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The rate at which different components of reproductive isolation accumulate with divergence time between species has only been

studied in a limited, but growing, number of species. We measured premating isolation and hybrid inviability at four different

ontogenetic stages from zygotes to adults in interspecific hybrids of 26 pairs of African cichlid species, spanning the entire East

African haplochromine radiation. We then used multiple relaxed molecular clock calibrations to translate genetic distances into

absolute ages to compare evolutionary rates of different components of reproductive isolation. We find that premating isolation

accumulates fast initially but then changes little with increasing genetic distance between species. In contrast, postmating isolation

between closely related species is negligible but then accumulates rapidly, resulting in complete hybrid inviability after 4.4/8.5/18.4

million years (my). Thus, the rate at which complete intrinsic incompatibilities arise in this system is orders of magnitude lower

than rates of speciation within individual lake radiations. Together these results suggest divergent ecological adaptations may

prevent populations from interbreeding and help maintain cichlid species diversity, which may be vulnerable to environmental

degradation. By quantifying the capacity to produce viable hybrids between allopatric, distantly related lineages our results also

provide an upper divergence time limit for the “hybrid swarm origin” model of adaptive radiation.

KEY WORDS: Adaptive radiation, cichlid fish, divergence time, genetic distance, hybrid (in)viability, relaxed molecular clock,

reproductive isolation, speciation.

Quantifying the rates at which different components of reproduc-

tive isolation accumulate through time is a fundamental goal of

evolutionary research because it provides insight into speciation

mechanisms (Otte and Endler 1989; Howard and Berlocher 1998;

Turelli et al. 2001; Coyne and Orr 2004). These components can

be classified into pre- and postmating isolation (Coyne and Orr

2004). Premating reproductive isolation results from interactions

between males and females that affect the likelihood of heterospe-

cific matings (e.g., mating preferences, courtship location, timing,

and behavior). Intrinsic postmating reproductive isolation results

principally from the negative effects of Dobzhansky–Muller ge-

netic incompatibilities on stage-variable survival rates to adult-

hood, e.g., fertilization success and hatching rates (Dobzhansky

1936; Muller 1942; Lynch 1991; Edmands 1999; Gharrett et al.

1999; Turelli and Orr 2000). Reproductive isolation can also re-

sult from extrinsic ecological or sexual selection if hybrids are

ecologically or reproductively less successful than individuals

of the parent species (Hatfield and Schluter 1999; Vamosi and

Schluter 1999; Naisbit et al. 2001; Fuller 2008; van der Sluijs

et al. 2008b). This illustrates a difficulty with the distinction into
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pre- and postmating isolation because implicitly, this categoriza-

tion only refers to mating of the parents. However, hybrids might

also fail to find mates that may be considered a premating barrier

(Noor 1997), or they are sterile that usually falls under postmating

isolation, yet both forms of isolating mechanisms are traditionally

listed under the postmating rubric.

The geographical mode of speciation is predicted to affect

the relative rate at which pre- and postmating incompatibilities

accumulate (Coyne and Orr 1989, 1997). Because reinforcement

can occur only in sympatry, premating incompatibilities are ex-

pected to accumulate faster than intrinsic postmating incompati-

bilities in a sympatric setting. At the same time some have argued

that in allopatry, the two classes of incompatibilities are expected

to accumulate at similar rates because divergent selection and

genetic drift should affect traits contributing to each form of in-

compatibility similarly (Dobzhansky 1951; Butlin 1989; Coyne

and Orr 1989, 1997; Rundle and Schluter 1998; Jiggins et al.

2001; Nosil et al. 2003; Coyne and Orr 2004; Servedio 2004;

Bridle et al. 2006). Theory also suggests that premating incom-

patibility may accumulate rapidly in allopatry when species are

characterized by sexual dimorphism and strong sexual selection

(Fisher 1930; Lande 1981; West-Eberhard 1983). For example,

Mendelson (2003) found that premating incompatibility accumu-

lated faster than hatching incompatibility among allopatric species

pairs of sexually dimorphic darter fish (Etheostoma).

Among others, Coyne and Orr (1989) were the first to apply

the approach of comparing the degree of premating or postmat-

ing incompatibility to interspecific genetic distance, which when

calibrated to absolute time using molecular clocks, yields the

well-known “speciation clock” (Parker et al. 1985a,b; Edmands

2002; Bolnick and Near 2005; Bolnick et al. 2006). Despite im-

portant progress, the full potential of the approach has remained

unrealized for two principal reasons. First, divergence times are

typically estimated from molecular clocks that lack calibration to

the fossil/geologic record and assume constant substitution rates

through time and across lineages (Coyne and Orr 1989, 1997;

Knowlton et al. 1993; Foltz 1997; Sasa et al. 1998; Presgraves

2002; Tubaro and Lijtmaer 2002; Lijtmaer et al. 2003; Mendelson

2003; Moyle et al. 2004; Malone and Fontenot 2008; for excep-

tions see Price and Bouvier 2002; Fitzpatrick 2004; Bolnick and

Near 2005). This uncertainty makes it difficult to interpret or com-

pare the wide range (1.5–29 my) of published estimates for the

waiting time to complete incompatibility (Coyne and Orr 1989;

