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Abstract

Ecological diversification through divergent selection is thought to be a major force

during the process of adaptive radiations. However, the large sizes and complexity of

most radiations such as those of the cichlids in the African Great Lakes make it impos-

sible to infer the exact evolutionary history of any population divergence event. The

genus Alcolapia, a small cichlid lineage endemic to Lakes Magadi and Natron in East

Africa, exhibits phenotypes similar to some of those found in cichlids of the radiations

of the African Great Lakes. The simplicity within Alcolapia makes it an excellent

model system to investigate ecological diversification and speciation. We used an

integrated approach including population genomics based on RAD-seq data, geometric

morphometrics and stable isotope analyses to investigate the eco-morphological diver-

sification of tilapia in Lake Magadi and its satellite lake Little Magadi. Additionally,

we reconstructed the demographic history of the species using coalescent simulations

based on the joint site frequency spectrum. The population in Little Magadi has a

characteristically upturned mouth—possibly an adaptation to feeding on prey from the

water surface. Eco-morphological differences between populations within Lake Magadi

are more subtle, but are consistent with known ecological differences between its

lagoons such as high concentrations of nitrogen attributable to extensive guano

deposits in Rest of Magadi relative to Fish Springs Lagoon. All populations diverged

simultaneously only about 1100 generations ago. Differences in levels of gene flow

between populations and the effective population sizes have likely resulted in the

inferred heterogeneous patterns of genome-wide differentiation.
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Introduction

Adaptation to ecologically different environments has

often been regarded as one of the initial steps leading

to population divergence (Nosil 2012). Alongside com-

petition for resources, this process forms the foundation

of the ecological theory of speciation (Schluter 2000;

Rundle & Nosil 2005). The significance of these two

processes in driving divergence and generating biodi-

versity are best understood in the context of adaptive

radiations (Schluter 2000; Losos 2010) for which cichlid

fishes are a prime example. Cichlids (mostly the

Haplochromines) are among the most species-rich verte-

brate lineages, with much of their diversity attributable

to trophic diversification and adaptive radiations
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(Meyer 1993; R€uber et al. 1999; Verheyen et al. 2003;

Kocher 2004; Salzburger et al. 2005; McMahan et al.

2013; Henning & Meyer 2014). Indeed, the astonishing

ability of cichlids to rapidly adapt to different trophic

niches has particularly intrigued evolutionary biologists

(e.g. reviewed in Takahashi & Koblm€uller 2011). Mor-

phological studies mainly conducted on the Tan-

ganyikan cichlids have revealed multiple morphological

adaptations in trophic features, including position and

orientation of the mouth (Clabaut et al. 2007; Takeuchi

& Hori 2008; Stewart & Albertson 2010), number, size

and shape of teeth (McKaye & Marsh 1983; Yamaoka

1983; Meyer 1990; Trapani 2004), intestine

length (Yamaoka 1985; Wagner et al. 2009) and jaws

(Huysseune 1995; Parsons et al. 2011).

While the radiations of cichlids in the African great

lakes such as Victoria, Malawi and Tanganyika are

intriguing for their unparalleled diversity, the sheer size

of the lakes and complexity of their species flocks

makes it difficult to disentangle individual evolutionary

processes that have shaped their diversity. For example,

both allopatric isolation and hybridization have been

implicated to play a role in driving speciation in these

radiations (R€uber et al. 2001; Salzburger et al. 2002;

Schelly et al. 2006; Koblm€uller et al. 2010; Kirchberger

et al. 2012). But the relative effects of these processes is

difficult to test, as detailed demographic investigations

about population splits and gene flow encompassing all

potentially interacting populations are virtually impos-

sible for these species flocks composed of hundreds of

species. Thus, the relative importance of the processes

that generate and maintain the phenotypic diversity of

the African cichlids remain debated (reviewed in Sti-

assny & Meyer 1999; Kocher 2004; Seehausen et al. 2008;

Henning & Meyer 2014; Brawand et al. 2014; Seehausen

2015). Focusing instead on very young and less species-

rich lineages in a confined area (e.g. islands or lakes)

seems a promising research approach (Losos & Ricklefs

2009; Elmer et al. 2010), because the effects of different

evolutionary processes can be discerned and the demo-

graphic history can be reconstructed more easily and

reliably in these simpler systems.

Soda lake tilapia (Natron and Magadi tilapias) of

the genus Alcolapia (Seegers et al. 1999) form a mono-

phyletic group of four morphologically distinct cichlid

species endemic to the Magadi–Natron ecosystem in

East Africa. These lakes are arguably some of the

world’s most extreme aquatic environments: salinity

60% seawater, pH ~10, and temperatures often

exceeding 40 °C. Phylogenetically, the Soda tilapias

are derived from a freshwater ancestor that inhabited

Palaeolake Orolonga (Seegers et al. 1999). This palaeo-

lake’s water level dropped drastically following

abrupt climatic changes in East Africa after the Pleis-

tocene (~13 000 years) leading to a split into two dis-

tinct water bodies—Lake Natron and Lake Magadi

(Butzer et al. 1972; Hillaire-Marcel et al. 1986). A fur-

ther drop in water level led to the split of Lake

Magadi and its satellite Lake Little Magadi (LM),

although details on the time of formation of LM are

scant. Presently, these two lakes are separated by a

land barrier of <1 km (Fig. 1). Extant populations of

Magadi tilapia, the focal species of this study, are

restricted to small isolated pools (lagoons) along the

shores of the Lake Magadi basin and its satellite lake

LM (Fig. 1). Movement of fish between lakes is

restricted by a land barrier, whereas trona (deposits

of crystalline sodium carbonate and sodium bicarbon-

Fig. 1 Map of the sampling locations in

Lake Magadi basin, Kenya. Representa-

tive fish from each of the populations are

shown on the right. Note the upturned

mouth in Little Magadi fish (LM) relative

to a terminal mouth in the populations

from Lake Magadi (Fish Springs Lagoon

and Rest of Lake Magadi).

© 2015 John Wiley & Sons Ltd

ECO- MORPHOLOGICAL DIFFERENTIATION IN LAKE MAGADI TILAPIA 1611



ate salts) and inhabitable water prevent fish move-

ment between lagoons (Coe 1966, 1967; Wilson et al.

2004).

