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Abstract

We estimated the effective population sizes (Ne) and tested for short-term temporal

demographic stability of populations of two Lake Malawi cichlids: Maylandia benetos,
a micro-endemic, and Maylandia zebra, a widespread species found across the lake.

We sampled a total of 351 individuals, genotyped them at 13 microsatellite loci and

sequenced their mitochondrial D-loop to estimate genetic diversity, population struc-

ture, demographic history and effective population sizes. At the microsatellite loci,

genetic diversity was high in all populations. Yet, genetic diversity was relatively low

for the sequence data. Microsatellites yielded mean Ne estimates of 481 individuals

(�99 SD) for M. benetos and between 597 (�106.3 SD) and 1524 (�483.9 SD) individu-

als for local populations of M. zebra. The microsatellite data indicated no deviations

from mutation–drift equilibrium. Maylandia zebra was further found to be in migra-

tion–drift equilibrium. Temporal fluctuations in allele frequencies were limited across

the sampling period for both species. Bayesian Skyline analyses suggested a recent

expansion of M. zebra populations in line with lake-level fluctuations, whereas the

demographic history of M. benetos could only be estimated for the very recent past.

Divergence time estimates placed the origin of M. benetos within the last 100 ka after

the refilling of the lake and suggested that it split off the sympatric M. zebra popula-

tion. Overall, our data indicate that micro-endemics and populations in less favourable

habitats have smaller Ne, indicating that drift may play an important role driving their

divergence. Yet, despite small population sizes, high genetic variation can be main-

tained.
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Introduction

The effective population size (Ne) determines how vul-

nerable a population is to stochastic forces (Fisher 1930;

Frankham 1995; Vucetich et al. 1997; Palstra & Ruzzante

2008; Charlesworth 2009), influences the rate of evolu-

tion (Lanfear et al. 2014) and as such is one of the most

important variables in evolutionary biology, and popula-

tion and conservation genetics (Luikart et al. 2010).

Therefore, estimating Ne in natural populations is a first

step in understanding the forces leading to population

differentiation (Charlesworth 2009) and can provide

valuable information on the conservation status of a

population or species (Luikart et al. 2010). For example,

Ne can be used to estimate the viability of a population:

effective population sizes of 500–5000 are considered

necessary for species to maintain their evolutionary

potential (Lynch & Lande 1997; Franklin & Frankham

1998; Traill et al. 2007; Jamieson & Allendorf 2012; but

see Frankham et al. 2014 for additional thoughts on these

numbers). Populations with a Ne smaller than 500 indi-

viduals are more prone to the effects of genetic drift and

hence may loose genetic variation more rapidly (Lande

& Barrowclough 1987; Newman & Pilsen 1997). The rela-

tive importance of drift in the process of speciation
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remains debated, partly because of a lack of empirical

studies (e.g. Orr & Smith 1998). However, theoretical

studies have suggested that drift alone may be sufficient

to cause speciation under specific circumstances (Uyeda

et al. 2009), but may take very long if the population size

is not very small and the adaptive valley is not shallow

(Gavrilets 2003).

Therefore, estimating Ne is not only essential for mak-

ing informed species management and conservation

decisions (Waples 1990, 2002; Ellstrand & Elam 1993;

Nunney & Elam 1994), but can also help to understand

the potential contribution of drift to speciation (Orr &

Smith 1998). However, estimating Ne in natural popula-

tions is not trivial as many approaches require genetic

samples from populations taken at multiple points in

time (Pollak 1983; Waples 1989; Jorde & Ryman 1995;

William & Slatkin 1999; Wang & Whitlock 2003; Barker

2011). Such samples can be rare especially in organisms

where tissues are not specifically stored for future

genetic analysis (Wandeler et al. 2007; Nielsen & Han-

sen 2008; Habel et al. 2014). Despite these problems,

generating temporal genetic data can be rewarding and

help to answer long-posed evolutionary and conserva-

tion questions. One such question is the vulnerability of

micro-endemic species to stochastic events and the rela-

tive impact of drift in their diversification.

The East African cichlids are the most diverse extant

vertebrate radiation known. More than 2000 species,

most of which are micro-endemics, have evolved in the

three East African Great Lakes: Lakes Victoria, Tang-

anyika and Malawi (Meyer 1993; Seehausen 2000, 2006;

Takahashi et al. 2001; Kocher 2004; Salzburger & Meyer

2004; Sturmbauer et al. 2011; Danley et al. 2012). While

Lake Tanganyika’s cichlids invaded the lake and diver-

sified over the past 6–12 million years, the cichlid spe-

cies flocks in Lakes Malawi and Victoria have evolved

within the 1–2 million years (Salzburger et al. 2005).

The diversification of the cichlid fauna in the lakes has

been strongly influenced by the geographic and climatic

history of the region (Genner et al. 2010; Aguil�ee et al.

2011, 2013; Danley et al. 2012), as well as the shore and

basin morphology (e.g. Sturmbauer et al. 2001; Genner

et al. 2010). The patchy distribution of habitat types

together with the low dispersal rate of most species has

led to high levels of microendemism in the rock-dwell-

ing cichlids (e.g. Markert et al. 1999; Allender et al.

2003). Most species are found at single, often small,

habitat patches in the lake, suggesting that populations

may be small and subject to the effects of drift. There-

fore, stochastic processes may play a profound role in

the evolution of these micro-endemic species and might

pose severe threats to their persistence. Few species are

found at multiple locations throughout the lake, and

previous population genetic studies on these cosmopoli-

tan species have demonstrated that populations of these

species are connected by low levels of gene flow (Arne-

gard et al. 1999; Danley et al. 2000). Therefore, these

populations are expected to have larger effective sizes

relative to micro-endemics, unless all populations are

already at the carrying capacity of the habitat; further,

in widespread species the effects of drift may be miti-

gated by the influence of migration.