Knowlton et al. 1993; Coyne and Orr 1997; Turelli and Begun

1997; Sasa et al. 1998; Presgraves 2002; Price and Bouvier 2002;

Lijtmaer et al. 2003; Bolnick and Near 2005). Second, most stud-

ies have quantified the relationship between estimated divergence

time and a measure of either premating isolation or postmating

incompatibility. Most of the studies that have compared the two

rates have done so for only a single measure of postmating in-

compatibility (Coyne and Orr 1989, 1997; Gleason and Ritchie

1998; Mendelson 2003; Moyle et al. 2004). We know of only

two studies in animals (Sasa et al. 1998; Malone and Fontenot

2008), and of two in plants (Scopece et al. 2007; Lowry et al.

2008), that have compared a measure of premating isolation with

measures of postmating incompatibility at multiple life stages. It

may be inappropriate to draw conclusions about the rate at which

postmating incompatibility accumulates based on fertilization or

hatching success if genetic incompatibilities are expressed during

later ontogenetic stages.

Here we address both these limitations using the adaptive

radiation of East African haplochromine cichlid fish. We used

16 different species, which—although being only a subset of the

whole East African haplochromine radiation—span the phylo-

genetic depth and age of the entire radiation. For 26 (mostly al-

lopatric) species pairs, we estimated the strength of premating iso-

lation and quantified hybrid viability from fertilization through to

adulthood for heterospecific and homospecific (parental) crosses.

We then quantify the relationship between incompatibility and

time since isolation using three different molecular clocks: one lin-

ear clock calibrated to the biogeography of Lake Malawi (Sturm-

bauer et al. 2001), and two nonlinear clocks, one calibrated to

the fossil record plus recent biogeographical events, the other to

the break up of Gondwanaland and recent biogeographical events

(Genner et al. 2007).

Studying the rate at which reproductive compatibility de-

clines in African cichlid radiations is interesting for several rea-

sons. First, cichlids are typically sexually dimorphic with male

breeding color under sexual selection through female choice

(Seehausen 1997; Knight and Turner 2004; Maan et al. 2004;

Pauers et al. 2004; Stelkens et al. 2008; van der Sluijs et al. 2008a).

For such systems, theory predicts that premating compatibility

may be lost faster than intrinsic postmating compatibility (Fisher

1930; Lande 1981; West-Eberhard 1983). Second, evidence sug-

gests that some adaptive radiations of cichlids may have been

initiated through hybridization between distantly related lineages

(Seehausen 2004). For example, the radiations of Lake Victo-

ria (Seehausen et al. 2003) and paleo-Lake Makgadikgadi (Joyce

et al. 2005) appear to be derived from multiple distantly related

lineages. Quantifying the rates at which different components of

reproductive compatibility are lost between isolated cichlid lin-

eages is important for understanding the role of hybridization in

adaptive radiation.

Methods
GENETIC DISTANCE AND DIVERGENCE TIME

ESTIMATES

Genetic distances between species pairs were calculated as un-

corrected p-distances using all available D-loop sequences in
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NCBI GenBank (http://ncbi.nlm.nih.gov/Genbank/; Table S1).

Sequences were manually aligned following pairwise algorithm

alignment in ClustalW (Thompson et al. 1997). Genetic distances

were calculated in MEGA 4 (Kumar et al. 2004). For species

without sequences on GenBank, we used the sequences of closely

related species (Table S1). This is justified because all missing

and replacement species were members of clades with incom-

plete mitochondrial DNA lineage sorting (the radiation of Lake

Victoria and species within subclades of Lake Malawi Mbuna).

Sequences were available for all species pairs with complete lin-

eage sorting. When multiple sequences were available, we used

the average p-distance (Mendelson 2003; Chapman and Burke

2007). All interspecific distances were corrected for intraspe-

cific variation among haplotypes by subtracting average within-

species distances (mean of the intraspecific average distances of

both species per cross) from mean between-species distances (Nei

1987; Mendelson 2003).

Divergence times were calculated using three molecular

clocks. The first two were relaxed clocks calibrated using the ci-

chlid fossil record and the fragmentation of Gondwanaland (Gen-

ner et al. 2007). We used the power functions of Genner et al.

(fig. 5d in their paper), which show divergence in the D-loop re-

gion of mitochondria is rapid for one million years then declines

until reaching a stable baseline substitution rate at two million

years. Similar nonlinear patterns have been found in birds and

primates (Ho and Larson 2006; Ho 2007). The third clock was

internally calibrated using the age of Lake Malawi (Sturmbauer

et al. 2001).