Traditionally, soda lake tilapia in Lake Magadi and

LM have been assigned to a single species, Alcolapia

grahami, which has been regarded as morphologically

less variable compared to the Lake Natron clade. In

comparison, three Natron tilapia species (Alcolapia alcali-

cus, A. ndalalani and A. latilabris), distinguishable by

head shape, mouth position as well as number, shape

and position of teeth have been described (Seegers &

Tichy 1999; Tichy & Seegers 1999; Seegers et al. 2001).

However, recent studies have revealed several morpho-

logical and anatomical differences between some popu-

lations of Magadi tilapia (Wilson et al. 2004). Perhaps

the most apparent difference is the upturned mouth

found among all individual fish in LM compared to the

terminal mouth found in Fish Springs Lagoon (FSL)

and other populations in the Rest of Lake Magadi

(ROM) lagoons (Wilson et al. 2004). Interpopulation

variation in gut lengths has also been reported in

Magadi tilapia. The ROM population which exploits

guano-rich substrates displays much shorter guts

compared to the FSL population that predominantly

browse on algae (Wilson et al. 2004; P€ortner et al. 2010).

Moreover, chemical characterization of the Lake Magadi

lagoons has revealed varying water parameters (e.g.

temperature and salinity) (Wilson et al. 2004). Conse-

quently, the observed morphological differences may

represent signs of local adaptations and ecological

diversification. This is corroborated by a recent study

based on microsatellite markers that revealed three

genetically distinct population clusters of Magadi

tilapia designated as FSL, ROM and LM (Kavembe et al.

2014).

Despite the evidence that Magadi tilapia is not as mor-

phologically invariant as previously thought, no detailed

studies of the eco-morphology and demographic history

of the species have been conducted. It is currently not

known whether there is a correlation between phenotype

(e.g. mouth shape) and environment, a key feature

of adaptive radiations (Schluter 2000). Furthermore, little

is known about their population history, especially

the timing and order of population splits, levels of

gene flow and, consequently, the speed of population

divergence.

Given the known population structure (Kavembe

et al. 2014) and geographical distribution of the species

(Fig. 1), three scenarios seem plausible: (i) all three

populations could have split simultaneously, (ii) the

LM population could have been isolated from the FSL

and ROM populations (inhabiting the main Lake

Magadi) before they were themselves separated by

trona deposits, and (iii) the barrier imposed by trona

between FSL and ROM, may have preceded the geo-

logical separation of LM and the Lake Magadi popula-

tions, leading to the split of ROM from a combined

population of LM and FSL before they in turn got

separated. Earlier studies in the Magadi system have

suggested that migration between the lagoons of Lake

Magadi is rare leading to genetic differentiation

among the populations (Wilson et al. 2000, 2004;

Kavembe et al. 2014). However, a recent study found

significant genetic exchange between populations of

congeneric species inhabiting various lagoons of Lake

Natron (Zaccara et al. 2014; Ford et al. 2015). Knowl-

edge about the amount of gene flow is essential for

the interpretation of population divergence and to

draw informed inferences of how this will be reflected

at the genomic level (Feder et al. 2013; Martin et al.

2015).

Here, we use a complementary approach of popula-

tion genomics, geometric morphometrics, stable isotope

(SI) analyses and coalescent simulations to investigate

the phenotype–environment correlation in populations

of Magadi tilapia and reconstruct the evolutionary

history of the diversification process. We quantified

morphological differences between the three previously

identified populations and tested whether significant

differences in body shape exist. Based on the results of

the morphometric analyses we investigated whether

there is a correlation between morphology and resource

utilization, using carbon and nitrogen SI signatures.

Using coalescent simulations, we tested different demo-

graphic models to establish the model that best fits our

genomic data (summarized in the site frequency spec-

trum) and estimated the associated parameters. In this

way, we inferred how and when the three populations

were separated, estimated the amount of gene flow

between them and calculated the past and contempo-

rary effective population sizes. Finally, we scanned the

genomes of the three populations for regions potentially

under selection.

Materials and methods

Sampled populations

Sampling was based on the three previously identified

genetic clusters corresponding to the populations of

LM, and within Lake Magadi, FSL and ROM (Kavembe

et al. 2014) (Fig. 1). Information on the samples used is

provided in Table S1 (Supporting information). Details

of sampling sites and methods are provided in

(Kavembe et al. 2014). Sampling was carried out with

permission (Number: NCST/RR1/12/1/MAS/99/4) of

the Kenya National Commission for Science, Technol-

ogy and Innovation (NACOSTI).

© 2015 John Wiley & Sons Ltd
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Body shape analyses

Morphological variation among the Magadi tilapia

populations was determined using landmark-based geo-

metric morphometric shape analyses. Standardized

images of the left side of individual fishes (n: FSL = 18,

ROM = 24, LM = 18) were taken using a 109 megapixel

Canon PowerShot D10 digital camera (Canon USA, Inc.)

mounted on a tripod stand. Twelve landmarks were

digitized on each image in the same order after setting

the scale factor in TPSDIG v2 software (Rohlf 1999); for

landmarks used, see Fig. S1a (Supporting information).

Two-dimensional data extracted from the digitized

images were imported into the program MORPHOJ v1.02e

(Klingenberg 2011) for shape analyses. Prior to shape

analyses, the landmark coordinates were superimposed

as shape variables by performing a generalized Pro-

crustes analysis which minimizes the sum of squared

distances between homologous landmarks by translat-

ing, rotating and scaling them to unit (centroid) size

(Rohlf 1999). This step removes variation associated

with differences in the scale, position and orientation of

specimens to ensure the differences observed between

landmarks are only due to shape (Rohlf 1999;

Klingenberg 2002). Following superimposition, the pro-

crustes distances become relative measures of shape

differences between biological groups (Webster &

Sheets 2010). Thus, to determine if populations of

Magadi tilapia were statistically distinct in mor-

phospace, procrustes distances among populations were

calculated and the significance of each of these dis-

tances were assessed using a permutation test with

10 000 iterations.

To assess the effect of size on shape variation among

samples (Sidlauskas et al. 2011), a multivariate allomet-

ric regression was performed in MORPHOJ using pro-

crustes coordinates and standard length as dependent

and independent variables, respectively. Due to a

significant effect of allometry (see results of shape anal-

ysis), downstream analyses were performed using the

regression residuals as the new shape variables, thus

allowing for meaningful comparisons of the specimens.

