 2017).
In biology, population structure talks to the prevailing
and the past environmental conditions that an animal has
experienced (Acevedo-Whitehouse and Duffus 2009;
Milligan et al. 2009; Møller 2013; Bao et al. 2017).
Reproduction is a very important life-history event
(Charnov 2004; Beck and Agrawal 2010). It is influenced
by various environmental factors (Crews and Bull 2009;
Kumolu-Johnson and Ndimele 2010; Oso et al. 2011;
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Stier et al. 2012). In more derived animals, even small but
constant reductions in gamete production by either of the
sexes causes population disruption, retrogression and
eventual collapse (Conover and van Voorhees 1990;
Miller et al. 2004; Pen et al. 2010; Wingfield 2013).
The viability of a population is dependent on existence
of critical numbers of male- and female animals (Conover
and Van Voorhees 1990; Devlin and Nagahama 2002;
Dyson and Hurst 2004). Sex ratio (SR) is an important
demographic parameter that is pivotal to the evolution
and the conservation of secondary sexual traits as well as
the viability of a population (Valenzuela and Lance 2004;
Dyson and Hurst 2004; Ospina-Álvarez and Piferrer
2008; Schacht and Smith 2017). Overall, SR specifies
the growth rate, the reproductive health and the success of
a population (Emlen and Oring 1977; Khalfalla et al.
2008; Terrell et al. 2011).
The primary goal of this study was to determine the
sex distribution and the physical health of the scattered
populations of A. grahami at Lake Magadi. Coe (1966)
outlined the general reproductive biology of A. grahami
at the Fish Spring Lagoons and Papah et al. (2013)
examined the process of spermatogenesis in the male
fish. The physical (body) condition (health) and the
sexual reproductive status of A. grahami have not hitherto been investigated. The fish studied here were caught
by a seine net at known accessible lagoons and sites of
Lake Magadi (Fig. 1g) that comprised the Fish Spring
Lagoon (Fig. 1h), the Cement Water Holding Tanks (Fig.
1i), the South Western Lagoons (Fig. 1j), the South
Eastern Lagoons (Fig. 1k), the Western Lagoons (Fig.
1l) and the Little Lake Magadi (Fig. 1d). The tanks, that
are located close to the factory, are used to store water
that is used to ‘clean’ the trona (soda ash) which among
others is used in industrial activities like manufacture of
soap, paper, glass, dyes, drugs, cosmetics and fertilizers.
A. grahami (Fig. 2a), exhibits air-breathing behaviour
(Fig. 2b). At the Fish Spring Lagoon (D) (Fig. 1h), in a
coordinated manner, at regular intervals (once every
~12 min), the fish en masse vigorously surged in a wave
form from the lakeward parts of the lagoon towards the
outer edge (Fig. 2c). Because no birds, which are the
foremost predators, were anywhere close to where the
fish were starting the ‘wave’, it was assumed that the
created turbulence, which should have promoted the
dissolving of oxygen in water, may have been provoked
by hypoxia in the outlying waters. Lake Magadi is visited
by large flocks of birds mainly from neighbouring lakes
(Figs. 1j-l and 2d]: egrets, herons, terns, gulls, pelicans
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and flamingos comprise most of them. Presently,
A. garhami is under extreme pressure from direct and
indirect anthropogenic activities. It is urged that conservation measures be urgent instituted.

Materials and methods
The fish that were used in this study were collected from
various lagoons and sites of Lake Magadi after approval
of the study by the University of Johannesburg Animal
Ethics Committee (Approval Reference Number Zoology/Fish/Maina-1950) and the animals were handled in
compliance with NIH Guideline for Care and Use of
Laboratory Animals, 8th Edition (Revised 2010). The
Fish Spring Lagoon comprises four adjoining pools of
water (Fig. 1h). The Fish Spring Lagoon A, which is the
most peripheral one, is recharged by several highly
productive hot springs. It is separated from the Fish
Spring Lagoons B and C by a low cement wall but is
connected to the Fish Spring Lagoon D by a spillway.
The water in the Fish Spring Lagoon A could flow over
the cement wall into the Fish Spring Lagoons B and C
during heavy rains and/or when the pump (Fig. 1h),
which removes water from the Fish Spring Lagoon A
and delivers it to the Cement Water Holding Tanks,
breaks down or is switched off for maintenance. The
very small Fish Spring Lagoon B may be recharged by a
hot spring. It was visibly green in colour from plentiful
algal (cyanobacterial) growth. With the bottom comprising deep and dark soft mud, Fish Spring Lagoon (C) was
large and very shallow. The Fish Spring Lagoon (D) was
sizeable. Its inner (lakeward) edge comprised a ledge of
trona. The Cement Water Holding Tanks (WHT) are
fenced-off by wire mesh. They are located ~1 km away
from the Fish Spring Lagoon A, close to the trona (salt)
processing factory (Fig. 1). The tanks that are ~2.5 m
deep are used to store water for processing the trona.
The South Western Lagoons (Fig. 1j) consist of many
shallow pools of water that are recharged by numerous
highly productive hot water springs and the South Eastern Lagoons (Fig. 1k) comprise shallow, sprawling water pools. The Western Lagoons (Fig. 1l) are expansive
very shallow water pools with thick black soft mud at
the bottom. Under the present physical state of Lake
Magadi, dispersal of fish between the lagoons and sites
is impossible. Most of the locations are separated by
long distances (Fig. 1), the surface of the Lake is covered by thick solid trona (salt) (Fig. 1b) and where the
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Fig. 1 Diagram showing the location of the Greater Lake Magadi
(GLM) and the Little Lake Magadi (LLM), photographs of the
lagoons and sites from where fish were sampled and other interesting physical features (inserts). Figure 1a. Map of Africa showing the location and extent of Great Rift Valley (highlighted in
red). The approximate location of Lake Magadi in Kenya is shown
by a spot. Figure 1b. Soda ash (salt = trona) covering the surface of
the GLM (arrows). Figure 1c. A slab of soda ash peeled from the
surface of drying brine in a pond of the GLM. Figure 1d. View of
the LLM (star) with the GLM (arrow) in the distant background.
At their closest proximity, the Lakes are separated by a narrow
ledge of ground (dashed curved line): the LLM lies ~100 m higher
in elevation relative to the GLM. Figure 1e. Column of soda ash
and alluvial deposits (double sided arrow) on the dry floor of the
prehistoric Lake Magadi. Figure 1f. Hot (geothermal) springs at
the South Western Lagoons (arrows). Figure 1g. Except for the

Cement Water Holding Tanks where scoop nets were used to catch
fish, at the lagoons and site, fish were caught by dragging a seine
net across. Figure 1h. The Fish Spring Lagoon that comprises four
water ponds (lagoons) A-D. Asterisks (*), trona covering the
surface of the distant part of the GLM; arrow, pump house from
where water is pumped to the Cement Water Holding Tanks.
Figure 1i. One of the Cement Water Holding Tanks that is used
to store water for processing (‘cleaning’) the trona. Arrow, water
flowing into a tank from the pump at the Fish Spring Lagoon A,
about a mile away. Figure 1j. South Western Lagoons which
consist of shallow water pools (arrows) that are recharged by hot
springs. Figure 1k. South Eastern Lagoon that comprises many
shallow water ponds. The lagoons are visited by large flocks of
birds, most of which are flamingos. Figure 1l. Western Lagoon that
consists of large water ponds which are visited by large numbers of
birds, with most of them being flamingos

trona is broken, the brine (water) is very hot and saline to
support fish. It has been speculated that in the past,
movement of fish between various locations and sites
may have occurred during rare heavy rains and floods
(White 1953; Coe 1966). No hard data are, however,
available to corroborate the suggestion. It is nevertheless
possible that mixing of the fish populations may have

been possible because the locations were closer to each
other and the water may have been less hot and alkaline.
For this study, fish were caught about the same time
of the day (~10:00) over a period of three weeks during
the months of July and August, a relatively cooler and
drier part of the year in Lake Magadi region. It was done
by dragging a long seine net with dense meshwork
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Fig. 2 Fig. 2a and insert: A live specimen of Alcolapia grahami
seen in a container of water and a fixed specimen (insert). Figure 2b. Specimens of A. grahami in the Fish Spring Lagoon A
shown skimming the surface of the water and breathing air (circles). Insert, four specimens of A. grahami in a laboratory container where one of them has just expelled air from the mouth/
swimbladder into the surrounding water (dashed circle). Figure 2c:

The ‘waving’ behaviour of fish in the Fish Spring Lagoon D. At
regular intervals, en masse, the fish vigorously swam towards the
outer edge of the lagoon (arrows). It was presumed that the acticity
promoted the oxygenation of the water. Figure 2d: Birds at the Fish
Spring Laoon D. Most of them are flamingos. Insert: Egrets,
Egretta garzetta)

across the lagoons and sites (Fig. 1h). In the Little Lake
Magadi, the fish were caught at the north-eastern part of
the Lake which was criss-crossed several times with the
net. At the Cement Water Holding Tanks, fish were
caught using scoop nets after prior request had been
made to the management of the TATA Magadi Soda
Company (the current proprietors of Lake Magadi) for
have the pump to be turned off at the Fish Spring
Lagoon A for several hours. Continued use at the factory
at the factory made the level of the water in the tanks to
drop to a level where fish could be caught easily. In
those lagoons and sites where fish existed in large
numbers, e.g., in the Fish Spring Lagoons A, B and D
and in the Cement Water Holding Tanks, the fish that
were caught were tipped directly from the net into eight
sequentially numbered 20-l buckets in about equal numbers. A random number generator (www.excel-easy.

com/examples/random-numbers.html - retrieved on
31-12-2018) was used to produce a number between 1
and 8 and the fish in the bucket that was determined
were used in the study. The sampling procedure eliminated personal bias in obtaining the fish that were investigated. The rest of the fish in the other buckets were
immediately returned to the same location where they
had been caught. Because for most lagoons and sites
considerable areas were ‘seined’, it was presumed that
the numbers of fish that were caught were representative
of the existing population. At a temporary outdoor laboratory, the fish were killed by quickly transecting the
brain stem using a pair of sharp-pointed scissors, causing the animal to die instantly. Body mass and body
length were determined at once and the condition factors
(CFs) calculated by applying the eq. K = 100BM.BL−3,
where BM was the body mass expressed in grams and
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BL the body length expressed in cm (Nash et al. 2006).
The sexes of fish were determined after the coelomic
cavity was opened and the gonads, ovaries for females
and testes for males, were directly identified. For the
very small specimens, sex determination was more difficult. In such cases, examination was performed under
a dissection microscope. Fish were assigned a particular
sex only after the gonads were categorically identified.
Where it was not possible, the fish was placed under the
‘sex unidentified’ category shown on Table 1.
Temperature, pH and oxygen levels were measured at the lagoons and sites when fish were
caught. (Table 2). The level of oxygen in water
was determined as described by Johannsson et al.
(2014) and the values of the alkalinity of the water
in the various locations are those reported by
Randall et al. (1989), Wilson et al. (2004) and
Wood et al. (2002, 2016).
Statistical analysis
Correlations between environmental factors (in water),
i.e., temperature, pH, alkalinity and PO2, with biological
factors, i.e., CF and SR, were determined using the
Spearman’s correlation coefficient, with the significance
threshold set at P < 0.05.

Results
The overall mean body mass and body length of the fish
(A. grahami) sampled from the various lagoons and sites
of Lake Magadi were respectively 3.5 ± 3.4 g and
5.8 ± 1.7 cm (Table 1). The largest fish were found in
the Cement Water Holding Tanks and the Fish Spring
Lagoon D while the smallest inhabited the Western- and
the South Eastern Lagoons and the Little Lake Magadi
(Fig. 1; Table 1). Regarding the entire Lake Magadi fish
population, the number of male fish was about twice that
of the female ones and the male fish were heavier and
longer than the female ones (Table 1). In fish from the
Cement Water Holding Tanks, body mass and body
length matched closely while notable differences existed
between the two parameters in fish from the other locations, especially in the Western-, the South Eastern- and
the Fish Spring Lagoons (B) as well as in the Little Lake
Magadi (Table 1; Fig. 3). The SRs of the fish are shown
on Fig. 4 and Table 2. Except for the fish from the
Cement Water Holding Tanks, where the number of
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female fish considerably exceeded the male ones by a
ratio of 4:1, in the other populations, male fish greatly
exceeded the female ones (Table 2; Fig. 4). The greatest
male-to-female SRs occurred in the Little Lake Magadi
and the South Eastern- and the Western Lagoons
(Table 2; Fig. 4). The highest value of the CFs (1.8)
occurred in the male fish from the Fish Spring Lagoon
(B) and 1.6 in the female fish from the Cement Water
Holding Tanks and the Fish Spring lagoons A and B
(Table 2; Fig. 5). The fish population from the Western
Lagoon had the lowest CF (1.1) (Table 2; Fig. 5).
The Spearman’s correlation coefficients (r) between
environmental parameters (temperature, pH, alkalinity
and PO2) with biological parameters (CFs and SRs) are
shown on Table 3. The correlations were either positive
or negative, strong or weak or significant or insignificant. For temperature, strong positive correlation was
found with CF (r = .433) and a weak negative one with
SR (r = −.188); for pH, the correlation with the CF was
not significant (r = 0.001) and a negative one occurred
with SR (r = −.280); for alkalinity, the correlation with
CF was not significant (r = −.022) and a positive one
existed with SR (r = .256) and; the PO2 in water correlates positively with CF (r = .260) and the correlation
with SR was not significant (r = .068). It is cautioned
that the correlative statistics reported here should be
treated as preliminary for the following reasons: a) for
the reason that A. grahami has been declared a threatened species (Bayona and Akinyi 2006), it was necessary that a minimum number of specimens be investigated; b) since fish move all over the individual locations and in a highly tectonically active region environmental parameters, especially temperature, change
greatly over short distances (depending on proximity
to geothermal springs), the number of measurements
of the predictor variables were limited, especially for
the large places where the measurements were averaged
out and; c) the number of lagoons and sites from which
the fish were sampled was not adequate to warrant
robust multilevel analysis.

Discussion
In this study, where the CFs ranged from 1.1 to 1.8
(Table 2), compared to species and groups of fish that
have been investigated, especially those that phylogenetically proximate A. grahami (e.g. O. niloticus;
Ighwela et al. 2011), the Lake Magadi tilapia species is
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Table 1 The locations of lagoons and sites, the numbers of female and male fish and the mean body mass and body length of fish, Alcolapia
grahami, in various locations of Lake Magadi
Lagoon

Lagoon global location:
GPS coordinates

Fish

CWHT

01o 53′ 40.0”S
36o 17′ 24.4″E

Female (F)

20

7.0 ± 1.8

5.6 ± 3.3

Male (M)

5

9.8 ± 2.0

14.8 ± 8.8

Sample mean

25

8.4 ± 2.1

10.2 ± 5.8

Female

23

5.6 ± 0.8

2.9 ± 1.6

Male

44

5.9 ± 0.9

3.1 ± 1.4

Sample mean

67

5.9 ± 0.9

3.0 ± 1.5

Female

25

4.6 ± 0.6

1.6 ± 0.7

Male

35

5.2 ± 1.0

2.6 ± 1.6

Sample mean

60

4.9 ± 0.9

2.1 ± 1.4

Female

17

6.1 ± 1.4

3.8 ± 2.9

Male

28

7.0 ± 1.1

5.4 ± 2.9

Sample mean

45

6.6 ± 1.3

4.6 ± 3.0

Female

20

6.3 ± 1.4

4.1 ± 2.9

Male

43

7.7 ± 1.4

8.2 ± 4.7

Sample mean

63

7.0 ± 1.5

6.2 ± 4.6

FSL(A)

FSL(B)

FSL(C)

FSL(D)

LLM

SWL

SEL

WL

Total population

01o 53′ 29.5”S
36o 18′ 09.9″E
01o 53′ 27.4”S
36o 18′ 09.8″E
01o 53′ 29.2”S
36o 18′ 09.1″E
01o 53′ 30.0”S
36o 18′ 09.9″E
o

′

”

01 43 39.3 S
36o 16′ 50.7″E

02o 00′ 03.9”S
36o 13′ 55.2″E
01o 59′ 23.0”S
36o 15′ 38.1″E
o

′

”

01 52 20.2 S
36o 14′39.7″ E

n

Mean Body
Length ± SD (cm)

Mean Body
Mass ± SD (g)