BREEDING PROTOCOL

The specific species pairings used in this study were chosen from

the stock of different species maintained in our holding facilities

at EAWAG, Switzerland, such as to maximize the variance in

genetic relatedness. All fish used in the experiment were either

derived from large laboratory populations or collected in the wild

(Sargochromis, Pseudocrenilabrus). Hybrid families were cre-

ated between October 2005 and August 2007 in aquaria (100 ×
40 × 40 cm) stocked with 5–20 females and a single male. A

shelter of three stones served as the male territory. Fish were fed

daily with dry food and twice a week with a blend of shrimp,

peas and Spirulina powder. Light regime was 12L:12D and water

temperature was 24–26◦C. All study species are maternal mouth-

brooders. Tanks were checked daily for brooding females, which

were left in the aquarium for four days to avoid premature re-

lease of the eggs. Eggs were then collected by holding the female

vertically in the water and gently opening her mouth. Males and

females that had spawned were replaced with new individuals to

avoid pseudoreplication and to keep the number of fish per tank

constant.

MEASURING PREMATING ISOLATION

The experimental unit of observation for measuring premating

isolation was the aquarium. We used the proportion of females

that did not spawn (1 − number of spawned females/total number

of females, Table S2) to estimate the strength of premating repro-

ductive isolation, with values near “1” indicating nearly complete

premating isolation. The denominator here contains the number

of females present in the tank at the time of spawning (which

remained constant because spawned females were replaced by

unspawned females), not the total number of different individual

females that were employed over the course of the entire experi-

ment (the number of females per tank can be found in Table S2).

Hence, the number of times a replacement took place had no effect

on the calculation of premating isolation. If crosses were made in

more than one tank, we used the average across tanks. Breeding

experiments were terminated once enough hybrid families were

obtained or when it became clear that no more spawnings would

occur. Hence, trials lasted for different lengths of time (from 24

to 593 days, Table S2). To test if the duration of trials affected

our estimate of premating isolation, we regressed the isolation in-

dex on trial duration. We also regressed trial duration on genetic

distance.

We know from experience that even in homospecific crosses

rarely do all females in a tank breed, regardless how much time

they are given. Although it would have been ideal, time and space

constraints did not allow us to collect premating data for all species

used in this experiment. Thus, in absence of data from homospe-

cific control tanks, we estimated the proportion of females that

did not spawn with conspecific males from data on three different

species of Pseudocrenilabrus from Lake Mweru, Zambia/DCR

(Stelkens and Seehausen 2009), and two species of Pundamilia

from Lake Victoria (Stelkens et al. 2008; C. J. Allender and O. See-

hausen, unpubl. data). In these experiments, females were tested

for assortative mating between conspecific males and males of

closely related species. We used the same calculation as above,

but subtracted the number of females that spawned with the het-

erospecific male (1 − number of spawned females/(total number

of females − females spawning with a heterospecific male)). We

use the mean isolation index from these five crosses as a homo-

specific comparison (i.e., premating isolation at ∼zero genetic

distance) to the levels of isolation observed in our interspecific

mating trials.

The proportion of nonbreeding females was regressed on

each of the three estimates of divergence time. The homospecific

control datapoint was not included in the regression analyses but

is shown in the figures for comparison and is used to facilitate

comparisons with indices of hybrid inviability. We used step-

wise general linear models in S-PLUS 7.0 (1999) with linear and

quadratic terms, using AIC to select the best model.
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MEASURING HYBRID INVIABILITY

We measured hybrid inviability for four life-history stages: (1)

fertilization, (2) hatching, (3) survival rate at 14 days, and (4) sur-

vival at day 180, which in cichlids corresponds to early adulthood

and sexual maturity.

Fertilization failure per clutch was calculated as 1 − (number

of fertilized eggs/total number of eggs) five days after mating

(fertilized eggs are easily distinguished by color and texture). Fer-

tilized eggs were transferred to identical egg tumblers (description

available from the corresponding author). Hatching failure per

clutch was calculated as 1 − (number of hatched/number of

fertilized eggs). Mortality after 14 days was calculated as 1 −
(number of survivors on day 14/number of hatchlings). Dead

eggs and fry were removed from the tumblers daily to avoid mold

infection. On day 15, all fry were moved to aquaria (20 × 40 ×
20 cm), maintained at the same light and temperature conditions

as above. On day 30, the fish were transferred into larger aquaria

(50 × 40 × 30 cm) at a maximum density of 20 individuals per

aquarium. Fish were fed daily at a constant per-fish-rate. For each

clutch, we calculated 180-day mortality as 1 − (number of sur-

vivors on day 180/number of individuals on day 30). Finally, we

calculated the total (cumulative) hybrid inviability as 1 − (number

of survivors on day 180/total number of eggs laid). All measures

of hybrid inviability were regressed against divergence time using

the same stepwise procedure as above (except for cumulative

inviability where a logarithmic model provided the best fit).

CALCULATING INCOMPATIBILITY

To control for homospecific levels of fertilization failure and mor-

tality, we raised three clutches of each parental species using the

identical procedure and measured the same four components of

inviability. We calculated incompatibility for each of the four

measures and cumulative inviability using equation (1) (Bolnick

and Near 2005). Values of the two homospecific cross types were

averaged. Because most cross types were replicated (for sample

sizes per cross type see Table 1), we used the average of multiple

clutches for each cross type (reciprocal crosses pooled)

incompatibility = 1 − % success in heterospecific crosses

% success in homospecific crosses
. (1)

Incompatibilities approaching 1 indicate nearly complete

failure at a given life-history stage, whereas those close to zero

indicate hybrids have similar fertilization/hatching/survival rates

as homospecifics. The incompatibility data were analyzed as

above.