We used the thin plate spline grid technique (Bookstein

1989; Dryden & Mardia 1998) and the wire frame out-

line (Klingenberg 2013) to visualize shape changes. The

thin plate technique allows the differences between two

shapes to be compared as a grid of the first shape (e.g.

the average body shape of the individuals from LM

population) being deformed into the second (a

consensus body shape of all individuals included in the

shape analyses) (Dryden & Mardia 1998). The body

regions with the largest differences between the groups

and the average shape are depicted by the largest dis-

tortion on the grid. On the other hand, the wireframe

option compares wireframe graphs that connect land-

marks with straight lines for the starting (a consensus

body shape of all fish included in the analysis) and the

target shapes (population of interest) (Klingenberg

2013).

Interpopulation shape variation between Magadi

tilapia samples was determined using a canonical vari-

ate analysis (CVA) and discriminant function analyses

(DFAs) using predefined population IDs as the classify-

ing variable. CVA allows for identification of shape

features that best distinguish multiple groups of speci-

mens (Mardia et al. 1979; Albrecht 1980), while DFA per-

forms pairwise comparison of the groups. For the DFA,

population predictions were based on a leave-one-out

cross-validation (Lachenbruch 1967). Additionally, we

performed principal component analyses (PCAs) on our

data set (Fig. S1b, Supporting information).

SI analysis

Muscle was excised from the dorsal left side of individ-

ual Magadi tilapia fish (n: FSL = 11, ROM = 10,

LM = 11) for SI analysis of d13C and d15N. These two

isotopes are used for estimating trophic positions and

carbon flow to consumers in food webs, respectively

(Fry 2006). A main advantage of SI approaches over

other conventional dietary methods is that isotope

ratios in tissues yield time-integrated dietary informa-

tion that reflects what has been assimilated and not just

ingested materials (Vander Zanden & Rasmussen 1999).

White muscle in particular is considered most suitable

for teleost SI analysis owing to a long integration time

(4–6 months) and low variability in d13C and d15N (Pin-

negar & Polunin 1999). To reduce isotopic variability

commonly associated with differences in muscle lipid

content (Wessels & Hahn 2010; Ryan et al. 2012), indi-

vidual samples were treated using a modification of the

lipid-extraction method from Bligh & Dyer (1959). We

used the same methods for the SI work as in previous

studies on cichlids and other fish radiations (Bootsma

et al. 1996; Elmer et al. 2010, 2014; Rutschmann et al.

2011).

All statistical analyses were conducted using JMP soft-

ware v11.2.1 (SAS Institute Inc., Cary, NC, USA, 2010)

and considered significant at P < 0.05. We performed

correlation analysis (Pearson’s correlation; P = 0.05) to

test for allometric effects of size on d13C and d15N val-

ues. The Shapiro–Wilk test (Shapiro & Wilk 1965) for

normal distribution and Levene’s test (Levene 1960) for

equal variance were performed on all data sets prior to

analysis. All data follow a normal distribution accord-

ing to the Shapiro–Wilk test (P < 0.05), but did not pass

the homogeneity test (see Results), thus nonparametric

statistics were used to compare the interpopulation

© 2015 John Wiley & Sons Ltd
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differences in d13C and d15N. Specifically, we used the

Kruskal–Wallis nonparametric test (Kruskal & Wallis

1952) that allows the comparison of medians among

multiple independent groups followed by an all-pair-

wise comparison according to Dunn’s method (Dunn

1964).

RAD library preparation and sequencing

Total genomic DNA was extracted from muscle or fin

tissues (n: FSL = 16, ROM = 20, LM = 21) using a stan-

dard salt extraction method following proteinase K

digestion with RNase treatment and a final purification

step with QIAmp DNA Mini Kit (Qiagen). For each

individual 900 lg of purified genomic DNA was double

digested using the rare-cutting enzyme PstI-HF (20 U/

reaction) and the frequent cutter MspI-HF (20 U/reac-

tion) in a final volume of 100 lL. For details on the

ddRADseq methods as implemented in the Meyer Lab,

see our previous publications (Recknagel et al. 2013;

Henning et al. 2014). The genomic libraries were each

single-end-sequenced (101 cycles) on one lane of an Illu-

mina HiSeq 2000 platform.

Mapping and genotyping

Sequence quality was visually inspected with FASTQC

and no quality drop-off over the length of the reads

was observed. Individually barcoded full-length reads

were demultiplexed using the process_radtags script

included in the STACKS v.1.20 beta2 software pipeline

(Catchen et al. 2011, 2013). Additionally, reads contain-

ing uncalled bases and/or showing an average quality

score of <20 in a sliding window of 10% of the total

read length were discarded in this step. The remaining

96 bp reads were then mapped to the anchored Ore-

ochromis niloticus genome assembly version ORENIL1.1

(NCBI Assembly GCA_000188235.2, Brawand et al.

2014) with BOWTIE v.1.0.1 (Langmead et al. 2009) allow-

ing for a maximum of three mismatches in the seed (-n

3). Only reads mapping to a unique position were

retained (-m 1). Loci construction and genotyping was

conducted with STACKS. Loci within individuals were

formed using a minimum stack depth of five reads.

Subsequently population-specific catalogues were

built and the rxstacks correction module was used to

filter out loci with a log-likelihood of <�10, being

confounded in more than 25% of the individuals, or

showing excessive haplotypes. Additionally, this

module uses population-level information to correct

individual SNP calls (i.e. the assignment of a homozy-

gote or heterozygote state at a certain position). SNP

calling was performed with an upper bound of 0.05 for

the error rate and using a 5% significance level cut-off.

On average, data for 30 832 � 12 110 (sd) loci per

individual were obtained with a mean coverage of

25.8 � 8.9 (sd) reads per locus and individual (see

Table S1 for more details).

The distribution in the number of SNPs over the

lengths of loci showed an increase in the last four base

pairs and, strangely, at position 47. Thus, SNPs at these

sites were removed from the internal STACKS files using

custom bash scripts. Note that this resulted not from a

drop of sequence quality, as the pattern was the same

even after trimming these bases before mapping and

catalogue construction. Tests using different read map-

per software indicated that this is a spurious result

depending on the mapping procedure (data not shown).

To minimize problems due to hidden paralogy, loci

deviating from HWE at 5% significance level within

populations were excluded from further analyses using

the blacklist option in the populations module of STACKS.

HWE exact tests (Wigginton et al. 2005) were performed

in PLINK v.1.07 (Purcell et al. 2007). Note that using a

higher P-value is more conservative when testing for a

deviation of HWE; that is, more loci potentially under

HWE are excluded. Furthermore, overlapping loci and

loci containing more than three SNPs within a popula-

tion, as well as loci that were successfully genotyped in

<10 individuals per population were blacklisted and

excluded from all subsequent analyses.

