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Two of the most challenging goals of evolutionary biology are to reconstruct the
evolutionary relationships among all extant species and to understand the process by
which new species form. Accomplishing these goals will require accurate computational
methods for reconstructing phylogenetic trees, general analytic models of speciation, and

powerful statistical tools for studying the process of speciation in natural systems.

In the first chapter, | study the effects of improper model assumption on estimates
of phylogeny. Using DNA sequence data simulated under a variety of models of
sequence evolution, | demonstrate that use of oversimplified models can result in
erroneous phylogeny estimates. This result suggests that if the models currently utilized
are oversimplified then current estimates of phylogeny may be inaccurate and more

complex models need to be developed and employed.
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In the second and third chapters, | study one process thought to be important in
completing the final stages of speciation: reinforcement. Using simulations of a hybrid
zone, | show that the process of reinforcement can result in patterns other than
reproductive character displacement. | also show that speciation by reinforcement is

more likely when the genes involved in reproductive isolation are sex-linked.

In the fourth chapter, | develop a statistical method of quantifying the degree of
isolation between species undergoing divergence. Using genotype data obtained from
natural hybrid zones, this novel method can be used to estimate the fitness of hybrids
during different stages of their life cycle. This approach offers a new approach to

empirical biologists studying extrinsic postzygotic isolation in natural systems.
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Chapter 1

The importance of proper model assumption in Bayesian phylogenetics*

Abstract. We studied the importance of proper model assumption in the context of
Bayesian phylogenetics, by examining more than 5000 Bayesian analyses and six nested
models of nucleotide substitution. We found that model misspecification can strongly
bias bipartition posterior probability estimates. These biases were most pronounced
when rate heterogeneity was ignored. Moreover, the type of bias seen at a particular
bipartition appeared to be strongly influenced by the lengths of the branches surrounding
that bipartition. In the case of the Felsenstein zone, posterior probability estimates of
bipartitions were biased when the assumed model was under-parameterized, but were
unbiased when the assumed model was over-parameterized. In the case of the inverse-
Felsenstein zone, however, both under-parameterization and over-parameterization lead
to biased bipartition posterior probabilities, though the bias caused by over-
parameterization was less pronounced and disappeared with increased sequence length.
Model parameter estimates were also affected by model misspecification. Under-
parameterization caused a bias in some parameter estimates, such as branch lengths and
the gamma shape parameter, whereas over-parameterization caused a decrease in the

precision of some parameter estimates. We caution researchers to assure that the most



appropriate model is assumed by employing both a priori model-choice methods and a

posteriori model-adequacy tests.

*Significant portions of this chapter have been previously published as Lemmon &

Moriarty, 2004. Systematic Biology 53:265-277.

1.1 INTRODUCTION

Model choice is becoming a critical issue as the number of available models of
nucleotide evolution increases rapidly. Moreover, recent studies have shown that
adequate model choice is important, demonstrating that violations of model assumptions
can produce biased results (Felsenstein, 1978; Huelsenbeck and Hillis, 1993; Yang et al.,
1994; Swofford et al., 2001). If the model assumed is over-parameterized (too complex
relative to the true underlying model), unnecessary sampling variance is introduced from
estimation of extra parameters. This added variance may compromise phylogenetic
accuracy (Cunningham et al., 1998). Cases in which the model assumed is under-
parameterized (too simple relative to the true underlying model) are especially
problematic for phylogeny estimation because of the phenomenon of "long branch
attraction” where the confidence in estimation of an incorrect bipartition increases as
more data are included (Swofford et al., 2001). Most studies of the importance of model

choice have concentrated on the four-taxon case, often comparing maximum parsimony



and/or distance-based methods with maximum-likelihood methods under simple model
assumptions (Felsenstein, 1978; Huelsenbeck and Hillis, 1993; Gaut and Lewis, 1995;

Swofford et al., 2001).

Traditional likelihood, parsimony, and distance-based methods of phylogeny
reconstruction are giving way as Bayesian approaches to phylogeny inference gain
rapidly in popularity (Huelsenbeck et al., 2001). Traditional methods yield a single (best)
tree, and the uncertainty of each clade is assessed through repeatability tests, such as the
bootstrap. The end product of a Bayesian analysis is fundamentally different, consisting
of a distribution of "best" trees with associated model parameters sampled in proportion
to their posterior probabilities. Uncertainty in the phylogeny and parameter estimates is
expressed in the posterior probability distribution. For a more detailed introduction to the

use of Bayesian methods in phylogenetics, see Huelsenbeck et al., 2001.

Because Bayesian methods have only recently emerged at the forefront of
phylogenetics, research concerning the proper application of these methods and the
interpretation of their results is still inadequate (Huelsenbeck et al., 2002). Progress has
been made with regard to the relationship between bipartition posterior probabilities and
nonparametric bootstrap values, though the relative accuracy of the two measures is still
being debated (Suzuki et al., 2002; Wilcox et al., 2002; Alfaro et al., 2003; Cummings et
al., 2003; Douady et al., 2003; Erixon et al., 2003). Further exploration of at least three
other questions is especially critical: 1) how sensitive are these analyses to prior

probability assumptions? 2) what is the most appropriate way to check for convergence



and stationarity of Markov chains in the context of phylogenetics? and 3) how important

is proper model assumption within the Bayesian framework?

We present here an analysis that addresses the third question. In particular, we
investigate the effect of model misspecification on bipartition posterior probabilities,
branch-length estimates, and other substitution-model parameter estimates. We do this
by analyzing more than 5000 Bayesian runs, under a variety of nucleotide substitution
models. To explore further how bipartition posterior probabilities are affected by model
misspecification, we examine two special cases in which adequate model assumption is
known to be important: the Felsenstein zone and the inverse-Felsenstein zone (Swofford
etal., 2001). We conclude with a discussion of the importance of proper model
assumption and what can be done to assure that the most appropriate model available is

assumed.

1.2 METHODS

Data Set Simulation. We selected six nested models of nucleotide substitution for our
analyses: JC (Jukes and Cantor, 1969), K2P (Kimura, 1980), HKY (Hasegawa et al.,
1985), GTR (Lanave et al., 1984; Tavaré, 1986; Rodriguez et al., 1990), GTR+I" (Steel
etal., 1993; Yang, 1993), and GTR+I'+I (Gu et al., 1995; Waddell and Penny, 1996).
We simulated 100 replicate data sets of 1000 bp sequence length (Seq-Gen 1.2.5;

Rambaut and Grassly, 1997) assuming each of these six substitution models and the



following parameter values (as appropriate for each model): transition/transversion ratio
() = 2.0, ta= 0.35, nc = 0.22, g = 0.18, 77 = 0.25, rer = 30.7, reg = 0.225, rag = 7.35,
rat = 6.125, rac = 2.675, gamma shape parameter (o) = 0.67256, and proportion of
invariable sites = 0.25. With the exception of the transition/transversion ratio and the
proportion of invariable sites, all of these parameter values were obtained from a
mitochondrial DNA analysis used to construct a phylogeny of North American chorus
frogs (Genus: Pseudacris) (Moriarty and Cannatella, in press). We used data sets of 1000

bp because this length was typical of empirical data sets at the onset of this study.

The 30-taxon tree used to simulate the data sets (referred to hereafter as Tree 1) was
generated using DNA-Sim (speciation rate = 10™*; extinction rate = 10®), a program
written by A.R.L. that assumes a birth-death process. The branch lengths were assigned
in the following fashion: first, we numbered the internal branches from 0 to 26, choosing
the order of the branches randomly. Second, each branch was assigned a branch length

using the following equation: f(x) = 10%%*

, Where x is the number assigned to that
branch. This method of assigning branch lengths assured that a wide range of bipartition
posterior probabilities would result from our Bayesian analyses. The procedure was
repeated for the 30 external branches, using the equation: f(x) = 10%*?**, Tree 1 is given

in Figure 1.1.

Bayesian Analyses. To investigate the effect of model misspecification on bipartition
posterior probabilities, we performed 3600 Bayesian analyses using the program

MrBayes 3.0b3 (Huelsenbeck, 2001; Huelsenbeck and Ronquist, 2001). For each of the



600 simulated data sets, we conducted six MrBayes searches, each assuming a different
one of the nested models mentioned above. Thus, we examined 36 model combinations,
15 in which the assumed model was under-parameterized, 15 in which the assumed
model was over-parameterized, and six in which the assumed model was appropriate
relative to the model used to simulate the data sets. This design is depicted in Figure 1.2.
We compared results from runs that used the same data set but were analyzed under
different substitution models. Using nested substitution models allowed us to
systematically test the effect of the presence or absence of each type of parameter on the
estimation of bipartition posterior probabilities, branch lengths, and other model
parameters. We limited our sampling to 100 replicates because of computational
constraints. To assure that results obtained from 100 replicates were reliable, we
analyzed an additional 400 replicates for one model combination (GTR+I"+I -JC). We

also assessed the sensitivity of our sample design using power analyses (see below).

We conducted extensive preliminary analyses to determine the sample size,
sample interval, and burn-in period appropriate for our data sets. The goal of these
preliminary analyses was to determine the conditions that minimized the amount of
variation among independent Bayesian analyses run under identical conditions. We
assumed default priors for all parameters except for the GTR rate matrix. For the GTR
rate matrix, we found that assuming a flat prior yielded incorrect substitution rate
estimates and poor convergence to the true posterior distribution. This phenomenon has
been studied more extensively by Zwickl and Holder (unpublished data). We found that

assuming an exponential prior (revmatpr = exponential(0.2)) allowed for reasonable
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convergence to the true posterior distribution when the correct model was assumed (by
reasonable convergence we mean that the maximum likelihood estimate of each
parameter was at or very near the true value). Four MCMC chains with a temperature of
0.15 assured proper mixing. Each MrBayes run spanned 500,000 generations. We
sampled every 25 generations, yielding 20,000 total samples per run. Based on our
preliminary tests, we chose an appropriate burn-in time of 25,000 generations (1,000

samples). Thus, each run was analyzed using 19,000 post-burn-in samples.

Convergence Testing. We employed several methods to assure that our runs had
converged on the posterior distribution and that we had collected enough samples to
obtain reliable results. First, we examined the stationarity of likelihood scores for all
3600 runs performed. As the number of runs conducted in this study is large, however,
we could not examine each one independently. Instead, we visualized the likelihood
curves (generation plotted on the x-axis, log likelihood on the y-axis) for all 100
replicates of each model combination on the same graph, plotting only those samples in
which the likelihood score was greater than in any previous sample (data not shown). By
plotting the likelihood scores in this manner, we could quickly identify any runs that

failed reach stationarity within the chosen burn-in period.

Second, we examined the convergence of bipartition posterior probabilities,
maximum likelihood scores, and model parameter estimates. We expect two converged
runs performed on the same data set and under the same model assumptions to produce

very similar bipartition posterior probability distributions, maximum likelihood scores,



and model parameter estimates. Thus, a comparison of results from duplicate runs can be
used to test for convergence. Due to computational constraints, however, we could not
duplicate all 3600 runs. Instead, we chose to concentrate on the 8 model combinations in
which the simulated and assumed models were either equivalent (e.g. JC-JC) or showed
the greatest disparity (i.e. JC-GTR+I'+l and GTR+I'+I-JC). The duplicate runs were
compared by observing the degree of correlation (across all 100 replicates) of bipartition
posterior probabilities, maximum likelihood scores, and model parameter estimates.
Checking for convergence in this way required an additional 800 Bayesian analyses.
Third, we checked the nature of tree space to assure that 500,000 generations
allowed convergence upon and proper sampling of the true posterior distribution. To this
end, we repeated the analysis of five randomly chosen replicates from each of the four
extreme model combinations (JC-JC, JC-GTR+I'+I, GTR+I'+I-JC, and GTR+I"+I-
GTR+I'+I), but allowed these chains to run for 5 million generations. We then compared
the posterior distribution sampled in the shorter (500,000 generations) runs with that
sampled in the longer (5 million generations) runs to determine whether shorter chains
were prone to entrapment in local optima. Each of the 20 pairs of posterior distributions
was compared using the Mesquite (Maddison and Maddison, 2003) module Tree Set Viz
(Amenta and Klinger, 2002). Tree Set Viz uses multi-dimensional scaling to represent
the relationships between topologies (in this case, the topologies in the posterior
distribution) as a scatter of points in two-dimensional space. The software arranges the
points such that they group according to the distance between the trees (distance between

trees was calculated using Robinson-Foulds differences; Robinson and Foulds, 1981). In
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addition to the visual comparisons, we compared the posterior distributions of topologies
by examining the correlation of posterior probabilities of the topologies found in the

shorter runs and the posterior probabilities of the topologies found in the longer runs.

Determining the Effects of Model Misspecification. We studied the effects of model
misspecification on estimates of bipartition posterior probabilities, branch lengths, and
other model parameters. Since we simulated the data sets, we know the true model
parameter values and can compare those values with the estimates obtained through our
Bayesian analysis. We do not, however, have true values for the bipartition posterior
probabilities (though we do know which bipartitions are correct, we do not know their
posterior probabilities a priori, as these will depend on the data set assumed).
Consequently, we compared the bipartition posterior probability estimates obtained when
an incorrect model was assumed with the estimates that were obtained when the correct
model was assumed. The results of this procedure tell us the effect of model
misspecification relative to the results that would have been obtained had the correct
model been assumed. This comparison gives us a way to measure the bias in bipartition

posterior probability estimates induced by model misspecification.

How might biased bipartition posterior probabilities affect conclusions regarding
the relationships among taxa? To answer this question we specified a rule for deciding
whether a particular observed bipartition was true based on comparison of the posterior
probability of that bipartition to a predetermined threshold (the threshold was varied from

0.5t0 1.0). A threshold of 0.5, for example, implies that all bipartitions with a posterior



probability greater than or equal to 0.5 are accepted as true (i.e. all bipartitions in the
majority-rule consensus tree are accepted). Since we know the true bipartitions, we can
use the decision rule to estimate the probability of Type I and Type Il error for each
posterior distribution observed. The probability of Type | error was estimated as the
proportion of true bipartitions observed that were rejected based on their posterior
probability. Conversely, the probability of Type Il error was estimated as the proportion
of false bipartitions observed that were accepted as true. We compared the probabilities
of Type | and Type Il error across the 36 model combinations to see how model

misspecification might affect conclusions about the relationships among taxa.

Model misspecification may negatively affect parameter estimation by either
decreasing accuracy or decreasing precision (Cunningham et al., 1998). To assess how
the accuracy of parameter estimates may be affected by model misspecification, we
compared (for each parameter) the maximum likelihood estimate of the parameter
obtained when the correct model was assumed, with the maximum likelihood estimate of
the parameter obtained when the model was misspecified. In order to quantify the degree
of bias for each parameter, we employed the two-tailed, paired-sample t test (Zar, 1999).
In this case, we are testing whether the distribution of differences (value assuming correct
model — value assuming incorrect model) is significantly different from zero. We
calculated the P-value associated with the amount of bias observed for all applicable
model combinations in which the model was misspecified. To assess how the precision
of parameter estimates may be affected by model misspecification, we repeated these

tests using the width of the 95% credible set from the posterior distribution of the
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parameter as our measure of precision. For each t test performed, we estimated the
minimum difference in accuracy and in precision that we are able to detect 99% of the
time ($=0.01), given a level of significance of 0.01, and the variance estimated from the

distribution of differences (Zar, 1999).

Robustness Tests. In order to test for robustness of our results, we performed a second
set of analyses, assuming a different topology and set of model parameters. Because of
time constraints, we focused on the four extreme model combinations: JC-JC, JC-
GTR+I'+l, GTR+I'+I-JC, and GTR+I'+I-GTR+I'+l. The parameter values chosen are as
follows: ma=0.313735, nc = 0.285552, g = 0.18302, rtr = 0.217693, rcr= 33.79102,
rcg = 0.55726, rac = 11.10442, rar = 3.44797, rac = 4.16568, gamma shape parameter (o)
= 0.583564, and proportion of invariable sites = 0.454113. These values were obtained
from a phylogenetic analysis of Siluriformes (D. Hillis, unpublished data). We created a
16-taxon tree (referred to hereafter as Tree 1.2, see Figure 1.3) containing structures that
have been shown to be difficult to recover when the assumed substitution model is
inappropriate: the structures found in the Felsenstein and inverse-Felsenstein zones
(Swofford et al., 2001). We refer to these structures as Felsenstein structures and
inverse-Felsenstein structures, respectively. More specifically, Tree 2 contained two
Felsenstein structures (containing two long branches separated by a third, much shorter
branch) and two inverse-Felsenstein structures (containing a pair of long branches that
are adjacent to a pair of much shorter branches). We included two structures of each type

in order to yield some variation in the difficulty of the problem, though we could not
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perform an extensive analysis here. The branches separating the four structures were
fairly long (0.5 substitutions per site), allowing us to avoid confounding effects of
interactions among two or more structures. We assumed the same prior distributions,
sample size, sample interval, and burn-in times that were described above. The 800
Bayesian analyses (400 unique runs, each duplicated) conducted under these conditions

were analyzed in a fashion similar to that described above.

We constructed Tree 2 using two Felsenstein structures and two inverse-
Felsenstein structures with the hopes of determining how the properties of a particular
bipartition affect the type of bias produced by model misspecification. We can determine
the effect of misspecification for each bipartition by comparing the posterior probability
obtained for that bipartition when the model is misspecified, with the posterior
probability obtained when the model is correctly specified. The proper test for this type
of comparison, given that the distributions of bipartition posterior probabilities across the
100 replicates are neither normal, nor homoschedastic, is the non-parametric sign test
(Zar, 1999). We employed this test for each of the bipartitions in Tree 2 that are part of

either a Felsenstein structure, or an inverse-Felsenstein structure.

1.3 RESULTS

Bipartition Posterior Probabilities. Our main result is that model misspecification can

strongly bias bipartition posterior probability estimates (Figure 1.4). Although over-

12



parameterization had no noticeable effect on bipartition posterior probability estimates,
under-parameterization produced a strong bias. The bias observed for a particular
bipartition depends on how well supported that bipartition is when the correct model is
assumed: well-supported bipartitions tend to be overestimated whereas poorly supported
bipartitions tend to be underestimated. Although this is the general trend, the effect of
model misspecification on a particular bipartition is likely to be affected by the length of
the branch at that bipartition, the length of the branches surrounding that bipartition (see
below), and the data set used to infer the phylogeny. Results from an additional 400
replicates for the model combination GTR+I'+1-JC (see Figure 1.5) suggest that
increasing sampling efforts would not have affected our qualitative results regarding the

effect of model misspecification on bipartition posterior probability estimates.

The largest bias in bipartition posterior probabilities was seen when the assumed
model failed to incorporate rate variation across sites. This bias was especially
pronounced when gamma distributed rate heterogeneity was neglected. We also
observed that failing to account for unequal rates of base substitution (i.e. the transition
bias or the GTR rate matrix) led to slightly biased bipartition posterior probability
estimates. Inappropriately assuming equal base frequencies, however, had very little

effect on bipartition posterior probability estimates under the conditions tested.

Bias caused by under-parameterization resulted in an increased incidence of Type
Il error (Figure 1.6). In other words, assuming an under-parameterized model led to the

acceptance of a greater number of false bipartitions. This pattern was consistent across

13



all threshold values tested. Interestingly, the opposite trend occurred for Type | error:
assuming an under-parameterized model resulted in the rejection of fewer true
bipartitions. As one might expect, increasing the threshold resulted in an increase in
Type | error and a decrease in Type Il error. Over-parameterization had very little effect

on the probability of either type of error.

Branch Lengths and Other Model Parameters. Branch lengths were also affected by
model misspecification. Model under-parameterization led to underestimated branch
lengths, especially for long branches (Figure 1.7). Failing to account for rate
heterogeneity had the largest effect on branch-length estimates, though neglecting to
include other parameters also produced slightly underestimated branch lengths. Over-

parameterization produced little, if any, bias in branch-length estimates.

In many cases, parameter estimates were biased when the model assumed was
under-parameterized (Figure 1.8). Estimation of rate matrix parameters, however, seems
to be fairly robust to model misspecification, at least under the conditions tested.
Nucleotide base frequencies were only biased when the GTR rate matrix was
inappropriately neglected. Estimates of the gamma shape parameter appeared to be
biased when the proportion of invariable sites was inappropriately included or ignored.
The gamma shape parameter was also biased when the simulated model assumed
homogeneity of rates across sites (Figure 1.9). This result is expected because the true

value of a in these cases is infinity.
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We observed decreased precision of some parameter estimates when the assumed
model was over-parameterized (Figure 1.8). Tree length, base frequencies, and the
gamma shape parameter showed a strong decrease in precision under some conditions.
Estimates of rate matrix parameters and transition bias appeared to be more robust to
changes in precision with model over-parameterization. Not surprisingly, under-
parameterization tended to result in an increase in the precision of most parameter

estimates.

Our model design allowed us to detect small changes in accuracy and precision
for estimates of TL, k, and base frequencies, and moderate changes for estimates of rate
matrix parameters and o.. The ranges in the minimum detectable difference estimates for
our accuracy tests are as follows: TL: 0.015--0.030; k: 0.096--0.104; wta: 0.005--0.006;
nc: 0.004--0.007; mg: 0.004--0.005; mr: 0.004--0.007; rct: 2.969--3.466; ree: 0.072--
0.099; rac: 0.799--0.886; rar: 0.605--0.760; rac: 0.304--0.351; a: 0.126--0.169. The
range in the minimum detectable difference estimates for our precision tests are as
follows: TL: 0.002--0.011; k: 0.007--0.009; ma: 4 X 10™*--0.001; nic: 4 X 10™*--0.001; 7g:
4 X 10--0.001; my: 4 X 10™*--0.001; rcy: 2.229--2.666; rcg: 0.024--0.052; rag: 0.499--
0.559; rat: 0.406--0.480; rac: 0.177--0.229; a: 0.152--0.174. These results suggest, for
example, that we would be able to detect a difference less than or equal to 0.006 between
the maximum likelihood estimate of s obtained when the model was correctly assumed

and the estimate obtained when the model was misspecified. Given that the estimate for

this parameter was always greater than 0.268 (for the applicable model combinations), we
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would have a 99% chance of detecting a change on the order of 2.2% in the maximum
likelihood estimate of ma. Likewise, we would be able to detect a difference of 0.001
between the width of the 95% credible set of ©a obtained when the correct model was
assumed and the width obtained when the model was misspecified. Given that the
estimate for this parameter was always greater than 0.036 (for the applicable model
combinations), we would have a 99% chance of detecting a change on the order of 2.8%

in the width of the 95% credible set.