In this study, we sampled the only known population

of the micro-endemic species Maylandia benetos from

Mazinzi Reef and three populations of the widespread

species Maylandia zebra at three points in time (1996,

2010 and 2012) across 16 years. We genotyped 13 micro-

satellites and sequenced the mitochondrial D-loop to

investigate the spatiotemporal population structures,

effective population sizes and demographic histories of

the two study species. Specifically, we hypothesize that

(i) the Mazinzi Reef population of the widespread spe-

cies M. zebra is larger than that of the sympatric micro-

endemic M. benetos. We expect these differences in local

population sizes because M. zebra is expected to receive

migrants from neighbouring subpopulations, thereby

increasing its effective population size, whereas no such

migrant sources are available for M. benetos. This, of

course, only holds true if the populations are not at

their carrying capacity, in which case migration would

only help to maintain genetic diversity in the popula-

tion. (ii) Further, M. benetos is suggested to be the evo-

lutionary younger species, as Mazinzi Reef was

desiccated in historic time frames, and hence the ende-

mic population may have evolved since recent inunda-

tion of Mazinzi Reef. Maylandia zebra in turn can have

recolonized this location after refilling of the lake. (iii)

The potentially younger and smaller population of

the micro-endemic M. benetos is more strongly influ-

enced by drift than the sympatric population of the

widespread M. zebra, because drift effects cannot be

buffered by migration in the micro-endemic; further,

demographic fluctuations may be stronger in the micro-

endemic, both in historical time frames and in the short

time frame of the study.

Materials and Methods

Study species and locations

The genus Maylandia is among the most diverse genera

of rock-dwelling cichlids in the lake with 31 described

species (Ciccotto et al. 2011; Stauffer et al. 2013). Maylan-

dia zebra is one of the few species that can be found at

nearly every rocky habitat throughout the lake. In con-

trast, most Maylandia species are micro-endemics and

occur only at a single location in the lake. One of these

is Maylandia benetos which is endemic to Mazinzi Reef,
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where it co-occurs with three other Maylandia species,

one of which is M. zebra (Danley 2011; Husemann et al.

2014). Previous studies have indicated that M. zebra

may not be monophyletic (e.g. Allender et al. 2003;

Husemann et al. 2014). However, in this manuscript, we

use the currently accepted taxonomy and treat M. zebra

and M. benetos as separate species (in accordance with

premating isolation and lack of natural hybrids (e.g.

Ding et al. 2014) and treat local occurrences of the

barred phenotype as populations of M. zebra.

In 1996, 2010 and 2012, we collected M. zebra at 3

locations (Mazinzi Reef, Harbour Island and Illala Gap,

Fig. 1, Table 1). Maylandia benetos was collected at Mazi-

nzi Reef in the same years. Mazinzi Reef (14.1428S,

34.9650E) is a small submerged reef about 10 000 m2 in

size. The sandy habitat around the reef and the rela-

tively large distance to the next stretch of rocky

shoreline make it fairly isolated relative to our other

sampling locations, Illala Gap (14.0001S, 34.8483E) and

Harbour Island (14.0689S, 34.929E). Illala Gap and Har-

bour Island are well-connected sites at the edge and in

the centre of large stretches of rocky habitat (Fig. 1,

Danley et al. 2000). At Illala Gap, we sampled close to a

narrow channel with relatively poor habitat conditions

(i.e. large boulders resulting in few caves, high turbidity

due to boat traffic and stronger currents at the narrow

point). We sampled ~30 adult individuals per popula-

tion using SCUBA and gill nets (all handled compliant

with Baylor IACUC Protocol no. 08-09). Fish were fin-

clipped in the field and released on site; fin tissue was

either dried, stored in ethanol or preserved in a DMSO

storage solution (20% DMSO, 0.25 M EDTA, saturated

with NaCl, pH = 7.5) until further processing.

Molecular analyses

Microsatellites. DNA was isolated using the Qiagen

DNeasy blood and tissue kit (Qiagen, Hilden, Germany)

following the manufacturer’s protocol for tissue samples.

A total of 13 microsatellite loci were genotyped for 351

individuals in this study (Tables 1 and 3, Appendix I).

The loci were originally developed for M. zebra and had

been tested on other Malawi rock-dwelling cichlids (Alb-

ertson et al. 2003). We chose markers to be on different

linkage groups (Albertson et al. 2003) to ensure they were

physically unlinked. Microsatellites were amplified using

standard PCR procedures and labelled using the tech-

nique described by Schuelke (2000). We used the fluores-

cent dyes VIC, 6-FAM and PET for fragment

visualization. The master mix for each reaction consisted

of 14.7 lL diH2O, 2.0 lL 109 buffer (Thermo Scientific),

1.6 lL dNTPs (Thermo Scientific, 0.2 lM each), 0.1 lL for-

ward primer + M-13, 0.4 lL reverse primer (0.5 lM, Inte-
grated DNA Technologies, Appendix I), 0.2 lL Taq

(1.2 U, DyNAzyme, Thermo Scientific) and 1 lL of tem-

plate. The following amplification conditions were used:

initial denaturation for 5 min at 94 °C, followed by 30

cycles of 30 s at 94 °C, 45 s at 56–61 °C (depending on

locus, Appendix I) and 45 s at 72 °C, followed by 8 cycles

of 30 s at 94 °C, 45 s at 53 °C and 45 s at 72 °C for M-13

binding, finishing with 10 min elongation at 72 °C. PCR
products were visualized on 1% agarose gels stained

with gel red (Biotium, Inc. Hayward, CA). Three markers

(each 1 lL) with different labels were subsequently

pooled and denatured with 7 lL Hi-Di Formamide

(Applied Biosystems). Fragment analysis was performed

at the Sequencing Facility at Yale University using LIZ-

500 as size standard. Genotypes were determined from

chromatograms manually using the microsatellite plug-

in in GENEIOUS. MICRO-CHECKER (Van Oosterhout et al. 2004)

was used to test our data for genotyping errors due to

stutter bands and null alleles. CREATE v.1.37 (Coombs et al.

Illala Gap

Harbour Island

Mazinzi 
Reef

Fig. 1 Sampling map displaying Lake Malawi and showing the

locations in the southern part of the lake where populations of

the widespread Maylandia zebra and the micro-endemic Maylan-

dia benetos were sampled in 1996, 2010 and 2012.
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2008) was used to generate input files for downstream

analyses.