Female

2

4.6 ± 0.1

1.5 ± 0.1

Male

37

4.5 ± 0.5

1.5 ± 0.5

Sex unidentified

12

4.3 ± 0.5

1.1 ± 0.3

Sample mean

51

4.5 ± 0.5

1.4 ± 0.4

Female

42

5.6 ± 1.0

2.7 ± 1.3

Male

59

6.1 ± 1.8

3.9 ± 3.5

Sample mean

101

5.9 ± 1.5

3.3 ± 2.9

Female

9

4.2 ± 0.3

1.1 ± 0.3

Male

42

4.5 ± 0.6

1.3 ± 0.4

Sample mean

51

4.4 ± 0.6

1.2 ± 0.4

Female

1

3.3

0.4

Male

5

3.3 ± 0.3

0.4 ± 0.1

Sex unidentified

25

2.9 ± 0.3

0.3 ± 0.2

Sample mean

31

3.2 ± 0.4

0.4 ± 0.2

Female

159

5.6 ± 1.41

3.1 ± 2.41

298

1

3.8 ± 3.91

1

3.5 ± 3.41

Male
Total number

457

5.9 ± 1.7
5.8 ± 1.7

Names of the lagoons and sites from where fish were collected: CWHT, Cement Water Holding Tanks; FSL (A), Fish Spring Lagoon A; FSL
(B), Fish Spring Lagoon B; FSL (C), Fish Spring Lagoon C; FSL (D), Fish Spring Lagoon D; LLM, Lake Little Magadi; SWL, South
Western Lagoons; SEL, South Eastern Lagoons; WL, Western Lagoons

in a poor-to-fair body state. Condition factor (CF), a
parameter that is also termed ‘coefficient of condition’,
‘Foulton’s CF’ or ‘K factor’, has been used in fishery
research particularly after the subject was critically
reviewed by Froese (2006). The index has been known
and employed to assess the rate and the pattern of
growth, the feeding intensity, the changes in nutritional

condition and the general health of fish (Fulton 1902;
Charles-Barnham and Baxter 1998; Nash et al. 2006;
Ighwela et al. 2011; Datta et al. 2013; Ayo-Olalusi 2014;
Otieno et al. 2014; Jin et al. 2015; Akintade et al. 2016).
CF is also an important indicator of the productivity of a
water mass and its capacity to support life (CharlesBarnham and Baxter 1998). Normally, fish with high
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Table 2 Sex ratios, condition factors and measurements of different environmental parameters of the lagoons and sites of Lake Magadi from
which fish were sampled
Physical and biological parameters

Environmental factors

Lagoon/
Site

Sex

Sex ratios: Male
to female fish

Condition
factors
± SD (g.cm−1)

Temperature٭
(°C)

pH٭

Alkalinity*
(mEqL−1)

Partial pressure
of oxygen
(mmHg)٭,#

CWHT

Female
Male

1:4

1.6 ± 0.6
1.4 ± 0.2

32

9.86

378

733.9

FSL(A)

Female
Male

1.9:1

1.6 ± 0.3
1.4 ± 0.3

34

9.86

378

731.6

FSL(B)

Female
Male

1.4:1

1.6 ± 0.3
1.8 ± 1.2

33

9.86

392

733.3

FSL(C)

Female
Male

1.6:1

1.5 ± 0.3
1.5 ± 0.3

30

9.86

370

732.2

FSL(D)

Female
Male

2.2:1

1.5 ± 0.3
1.6 ± 0.2

34

9.78

412

738.9

LLM

Female
Male

19:1

1.5 ± 0.1
1.5 ± 0.1

42

9.32

1251

688.0

SWL

Female
Male

1.4:1

1.4 ± 0.5
1.4 ± 0.5

45

9.65

184

726.0

SEL

Female
Male

4.7:1

1.4 ± 0.2
1.4 ± 0.2

40

9.55

402

698.0

WL

Female
Male

5:1

1.1 ± 0.3
1.1 ± 0.3

36

9.13

350

801.0

Names of the lagoons and sites from where fish were collected: CWHT, Cement Water Holding Tanks; FSL (A), Fish Spring Lagoon A; FSL
(B), Fish Spring Lagoon B; FSL (C), Fish Spring Lagoon C; FSL (D), Fish Spring Lagoon D; LLM, Lake Little Magadi; SWL, South
Western Lagoons; SEL, South Eastern Lagoons; WL, Western Lagoons
٭Measurements made in this study; * Values reported by Wood et al. (1994) and Wilson et al. (2000, 2004). # The partial pressures of oxygen
were adjusted for the elevation (altitude) and the salinity of the Lake Magadi water

Fig. 3 Comparison of the mean
body mass and the mean body
length of the total number of
female- and male fish of
Alcolapia grahami that were
sampled from the various lagoons
and sites of Lake Magadi. Except
for the fish from the Cement
Water Holding Tanks, where
body mass correlated with body
length, in all the other cases, the
parameters varied. FSL, Fish
Spring Lagoons; SWL, South
Western Lagoons; WL, Western
Lagoons; CWHT, Cement Water
Holding Tanks; SEL, South
Eastern Lagoons; LLM, Little
Lake Magadi

Mean body mass (g) and mean body length (cm)
of ﬁsh from diﬀerent lagoons and sites

CFs display healthier body conditions compared to
those with lower ones (Wootton 1996; Charles-

Barnham and Baxter 1998; Nash et al. 2006; Ighwela
et al. 2011; Datta et al. 2013; Ayo-Olalusi 2014; De
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0
CWHT FSL(A) FSL(B) FSL(C) FSL(D)

LLM

SEL

SWL
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Body Mass

Body Length

Error Bars ± SE

WL
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60.0
Number of ﬁsh by sex in the lagoons and sites

Fig. 4 Numbers of fish by sex in
the lagoons and sites of Lake
Magadi from which fish,
Alcolapia grahami, were
sampled. Except for the Cement
Water Holding Tank (CWHT),
where the number of female fish
surpassed the male ones, in all the
other cases, the number of male
fish exceeded the female ones.
FSL, Fish Spring Lagoons; SWL,
South Western Lagoons; WL,
Western Lagoons; CWHT,
Cement Water Holding Tanks;
SEL, South Eastern Lagoons;
LLM, Little Lake Magadi

50.0

40.0

30.0

20.0

10.0

0.0
CWHT

Mean condion factor of male and female
ﬁsh from sites and lagoons

Giosa et al. 2014; Otieno et al. 2014; Ridanovic et al.
2015; Jin et al. 2015; Akintade et al. 2016; Fafioye and
Ayodele 2018). The factor is influenced by factors such
as shape, age and sex of fish, season, stage of maturation, fullness of the gut, type of food eaten, quantity of
fat reserve and the degree of muscular development. For
the reason that most of these features vary greatly between different species of fish, interpretation of the CFs
should be made with discretion: comparison within a
species is more meaningful than that between species.

FSL(A)

FSL(B)

FSL(D)
LLM
SEL
Sampling Sites
Male
Female

FSL(C)

SWL

WL

According to Bagenal and Tesch (1978), for mature
freshwater fish, CFs generally range from 2.9 to 4.8.
Charles-Barnham and Baxter (1998) observed that salmonid fish with a CF of 1.60 presented excellent body
condition, those with one of 1.40 were well-proportioned, fair state occurred in fish having a CF of 1.20
and respectively, fish with CFs of 1.00 and 0.80 showed
poor and extremely poor body states. Anni et al. (2016)
reported that all the specimens of Tilapia mossambicas
with a CF of 0.79 were in ‘high-quality’ physical

3.0

2.0

1.5

1.0
0.5

0.0
CWHT

FSL(A)

FSL(B)

LLM
FSL(C) FSL(D)
Sampling Site

Female

Fig. 5 The mean condition factors (CFs) of the male- and the
female fish from the different lagoons and sites of Lake Magadi
from which fish were sampled. For the female fish, the highest
mean CF occurred in fish from the Fish Spring Lagoon A
[FSL(A)], Fish Spring Lagoon B [FSL(B)] and the Cement Water
Holding Tanks (CWHT) while the lowest values were in fish from
the Western Lagoons (WL). For the male fish, the highest CF was
in fish from the FSL(B) and FSL(D) while the lowest value was in

Male

SEL

SWL

WL

Error Bars ± SE

fish from WL. In fish from the FSL(B) and FSL(D), the CFs were
greater in male fish compared to female ones while in the CWHT
and the FSL(A), the CFs of the female fish surpassed those of
males ones. For the other fish populations, the CFs were about
equal in the sexes. FSL, Fish Spring Lagoons; SWL, South Western Lagoons; WL, Western Lagoons; CWHT, Cement Water
Holding Tanks; SEL, South Eastern Lagoons; LLM, Little Lake
Magadi
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Table 3 Spearman’s correlation coefficients between environmental parameters and biological parameters
Environmental Parameters

Biological parameters
Condition factor Sex ratio

Temperature (°C)٭

.433

−.188

pH٭

.001

−.280

−.220

.256

Alkalinity (mEqL

−1 *

)