CONTROLLING FOR THE NONINDEPENDENCE

OF PAIRWISE RELATIONSHIPS

To estimate the phylogenetic relationship of the 16 species,

we calculated p-distances using mitochondrial D-loop sequences

(903 bp) and performed neighbor joining analysis with 1000 boot-

strap pseudoreplicates in MEGA (Kumar et al. 2004) (Fig. 1). We

then calculated independent contrasts for all test variables across

each node in the phylogeny (Felsenstein 1985). Following Coyne

and Orr (1989, 1997), we calculated means for each node by av-

eraging the values for all species pairs that span the node without

controlling for branch length variation.

Contrasts were calculated for (1) the strength of premating

isolation and the different measures of hybrid inviability; (2) the

incompatibility of hybrid crosses after controlling for the incom-

patibility observed in homospecific crosses. The first analysis was

used to compare the rates at which pre- versus postmating iso-

lation accumulate. The independent contrast data were analyzed

following the same stepwise procedure as applied to the raw data.

Because sample sizes decreased quickly from raw data to contrast

data, we present the results from both datasets side by side for a

better visual comparison (Fig. 2 and Fig. A1).

Results
We obtained 26 cross types from parents of 16 haplochromine

cichlid species with divergence times ranging from several thou-

sand years to 6.6/10/22 my (from here forward divergence

time estimates are given in the following order: the internal

calibration/fossil calibration/Gondwana calibration). Table 1 re-

ports crosses with genetic distances, divergence times, and sample

sizes for the different pre- and postmating measures. We received

data on reciprocal crosses from only 11 of the 26 cross types,

because for some species pairings not enough individuals were

available to set up experiments in both sex directions.

PREMATING ISOLATION

The proportion of females that spawned did not depend on trial

duration (R2 = 0.02; F1,57 = 1.11, P = 0.3), and trial duration was

not related to the genetic distance between parents (R2 = 0.02;

F1,57 = 0.86, P = 0.29, Table S2).

The proportion of nonbreeding females increased signifi-

cantly with divergence time and was best explained by a linear

model for all three clock estimates (Fig. 2). The average pro-

portion of nonbreeding females in homospecific crosses of three

Pseudocrenilabrus and two Pundamilia species was 0.44 ± 0.15.

To obtain an intercept for the relationship between premating

isolation and divergence time, we subtracted the homospecific

value (0.44) from all heterospecific values and reran the analy-

sis (all results in Table 2A). Despite the smaller sample size, the

phylogenetically independent contrasts yielded nearly identical

results (Fig. 2). The proportion of nonbreeding females increased

significantly with node age based an all three molecular clocks.

Again, the homospecific value was subtracted from all datapoints

to obtain an estimate of the intercept (Table 2B). Based on the
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REPRODUCTIVE INCOMPATIBILITIES IN CICHLIDS

Figure 1. Neighbor-joining estimate of the phylogeny of the entire East African radiation of haplochromine cichlid fish, featuring the

16 species used in this study to make interspecific crosses. Only values >50% are shown for 1000 bootstrap pseudoreplicates. Numbers

in circles correspond to the hybrid crosses described in Table 1 and indicate the eight nodes in the phylogeny for which independent

contrasts in reproductive isolation and divergence time were calculated. Cross 19 is not in consecutive order because in Table 1 it was

assigned a slightly smaller p-distance than the other crosses spanning that node. This was due to the high intraspecific genetic distances

found in both its parental species, which was subtracted from the interspecific distance. The clades representing the endemic radiations

of Lake Malawi (∼500 spp), Lake Victoria (∼500 spp), and the entire East African radiation are indicated. Divergence times in millions

of years are shown underneath the tree. Upper values indicate node ages calculated from a linear, internally calibrated clock using only

recent biogeographical events, middle values show node age estimates from a nonlinear clock based on the fossil record plus recent

biogeographical events, lower values show node ages from a nonlinear clock based on the break up of Gondwanaland plus recent

biogeographical events. Values represent average divergence time estimates of all crosses spanning that node. The closely related sister

species P. nyererei and P. pundamilia were treated as one taxon in this phylogeny.

regression model (using contrast data) premating isolation

reached 50% after ca. 1.4/1.0/1.7 my and complete isolation

well after >4.8/10/22 my (Fig. 2). The intercepts of the re-

gressions were consistently greater than, but not significantly

different from the homospecific control value (using raw data:

t = 0.54/0.45/0.43, P = 0.59/0.66/0.67; using contrast data: t =
0.46/0.36/0.35, P = 0.64/0.72/0.73; Fig 2; Table 2 ).

HYBRID INVIABILITY

We obtained 105 clutches from 15 crosses with parental species

divergence times ranging from several thousand to 6.2/9/19.6 my.

Hybrid inviability increased significantly with divergence

time for two of the four life-history stages (Table 2A, Fig. 2).