Population structure

Population structure was investigated with ADMIXTURE

(Alexander et al. 2009) and by means of PCAs with EIGEN-

SOFT (Patterson et al. 2006). The support for the number of

clusters found by ADMIXTURE was evaluated by 10 itera-

tions of the implemented cross-validation procedure. For

PCAs, statistical significance of eigenvectors (principal

components) was determined based on the build-in

Tracy–Widom statistics. Missing data were accounted for

by solving least square equations as implemented in

EIGENSOFT (lsqproject option). Only one SNP per RAD-tag

locus was used for these analyses to reduce the effect of

nonindependence among markers due to linkage. PCAs

were visualized in R v.3.1.2 (R Core Team 2014).

Demographic inference

Demographic estimates were obtained by simulation

and fitting of different demographic models to the

information contained in the multidimensional joint

minor site frequency spectrum (MSFS) as implemented

in FASTSIMCOAL2 (Excoffier et al. 2013). To reduce the

potentially biasing effect of selection, loci presumably

located in coding regions, identified by a blastx search

against the protein-coding database of Oreochromis

© 2015 John Wiley & Sons Ltd
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niloticus, were excluded (cut-off: e-value <1e�10). Again,

only one SNP per locus was used for these analyses to

reduce the effect of linkage. The MSFS was created as

follows: data were parsed from variant call format

(VCF) files using a custom python script and trans-

formed into the MSFS using dadi (Gutenkunst et al.

2009). To account for missing data, the MSFS was pro-

jected down to a minimum number of 20 alleles per

population (as specified in STACKS to create the VCF

files). The number of monomorphic sites (i.e. invariable

among all populations and individuals) was manually

added to the MSFS and theoretically equals the respec-

tive number of loci times the 86 potentially variable

sites (obtained by subtracting the 5 bp of restriction site

and the five manually edited sites from the 96 bp reads)

minus the number of segregating sites. As using only

one SNP per locus decreases the ratio of polymor-

phisms and thus biases the estimates, we corrected for

this by first calculating the ratio of monomorphic to

polymorphic sites using all SNPs. The resulting number

of monomorphic sites is then the number of SNPs

(using one per locus) multiplied by this ratio culminat-

ing in an effective sequence length of 1.054 Mb with

5433 segregating sites. To convert the inferred parame-

ters into demographic units, the default substitution

rate of 2.5 9 10�8 per site and generation was assumed

(Excoffier et al. 2013).

To infer the demographic scenario leading to the diver-

gence of the post-Orolonga Magadi tilapia into the three

genetic clusters found in (Kavembe et al. 2014), we tested

three different main plausible hypotheses: (i) a simultane-

ous split of the three populations; (ii) LM split first from a

common ancestor, which later diverged into FSL and

ROM populations; and (iii) isolation of FSL and ROM by

trona preceded the allopatric isolation of LM and

Lake Magadi. We denote the three scenarios ‘sim-split’,

‘LM-first’ and ‘ROM-first’, respectively. For each of these

three main scenarios several different demographic mod-

els were tested. Migration between demes can be symmet-

rical or asymmetrical. Population size changes can be

positive or negative and can occur in the ancestral Magadi

tilapia population or each of the three populations sepa-

rately, as well as coincide with population splits. In more

detail, allowing for a change in the ancestral population

was denoted as ‘ANC-change’, and changes in the three

populations accordingly as ‘FSL-change’, ‘ROM-change’

and ‘LM-change’. A population size change during a

population split was denoted as ‘split-change’. In the case

of the ‘sim-split’ scenario there is only one population

split, whereas in the ‘LM-first’ and ‘ROM-first’ scenarios

there are two splits. In this case, a change during

the ‘older/first’ split (forward in time) was denoted as

‘split1-change’, and during the ‘younger/second’ split as

‘split2-change’ (Fig. S2, Supporting information).

Migration parameters were denoted by the number of

different migration rates that were included in a model,

that is, the term ‘single-mig’ denotes a model with only a

single migration rate. However, this does not mean that

there is only migration between two of the populations.

Instead, migration occurs between all the three demes,

but its rate is symmetrical and identical in all instances.

Accordingly, the term ‘six-mig’ denotes a model that

includes six different migration rates. In the case of the

‘LM-first’ and ‘ROM-first’ scenarios, two additional

migration parameters between the combined ancestral

population of two of the populations and the population

that split ‘first’ are possible. These models are denoted as

‘eight-mig’. After running the ‘six-mig’ and ‘eight-mig’

models, it became clear that migration rates between FSL

and LM, and ROM and LM were almost identical. Thus,

in addition, a ‘two-mig’ setting with a symmetrical

migration rate between FSL and ROM, and another sym-

metrical migration rate between FSL and LM, as well as

between ROM and LM was implemented. Models with-

out migration are denoted as ‘no-mig’. The basic demo-

graphic events and parameters are visualized in Fig. S2

(Supporting information). Naturally, several population

size changes can occur in any one model and in any

combination with migration rates.

Starting with simple models and adding migration

rates and population size changes, in total, 19, 22, and

22 models for the ‘sim-split’, ‘LM-first’ and ‘ROM-first’

scenarios were tested, respectively. The support for

different models to fit our data was evaluated based on

the Akaike Information Criterion (AIC) after converting

the log-likelihood values to ln-likelihoods. For each

model, 25 independent runs with 40 cycles each of the

implemented ECM optimization algorithm were per-

formed. The first 20 cycles always consisted of 100 000

coalescent simulations each, following which step size

was increased by 5000 simulations per cycle up to the

specified maximum number of cycles. The single best

models for the three main scenarios were analysed in a

total of 100 independent runs with 50 cycles each, to

enhance accuracy of parameter estimates. Uncertainty

in parameter estimates was gauged from 100 parametric

bootstrap replicates and is reported as 95% confidence

intervals. Upper and lower bounds were calculated as

h � 1.96r, where h denotes the mean and r the stan-

dard deviation of the bootstrap results. Briefly, boot-

strap replicates were obtained by simulating 100 minor

site frequency spectra, based on the same overall

corrected sequence length as the empirical data (in

unlinked regions of 86 bp) and according to the highest

likelihood parameter point estimates, and then re-esti-

mating the parameters each time. For each bootstrap

replicate, we performed 25 independent runs with 30

cycles each.