Partial pressure of oxygen (mmHg) ٭.260
٭

.068

*

Measurements made in this study; Values reported by Wood
et al. (1994) and Wilson et al. (2000, 2004)

condition. In the four cichlid species examined by
Anene (2005), the very high CFs, that ranged from
4.30 to 5.38, were ascribed to living in a very
productive and stable ecosystem. For the African pike,
Hepsetus odoe, Oso et al. (2011) determined a mean CF
of 1.17 for the males and one of 0.86 for the females: the
low values were attributed to poor productivity of the
dam. With the CFs of the Nile tilapia, Oreochromis
niloticus, fingerlings ranging from 1.64 to 1.79, Ighwela
et al. (2011) noted that the fish displayed above average
body condition. In three cichlid species investigated by
Ayaode and Ikulala (2007), a mean CF of ~1 was found
while for the 21 fish species examined by KumoluJohnson and Ndimele (2010), the values ranged from
0.12 in Polydactylus quadrifilis to 16.29 in Eutropius
niloticus. For the former species, ~86% of the CFs fell
out of the range that was considered optimum for mature
freshwater species in the tropics. In the six species of
fish examined by Ahmed et al. (2011), the CFs ranged
from 0.51 in Clarias lazera to 3.42 in O. niloticus:
~83.3% of the CFs fell outside the range deemed good
enough for mature tropical freshwater fish. For Argyrops
spiner and Epinephelus coioides, Raeisi et al. (2011)
reported that the CFs ranged from 1.022 to 1.079. According to Devlin and Nagahama (2002) and Valenzuela
and Lance (2004), exacting environmental conditions
may cause low CFs. Fish inhabiting such habitats have
to mobilise various energetically costly physiological
and biochemical counter measures in order to maintain
homeostasis and execute vital activities. The routine
metabolic rate of A. grahami is very high (Wood et al.
1994, 2016; Franklin et al. 1995; Narahara et al. 1996):
~50% of its energy reserves are expended on acid-base
regulation (Wood et al. 2002). Fish from the South
Western Lagoons that were investigated by Wood et al.
(2016) had high upper critical temperature (Ctmax) of

45.6 °C, the greatest measurement that has ever been
recorded in a fish. For A. grahami, the routine rates of
O2 consumption (MO2) and swimming performance at
temperatures of 25-, 32- and 39 °C are the highest
metabolic performances ever recorded in a fish (Wood
et al. 2016): they fall within the basal range of a small
mammal of equivalent body mass. Mainly comprising
microphytes, protozoa, invertebrates, insect larvae, the
tilapia fish (A. grahami) and many piscivorous birds
(Coe 1966; Javor 1989; Krienitz and Schagerl 2016;
Krienitz et al. 2016; Mengistou 2016; Yasindi and
Taylor 2016; Bianchini et al. 2017), a simple but highly
productive food web exists in Lake Magadi (Harper
et al. 2016; Oduor and Kotut 2016; Schagerl and
Burian 2016; Bianchini et al. 2017). Struggle to survive
in a severe environment may explain the generally small
size of A. grahami in its natural setting (Lake Magadi)
(Table 1). Indicating that its diminutive size is not a
genetic feature, in the laboratory (Maina, unpublished
observations) and even in the Cement Water Holding
Tanks of Lake Magadi (this study), where the degree of
predation is much less or non-existent because the tanks
are fenced off (Fig. 1j) and heavy human traffic between
the factory and the Magadi Township exists, the fish grow
to larger sizes (Table 1). Here, correlative analysis
showed that the CF and the SR of A. grahami are affected
differently by various environmental factors (Table 3).
The temperature of the water in the hospitable parts of
the lagoons and sites of Lake Magadi ranges from 30 °C
to ~45 °C (Wilson et al. 2004) (Table 2). The largely
male-dominated fish populations of A. grahami can be
attributed to the high water temperatures in the locations
occupied by the fish (Maina et al. 1996; Wilson et al.
2004; Johannsson et al. 2014; Wood et al. 2016) while the
female dominated fish population at the Cement Water
Holding Tanks can be ascribed to the relatively lower
average water temperature (32 °C) compared to the
higher one of 34 °C in the Fish Spring Lagoon A,
localities areas which are connected by a water pipe.
Correlative analysis showed that temperature influences
CF and SR (Table 3). Interestingly, because the male-tofemale SR of 1.4:1 at the relatively hotter South-Western
Lagoons (~45 °C) was equal to that in the cooler Fish
Spring Lagoons B (33 °C) (Table 2), an average temperature differential of 12 °C, other environmental factors
may determine sex distribution in A. grahami. Temperature is an important sex determining environmental factor
in fish (Valenzuela et al. 2003; Valenzuela and Lance
2004; Ospina-Álvarez and Piferrer 2008). First reported
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in the Atlantic silverside, Menidia menidia (family
Atherinopsidae), by Conover and Kynard (1981), it has
has since been reported in many other species of fish,
mostly cichlids (Conover 2004; Ospina-Álvarez and
Piferrer 2008). Except for M. menidia and
M. peninsulae (Conover 2004) and Cobitis elongatoides
(Bohlen et al. 2008), where temperature dependent sex
determination has been reported in wild populations,
most of the investigations have been done under laboratory conditions (Conover and Van Voorhees 1990;
Valenzuela et al. 2003; Conover 2004; Ospina-Álvarez
and Piferrer 2008). For the genus Oreochromis, Bezault
et al. (2007) observed that high temperature causes
masculinisation of genetic females. Study of the eggs of
M. menidia have showed that during the thermosensitive
period, a 2 °C change of temperature alters SRs from
50% to 69% for males (Conover 1984). In the Argentinian silverside, Odontesthes bonariensis, a temperature
rise of 1.5 °C increased the percentage number of males
from 50 to 73% (Cornejo 2003): in absolute terms, the SR
changed from a ratio of 1:1 to that of 3:1. Bohlen et al.
(2008) attributed the male-biased SR in Sabanejewia
balcanica to the harsh thermal regimes in the hot springs
the fish inhabited. Temperature treatments of
Oreochromis niloticus at 36 °C increased the ratio of
males-to-females from 33 to 81% (Baroiller et al. 1995).
As a critique of our study and the methodology applied, it
should be pointed out that because of the existing sexual
size difference between the fish, where male fish were
larger than female ones, possibility of more male fish
being caught during seining compared to female ones
and also more female fish being sucked up and pumped
from the Fish Spring Lagoon A to the Cement Water
Holding Tanks cannot be totally ruled out.
Diaz and Rosenberg (1995) defined hypoxia as dissolved oxygen (DO) levels between 0 mg.L−1 (anoxia)
and 2.8 mg of O2 L−1. Hypoxic waters are extreme
environments (Wourms and Lombardi 1992; Goodwin
et al. 2002). Along with directly killing fish, hypoxia
impairs and/or alters reproduction, growth and behaviour
(Wu 2002, 2009, 2010; Reardon 2009; Thomas and
Rahman 2009a, b; Cheek et al. 2009). Under natural
conditions (Thomas et al. 2007; Landry et al. 2007;
Thomas and Rahman 2011) and laboratory ones (Shang
and Wu 2004; Richmond et al. 2006; Shang et al. 2006),
hypoxia determines sex development and differentiation,
producing more male- than female fish (Wu 2002; Wu
et al. 2003; Thomas et al. 2006; Thomas and Rahman
2011). Under normoxic condition, 61% of zebra fish
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(Danio rerio) spawned into males while under hypoxic
conditions, the number of male fish increased to 74.4%
(Shang et al. 2006; Cheek et al. 2009). For the Atlantic
croaker, Micropogonias undulutus, a male-biased SR comprising as many as 63% males developed in hypoxic sites
(Thomas and Rahman 2009a, b). At the Fish Spring
Lagoon A of Lake Magadi, dramatic fluctuation of the
PO2 occurs, with extreme hypoxia existing during the
night [when photosynthesis by the cyanobacteria (bluegreen algae) has ceased and respiration by living matter
continued] and hyperoxia happens especially during sunny
days when photosynthesis is greatest (Narahara et al. 1996;
Johannsson et al. 2014). It should be pointed out that
hyperoxia in water only occurs during sunny days and that
during dull days, the fish may experience different levels of
hypoxia. Although similar data are lacking on the other
locations from which fish were sampled for this study,
similar changes may occur there. At night, A. grahami
strives to obtain oxygen from water while during the day it
has to resist the injurious effects of the reactive oxygen
species (ROS) in water (Johannsson et al. 2014). The high
levels of ROS in water, where maximum daytime values
range from 2·53 to 8·10 μM H2O2, may instead of hypoxia
(as commonly assumed) elicit air-breathing in A. grahami
(Johannsson et al. 2014). The fish skim the welloxygentated top layer of water ventilating the gills and
gulp air into the mouth and then force it into a wellvascularized physostomatous swimbladder where gas exchange occurs (Maina et al. 1996). Here, in A. grahami,
correlative analysis showed that CF and SR are affected in
different ways by the PO2 in water. In fish, air-breathing is
a costly and risky behaviour (Kramer 1987): crucial
actvities like feeding and mating as well as social interactions have to be temporarily halted. It is probably for
this reason that among the 25,000 extant species of fish,
only ~400 species, i.e., 16%, air-breathe (Graham 1997;
Chapman and McKenzie 2009). A. grahami imperils
itself to predation, especially from piscivorous birds,
when breathing air, especially during the day.
Concluding remarks
The population of A. grahami at Lake Magadi is small
and declining (Bayona and Akinyi 2006). The challenges that the fish is currently facing from environmental perturbations and those it is likely to contend
with in the future such a global warming (Lebreton
2011) are broadly discussed by Kavembe (2015),
Kavembe et al. (2016a, b), Oduor and Kotut (2016),
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Schagerl and Burian (2016) and Harper et al. (2016).
Dismissed to be of no commercial- or food value since it
is deemed to be too small and salty to eat, A. grahami is
an impoetant part of the Lake Magadi food chain. Directly and indirectly, it supports many other organisms
and animals that populate or visit the Lake. The existence of the lagoons and the sites and by default that of
fish in them is perilously dependent on the rate the
locations are recharged with water by from the underground aquiver(s) through the geothermal springs. The
process moderates the temperature and the alkalinity of
the water, making the laggons and sites hospitable to the
fish. To meet the industrial-, irrigation-, drinking- and
household needs for water by the increasing local population, boreholes are being sunk in the arid-to-semiarid
Lake Magadi region. Extraction of water from the
aquiver(s) which are situated under or close to Lake
Magadi will reduce the renewal of the water in the areas
inhabited by the fish. It will lead to inordinate increase in
temperature, pH and alkalinity, conceivably making the
lagoons and sites inhospitable. Permanent settlement
near the Lake should be stopped or carefully regulated.
Of late, new and more urgent threats to the survival of
A. grahami have arisen. One of them is that believing
that the hot and soapy water in the Lake Magadi lagoons
may confer good health and even have curative effects
on some skin diseases and afflictions (www.nation.co.
ke/news/Lake-Elementaita-vast-ecosystem-threatenedpollution/1056-5172460-n1kplvz/index.html - accessed
28–06–2-19), human traffic to the lagoons, especially to
the relatively hotter and more isolated (private) shallow
South Western Lagoons, has greatly increased. Microbial agents and and even parasites that are foreign to the
fish as well as heavy metals such as silver and mercury,
that are contained in the oils and ointments commonly
applied on the human body, are being introduced into a
very delicate ecosystem as visitors sit in the lagoons for
hours. Human activities at the lagoons should be
stopped or very closely monitored and regulated. They
will have short- and long-term injurious effects on the
fish. Very recently, a more urgent and certain threat to
Lake Magadi in general and A. grahami in particular has
arisen. Massive ecological degradation from human activities, mainly from cutting tree for agriculture and
infrastructural development (e.g. road construction) in
the upper- and the lower catchment area of the Lake
Magadi basin, has caused massive soil erosion
(https://spaceforgiants.org/2018/08/02/siltation-chokeslife-out-of-lake-magadi/ - accessed on 21-08-2019):
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~8000 t of soil are being dumped into the Lake Magadi
basin during every rain storm. The fish are literally
being buried alive! Consideration the enormity of the
crisis at Lake Magadi, albeit the now well-known ecological risks of introducing new species into a new habitat
where it might become an invasive species [the ecological
disaster from the introduction of the Nile perch (Lates
niloticus) into Lake Victoria of East Africa to improve
the fishery industry in the 1950’s and 1960’s that resulted
in displacement and extermination of many indigenous
species (Barel et al. 1985; Ogutu-Ohwayo 1990; Marshall
2018) is a good example], it seems like there are few
possibilities of saving A. grahami. Translocation of the
fish to the nearest lakes and dams without indigenous fish
are options worthy considering. Previously, specimens of
A. grahami were moved to the neighbouring Lake Nakuru
(Vareschi 1979) and probably to Lake Elementaita (Okeyo
2006) but the success or failure of the initiative and the
impact it might have had on the indigenous animal life, if
any, were unfortunately not evaluated. We suggest that A.
grahami, a unique animal that inhabits an extreme habitat,
could be marketed as part of the ‘wildlife diversity campaign’ of Kenya, a country world-famous for its diversity
of animal life. Funds raised from tourism could be used
in the conservation of the fish. The situation at Lake
Magadi is, however, not hopeless. A. grahami has been
placed on the Red List Category and Criteria of the
International Union for Conservation of Nature (IUCN)
and listed as a threatened species (Bayona and Akinyi
2006) while the East African Salt Lakes have been conferred a World Heritage site status and protected by the
R a m s a r C o n v e n t i o n ( h t t p s : / / w w w. r a m s a r.
org/sites/default/files/documents/library/manual6-2013e.pdf - accessed on March 13, 2019). Although these
steps might have come too late for A. grahami, the
initiatives are critical steps of protecting the rare Great
Rift Valley fauna and flora. As pointed out by MartonLefèvre (2006), ‘human intervention is crucial to resolving the global problem of loss of biodiversity which is
important not only to ensure the survival of endangered
species but also that of humankind itself ’.
Acknowledgements We thank the TATA Magadi Soda Company for their hospitality and D. Muthee and G. Muthee for invaluable logistic assistance. R. Davey of the STATKON Department of
the University of Johannesburg helped with statistical analysis.
Funding information JN Maina’s research is largely funded by
the National Research Foundation (NRF) of South Africa and the
Department of Science and Technology of the South African