Convergence. We observed adequate convergence of bipartition posterior probabilities
(Figure 1.4), and model parameter estimates (data not shown). When observing
likelihood burn-in plots, we found that all runs reached stationarity before 25,000
generations, the chosen burn-in time. Good convergence of bipartition posterior
probabilities can be observed in correlation plots of the duplicate runs (see the shaded
diagonal of Figure 1.4). These plots demonstrate the congruence of bipartition posterior
probability distributions between pairs of independent Bayesian analyses (model
combinations not shown, JC-GTR+I'+l and GTR+I'+I-JC, demonstrated a pattern very
similar to that seen in the diagonal of Figure 1.4). Posterior distributions of the
substitution model parameters were congruent with the true parameter values (denoted by
arrows in Figure 1.9), when the correct model was assumed. Parameter estimates were
also very similar between independent runs under the same conditions (data not shown).
Moreover, running the Markov chains for 5,000,000 generations instead of 500,000 did
not substantially change the resulting sample taken from the posterior distribution of

topologies; the posterior distributions of the shorter and longer runs were congruent in all
16



20 visual comparisons made using Tree Set Viz (data not shown). Lastly, we observed a
strong correlation of topology posterior probabilities between long and short runs for all

four model combinations tested (data not shown).

Robustness Tests. The results of the second set of analyses, which investigated
Felsenstein and inverse-Felsenstein structures, agreed with those of the first set, though
the bias was even more pronounced in this case (Figure 1.10). The one exception is that,
in the second set of analyses, we were able to detect a bias in bipartition posterior
probabilities caused by model over-parameterization under some conditions (see results
below). This bias, however, was much less pronounced than the bias caused by under-
parameterization. The branch lengths were also more strongly biased by under-
parameterization under the second set of conditions, though this could be due to the fact

that branches in Tree 2 (Figure 1.3) were longer than those in Tree 1 (Figure 1.1).

We were surprised to observe a slight bias in bipartition posterior probabilities
when the assumed model was over-parameterized (Figure 1.10a). Other authors have
found similar patterns when using simulated data sets of 1000 nucleotides, but found that
the bias disappeared with increased sequence length (Swofford et al., 2001; Sullivan and
Swofford, 2001). To determine if the bias we observed was also attributable to sequence
length, we constructed data sets of length 5000, 10000, and 50000 nucleotides by
successively concatenating randomly chosen data sets (without replacement) from the
pool of 100 replicate data sets used in the robustness tests (see Methods). Upon

analyzing these data sets in the same fashion as those containing 1000 nucleotides, we
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found that increasing sequence length corrected the slight bias seen in the case of over-
parameterization, but amplified the already large bias seen in the case of under-

parameterization (data not shown).

After examining more carefully how model misspecification affected the posterior
probabilities of each of the bipartitions, we found that posterior probabilities of
bipartitions found in Felsenstein structures were biased by under-parameterization but not
over-parameterization. For three of the four bipartitions found in Felsenstein structures, a
significant number of replicates showed a decrease in the bipartition posterior probability
when the assumed model was under-parameterized (one-tailed Paired Sign Test, o =
0.05; node 0: P = 1.84 X 10, node 2: P = 3.32 X 107 node 7: P = 9.05 X 10, and node
9: P =1.53 X 10™""). We attribute the one exception to Type Il error. When the assumed
model was over-parameterized, however, no significant bias was observed for any of the
four bipartitions (node 0: P = 3.09 X 10}, node 2: P = 7.95 X 102, node 7: P = 5.00 X 10°

! and node 9: P =4.19 X 10™).

For bipartitions found in inverse-Felsenstein structures, we found that both over-
parameterization and under-parameterization produced a bias in bipartition posterior
probability estimates. The direction of the bias in each case depended upon whether the
particular bipartition was adjacent to two long tips, or two short tips. When the assumed
model was under-parameterized, a significant number of replicates showed a decrease in
the posterior probabilities of bipartitions closest to two long tips (node 3: P = 1.32 X 10°

2 node 10: P = 9.05 X 10'®) and a significant number of replicates showed an increase in
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the posterior probabilities of bipartitions closest to two short tips (node 5: P =7.97 X 10°
? node 12: P = 7.89 X 10*%). Over-parameterization produced the opposite bias for all
nodes in the inverse-Felsenstein structures: a significant number of replicates showed an
increase in the posterior probabilities of bipartitions closest to two long tips (node 3: P =
4.43 X 107, node 10: P = 9.16 X 10°), whereas a significant number of replicates showed
a decrease in the posterior probabilities of bipartitions closest to two short tips (node 5: P

=1.20 X 10, node 12: P = 7.81 X 10%).

Note that the sign test does not tell us the magnitude of the bias, only the direction
of the bias. Figure 1.10a makes it clear, however, that the bias in bipartition posterior
probabilities due to under-parameterization is much more pronounced than that due to
over-parameterization. We should also point out that the bipartition posterior
probabilities for nodes 1, 4, 6, 8, and 11 were always at or very near 1.0 for all 100
replicates and all model combinations. This demonstrates that our results were not

influenced by interactions among two or more structures.

1.4 DISCUSSION

Model under-parameterization can strongly bias estimates of bipartition posterior
probabilities, branch lengths and other model parameters. The bias is especially severe
when rate heterogeneity is neglected. This result is not surprising, as previous studies

have demonstrated that ignoring rate heterogeneity among sites can bias topology
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estimation (Kuhner and Felsenstein, 1994; Yang et al., 1994; Sullivan et al., 1995;
Lockhart et al., 1996) and can lead to underestimation of branch lengths (Golding, 1983;
Yang et al., 1994). Our results also agree with previous studies of model
misspecification in that the bias seen in branch-length estimates increases

disproportionately as branch length increases (Golding, 1983).

Results from our analyses of Type | and Type Il error suggest that the best
approach to assuring accurate and informative phylogenies is to employ a sufficiently
complex model and to accept bipartitions as true only if their posterior probability is
moderately high (0.7 < decision threshold > 0.9). Based on the results of this study, there
appears to be little advantage to requiring posterior probabilities to be very near one when
an adequate model is available. When an adequate model is not available, however, the
conservative approach would be to accept bipartitions as true only if they have very high
posterior probabilities (e.g. greater than 0.9). We should point out that these conclusions
are based on results obtained under the particular set of conditions we examined here.
Clearly, more research investigating the factors affecting error in phylogeny estimates is

needed.

Model over-parameterization carries a cost as well: including unnecessary
parameters can lead to decreased precision in estimates of branch lengths and other
model parameters, as suggested by Cunningham et al. (1998). We have also seen, in the
case of the inverse-Felsenstein zone, that model over-parameterization can sometimes

lead to slightly biased estimates of bipartition posterior probabilities, though this bias is
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expected to decrease with increased sequence length. There are two additional negative
consequences of model over-parameterization that we have not investigated here. First,
computation time is likely to increase rapidly with the complexity of the model assumed,
especially when data sets are large (Lemmon and Milinkovitch, 2002). Second, over-
parameterization may affect the convergence of Markov chains (see Huelsenbeck et al.,

2002 for a discussion of convergence).

If appropriate model assumption is so important, how are we to identify an
appropriate model? Two measures should be taken to assure that a proper model is
assumed: First, before a Bayesian analysis is performed, one should identify the available
model that best fits one's data set. Several methods facilitate this choice, including the
likelihood-ratio test (Goldman, 1993), the Akaike information criterion (Akaike, 1974),
and the Bayesian information criterion (Schwarz, 1974). Posada and Crandall (2001)
compare the performance of these methods in detail, finding the likelihood-ratio test to be
more accurate than the Akaike and Bayesian information methods under some conditions.
Note that none of these methods tell us whether or not a particular model adequately
describes a particular data set, but are only useful in choosing the best model among a set
that may or may not contain an adequate model. In fact, there is some evidence that
when all of the available models are inadequate, the hierarchical likelihood-ratio test
performs poorly relative to other model selection methods (Minin et al., 2003). Another
disadvantage of the commonly used likelihood-ratio test is that it is only appropriate for
choosing among nested models. When unnested models are being compared, an

alternative method should be used, such as parametric bootstrapping (Goldman, 1993) or
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recently developed Decision Theory methods (Minin et al., in 2003). Both of these

methods can also be used to test for absolute goodness-of-fit of the model to the data set.

Second, following a Bayesian analysis, one should perform model-adequacy tests
to assure that the model assumed in the analysis adequately explains the observed data
set. Model adequacy can be tested, for example, using posterior predictive distributions
as described by Bollback (2002). This method uses the posterior probability distribution
from a Bayesian analysis to simulate numerous data sets (the posterior predictive
distribution). The simulated data sets are then compared to the observed data set (the one
used in the Bayesian analysis). When the assumed model is adequate, the properties of
the simulated data sets (e.g. the distribution of site patterns) will be congruent with the
properties of the observed data set. When the assumed model is inadequate, however, the
properties of the simulated data sets will not be congruent with those of the observed data
set. In this case, the researcher should be very cautious when interpreting the results of a
Bayesian analysis, and perhaps should continue to search for a more appropriate model

with which to reanalyze the data set.

Numerous models have been developed that attempt to account for one or another
complexity of sequence evolution, including: temporal variation in base frequencies
(Lockhart et al., 1994; Galtier and Gouy, 1998), temporal variation in rates of evolution
(Sanderson, 1997; Thorne et al., 1998; Huelsenbeck et al., 2000; Kishino et al., 2001),
base-pairing interactions of RNA (Muse, 1995; Tillier and Collins, 1998), correlation

between rates of adjacent sites (Felsenstein and Churchill, 1996), different rates of
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synonymous and nonsynonymous substitutions (Goldman and Yang, 1994; Muse and
Gaut, 1994), selection on protein coding regions (Halpern and Bruno, 1998; Nielsen and
Yang, 1998), and insertions or deletions (McGuire et al., 2001). Consideration of these
models in phylogenetic studies, however, has yet to become common practice. Three
reasons likely contribute to the lack of use of these more complex models: 1) most of
these models are not implemented in commonly used phylogenetic analysis packages
(although recent versions of MrBayes have improved in this respect), 2) these models
typically require much greater computational efforts, 3) commonly used model selection
methods (such as hierarchical likelihood-ratio tests) are restricted to nested models, and

4) justification for the use of more complex models is still insufficient.

Given the well-demonstrated cost to model misspecification and the general
reluctance of systematists to consider the use of more complex models, how should we
proceed? First of all, the adequacy of available models should to be assessed on a broad-
scale using real data sets. Although the intuition of many systematists suggests that our
models are inadequate, no large-scale test of model adequacy has been performed. If we
discover that the current set of available models is inadequate with respect to most real
data sets, then more research should be conducted to identify the properties of sequence
evolution that are inappropriately being ignored, and models should be developed to
account for those complexities. Second, we should develop computationally feasible and
broadly applicable (i.e. not restricted to nested models) methods of model choice and
subsequently test the absolute and relative performance of these methods. Determining

the absolute and relative performance of model choice methods is especially important
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since different methods are likely to disagree on which model is most appropriate. For
example, the hierarchical likelihood-ratio test and Akaike information criterion for model
choice only chose the same model approximately 25% of the time when several hundred
empirical data sets were analyzed (A. R. Lemmon, unpublished data). Third, enough
models should be incorporated into phylogenetic analysis packages to assure that

adequate models are available for most real data sets.

The goals of this study were to determine the affects of model misspecification on
the estimation of phylogeny and substitution model parameters in the context of Bayesian
phylogenetics. The results of this study are congruent with those from previous studies
of model choice outside of the Bayesian context (Golding, 1983; Kuhner and Felsenstein,
1994; Yang et al., 1994; Sullivan et al., 1995; Lockhart et al., 1996), and therefore
underscore the importance of proper model assumption. Given the bias that may result
from under-parameterization and the imprecision that may result from over-
parameterization, we strongly caution researchers to refrain from choosing models
haphazardly (e.g. by assuming the most complex model that is computationally feasible
or by assuming the model that happens to be the default in their favorite phylogenetic
inference package). Careful consideration of the caveats resulting from studies of the
importance of proper model choice will enable systematists to have greater confidence in

their choice of models and estimates of phylogeny.
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Figure 1.1. Tree 1, the tree used to simulate data sets for the first set of analyses. The topology for this
tree was generated using a birth-death process. The branch lengths were assigned randomly (see text for
details).
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Figure 1.3. Tree 2, the tree used to simulate data sets for the second set of analyses. This tree contains two
Felsenstein structures (F; and F,) and two inverse-Felsenstein structures (I; and I,). Internal nodes are
labeled for reference in the Results section.
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Figure 1.4. The effect of model misspecification on bipartition posterior probability estimates. The six
graphs on the shaded diagonal demonstrate the convergence of the bipartition posterior probabilities for
100 pairs of independent runs when the correct model is assumed. Each of the 30 unshaded graphs
compare the bipartition posterior probabilities obtained when the correct model was assumed (plotted on
the x axis) with those obtained when an incorrect model was assumed (plotted on the y axis). The posterior
probabilities of all 27 true bipartitions are plotted on the same graph for all 100 replicates, yielding 2700
points per graph. To determine the effect of model misspecification involving a single type of parameter,
compare a graph in the shaded diagonal with a graph either directly above (under-parameterized) or directly
below (over-parameterized). Note that only the bipartitions found in the true tree (Tree 1) are represented.
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Figure 1.5. Graph including 400 additional replicates for the model combination GTR+I'+1-JC. Compare
this graph to the graph in the upper right-hand corner of Figure 1.4.
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Figure 1.6. The effect of model misspecification on Type I and Type Il error rates for hypothesis tests
using bipartition posterior probabilities. The threshold is the posterior probability below which a particular
bipartition is rejected. Type I error was calculated as the proportion of true bipartitions observed that were
rejected based on their posterior probability. Conversely, Type Il error was calculated as the proportion of
false bipartitions observed that were accepted as true. The assumed model is represented by squares (JC),
diamonds (K2P), triangles (HKY), circles (GTR), exes (GTR+T'), and pluses (GTR+I"'+I). Each point
represents the average across 100 replicates for the model combination depicted.
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Figure 1.7. The effect of model misspecification on branch-length estimates. The format for this figure is
the same as in Figure 1.4, except that the values plotted are the maximum likelihood estimates of the
branch lengths (when the maximum likelihood tree did not contain a particular true internal branch, no
value is plotted). Note that only interior branches found in the true tree are represented here. Plots of
external branches demonstrate very similar results.
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Figure 1.8. The effect of model misspecification on the accuracy and precision of parameter estimates. In
the left panel, we compare the maximum likelihood estimate of each parameter obtained assuming the
correct model with the estimate obtained assuming an incorrect model (see Methods for details). A plus (+)
indicates that model misspecification produced a positive bias, whereas a minus (-) indicates a negative
bias. In the right panel, we compare the width of the 95% credible set of each parameter obtained assuming
the correct model with the width obtained assuming an incorrect model. A plus (+) indicates that model
misspecification increased precision of the parameter estimate, whereas a minus (-) indicates that model
misspecification decreased precision. The boxes are shaded according to the P-value obtained from a two-
tailed paired-sample t test across 100 replicates.
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Figure 1.9. The effect of model misspecification on estimates of (a) base frequencies, (b) the gamma
shape parameter (o), (c) the transition bias (), (d) substitution rates, (e) tree length, and (f) the proportion
of invariable sites. The assumed model is labeled on the x-axis and the simulated model is labeled in the
alternating panels; each panel groups the model combinations that share the same simulated model. The
maximum likelihood estimate (averaged across 100 replicates) is plotted using either solid circles (@),
open squares (1), or open diamonds (<), representing model combinations in which the assumed model is
either correct, over-parameterized, or under-parameterized, respectively. Vertical bars represent the range
of the 95% credible set, also averaged across the 100 replicates. The effect of model misspecification can
be observed by comparing points represented by solid circles with other points within the same panel.
Arrows indicate true parameter values (but are only pertinent to those model combinations where the
simulated model includes the parameter of interest).
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Figure 1.10. The effect of model misspecification on (a) bipartition posterior probability and (b) branch-
length estimates for the second set analyses, which focus on Felsenstein and inverse-Felsenstein structures.
The formats for (a) and (b) are the same as in Figures 1.4 and 1.7, respectively. Note the extreme effect of
model under-parameterization on bipartition posterior probabilities and branch-length estimates.
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Chapter 2

Reproductive Character Displacement Is Not the Only Possible

Outcome of Reinforcement*

Abstract. We study the form of the clines in a female mating preference and male
display trait using simulations of a hybrid zone. Allopatric populations of two species are
connected by demes in a stepping stone arrangement. Results show that reproductive
character displacement (a pattern of increased prezygotic isolation in sympatry compared
to allopatry) may or may not result when there is reinforcement (defined here as the
strengthening of prezygotic isolation as a result of selection against hybrids, relative to
the amount of prezygotic isolation present when hybrids are not selected against).
Further, reproductive character displacement of the preference may or may not occur
when it occurs in the male display. We conclude that the absence of reproductive

character displacement is not evidence against the operation of reinforcement.

*Significant portions of this chapter have been previously published as Lemmon, Smadja,

& Kirkpatrick, 2004. Journal of Evolutionary Biology 17:177-183.
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2.1 INTRODUCTION

Secondary contact between partially reproductively isolated populations may have
several possible outcomes: extinction of one of the two populations, stable coexistence
with hybridization, fusion of the two populations, or an increase in premating divergence
and formation of distinct species (Barton & Hewitt, 1981; Liou & Price, 1994). In 1940,
Dobzhansky postulated that if two divergent populations produce hybrids of low fitness
where they come into contact, natural selection will enhance premating isolation
(Dobzhansky, 1940; Howard, 1993). This process was termed reinforcement by Blair

(1955).

Testing the plausibility of reinforcement has been a challenge for theoretical
researchers. Reinforcement was long considered to be controversial because it was
thought that very strong selection was required to compensate for the negative effect of
recombination and gene flow (Paterson, 1978; Spencer et al., 1986). More recently,
however, an increasing number of new models have moved the hypothesis of
reinforcement into the foreground of speciation research by demonstrating the plausibility
of this process under more realistic conditions (for a review, see Turelli et al., 2001 and

Kirkpatrick & Ravigné, 2002).

Demonstrating reinforcement in nature is not trivial. As a result, empirical
researchers have focused on one pattern that may result from reinforcement:
reproductive character displacement (RCD), which is a pattern of greater divergence of
an isolating trait in areas of sympatry between closely related taxa than in areas of
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allopatry (Brown & Wilson 1956; Howard 1993). Howard emphasizes the distinction
between reinforcement as a process and RCD as one potential pattern that can result from
this process. With the difficulty of demonstrating reinforcement in mind, Howard
focuses on RCD while omitting discussion of other patterns that may result from

reinforcement.

The search for reinforcement in nature has become confused for five reasons. The
first source of confusion stems from arguments regarding whether the term reinforcement
should be used in cases where postzygotic isolation is already complete. Butlin (1987a,
b), for example, has argued that the evolution of prezygotic isolation in this case should
be termed reproductive character displacement. His reason is that speciation by
reinforcement cannot occur because complete postzygotic isolation implies that the two
entities are already distinct species. As Howard (1993) points out, however, the process
of reinforcement itself may still occur since selection against hybridization can still lead
to the evolution of increased prezygotic isolation. We agree with Howard’s argument
that the processes of speciation and reinforcement can operate independently and
therefore use of the term reinforcement is appropriate when postzygotic isolation is
already complete. The second reason for confusion is the failure to recognize that RCD
can result from processes other than reinforcement, for example when there is
interference between the mate recognition signals of taxa that do not hybridize. Howard
(1993) addresses this issue and outlines the evidence needed to demonstrate that a pattern

of RCD observed has resulted from the process of reinforcement.
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The third reason for confusion is the failure to recognize that reinforcement can
lead to patterns other than RCD. This confusion typically manifests itself in the false
idea that in order for reinforcement to occur, prezygotic isolation in sympatry must be
strengthened beyond the degree of prezygotic isolation seen in allopatry (Noor, 1999).
We argue here that the evolutionary process by which prezygotic isolating barriers are
strengthened by selection against hybridization is the same regardless of whether RCD is
the resulting pattern. We therefore define reinforcement broadly as the strengthening of
prezygotic isolation as a result of selection against hybrids, relative to the amount of
prezygotic isolation present when hybrids are not selected against. By our definition,
therefore, reinforcement can occur even when prezygotic isolation in sympatry is not
strengthened beyond the degree of prezygotic isolation seen in allopatry. The reason is
that selection against hybrids can result in fewer heterospecific matings (and thus

increased prezygotic isolation) regardless of whether or not RCD is present.

A fourth reason for confusion is the failure to recognize that patterns of
divergence in the female mating preference may differ from those in the male display
trait. Finally, some workers have failed to recognize the role that sexual selection can
play in generating selection against hybrids. If hybrids have decreased mating
opportunities or decreased fertility, then reinforcement may occur even in the absence of
viability selection against hybrids (Coyne & Orr, 1989; Liou & Price, 1994; Kirkpatrick

& Servedio, 1999; Noor, 1999).
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Here we present a simple model of a hybrid zone with the aim of clarifying two of
these causes of confusion. We use simulations to make the following points: that
reinforcement can lead to patterns other than RCD, and that the male display trait and
female preference do not always evolve the same pattern of divergence. We wish to
caution empiricists not to draw conclusions about the influence of selection against
hybrids on prezygotic isolation based solely on presence or absence or RCD. We
conclude with a discussion of some possible disparities among researchers in the
interpretation of the definition of reinforcement and some problems that may arise as a

result of this disparity.