Standard population genetic analyses were performed

in ARLEQUIN v.3.5.1.2 (Excoffier & Lischer 2010), GENEPOP

on the WEB v.4.2 (Raymond & Rousset 1995) and FSTAT

v.2.9.32 (Goudet 1995). We estimated the number of

alleles across all loci per population, the mean number

of alleles per locus, the observed heterozygosity (HO),

the expected heterozygosity (HE) and allelic richness

(AR). We tested for deviations from Hardy–Weinberg

equilibrium (HWE) and linkage disequilibrium (LD)

and applied a Bonferroni correction to account for mul-

tiple simultaneous tests. Multiple hierarchical analyses

of molecular variance (AMOVA, Excoffier et al. 1992) were

performed to partition the molecular variance. We used

three separate set-ups: (i) we used species as groups

and locations as populations within groups (temporal

samples were pooled) and further analysed within pop-

ulation diversity. The other two AMOVA were performed

to partition the variance (ii) between M. zebra subpopu-

lations, temporal samples of subpopulations and within

these temporal samples and (iii) between temporal sam-

ples of M. benetos and within them. The genetic diver-

gence among species, local populations and temporal

samples was calculated as FST with ARLEQUIN.

Effective population size. To test for differences in

population size between the micro-endemic and the

widespread species (hypothesis 1), we estimated last

generation Ne for our study populations from microsatel-

lite data using five different approaches. Of the five, one

method uses single time points; the approach provides

estimates based on gametic disequilibrium between

alleles from different neutral loci (Waples & Do 2008);

we used the current version of the LD method adjusting

for missing data which is implemented as the LD option

in NEESTIMATOR v.2.1 (Do et al. 2013). A minimum allele

frequency of 0.02 was employed, and 95% confidence

intervals were generated using jackknifing. The other

four methods use multiple temporal cohorts, but are

based on different principles (for all temporal methods,

we employed a generation time of 1 year): TM3 uses

Bayesian statistics and assumes closed populations

(migration is very low between our sampled popula-

tions) sampled at two time points close enough together

in time (we used the 1996 and 2012 samples) so that

mutation has a negligible effect on the observed gene fre-

quencies. MLNE (Wang & Whitlock 2003) uses a maxi-

mum-likelihood approach to estimate drift between

temporally spaced populations. TEMPOFS estimates genetic

drift between temporally spaced samples using the Fs
measure of allele frequency change (Jorde & Ryman

2007). Lastly, we employed the temporal method using

moment-based F-statistics implemented in NEESTIMATOR

(Pollak 1983). As all approaches have their advantages

and disadvantages (Schwartz et al. 1998), we calculated

the harmonic means of all point estimates as our final

estimate for Ne for each population (Waples 2005; John-

stone et al. 2012) with R version 3.1.2 (R Development

Team). Standard deviations were derived from the for-

Table 1 Sampling list providing the sample numbers for each year and each population including the number of individuals sam-

pled for microsatellites, D-loop sequences and the respective GenBank Accession nos

Species Location Sampling year

Number of

individuals sampled

for microsatellites

Number of individuals

sampled for

D-loop sequences GenBank Accession nos.

Maylandia zebra Harbour Island 1996 31 29 KC960349–KC960377
2010 30 25 KC960277–KC960301
2012 29 27 KC960250–KC960276
All 90 81

Illala Gap 1996 30 29 KC960320–KC960348
2010 30 18 KC960302–KC960319
2012 30 26 KC960172–KC960197
All 90 73

Mazinzi Reef 1996 29 28 KC960407–KC960434
2010 30 25 KC208879–KC208904
2012 26 25 KC960225–KC960249
All 85 78

All 265 232

Maylandia benetos Mazinzi Reef 1996 30 29 KC960378–KC960406
2010 29 29 KC208850–KC208878
2012 27 27 KC960198–KC960224
All 86 85

All 351 317
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mula: SD = sqrt((mean(1/x))^(�4)*var(1/x)/length(x)),
where x refers to the array of the five point estimates of

Ne for a population. We further tested for pairwise

differences between the populations using Welch’s

two-sample t-test.

Equilibrium testing. To test whether populations are in

mutation–drift equilibrium, we used microsatellite data

from the most recent temporal samples (2012) and the

software BOTTLENECK v.1.2.02 (Cornuet & Luikart 1996;

Piry et al. 1999). As the mutation model is generally not

well understood in microsatellites, we tested our data

under both the stepwise mutation model (SMM) and

the two-phase model (TPM)). The SMM is the simplest

model and assumes mutations happen in single repeat

steps (Ohta & Kimura 1973). The TPM was developed

more recently, allows both single and multistep muta-

tions and assigns different probabilities to each type of

mutation (DiRienzo et al. 1994). As this model imple-

ments stepwise mutations in addition to multistep

mutations, it may conform to microsatellite data more

appropriately than the other models (Neff et al. 1999).

When employing TPM, standard settings with a proba-

bility of 70 and a variance of 30 (104 replications) were

used. Wilcoxon’s signed-ranks statistics as implemented

in BOTTLENECK were used to test whether observed het-

erozygosity exceeded the expectation under mutation–
drift equilibrium.

To test for migration–drift equilibrium, the program

2MOD v.0.2 was used (Beaumont 2000) with our micro-

satellite data. The program estimates the relative likeli-

hoods of a ‘drift alone’ model vs. a ‘drift–migration’

model to identify populations subjected to genetic drift

and migration as opposed to those only affected by

drift. We performed two separate runs each with

100 000 iterations. The first run included the three pop-

ulations of M. zebra, whereas the second run was per-

formed for M. benetos. The first 10% of iterations were

discarded as burn-in.

Mitochondrial DNA. We further amplified a 695-bp frag-

ment of the mitochondrial D-loop for 317 specimens

(Tables 1 and 2) using the forward primer HapThr-2: 50

CCTACTCCCAAAGCTAGGATC 30 and the reverse pri-

mer Fish12s: 50 TGCGGAGACTTGCATGTGTAAG 30

(Joyce et al. 2005). PCR was performed using the follow-

ing set-up: 12.2 lL of diH2O, 2 lL of 109 PCR buffer

(reaction concentration 19), 1.6 lL of dNTP mixture

(0.2 lM each, Thermo Scientific, Waltham, Massachu-

setts, USA), 0.2 lL of DyNAzymeTM DNA Polymerase

(1.2 U, Thermo Scientific), 1 lL of each primer (0.5 lM,
Integrated DNA Technologies, Coralville, Iowa, USA)

and 2 lL of DNA template (either pure extract, 1:10,

1:50 dilution) for a total volume of 20 lL. Amplification

conditions were as follows: initial denaturation at 94 °C
for 3 min, followed by 30 cycles of 94 °C for 1 min

denaturation, 58 °C for 1 min annealing and 72 °C for

2 min elongation, with a final elongation step at 72 °C
for 10 min. A total of 10 lL PCR product was purified

using 4 lL ExoSAP-IT enzyme mix (Affymetrix, Santa

Clara, California, USA). The purified products were

sequenced at the Sequencing Facility at Yale University.