Environ Biol Fish (2019) 102:1265–1280
Government. An NSERC Canada Discovery Grant supported
CMW work. CMW was supported by the Canada Research Chair
Program.

References
Acevedo-Whitehouse K, Duffus ALJ (2009) Effects of environmental change on wildlife health. Philos. Trans R Soc Lond B
Biol Sci 364:3429–3438
Ahmed EO, Ali ME, Aziz AA (2011) Length-weight relationships
and condition factors of six fish species in Atbara River and
Khashm el-Girba reservoir, Sudan. Int J Agric Sci 3:65–70
Akintade AO, Edwin CO, Simon EA (2016) Length - weight
relationship, condition factor and sex-ratio of fish fauna in
Badagry Creek, Lagos, Nigeria. Int J Mar Sci 6(24):1–8.
https://doi.org/10.5376/ijms.2016.06.0024
Anene A (2005) Condition factors of four cichlid species of a man
made lake in Imo State, Southeast Nigeria. Turkish J Fish
Aquatic Sci 5:43–47
Anni J, Askwith MD, Christina AP, Jeyaseeli A (2016) Lengthweight relationship and condition factor of freshwater fish
Tilapia mossambica. J Biol Innov 5:758–763
Ayaode AA, Ikulala AOO (2007) Length weight relationship,
condition factor and stomach contents of Hemichromis
b i m a c u l a t u s , S a ro t h e ro d o n m e l a n o t h e ro n a n d
Chromidotilapia guentheri (Perciformes: Cichlidae) in
Eleiyele Lake, Southwestern Nigeria. Int J Biol 55:969–977
Ayo-Olalusi CI (2014) Length-weight relationship, condition factor and sex ratio of African mud catfish (Clarias gariepinus)
reared in flow-through system tanks. J Fish Aquatic Sci 9:
430–434
Bagenal TB, Tesch FW (1978) Methods of assessment of fish
production in freshwaters. IPB Handbook No. 3, 3rd edition.
Oxford Blackwell Scientific Publication, London
Baker BH (1958) Geology of the Magadi area. Geol Surv Kenya
Rep 42:81
Bao H, Fryxell JM, Liu H, Dou H, Ma Y, Jiang G (2017) Effects of
interspecific interaction-linked habitat factors on moose resource selection and environmental stress. Sci Rep 7:41514
Barel CDN, Dorit R, Greenwood PH, Fryer G, Hughes N, Jackson
PBN, Kawanabe H, Lowe-McConnell RL, Nagoshi M,
Ribbink AJ, Trewavas E, Witte F, Yamaoka K (1985)
Destruction of fisheries in Africa’s lakes. Nature 315:19–20
Baroiller JF, Chourrout D, Fostier A, Jalabert DB (1995)
Temperature and sex chromosomes govern sex ratios of the
mouth-brooding cichlid fish Oreochromis niloticus. J Exp
Zool 273:216–223
Bayona J, Akinyi E (2006) Alcolapia grahami: IUCN 2011. IUCN
Red List of Threatened Species. https://www.iucnredlist.
org/species/60453/12368415,12-03-2019
Beck L, Agrawal AF (2010) Higher rates of sex evolve in spatially
heterogenous environments. Nature 468:89–92
Bezault E, Clota F, Derivaz M, Chevassus B, Baroiller JF (2007)
Sex determination and temperature induced sex differentiation in three natural populations of Nile tilapia (Oreochromis
niloticus) adapted to extreme temperature conditions.
Aquaculture 272:S1–S16