2.2 MODEL

We begin by assuming a simple genetic system of three diploid loci with free
recombination. The three loci are a male trait locus (T), a female preference locus (P),
and a hybrid incompatibility locus (I). We denote the two alleles at the male trait as Ty
and T, (with frequencies to and t;), those at the preference locus as Py and P; (with
frequencies po and p1), and those at the hybrid incompatibility locus as lp and 11 (with
frequencies ip and i;). Allopatric divergence at the trait locus, denoted AT, is defined to
be the difference between t, in the two allopatric populations. Allopatric divergence at

the preference locus, AP, and incompatibility locus, Al, are defined in a similar fashion.
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The hybrid zone is represented by ten populations arranged in a stepping stone
model, with the left and right-most populations being identified as allopatric, and all
others as sympatric. The order of events in each generation is migration, natural
selection, and sexual selection (mating). Migration is one-way from allopatry to
sympatry but two-way in sympatry. The rate of migration between adjacent populations

is denoted m. The effective size of each population is infinite.

We assume that the trait locus is under both natural and sexual selection.
A linear environmental gradient causes viability selection that favors allele T; in the left
allopatric population and T, in the right allopatric population. The relative viabilities of
the genotypes ToTo, ToTy, and T, T, in the left allopatric population are 1 — s, 1 —s7/2,
and 1, respectively, while in the right allopatric population the viabilities of the ToT, and
T1T;, males are reversed. Viabilities of the three genotypes change in a linear fashion as

one moves across the hybrid zone.

Females choose their mates based on their genotype at the preference
locus P, with the Py allele conferring a preference for males that carry the Ty allele and
the P, allele a preference for the T, allele. The frequency of matings between different
male and female genotypes is proportional to the product of the frequencies of those
genotypes and the preference that the female has for the male. Table 2.1 shows these

preferences.

We assume conditions that produce a stable polymorphism in the
preference and trait loci in the allopatric populations, thus permitting the preference and
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trait to evolve to more extreme values in sympatry (that is, the pattern of RCD). Over-
dominant natural selection acts on the female preference locus with viabilities in the left
allopatric population of 1/2, 1, and 1 — sp, for the genotypes PoPo, PoP1, and P1P1,
respectively. Conversely, in the right allopatric population the viabilities of the PyPy and
P1P; females are reversed. We chose the value for sp in order to give the desired value of

AP. Natural selection does not act on the female preference locus in sympatry.

Selection against hybrids provides the force that may lead to reinforcement. Here
we assume that viability selection against hybrids is disruptive, acting against
heterozygotes at the incompatibility locus. The relative viabilities of the genotypes Iolo,
lol1, and 1114 are respectively 1, 1 —s;, and 1 in all populations, where s is the strength of
viability selection against hybrids. The left allopatric population is fixed for allele Iy, and

the right for allele 1;.

Using simulations, we track genotype frequencies through time. At the beginning
of each simulation, allopatric populations are brought to equilibrium. We then allow
secondary contact by allowing migration into the sympatric populations. We ran the

simulations until all populations reached equilibrium.

2.3 QUANTIFYING CLINE SHAPE

Figure 2.1 gives the interpretation of our measures of RCD and reinforcement.
To quantify the cline shape, we noted the difference between t, in first sympatric
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population on the left and the adjacent allopatric population. This quantity, which we
term br, indicates if RCD is present. A positive value of bt means there is RCD, that is,
the male trait has greater divergence in sympatry than in allopatry (a "reversed” cline).
Furthermore, we can study how the intensity of selection against hybrids affects bt to ask
if increasing selection against hybrids leads to increasing premating isolation and thus
reinforcement. We can ask similar questions about the evolution of the preference using

the analogous quantity bp.

To quantify the amount of reinforcement, we compare the shape of the cline under
two conditions: when selection acts against hybrids (s; > 0) and when selection does not
act against hybrids (s; = 0). This quantity, which we define as d = b — bs=¢ (the slope
observed when selection is acting against hybrids minus the slope observed when
selection is not acting against hybrids), tells us the effect of selection against hybrids on
the shape of the cline. When prezygotic isolation is strengthened by selection against
hybrids (reinforcement), we expect d to be positive for either the male trait or female

preference.

2.4 RESULTS

A first basic observation from the simulations is that reinforcement does not
always produce RCD. This result can be seen in Figure 2.2, which presents the evolution

of a cline through time under two different conditions. With no selection acting against
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hybrids (Generation 0), a simple cline forms. After selection against hybrids is
introduced, reinforcement occurs (Generations 50 and 100) and the cline steepens. Under
moderate selection against hybrids (s, = 0.65), the resulting cline at equilibrium is
monotonic. Under more intense selection against hybrids (s; = 0.90), the resulting cline is
reversed. We say that reinforcement has occurred in both cases because selection against
hybrids resulted in increased in prezygotic isolation, relative to the amount of prezygotic
isolation present when hybrids are not selected against (compare Equilibrium and

Generation 0). RCD, conversely, is only evident in one of the two cases.

Figure 2.3 and Table 2.2 also show cases in which there is reinforcement (that is,
increasing intensity of selection against hybrids leads to increased divergence of the
preference and/or male trait in sympatry) but not RCD (that is, greater divergence in
sympatry than allopatry, indicated by positive values of br and/or bp). Under a broad
range of conditions, viability selection against hybrids (s;) leads to reinforcement of both

the preference and male trait, indicated by positive values of &t and Jp.

A second basic observation is that the clines in the preference and male trait can
be qualitatively different in shape. Under some conditions, both the preference and male
trait show RCD, while under others only the male trait does. Examples are shown in
Figure 2.3. Although we typically observed monotonic and reversed clines, we also
observed a third type of cline, in which the pattern of divergence in sympatry was the
reverse of that in allopatry. Figure 2.4 shows examples of different patterns that can be

produced by reinforcement. We also observed that the male trait consistently diverges

51



more than the preference in our model. That may not be a general pattern, however, as

the quantitative outcome may depend on behavioral and genetic details.

The simulations also suggest the roles that different parameters may have in
promoting RCD and reinforcement. Table 2.2 shows that the degree of RCD in the male
trait and female preference is enhanced by increased female mating preferences (larger o)
and by larger differences between the average female mating preferences of the allopatric
populations (larger AP). Increased divergence of the trait in allopatry (AT), however,
generally leads to a decrease in the amount of RCD observed for the male trait and
female preference (smaller br and bp). As might be anticipated, increased migration (m)
leads to decreased reinforcement of both the male trait and preference (smaller 6+ and 5p).
Our simulations do not allow us to say how these conclusions might generalize to other

assumptions regarding the genetics, geography, behavior, etc.

2.5 DISCUSSION

The model presented here demonstrates two simple points. First, the absence of
RCD does not imply the absence of reinforcement. This result makes the point that RCD
is not the unique signature of reinforcement. Second, the preference and male trait can
have qualitatively different clines. This result underlines the importance of studying the

patterns of divergence in both the trait and the preference. While the quantitative results
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we find depend on the detailed assumptions made in our model, we expect that these two

qualitative conclusions may hold under a broad range of conditions.

We have focused here on the concept of reinforcement originated by Dobzhansky
(1940), defined by Blair (1955), and further clarified by Howard (1993). This definition
describes the process that selection against hybrids may lead to: the enhancement of
prezygotic isolation. We have shown that prezygotic isolation can be enhanced by
selection against hybrids without resulting in reproductive character displacement (RCD),
defined as the pattern in which there is more divergence in sympatry than allopatry

(Brown & Wilson, 1956).

There may be a tendency, because of empirical convenience, to equate
reinforcement with RCD. This has led to a conception of reinforcement as an increase in
prezygotic isolation in sympatry relative to allopatry, due to selection against hybrids.
Use of this definition leads researchers to view RCD as a necessary outcome of
reinforcement. This definition also downplays the importance of the evolution of
prezygotic isolation in the stages where RCD is not present. During these stages the
frequency of heterospecific matings is reduced and fewer hybrids zygotes are formed just
as they are when RCD is present. Our simulations show that RCD is just one possible
outcome that can result from selection against hybrids. We see no difference between the
process that steepens a monotonic cline and the process that transforms a monotonic cline
into a reversed cline. In both cases the propensity to mate with heterospecifics evolves

by indirect selection generated by direct selection on less fit hybrids.
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As Howard (1993) and Noor (1999) point out, RCD may result from evolutionary
processes other than reinforcement. It is therefore critical to distinguish between the
evolutionary process that enhances isolation, which may or may not be reinforcement,
and the pattern of the outcome, which may or may not be RCD. This is not to say that the
study of RCD in nature is not important; we may indeed learn volumes about speciation
by concentrating on geographic regions of enhanced prezygotic isolation. The point is
just that we cannot draw conclusions about whether reinforcement has occurred based

solely on the presence or absence of RCD.

How then can we determine if reinforcement has occurred in nature? ldeally, we
might want to compare the hybrid zone of interest with another zone that is identical but
that has no selection against hybrids. One could, for example, compare the proportion of
heterospecific matings in sympatry under the two cases, expecting to see fewer where
there is selection against hybrids. Alternatively, we could compare the slope of the cline
under the two cases. We would expect greater divergence (that is, larger values of b
and/or bp) when selection is acting against hybrids than when selection is not. While
these approaches are practical for simulation studies, they clearly are not feasible in

nature.

Perhaps asking whether reinforcement has occurred is not the most informative
question. Existing analytical models of reinforcement show that prezygotic isolation is
strengthened by selection acting against hybrids under very general conditions

(Kirkpatrick & Servedio, 1999; Kirkpatrick, 2000, 2001), and our findings are consistent
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with that conclusion. These results suggest we can expect there will be some
reinforcement whenever there is some assortative mating and some selection against
hybrids. If our aim is to understand the role of postzygotic isolation in the formation and
maintenance of species, then perhaps we should not be asking whether or not
reinforcement is occurring, but instead be trying to understand what effect reinforcement

has on the patterns of divergence we see in nature.
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Table 2.1. The frequency of matings between different male and female genotypes.

Female genotype

Male genotype
ToTo ToT1 TiTy
PoPo 1+a) (1+o) 1
PoP1 1 1 1
P1P; 1 (1+a) (1+a)
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Table 2.2. Cline shape (b) and the amount of reinforcement (5) under different
evolutionary assumptions. Subscripts T and P correspond to the male trait and female
preference loci, respectively. Parameters include the strength of female preference (o),
rate of migration (m), amount of allopatric divergence in the male trait (AT) and female
preference (AP), and strength of viability selection against hybrids (s;). Each row
presents the parameter values assumed and the outcome of one simulation, where a dash
(-) indicates a parameter value that is equal to the value in the top row.

o m AT AP S bT bp O Op

0.4 0.05 0.4 0.4 0.4 0.0364 -0.0279 0.0611 0.0153

0.2 - - - - -0.1437 -0.042 0.0183 0.0081

0.8 - - - - 0.1643 0.0012 0.0589 0.0263
1 - - - - 0.1869 0.0128 0.0531 0.0303
- 0.025 - - - 0.0939 -0.0217 0.1013 0.0202
- 0.05 - - - 0.0364 -0.0279 0.0611 0.0153
- 0.075 - - - 0.0153 -0.0295 0.0464 0.0142
- 0.1 - - - 0.005 -0.0299 0.0393 0.0141
- - 0.2 - - 0.0748 -0.0269 0.0614 0.0152
- - 0.4 - - 0.0364 -0.0279 0.0611 0.0153
- - 0.6 - - -0.0011 -0.0289 0.0612 0.0154
- - 0.8 - - -0.0364 -0.0298 0.0616 0.0156
- - - 0.2 - -0.1942 -0.0335 0.0002 0.0017
- - - 0.4 - 0.0364 -0.0279 0.0611 0.0153
- - - 0.6 - 0.1368 -0.0384 0.0454 0.0191

0.4 0.05 0.4 0.4 0.4 0.0364 -0.0279 0.0611 0.0153
- - - - 0 -0.0248 -0.0432 0 0

- - - - 0.2 0.0021 -0.0363 0.0269 0.0069
- - - - 0.6 0.094 -0.0098 0.1188 0.0334
- - - - 0.8 0.1366 0.0157 0.1614 0.0589
- - - - 1 0.1594 0.0435 0.1842 0.0867
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Figure 2.1. Measures of reproductive character displacement and reinforcement. The left panel shows the
interpretations for b, our measure of cline shape, and the right panel shows the interpretations for 8, our
measure of reinforcement. A dashed line (- -) indicates that no selection is acting against hybrids, whereas
a solid line (=) indicates that hybrids have reduced fitness.
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Figure 2.2. The evolution of a cline in response to selection against hybridization. (a) A simple cline in
mating preferences forms when there is no selection against hybrids. (b & c) Selection against hybrids
results in reinforcement of mating preferences in sympatry. (d) The resulting shape of the cline at
equilibrium depends upon a number of conditions, including the strength of selection against hybrids (sl).
Under some conditions (sl = 0.90), the resulting cline shows the pattern of reproductive character
displacement whereas in others (sl = 0.65), the resulting cline is monotonic. The process leading to the
strengthening of prezygotic isolation in sympatry is the same in both cases. Parameter values are o = 0.4,
m = 0.05, AT =0.4, and AP =0.4.
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Figure 2.3. Patterns of divergence in the male trait (above) and female preference (below). The four clines

in each panel correspond to different intensities of viability selection against hybrids (with the value for s,
shown on each curve). Parameter values are o = 0.4, m = 0.05, AT = 0.4, and AP = 0.4.
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Figure 2.4. Equilibrium cline shapes resulting from reinforcement. A dashed line (- -) indicates that no
selection is acting against hybrids, whereas a solid line (=) indicates that hybrids have reduced fitness.
Reinforcement can result in (a) a reversed cline, (b) a monotonic cline, or (c & d) other types of clines.
Note that although reinforcement occurred in all four of these cases, reproductive character displacement
resulted in only one case (a). Parameter values are (a) o = 0.4, m = 0.05, AT = 0.3, AP = 0.4, and sl = 0.6,
(b) « =0.4,m=0.05,AT=0.8, AP=0.4,and sl =0.4, (c) o = 0.4, m=0.05, AT=0.4, AP=0.3,and sl =
0.6, and (d) & = 0.2, m=0.05, AT = 0.1, AP = 0.4, and sl = 0.6.
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Chapter 3

Reinforcement and the Genetics of Hybrid Incompatibilities*

Abstract. Recent empirical studies suggest that genes involved in speciation are often
sex-linked. We derive a general analytic model of reinforcement to study the effects of
sex linkage on reinforcement under three forms of selection against hybrids: one-locus,
two-locus, and ecological incompatibilities. We show that the pattern of sex linkage can
have a large effect on the amount of reinforcement due to hybrid incompatibility. Sex
linkage of genes involved in postzygotic isolation generally increases the strength of
reinforcement, but only if genes involved in prezygotic isolation are also sex-linked. We
use exact simulations to test the accuracy of the approximation and find that qualitative

predictions made assuming weak selection can hold when selection is strong.

*Significant portions of this chapter have been previously published as Lemmon &

Kirkpatrick, 2006. Genetics, 173: 1145-1155.

64



3.1 INTRODUCTION

Speciation is the evolution of prezygotic or postzygotic isolation. Postzygotic
isolation is thought to evolve through the accumulation of genetic incompatibilities
during allopatric separation. Prezygotic isolation can evolve through reinforcement,
which is the evolution of increased prezygotic isolation as a result of selection against
hybrids (Dobzhansky, 1940; Blair, 1955; Howard, 1993). Empirical evidence for
reinforcement comes from studies of insects, birds, fish, amphibians, and other taxa

(Howard, 1993; Coyne and Orr, 2004).

One empirical pattern that has recently emerged is that many genes involved in
speciation are sex-linked (Grula and Taylor, 1980; Heisler, 1984; Reinhold, 1998;
Ritchie, 2000; lyengar et al., 2002; Lindholm and Breden, 2002; Seetre et al., 2003).

How does sex linkage affect the potential for reinforcement?

Theoretical studies of reinforcement have explored several genetic and
geographic situations, demonstrating that reinforcement is expected under general
conditions (Kirkpatrick and Servedio, 1999; Kirkpatrick, 2000, 2001; Kirkpatrick and
Ravigné 2002; Lemmon et al., 2004). Kirkpatrick (2001) studied reinforcement due to
ecological incompatibilities in haploids. Theoretical studies have also demonstrated that

increased linkage between incompatibility loci generally decreases the amount of

65



reinforcement (Kirkpatrick and Servedio, 1999; Servedio and Seetre, 2003). The only
study considering the effects of sex linkage is a simulation study by Servedio and Seetre,
(2003), who compared the amount of reinforcement expected when all loci are
autosomal to the amount expected when all loci are Z-linked. They concluded that sex
linkage enhances reinforcement. Servedio and Sztre did not, however, consider
incompatibilities between autosomal and sex-linked genes, which are quite common in
nature (Schartl, 1995; Presgraves, 2003; Barbash et al., 2004). What is missing from the
theoretical literature is an analytic model of reinforcement that can accommodate any

pattern of sex linkage and any number of incompatibility genes.

In this paper, we derive a general analytic model of reinforcement that allows for
any form of pre- and postzygotic isolation. We study the effects of sex linkage by
applying the general model to three specific types of postzygotic isolation (hybrid
incompatibility): selection at a single locus, selection on two incompatible loci, and
selection on an ecological intermediate. We focus on the evolution of prezygotic
isolation (female preference) on an island population that hybridizes with migrants
arriving from a continental population. There are several reasons why this situation is of
interest. First, islands are a prolific source of new species (Mayr, 1963). Second, the
assumption is not as restrictive as it first appears. This model will, for example, apply to

cases where migration is two-way but selection or some other force constrains the
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evolution of speciation genes in one population. Third and most importantly, the
measure of reinforcement is clear. Reinforcement is simply the amount of divergence in
the preference between the island and the continent. When selection does not act against
hybridization, the preference on the island will match that of the continent because
migration will reduce any initial divergence in the preference to zero. Any divergence in

the preference that remains, then, is a result of reinforcement.

Our model suggests that sex linkage of hybrid incompatibility genes enhances
reinforcement, but only when the female preference genes are also sex-linked. We also
show that autosome-X (or autosome-Z) incompatibilities are favorable to reinforcement
regardless of whether the preference genes are autosomal, or X-linked (or Z-linked). We

test the accuracy of the approximations using exact four-locus simulations.

3.2 RESULTS

Notation and Assumptions. Our model describes the evolution of biallelic loci in a
diploid, sexually reproducing population. The notation, which follows Kirkpatrick et al.,
(2002), is described in detail below and summarized in Table 3.1. We say that genes
carried by an individual occupy positions. A position is defined to be the locus at which

a gene resides, the sex of the individual carrying it, and the sex of the individual from
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which it was inherited. Four positions exist for an autosomal locus, three exist for a
X-linked (Z-linked) locus, and one exists for a Y-linked (W-linked) locus. At an
autosomal locus i, for example, the gene carried by a female and inherited from a female
(the individual's mother) is denoted i, while the gene she inherited from a male (her
father) is written ify,. Segregating at each locus are two alleles, denoted 0 and 1. On the
island, the frequency of allele 1 at position i (where i could represent i, ifm, imf, OF imm)

is denoted p;, withg; = 1 — p;. Loci may be linked or unlinked.

We divide the loci into three nonoverlapping sets: one containing the female
preference loci, one containing the male trait loci, and one containing the hybrid
incompatibility loci. These sets are denoted P, T, and H, respectively. The set of all
positions in females that affect the preference is written P;. With n autosomal loci, for
example, there are 2n positions in this set. Each set may contain any number of loci.
We make no assumptions about the type of natural and sexual selection on the male trait,

which means that any type of mating system is applicable.

A female's mating preference phenotype P and a male's display trait phenotype T
are allowed to be any aspect of their phenotypes that affects who they are likely to mate.
For simplicity, we assume that the genes affecting the preference and trait have additive
effects and that there is no imprinting (that is, alleles inherited from mothers and fathers

are expressed equally). The female preference loci are assumed to be free of direct
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selection. This allows us to isolate the effects of reinforcement that results from selection
acting on the male trait and hybrid incompatibility loci. We make no assumptions about
how the preference loci are inherited (autosomally or sex-linked). For simplicity,
however, we do assume they all share the same mode of inheritance. The trait loci are
autosomal. The effects of sex linkage of the male trait and female preference are studied

in Hall and Kirkpatrick (2006).

All loci that affect the hybrids but not the preference or the male trait are
designated as the hybrid incompatibility loci. These loci can have any pattern of
additive or nonadditive gene action (that is, dominance and/or epistasis) involving any
combination of the loci. We make no assumptions about the mode of inheritance of

these loci: they may be autosomal, sex-linked, or cytoplasmic.

We study the evolution of female preference on an island that receives migrants
from a continent that is at equilibrium. Migration occurs at a rate m, which is defined to
be the proportion of newly arrived migrants on the island just after migration. The
model applies equally to a pair of sympatric species between which there is one-way
introgression. In that case, m represents the rate of hybridization between the focal
species and the other species, and all descendants of hybrid matings are considered to

belong to the focal population.
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We assume a life cycle that begins with zygotes, followed by selection on the
hybrid incompatibility loci, followed by migration, followed by natural and/or sexual
selection on the male trait loci, followed by mating. The cycle ends with transmission
and the generation of new zygotes. We also assume non-overlapping generations and

that the effects of genetic drift and mutation are negligible.

The female preference on the island will evolve as an indirect response to direct
selection on other loci, namely the male trait and hybrid incompatibility loci. Indirect
selection depends on two things. The first is the strength of direct selection. We denote
the strength of direct selection acting on a set of positions U by ay. Kirkpatrick et al.
(2002) explain how ay, can be calculated for any pattern of selection, including arbitrary
forms of epistasis and dominance. This means that results for reinforcement that are
derived in terms of the ay can be applied to any kind of hybrid incompatibility, as we
will see shortly. The second thing on which indirect selection depends is the strength of
associations (linkage disequilibria) among positions. We denote the associations among
positions in the set U as Dy. The algebraic definition for Dy is given in Kirkpatrick et al.