© 2015 John Wiley & Sons Ltd
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Genome scans

Genome-wide differentiation was analysed in terms of

AMOVA FST values (Weir & Cockerham 1984) as imple-

mented in the populations script of STACKS. The

relatively low frequency of polymorphic sites precluded

a window-based approach. Instead, the position-inde-

pendent approach implemented in BAYESCAN v2.1 (Foll &

Gaggiotti 2008; Fischer et al. 2011) was used to scan for

signatures of selection between the different Magadi

tilapia populations. All three populations were used

together in a single analysis with default settings. Out-

lier status was evaluated based on a 5% false discovery

rate (FDR) threshold.

Results

Body shape analyses

Regression of the superimposed shape data on size

(standard length) indicated that 7.9% of shape varia-

tion in Magadi tilapia covaries with size. Importantly,

the relationship between the procrustes residuals and

size is statistically significant (P <0.0001 at 10 000 per-

mutations) for the entire data set. The permutation

test for procrustes distance between groups found sta-

tistically significant distances for all pairs of popula-

tions: a similar distance value of 0.03 was found

between the comparisons of LM vs. FSL, and LM vs.

ROM. The procrustes distance between FSL and

ROM was slightly higher with 0.0327 (P < 0.0001 for

10 000 permutation tests for all the three group

comparisons).

Canonical variate analysis of the residuals of the

multivariate regression resulted in a clear separation of

the three a priori defined populations of Magadi tilapia

in morphospace. Based on the CVA, there is no overlap

of specimens from different populations (Fig. 2). Canon-

ical covariate 2, which explains 45.5% of the total

variance, clearly separates LM from the populations of

FSL and ROM driven mainly by a change in the posi-

tion of the mouth (Landmark 1) (Fig. 2). This pattern is

consistent with the two distinct head shapes previously

observed in Magadi tilapia (an upturned mouth in Lake

LM vs. a terminal mouth among the populations of FSL

and ROM) (Fig. 1; Wilson et al. 2004; Kavembe et al.

2014). The first canonical axis (CV1), which explains

55.5%, suggested a difference in shape due to

elongation as well as on the caudal peduncle (Fig. 2).

The distinctiveness of the populations was however not

particularly obvious in the PCA (Fig. S1b, Supporting

information). As PCA employs a hypothesis-free

approach and assumes no a priori groupings it is prone

to biases especially when dealing with data with

unequal variances. For instance, populations with the

greatest amount of variance may bias interpretations of

the common morphospace, rendering PCA results of lit-

tle significance in capturing the biologically important

shape differences (Parsons et al. 2009).

Further differences in morphospace between popula-

tions were highlighted using DFA (Fig. S3, Supporting

information). Between FSL and ROM, relative to LM,

most differences were associated with the position of

the mouth (Landmark 1). FSL and ROM differed by an

elongation of the caudal peduncle (landmarks 4, 5, 6, 7).

Complementarily, based on the results of the discrimi-

Fig. 2 Canonical variance analysis (CVA)

based on geometric morphometrics.

Wireframe plots beside the axis show the

main shape changes.
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nant function analysis (DFA), most of the specimens

could be assigned to their source populations. The high-

est similarity according to Mahalanobis distances was

between FSL and ROM, and the lowest similarity was

found between FSL and LM (Mahalanobis distances per

pairwise comparisons: FSL-LM 6.787, FSL-ROM 5.615

and LM-ROM 6.608 (P < 0.0001 for 10 000 permutation

tests for all the three group comparisons).

Ecological divergence

In isotopic niche space, FSL and ROM populations were

indistinguishable, but the two were clearly distinct from

LM. The mean isotopic values were �19.41&, �21.26&,

�21.46& for d13C and 7.52&, 10.67&, 10.27& for d15N
in FSL, ROM and LM, respectively. Fish size (standard

length) was not a significant covariate and was thus

omitted from the final model (Pearson’s coefficient,

P = 0.05). All our data sets were normally distributed

(Shapiro–Wilk test, P < 0.05). Levene’s test of homo-

geneity of variance returned statistically significant

differences (d13C F2,29 = 3.941, P = 0.031; d15N
F2,29 = 11.634, P = 0.000) suggesting unequal population

variances for both isotopes. The smallest variance was

found for LM (d15N = 0.423; d13C = 0.387) and the

largest for FSL (d15N = 9.363; d13C = 3.603) followed by

ROM (d15N = 6.1; d13C = 2.667) (Fig. 3). ROM, on aver-

age, had the highest values of d15N and d13C, suggest-

ing its fish could be exploiting high trophic levels.

Overall we found a high intraspecific range of isotopic

signatures in Magadi tilapia (d15N = 9.16&;

d13C = 5.64&). Among populations, the isotopic ranges

were highest in FSL (d15N = 8.27&; d13C = 5.64&),

followed by ROM (d15N = 6.82&; d13C = 4.35&) and

the least in LM (d15N = 2.34&; d13C = 2.363&). There

was a strong population effect on the isotopic signa-

tures of both d13C and d15N (Welch’s test, d13C F-

ratio = 5.524, P = 0.016; d15N F-ratio = 4.257, P = 0.036).

The mean C:N ratios (% of weight) were 3.11, 3.17 and

3.22 in FSL, ROM and LM, respectively. All these val-

ues were within the expected range for biological pro-

teins (DeNiro 1985). Comparison of all the populations

combined revealed significant variation of both isotopes

(Kruskal–Wallis, H = 6.609, P = 0.0261 for d15N;

H = 7.291, P = 0.036 for d13C). Pairwise comparisons

showed a significant difference between ROM and FSL

for d15N (Dunn’s test Z = 2.525, P = 0.035), while the

rest of the population comparisons tests were nonsignif-

icant (P-values >0.05). We found a marginal level of sig-

nificance between ROM and FSL using d13C data

(Dunn’s test Z = �2.285, P = 0.066) and no differences

among the rest of the pairwise population comparisons

of the d13C data (data not shown).

Demographic inference supports a recent simultaneous
split and different levels of gene flow among the
Magadi tilapia populations

As all subsequent genetic analyses hinge on the correct

assignment of individuals, we first sought to test

whether our samples would be assigned into the three

previously defined genetic clusters (Kavembe et al.