1277
Bianchini LF, Wood CM, Bergman HL, Johannsson OE, Laurent
P, Chevalier C, Kisipan ML, Kavembe GD, Papah MB, Brix
KV, De Boeck G, Maina JN, Ojoo RO, Bianchini A (2017)
Metabolism and antioxidant defense in the larval chironomid
Tanytarsus minutipalpus: adjustments to diel variations in the
extreme conditions of Lake Magadi. Biol Open 6:83–91.
https://doi.org/10.1242/bio.021139
Bohlen J, Freyhof J, Nolte A (2008) Sex ratio and body size in
Cobitis elongatoides and Sabanejewia balcanica
(Cypriniformes, Cobitidae) from a thermal spring. Folia
Zool 57:191–197
Boulenger GA (1912) On a collection of fishes made by Mr. A.
Blayney Percival in British East Africa to the East of Lake
Baringo. Proc Zool Soc Lond 1912:672–676
Broecker WS (2006) Was the younger Dryas triggered by a flood?
Science 312:1146–1148
Brown J, Feldmeth C (1971) Evolution in constant and fluctuating
environments: thermal tolerances of desert pupfish
(Cyprinodon). Evolution 25:390–398
Bützer KW, Isacc GL, Richardson JL, Washbourn-Kamau C
(1972) Radiocarbon dating of East African lake levels.
Science 175:1069–1076
Carson EW, de la Maza-Benignos M, de Lourdes L-VM, VelaValladares L, Banda-Villanueva I, Turner TF (2014)
Conservation genetic assessment of the critically endangered
Julimes pupfish, Cyprinodon julimes. Conserv Genet 15:
483–488
Chapman LJ, McKenzie DJ (2009) Behaviour responses and
ecological consequences. In: Richards JG, Farrell AP,
Brauner CJ (eds) Fish physiology, vol 27. Academic Press,
London, pp 25–77
Charles-Barnham PSM, Baxter A (1998) Condition factor, K, for
salmonid fish. Fisheries Notes, March 1998, FN0005 ISSN
1440-2254
Charnov EL (2004) The theory of sex allocation. Princeton
University Press, Princeton
Cheek AO, Landry CA, Steele SL, Manning S (2009) Diel hypoxia in marsh creeks impairs the reproductive capacity of
estuarine fish populations. Mar Ecol Prog Ser 392:211–221
Clark PU, Dyke AS, Shakun JD, Carlson AE, Clark J, Wohlfarth
B, Mitrovica JX, Hostetler SW, McCabe AM (2009) The last
glacial maximum. Science 325:710–714
Coe MJ (1966) The biology of Tilapia grahamI (Boulenger) in
Lake Magadi, Kenya. Acta Trop 23:146–177
Conover DO (1984) Adaptive significance of temperaturedependent sex determination in a fish. Amer Natur 123:
297–313
Conover DO (2004) Temperature-dependent sex determinations in
fishes. In: Valenzuela N, Lance V (eds) Temperaturedependent sex determination in vertebrates. Smithsonian
Books, Washington (DC), pp 11–20
Conover DO, Kynard BE (1981) Environmental sex distribution interaction of temperature and genotype in fish. Science 213:
577–579
Conover DO, Van Voorhees DA (1990) Evolution of a balanced
sex ratio by frequency-dependent selection in a fish. Science
250:1556–1558
Cornejo AM (2003) Estrilidad en el pejerry Odontesthes
bonariensis en ambientes naturales. Biologie Aquática 20:
19–26

1278
Crews D, Bull JJ (2009) Mode and tempo in environmental sex
determination in vertebrates. Semminars Cell Dev Biol 20:
251–255
Damnati B (1993) Sedimentology and geochemistry of lacustrine
sequences of the upper Pleistocene and Holocene in intertropical area (Lake Magadi and green crater Lake): paleoclimatic implications. J Afric Earth Sci 16:519–521
Datta SN, Kaur VI, Dhawan A, Jassal G (2013) Estimation of
length-weight relationship and condition factor of spotted
snakehead Channa punctata (Bloch) under different feeding
regimes. Springerplus 2:436. https://doi.org/10.1186/21931801-2-436
De Giosa M, Czerniejewski P, Rybczyk A (2014) Seasonal changes in condition factor and weight-length relationships of
invasive Carassius gibelio (Bloch, 1782) from Leszczynskie
Lakeland. Poland Adv Zool Article No ID 678763.
https://doi.org/10.1155/2014/678763
Devlin RH, Nagahama Y (2002) Sex determination and sex differentiation in fish: an overview of genetic, physiological,
and environmental influences. Aquaculture 208:191–364
Diaz RJ, Rosenberg R (1995) Marine benthic hypoxia: a review of
its ecological effects and the behavioural responses on benthic macrofauna. Oceanogr Mar Biol 33:441–449
Dyson EA, Hurst DD (2004) Persistence of an extreme sex-ratio
bias in a natural population. Proc Natl Acad Sci U S A 101:
6520–6523
Echelle AA, Carson EW, Echelle AF, Van Den Bussche RA,
Dowling TE, Meyer A (2005) Historical biogeography of
the New World pupfish genus Cyprinodon (Teleosti). Copeia
1993:275–287
Emlen ST, Oring LW (1977) Ecology, sexual selection, and the
evolution of mating systems. Science 197:215–223
Eugster HP (1970) Chemistry and origin of the brines from Lake
Magadi, Kenya. Mineral. Soc Amer Special Paper 3:215–235
Eugster HP (1980) Lake Magadi, Kenya, and its Pleistocene
precursors. In: Nissenbaum A (ed) Hypersaline brines and
evaporitic environments. Elsevier, Amsterdam, pp 195–232
Fafioye O, Ayodele O (2018) Length-weight relationship and
condition factor of four commercial fish species of Oyan
Lake, Nigeria. Examines Mar. C Biol Oceanogr 2(4):
E I M B O . 0 0 0 5 4 3 . 2 0 1 8 . h t t p s : / / d o i . o rg / 1 0 . 3 1 0 3 1
/EIMBO.2018.02.000543
Franklin CE, Crockford T, Johnston IA, Kamunde C (1995)
Scaling of oxygen consumption in Lake Magadi tilapia,
Oreochromis alcalicus grahami: a fish living at 37 °C. J
Fish Biol 46:829–834
Froese R (2006) Cube law, condition factor and weight–length
relationships: history, meta-analysis and recommendations. J
Appl Ichthyol 22:241–253
Fulton T (1902) Rate of growth of seas fishes scientific investigation of fishes Division of Scottish Fisheries Report 20
Goetz C, Hillaire-Marcel C (1992) U-series disequilibria in early
diagenetic minerals from Lake Magadi sediments, Kenya:
dating potential. Geochem. Cosmochim Acta 56:1331–1341
Goodwin NB, Dukvy NK, Reynolds JD (2002) Life history correlates of the evolution of live bearing in fishes. Philos. Trans.
Roy. Soc., Lond. B 357:259–267
Graham JB (1997) Air breathing fishes: evolution, diversity and
adaptation. Academic Press, San Diego
Harper DM, Tebbs E, Bell O (2016) Conservation and management of East Africa’s soda lakes. In: Schagerl M (ed) Soda