(2002), which can be consulted for more details.

General Results. We begin by deriving a model of reinforcement that is general with

regards to the form of selection against hybrids. We then apply the general model to
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specific types of hybrid incompatibility in order to determine the effects of sex linkage
on the potential for reinforcement. For purposes of clarity, only the main results are

presented below; the detailed derivation of each result is given in the online materials.

Under our assumption that the preference genes have additive effects, the

preference phenotype of a particular female can be written

P =P+ Zﬂe[Pf bﬂé,,j, (31)

where P is the mean preference among female zygotes on the island, b; is the difference
in the preference caused by carrying allele 1 rather than allele 0 at position i, and §; = g;
if the female carries allele 1 at position i and — p; otherwise. The summation includes

one term for each of the positions affecting the preference in females.

Reinforcement of the preference on the island will result in divergence between
the mean values of the preference on the continent (denoted P¢) and the island. The

change in the mean preference in females from the start of one generation to the next is
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AP = 3icp biAp;, (3.2)

where Ap; is the per-generation change in the allele frequency at position i.

In the online materials, we show that the per-generation change, Ap;, can be
written as a function of the change caused by selection and migration within a

generation, which is:

Pi —Pi = XaanaaDa; + m(pS — py) + Sacraa Dy - (3.3)

We use primes to denote variables at different stages in the life cycle, with no primes
denoting a value in zygotes, one prime after selection on hybrid incompatibility, two
primes after migration, and three primes after natural and sexual selection on the male

trait. A superscript C denotes a value in the continental population.

To make further progress, we need expressions for the associations (the D) that
appear in (3.3), which change under the forces of selection, migration, nonrandom

mating, and recombination. Here we will use the "quasi-linkage equilibrium™, or QLE,
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approximation (Barton and Turelli, 1991; Kirkpatrick et al., 2002). The key assumptions
are that the selection coefficients (the a) and associations (the D) are much smaller than
1, which allows us to neglect terms where they appear as higher powers. The
assumption regarding the associations will be met when the forces that generate
associations (selection and migration) are weak relative to the forces breaking them
down (recombination), so we require that recombination rates be not too small. We also
assume that migration is weak relative to selection, such that m is of O(a?). The online

materials show how we can then derive O(a) approximations for the associations.

To simplify the analysis, we assume that the preference loci are unlinked to the
incompatibility loci. We find the amount of reinforcement at equilibrium by combining
(3.2) and (3.3), and setting the change in (3.2) to zero. In the online materials we find

that the difference between the mean preference on the island and continent is

P-PC = M1+ 1)+ O@), (3.4)

where a hat denotes a value at equilibrium and O(a) indicates that terms proportional to
the a have been neglected. M represents the effect of selection acting on the male trait

loci:
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_ P ‘ o
M = WTZﬂe[Pb“ZAgvaADA“’ (35)

where the tilda represents a QLE approximation and Fp is the proportion of preference
genes found in females (for example, Fp equals 1/2 when the preference loci are all
autosomally inherited and 2/3 when they are all X-linked). Hall and Kirkpatrick (2006)
use (3.5) to study in detail how sex linkage of the female preference and male display

trait affect reinforcement.

The value of I quantifies the strength of hybrid incompatibility in terms of its

effect on the reinforcement of the female preference. 1 is defined as:

| = —FpYacnaadagh — (1 = Fp) Sacn, aada ¢R - (3.6)

The left and right terms represent the effect of selection against hybrid incompatibilities
in females and males, respectively. Here, dx = [T;ca (p$ — ;). Expressions for ¢f,

and ¢X are derived in the online materials. Their values depend on three things: 1) the
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type of hybrid incompatibility, 2) how the preference and incompatibility loci are

inherited and 3) the recombination rates between hybrid incompatibility loci.

Equations 3.4 - 3.6 are our primary results. By specifying how the hybrid
incompatibility genes are selected and inherited, we can use (3.6) to make quantitative
predictions. Before doing that, however, we can draw three general conclusions. The
first conclusion is that the amount of reinforcement depends on how the female
preference and hybrid incompatibility genes are inherited. That follows from the fact
that the Fp (the fraction of preference positions in females) and the ¢ depend on the

mode of inheritance.

The second conclusion is that the amount of reinforcement will increase with
increasing strengths of selection against hybrids (reflected in larger values of a5) and
increasing amounts of divergence at the hybrid incompatibility loci (reflected in larger
absolute values of d»). Note, however, that reinforcement can occur when | = 0,
implying that selection on the male trait alone can produce reinforcement (Kirkpatrick
and Servedio, 1999). Selection on genes other than the male trait genes may enhance
reinforcement, but only if M > 0 (implying that there is natural or sexual selection on the

male trait favoring it to diverge from the continent).
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The third conclusion is that the total effect of selection against hybrids on
reinforcement can be separated into an effect due to selection on females (the first
summation in (3.6)) and an effect due to selection on males (the second summation in
(3.6)). These effects are weighted by Fp and (1 — Fp), which are the proportion of time
the preference genes spend in females and males, respectively. If all preference loci are
autosomal, for example, then Fp = 1/2 and effects from the two sexes are weighted
equally. If all preference genes are X-linked, however, then Fp = 2/3 and the female
effect is given more weight. The mode of inheritance of the female preference genes,
therefore, influences the relative effects of selection against male and female hybrids on

reinforcement (see also Hall and Kirkpatrick, 2006).

To simplify the analyses, we now make three additional assumptions. The first
assumption is that the island and continent are nearly fixed for alternative alleles (alleles
1 and 0 respectively) at the hybrid incompatibility loci. When this is true, da ~ (- 1)",
where n is the number of positions in A. The assumption is good as long as the strength

of migration is weak relative to the strength of selection against hybrids and migrants.

The second assumption is that males are the heterogametic sex. We make this
assumption only for clarity of presentation. For taxa in which females are the

heterogametic sex, an expression for | can be obtained from (3.6) by simply
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interchanging the notation for males and females. This means that an autosome-X

incompatibility, for example, has the same effect as autosome-Z incompatibility.

Third, we assume that the quantity M defined in (3.5) is independent of how the
preference loci are inherited. This approximation is based on the results of Hall and
Kirkpatrick (2006), who find that changing the mode of inheritance of the preference
from autosomal to X-linked alters M by less than 10% when the trait is autosomal. This
simplification allows us to isolate the consequences of sex linkage on reinforcement

through its effects on I, which represents the force of selection on hybrid incompatibility.

We will now use (3.6) to derive equations for | considering three types of
incompatibilities: those due to selection on a single locus, those due to interactions
between two loci, and those due to selection against an ecological intermediate. For one
and two locus incompatibilities, we consider all possible combinations of three modes of
inheritance (autosomal, X-linked, Y-linked) for the female preference and hybrid
incompatibility loci. We then compare the cases and determine the combinations that

are expected to produce the most reinforcement.

One-Locus Incompatibilities. In the previous section, we derived a general equation
describing the effect of any form of selection against hybrids on reinforcement. Here we

use that equation to study incompatibilities resulting from selection on a single locus, k.
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This type of incompatibility can evolve when the fitness effects of the locus are
environment-dependent, for example when one allele is favored on the continent and
another on the island. For generality we allow females and males to have different
fitnesses. Our notation for the strengths of selection against different genotypes is given
in the upper half of Figure 3.1, where s is the strength of selection against an individual
homozygous/hemizygous for the continental allele, and s; is the strength of selection
against a heterozygote. The preference loci may be autosomal or X-linked and the

incompatibility locus may be autosomal, X-linked, or Y-linked.

In the online materials, we derive expressions for ax, ¢k, and . Plugging
those results into (3.6) and simplifying, we obtain the expressions for the effect on
reinforcement, I. Those expressions are summarized in Table 3.2, where f and m denote
coefficients for females and males, respectively. The effect of two or more independent
one-locus incompatibilities can be studied by simply summing up the appropriate values

from Table 3.2.

Results in Table 3.2 show that under general conditions, reinforcement is
expected to be strongest when the preference and the incompatibility have the same
mode of inheritance (either autosomal, X-linked, or Z-linked). Other combinations are

expected to produce smaller amounts of reinforcement. This conclusion is robust so
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long as males and females with the same genotype have equal fitness, the island allele is

not recessive, and there is no overdominance (i.e. Sy > So/2).

We can also see from Table 3.2 that the amount of reinforcement generally
increases with the strength of selection against hybrids. The one exception is when the
preference and incompatibility loci reside on different sex chromosomes. No

reinforcement is possible in this case because the two loci cannot be inherited together.

Two-Locus Incompatibilities. Two-locus hybrid incompatibilities, first discussed by
Bateson (1909), Dobzhansky (1934, 1937), and Muller (1939, 1940, 1942), are thought
to be common in nature and have been the focus of extensive empirical and theoretical
studies (Coyne and Orr, 2004). Here we apply the general result (3.6) to two-locus

hybrid incompatibilities.

We denote the loci involved as k and I, and the rate of recombination between
them as ry. Again, we allow females and males to have different fitnesses. Our notation
for the strengths of selection against different genotypes is given in the lower half of
Figure 3.1. Five combinations of modes of inheritance for the two incompatibility loci
exist: autosome-autosome (A-A), autosome-X (A-X), autosome-Y (A-Y), X-X, and X-Y.
Since the preference may be autosomal or X-linked, there are a total of ten combinations

when all three sets of loci are considered.
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In the online materials, we derive expressions for aa, ¢k, and ¢} for each of the
ten combinations of modes of inheritance. Plugging these expressions into (3.6) yields
the expressions for | given in Table 3.3. For simplicity of presentation, Table 3.3
presents the expressions for | assuming that males and females with the same genotype
have the same fitness and that dosage compensation exists. More general expressions

for | are given in the online materials.

Table 3.3 can be used to show that increased linkage between the incompatibility
loci decreases the amount of reinforcement for commonly observed types of
incompatibilities. These results are consistent with previous theory (Kirkpatrick and

Servedio, 1999; Servedio and Setre, 2003).

The general model derived above can accommodate any pattern of dominance
and epistasis, as well as any pattern of sex linkage. Here we compare different types of
incompatibilities in order to determine how sex linkage affects reinforcement. To make
the analysis tractable, we reduce the number of parameters by making the following
biologically realistic assumptions: 1) the free recombination between hybrid
incompatibility, 2) dosage compensation, and 3) males and females with the same
genotype have equal fitness. Note that the third assumption does not imply that males

and females of the same hybrid class have equal fitness.
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To determine the effect of sex linkage on reinforcement, we computed | for A-A,
A-X, A-Y, X-X, and X-Y incompatibilities using Table 3.3, then compared the values in
a pairwise fashion. We studied the five patterns of hybrid incompatibility presented in
the top row of Figure 3.2. Patterns A and B are two simple ways in which pure types
have high fitness and hybrids are selected against. Pattern C is consistent with the type
of incompatibility studied by Servedio and Satre (2003). Pattern D is compatible with
the type studied by Turelli and Orr (2000), who assume that the incompatibility evolved
by drift. Pattern E is inconsistent with that assumption. By comparing the results from
the five patterns, we can identify how our conclusions may be affected by particular

assumptions about the type of two-locus incompatibility.

Two conclusions can be drawn from Figure 3.2. First, it is clear that the type of
incompatibility that is expected to contribute the most to reinforcement depends on
whether or not the female preference is sex linked. This result holds for all five patterns
of hybrid incompatibility studied (also see online materials for a more detailed analysis).
When the preference is autosomally inherited (center row), A-A and A-X
incompatibilities are expected to contribute the most. When the preference is X-linked
(bottom row), however, X-X and A-X incompatibilities are expected to be more

important. This result is consistent with our results for one-locus incompatibilities.
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The second conclusion is that the mode of inheritance of the hybrid
incompatibility has only a moderate effect when A-Y and X-Y incompatibilities are
ignored. When A-Y and X-Y incompatibilities are considered, however, sex linkage
can have a very large effect (see online materials), in some cases exceeding a 10-fold
effect. The reason is that very little reinforcement is expected when one or more
incompatibility loci are Y-linked and the preference locus is X-linked. Analogous

results apply to taxa with Z-W sex determination.

Ecological incompatibilities. How does selection against ecologically-inferior hybrids
favor reinforcement of prezygotic isolation? Here we apply the general model derived
above to the situation in which genes contribute additively to a quantitative trait, such as
body size or bill length. In this model, hybrids are selected against because they have
intermediate phenotypes that are selected against. We assume that in the absence of
migration, the island and continent populations would be fixed for alternative alleles at a
set of loci. Below we present an equation for the amount of reinforcement assuming that
all incompatibility loci are either autosomal, X-linked, or Y-linked. More general

equations allowing for any combination of loci are given in the online materials.

For simplicity, we assume that the n loci influencing the ecological trait have

equal allele frequencies and equal effects on the trait. We also assume that the
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ecological trait is determined by a large number of loci, each with a small effect. The
mean values of the ecological trait on the continent and island are given by Z€ and Z,
respectively. Selection against the hybrids is a function of the strength of selection of
the directional selection gradient 8 and the stabilizing selection gradient I acting on the
ecological trait. (Negative values of I" correspond to stabilizing selection, and positive
values to disruptive selection.) The values of the selection gradients depend on the
fitness function for the ecological trait and also on the distribution of that trait in the
island population. That distribution evolves in response to selection and migration,
which causes the values of the selection gradients to change. The gand I' in the
expressions that follow refer to the equilibrium values for the gradients. See Lande and

Arnold (1993) and Kirkpatrick (2001) for more details.

In the online materials we show that the effect on reinforcement from selection

on the ecological trait is

| ~ ¢(28]2-2¢]+1(2 - 29), (3.7)

where Z is the equilibrium value of the ecological trait on the island and the value of ¢

depends on how the preference and ecological trait are inherited (see Table 3.4).
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Table 3.4 shows that the type of incompatibility that is expected to contribute
most to reinforcement depends on how the female preference is inherited. Autosomal
incompatibilities contribute more when the preference also autosomal, whereas X-linked
incompatibilities contribute more when the preference is X-linked. Y-linked
incompatibilities are expected to contribute relatively little, regardless of how the female
preference is inherited. Equation 3.7 also shows that the amount of reinforcement due to
selection acting on an ecological trait increases linearly with the strength of directional
selection acting on the island, linearly with the strength of disruptive selection acting on
the island, and faster than linearly (quadratically) with the equilibrium amount of

divergence in the ecological trait between the continent and island.

3.3 SIMULATIONS

The analytic model developed above utilizes a QLE approximation that is
accurate when selection and migration are sufficiently weak. Here we use exact
simulations in order to answer three questions: 1) How does the accuracy of the analytic
approximation decrease with an increasing strength of selection? 2) Do qualitative
results obtained from the weak selection approximation hold when selection is strong?

3) What happens when migration is not weak relative to selection? We find that the
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analytic approximation is quite good when selection is weak, and that qualitative

conclusions hold when selection is strong.

Notation and Assumptions. The analytic model allows any number of loci to
contribute to the female preference, male trait, and hybrid incompatibility. Here we
consider a special case of that model: when one locus contributes to the female
preference, one locus contributes to the male trait, and two loci contribute to the hybrid
incompatibility. We assume that females have a preference of 1 + « for males with a
trait genotype that matches her preference genotype, relative to males with other
genotypes. Mating probabilities are calculated using preference values and genotype
frequencies taken just before mating (Kirkpatrick 1982). We also assume natural
selection disfavoring continental male trait alleles on the island, with heterozygotes
taking a fitness of 1 — st /2, and homozygotes/hemizygotes taking a fitness of 1 —st. To
maximize the potential for reinforcement, we assume that the continental allele
frequencies at the preference and trait loci are equal to 0.5. Initial allele frequencies on
the island were 1.0 for the male trait and 0.5 for the female preference (initial
frequencies on the island had a negligible effect on equilibrium values). The continent
and island were initially fixed for alternate alleles at the hybrid incompatibility loci. We
assumed a heritability of 1 and that all loci are unlinked. Without loss of generality, we

choose the following phenotypic values for the preference and trait: 0 for individuals
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homozygous/hemizygous for the continental allele, 1 for heterozygous individuals, and 2
for individuals homozygous/hemizygous for the island allele. Simulations were run until

the change in each allele frequency between generations was less than 10712,

Accuracy of the Approximation. How does the accuracy of the analytic approximation
decrease as the strength of selection is increased? We answered this question by
comparing exact values for the amount of reinforcement (obtained from the simulations
at equilibrium) with the corresponding approximate values (obtained from the analytic
model given in Equation 3.4). To calculate the analytic approximation, we used the
expression for (5) derived by Hall and Kirkpatrick (2006) in terms of measurable
quantities (see their Equation 5). Error of the analytic approximation was calculated as
(P-P) / (P-P%), where P and P are the approximate and exact values of the
preference on the island, respectively. This is a measure of the accuracy of the entire
model, which is a function of the accuracy of (3.5) (the male trait component) and of

(3.6) (the hybrid incompatibility component).

We varied the strength of reinforcement by varying the values of the parameters
describing migration and selection, while holding the relationship among those
parameters constant. More specifically, we denoted the strength of selection as s, and set
m=s/80,St =S, =2S,Sp =0, S11 =S/4, So1 =S10 = S12 = S21 =S/ 2, Sp2 = Sp0 = S.

These assumptions correspond to the incompatibility type E from Figure 3.2.
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Figure 3.3 shows how the error in the analytic approximation increases with the
strength of selection for five different types of sex linkage (preference and trait are
autosomal). Figure 3.3 suggests that when selection is weak the accuracy of the analytic

approximation is quite good (the error is on the order of the strength of selection).

Servedio (2004) criticizes the QLE approximation, suggesting that conclusions
drawn from models assuming weak selection can not be applied to situations involving
strong selection. To test this claim, we extended the simulations to include conditions of
very strong selection. Results from these simulations are presented in Figure 3.4. The
main figure presents the results obtained when the preference and trait are autosomal and

the inset figure presents results obtained when they are X-linked.

We can conclude from Figure 3.4 that qualitative patterns observed when
selection is weak can hold when selection is very strong. These simulations present two
patterns that Servedio found problematic. First, the simulations involving an autosomal
preference and trait show a rank-order change in the relative amounts of reinforcement
as selection becomes strong, indicated by the fact that the lines corresponding to A-Y
and X-X incompatibilities cross when s ~ 0.8. This rank-order change, however, does
not change the qualitative conclusions: incompatibilities that are especially favorable to

reinforcement remain so. Second, the simulations involving an X-linked preference and
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trait show a highly non-linear relationship between the strength of selection and the
amount of reinforcement. Note that despite this non-linear relationship, the qualitative
patterns observed when selection is weak are also observed when selection is strong.
For example, the observation that when the preference and trait are X-linked, A-Y and

X-Y incompatibilities are weaker than other types is consistent across the entire range of

Selection vs. Drift. Recent empirical studies suggest that hybrid incompatibilities
evolve by selection instead of drift (Presgraves et al., 2003; Barbash et al., 2004; Wu
and Ting, 2004). Authors of some recent theoretical studies of hybrid incompatibilities,
however, have assumed that incompatibilities evolve by drift (Turelli and Orr, 2000;
Gavrilets, 2003). Is the outcome of secondary contact the same for incompatibilities that
evolve by selection as opposed to drift? To answer this question we focused on types D
and E from Figure 3.2. Type D is consistent with the assumption that the incompatibility
evolved by drift, whereas type E is consistent with the assumption that the
incompatibility evolved by selection. For each of these two types, we conducted a series
of simulations in which we independently varied the relative strength of selection and
migration and recorded the amount of reinforcement at equilibrium. Simulation
procedures were the same as described in the Notation and assumptions section above,

with autosomal inheritance of all 4 loci, @ = 2, and st = 1.

88



The simulations revealed a phenomenon that is not currently appreciated.
Postzygotic isolation can be lost through genetic swamping despite strong selection
against hybrids, if selection against the ancestral genotype is weak. The reason for this
result is that individuals of a particular hybrid class may have different genotypes. If one
or more of these genotypes (such as the ancestral genotype) have high fitness, then
individuals with those genotypes will survive, allowing introgression of alleles from one
species to the other. This will occur even if selection against the hybrid class as a whole
is strong. Our simulations demonstrated the result of this pattern. When incompatibility
type D was assumed in the simulations, the incompatibility could only be maintained if
all F1 hybrids died (s = 1) or there was no migration m = 0). This implies that for the
incompatibility that evolved by drift, swamping could occur despite strong selection
against the hybrid classes. When incompatibility type E was assumed in the simulations,

in contrast, the incompatibility was maintained whenever m < s/12.

The simple conclusion that we can draw from these simulations is that the
strength of selection against the hybrid classes may not be the best indicator of whether
or not postzygotic isolation is likely to be maintained (or whether or not reinforcement
will occur). Other factors, such as whether the postzygotic isolation evolved by

selection or drift, may also determine the fate of incompatibilities in hybridizing
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populations. This result has important implications for the relative importance of

selection and drift in the evolution of hybrid incompatibility.

3.4 DISCUSSION

We have shown that sex linkage influences how hybrid incompatibility
contributes to reinforcement. In general, sex-linked incompatibilities are expected to
produce more reinforcement than autosomal incompatibilities when female preference is
also sex-linked. When the preference is not sex-linked, however, autosomal (and
autosome-X) incompatibilities produce more reinforcement. (Autosome-X
incompatibilities are favorable to reinforcement regardless of how the preference is
inherited.) These results hold for many types of hybrid incompatibility, including
selection against heterozygotes at a single locus, selection against incompatible alleles at
two loci, and selection against ecological intermediates. The strength of the effect,
which depends on the genetic details, can be quite large but is typically less than 2-fold

when Y-linkage is ignored.