2014). To do this, we investigated the population struc-

ture of Magadi tilapia with 7171 SNPs using the soft-

ware ADMIXTURE v 1.23 and with a model-free principal

component analysis (PCA). Assuming the same number

of clusters as populations (K = 3), ADMIXTURE groups all

samples into three distinct genetic clusters that match

perfectly with the three previously assigned popula-

tions (Fig. S4, Supporting information). However, with

cross-validation tests, two rather than three genetic clus-

ters are most supported corresponding to the two lakes

(Fig. S4, Supporting information). The model-free PCA

revealed three distinct clusters. Only the first two eigen-

vectors (PCs) are significant with P-values of

3.87 9 10�33 and 1.86 9 10�2 for PC1 and PC2, respec-

tively. PC1 explains 9.34% of the variation and

separates LM from the other two populations, whereas

PC2 explains 3.82% of the variation and separates FSL

from ROM (Fig. S5, Supporting information). Neither

of the two analyses showed evidence for admixed

individuals.

Fig. 3 In comparison with Fish Springs Lagoon (red) and Rest

of Magadi (blue), the population in Little Magadi (green) has a

narrower ecological niche width as shown here by the

mean � standard deviation (SD) of d15N and d14C stable iso-

tope signatures.
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To reconstruct the demographic history of the three

populations we used coalescent simulations. For each of

the three main scenarios (‘sim-split’, ‘LM-first’, ‘ROM-

first’) we explored the fit of different migration rates as

well as population size changes in the ancestral popula-

tion, in the extant populations, and during population

splits/mergers to our data. Overall, the best model for

our data set, namely the simultaneous split of the three

populations, has a 43% probability of being correct. The

model contains 10 parameters, and is denoted as ‘sim-

split, ANC-change, LM-change, two-mig, no-MIG ROM-

LM’. It can be verbally described as follows: the ances-

tral population (NANC) of 5865 (1259–7942; 95% CI)

individuals undergoes an about threefold population

size expansion to 16 903 (14 125–18 302) individuals

about 9151 (3187–23 127) generations ago (TANC-change);

this is also equivalent to the current population size of

ROM (see below and Fig. 4). The three populations then

split simultaneously 1082 (846–1632) generations ago

(Tsim-split). The effective population sizes of FSL and

ROM remains stable with 6175 (5152–7817) and 16 903

(14 125–18 302) individuals, respectively, whereas

LM undergoes a substantial increase from 436 (260–839)
(NLMpast) to 12 899 (6637–25 092) individuals

(NLMpresent) about 477 (279–579) generations ago (TLM-

change).

Migration rates between both FSL and ROM

(MIGFSL-ROM), as well as FSL and LM (MIGFSL-LM) are

symmetrical, yet they differ in an order of magnitude

with 2.41 9 10�4 (1.27–3.57 9 10�4) and 2.43 9 10�5

(1.09–3.93 9 10�5), respectively. There is no migration

between ROM and LM. Migration rates give the proba-

bility for an allele to migrate from one deme to

another per generation. The actual number of effective

immigrants (forward in time) is a product of the

migration rate and the effective population size of the

population of interest. In our case, this translates to 1.5

migrants per generation from ROM to FSL

(2.41e�4 9 6175) and 4.1 migrants per generation from

FSL to ROM. In the case of migration from FSL into

LM the population size change has to be taken into

account. Accordingly, we inferred 0.3 and 0.01 (on

average 0.14) FSL migrants per generation for the last

477 and 605 generations until the population split,

respectively. The number of migrants from LM into

FSL is 0.15 per generation.

Importantly, the next best models in our data set

(Table S2, Supporting information) are qualitatively and

quantitatively similar to the model described above.

The five best models capture 92% of the overall proba-

bility and differ from each other only in the presence of

one vs. two population splits and the presence or

absence of migration between ROM and LM (Table S2,

Supporting information).

Genome-wide differentiation and signatures of selection

Overall genetic differentiation is low with average pair-

wise FST values of 0.027 (FSL vs. ROM), 0.090 (FSL vs.

LM) and 0.071 (ROM vs. LM). The profiles of genetic

differentiation across the genome are qualitatively

similar between FSL vs. LM and ROM vs. LM, whereas

FSL vs. ROM exhibits less differentiation (Fig. S6, Sup-

porting information). The difference in heterogeneity is

also reflected in the standard deviations of FST values of

0.133, 0.116 and 0.033 of the above comparisons, respec-

tively. In each of the two comparisons including LM,

five SNPs are fixed (two are shared), whereas the

highest FST value between FSL and ROM is only 0.516.

As the frequency of polymorphic sites was too low for

a window-based outlier detection approach, we decided

to use a position-independent method (see methods).

Only one SNP was found to be potentially under diver-

gent selection with this method—this SNP mapped to

position 15 159 712 bp in linkage group six (LG6) of the

Nile tilapia genome. The SNP was one of the two sites

alternately fixed in LM as compared to both FSL and

ROM. A close examination of the corresponding
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TANC-change: 9151 gen
(3187–23 127)

TLM-change: 477 gen
(279–579)

Tsim_split: 1082 gen
(846–1632)
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n 
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nc
e

2.41e–4
 (1.27e–4–3.57e–4)

2.43e–5

(1.09e–5–3.93e–5 )

ANC

FSL LMROM

Ne: 16 903
(14 125–18 302)

Ne: 6175
(5152–7817)

Ne: 12 899
(6637–25 092)

Ne: 436
(260–839)

Present

Past

Fig. 4 Schematic representation of the most supported demo-

graphic model. Looking from the past to the present (top to

bottom), first, the ancestral population (ANC) undergoes an

increase in size at TANC-change. The three populations then split

simultaneously at Tsim-split. The population sizes of Fish

Springs Lagoon and Rest of Lake Magadi (ROM) remain stable

whereas Little Magadi (LM) undergoes a substantial increase

in size at TLM-change. Effective population sizes (Ne) are given

in number of diploid individuals and times are given in num-

ber of generations. Arrows indicate migration rates, which are

symmetrical and denote the migration probability of an allele

per generation. Note that there is no migration between ROM

and LM.
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genomic region within the vicinity of the SNP (10 kb

upstream and downstream) in Nile tilapia did not

reveal any gene that we could associate to the eco-mor-

phological divergence of LM. Further examination of

the other SNPs that were fixed between LM and the

other Magadi tilapia populations revealed functions

related to physiology (Table S3, Supporting informa-

tion).