All sequences were deposited in GenBank (Accession

nos. are given in Table 1).

We aligned our sequences using GENEIOUS v.6.0.3

(Drummond et al. 2011); base calls were checked by

Table 2 Sequence summary statistics for the D-loop (sequence length 695 bp, gaps considered as 5th site); #s – number of sequences,

#h – number of haplotypes, ss – segregating sites, hd – haplotype diversity, K – average number of nucleotide differences, p – nucle-

otide diversity

Species Location Sampling year #s #h ss hd K p

Maylandia zebra Harbour Island 1996 29 9 13 0.840 4.101 0.0059

2010 25 8 10 0.667 4.127 0.0060

2012 27 6 8 0.772 3.410 0.0049

All 81 18 17 0.805 4.299 0.0055

Illala Gap 1996 29 4 5 0.254 1.335 0.0019

2010 18 5 7 0.575 1.497 0.0022

2012 26 4 3 0.452 0.495 0.0007

All 73 10 10 0.688 1.284 0.0019

Mazinzi Reef 1996 28 5 6 0.683 1.902 0.0027

2010 25 4 4 0.637 1.653 0.0024

2012 25 5 5 0.470 0.907 0.0013

All 78 9 10 0.624 1.920 0.0023

Maylandia benetos Mazinzi Reef 1996 29 3 2 0.246 0.305 0.0005

2010 29 3 3 0.069 0.207 0.0003

2012 27 3 2 0.330 0.348 0.0005

All 85 6 6 0.279 0.341 0.0005
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eye. General statistics of sequence variation were calcu-

lated with DNASP v.5.10 (Librado & Rozas 2009). Esti-

mates of genetic differentiation among species,

populations and temporal samples were calculated as

ΦST with ARLEQUIN v. 3.5.1.2 (Excoffier & Lischer 2010)

and were tested for significance using 1000 permuta-

tions. AMOVA were performed with similar set-ups as for

the microsatellites.

We obtained basic estimates of divergence times

using a coalescent model and a relaxed exponential

clock as implemented in BEAST. This analysis was per-

formed to test the hypotheses of a younger age of the

micro-endemic M. benetos due to the relatively recent

desiccation of the reef (hypothesis 2). For this, we

grouped the sequences by populations, yet did not con-

strain species to be monophyletic (see Allender et al.

2003 and Husemann et al. 2014 for evidence of para-

phyly of M. zebra). We added a sequence from Labeotro-

pheus trewawase as out-group (AY911790). The HKY + I

substitution model was determined as most suitable for

the data with JMODELTEST v.2.1.1 (Posada 2008). We used

a published substitution rate of 0.0324 changes per site

per million years (SE 0.0139) for the D-loop in cichlids

which has been independently estimated by Genner

et al. (2010) and Koblm€uller et al. (2011). The simplest

coalescent model (constant size) was used. The best

clock model was estimated by running all four avail-

able clock models and using TRACER to determine the

best model for our data set. All analyses were run for

100 million generations sampling every 10 000 genera-

tions for a total of 10 000 samples. Convergence of the

run was confirmed with TRACER by checking the effec-

tive sample size (ESS). The exponential relaxed clock

had the best likelihood scores (�1371.613, second best:

lognormal relaxed clock �1381.808) and was therefore

chosen as best clock model. The tree was summarized

with TREEANNOTATOR v.1.7.4 (implemented in the BEAST

package) and visualized with FIGTREE v.1.3.1 (Rambaut

2009).

To test for demographic stability in both species

(hypothesis 3), we estimated the demographic history

of each population independently using Bayesian Sky-

line analysis (Drummond et al. 2005). As strict clocks

are considered appropriate for intraspecific data (Hein

et al. 2005), we used the substitution rate of 0.0324

changes per site per million years (SE 0.0139) and the

HKY + I substitution model (see above). The temporal

samples for each population were pooled due to limited

genetic differentiation (see AMOVA results). Each analysis

was run for 100 million steps sampling every 10 000

steps under default settings. The output from BEAST

v.1.7.4 (Drummond et al. 2012) was subsequently analy-

sed in TRACER v.1.5 (Rambaut & Drummond 2009) from

which the data were exported into Excel and displayed.

Results

Microsatellites

We amplified 13 microsatellite loci for a total of 351

individuals. MICRO-CHECKER did not find evidence for

allele dropout or genotyping error in any sample; yet,

the program suggested the presence of null alleles for

some markers at single temporal population samples

(details in Table 3). No marker, however, consistently

showed a null allele problem across multiple popula-

tions. Global analyses of LD with GENEPOP suggested

that no significant linkage existed for any of the loci

Table 3 Summary statistics of microsatellite data giving the number of alleles, the average number of alleles per locus, the observed

and expected heterozygosity and allelic richness. The loci with the possibility of null alleles as revealed by MICRO-CHECKER are also

provided

Species Location

Sampling

year

Number of

alleles

Average

number of alleles HO HE

Allelic

richness* Possible null alleles

Maylandia

zebra

Harbour Island 1996 277 21.3 (SD 4.8) 0.936 0.937 18.212 UNH2135

2010 299 23.0 (SD 5.4) 0.863 0.936 19.355 UNH2037, UNH362,

UNH2204

2012 275 21.2 (SD 5.9) 0.924 0.934 18.318 —

Illala Gap 1996 282 21.7 (SD 4.8) 0.909 0.938 18.468 UNH2135, UNH362

2010 250 19.2 (SD 3.4) 0.897 0.928 16.619 UNH2155, UNH2139

2012 263 20.2 (SD 4.0) 0.898 0.931 17.518 UNH2112

Mazinzi Reef 1996 211 16.2 (SD 3.9) 0.909 0.897 14.229 —

2010 193 14.8 (SD 4.2) 0.863 0.882 13.150 —

2012 184 14.2 (SD 4.8) 0.897 0.881 12.999 UNH362

Maylandia

benetos

Mazinzi Reef 1996 206 15.8 (SD 3.9) 0.895 0.890 13.855 UNH2037, UNH2190

2010 186 14.3 (SD 3.9) 0.870 0.884 12.899 UNH2166

2012 193 14.8 (SD 4.4) 0.917 0.881 13.380 —

*Based on minimal sample size of 20 individuals.
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consistent with the choice of markers on different chro-

mosomes. HWE was confirmed for most loci across

populations and temporal samples after Bonferroni cor-

rection. The only exception was UNH2135 for Maylandia

benetos and Maylandia zebra in 1996 at Mazinzi Reef. The

deviation from HWE was caused by an excess of homo-

zygotes at UNH2135 for both species at Mazinzi Reef in

1996. Population subdivision is an unlikely reason for

this excess in these populations as they exist at a small

submerged reef, rejecting Wahlund effects as an expla-

nation. No evidence for null alleles was found by

MICRO-CHECKER for the locus, which, however, might be a

false negative.