Environ Biol Fish (2019) 102:1265–1280
lakes of East Africa. Springer International Publishing,
Berlin, pp 345–364
Hassan FA (1997) Halocene paleoclimates in Africa. Afric.
Archeol Rev 14:213–230
Hausner MB, Wilson KP, Gaines DB, Suárez F, Tyler SW (2013)
The shallow thermal regime of devils hole, Death Valley
National Park. Limnol. Oceanogr: Fluids Enviros 3:119–138
Ighwela KA, Ahmed AB, Abol-Munafi AB (2011) Condition
factor as an indicator and feeding intensity of Nile Tilapia
fingerlings (Oreochromis niloticus) feed on different levels of
maltose. Amer-Europ J Agric Environ Sci 11:559–563
Javor B (1989) Hypersaline environments: microbiology and biogeochemistry. Springer-Verlag, Berlin
Jin S, Yan X, Zhang H, Fan W (2015) Weight-length relationships
and Fulton’s condition factors of skipjack tuna (Katsuwonus
pelamis) in the western and Central Pacific Ocean. Peer J 3:
e758. https://doi.org/10.7717/peerj.758
Johannsson OE, Bergman HL, Wood CM, Laurent P, Kavembe
DG, Bianchini A, Maina JN, Chevalier C, Bianchini LF,
Papah MB, Ojoo RO (2014) Air-breathing Magadi tilapia
Alcolapia grahami, under normoxic and hyperoxic conditions, and the association with sunlight and reactive oxygen. J
Fish Biol 84:844–863
Jones AC (2017) Thermal and developmental ecology of pupfish,
Cyprinodon. MSC Thesis, University of Nevada (Las Vegas)
Jones BF, Eugster HP, Rettig SL (1977) Hydrochemistry of the
Lake Magadi Basin, Kenya. Geochem. Cosmochem Acta 41:
53–72
Kavembe GD (2015) Evolution of fish in extreme environments:
insights from the Magadi tilapia (Alcolapia grahami). Doctor
of natural sciences (Dr. rer. Nat) Thesis, Universität Konstanz
Kavembe GD, Machando-Schiaffino G, Meyer A (2014)
Pronounced genetic differentiation of small, isolated and
fragmented tilapia populations inhabiting the Magadi soda
Lake in Kenya. Hydrobiologia 739:55–71
Kavembe GD, Franchini P, Irisarri I, Machado-Schiaffino G,
Meyer A (2015) Genomics of adaptation to multiple concurrent stresses: insights from comparative transcriptomics of a
cichlid fish from one of earth’s most extreme environments,
the hypersaline soda Lake Magadi in Kenya, East Africa. J
Mol Evol 81:90–109
Kavembe GD, Meyer A, Wood CM (2016a) Fish populations in
east African saline lakes. In: Schagerl M (ed) Soda lakes of
East Africa. Springer International Publishing, Berlin, pp
227–257
Kavembe GD, Kautt AF, Machado-Schiaffino G, Meyer A
(2016b) Eco-morphological differentiation in Lake Magadi
tilapia, an extremophile cichlid fish living in hot, alkaline and
hypersaline lakes in East Africa. Molecular Ecol 25:1610–
1625
Khalfalla MM, Hammaouda YA, Tahoun AM, Abo-State HAM
(2008) Effect of broodstock sex ratio on growth and reproductive performance of blue tilapia, Oreochromis aureus
(Steindachner) rared in hapas. 8th international symposium
in Tilapia in aquaculture, Cairo, (Egypt), pp 115-125
Kramer DL (1987) Dissolved oxygen and fish behaviour.
Environm Biol Fish 18:81–92
Krienitz L, Schagerl M (2016) Tiny and tough: Microphytes of
east African soda lakes. In: Schagerl M (ed) Soda lakes of
East Africa. Springer International Publishing, Switzerland,
pp 149–177

Environ Biol Fish (2019) 102:1265–1280
Krienitz L, Mähnert B, Schagerl M (2016) Lesser flamingo as a
central element of the east African avifauna. In: Schagerl M
(ed) Soda lakes of East Africa. Springer International
Publishing, Switzerland, pp 259–284
Kumolu-Johnson CA, Ndimele PE (2010) Length-weight relationships and condition factors of twenty one fish species in
Ologe lagoon, Lagos, Nigeria. Asia J Agric Sci 2:174–179
Lama SC (2008) The phenotypic plasticity of Death Valley’s
pupfish. Sci Amer 96:28–31
Landry CA, Steele SL, Manning S, Cheek AO (2007) Long term
hypoxia suppresses reproductive capacity in the estuarine
fish, Fundulus grandis. Comp Biochem Physiol A 148:
317–323
Lebreton JD (2011) The impact of global change on terrestrial
vertebrates. CR Biol 334:360–369
Maina JN, Kisia SM, Wood CM, Narahara AB, Bergman HL,
Laurent P, Walsh PJ (1996) A comparative allometric study
of the morphometry of the gills of an alkalinity adapted
cichilid fish, Oreochromis alcalicus grahami. Intern J Salt
Lake Res 5:131–156
Marshall BE (2018) Guilty as charged: Nile perch was the cause of
the haplochromine decline in Lake Victoria. Can J Fish Aquat
Sci 75:1542–1559
Martin CH, Crawford JE, Turner BJ, Simons LH (2016)
Diabolical survival in Death Valley: recent pupfish colonization, gene flow and genetic assimilation in the smalles species
range on earth. Proc R Soc B 283:20152334
Marton-Lefèvre J (2006) Biodiversity is our life. Science 327:1179
McNulty E (2017) Lake Magadi and the soda lake cycle: a study of
the modern sodium carbonates and of Late Pleistocene and
Holocene Lacustrine core sediments. Graduate Dissertations
and Theses 25 https://orb.binghamton.edu/cgi/viewcontent.
cgi?article=1025&context=dissertation_and_theses.
Accessed 13 May 2019
Mengistou S (2016) Invertebrates of east African Soda Lakes. In:
Schagerl M (ed) Soda lakes of East Africa. Springer
International Publishing, Switzerland, pp 205–226
Miller D, Summers J, Silber S (2004) Environmental versus genetic sex determination: a possible factor in dinosaur extinction? Fertil Steril 81:954–964
Milligan SR, Holt WV, Lloyd R (2009) Impacts of climate change
and environmental factors on reproduction and development
in wildlife. Philos Trans R Soc Lond Ser B Biol Sci 364:
3313–3319
Møller AP (2013) Biological consequences of global change for
birds. Integr Zool 8:136–144
Narahara A, Bergman HL, Laurent P, Maina JN, Walsh PJ, Wood
CM (1996) Respiratory physiology ofthe Lake Magadi tilapia (Oreochromis alcalilcus grahami), a fish adapted to a hot,
alkaline, and frequently hypoxic environment. Physiol
Biochem Zool 69:1114–1136
Nash RDM, Valencia AH, Geffen AJ (2006) The origin of Fulton’s
condition factor - setting the record straight. Fisheries 31:
236–238
Oduor SO, Kotut K (2016) Soda lakes of the eastern African rift
system: the past, the presnt. In: Schagerl M (ed) Soda lakes of
East Africa. Springer International Publishing, Switzerland,
pp 265–374
Ogutu-Ohwayo R (1990) The decline of the native fishes of lakes
Victoria and Kyoga (East Africa) and the impact of introduced species, especially the Nile perch, Lates niloticus and