Fertilization failure and 14-day mortality increased linearly with

divergence time, whereas hatching mortality and 180-day mor-

tality were unrelated to divergence time. Cumulative inviability

accumulated at a decelerating rate and was best explained by a

logarithmic function (Table 2A, Fig. 2K).

Again, the raw data and phylogenetic contrasts yielded nearly

identical results despite the difference in sample sizes (Table 2B,

Fig. 2). Inviability resulting from fertilization failure and 14-day

mortality was negligible for species pairs separated for up to

1.2/0.9/1.5 my, reached 50% at ca. 2.8/4.0/7.9 my, and resulted in

nearly complete isolation by 4.3/8.3/17.9 my.

Juvenile survival (14-day mortality) determined hybrid in-

viability. All fish that successfully hatched from parents with

≥ 4.4/8.5/18.4 my divergence time died within 14 days (crosses

22 and 21, Table 1). In clutches from parents with ≥2.7/3.8/7.4

my divergence time, 49% of the hatchlings survived beyond

14 days and were successfully raised to adulthood (i.e., until

180 days, cross 12). Complete fertilization failure was observed

after 4.5/9.0/19.6 my divergence (crosses 22 and 23). After

EVOLUTION MARCH 2010 6 2 3
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Figure 2. Accumulation of premating isolation and hybrid

inviabilities as a function of divergence time based on three

4.4/8.5/18.4 my, on average 48% of eggs per clutch were success-

fully fertilized, of which 68% hatched (but then died within 14

days, crosses 22 and 21).

Adjusting these data for the viability found in homospecific

crosses (which we called “postmating incompatibility” above)

did not change the results. As above, only fertilization failure

and 14-day mortality increased significantly with node age with a

linear model providing the best fit whereas hatching and 180-day

mortality were not affected (Table A1A, Fig. A1). Confirming

the results from the unadjusted data, incompatibilities (based on

14-day survival) reached 50% after ca 2.8/4.0/7.9 my and reached

complete incompatibility first after a node age of 4.4/8.5/18.4 my.

Cumulative incompatibility increased rapidly first, but then at a

decelerating rate. Analysis of the phylogenetic contrasts yielded

similar results (Table A1B, Fig. A1).

Interestingly, incompatibility generally started off very low,

in the case of 14-day and 180-day mortality even below 0%,

suggesting that hybrids between the most closely related species

(crosses within Lake Victoria) had higher survival rates than the

corresponding homospecific crosses.

COMPARING THE ACCUMULATION RATES OF

PREMATING ISOLATION AND HYBRID INVIABILITY

After subtracting the homospecific value from all interspecific

datapoints of premating isolation (using contrast data), we used

t-tests to compare the slopes and intercepts of the relationships

between premating isolation and hybrid inviability on divergence

time (computed as the difference between the slopes/intercepts,

divided by the standard error of the difference between the

slopes/intercepts). The intercept for premating isolation was

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
different molecular clocks. Upper x-axis shows divergence times

calibrated to the biogeography of Lake Malawi; middle x-axis

shows divergence times calibrated to the fossil record plus re-

cent biogeographical events; lower x-axis shows divergence times

calibrated to the break up of Gondwanaland plus recent biogeo-

graphical events. Premating isolation was calculated from data on

the proportion of nonbreeding females. Hybrid inviability was cal-

culated from data on fertilization, hatching, survival after 14 days,

and survival after 180 days. Cumulative inviability (K,L) contains

all four life-history stages. Left column: Each datapoint represents

a different hybrid cross. Right column: Each datapoint represents

one phylogenetically independent contrast in reproductive isola-

tion and in divergence time. Triangles indicate sympatric species

crosses. Asterisks indicate the mean strength of premating isola-

tion in homospecific crosses. The gray zones in (A) and (B) indicate

the 95% confidence interval around the homospecific isolation

mean. Regression lines are only shown where significant. In (K,L)

both logarithmic and linear regression lines are shown for a bet-

ter comparison with the premating data. Results of all regression

analyses can be found in Table 2.
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higher than that for fertilization failure, but the difference was

significant only for the internally calibrated clock regressions

(t = 3.17/1.67/1.37, P = 0.007/0.12/0.19, using data on phy-

logenetic contrasts). The intercept was significantly higher than

that for 14-day mortality with all three molecular clocks (t =
4.84/3.27/2.86, all P < 0.05). Hybrid inviability increased at a sig-

nificantly faster rate than premating isolation for both fertilization

failure (t = 5.93/5.35/5.14, all P < 0.001) and 14-day mortality

(t = 8.0/7.9/7.6, all P < 0.001). Fertilization failure increased

by 24/11/5% per my, 14-day mortality by 29/13/6% per million

years, and premating isolation by 9/4/2% per million years.