The number of alleles across all loci found within

temporal samples of populations across species varied

between 184 (M. zebra at Mazinzi Reef, 2012) and 299

(M. zebra from Harbour Island, 2010) (Table 3). Accord-

ingly, allelic richness was highest for the Harbour

Island population varying between 18.212 and 19.355

across temporal samples. In comparison, M. zebra and

M. benetos from Mazinzi had the lowest allelic richness

varying among 12.899 to 14.229 (Table 3). Estimates of

observed heterozygosity ranged from 0.863 for M. zebra

from Harbour Island and Mazinzi Reef in 2010 and

0.936 for M. zebra from Harbour Island in 1996.

AMOVA detected the majority of genetic variance

within populations (94.38%, Table 4). Little variance

was found between species (2.89%) and between popu-

lations within species (2.73%). However, the power of

AMOVA was low in this case as only a single population

(i.e. the only population) of M. benetos is included.

When analysing molecular variance within species sep-

arately, in both species the majority of molecular vari-

ance was found within temporal samples of

populations (M. zebra: 96.70%, M. benetos: 98.76%) and

little variance was found between populations of

M. zebra (2.36%) or between temporal samples of either

species (M. zebra: 0.94, M. benetos: 1.24). Estimates of

genetic divergence (FST) were similarly high and signifi-

cant between species and between populations, but low

for comparisons of temporal samples within popula-

tions (Table 5).

Table 4 Results from AMOVA for mtDNA data and microsatellite data; for each data set, three different AMOVA were performed: using

the whole data set testing for among species, among populations within species and within population diversity, and for each species

separately, testing for differences among populations (Maylandia zebra only) and for variance components within and between tempo-

ral samples

Source of variation d.f. Sum of squares

Variance

component

Percentage

variance P-value

Mitochondrial

Among species (M. zebra vs., Maylandia benetos) 1 156.350 0.405 15.94 0.496

Among populations within species 2 197.348 1.266 49.76 <0.001
Within populations 313 273.091 0.872 34.30 <0.001
Total 316 626.091 2.544

M. zebra

Among populations 2 197.348 1.232 51.13 0.002

Among temporal samples within populations 6 20.756 0.093 3.85 0.004

Within temporal samples 223 45.02 1.085 45.02 <0.001
Total 231 459.991 2.409

M. benetos

Among temporal samples 2 0.549 0.004 2.62 0.078

Within temporal samples 82 12.792 0.156 97.38

Total 84 13.341 0.160

Microsatellites

Among species (M. zebra vs., M. benetos) 1 61.575 0.135 2.89 0.26

Among populations within species 2 53.911 0.128 2.73 <0.001
Within populations 698 3076.367 4.408 94.38 <0.001
Total 701 3191.853 4.670

M. zebra

Among populations 2 57.099 0.119 2.36 0.004

Among temporal samples within populations 6 45.686 0.470 0.94 <0.001
Within temporal samples 521 2527.593 4.851 96.70 <0.001
Total 529 2630.377 5.017

M. benetos

Among temporal samples 2 13.318 0.049 1.24 <0.001
Within temporal samples 169 655.403 3.878 98.76

Total 171 668.721 3.927
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Effective population size

The estimates of Ne varied between populations and

methods (Table 6), but were in general agreement with

the findings of the Skyline analysis (see below, Fig. 2).

Maylandia zebra from Harbour Island consistently had

the largest estimates of effective population size

(Table 6, except MLNE). In contrast, the micro-endemic

M. benetos from Mazinzi Reef had the smallest effective

population size for most methods (except TM3). The esti-

mates for M. zebra from the Illala Gap were also rela-

tively small and only slightly exceeded the population

size estimates for M. benetos. The M. zebra population

from Mazinzi Reef had relatively large population size

estimates, which were intermediate between those of

the Harbour Island and Illala Gap populations. The har-

monic means across all temporal methods were highest

for M. zebra from Harbour Island (Ne = 1524, � 483.9

SD), followed by the Mazinzi Reef population of the

same species (1103 � 140), and the population from Ill-

ala Gap (597 � 106.3). The micro-endemic M. benetos

from Mazinzi Reef had the smallest mean Ne estimate

(481 � 99). The pairwise t-tests revealed a significant

difference in the effective population sizes of the

M. zebra population from Mazinzi and the M. zebra

population from the Illala Gap (P = 0.03). Further, Ne

from M. zebra from Mazinzi significantly differed from

the sympatric population of M. benetos (P = 0.02). All

other comparisons yielded nonsignificant results

(P > 0.05).

Equilibrium testing

Our two-tailed Wilcoxon tests for mutation–drift
equilibrium revealed significant deviations from

mutation–drift equilibrium for M. zebra from Mazinzi

under the SMM (P < 0.001), but not under the TPM

(P = 1.000). The Illala Gap population tests were not sig-

nificant for either model (TPM P = 0.340, SMM

P = 0.455). The Harbour Island population tests were

significant under the SMM (P = 0.048), but not TPM

(P = 0.068). Tests of mutation–drift equilibrium for

M. benetos suggested deviations from the equilibrium

only for the SMM (P = 0.002), but not for the TPM

(P = 0.542). As expected for populations that did not

experience a bottleneck, all populations showed

L-shaped allele frequencies. The test for migration–drift
equilibrium with 2MOD indicated that the M. zebra popu-

lations are in migration–drift equilibrium (100% sup-

port), whereas the signal was less clear for M. benetos,

but suggested that drift explained the data better than

the equilibrium model (57.7%).