Discussion

The cichlid fishes (genus Alcolapia) of the Magadi–
Natron basin are a more amenable model system to

study the processes involved in ecological diversifica-

tion and adaptive radiations compared to the exceed-

ingly species-rich adaptive radiations of cichlids in the

African Great Lakes. Here, we perform for the first time

a detailed and integrative examination of the eco-mor-

phology and demographic history of three populations

of Magadi tilapia. Our data suggest that the three

Magadi tilapia populations separated simultaneously

only about 1100 generations ago (Fig. 4). There is virtu-

ally no gene flow between LM and the other two

populations of FSL and ROM, whereas gene flow

between the latter two is in the order of a few migrants

per generation (Fig. 4). Furthermore, fish in LM are not

only genetically most distinct (Figs S4 and S5, Support-

ing information), but also exhibit a characteristically

upturned mouth and a strikingly narrow ecological

niche width (Fig. 3). We find subtle differences in body

shape between FSL and ROM, consistent with the low

genetic differentiation between them. We interpret these

results as signs of early stages of diversification, with

fish in LM probably being specialized for catching prey

items that fall on the water surface.

Eco-morphological divergence

Our data show that the Magadi tilapia in LM not only

have a characteristic upturned mouth shape, but also a

strikingly narrow ecological niche width compared to

the other two populations. Other fish species with

upturned mouths often feed on insects from the surface

of the water column (Keast & Webb 1966; Langerhans

et al. 2004) [e.g. Thoracocharax stellatus (Netto-Ferreira

et al. 2007)]. Indeed, the surface film in the soda lakes

made up of bacteria, insects and other organic matter

blown on the water by wind has been suggested as a

source of food for soda tilapia (Seegers & Tichy 1999).

Additionally, during sampling, numerous flying insects

were seen on the shores of LM (G.D.K., personal observa-

tion). Thus, we propose that the tilapia in LM might

have evolved an upturned mouth as an adaptation to

exploit this resource. Further, we hypothesize that the

occurrence of a high number of insects in LM com-

pared to the lagoons within Lake Magadi could be

attributed to differences in water conditions; as the

former has more extreme conditions compared to the

latter (Wilson et al. 2004). Differences in niche space

among the Magadi tilapia populations is further sup-

ported by a narrow niche width in LM compared to

FSL and ROM consistent with patterns observed in spe-

cialized and generalist consumers, respectively

(Bearhop et al. 2004; Bolnick et al. 2007; but see Flaherty

& Ben-David (2010)). While we also find significant dif-

ferences in body shape between FSL and ROM, no

obvious shape–environment link could be inferred for

these populations.

Trophic traits such as jaws and craniofacial morphol-

ogy have a strong genetic basis in cichlids (Albertson

et al. 2005; Albertson & Kocher 2006; Roberts et al.

2011). In concordance, comparisons of teeth in wild and

aquarium-raised Oreochromis ndalalani (sixth generation)

of Lake Natron found no differences in dentition

despite their difference in diet (Seegers et al. 2001).

Nonetheless, one potential caveat of our study is that

we cannot rule out the role of phenotypic plasticity in

contributing to eco-morphological differentiation among

the Magadi tilapia. Yet, while plasticity may play a role

it seems unlikely to be the sole explanation for the pro-

nounced differences we find in regard to the position of

the mouth in LM compared to the other Magadi tilapia

populations.

An intriguing finding was the exceptionally broad

ranges of d15N and d13C values in ROM and FSL, rela-

tive to reported intrapopulation ranges of 3–5& for N

(Minagawa & Wada 1984) and 1–3& for C (DeNiro &

Epstei 1978). In particular, the broad range and the

high d15N-values in more than half of the individuals

in ROM are puzzling. However, SI analyses of the

alkaline Crater Lake Empakai inhabited by flamingos

in Northern Tanzania have revealed high levels of

d15N (Muzuka 2009) and there are suggestions that

nitrogen-rich flamingo guano might constitute a major

diet for some populations of Magadi tilapia (Wilson

et al. 2004; P€ortner et al. 2010). Thus, the high enrich-

ment in d15N may be associated with exploitation of

flamingo guano.

Pronounced genetic differentiation despite microscale
isolation

Consistent with our previous study based on

microsatellite loci (Kavembe et al. 2014), using a panel

of 7171 SNPs we find evidence for three genetic clus-

ters: FSL, ROM and LM. The highest differentiation is

clearly between LM and the other two populations, as

reflected by the consistency in the results of pairwise
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FST comparisons, PCA, and ADMIXTURE analyses. Genetic

differentiation between FSL and ROM is very low.

Indeed, the support for only two genetic clusters

(K = 2)-LM being one cluster and the other two being

combined-in our ADMIXTURE analysis is slightly higher

than for three clusters (K = 3). However, in light of the

perfect correspondence of the three populations and

genetic clusters assuming K = 3 and their clear separa-

tion in the PCA, we suggest that the rather subtle

differentiation between FSL and ROM does not invali-

date the biological reality of their distinctiveness; thus

the Magadi tilapia populations may represent a case of

incipient speciation. As our demographic analyses

suggest a simultaneous split of the Magadi tilapia pop-

ulations, the most parsimonious explanation for the

high genetic differentiation in LM relative to the other

populations is a combination of differences in gene flow

and its past small population size. In other words, the

effect of genetic drift would be much stronger in LM

and not be counteracted by gene flow leading to a pro-

nounced differentiation of LM (e.g. Whiteley et al. 2010;

M�endez et al. 2011). In contrast, gene flow between FSL

and ROM coupled with their relatively large and stable

population sizes would maintain the allele frequencies

in both populations at relatively similar levels.

Although the possibility of gene flow between FSL

and ROM populations has been questioned (Wilson

et al. 2004; Kavembe et al. 2014), migration is strongly

supported in our demographic model; our otherwise

best model without migration is only 2.3 9 10�5 times

as likely as the one with migration (Table S2, Support-

ing information). Furthermore, the inferred number of

migrants between FSL and ROM populations (1.4 and

4.1 per generation), is quite similar to the 0.5–2.3
migrants per generation reported between isolated pop-

ulations in Lake Natron using microsatellite data (Zac-

cara et al. 2014) and recently using ddRADseq (Ford

et al. 2015). In these latter studies, the authors suggested

that intense rains or movement of fish by large piscivo-

rous birds may facilitate migration of fish within Lake

Natron. As a land barrier or trona proposed in

Kavembe et al. (2014) would not hinder birds’ move-

ment, yet we find almost no migration between LM and

the Lake Magadi (FSL and ROM combined) popula-

tions, but significant migration among the latter two,

our results suggest migration in Magadi tilapia may

occur primarily through intermittent water connections

following heavy rains. Indeed, Lake LM is at about

10 m higher elevation than Lake Magadi which proba-

bly hinders intermittent water connections of the lake to

the Lake Magadi lagoons even during the rare flood

events suggested in this region. Moreover, unlike Lake

Magadi, which has no single outlet or inlet, Lake

Natron is connected to several rivers and streams that

drain water into the lake. This means that during peri-

ods of heavy rains and occasional floods, Lake Natron

may experience abrupt mixing of water compared to

Lake Magadi and as a consequence have frequent

exchange of fish between lagoons leading to the high

levels of gene flow among its species/populations.