The weak selection approximation we utilized has recently been criticized by
Servedio (2004), who suggested that results from models assuming weak selection can

not apply to situations involving strong selection. Our simulations suggest otherwise.
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We found that even when reinforcement changes nonlinearly with increasing selection,
qualitative patterns hold regardless of the strength of selection. Simulations have also
shown the approximation to be more accurate when strong selection is a function of
many genes each with small effect rather than a function of a few genes with large effect
(data not shown). This suggests that the accuracy we report is a conservative estimate
since we considered the worst case (a few genes with large effect). We conclude,
therefore, that our qualitative conclusions may hold even when selection against hybrids

IS strong.

Our simulations also show that incompatibilities that evolve in allopatry by drift
or weak selection are likely to be lost by swamping during secondary contact, even when
the strength of selection against hybrids is strong. This observation suggests that the rate
of hybridization during secondary contact may determine the types of incompatibilities
that can persist. With very infrequent hybridization, incompatibilities that evolved by
weak selection can be maintained, but with moderate to strong hybridization, only
incompatibilities that evolved by very strong selection can be maintained.
Incompatibilities that evolved by drift will be lost in the face of any degree of

hybridization, assuming some introgression.

Secondary contact should act as a sieve, therefore, removing incompatibilities

that evolved by drift or weak selection but retaining those that evolved by strong
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selection. This incompatibility sieve should produce at least two empirical patterns.
First, taxa that have not come into secondary contact since their divergence should have
a greater proportion of incompatibilities that evolved by drift and weak selection than
taxa that hybridize. The second pattern is that if incompatibilities sometimes evolve by
drift in allopatry, then upon secondary contact the amount of intrinsic postzygotic
isolation should decline until only incompatibilities that evolved by strong selection
remain. If a sufficient amount of postzygotic isolation remains, the populations may

remain distinct, otherwise, the populations will fuse into one.

The incompatibility sieve is also expected to produce the striking pattern that is
observed in hybridizing taxa: incompatibilities between hybridizing taxa evolved by
selection. The OdsH locus in Drosophila, for example, has been shown to be a result of
gene duplication followed by positive selection (Ting et al., 1998, 2000, 2004; Sun et al.,
2004; Wu and Ting, 2004). Both the Nup96 gene and the candidate factor Nup153
appear to be a product of recent positive selection (Presgraves et al., 2003; D.
Presgraves, pers. comm.). Barbash et al. (2004) have shown that Hmr, a factor causing
incompatibility between D. melanogaster and its sibling species, has also been under
recent positive selection. While there may be other factors contributing to this pattern,

such as observational or publication bias, the incompatibility sieve provides a plausible
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hypothesis for why we may be observing so many incompatibilities that evolved by

selection rather than by drift.
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Table 3.1. Summary of notation.

Loci, contexts, positions, and sets of positions

i A single locus i

i A single position at locus i

Ifm The position at the i locus that is found in a female and inherited from her father
A A set of positions

Ag A set of positions in females

U A set of loci

P The set of positions that affect the female preference

T The set of positions that affect the male trait

H The set of positions that affect hybrid fitness but not the trait or preference

Summations and products
Yiea Asumover all positions i in the set A
Jwca Asumover all subsets of the set A, including the full set A and empty set @

[Tica A product over all positions i in the set A

Allele frequencies
P; The frequency of the 1 allele at the position i on the island
p The equilibrium frequency of the 1 allele on the island

p® The equilibrium frequency of the 1 allele on the continent

94



Ap The change in the allele frequency during one generation

da [Tica(p; — p$), the allele frequency divergence between continent and island

Phenotypes, fitnesses and selection

P The preference of a particular female on the island

o

The average preference in females on the island

o

The equilibrium value of the preference in females on the island
pC The average preference in females on the continent at equilibrium
z The value of the ecological trait on the island

VA The value of the ecological trait on the continent

7 The equilibrium value of the ecological trait on the island
b; The difference in the preference of carrying allele 1 rather than 0 at position i
i Equals q; if the female carries allele 1 at position i and — p; otherwise

an The selection coefficient for the set of positions A

S A traditional selection coefficient
B The strength of directional selection on the island
r The strength of disruptive selection on the island

Associations
Da;  The association among the positions in the set Ai at the start of the generation

D,; The association among the positions in the set Ai after migration
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Miscellaneous

i

Fp

The probability that recombination will break up the loci k and |

The proportion of newly arrived migrants on the island, just after migration
The effect on reinforcement due to selection on the hybrid incompatibility loci
The effect on reinforcement due to selection on the male trait loci

The proportion of female preference genes found in females
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Table 3.2. Effect of one-locus incompatibilities on reinforcement (1).

Incompatibility Autosomal Preference X-Linked Preference
Autosomal 281, + 251 s, + 25y,
X-Linked 2;, + Som 45y, + 2 Sq,
Y-Linked Som 0
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Table 3.3. Effect of two-locus incompatibilities on reinforcement (1)

Incompatibility

Autosomal preference

A-X

A-Y

X-X

X-Y

4511 +4(Sp + 1) Mg
g +1

23 +4 +1 + 25 +2
3 310 3311 3520 12 3321

25 +l +4s
310 3520 312

Soo(f — 5) + 1011 + 2(So2 + Sp0) (fia + 5) + 6(S12 + Sp1) Mg

X-linked preference

3811 + 3(S2 + ) M
g +1

65+8OS+29 +32S +76
1310 3911 78520 3912 39321

S12

w| N

50005 — Tig) + 4511 + (S2 + S0 + 4512 + 4S0) g

3rg +5

So2 + S0
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Table 3.4. Effect of ecological incompatibilities on reinforcement (¢).

Incompatibility Autosomal preference X-linked preference
Autosomal 8 6

X-linked 6 8.5

Y-linked 2 0
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One-locus incompatibilities

A XY
Locus k Locus k
00 01 M 0- 1-

So|S1| 0 So| O

Two-locus incompatibilities

A-A A-X, A-Y X-X, X-Y

Locus k Locus k Locus k

o0 01 M co o1 1 0- 1-

_ 00 Soo|S10 | S20 go- Soo | S10 S20 §0- Soo | S20

%01 So1 | S11 | So § 1- So2|S12 0 §1- So2| O
—

Figure 3.1. Notation denoting the strengths of selection against genotypes of the heterogametic sex. The
homogametic sex maintains the genotypes (and notation) seen in the left-most column, regardless of sex
linkage. Fitnesses are defined to be relative to the island genotype, which is fixed for the 1 allele at all
incompatibility loci. Hybrid incompatibilities are a result of selection on either one or two loci, where each
locus may be autosomal (A), X-linked (X), or Y-linked (Y). For two locus incompatibilities, the pattern of
sex linkage is denoted using two letters joined by a dash. A-X, for example, indicates that the k locus is
autosomal and the I locus is X-linked.
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Figure 3.2. The effect of sex linkage on reinforcement for five types of hybrid incompatibility. The five
matrices in the top row denote five types of hybrid incompatibility at two loci, k and I. Types D and E
correspond to empirically observed patterns (Turelli and Orr 2000) and type C corresponds to that studied
by Servedio and Satre (2003). Values in the center and bottom rows indicate the relative amounts of
reinforcement due to A-A, A-X and X-X incompatibilities. The amount of reinforcement for the pattern of
sex linkage indicated to the left of the value is divided by that for the pattern indicated above the value. For
example, the value 1.4 found in the lower left most square indicates that an X-X incompatibility is expected
to produce 1.4 times more reinforcement than an A-A incompatibility. Values greater than one before
rounding are shaded. For comparisons involving A-Y and X-Y incompatibilities, see the online materials.
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Figure 3.3. Accuracy of the analytic approximation for weak to moderate selection. Percent error,
calculated as (Papprox - Pexact) / (Pexact - P©), is plotted as a function of the strength of selection (s) for five
types of hybrid incompatibility: Autosome-Autosome (A-A), Autosome-X (A-X), Autosome-Y (A-Y), X-X,
and X-Y. Exact values were obtained from four-locus simulations. The strengths of migration (m), natural
selection on the male trait (s7) and sexual selection (o) were varied as a function of s, where m =s/ 80, st =
s, a. =2s. The strength of selection on hybrid incompatibility also varied as a function of s, where sy = 0,
31125/4, 501:5102512:52125/2, So2 = S0 = S.
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Figure 3.4. Reinforcement of female preference when selection against hybrids is strong. The amount of
reinforcement (Pexact — P€) is plotted as a function of the strength of selection. Exact values were obtained
from four-locus simulations. The strengths of migration, natural selection on the male trait, sexual
selection, and selection on the hybrid incompatibility were varied as a function of s (see Figure 3.3 caption).
The main figure presents results obtained when the preference and trait are autosomal, whereas the inset
figure presents results obtained when the preference and trait are X-linked. The curve labeled none
corresponds to the situation in which there is no selection against hybrid incompatibility.
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Chapter 4

The Utility of Diagnostic Markers for Estimating Hybrid Fitness

Components in Natural Hybrid Zones

Abstract. The majority of data on postzygotic isolation come from laboratory studies of
intrinsic genetic incompatibilities. A thorough understanding of speciation, however,
will require quantification of extrinsic postzygotic isolation in natural hybrid zones. |
present a new statistical approach to estimating hybrid fitness in the wild, using
multilocus genotype data taken from individuals sampled at two or more stages of the
life cycle. After developing the statistical model, I apply maximum likelihood and
Bayesian estimators to simulated data in order to determine the feasibility of obtaining
precise viability estimates. | find that accurate estimates of hybrid viability can be
obtained with a few hundred individuals and four or more diagnostic loci, as long as the
degree of pre- and postzygotic isolation is not substantial and the number of hybrid
classes is not large. By applying this new method to a mussel data set from the Mytilus
edulis-M. trossulus hybrid zone, | provide new insight into the forces maintaining

isolation of these species.
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4.1 INTRODUCTION

A thorough understanding of speciation requires knowledge of how pre- and
postzygotic isolation evolve in natural systems. Although intrinsic postzygotic isolation
can be quantified using lab experiments (Coyne and Orr, 2004), extrinsic isolation is
much more difficult to study, and therefore has only been quantified in a small number
of systems (e.g. Helbig, 1991; Wang et al., 1997; Rundle, 2002; HObel and Gerhardt,
2003). One reason extrinsic postzygotic isolation is difficult to quantify is that estimates
are context dependent; extrinsic isolation can vary seasonally (Grant and Grant, 1993)
and geographically (Fitzpatrick and Shaffer, 2004). Estimating both forms of isolation
in a large number of species pairs will be required to answer the longstanding debate
regarding the relative importance of extrinsic and intrinsic isolation in the process of

speciation.

The increasing availability of diagnostic nuclear markers offers promise for
researchers interesting in quantifying isolation in natural systems. In addition to their
application to studying cline shape (Barton and Hewitt 1989), nuclear markers have been
used to estimate the hybrid class identity of individuals sampled in hybrid zones
(Pritchard et al., 2000; Anderson and Thompson, 2002). This information has been

combined with traditional statistical approaches to determine whether selection is
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operating against hybrids (Peterson et al., 2005), if it varies geographically (Fitzpatrick
and Shaffer, 2004), and if it varies throughout the life cycle (Toro et al., 2004).
Unfortunately traditional methods do not provide estimates of relative fitness for
individuals from different hybrid classes (e.g. F1, F2, and backcross hybrids). Yet,
hybrid fitness is an important measure isolation between populations in the process of

speciation and can be used to elucidate the potential factors that maintain this isolation.

The most straightforward way to estimate fitness in natural systems is to employ
a censusing approach. An estimate of the relative viability of F1 hybrids between two
stages of the life cycle, for example, could be obtained by sampling individuals at the
two stages, estimating the frequency of F1 hybrids in each sample, and taking the ratio of
the frequencies at the two points in time. One difficulty with this approach is that the
hybrid class to which a particular individual belongs is rarely known. Diagnostic nuclear
markers, however, can be used to resolve hybrid class identity. Some studies suggest
that as few as four diagnostic markers are needed to accurately identify F1 hybrids,
although identification of advanced hybrids is considerably more difficult (Boecklen and
Howard, 1997; VVaha and Primmer, 2006). Methods for estimating hybrid fitness from

frequency information should take this uncertainty into account.
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Here, | present a statistical model that can be used to estimate hybrid fitness
components from the multilocus genotypes of individuals collected at two or more stages
of a life cycle. The approach employed is to estimate the hybrid class frequencies at
each stage, then to compute fitnesses from the frequency estimates. | use two
likelihood-based estimators and simulated data to study the effect of five factors on the
accuracy of viability estimates: the degree of prezygotic isolation, the degree of
postzygotic isolation, the number of individuals sampled, the number of loci sampled,
and hybrid class. | then apply the method to a published, 1401-sample mussel data set
and estimate the strength of selection against hybrids during two periods of their life
cycle. I conclude by discussing possible limitations of the method and how the method

can be extended to alleviate these limitations.

4.2 METHODS

Assumptions. Three components are developed in this section: 1) the statistical model
used to calculate likelihood, 2) the equilibrium equations used to simulate data, 3) the
computational approaches (implementation) used to estimate hybrid class frequencies.
The assumptions made for each component are outlined in Table 4.1 and detailed in the

appropriate section. Three general assumptions are also made: First, the sample is
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assumed to be representative of the population of interest (both geographically and
temporally). Second, individuals are assumed to be sampled randomly with respect to
their hybrid class identity. Third, I assume that migration (between the time points
sampled) does not affect the relative frequencies of individuals in the different hybrid

classes.

Likelihood Functions. Here, I derive equations describing the likelihood of obtaining a
set of multilocus genotypes, given the hybrid class frequencies (the parameters of
interest). | make several simplifying assumptions. The data are the genotypes of n,
individuals that have been sampled randomly from a hybrid zone and genotyped at n_
loci. Each locus is assumed to segregate two codominant alleles, 0 and 1, which are
assumed to be fixed in the A and B parental species, respectively. The genotype at each
locus can take the values 0, 1, or 2, where 0 denotes an individual homozygous for the 0
allele, 1 denotes a heterozygous individual, and 2 denotes an individual homozygous for
the 1 allele. The markers are assumed to be unlinked and free of direct selection. Let G
indicate the full genotype data matrix (which has dimension n; x n_) and g; denote the
genotype of individual i. The eight-locus genotype for the 6th individual sampled, for
example, might take the form gy = {0, 2, 1, 2, 1, 0, 2, 1}. Also, let p denote a vector of
np hybrid class frequencies that sum to one. For example, p; might indicate the

proportion of pure individuals from species A when the sample was taken. Lastly, let a
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represent a vector of allele frequencies, where a; indicates the expected frequency of the

1 allele in the ith hybrid class.

Under these assumptions, the likelihood of obtaining the data matrix, given the

hybrid class frequencies, is

LG | p,h,a) = [I; Xj pj P I hi =), (4.1)

where h; denotes the hybrid class identity of individual i. The maximum likelihood
estimate of the vector of hybrid class frequencies, h, contains the values that maximize
the likelihood of observing G. The product in Equation 4.1 is taken over the n; sampled
individuals and the sum is taken over the ny hybrid classes to which each individual
could potentially belong. Since the loci are assumed to be unlinked, the conditional

probability can be calculated by taking the product of the probabilities for each locus:

P(gl | hi = J) = H| P(g” | afj! amj) (42)

where ay, and a, are the frequencies of the 1 allele in the father and mother of an

individual from the jth hybrid class, respectively. Note that Equation 4.2 may hold even
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when linkage disequilibrium exists in the population, so long as linkage disequilibrium
does not exist within a hybrid class. This can be seen in the conditional probability on
the left side of the equation. Since the probability of observing the genotype g; is
conditioned on the hybrid class identity of individual i, linkage disequilibrium can be
generated through differential fitness of individuals from different hybrid classes, so
long as individuals with the same hybrid class (but potentially different genotypes) have
equal fitness. Finally, one can compute the probability of observing a genotype at locus |

in individual i by assuming Mendelian inheritance:

(1_ afj)(l_amj) If gil =O,
P(gilas, am,) = {af (L —am) + (1 - ar)am, if gj =1, (4.3)
afj amj |f g” = 2

Analysis of Simulated Data. Simulated data were used to identify the conditions in
which accurate estimation of hybrid class viability is feasible. Data sets were simulated
under twenty five combinations of pre- and postzygotic isolation. Prezygotic isolation
was assumed to operate through preference of pure individuals for conspecifics. A
proportion of pure individuals, Cp, were assumed to have a preference for conspecifics
and thus only mated with individuals from the same species. All other individuals mated

randomly, except for second generation hybrids, which did not mate. The degree of
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prezygotic isolation (Cp) took the value 0.0, 0.2, 0.4, 0.6, or 0.8. Postzygotic isolation
was controlled through a viability parameter, Vi, which determined the viability of
hybrids relative to pure individuals. Individuals from different hybrid classes were
assumed to have the same viability. The degree of postzygotic isolation (1 — V) took

the value 0.0, 0.2, 0.4, 0.6, or 0.8.

The statistical approach developed above can be used to estimate the frequencies
of individuals in different hybrid classes (see below). To estimate viability of
individuals in a particular class, frequencies estimated from samples taken at two time
points are needed. Accordingly, for each combination of pre- and postzygotic isolation,
I simulated two data matrices, one assuming equilibrium frequencies before viability
selection (calculated using Equation F5 derived in the Appendix F) and one assuming
equilibrium frequencies after viability selection (calculated using Equation F7). Each
data matrix contained 1024 individuals and 32 loci. Individuals were first randomly
assigned a hybrid class identity based on the equilibrium frequencies then randomly
assigned genotypes using expected genotype frequencies for that hybrid class. Again, no
assumptions were made regarding linkage equilibrium of the population as a whole. The

above procedure was repeated to produce fifty replicate pairs of data matrices.

In order to understand the effects of sample size on the accuracy of fitness

estimates, each data set was subsampled in twenty-five different ways. Each subsample
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included 64, 128, 256, 512, or 1024 individuals and 2, 4, 8, 16, or 32 loci. In all, a total
of 62,500 data sets were analyzed using the maximum likelihood and Bayesian

approached outlined below.

Maximum Likelihood Estimation. Hybrid class frequencies (h) can be estimated by
finding the frequencies that maximize the likelihood of observing the genotypes in the
data set. Maximum likelihood frequencies were estimated using the following
algorithm: 1) choose starting frequencies for the hybrid classes, 2) compute the
likelihood of observing the data given the current hybrid class frequencies, 3) randomly
choose two hybrid classes, 4) hold the other frequencies constant and find the optimum
frequencies for the chosen classes using the Newton-Raphson optimization method
(Ypma 1995), 5) repeat steps 2-4 until the change in the likelihood score between

iterations is less than 10712 for thirty consecutive iterations.

To increase the chance of finding the global solution, each maximum likelihood
analysis was performed twice, once using random starting frequencies drawn from a flat
Dirichlet distribution, and once using rough approximates for the frequencies. Rough
approximates of the hybrid class frequencies were obtained by computing the frequency
of sampled individuals that were homozygous at all loci, assigning one half of this value
to each of the two pure classes, and distributing the remaining frequency evenly across

the other hybrid classes. The rough approximation method is one way of quickly
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producing starting points that tend to be closer to the maximum likelihood estimate.
After both analyses were performed, final frequency estimates were taken from the

analysis that produced the highest likelihood score.

Bayesian Estimation. Hybrid class frequencies can also be estimated using a Bayesian
approach. Because analytic solutions are not available, 1 used a Markov chain Monte
Carlo (MCMC) approach to estimate the posterior probability distribution. A flat
Dirichlet distribution was assumed as a prior on hybrid class frequencies for all analyses.
This prior reflects ignorance of the hybrid class frequencies. The Markov chain was
initiated with equal starting frequencies for the six classes. At each generation, two
hybrid classes were randomly chosen and new values for the frequencies of those classes
were proposed in the following way: 1) a random number was drawn from a Beta
distribution with o = 1/5 and = 5, 2) this value was then added to the frequency of one
of the two chosen hybrid classes and subtracted from the frequency of the other chosen
class. Proposals were rejected if the value of either frequency did not fall between zero
and one. Proposals were also rejected if a uniform random number between zero and

one was greater than the ratio of the likelihoods of the proposed and current states.

The posterior distribution was estimated using samples taken from the Markov

chain every 50 generations. After the chain was run for 50,000 generations, the
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likelihood scores of the samples were analyzed to identify the first sample in which the
likelihood score was greater than the median likelihood of the following samples.
Samples taken before this point were discarded as burn-in because they were likely
biased by the starting condition. A point estimate of the hybrid class frequencies was
then obtained from the post-burnin samples by computing the median of the marginal

distribution for each class and normalizing the median frequencies.

Analysis of Empirical Data. | applied the Bayesian estimator described above to a
data set that was previously analyzed by Toro et al. (2004). These workers sampled
1401 mussels from a hybrid zone between Mytilus edulis and M. trossulus in Trinity Bay
on the east coast of Newfoundland and genotyped each individual at two diagnostic
nuclear markers: ITS and Glu-5’. Individuals were assigned to three age classes, (larvae,
juveniles, and adults), based on shell length. Because samples were not collected by
following a single cohort, I assume that hybrid class frequencies are at equilibrium. |
address two questions: 1) do viabilities of pure and hybrid individuals vary during the

life cycle? and 2) are hybrids disfavored, relative to pure individuals?

Hybrid class frequencies, in the form of posterior probability distributions, were
estimated separately for larval, juvenile, and adult samples. Markov chains were run for
108 generations and sampled every 50 generations. Viabilities for early and late periods

of the life cycle were then estimated from the frequency posterior distributions. The
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viability posterior distribution was obtained from two frequency posterior distributions
by: 1) randomly selecting, without replacement, one sample from each of the two
frequency distributions, 2) computing, for each hybrid class, the ratio of frequencies
found in the two samples, and 3) repeating steps 1-2 until all samples had been drawn.
The early viabilities were calculated by dividing juvenile frequencies by larval
frequencies. Likewise, the late viabilities were calculated by dividing adult frequencies

by the juvenile frequencies.