Mitochondrial DNA

A total of 695 bp were sequenced for 317 individuals

(18–29 per population and time point, Table 2). From

these 317 individuals, 30 haplotypes were recovered

with 25 segregating sites. The haplotype diversity for

the whole data set was 0.82. The largest number of

haplotypes found in any population and temporal

cohort was 9 for M. zebra from Harbour Island sampled

in 1996. Maylandia zebra at Harbour Island was gener-

ally the most diverse population and had the highest

number of haplotypes in every sampling year (6–9 hapl-

otypes) and a total of 14 different haplotypes across

years. Maylandia benetos from Mazinzi had a lower

diversity than any M. zebra population with three hapl-

otypes found in each sampling year and a total number

of five haplotypes across all years. The populations of

Table 5 ΦST from D-loop (below diagonal) and FST from microsatellites (above diagonal) (Mb – Maylandia benetos from Mazinzi Reef,

MR – Maylandia zebra from Mazinzi Reef, HI – M. zebra from Harbour Island, IG – M. zebra from Illala Gap, 12 – sampling date 2012,

10 – sampling date 2010, 96 – sampling date 1996). Light grey shading indicates differentiation between temporal samples within

populations; dark grey shading indicates differentiation between species. Bold values indicate significance at a = 0.05

Mb12 Mb10 Mb96 MR12 MR10 MR96 HI12 HI10 HI96 IG12 IG10 IG96

Mb12 0 0.002 0.003 0.086 0.089 0.078 0.050 0.048 0.057 0.062 0.049 0.050

Mb10 0.025 0 0.002 0.085 0.086 0.077 0.049 0.048 0.056 0.060 0.051 0.052

Mb96 0.009 0.040 0 0.079 0.077 0.070 0.047 0.042 0.052 0.056 0.044 0.045

MR12 0.764 0.785 0.780 0 0.009 0.000 0.041 0.042 0.041 0.053 0.052 0.041

MR10 0.538 0.561 0.558 0.087 0 0.006 0.039 0.042 0.040 0.054 0.057 0.043

MR96 0.414 0.433 0.433 0.177 �0.015 0 0.033 0.036 0.035 0.048 0.050 0.037

HI12 0.556 0.576 0.567 0.427 0.344 0.348 0 0.006 0.003 0.016 0.026 0.010

HI10 0.552 0.576 0.560 0.487 0.406 0.397 0.110 0 0.005 0.011 0.021 0.007

HI96 0.541 0.560 0.552 0.399 0.324 0.333 �0.024 0.107 0 0.014 0.024 0.009

IG12 0.909 0.923 0.916 0.825 0.768 0.754 0.572 0.335 0.539 0 0.024 0.011

IG10 0.844 0.864 0.854 0.770 0.698 0.679 0.489 0.208 0.465 0.254 0 0.017

IG96 0.827 0.845 0.835 0.751 0.686 0.669 0.488 0.194 0.461 0.130 0.061 0
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M. zebra from Mazinzi Reef and the Illala Gap were

intermediate with 4–5 haplotypes in each year and a

total of 9 and 10 haplotypes across years, respectively.

AMOVA across species showed that most of the varia-

tion is found among populations within species

(49.76%, Table 4). Most of the remaining variance was

found within populations (34.30%), whereas the differ-

entiation between species was rather low and not signif-

icant (15.94%, P = 0.496). However, the power of AMOVA

was low for the same reasons as for the microsatellites.

When performing AMOVA within species, 51.13% of the

variation was attributed to differences between popula-

tions. The amount of variation explaining temporal dif-

ferences was low in both species (M. zebra: 3.85%,

M. benetos: 2.62), whereas the remaining variance was

attributed to variation within temporal samples

(M. zebra: 45.02%, M. benetos: 97.38%). ΦST estimates

suggested a strong population differentiation similar to

levels of divergence between the species. ΦST estimates

between temporal samples within populations were low

and mostly nonsignificant (Table 5).

The molecular clock analyses (Fig. 2) suggested a

divergence between Maylandia and Labeotropeus (out-

group) at ~380 ka. The divergence between the M. zebra

population from the Illala Gap and all other locations

was dated at about 200 ka. The M. zebra population

from Harbour Island branched off at around 150 ka.

Maylandia benetos and M. zebra from Mazinzi Reef had a

sister group relationship with their divergence time

being estimated at ~100 ka, corresponding well with the

refilling of the lake after the major low stand at around

120 ka (Fig. 2).

The Bayesian Skyline analyses suggested subtle dif-

ferences in the demographic histories of the populations

(Fig. 2). The M. zebra population from Harbour Island

started to expand about 6 kya and has the largest size.

Similarly, the M. zebra population from Mazinzi Reef

expanded during that time, yet is slightly smaller. The

expansion of the Illala Gap population started more

recently (4 kya); the population of M. benetos from Maz-

inzi Reef could not be traced back far in time, but is the

smallest and appears to be slightly expanding. The rela-

tive sizes of the populations are similar to the Ne esti-

mation from microsatellite data (see below) with

M. zebra from Harbour Island having the largest and

M. benetos from Mazinzi Reef having the smallest popu-

lation size.

Discussion

In this study, we examined the spatial and temporal

genetic diversity of two East African cichlids with

different geographic ranges (widespread vs. micro-

endemic) to examine a number of hypotheses related to

these species’ current and historical demography. We

used microsatellite data from temporally sampled pop-

ulations and found that mean estimates of Ne ranged

between 597 and 1524 individuals for local populations

of the widespread Maylandia zebra and 481 individuals

for the micro-endemic Maylandia benetos (Table 6). The

comparison of harmonic means yielded significant dif-

ferences between the sympatric populations of M. zebra

and M. benetos at Mazinzi Reef supporting our first

hypothesis that the micro-endemic has a smaller effec-

tive population size. The differences in size of local

populations estimated from microsatellite data were

also reflected in the mitochondrial data (Fig. 2). The

splitting of M. zebra populations was dated between 200
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Fig. 2 Chronogram estimating divergence

times between the studied populations.

Divergence times are given in ka. The

grey thick bars indicate 95% HPD inter-

vals. For each population and species,

the demographic history derived from

Bayesian Skyline analyses is displayed

for the last 50 ka. The y-axis represents a

product of female effective population

size (Ne) and generation time (s, in mil-

lions of years); the axis was scaled to a

relative size of seven for all plots for

comparability; the means (solid dark

line) and the upper and lower 95% CI

(grey dashed lines) are displayed for all

populations. At the bottom of the graph,

the lake level according to Scholz et al.