While the small land barrier (of less than a kilometre

at the closest range) between Lake Magadi and the LM

may play a role in restricting gene flow between their

populations, other possible mechanisms may also play

a role. For instance, actual migration (not gene flow)

into LM might occur to a larger extent, but appear to be

much more reduced due to selection against immi-

grants (Nosil et al. 2005; Plath et al. 2013) as a result of

ecological differences between the habitats. Investigat-

ing whether this process contributes to reduced gene

flow in this system seems an interesting research objec-

tive, but is beyond the scope of this study.

The Magadi tilapia demographic history

The simplicity of the Magadi tilapia system allowed us

to infer the demographic history of all its populations

in a single framework. This is important, as excluding

populations from an analysis can bias demographic

inferences of a species’ evolutionary history (Beerli

2004; Slatkin 2005). For instance, gene flow between LM

and ROM is strongly supported in a pairwise compar-

ison, but not in a three-population comparison (data

not shown). This might suggest that some level of gene

flow occurs between LM and ROM, but indirectly

through FSL [stepping stone model (Kimura 1953)].

Another advantage of this system is the availability of

geological data (Seegers & Tichy 1999), which allows a

correlation of our inferred demographic events to the

geological history of the region. For instance, the sepa-

ration of the Palaeolake Orolonga into Lake Natron and

the Lake Magadi basins is estimated to have occurred

about 9000 years ago following periods of extreme

drought towards the end of the Pleistocene (Butzer et al.

1972; Tichy & Seegers 1999). Correspondingly, we find

support for an expansion of the ancestral Magadi tilapia

population about 9000 generations ago (Fig. 4). Assum-

ing one to maximally two generations per year places

this expansion to sometime after the drought, consistent

with recovery patterns observed in populations that

have undergone periods of extreme environmental

stress (Genner et al. 2010; Koblm€uller et al. 2011). Simi-

larly, our estimate of a simultaneous split only about

1100 generations is congruent with a suggested major

flood in the Magadi region about 1450 years ago (White

1953). Although it is possible that the populations may

have been isolated prior to the proposed flood, any sig-

nals of prior isolation might have been overridden by
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subsequent genetic homogenization facilitated by the

drought.

With regard to the translation of our demographic esti-

mates to absolute times (in years), we caution that the

accuracy of the time estimates hinges on the availability

of a good estimate of the generation time in this species.

Although generation times of 6 months have been pro-

posed for most tilapia species (Philippart & Ruwet 1982),

much shorter times of about 42–60 days have been sug-

gested for Magadi tilapia (Coe 1966; Wilson et al. 2004).

For instance, applying the 42–60 days generation time

estimates to our results would translate into much more

recent times for the inferred demographic events in

Magadi tilapia (e.g. 180 years for the populations split

with six generation per year). Considering the known

geological history and the biology of reproduction of this

and other cichlid species, these values appear to be unre-

alistically low. Yet, this discrepancy might be explained

by the fact that, like in any other population genetic

study, demographic parameters scale by the neutral sub-

stitution rate, which is often associated with high uncer-

tainty. Although the absolute values might change

depending on the assumed substitution rate, this does

not change their relative values nor does it affect the

model likelihoods and thus our main conclusions.

Nonetheless, our estimates of population sizes are

close to the estimated census sizes of >10 000 individuals

for FSL and c. 32 000 individuals for the Lake Magadi

(FSL and ROM) populations combined (Wilson et al.

2004). Unfortunately, no census estimate is available for

LM. However, using mtDNA sequence data, Wilson et al.

(2000) estimated an (long-term) effective population size

of only a few hundreds and found evidence for recent

population expansion for the population, which is con-

gruent with the expansion inferred in our study. Whether

the dramatic population expansion in LM is related to its

adaptation to a new niche (floating surface biota) is an

interesting hypothesis that needs further investigation.

Genome-wide patterns of population differentiation and
outlier loci

Not surprisingly, the patterns of differentiation across

the genome are consistent with the inferred demographic

history. The occurrence of gene flow between FSL and

ROM and their relatively large stable population sizes is

paralleled by low and rather invariable genomic differ-

entiation between them. In LM, genetic drift has not only

resulted in a high average genetic differentiation, but

also a more heterogeneous pattern. The single locus that

was found to be potentially under selection resides in a

region in the Tilapia genome that does not seem to con-

tain a clear candidate gene with a function related to the

eco-morphological divergence we found. Interestingly,

however, the four other fixed SNPs fall within genes that

have putative functions related to physiology such as in

signalling (e.g. Wong et al. 2001; McElhinny et al. 2008)

and neural transduction (e.g. Nguyen et al. 2012) or in

chemical detoxification (e.g. Lopez-Huertas et al. 2000)

(Table S3, Supporting information). While these genes

might be interesting candidates for local adaptation in

Magadi tilapia, further investigations are required.

Nonetheless, Magadi tilapia have evolved eco-morpholo-

gical adaptations within a very short time of 1,100 gener-

ations only and here we provide an account of the

demographic details behind this process. Thus, future

genome scans with a higher resolution of markers and

taking our results into account may be a promising

research avenue.

Magadi tilapia as a system for studying the early
stages of ecological diversification

Our data provide evidence that the ancestral Magadi

tilapia population split simultaneously into three popula-

tions only about 1100 generations ago. Following the

split, the LM population has evolved a distinct upturned

mouth, which we suggest might be an adaptation to feed

on prey items on the water surface. Fish in FSL and ROM

seem to be more generalist feeders, probably exploiting a

wider range of food items. Eco-morphological differences

exist and are consistent with knowledge about their ecol-

ogy, but are more subtle. Gene flow between the lagoons

is happening and maintains the genetic similarity of the

populations of FSL and the ROM, whereas only 1 km of

land are sufficient to block almost all gene flow with LM.

The Magadi tilapia provide a remarkable example of

how fast trophic diversity (especially in mouth shapes) in

cichlids can evolve to exploit different ecological niches

in probably <1100 generations—and lead in <1000 years

to three genetically and morphologically distinguishable

cichlid lineages that might be considered an example of

incipient speciation.
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