4.3 RESULTS

Accuracy of Fitness Estimates. The fitness of individuals from different hybrid classes
can be accurately estimated provided that a sufficiently large number of individuals and
loci are sampled. Figure 4.1 presents the error in the fitness estimates as a function of
the hybrid class of interest, the degree of prezygotic isolation, the degree of postzygotic
isolation, the number of individuals sampled, and the number of loci sampled. Here,
error is computed as the absolute difference between the true and estimated viabilities
divided by the true viability. Error decreased for pure individuals (Figure 4.1a) as the
degree of pre- and postzygotic isolation increased, and as the number of individuals

sampled increased. The number of loci genotyped had relatively small effect on the
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amount of error. Error rates for pure individuals were quite low, on the order of 10% or

less, when the number in individuals sampled was 256 or larger.

The fitness of F1 hybrids can also be accurately estimated (Figure 4.1b). In this
case, however, the error decreased as the degree of prezygotic isolation increased or the
degree of postzygotic isolation decreased. The number of loci and individuals sampled
had a larger effect on the error of the fitness estimates of F1 hybrids than that of pure
individuals. Nonetheless, error in F1 fitness estimates was quite low (on the order of
10%) when the degree of postzygotic isolation was less than 0.6 and at least 256

individuals and 4 loci were sampled.

The fitness of backcross and F2 hybrids is more difficult to estimate (Figure
4.1c-d). Error in these cases increased substantially as the degree of pre- and postzygotic
isolation increased. The number of loci and individuals sampled also had substantial
effect on the error. For both types of hybrids, error was generally quite high (> %30)
unless the number of loci exceeded 2 and the number of individuals sampled exceeded
256. Estimates of advanced hybrid fitness, however, is still quite accurate for a large
portion of parameter space. Error for backcross fitness estimates ranged between 10%
and 20% when the degrees of pre- and postzygotic isolation were less than 0.8, the
number of loci was greater than 2, and the number of individuals was greater than 256.

Error rates for F2 hybrids, however, generally exceeded 30% unless the degrees of pre-
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and postzygotic isolation were less than 0.6, the number of loci was greater than 2 and

the number of individuals was 512 or greater.

Estimator Efficiency. The ability of both maximum likelihood and Bayesian methods
to accurately estimate observed hybrid frequencies depends strongly on the number of
loci sampled but not on the number of individuals sampled. Figures 4.2a-d present the
relationship between the frequencies estimated using maximum likelihood (Figure 4.2a)
or Bayesian (Figure 4.2b-d) methods and the frequencies actually sampled (observed) for
all of the data sets analyzed. Comparing the estimated frequencies to the observed
frequencies, instead of the true frequencies (i.e. the frequencies used to simulate the
data), allows estimator error to be separated by sampling error. Both methods performed
quite well, except when the number of loci fell below 8 (Figure 4.2a-b). When the
number of loci was 2 or 4, both methods produced substantial error. In general, the error
was larger for the maximum likelihood estimator (2a) than for the Bayesian estimator
(2b). As indicated by Figure 4.2c, estimates of F2 frequency were positively biased at
the expense of backcross frequencies, which were negatively biased. This bias
disappeared when more than 2 loci were available. This result suggests that when few
loci are available, combining F2 and backcross frequencies into a single “advanced”

hybrid class may be more appropriate than interpreting them separately. Lastly, Figure
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4.2d suggests that sampling more individuals, though it may reduce sampling error, does

not improve the efficiency of the estimators.

Maximum Likelihood vs. Bayesian Estimators. Maximum likelihood and Bayesian
estimates of hybrid frequency were very similar when a sufficient number of individuals
or loci were available. In Figure 4.3, the Bayesian frequency estimates are plotted
against the maximum likelihood estimates. Two interesting patterns are worth noting.
The first pattern is that when a small amount of information is available to estimate the
hybrid frequencies (loci = 2, individuals = 64), the Bayesian estimates of F2 and
backcross frequencies appear to be influenced by the flat prior assumed in the analysis.
This result is suggested by the fact that frequencies less than 1/6 are positively biased
and those greater than 1/6 are negatively biased, relative to maximum likelihood
estimates. This bias disappears when either the number of loci or the number of
individuals is increased. The second interesting pattern is that when the number of loci
is small (2), and the number of individuals is fairly large, the two estimators produce
very similar estimates despite producing positively biased estimates of F2 hybrid
frequency (compare Figures 4.2c and 4.3b). This bias is absent when the number of loci

is large (regardless of the number of individuals).

Empirical Example. Estimates of hybrid class frequencies in the Mytilus edulis-M.

trossulus hybrid zone indicate that F1 hybrids are very rare but that advanced hybrids are
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relatively more common. This result supports the findings of Toro et al. (2004).
Marginal posterior density estimates are presented in Figure 4.4 for the three time points.
Because mussels were only genotyped at two loci, and estimates of F2 and backcross
frequencies are known to be biased when few loci are available (see Estimator
Efficiency), frequencies of second generation hybrids were summed as an estimate of

“advanced” hybrid frequency.

Viabilities varied significantly during the life cycle for pure M. edulis (posterior
probability (pp) = 0.99966), M. trossulus (pp = 1.00000), and advanced hybrids (pp =
0.99750), but not for F1 hybrids (pp = 0.6609848). Marginal density estimates for early
and late viability are given in Figure 4.5. Pure M. trossulus were favored early in the life
cycle (pp = 0.97599) but disfavored late in the life cycle (pp = 1.00000). In contrast,
advanced hybrids were favored early in the life cycle (pp = 0.98997) but disfavored late
in the life cycle (pp = 0.96159). There was no evidence for selection favoring M. edulis
early in the life cycle (pp = 0.508635), but results suggest that pure M. edulis individuals
were favored late in the life cycle (pp = 1.00000). There was also no evidence for
selection against F1 hybrids (early pp = 0.36891; late pp = 0.61539). This result is not
surprising in light of the high degree of uncertainty in the viability of F1 hybrids, which

is a result of the low frequency of this class.
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Advanced hybrids had lower viability than pure individuals early in the life cycle
(vs. pure M. trossulus, pp = 0.99734; vs. pure M. edulis, pp = 0.88792). Advanced
hybrid viability late in the life cycle exceeded that of pure M. trossulus (pp = 1.00000)

but was less than that of pure M. edulis (pp = 0.99740).

4.4 DISCUSSION

I have presented a statistical method of estimating hybrid fitness components
using diagnostic markers. Four results emerged from analysis of the simulated data.
First, accurate estimates of pure and early hybrid viability can be accurately estimated
with as few as 256 individuals and 4 loci per sampled stage. More individuals are
needed if the hybrid class of interest is in low frequency. Second, when fewer than four
loci are available, estimates of F2 frequency tend to be positively biased, whereas
estimates of backcross frequency tend to be negatively biased. Third, increasing the
degree of pre- and postzygotic isolation (which reduces the abundance of hybrids and
increases the abundance of pure individuals) results in less precise viability estimates for
hybrids (especially advanced hybrids), but more precise viability estimates for pure
individuals. This suggests that hybrid fitness components may be most accurately

estimated during early stages of speciation. Lastly, maximum likelihood and Bayesian

125



estimates of hybrid class frequency are similar, though Bayesian estimates can be

influenced by the prior if insufficient data exist.

Analysis of the 1401-sample mussel data set provides new insight into the forces
maintaining Mytilus edulis and M. trossulus species identity. First, although Toro et al.
(2004) were not able to detect selection on hybrids, | was able to find significant
evidence for selection against advanced hybrids early in the life cycle and selection
favoring advanced hybrids late in the life cycle. Second, Toro et al. concluded that
hybrid viability may be intermediate between the two parental species. Though I found
early viability of advanced hybrid to be intermediate, | found late viability of advanced
hybrids to be lower than that of either species (although only significantly lower than M.
trossulus). This suggests that selection against advanced hybrids may contribute to

postzygotic isolation in this system.

The method developed here could be extended in a number of ways. One way is
to extend the estimators to accommodate more hybrid classes. A reversible-jump
MCMC approach, for example, could be used to allow flexibility in the number of
hybrid classes. A second way to improve the method is to relax the assumption that all
loci are diagnostic following the approach taken by Anderson and Thompson (2002), in
which allele frequencies in allopatry are estimated as nuisance parameters. Finally, the

method could be improved by relaxing the assumption that all the loci are unlinked,
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which may not be appropriate for some data sets. In this case one could add additional
parameters to the model that could account for the rate of recombination between two or

more loci.

For some organisms, such as anurans, mated pairs can be readily obtained.
Information from the genotypes of mated pairs could be used in combination with adults
(just prior to mating) to study prezygotic isolation and sexual selection against hybrids.
Samples of mated pairs and early zygotes could be used to estimate the degree of
postmating prezygotic isolation, such as sterility or gametic incompatibility. In either
case, the method developed here would need to be extended such that the frequencies of

hybrid class pairings could be estimated.

Comparing viability estimates from samples taken at different geographic
locations may also allow researchers to study geographic variation in pre- and
postzygotic isolation. These estimates, in combination with ecological data, could then
provide important insight into the extrinsic factors that contribute to speciation. In
addition, comparing viability estimates from samples taken during different points in
time may allow researchers to study temporal variation in isolation resulting from

seasonal climate change, for example.
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Given the growing availability of diagnostic nuclear markers, and the paucity of
studies estimating extrinsic postzygotic isolation, it is likely that future speciation
research will increasingly focus on analysis of natural hybrid zones. The method
developed here offers a new approach to studying temporal and geographic variation in
pre- and postzygotic isolation. Studying reproductive isolation in this way is a necessary

step towards a comprehensive understanding of the process of speciation.
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Table 4.1. Assumptions made during the development of the three components of the
study. Note that many of the restrictive assumptions only pertain to the simulated data.

Type of Assumption

Hybrid Classes

Migration

Selection on Markers

Recombination

Sampling

Type of Markers

Mating

Viability

Statistical Model

none

free

diagnostic

codominant

symmetric hybridization

advanced hybrids do not mate

equal for pure individuals

129

Simulated Data

frequencies unchanged

none

free

random

diagnostic

codominant

equal for hybrids

Implementation

free

diagnostic

codominant
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Figure 4.1. Total percent error in estimates of viability as a function of the hybrid class (panel), amount of
prezygotic isolation (column), amount of postzygotic isolation (row), number of individuals (x-axis), and
the number of loci (shade of curve). Results shown for 2, 4, 8, 16, and 32 loci are shaded from light grey to
black, respectively. Error is calculated as (true viability — estimated viability)/(true viability). The curves
represent the median error across 50 replicates.
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Figure 4.2. Estimator error as a function of the type of estimator, the number of loci, the hybrid class, and
the number of individuals. In each graph, estimated frequencies are plotted against observed (sampled)
frequencies for all analyses performed. In (a) and (b), which present results for the maximum likelihood
and Bayesian estimators, respectively, the color of each point corresponds to the number of loci used in the
analysis. In (c), each point is colored according to the hybrid class corresponding to that point. In (d),
points are colored by the number of individuals used in the analysis. Note that the number of loci has the
largest effect on estimator error whereas the number of individuals has the smallest effect. Also note that
when the number of loci is small, F2 frequency estimates are positively biased at the expense of backcross

frequency estimates (see panel ¢). Panels b-d present results from the Bayesian estimator.
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Figure 4.3. Maximum likelihood vs. Bayesian estimates of hybrid class frequencies. The nine panels
present different combinations of the number of individuals and the number of loci used in the analysis. In
each panel, the frequency estimates obtained from Bayesian analyses are plotted against the corresponding
estimates obtained from maximum likelihood analyses. Note that while increasing the number of loci or
individuals improves agreement between the two estimators, both estimators produce positively biased
estimates of F2 hybrid frequency when the number of loci is small (compare this figure to Figure 4.2c).
Also note that when the number of loci and individuals is small, Bayesian estimates of F2 frequency appear
to be biased by the prior.

138



25

M. edulis

20
]

Advanced

15

250

20
] ]

15

10
1
'h““\.

-

Posterior Density

N~
/ o~

20 250
]

15
|

Hybrid Class Frequency

Figure 4.4. Estimates of pure Mytilus edulis, pure M. trossulus, F1, and advanced hybrid frequency in
larvae, juvenile, and adults. At each of the 3 stages, the posterior probability distribution of hybrid class

frequencies was estimated using MCMC. Each curve represents the marginal density for a particular class.

Note that the class labeled Advanced includes three types of hybrids: F2, BCA and BCB.
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Figure 4.5. Estimates of pure Mytilus edulis, pure M. trossulus, F1, and advanced hybrid viability during
two life history stages. Early viability was calculated as juvenile (2mm-15mm) frequency divided by larval
frequency and late viability was calculated as adult (>15mm) frequency divided by juvenile frequency.
Points of a particular color represent the marginal density estimated using MCMC. Points to the right of
the vertical line indicate support for an increase in frequency during the early part of the life cycle whereas
points above the horizontal line indicate support for an increase in frequency during the late part of the life
cycle. Points below the diagonal indicate support for greater viability during the early part of the life cycle,
whereas points below the diagonal line indicate support for greater viability during the late part of the life
cycle. Note that the class labeled Advanced includes three types of hybrids: F2, BCA and BCB.
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Appendix A

Model of Reinforcement

Introduction. We being by deriving a model of reinforcement that is general with
regards to the form of selection against hybrids. We then apply the general model to
specific types of hybrid incompatibility in order to determine how the pattern of sex
linkage of female preference and hybrid incompatibility genes affects the potential for

reinforcement.

The methods and notation follow Kirkpatrick et al. (2002; hereafter KJB),
which can be consulted for further details. We say that genes carried by an individual
occupy positions, with two positions at each locus. At locus i, for example, the gene
carried by a female and inherited from a female (the individual's mother) is denoted i,
while the gene she inherited from a male (her father) is written i,. The sets of all
positions that affect the female preference, male trait, and hybrid incompatibility are
denoted P, T, and H, respectively. The entire genome is denoted W. The set of all
positions in females that affect the preference is written P¢; with n autosomal loci, there
are 2n positions in this set. On the island, the frequency of allele 1 at position i (where 1
could represent i, ifm, Imf, OF imm) 1S denoted p;, withg; = 1 — p;. The notation is

summarized in Table 3.1.

143



Central to our analysis is the "quasi-linkage equilibrium”, or QLE,
approximation that was introduced by Barton and Turelli (1991). When selection acting
on individual loci and groups of loci is weak relative to rates of recombination, the
associations (linkage disequilibrium) between loci will rapidly evolve to values that are

small relative to their maximum possible values.

The General Model. We make the assumption that preference genes have additive
effects (that is, that they show no dominance or epistasis) and no imprinting (that is,
alleles inherited from mothers and fathers are expressed equally). Without making any

further assumptions, we can then write the preference for an individual as

P = P+ Yicpbid (A1)

where P is the mean preference among female zygotes, b; is the difference in the
preference caused by carrying allele 1 rather than allele 0 at locus i, and ¢; = q; if the
female carries allele 1 at position i and — p; otherwise. The summation includes one

term for each of the positions affecting the preference in females.

The change in the mean preference in females from the start of one generation to

the next is
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AP = i biAp; (A2)

where Ap; is the change in allele frequency at position i from the start of one generation
to the start of the next. This change is caused by forces acting within a generation, i.e.
migration and selection, and by transmission between generations. Note that
transmission can cause a change even at equilibrium. For example, when there is no
selection acting on one sex, allele frequencies after selection are different in males and

females, and thus they change during transmission.

We assume a life cycle that begins with selection on hybrid incompatibility,
followed by migration, followed by selection on the male trait. Assuming selection on
hybrid incompatibility precedes migration is biologically plausible and produces simpler
equations than assuming selection on hybrid incompatibility follows migration.
Quialitative results are similar under the second assumption. In what follows, we use
primes to denote the stage of the life cycle, with no primes denoting the start of the
generation, one denoting just after selection on hybrid incompatibility, two denoting just
after migration, three denoting just after natural and sexual selection on the male trait,
and four denoting just after transmission. We assume no direct selection on the female

preference loci.
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We are seeking the equilibrium for the mean preference. We first note that
assuming no meiotic drive, one can show that the allele frequency change is
asymptotically equal for all the positions at a locus. Further, the rate of change is equal
to the change within a generation averaged over all the positions at that locus. Thus for

locus j,

Ap; = %Zj:j:i(p}‘— P;), (A3)

where n; is the number of positions at locus i (e.g. nj = 4 for an autosomal locus in a
diploid dioecious population) and tildas denote values at QLE. The summation is over
all positions j that are at the same locus as position i. The proof of (A3) is given in
Appendix B below. The change in allele frequencies due to migration and selection

within a generation is

Pj— Pj = YacnaaDaj + m(pﬁf = Pj) + Zacraa Daj, (Ad)

where m is proportion of newly arrived migrants, pf is the allele frequency among
migrants from the continent, a, is the selection coefficient on positions in set A, and

Daj is the association (linkage disequilibrium) among positions in the set Aj.
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The ap are coefficients for selection (both natural and sexual) as defined by KJB
(their equation 7). Key to our approach is the fact that these coefficients can describe
any form of selection, including arbitrary patterns of dominance and multilocus epistasis.
We can use this result, therefore, to study any specific type of hybrid incompatibility,
and in a later section we calculate their values for several specific types of hybrid
incompatibility. To make further progress on the general model we assume at this point
that the a are much smaller than 1, meaning that the force of selection on individual loci
and sets of loci is weak relative to rates of recombination. Under these conditions, the
associations rapidly evolve to values that are of order a. Further, it is possible to derive
simple approximations for them that are accurate to order a, and we will do that below.
We therefore replace Daj in (A4) by Da; + O(a2), where a tilda denotes a QLE

approximation.

We can now find the asymptotic rate of change in the mean preference by

substituting these results into (A2), which with some minor rearrangement gives
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AP = m) LD i - )
+Zﬂeu>f Zj:j — ZAQ[H ﬂil bi aa Da (A5)

+Zﬂe[Pf Zj:j =i ZAQT n% bi aa Dz‘i&j + 0@%).

The three terms on the right represent, respectively, migration, the effects of selection on
hybrid incompatibility, and selection on the male trait. Consider the first term.
Differences between the allele frequencies at positions at the same locus are O(a), and so
we can write p'j = p'j + O(a), where p'j is the average of the allele frequencies at locus
j. Likewise, since the changes in allele frequencies due to selection against hybridization
are O(a), we can write p'j = pj + O(a). The inner summation then causes the term
corresponding to a given preference position in a female to be summed n; times.
Considering the second and third terms, we can replace the two outer summations by a
single summation over all positions in set P (including those in males and females) if
each term in the sum is multiplied by nf, the number of positions at locus i carried by

females.
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We now assume that all preference positions have the same mode of inheritance,
and that migration is much weaker than selection (specifically, that m is O(a?)). This

gives

AP = mY;ep bi(py - p) + Z % bi S cw aa Da;

ieP Ni

o =" 3
+ Zﬁe[P D ZAQW 2 Dy + 0@
(A6)
= M(P® = P) + Fp Xiep bi Zach aa Dai

. <" 3
+ Fp ZMP b, ZMF an Dy, + 0(@%),

where PC is the mean female preference on the continent, and Fp is the fraction of
preference positions carried by females (e.g., 1/2 for autosomal preferences, 2/3 for

X-linked preferences).

Setting A P to zero and rearranging, we find at equilibrium that the amount of

reinforcement is
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P—P° = & (Zicp bi Zacw @ Dai + Zicp, bi Zacn, aa Dad)

(A7)
Fp i = "
+ 'F Zﬂe[P b| ZAQT aA DAlﬁ + O(a) .

where P is the mean preference at equilibrium. Here we have split up the sum
corresponding to selection on hybrid incompatibility into two terms, one reflecting
selection on females and the second selection on males. We are able split the sum

because Da; = 0 whenever Ai contains more than one sex of carrier.

Hybrid incompatibility drives evolution of the preference through the genetic
associations between incompatibility alleles and preference alleles, which appear as Da;
in equation (A7). These associations are generated by admixture (that is, migration or
hybridization). As we show in Appendix C, when there is a lack of pleiotropy between
the male trait and the hybrid incompatibility the QLE values for the associations among

positions are of the form

Dai = mdai dai, (A8)

where
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dai = (B — P [Tjea (PS = P)). (A9)

and ¢; is a constant factor that depends on the mode of inheritance for the preference
position i and the incompatibility positions in the set A, as well as the probabilities of
recombination in males and females breaking up loci in the set Ai. Appendix C shows
how to compute ¢a; for any mode of inheritance for the preference and incompatibility

loci.

In order to simplify (A7) further, however, we need an expression for ¢; that is
independent of the preference position i. ¢a; is independent of i when all loci affecting
the preference have the same mode of inheritance and the probability of recombination
breaking up the set Ai in each sex is the same for all preference loci. This condition is
met, for example, when there is only one loci affects the preference or when all of the
preference loci are unlinked to the incompatibility loci when possible. We assume that
the latter case is true. This means that when the preference is autosomal,

A-rfy = A -rand@ - rf) = 3 (1 - rP), where the superscript denotes
whether recombination is occuring in females (f) or males (m). When the preference and

one or more of the incompatibility loci are X-linked, however, (1 — rly) = 2 (1 - rf)

and (1 - ry) = (1 - rY). With this assumption we can write (A8) as
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D(A,'])f = mdAi ¢];A and D(Aﬂ)m = mdAi ¢% (AlO)

The values of the ¢, and ¢} are given in Table C1. Equation (A10) shows that the
associations between the preference and incompatibility loci are generated by
introgression, and are proportional to its rate (represented by m). These are the

associations that link selection against hybrids to reinforcement of the preference. Now

we can write

P-PC =

Fe(Cicp, bidi Xach, aa dadh + Sicp, bidi Xacn, dadR)
(A11)
+ LR Zﬁep bi ZAd ax D, + O(@)
= (P-PO)[Felt + (1 - Fp)Iml + M + O(a).

Here,

li = —Sacw aadagh and In = —Yacy andadh (A12)
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represent the effects on the preference of selection on hybrid incompatibility acting on

females and males, respectively, and

_ Fr . 2
Moo= & Zﬁe[P b; ZAQI 3 Da (A13)

represents the effects on the preference of natural and sexual selection on the male

display.