A nonlinear, logarithmic model provided the best fit for to-

tal inviability but prevented us from comparing the accumulation

rates and intercepts of premating isolation and cumulative invia-

bility. Hence, in addition to the logarithmic regression, we also fit

a linear model here to provide a meaningful comparison with the

premating data (Table 2, Fig. 2). The intercepts of premating iso-

lation and cumulative inviability did not significantly differ (t =
0.06/−0.08/−0.10, P = 0.96/0.93/0.92), but total hybrid inviabil-

ity increased at a significantly faster rate than premating isolation

(t-tests on slopes: t = 3.74/3.03/2.84, all P = 0.002/0.01/0.013)

with 16/7/3% per million years.

Together, these results suggest that premating isolation ac-

cumulates faster initially but then changes slowly with increasing

genetic distance between species, only reaching completion af-

ter >4.8/10/22 my. In contrast, postmating isolation is weak be-

tween closely related species, but then increases relatively rapidly

with complete hybrid inviability occurring at 4.4/8.5/18.4 million

years. This suggests that successful hybridization is ultimately

limited by hybrid inviability rather than by premating isolation.

Discussion
Reproductive compatibility between species typically decreases

with time since geographic isolation, leading to the inference

that progress toward speciation can be accurately predicted from

the length of time spent in allopatry (Coyne and Orr 1998; Orr

and Turelli 2001). Two principal caveats temper this assumption

(Edmands 2002; Bolnick and Near 2005; Bolnick et al. 2006).

First, divergence time is typically estimated by genetic distance

using molecular clocks that assume mutations accumulate con-

stantly through time and across lineages. Second, it may be

misleading to draw conclusions about the relationship between

reproductive compatibility and divergence time based on mea-

surements of hybrid inviability at a single life-history stages. We

have overcome both these problems by using multiple relaxed

molecular clocks and quantifying premating isolation and post-

mating isolation from fertilization through to adulthood.

The uncertainty about the rate at which incompatibilities ac-

cumulate is highlighted by the wide range of reported estimates

of the time to hybrid inviability. Divergence times of 1.5–3.5 my

seem sufficient to cause strong hybrid inviability in Drosophila

(Coyne and Orr 1989), anurans (Sasa et al. 1998), sea stars (Foltz

1997), sea urchins (Lessios and Cunningham 1990), and shrimps

(Knowlton et al. 1993). Viable hybrids have been observed be-

tween mammalian taxa separated by 8 my (Fitzpatrick 2004). In

centrarchid fish, the successful production of hybrids does not

seem to cease until 29 my (Bolnick and Near 2005), although this

estimate only refers to the viability of larval hybrids and survival to

adulthood is likely lost faster due to juvenile mortality. Birds seem

able to successfully hybridize up to 55 my, but fertility of these

crosses was never confirmed (Prager and Wilson 1975; Cooper

and Penny 1997; Price and Bouvier 2002). These data together

with our results based on three different molecular clocks, speak

strongly for the fact that much more work is required before we

will establish general rules for the different components of hybrid

incompatibility across taxa. Our method to estimate divergence

times, and the components of hybrid inviability we chose to mea-

sure, differ from those in other studies. Thus, the high variation in

the rate of incompatibility accumulation across taxa could be as

likely the result of the varied ways different studies measure their

variables as it could have a real underlying biological cause.

Our study reveals that, in African haplochromine cichlids,

premating isolation increases rapidly early, but thereafter at a rate

of 9/4/2% per million years divergence time. Two components

of postmating incompatibility increase linearly with divergence

time, and more than two times faster than premating isolation:

fertilization failure increases at 24/11/5%, and 14-day mortality

at 29/13/6% per million years. Total inviability increased at a rate

of 16/7/3% per million years. Similar to previous studies (Coyne

and Orr 1997; Price and Bouvier 2002; Mendelson 2003; Bolnick

and Near 2005), the weighted node-averaging procedure used

to improve phylogenetic dependence reduced sample sizes and

power but did not qualitatively affect the results.

Theoretical work predicts that in species with strong sex-

ual selection, premating isolation can emerge faster than post-

mating compatibilities in allopatry because sexual selection can

drive rapid divergence in female mate choice preferences and

male signals (Fisher 1930; Lande 1981; West-Eberhard 1983). In

agreement with this prediction, Mendelson (2003) demonstrated

that in sexually dimorphic darter fish (Etheostoma) premating

isolation between allopatric species accumulated at a faster rate

than postzygotic incompatibility. In the mostly allopatric cichlid

species pairs we used here (Table 1), the opposite pattern may

hold; despite an early jump in premating isolation, the accumula-

tion of postmating incompatibilities proceeds two to three times

faster than premating isolation. However, it is important to keep

in mind that there may be other factors contributing to postmating

incompatibility, such as hybrid sterility and ecologically depen-

dent, extrinsic isolation mechanisms that we have not quantified

6 2 6 EVOLUTION MARCH 2010
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Figure 3. (A) Morphologically normal and (B) deformed nine-day-old hybrid larvae. Scale bar is approximate. Arrow indicated the

deformity that appears to correspond to the “heartstring” syndrome described for zebrafish and recently observed in sunfish hybrids.