(2007) is depicted until 150 ka before

present.
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and 150 ka during times of major lake-level fluctua-

tions. The split between the Mazinzi Reef M. zebra and

M. benetos occurred most recently and was dated at

100 ka, supporting our second hypothesis: M. benetos is

the younger of the two species. The demographic histo-

ries of all M. zebra populations are characterized by

recent expansions since the last low lake-level stands (c.

8 kya) and have been found to be in migration–drift
equilibrium. The M. benetos population could not be

traced back far in time, yet seems to have slightly

expanded. However, no bottleneck or strong demo-

graphic fluctuations could be detected for either species,

neither on historical, nor at ecological timescales. There-

fore, we did not find support for our third hypothesis

of stronger demographic fluctuations in the micro-ende-

mic; yet, 2mod analyses suggested that drift may influ-

ence M. benetos more strongly than M. zebra. Diversity

estimates, AMOVA, FST and ΦST estimates (Tables 4 and

5) all revealed little temporal genetic changes over the

studied 16 years, suggesting that the studied time frame

is too short for strong fluctuations in allele frequencies,

even in relatively small populations. In the following,

we discuss these findings in detail and suggest implica-

tions for cichlid evolution and conservation.

Local population sizes of the widespread M. zebra and
the micro-endemic M. benetos

Many studies have investigated the population struc-

ture and demographic histories of Lake Malawi cichlids

(e.g. Markert et al. 1999; Danley et al. 2000; Smith &

Kornfield 2002; Won et al. 2005; Genner et al. 2010).

However, very little is known about the sizes of local

populations with only a single study explicitly estimat-

ing Ne: Won et al. (2005) calculated effective and ances-

tral population sizes from composite genetic loci in

species of the genus Tropheops; estimates ranged from

1500 to 47 800 (Won et al. 2005). We hypothesized that

local effective population sizes of micro-endemics are

smaller than those of more widespread species (hypoth-

esis 1). Our estimates of Ne for the widespread Maylan-

dia zebra ranged from 597 (�106.3) for the Illala Gap

population to 1524 (�483.9) for the Harbour Island pop-

ulation. The Ne of the micro-endemic M. benetos from

Mazinzi Reef was significantly smaller with only 481

individuals (�99 SD). The differences in the Ne of the

Mazinzi Reef populations are also reflected in the cen-

sus sizes of these populations estimated from transect

data (M. benetos – 5340 individuals, M. zebra – 8800

individuals, P. D. Danley, unpublished data), translat-

ing to Ne/Nc ratios of 0.09 and 0.13 for M. benetos and

M. zebra, respectively. The ratios fall well within the

range of estimates for vertebrate taxa (Frankham 1995;

Palstra & Ruzzante 2008). The differences in local popu-

lation sizes are similarly reflected in the mitochondrial

data, which showed the same relative contemporary

population sizes (Fig. 2). The observed differences in Ne

between the micro-endemic and the widespread species

may have several nonexclusive reasons: (i) inward

migration from other close populations can replenish

the population of M. zebra at Mazinzi Reef; yet, no such

source populations are available for M. benetos (e.g.

Danley 2011). This of course plays only a role, if the

populations are not at the carrying capacity of the

Table 6 Effective population sizes based on microsatellite data for all studied populations estimated using different approaches. For

single time point methods, the most recent year (2012) was used, given are Ne with 95% CI. For the LD method, a minimum allele

frequency of 0.02 was used. The pairwise t-tests showed significant differences in the mean Ne of the Maylandia zebra populations

from Mazinzi Reef and the Illala Gap (P = 0.03), and for M. zebra and Maylandia benetos from Mazinzi Reef (P = 0.02). All other com-

parisons were nonsignificant (P > 0.05)

Population

Ne

(LD, NEESTIMATOR)

Ne (Moments

based, NEESTIMATOR) Ne (TM3) Ne (TEMPOFS) Ne (MLNE)

Average of all

temporal methods

Sampling Single time point,

most recent

Multiple time points Multiple time

points

Multiple time

points

Multiple

time points

Method Linkage

disequilibrium

Moments based Bayesian approach Genetic drift

among

samples

Maximum

likelihood

Harmonic

means (�SD)

Illala

M. zebra

834 (244–∞) 631.4 (386.3–1276.7) 795.3 (372.0–1255.7) 353 (196–1617) 665.0

(462.3–1087.3)
597 (�106.3)

Harbour

M. zebra

6371 (305–∞) 1966.2 (749.8–∞) 2966.8 (0–100 000) 981 (442–∞) 793.8

(524.3–1452.9)
1524 (�483.9)

Mazinzi

M. zebra

801 (161–∞) 1093.2 (481.6–34319.8) 1794.0 (0–31787.9) 965 (346–∞) 1268.3

(661.7–6511.2)
1103 (�140)

Mazinzi

M. benetos

392 (137–∞) 554 (324–1217.8) 996.7 (420–1936.7) 289 (111–∞) 638.9

(422.7–1147.1)
481 (�99)
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habitat. However, in cases of sudden population

declines (e.g. due to fishing), migration may play an

important balancing role. (ii) The territory size differs

between the two species, with M. benetos requiring lar-

ger territories, leading to smaller local populations

(Genner et al. 1999; Maruyama et al. 2010). This seems

unlikely as previous studies have suggested that

M. zebra actually has larger territories (Danley 2011).

(iii) The Ne may be lower in M. benetos as mate choice

is stronger and fewer individuals reproduce (Danley

2011). While this may be a possible explanation, it

seems unlikely, as the census size for M. benetos is also

lower and the Ne/Nc ratios of both populations are

rather similar. Finally, (iv) the fishing pressure for

aquarium trade may be higher for the micro-endemic,

as there is only a single source population, whereas

M. zebra can be harvested at many locations in the lake.

While we cannot convincingly decide which of the pos-

sible explanations for different Ne applies, it seems

likely that a combination of stronger fishing pressure

for pet trade and lack of other populations as source for

inward migration results in lower Ne and Nc for M. be-

netos. These factors probably also apply to other micro-

endemics and raise concerns about their conservation

status.

The population sizes, especially that of M. benetos, are

relatively small and are at the lower bound of what is

considered necessary to maintain the evolutionary

potential of populations (Lynch & Lande 1997; Franklin

& Frankham 1998; Traill et al. 2007). However, as espe-

cially for micro-endemics, small effective population

sizes represent the natural situation, it may not represent

a problem (Habel & Schmitt 2012), unless populations

experience unnatural disturbances. This is reflected in

the relatively high genetic diversity found in the micro-

endemic. Yet, in the presence of strong anthropogenic

pressure, that is overharvesting for food or aquarium

trade, pollution and increasing boating, small population

sizes may become a problem in the future. Hence, con-

servation plans may be needed. One of the few specific

conservation actions suggested for cichlids is the creation

of microscale protected areas (Sturmbauer 2008). Our

study supports this idea and suggests that specifically

micro-endemics require special attention.