1279
the Nile tilapia, Oreochromis niloticus. Environ Biol Fishes
27:81–96
Okeyo DO (2006) On the distribution of fishes of the Kenya’s
great Rift Valley drainage system. Discov Innov 18:141–159
Oso JA, Idowu EO, Fagbuaro O, Olaniran TS, Ayorinde BE
(2011) Fecundity, condition factor, and gonado-somatic index of Hepsetus odoe (African pike) in a tropical reservoir,
Southwest Nigeria. World J Fisheries Mar Sci 3:112–116
Ospina-Álvarez N, Piferrer F (2008) Temperature-dependent sex
determination in fish revisited: prevalence, a single sex ratio
response pattern, and possible effects of climatic change.
PLoS One 3(7):e2837. https://doi.org/10.1371/journal.
pone.0002837
Otieno ON, Kitaka N, Njiru JM (2014) Length-weight relationship, condition factor, length at first maturity and sex ratio of
Nile tilapia, Oreochromis niloticus in Lake Naivasha. Kenya
Intern J Fish Aquatic Studies 2:67–72
Papah MB, Kisia SM, Ojoo RO, Makanya AN, Wood CM,
Kavembe GD, Maina JN, Johannsson OE, Bergman HL,
Laurent P, Chevalier C, Bianchini A, Bianchini LF,
Onyango DW (2013) Morphological evaluation of spermatogenesis in Lake Magadi tilapia (Alcolapia grahami): a fish
living on edge. Tissue Cell 45:371–382
Parkinson J (1914) The East African trough in the neighbourhood
of soda lakes. Geogr J 44:33–46
Pen I, Tobias U, Barbara F, Harts A, While GM, Wapstra E (2010)
Climate-driven population divergence in sex-determining
systems. Nature 468:436–439
Pörtner HO, Schulte PM, Wood CM, Schiemer F (2010) Niche
dimensions in fishes: an integrative view. Physiol Biochem
Zool 83:808–826
Raeisi H, Daliri M, Paighambari SY, Shabani MJ, Bibak M,
Davoodi R (2011) Length-weight relationships, condition
factors and relative weight of five species of Bushehr waters
Northern Persian Gulf. Afric J Biotech 10:19181–19186
Randall DJ, Wood CM, Perry SF, Bergman HL, Maloiy GMO,
Mommsen TP, Wright PA (1989) Urea excretion as a strategy
for survival in a fish living in a very alkaline environment.
Nature 337:165–166
Reardon EE (2009) Fish in extreme environments: reproduction
and energetics under hypoxia. PhD Thesis, McGill
University (Montreal)
Richmond C, Marcus NH, Sedlacek C, Miller GA, Oppert DC
(2006) Hypoxia and seasonal temperature: short term effects
and long term implications for Acartinatonsa dana. J Exp
Mar Biol Ecol 328:177–196
Ridanovic S, Nedic Z, Ridanovic L (2015) First observation of fish
condition from Sava river in Bosnia and Herzegovina. J Surv
Fisheries Sci 1:27–32
Roberts N, Taieb M, Barker P, Damnati B, Icole M, Williamson D
(1993) Timing of the younger Dryas event in East Africa
from lake-level changes. Nature 366:146–148
Schacht R, Smith KR (2017) Causes and consequences of adult
sex ratio imbalance in historical U.S. population. Philos trans
R Soc Lond B 372:20160314
Schagerl M, Burian A (2016) The ecology of African soda lakes:
driven by variable and extreme conditions. In: Schagerl M
(ed) Soda lakes of East Africa. Springer International
Publishing, Switzerland, pp 295–320
Seegers L, Tichy H (1999) The Oreochromis alcalicus flock
(Teleostei: Cichlidae) from Lake Natron and Magadi,

1280
Tanzania and Kenya, with descriptions of two new species.
Ichthyol Explor Freshwaters 10:97–146
Shang EHH, Wu SS (2004) Aquatic hypoxia is a teratogen and
affects fish embryonic development. Environm Sci Technol
38:4763–4767
Shang EHH, Yu RMK, Wu RSS (2006) Hypoxia affects sex
differentiation and development, leading to a maledominated population in zebrafish (Daniorerio). Environm
Sci Technol 40:3118–3122
Stier A, Reichert S, Massemin S, Bize P, Criscuolo F (2012)
Constraint and cost of oxidative stress on reproduction: correlative evidence in laboratory mice and review of the literature. Front Zool 9:37. https://doi.org/10.1186/1742-9994-9-37
Talling JF, Talling IB (1965) The chemical composition of African
lake waters. Internat. Revue Geosci Hydrobiol 50:421–463
Terrell ML, Hartnett KP, Marcus M (2011) Can environmental or
occupational hazards alter sex ratio at birth? A systematic
review. Emerging Hlth threats J 4:7109-doi:https://doi.
org/10.3402/ehtj.v4i0.7109
Thomas P, Rahman S (2009a) Biomarkers of hypoxia exposure
and reproductive function in Atlantic croaker: a review with
some preliminary findings from the northern Gulf of Mexico
hypoxic zone. J Explor Mar Biol Ecol 381:S38–S50
Thomas P, Rahman S (2009b) Chronic hypoxia impairs gamete
maturation in Atlantic croaker induced by progestins through
non-genomic mechanisms resulting in reduced reproductive
success. Environm Sci Technol 43:4175–4180
Thomas P, Rahman S (2011) Extensive reproductive disruption,
ovarian masculinization and aromatase suppression in
Atlantic croaker in the northern Gulf of Mexico hypoxic
zone. Proc R Soc Lond B 279:28–38
Thomas P, Rahman MS, Kummer JA, Lawson S (2006)
Reproductive endocrine dysfunction in Atlantic croaker exposed to hypoxia. Mar Environm Res 62:S249–S252
Thomas P, Rahman S, Khan IA, Kummer JA (2007) Widespread
endocrine disruption and reproductive impairment in an estuarine fish population exposed to seasonal hypoxia. Proc R
Soc Lond B 274:2693–2701
Tichy H, Seegers L (1999) The Oreochromis alcalicus flock
(Teleostei: Cichlidae) from lakes Natron and Magadi,
Tanzania and Kenya, a model for the evolution of “new”
species flocks in historical times? Ichthyol Explor Freshw 10:
147–174
Valenzuela N, Lance V (2004) Temperature-dependent sex determination in vertebrates. Smithsonian Books, Washington
(DC)
Valenzuela N, Adams DC, Janzen EJ (2003) Pattern doesn’t equal
process: exactly when is sex environmentally determined.
Amer Natur 161:676–683
Vareschi E (1979) The ecology of Lake Nakuru (Kenya). II.
Biomass and spatial distribution of fish (Tilapia grahami
Boulenger; Sarotherodon alcalicum grahami Boulenger).
Oecologia 37:321–325
White TH (1953) Some speculations on the sudden occurrence of
floods in the history of Lake Magadi. J East Afr Nat Hist 22:
69–71

Environ Biol Fish (2019) 102:1265–1280
Wilson PJ, Wood CM, Maina JN, White BN (2000) Genetic
structure of Lake Magadi tilapia populations. J Fish Biol
56:590–603
Wilson PJ, Wood CM, Walsh PJ, Bergman AN, Bergman HL,
Laurent P, White BN (2004) Discordance between genetic
structure and morphological, ecological, and physiological
adaptation in Lake Magadi tilapia. Physiol Biochem Zool 77:
537–555
Wingfield JC (2013) Ecological processes and the ecology of
stress: the impacts of abiotic environmental factors. Funct
Ecol 27:37–44
Wood CM, Bergman HL, Laurent P, Maina JN, Narahara A, Walsh
P (1994) Urea production, acid-base regulation and their
interactions in the Lake Magadi tilapia, a unique teleost
adapted to a highly alkaline environment. J Exp Biol 189:
13–36
Wood CM, Wilson P, Bergman HL, Bergman AN, Laurent P,
Atiang’a-Owiti G, Walsh PJ (2002) Obligatory urea production and the cost of living in the Magadi Tilapia revealed by
acclimation to reduced salinity and alkalinity. Physiol
Biochem Zool 75:111–122
Wood CM, Nawata CM, Wilson JM, Laurent P, Chevalier C,
Bergman HL, Bianchini A, Maina JN, Johannsson OE,
Bianchini LF, Kavembe GD, Papah MB, Ojoo RO (2013)
Rh proteins and NH4+-activated Na+-ATPase in the Magadi
tilapia (Alcolapia grahami), a 100% ureotelic teleost fish. J
Exp Biol 216:2998–3007
Wood CM, Brix KV, De Boeck D, Bergman HL, Bianchini A,
Bianchini LF, Maina JN, Johannsson OE, Kavembe GD,
Papah MB, Kisipan ML, Ojoo RO (2016) Mammalian metabolic rates in the hottest fish on earth. Sci rep 6:26990 |.
https://doi.org/10.1038/srep26990
Wootton RJ (1996) Fish ecology. Chapman and Hall, London
Wourms JP, Lombardi J (1992) Reflections on the evolution of
piscine viviparity. Amer Zool 32:276–293
Wu RSS (2002) Hypoxia: from the molecular responses to ecosystem responses. Mar Poll Bull 45:35–45
Wu RSS (2009) Effects on fish reproduction and development. In:
Richards JG, Farrell AP, Brauner CJ (eds) Hypoxia in fishes.
Elsevier, San Diego, pp 79–141
Wu RSS (2010) Hypoxia: new insights on an old pressing environmental problem. L:\MED\LONCONOF\GESAMP\
SESSIONS\37\Session Documents\37−7−1.doc
Wu RSS, Zhou BS, Randall DJ, Norman WYS, Lam PKS (2003)
Aquatic hypoxia is an endocrine disruptor and impairs fish
reproduction. Environ Sci Technol 37:1137–1141
Yasindi AW, Taylor WD (2016) The protozoa of soda lakes in East
Africa. In: Schagerl M (ed) Soda Lakes of East Africa.
Springer International Publishing, Switzerland, pp 179–204
Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional
affiliations.