See discussion for references.

here, which may also impact accumulation rates. First crossing

experiments with the F1 families surviving to adulthood however

indicate that all hybrid cross types are fully fertile (C. Schmid,

R. B. Stelkens and O. Seehausen, unpubl. ms.).

Our results thus also contradict the prediction that pre- and

postmating incompatibilities accumulate at similar rates in allopa-

try because divergent selection and genetic drift affect every trait

type equally (Coyne and Orr 2004). The pattern we found may

be explained by the fact that cichlid fish have a highly conserved

courtship behavior across lineages (McElroy and Kornfield 1990).

If basic male courtship behavior affects female mate choice, its

invariance across lineages would reduce the rate at which pre-

mating isolation emerges. Comparative mate choice studies using

closely related species or populations of cichlids have shown that

genetic unrelatedness is often not linked to the strength of assor-

tative mating (Seehausen et al. 1998; Knight and Turner 2004;

Plenderleith et al. 2005; Stelkens and Seehausen 2009) support-

ing the notion that only after lineages have diverged significantly,

does genetic distance predict the degree of premating isolation in

cichlid fish. It should, however, be noted that because we mea-

sured premating isolation in no-choice experiments and under

laboratory conditions, our estimate of the speed of incompatibil-

ity accumulation due to premating barriers may not be precise.

In the wild (and in the presence of conspecific males), females

may discriminate more strongly against heterospecific males, and

hence we may have underestimated the strength of sexual isolation

between species.

Our finding that intrinsic postmating incompatibility is

stage-specific demonstrates that studies using single measures

of hybrid inviability may lead to inaccurate conclusions about

the relationship between hybrid fitness and genetic distance. The

principal mechanisms responsible for hybrid viability operate

during zygote formation and posthatching larval development.

Had we measured hybrid inviability using only fertilization

failure, however, we would have underestimated the rate at which

hybrid incompatibility accumulates. This again highlights the fact

that one should be cautious with cross-taxonomic conclusions

about which isolation mechanism is operational in a specific

group of species. For instance, in centrarchid fish, fertilization

isolation was found to be mostly absent (West and Hester 1966;

Merriner 1971) whereas fertilization failure was an important

contributor to isolation in our study.

We identified one possible isolation mechanism during the

posthatching larval stage; a developmental deformity that oc-

curred in numerous hybrid clutches (Fig. 3). It resembles the

heartstrings developmental mutation observed first in zebrafish

(Garrity et al. 2002) and more recently in centrarchid hybrids

(López-Fernández and Bolnick 2008). The heart develops nor-

mally during early embryonic stages, but suffers “looping failure”

and adopts a string-like and elongate shape during the hatchling

stage. In zebrafish, the deformation is caused by a homozygous

recessive mutation that can also lead to heart diseases in mice and

humans (Garrity et al. 2002) and López-Fernández and Bolnick

(2008) suggested this may be the first candidate in vertebrates for

a locus affected by Dobzhansky–Muller epistatic effects. Identify-

ing the genetic basis of this syndrome in cichlids and centrarchids

remains an important and outstanding challenge.

Dobzhanzky–Muller incompatibilities are assumed to form

the basis of most intrinsic hybrid inviabilities (Orr and Turelli

2001). They typically evolve as pleiotropic byproducts of genetic

drift or natural selection after populations become isolated and

are neutral or beneficial in their population of origin, but show

negative epistasis when combined in a hybrid genome (Turelli and

Orr 2000). Epistatic effects accumulate in a quadratic fashion in

the Dobzhanzky–Muller model (Orr 1995), which is why incom-

patibility is predicted to increase slowly with genetic distance at

EVOLUTION MARCH 2010 6 2 7
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first but then with accelerating speed (but note that this predic-

tion does not always hold, e.g., in spatially structured populations

[Kondrashov 2003]). There is some evidence for an accelerat-

ing increase in reproductive isolation with time in darter fish

(Mendelson 2003). Also, some curvature of the regression line

is documented in centrachid fish although this may be the result

of a lag-time arising from heterosis among closely related taxa

rather than being the effect of an increase in the number of in-

compatibilities with the square of time (Bolnick and Near 2005).

Apart from these studies, there is little evidence for this expected

“snowball effect” (Orr 1995; Johnson 2006). In fact, we add our

results to a growing body of work revealing a linear rather than

accelerating decrease in compatibility over time (Coyne and Orr

1989, 1997; Turelli and Begun 1997; Sasa et al. 1998; Presgraves

2002; Price and Bouvier 2002). The decelerating accumulation

of postmating reproductive isolation may suggests a “diminish-

ing returns” relationship between the number of incompatibilities

and the extent of reproductive isolation, such that the marginal

contribution of a factor decreases with the number of factors in-

volved in isolation. A related explanation for the apparent lack of

the snowball effect in empirical data is that the number of genes

causing postzygotic isolation and the resulting strength or inten-

sity of that isolation may not be directly related. If this was the

case, the strength of isolation may take any function of genetic

distance, not necessarily quadratic. For instance, Sasa et al. (1998)

have suggested an asymptotic relationship between the number

of incompatibility factors and indices of reproductive isolation.

Alternatively, S. Gourbière and J. Mallet (unpubl. ms.) suggest

that, along with statistical noise and nonlinearity in the speciation

clock, few genes with major and variable effects and the concur-

rence of several different overlapping “snowball” processes may

obscure the expected snowball pattern.