In addition to the differences in effective population

size between the widespread and the micro-endemic

species, we observed differences in local population

sizes of M. zebra. The population from the Illala Gap is

about half the size of the Mazinzi Reef or Harbour

Island populations (Table 6). This might be the result of

an edge effect, as this population is located at the end of

a longer stretch of continuous suitable habitat. It is well

established that populations at the edge of a distribution

often have smaller population sizes and suffer from

reduced genetic diversity as a result of the loss of alleles

from the centre of the distribution (Eckert et al. 2008;

Ray et al. 2015). Alternatively, the habitat at Illala Gap

might be suboptimal for the species and therefore has a

lower capacity. At this location, large boulders and slabs

of bedrock are prominent and disturbance due to boat

traffic and stronger currents are common, whereas at

locations with higher Ne estimates (Harbour Island,

Mazinzi Reef), the preferred cobble-rich habitat domi-

nates (P. D. Danley, unpublished data) and disturbance

may be rarer. Probably, both factors play a role for the

smaller size of the Illala Gap population.

It, however, is important to note that the ranges of

point estimates of Ne are relatively large and overlap

between all populations. The lack of precision is par-

tially a problem of low sample size. However, in order

to generate sample sizes large enough to significantly

reduce confidence intervals, very high numbers of sam-

ples, on the order of several hundreds to thousands, are

necessary (Palstra et al. 2009), which are difficult to

assemble in a study system like ours. Another problem

potentially biasing Ne estimates is migration. While this

generally can be excluded as a factor for M. benetos,

migration may play a role for the local Ne estimates of

M. zebra. The temporal estimates may be slightly down-

ward-biased in M. zebra due to the potential of migra-

tion from other locations (Ryman et al. 2014), whereas

the LD estimates should be relatively stable even in the

face of low rates of migration (Waples & England 2011).

The calculation of harmonic means of several estimates

should help to overcome the biases of single methods

and provide the best possible estimates of Ne (e.g. Wa-

ples 2005; Barker 2011).

Demographic histories reflect lake-level fluctuations

Lake-level fluctuations are often thought to have

strongly influenced the evolution of the East African

cichlid radiations (Owen et al. 1990; Sturmbauer et al.

2001; Genner et al. 2010). We dated the divergence of

the different study populations using a molecular clock

approach which revealed divergence times between 100

and 200 ka (Fig. 2), a time of major fluctuations in the

level of Lake Malawi (Scholz et al. 2007). The diver-

gence of M. benetos from the M. zebra population from

Mazinzi Reef was dated at 100 ka and therefore coin-

cides with the refilling after a major low stand about

120 ka; the analysis further suggests a younger age of

the micro-endemic in comparison with the widespread

species supporting our second hypothesis. Bayesian

Skyline analyses indicated expansions of all populations

of M. zebra within the last 10 000 years (Fig. 2), suggest-

ing demographic expansions after the refilling of the

lake subsequent to a more recent desiccation event
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about 8 ka, which emptied the southern arms of the

lake, including all study locations (Cohen et al. 2007;

Lyons et al. 2011; Scholz et al. 2011). However, no popu-

lation bottlenecks were detected for any population

based on the analysis of microsatellite data, and the

M. zebra populations are found to be in equilibrium,

suggesting that they are currently stable, despite their

relatively small sizes. The M. benetos population could

not be traced far back in time with the Skyline analysis;

yet, it appears that the population also has slightly

expanded in the last few hundred years (Fig. 2). How-

ever, we cannot find any clear differences in demo-

graphic stability of M. benetos and M. zebra. Yet, our

analyses showed that M. benetos is not in migration–
drift equilibrium, suggesting that it is more strongly

affected by drift compared to M. zebra. These results

need to be interpreted with caution as inference of

demographic histories using mitochondrial data is

known to have several problems associated with them

(Ballard & Kreitman 1995; Balloux 2010). For example,

the low diversity at the D-loop and the resulting low

coalescent times could have resulted from a selective

sweep leading to the fixation of few haplotypes in the

population (Ballard & Whitlock 2004). While such con-

founding effects cannot be excluded, the observed pat-

terns correspond well with paleogeographic events and

are in line with findings by other authors (e.g. Genner

et al. 2010).

Lastly, we tested for allele frequency fluctuations

within the sampling period. We observed only little

temporal signal in the data, and the populations of both

species showed temporal stability in the numbers of

alleles and in heterozygosity (t-test P > 0.05). Likewise,

measures of population genetic divergence (FST and

ΦST) between time points were small and mostly non-

significant (Table 5). AMOVA revealed that temporal sam-

ples only explained 3.85% of the variance for

mitochondrial data in M. zebra and 2.62% in M. benetos

and 0.94% for the microsatellite data in M. zebra and

1.24% in M. benetos (Table 4). This indicates that drift is

not strong enough to cause significant population fluc-

tuations over the ecological timescales sampled in this

study, even in micro-endemic species with relatively

low effective population sizes and lack of inward

migration.

Conclusion

The sympatric populations of the micro-endemic M. be-

netos and the widespread M. zebra from Mazinzi Reef

differed significantly in their effective population sizes,

possibly as a result of differences in anthropogenic fish-

ing pressure and the lack of inward migration for the

micro-endemic. Further, local populations of M. zebra

significantly differed in Ne, probably as a result of

connectivity and habitat quality. The evolution and past

demography of all populations were strongly influenced

by lake-level fluctuations. We did not detect any bottle-

necks, but the data indicated that drift may play an

important role for the micro-endemic. Yet, across the

16-year time period, allele frequency fluctuations were

negligible, suggesting that the time needed for drift to

significantly affect populations, even of micro-endemics,

exceeds the studied time frame. Our results demonstrate

that micro-endemics may be influenced by drift more

strongly than more widespread species, but can maintain

high genetic diversity, if the populations are relatively

undisturbed. Therefore, micro-endemics may require

specific conservation strategies involving the establish-

ment of microscale protected areas to protect them

against anthropogenic stochastic events that may threa-

ten their persistence.
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