Rearranging finally gives us an expression for the amount of reinforcement that

is general to all forms of inheritance for the hybrid incompatibility:

P-PC = M+ 0@, (Al4)

where

| = Fple + (1 — Fp) I (A15)

Written this way, we have partly isolated the effects of the modes of inheritance of the

display trait loci from the those of the hybrid incompatibility loci. The modes of
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inheritance of hybrid incompatibility affect I; and I, but it is plausible that (at least to a
first approximation) they will not change M. Likewise, the mode of inheritance of the
display trait loci will only affect M. Since our focus of this paper is on how inheritance
of hybrid incompatibility affects speciation, we will simplify our analysis by treating M
as a fixed entity. It is possible that reinforcement will cause the male trait to evolve in a
way that causes M to vary depending on the strength of selection on hybrid
incompatibility. Lastly, note that the mode of inheritance of the preference will affect

M, Fp, If, and Iy,.

We can see from (A14) that the approximation becomes less accurate as the force
of selection against hybrids increases (the denominator approaches zero as | approaches
1). A second approximation that will be more accurate for values of I close to 1 can be
obtained using a Taylor approximation. Multiplying the numerator and denomerator of

(A14) by 1 + | and neglecting the 12 that appears in the denominator, we obtain

P-PC = M1+ 1)+ 0@). (A16)

Equation (A16) has a simple and intuitive interpretation. Selection on the male
trait is sufficient to cause reinforcement, even without additional selection on the

incompatibility loci (in which case I = 0). Selection against hybrid incompatibilities
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further amplifies the amount of reinforcement. We will now see how different forms of

hybrid incompatibility affect reinforcement.

One- and Two-Locus Incompatibilities. In the previous section we derived equations
describing the effect of selection against hybrid incompatibility on the amount of
reinforcement. As (A12) shows, this effect depends on the values of three terms: an, da,
and ¢. Values for ¢, derived in Appendix C, depend on how the preference and

incompatibility loci are inherited and on the rates of recombination breaking them up.

The value of a, depends on the intensity and pattern of selection on the hybrid
incompatibility loci. Here we study one- and two-locus incompatibilities. We allow
each incompatibility locus to be either autosomal, X-linked, Y-linked, Z-linked, or
W-linked. Our notation for the strengths of selection against different genotypes at the
hybrid incompatibility loci are given in Figure 3.1. We assign the island genotype,
defined to be homozygous/hemizygous for the 1 allele at all loci, a fitness of one and
other genotypes a fitness relative to that of the island genotype. Using this notation we
show in Appendix D how to derive expressions for the a, found in (A12) in terms of the
selection coefficients given in Figure 3.1. Table D1 presents those expressions for all

types of one- and two-locus incompatibilities.

The value of da depends on the amount of divergence between the island and

continent at the hybrid incompatibility loci. The value of da turns out to be quite simple
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since we are assuming that migration is much weaker than selection (i.e. m = O(s?)).
This assumption is reasonable because when migration is not relatively weak, the
continent and island cannot maintain a polymorphism at the incompatibility loci and
reinforcement cannot occur. One can easily show that under this assumption,

c

Py — pj = —1 + O(s) forany locus j. This fact allows us to use the following O(s)

approximation for da:

da = (=D" + O(s), (A17)

where n is the number of elements in A. This result holds regardless of the number of

loci in A or the pattern of inheritance of those loci.

Now that we have expressions for aa, da, and ¢, we can compute I¢ and I, for
any type of one- or two-locus incompatibility by plugging values from Table C1, Table
D1, and equation (A17) into (A12). Before we give the results, we summarize the
assumptions required to arrive at the results, which are:

1) QLE (selection is weak relative to rates of recombination)

2) preference genes have additive effects

3) no imprinting

4) two alleles per locus
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5) selection against hybrid incompatibility happens before migration

6) selection on the male trait happens after migration

7) no direct selection on the female preference

8) no meiotic drive

9) all preference positions have the same mode of inheritance

10) migration is weak relative to the strength of selection

11) no pleiotropy (each locus affects only the incompatibility, trait, or preference)

12) preference positions are unlinked to the incompatibility loci when possible

The effects of selection against hybrids on the amount of reinforcement (I and
Im) are presented in the following table. A, X, and Y indicate that all loci are
autosomally inherited, X-linked, and Y-linked, respectively. A-A, A-X, A-Y, X-X, and
X-Y denote autosome-autosome, autosome-X, autosome-Y, X-X, and X-Y
incompatibilities, respectively. Equations pertaining to a Z-W system of

sex-determination are identical, except with f and m subscripts interchanged.
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Table Al. The effect of selection against male (Iz) and female (I,,) hybrids on

reinforcement.

Autosomal preference

It

A 4 S14
X 4 Sy
Y 0

A-A 4(512f + Sg]_f)

S11; — S12; — S21
+8 f ff — f
2+ +ry

8 4 4
A-X £l S11; + T S12¢ + 3 S214
AY O

X-X 4(812f + 521f)

S11; —S12; —S21
+20 ez Sz oS,
5+3ry

Im

4sy
2 So,,
2p,,

4 (s12, + S21,,)

S11,, — S12,, — S21,
+8 m fm — m
2+ +ry

4 8 2
3 S10, + 3 S12,, + 7 S20,
4 8 2

73 S10, + 3 S12,, + 3 S20,
2 (So2,, + S20,)

(5 — 1f)) (Sooy, — S02py — 520,,)
+2 5+3rf,

2 (So2,, + S20,,)
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X-linked preference

A-Y

X-X

X-Y

It
4sq,
6 S,
0

4 (12, + So15)
(5 = @) (Su1; — S12¢ —S21)
+4 5+, G- +r]

40 12 38
13 S11 + 13 S12¢ 3 Soy
0

6 (S12, + So1,)

S11; — S12; —S21
+ 6 f ff f
1+ry

Im

2 S1,,
5

2 SO,
0

2 (S12, + S21,,)

(5—rf) (11, — S12,, — S21,,)
+2 5+, 3-r)+r]

18 8 29
13 S10n + 13 S12,, T 3§ S20,
2 S12,,

5
= (So2,, + S20,,)

(5 = rf)) (Soo, — S0z, — S20,)

+ 2+2r

5
2 Sozy
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To compute the total contribution to reinforcement, I, contributions from females
and males are weighted by the proportion of preference genes found in females (Fp) and

males (1 — Fp) as follows:

| = Fplf + (1 - Fp) I (A18)

where Fp = % with an autosomal preference and Fp = % with an X-linked preference.

The following table provides expressions for the total contribution to reinforcement.
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Table A2. The total effect of selection against hybrids (I) on reinforcement.

Autosomal preference

A 251f + 231m
X 231f + So,,

Y So,

m

_ S11; — S12; — S21¢ S11,, — S12,, — S21,,
A-A 2(512f + Sz]_f) + 4—2+rfk|+rm + 2(312m + 821m) + 4—2+r{<|+'ﬂ

4 2 2 2 4 1
A-X 7 S11; + 3 S12¢ + 3 S21y + 3 S0, t 3 S12, + 3 S20,

2 4 1
A-Y £} S10,, * 3 S12,, + T S20,,

_ S115 — S12; — S21 (51§ (Soo,, — S0z, — S20,)
X-X 2 (312f + 521f) + 10 _—5+3rL| + (302m + Sgom) + 5+31,

X-Y S02,, + S20,,
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X-linked preference

8 2

A 3 S + 3 S1,
5
X 4y, + £ So,
Y 0
_ 8 8 (5—ri) (11, —S12; — Sa1y)
A-A 3 (Slzf + SZlf) t 3 5+ G- +rg
2 2 (6- rf) (St — S12 — S21,)
+ 3 (S + S21,) + 3 5+, G- +1]

80 24 76 18 8
A-X 39 Sllf + 39 Slgf + 39 32]_f + 39 SlOm + 39 S]_gm +

2
A-Y 3 S12,

—S1p. — S
X-X 4-(512f + Sz]_f) + 4 Sy 12— 51

f
1+ry

X-Y % S02,,

5
+ % (Soz, + S20,) +
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29
78

ol

S20,

(5 — 1)) (Soo,, — S0z, — S20,)

f
1+ry



Ecological Incompatibilities. Here we answer the question: how does selection against
ecologically-inferior hybrids favor reinforcement of prezygotic isolation? Here we study
a model in which genes contribute additively to a quantitative trait, such as body size or
bill length. In this model, hybrids are unfit because they have intermediate phenotypes
that are selected against. We'll assume that in the absence of hybridization, the island
and the continent species would be fixed for a set of loci that have additive effects on the
ecological trait. It turns out to simplify things substantially if we assume that the n
diploid loci influencing the trait are interchangeable: then they have equal allele
frequencies and equal effects on the trait. Without loss of generality, we can define the
scale of measurement for the ecological trait such that Z = 0 when all the loci are fixed

for the favored allele (allele 0). The mean of the continent is denoted Z€.

Selection coefficients: We can approximate the fitness function of an individual

in the vicinity of Z = 0 by a quadratic:

W = 1+ 82 +TZ2% (A19)

Here, fitness is a function of the directional selection gradient 8 and the stabilizing
selection gradient I" acting on the ecological trait. (Negative values of I" correspond to

stabilizing selection, and positive values to disruptive selection.) The values of the
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selection gradients depend on the fitness function for the ecological trait and also on the
distribution of that trait in the island population. That distribution evolves in response to
selection and migration, which causes the values of the selection gradients to change.
The S and I in the expressions that follow refer to the equilibrium values for the

gradients. See Lande and Arnold (1993) and Kirkpatrick (2001) for more details.

Using our usual notation, the phenotype of an individual can be written

Z = Z + Zf]e-ﬂ— b]j gﬁ, (AZO)

where mean phenotype is

Z = 2n pibi. (A21)

Recall that p; is the frequency of the 1 allele. Under our assumptions, when p; = 1 the

ZC

mean phenotype is Z¢. That means b; = 5+ and so

Z = 2np(&) = pzC. (A22)
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The fitness function needed to calculate the as is

W 1+ BMZE + Sicr D& + T(PIZE + Nicy b6
(A23)

~1+ B(MZC+ BNy &)+ T(MZC + £ Yird)

The approximation assumes that all individuals in the population are near Z = 0. This is
consistent with our assumption that the hybridization rate is very small, and so the
frequencies of alleles from the continent are very small. Picking out the appropriate

coefficients of the s shows that the selection coefficients are

a = 5 pZC+ 2TZ%%p;, (A24)
and
aj = 77 Z°2 (A25)
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Assuming selection is much stronger than hybridization, the equilibrium value for the

allele frequencies for the ecological trait are:

P~ 5~ G5 (A26)

which completes the calculation for the selection coefficients:

8 = 57 BZ°+ Fmrzc (A27)

The effect of ecological selection: Now we derive an expression for | using the
selection coefficients derived above. We will assume that females and males with the
same value of Z have equal fitness. Under this assumption, I = I. From the
derivation of the as above, we know that there are two types of as, those that involve one

position and those that involve two positions. Separating the sum into two parts yields

— 2ien@idi¢i — Xicn Xjen, aij dij dij- (A28)

J#i
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Since we are assuming that the continent and island are nearly fixed for alternative

alleles, d; ~ — 1 and d;; ~ 1. Now we have

I = Dien@idi — 2ien Zjem, &ij Pij- (A29)

J#i

Plugging in the values for the as yields

| = D (B BZC + EMTZ0i = Sic B (2 T2

J#i

(A30)

= (55 BZ° + %mFZC)Zﬂe[H‘pﬂ (772 TZ°) Sicn e,
J#i

If we assume that n is large, then n? is very large and the right term is nearly zero so

| ~ (55 BZC + £MIZ0) 5 o (A31)
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The summation in equation (A31) adds up the contributions to reinforcement for all
positions affecting the ecological trait. Using n ¢ = Y. ., &, where ¢ is the average

contribution of a position to reinforcement, we have

| ~ (5~ BZ¢ + 2mIz%ng

B
(A32)
= (3BZ° + Zrmrzos.
Using the fact that mn/ 8 = Z° p;/2, we substitute to obtain
I ~(182° + T2 p)3. (A33)
Since we are assuming that p; ~ 1 for all i,
I ~(182°+ 12°%3. (A34)
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Since we have defined Z to be in the vicinity of zero at equilibrium, we can
replace Z¢ = Z€ - Z = |Z - Z®|. Our final result for the effect of ecological

selection on the amount of reinforcement is

1~3(L 8|2 - 28|+ T2 - 29) (A35)

To study the affect of sex linkage, we define ma, mx, and 7y to be the proportions
of the ecological trait loci that are autosomally inherited, X-linked, and Y-linked,
respectively. Using this notation, results from Table C1, and the fact that r; = 0 when
¢ contains one position, one can show that ¢ = 8 7a + 6 mx + 2 my when the preference

is autosomally inherited and ¢ = 6 rp + % nx When the preference is X-linked.
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Appendix B

Asymptotic Change in Allele Frequencies Among Positions at a Locus

Here we show that after a short period, the allele frequencies of all the positions
at a locus evolve at the same rate. This rate is equal to the change within a generation
averaged over all the positions at that locus. Begin by writing the initial frequencies of

the alleles at a locus as the vector p,. After one generation,

P = T(po + A), (B1)

where T is a matrix of transmission coefficients and A is the vector of changes in allele
frequencies within a generation caused by selection and migration. At QLE, A is

constant. After two generations of QLE, we have

P, = TPy +A) = T?2p, + T2A + TA, (B2)

and after t generations,
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P = T+ (Zi-1 THA (B3)

Thus the vector of changes in allele frequencies at generation t is

Apy = Py - P = (T = THp, + T'A (B4)

Since T is a stochastic matrix, for t large we have T'*! — Tt > 0ast - co. Thus

asymptotically the allele frequency change is

AP = TUA. (B5)

This implies that, for large t, the vector of allele frequency change Ap is proportional to

the leading eigenvector of T.

We assume that meiosis is normal in the sense that there is no meiotic drive. In
that case, transmission is conservative, meaning that all positions at a locus are

transmitted with equal probability. This implies that the rows as well as the columns of
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T sum to unity, that is, the matrix is "doubly-stochastic”. In that case, the leading

eigenvector is {1/n, 1/n, ...}" (Karlin and Taylor 1975), implying that

AP = {1/n, 1/n, ..} A, (B6)

where A is simply the mean allele frequency change within a generation among all the

positions at the locus (that is, the mean of the elements of A).

To sum up, at QLE and in the absence of meiotic drive, the change in allele
frequency at position i is equal to the average change at all the positions at that locus

within a generation:

Ap; = %Zj:j:i(p}'— Pj), (B7)

where n; is the number of positions at locus i and the summation is over all positions at

locusi.
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Appendix C

Associations Between Preference and Incompatibility Positions at QLE

Here we find the QLE approximations for the D;, the associations between
preference and incompatibility positions that appear in (A7). To do so, we derive a
recursion for their evolution. Because we are interested in the affect of hybrid
incompatibility on reinforcement, we assume that there is a lack of pleiotropy between
the hybrid incompatibility and the male trait, that isH (T = (). Under this assumption,
selection on the male trait loci will not affect the associations between the preference and

incompatibility positions.

It is convenient to work backwards, starting with the associations in zygotes at
the beginning of the next generation, which we denote as D,;. We assume that the life
cycle begins with selection against incompatibilities, followed by migration, followed by
mating and transmission. The associations in zygotes can be written in terms of the

associations among mated adults of the current generation:
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where ta;y; is a transmission coefficient, defined as the probability that the positions in
set Ai were inherited from those in set Ug, and D[l'j'j IS the association between positions
in set Uj in the current generation after selection and migration (see KJB equation 12).
Since selection on the male trait will not affect the associations between the preference

and incompatibility loci, D;;; = Dy;, S0 we can rewrite (C1) as
Uj Uj

Dai = Zj:jzi ZEU:U _p ticvj Dy - (€2)

The associations after migration, in turn, can be written in terms of the
associations before migration but after selection on the hybrid incompatibility. We
assume that migration is weak (m << 1), an assumption required both by our QLE
approximation and to prevent swamping of the locally-adapted allele in the island

population. Then when all positions in the set Uj have the same sex-of-carrier,

Dy; = Dy; + mduyj, (C3)

where
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duj = (0§ — P [Ticu (PF — P) (C4)

and a single prime denotes a value after selection but before migration (see KJB equation
34). When Uj involves positions with both sexes-of-carrier, D[l'jj] = Dm . At QLE, the
differences in allele frequencies among different positions at the same locus are O(a).

This fact allows us to rewrite dy; as

duj = (S = pPITicu (PF — PD™ + O(a) (C5)

where ny; is defined to be the number of positions in U that are at the locus i and p; is
the allele frequency at locus i, averaged across all positions at that locus. This
expression simplifies nicely when no two positions in U are at the same locus (i.e.

nyi = 1 forall Ui), which is true when all positions in U have the same sex of carrier
and the same sex of origin. When this is true we can replace dy; with dy; + O(a), where

dy; is defined as

dy = (pF — P ITicu (PF — PO (C6)
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To complete the life cycle, we write the associations after selection in terms of
those in zygotes. Since j represents a preference position, and since we assume that the
preference is free of direct selection, the change in associations between j and

incompatibility positions caused by selection is O(a?). Thus we can write

Dy; = Dy; + O@). (C7)

We can now find the QLE approximation for the associations. We set the values
of the associations at the beginning of successive generations equal, D; = Da; = Da;,
and drop terms O(a?). Substituting equations (C3) and (C7) into (C2) shows that when
the positions in set Ai include both sexes of origin, then Da; = 0. When they all have a

single sex-of-origin,

Dai = Zj:j:i ZUU:A taicuj(Dyy + mdy;)
(C8)

= mdai + Xjj=i Zuu=a taicu; Duj

Expression (C8) represents a linear system of equations that can always be

solved to give the QLE approximations for the associations under any kind of
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inheritance, which is specified by the transmission coefficients. We could, for example,
study a case in which some preference genes are autosomal while others are cytoplasmic,
and hybrid incompatibilities involving autosome-X epistatic interactions. The number of
associations described by equation (C8) depends on the mode of inheritance. For
example, if preference locus i and all the hybrid incompatibility loci A are autosomal,
then there are four kinds of associations: D ajy,, D(ai,, D(ai,,» and D¢ . On the other
hand, if A and i are all X-linked, then there are only three kinds of these associations:

Daiy» Deaiy,» @nd Deai -

Given any particular form of inheritance, we can solve for these associations by
first writing them as a vector D (where the order of the elements is arbitrary). We can

then write equation (C8) in matrix form as

B = TO +mdal, (C9)

where T is a matrix of transmission coefficients and 1 is a vector of 1s. The solution for

the associations is therefore

D = mda(l-T) 11, (C10)
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where | is the identity matrix.

To make the calculation clear, take the example where set Ai consists of a

mixture of autosomal and X-linked loci. Then the QLE values for the associations given

by equation (C8) are

D(Ai)ﬁ
D(Ai)fm
I’:w)(Ai)mf

1 = Yaiye(Aiy
= mdik| — YA, iy
— T(Ai) (A

1-3@-rhy
= mdik 0
-5 L=y

f
3 — I
Mhi 2 —TR) +

3+rh -2,
= m d . Ai Ai
Al @—r)+rl

f
3—TIh
rhi @ =R + 1A

= YAy (A,
1 = YA (A

= YAi) (A,
-z A -
1

-3 @ -rly

179

— LAy (A
= YA (Al
1 — iy, (A

(C11)
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where rly; is the probability that a recombination event occurs somewhere among the loci
in set Ai in females, and rY} is the corresponding rate in males. These results show that
for loose linkage (which is consistent with the assumptions of the approximation), the
magnitudes of the associations are greater when recombination rates between the

preference locus i and the incompatibility loci A are smaller.

These results allow us to work out the associations needed to calculate the
strength of reinforcement for any mixture of modes of inheritance for the preference and
incompatibility loci. The results simplify greatly, however, if all the preference loci
have the same recombination rates with all the incompatibility loci. This happens in two
situations: when there is just a single preference locus, or when the recombination rates
ri; and '} are the same for all preference loci i. That happens when the preference loci
are autosomally inherited, and unlinked to any incompatibility loci. Thisisa
biologically plausible situation, and so we will make that assumption in what follows. In

this case, a transmission coefficient involving a preference locus i can be written

tacs, (C12)

NI

tAi,, «Bi,,
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where X, y, and z can take the values m and f. Substituting that into equation (C8) gives
the associations when the preference is autosomal and unlinked to the incompatibility

loci, which themselves are X-linked or a mixture of X-linked and autosomal:

5—rf,
5+rh(3—rD)+ 1}

Deai)
B _ﬁ — 2mda 5+r—2r7

(A - AL B @-rm+rn |- (C13)
D (Ai)

5—rf,
5+rh(3=rD)+ 1}

All other forms of inheritance can be worked out in the same way.

We can finally write the associations needed in (A7) for the case of autosomal

preferences. For a preference position i and a set of incompatibility positions A,

Dai = mdaida, (C14)

where ¢ = 0 if A contains both sexes of origin or both sexes of carrier. When Ai
contains only one sex of carrier and only one sex of origin, the value of ¢, depends on

the mode of inheritance of the preference and the incompatibility loci. Values for ¢a
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assuming autosomal preference and values assuming X-linked preference are given in
Table C1 below. In the table, A indicates that all loci are autosomally inherited, X
indicates that all loci are X-linked, Y indicates that all loci are Y-linked, A-X indicates
that one or more locus is autosomally inherited and one or more locus is X-linked, and
A-Y indicates that one or more locus is autosomally inherited and one or more locus is

Y-linked.
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Table C1. The effect of recombination and sex linkage (¢) on reinforcement.