To our knowledge, this is the first study of reproductive

incompatibilities to convert genetic distances into absolute di-

vergence times using relaxed molecular clocks. Identifying the

divergence time limit for hybrid viability is important because

molecular genetic evidence suggests hybridization may be in-

volved in the early stages of adaptive radiation (Seehausen

et al. 2003; Seehausen 2004). These observations motivated the

“hybrid swarm origin” hypothesis (Seehausen 2004), which posits

that hybridization is common when species invade new environ-

ments and generates increased levels of heritable phenotypic vari-

ation upon which diversifying ecological selection can act. Early

hybridization thus facilitates rapid adaptive divergence whereas

ongoing hybridization helps maintain genetic variation that would

otherwise be eroded by directional selection. Our results confirm

and set an upper time limit on the feasibility of the hybrid swarm

origin hypothesis by showing that viable hybrids are produced

by distantly related species (4.4/8.5/18.4 my). This time frame

is consistent with the estimated divergence times of the putative

ancestors of the cichlid radiations of Lake Victoria (Seehausen

et al. 2003) and paleo-Lake Makgadikgadi (Joyce et al. 2005).

Intriguingly, our incompatibility data reveal that hybrids have

higher survival rates than their parental taxa after the larval stage.

Such heterosis-like effects on hybrid viability due to the over-

all increased heterozygosity in the F1 generation could further

enhance the role of hybridization in driving adaptive radiation.

However, hybrid breakdown in later generations would counter-

act any such effect (Wu and Palopoli 1994; Wiley et al. 2009).

Wiley et al. (2009) examined if the reproductive output of F1

hybrids is a good proxy for long-term fitness consequences of

hybridization between two bird species, and found that F1 hybrid

fitness greatly underestimated the extent of postzygotic isolation

after multiple generations. We are currently extending our exper-

iment to F2 generation hybrids to explore this topic (C. Schmid,

R. B. Stelkens and O. Seehausen, unpubl. ms.).

One challenge raised by the hybrid swarm hypothesis is

whether the sequence haplotypes used to date divergence time

between species are actually an appropriate tool to measure “time

since speciation.” Extensive hybridization may cause that distant

lineages possess more similar haplotypes than close relatives

(Joyce et al. 2005). Thus, hybridization might complicate specia-

tion clock studies. The accuracy of the estimated time to isolation

not only depends on the molecular marker, the assumptions of the

molecular clock, and the viability measure used, but also on how

long ago and how much hybridization has taken place. Our dataset

should be relatively robust toward the latter because most of our

crosses were produced between members of different radiations.

We conclude by noting that our results suggest the waiting

time to complete intrinsic isolation between haplochromine cich-

lid species is orders of magnitude higher than the rates of specia-

tion observed within individual lake radiations (Seehausen 2006).

This finding contradicts threshold-based incompatibility models

assuming the time to complete hybrid inviability equals the time

since speciation (Orr and Turelli 2001; Turelli and Moyle 2007)

and is consistent with the idea that speciation in cichlid radiations

is driven principally by divergent ecological and sexual selection

rather than by the accumulation of intrinsic hybrid incompati-

bilities (Kornfield and Smith 2000; Seehausen 2000; Streelman

and Danley 2003; Kocher 2004; Stelkens and Seehausen 2009).

If such selective forces are principally responsible for driving

and maintaining species diversity, environmental changes that re-

duce the strength of diversifying natural and sexual selection may

threaten taxonomic and functional diversity of the Great Lake

cichlid radiations (Seehausen et al. 1997).
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REPRODUCTIVE INCOMPATIBILITIES IN CICHLIDS

Appendix

Figure A1. Accumulation of incompatibility of hetero- and homospecific crosses as a function of divergence time based on three different

molecular clocks. Upper x-axis shows divergence times calibrated to the biogeography of Lake Malawi; middle x-axis shows divergence

times calibrated to the fossil record plus recent biogeographical events; lower x-axis shows divergence times calibrated to the break up

of Gondwanaland plus recent biogeographical events. Incompatibilities were calculated from hybrid inviability data (main document,

Fig. 2), controlled for the inviability found in homospecific crosses. Left column: Each datapoint represents a different hybrid cross. Right

column: Each datapoint represents one phylogenetically independent contrast in incompatibility and in divergence time. Incompatibilities

below 0% indicate that hybrids have higher viability than the two corresponding homospecific crosses. Open circles indicate sympatric

species crosses. Regression lines are only shown where significant. Results of all regression analyses can be found in Table A1.
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Supporting Information
The following supporting information is available for this article:

Table S1. NCBI GenBank accession numbers of D-loop sequences used for calculations of genetic distances.

Table S2. Proportion of spawned females per experimental observation unit (one aquarium per row) with cross type, genetic

distance, the number of females present at the time of spawning, and the duration of the trial in number of days.

Supporting Information may be found in the online version of this article.

Please note: Wiley-Blackwell is not responsible for the content or functionality of any supporting informations supplied by the

authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
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