Autosomal preference

DAy DA
A 4-rh, +rR, 4+l -1k,
2+, +rL, 2+rh, +1K,
X 2(5-rh) 2(5-rh,)
5+3rf, 5+3rf,
Y 0 0
A-X 36-4rh, (L-rh)—4rh 49+, +rh —rh, rh —2r0)
27+, (1-rh ) G-rR)+rh G-r2)+r7, 27+, (A-rh ) G-rR)+rl G-ri)+r7,
AY O 0
XY O 0
Pt A
A 4-rh, +r 4+rh, -l
241, +1R, 241, +17,
2(5-rh)
X —x 0
5+3rh,
Y 0 2
36-4r, @-rh)-4rf
A-X Fin (0 Ting) — T 0
27+, (L-rh ) G-1R)+rh G-r)+rh,
4
A-Y 0 3+r3,
XY O 0
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X-linked preference

A-X

A-Y

by
2(5-rh,)
5-rh, (=3+rQ)+rd,
5-rh,
2+2rh,
0

18-2rh, 1-rh)-2r)

DA

2(5+rh, —2r%,)
5+rh, B-rR)+r7,

f
T+Tp,
f
2+2rp,

0

200+, +rh —rh rh —4rR)

1B+rh, A-rh)@-rl)+rh, G-rl)+rk,

0

0

PP

2(5-1h,)
5+rh, B—r0)+r7,

f
f
2+2rpy

0

18-2r, A-rh)-2rl

B3+rh, A-rh)B-ri)+rh G-rl)+rk,

0

0

B4+, A-rh)@-rR)+rh B—rR)+ry,

0
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Appendix D

Selection Coefficients for One- and Two-Locus Incompatibilities

Here we present O(a) approximations for the selection coefficients (the aa) that
appear in equation (A12) under a variety of assumptions about how the hybrid
incompatibility genes are inherited. The general procedure for deriving the selection
coefficients is given in KJB. In the next section we give, as an example, the derivation
for the case when hybrid incompatibilities are caused by two autosomal loci. The results
for the selection coefficients for other types of hybrid incompatibilities, derived in a

similar fashion, are summarized below in Table D1.

Assuming that interactions between alleles at two autosomal loci, k and I,
contribute to decreased hybrid fitness, our notation for the selection coefficients is given
in the bottom left corner of Figure 3.1. We allow females and males to have different
fitnesses, so we use the subscripts f and m to denote selection coefficients pertaining to
females and males, respectively. Given this notation we can write the general fitness

functions as
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and

W

W

= 1 —=500,((1 = X)) (1 = Xie,y) (1 = Xj) (1 = X)) —
S0, (1 = Xir) (1 = Xie,)) (1 = X)) Xy,)) —

S01: (1 — Xir) (1 = X)) Xige (1 = X)) —

S02: (1 = Xier) (1 = Xigr)) Xigg Xigy) —

S10,((1 = Xig) X (1 — X)) (1 = Xy)) —

S12,((1 = Xir) X (1 = Xig) Xigr) —

$12: (1 = Xig) Xk Xig (L — X)) —

S12:((1 = Xigr) Rk Xige Xigr) — (D1)
S10i (X (1 = Xie) (1 = X)) (1 = Xy)) —

11, (K (1 = Xir) (1 = Xi) Xig)) —

12 (Kig (1 = X)) Xie (L = Xip)) —

S12¢ (Kiy (1 = X)X Xigr) —

S20i (Kt Xk (L — Xig) (1 = X)) —

S21¢ (Kigr K (L = Xige) X)) — S22, (Kiegr Xiegry X1 (1 — Xig,))

= 1 - 500,((1 = Xipe) X = Xip) (1 = Xy ) (X = X)) —
S01, (1 = Xige) (1 = Xip) (1 = Xi0) Xyp) —
01, (1 = Xipe) (1 = X)) Xie (1 = X)) —
8025, (1 = Xige) (1 = Xic) X Kiy) —
810 (1 = Xiwe) XKkun X = Xipe) X = X)) —
$11, (1 = Xig) Xk (X = X)) X)) —
$11, (1 = Xire) Rk Xie (L = Xi)) —
8120 (1 = Xice) Kk Khing Kipn) —
810m Kk (1 = Xiy) X = Xip) 1 = X)) —
115 (K (1 = Xip) (1 = X)) X)) —
S11 (Kt (1 = X)X (1 = X)) —
8120 Kkt (1 = Xian) Kige Xin) —
820m Kk Kk (L = Xip) (1 = X)) —
S22 Kkt Kk (L = Xie) Xipn) = S22 Kiee Kk Kt (1 = Xi)

(D2)
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where Ws is the fitness function for the females and Wy, is the fitness function for the
males. X; takes the value 1 when the genotype of interest contains the position i and
takes the value 0 when it does not. Replacing the X's using

& = Xk — pk~ Xk — 1 + O(s) ~ Xk — 1yields

Wr =1 — Soo; Sk Skim Sl Sim +
S10¢ 1+ ket ) Skim it Ll + S120¢ Lkt 1+ L) Cles S —
S20; (1 + i) (1 + ki) it Qi+ S02¢ Skt Sk (1 + i) Sy —
S11; (1 + i) Sk (1 + Qi) Qi — S11¢ G (1 + L) (L + i)«
So1; (1 + i) (1 + L) (X + i) i + S01¢ Lkt Sk Sl (1 + 4
S11; (1 + i) Sk Q1s (1 + Qi) — Sa1¢ Lk (1 + L) G (1 + &1
Sa1; (1 + Qi) (X + di) G1s (1 + i) —
S02 Sker Skim (1 + 1) (L + &) +
S12¢ (1 + die) Sk (1 + G1) (1 + &y +
S12¢ ks (1 + Li) (1 + L) (1 + i)

(D3)

and
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Wi = 1 = S00, Skn Sk Lot Ll T 5200 (1 + L) Sk L Ll +
$10m Sknt (1 + Tk Ll Ll — 520, (1 + Lkn) (1 + L) Llins Sl +
801 Lkont Lknm (1 F+ i) Lipm = S22 (L + L) Lk (1 + L) Ll —
S11 Skt (1 + k) 1+ i) S +
$21, (1 + ko) (X + L) (1 + Qi) S +
011 Lkt Sk Loy (L + L) = S22 (A + i)l Loy 4 + &) — (D4)
11 Gkt (1 + i) Lot X+ L) +
$21 (1 + Liwe) X + L) Gl L+ L) —

8024, Skt ke (1 + L) (L + L) +
$120 (1 + Lio) Sk X + L1) X + &) +
812 Skt (1 + Tkp) L + &1) 4 + Qi)

Lastly, we determine the selection coefficients by looking for the coefficients of
the £ terms who's subscript matches that of the a that we desire, which are the a
containing one position or two positions with the same sex-of-carrier and sex-of-origin.
The a's are given in Table D1 for the case of two autosomal loci, as well as for all other

combinations assuming X-Y or Z-W sex determination.
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Table D1. Selection coefficients (an).

< X >»

N

A-A

A-X

A-Y

X-Y

A-W

Z-W

Ay
S1;
S14
0

0

Sos

Ay
S12¢
S12¢

S12

S12¢

S12;

At
Sy
S14
0

So

akfm
S12¢
S12;

S12

S02;
S12;
S12;

S02¢

akmf
S1

m

S0,
0
S1

m

0

At
S12,,
So2,
S12,
S12,,
So2,
S12,

S12,,

T
S1,,
0

So

m

S1

m

0

At

S12,

S12,

S12,

S12,

S12,

Ay
S21¢
S21¢

S214

S20;

S20¢
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alfm

alfm
S21¢
S21¢

S214

SZOf

S20¢

almf

almf
S21,,
S20p,

S20,

214

S21,,

Ay

Ay

S21,,

S20,
S20,
214,

S21,,



X-X

A-X

X-Y

Z-Z

A-W

Z-W

A-A

A-X

A-Y

Z-Z

A-Z

Z-W

At It

— S11, + S12; + S214

— S11; + S12¢ + S214

— S11; + S12¢ + S214

0

0

a'kmf |mf
= S11,, + S12,
— Sp0,, + So2,

= S10,, + S12,

+ S21,,
+ S20,,

+ S20,,

+ S21,,

+ S21,,

a'kfm Ifm
— S114
— S114

— S114

W I

= S11,,

= S10,

= S11,,

— S11,,
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+ S12
+ S124

+ S12

+ So2;

+ S12

+ S12,

+ S12,

+ S12,

+ S12,

+ Spy,
+ Soy,

+ Spy,

+ Soo;

+ S0

+ So1,,

+ So0,,

+ So1,,

+ So1,,



Appendix E

The Effect of Sex Linkage of Two-Locus Incompatibilities on

Reinforcement

In Figure 3.2, we compare the amount of reinforcement for A-A, A-X and X-X
incompatibilities. The following figures also present the comparisons involving A-Y
and X-Y incompatibilities. The main conclusion that we can draw from these figures is
that when the preference is X-linked, reinforcement is expected to much stronger when
the incompatibility is a function interactions involving autosomal and/or X-linked genes

only, rather than interactions involving one or more Y-linked genes.
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Assumption
Locus /

A-X

X-X

A-Y

Autosomal
preference

XY

A-p
A-X

XX

Relative contribution

A-linked
preference

A-Y

XY

Locus k

"

AY XY

23 a7

24 |25
16 18

6 1.0 |12

XY

13

1.3

12

a7
.0 36

4.0

sl2 s

s/2 0

XK AY XY
.2 12 3.0 20
10 25 17

0 10|24 16

08 07 100 4.0

092 (121 4.8

1.0 14.0 56

2s 4s

s 2s

11 20 13

11 20 13

10 /18 | 1.2

AY XY

A-A A-X

1.0 | 09

15

16

25 4s

XX AY XY
1.0 (16 1.0

11 1.8 1.2

9 1016 10

1.0 {15 1.0

7|06 50120

09 7.5 3.0

10 80 32

2.3 | 0.3 S 1.0

Figure E1. The effect of sex-linkage on reinforcement for five types of hybrid incompatibility. The five
matrices in the top row denote five types of hybrid incompatibility at two loci, k and I. Values in the center
and bottom rows indicate the relative amounts of reinforcement due to A-A, A-X, A-Y, X-X, and X-Y
incompatibilities. The amount of reinforcement for the pattern of sex linkage indicated to the left of the
value is divided by that for the pattern indicated above the value. For example, the value 0.2 found in the

lower left most square indicates that an A-A incompatibility is expected to produce 5 times more

reinforcement than an X-Y incompatibility when the preference is X-linked. Values greater than one
before rounding are shaded.



Locus k A'X X-X A'Y X'Y
00 01 11 8053 09| |09 1.4] [1.2 15| [0.5 X-¥ 1:0
AX / stronger
stronger AA
- A-A
b 45 stronger stronger AA A-A
A-A stronger
stronger
10 1.7 22| 4.0 271 (4.0 8.0
1.0 25 4.0
1.0 1.7] |16 1.8 0.7 1.2
a
0.4 05 /
A-X A-X A-X
stronger stronger stronger A-X
A-X
A-X stronger
1.6 26| |3.0 23| 3.0 7.0
0.7 0.6 1.3 11| |06 0.7
0.5 0.6] |11 1.4 XY
X-X stronger
Ax stronger / X=X
X-X XX ; XX
stronger stronger stronger
2.3 1.2] 2.3 3.7
0.8 0.8 1.1 1.4 0.4 0.7
© IRES o] [« )
X-Y
stronger A-Y
A-A A-X X-X
A-Y stronger stronger stronger
1.0 3.0
© 0| | 0| |« 0
® ®| [ ®| [« | |00 0/0 Autosomal
preference
A-A A-X X-X
X-Y stronger stronger stronger
X-linked
© ®] | of | @] [010 9] preference
A-A A-X X-X A-Y

Figure E2. The effect of dominance and epistasis on the contribution to reinforcement for five two-locus
incompatibilities that may have evolved by drift. The type of selection assumed is indicated in the matrix
located in the upper left corner of the figure, where the pattern of dominance and epistasis is a function of a
and b. Each graph is a contour plot showing the expected amount of reinforcement for the type of
incompatibility labeled to the left/right of the graph relative to the amount for the type labeled above/below
the graph. A bold line indicates that the amount of reinforcement is equal for the two types of
incompatibility being compared in the graph. Values in the corners of each graph indicate the relative
amounts of reinforcement at those points in parameter space. For example, the value 1.0 seen in the upper
right corner of the figure indicates that A-A and X-Y incompatibilities are expected to produce equal
amounts of reinforcement when a = 4 and b = 8. The presence of many contour lines indicates that
conclusions about the relative amount of reinforcement are sensitive to the specific pattern of dominance
and epistasis, whereas the presence of fewer lines indicates that conclusions are more robust.
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Locus k A-X X-X A-Y X-Y

00 01 M 8057 08| 07 1.3] |21 13| [o8 0.8
XY
stronger
b 45 A-X A-A A-A A-A
stronger stronger stronger A-A
stronger
. 1.1 09| [1.7 23| |23 18] [27 67
o 25 40 1.0 1.7] |18 16
a ! ) ! !
0.5 0.6
A-X A-X
stronger stronger
AX g g
A-X stronger
26] |21 18] |2.5 7.5
0.8 0.7 1.6 1.0] |05 0.6
0.4 0.6] |0.8 X-X
XY
stronger
. XX Ay stronger X-X
_ = stronger stronger
X-X stronger 9 XX
1.3 0.7| [ 1.5 stronger-2.9
0.7 0.8] |09 stronger 1.1 0.3 0.7
6.7 4.2] 124 6.7| |16.0 7.0 XY
stronger A-Y
A-A A-X X-X
A-Y stronger stronger stronger A-Y
112 _—stronger-4 2
6.7 421185 58] |9.0 53
0.7 17| [1.2 27| |16 2.8 [0.1 0.4 Autosomal
preference
A-A A-X x-X XY
X-Y stronger stronger stronger stronger
~_—] Xlinked
5.3 13.31 |6.8 1844 7.2 16.8] [0.8 3.2 preference
A-A A-X X-X A-Y

Figure E3. The effect of dominance and epistasis on the contribution to reinforcement for five two-locus
incompatibilities that may have evolved by selection. This figure is analogous to Figure E2.
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Appendix F

Equilibrium Hybrid Class Frequencies

Here | derive equations describing the equilibrium frequencies of 6 different
hybrid classes, denoted A, B, F1, BCA, BCB, and F2. Classes A and B contain pure
individuals from species A and B respectively. The F1 class contains first generation
hybrids, produced through the mating of class A and B individuals. The BCA and BCB
classes contain backcross hybrids, produced through the mating of an F1 hybrid and
either a class A or class B individual, respectively. The F2 class contains individuals
produced through mating two individuals from the F1 class. Let P}, denote the frequency
of hybrid class h in zygotes. Also, let Vi, denote the viability of hybrids, relative to pure
individuals. Note that for simplicity, the viabilities of F1, BCA, BCB, and F2 hybrids
are assumed to be equal. This allows us the degree of postzygotic isolation to be
determined by a single parameter. When V}, = 0, postzygotic isolation is complete,
whereas when V,, = 1, there is no postzygotic isolation. The frequencies of the hybrid

classes after viability selection can be expressed as
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O
>

Il
<\|,}j

Pg = &

Py = *20
Phca = T2t
P'BCB = ——PBf,—BVh
PFZ PF\27Vh )

where V is the average viability.

(F1)

The second assumption is that second generation hybrids (BCA, BCB and F2) do

not mate. Therefore, it will be convenient to define P, as the frequency of the hybrid

class h in the mating population. These frequencies can be obtained by normalizing as

follows:
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P.. _ p'A
A Pa+Pg+Pg;

" p'B
Pg = Pa+Pg+Pr;
A Pry
Pr1 = Pa+Pg+Pr;

(F2)

" _ 0 _
Peca = Pa+Pg+Pr, 0

Pu _ 0 _
BCB = P,+Pg+Pr;

Pr2 = 5omm = 0
Let Cp, denote the degree of conspecific preference, a variable specifying the
degree of prezygotic isolation. When Cp = 0, all individuals mate randomly and there is
no prezygotic isolation. When Cp > 0, however, a proportion Cp of the pure individuals
mate with conspecifics and the remaining proportion, (1 — Cp), mate randomly. All F1
hybrids are assumed to mate randomly, regardless of the degree of prezygotic isolation.

Second generation hybrids were assumed to not mate. Under this form of mating, the

frequencies of the hybrid classes in zygotes in the next generation are
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P’ — (PA(1-Cp))’
A T (Pa+Pp)(1-Cp) + P

+ PACp

p 2
(Papetrvy 1-Co) Pa

= +
Pa Ps — _PaVe Pa+Pg+Pf; V
(PA+PB+PF1 Vit PATPa PR Vi ) (1-Cp) + PATPEPELVh ATEBTTFL Vh

Pa ((Cp—1) (Pa+Cp Pg)—Cp Pr1 Vi)
(Cp—1) (Pa+Pg)?+(Cp—2) Pt Vi (Pa+Pg)—PE V7

P — (P5(1-Cp))°
B T (Pa+Pg)(1-Cp) +Pg,

+ PgC,

P 2
(Prepasrmvy 1-Co) Pe

= Pa Pg _ eV t PaiPeiPaV
(Prepacrervy + Prrms vy ) (1-Co) + mopip vy ATEBTIFL Vh

Ps (Cp—1) (Cp PA+Pg)—Cp Pr1 Vi)
(Cp—1) (Pa+Pg)?+(Cp—2) P1 Vi (Pa+Pg)—P% V?

P = 2P Pa(1-Cp)°
F1 = (PA+Pg) (1-Cp) + Pr;

2 gt Po - (1-Cp)?

_ Pa+PB+Pp1 Vi Pa+P+PF1 Vy
- Pa Pg _ Pe1 Vi
(PA+PB+PF1 Vi T PAtPaPa Vi )(1 Co) + BrrPosPa Vi

2(Cp—1)? PaPg
((Cp—1) (Pa+Pg)—PF1 V) (Pa+Pg+PF1 Vi)
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P _ __ 2PaPr(1-Cp)
BCA = (Pa+Pp) (1-Cp) +Ppy

2 Pa PE1 Vi (1-Cp)

Pa+PB+PF1 Vi Pa+Pg+PF1 Vi
Pt Vi

Pa Pg _
(PA+PB+PF1 Vi t PATPe+PrL Vi ) (1-Cp) + PATPa P Vi

2(Cp—=1)Pa Pr1 Vpy
((Cp=1) (Pa+PB)—PF1 Vi) (Pa+Pg+Pr1 Vi)

2Py Pr; (1-Cp)

Pece = ®omy 1-Cp) +P5, (F3, cont)
P PELY,
_ 2 goppirevi Parparpv (1-Cp)

- Pa Pg _ Pe1 Vi
(Prpasreve T Prrpacrrvr ) (1-Co) + praperperve

2(Cp—1)Pg Pg1 Vjy
((Cp=1) (Pa+PB)—PF1 Vi) (Pa+Pg+Pr1 Vi)

P — Pr’
F2 (Pa+Pg) (1-Cp) + PE;

2
(prpasriws)

Pa Pg Pr1 Vi
(PA+PB+P;1 Vi T PatPa+PrL Vi )(1_Cp) + PATPa P VR

P2 VZ
_ £1 Vi
((Cp—1) (Pa+Pg)—=Pr1 Vi) (Pa+Ps+PF1 Vi)
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The changes in the hybrid frequencies are

Pa ((Cp—1) (Pa+C, Pg)—Cy Pr1 Vi) _P
(Cp—1) (Pa+Pg)2+(Cp—2) Pry Vi, (Pa+Ps)—PZ V7 A

APa = Pp — Pa

Pg ((Cp—1) (Cp PA+Pg)—Cp Pr1 Vi) ~ Pg

APg = Pg — Ps (Cp—1) (Pa+Pg)?+(Cy—2) Pry Vy (Pa+Pg)—PE V7

_ p" _ 2(Cp=1)’PaPg
AP = Pr = PRt = — G5 @aipe-Pa Ve ParParPa vy~ TP
(F4)
o _ 2(Cp=1) Pa Pr1 Vi B
APsca = Peca — PecA = (& 5ParPa)Pra Vi) (ParPaiPrvy T BCA
. _ 2(Cp—1) Pg Pr1 Vi,
APscs = Pece ~ PBCB = (&, 755(Pa+Pa)Pr Vi) (Pa+PaiPriVyy | BCB

_ o _ P, Vg
APr = Pr = P2 = — (Cp—1) (Pa+Pg)—Pr1 Vi) (Pa+Pg+Pr1 Vi) P2

To obtain the equilibrium frequencies in zygotes, Py, one can solve for Pa, Pg,
and Pg; after setting (F4) equal to zero. After some simplification, the equilibrium

frequencies can be written as
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where

—(Cp (C3+(2 Vi +X+2) C3+(=2 Vi (X +8)+X =2) Cp+2 Viy (X+3)-3 X -2)+ X +1)

Pa @ (Cp—Vn—1) (Vo—1) C3-2 (V4 +1) Cp+Vy+1))
B —(Cp (C3+Q2 Vp+X+2) C3+(-2Vj (X+8)+X=2) Cp+2 V}y (X +3)-3 X -2)+ X +1)

B = B (Cp—Vh—1) (Vh-1) C3-2 (Vo+1) CptVp+1))
|5 _ (Cp=D(Cp(4Vn+Cp (Cp—4 Vp+X+5)-4 X-3)+X +1)

F1 = 4(Cp—Vn—1) (Vo—1) C2-2 (Vo+1) Cp+Vn+1)

(F5)

B _ 4(Cp=1)Cyp Vi

BCA = "(BV4-2)CZ+(Vy (X-8)-2 (X+1)) Cp—Vp (X-1)
B _ 4(Cp=1)Cp Vi

BCB = 3Vi—2) C2+(V (X=8)-2(X+1)) Cp—Vh (X-1)
B, — 2(Cp-1)VE

F2 = Vp—1)C2+(Vh @Vn+X—5)-X-2) Cp—2 Vy (Vat X +D)—X -1 ’
X = /(Cp+12+8CpyVh. (F6)
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Equations F5, which were checked for accuracy using simulations, indicate the
equilibrium frequencies of individuals before viability selection. The frequencies after
viability selection can be obtained by simply multiplying the (F5) by the viability and

normalizing, yielding

Pa=Fo

Pg = 22

Pry = Pa

|5IBCA = —‘pBCVAVh o
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