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Abstract

Striking examples of local adaptation at fine geographic scales are increasingly being docu-
mented in natural populations. However, the relative contributions made by natural selection,
phenotype-dependent dispersal (when individuals disperse with respect to a habitat preference),
and mate preference in generating and maintaining microgeographic adaptation and divergence
are not well studied. Here, we develop quantitative genetics models and individual-based simu-
lations (IBS) to uncover the evolutionary forces that possibly drive microgeographic divergence.
We also perform Bayesian estimation of the parameters in our IBS using empirical data on habitat-
specific variation in bill morphology in the island scrub-jay (Aphelocoma insularis) to apply our
models to a natural system. We find that natural selection and phenotype-dependent disper-
sal can generate the patterns of divergence we observe in the island scrub-jay. However, mate
preference for a mate with similar bill morphology, even though observed in the species, does
not play a significant role in driving divergence. Our modeling approach provides insights into
phenotypic evolution occurring over small spatial scales relative to dispersal ranges, suggesting
that adaptive divergence at microgeographic scales may be common across a wider range of taxa
than previously thought. Our quantitative genetic models help to inform future theoretical and
empirical work to determine how selection, habitat preference, and mate preference contribute

to local adaptation and microgeographic divergence.
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Introduction

Adaptive evolutionary divergence between populations has long been recognized to be gov-
erned by the balance between selection and gene flow. Environmental variation can impose di-
vergent selection on populations resulting in local adaptation, but high gene flow can overwhelm
local selection and prevent adaptive divergence (Blanquart et al., 2012; Kawecki and Ebert, 2004;
Savolainen et al., 2013). The homogenizing effects of gene flow are expected to be especially
important in limiting local adaptation across small geographic scales because dispersal is more
likely across short distances. However, several recent empirical studies in a variety of taxa have
demonstrated that divergence can occur within a population as a result of variation in biotic and
abiotic conditions at small spatial scales (Bolnick et al., 2009; Garroway et al., 2013; Hays et al.,
2021; Hendrick et al., 2016; Keller et al., 2013; Mikles et al., 2020; Richardson et al., 2014). The eco-
logical and evolutionary mechanisms that promote microgeographic adaptation and divergence,
processes that occur when dispersal is frequent enough to prevent divergence by genetic drift
(Richardson et al., 2014), are critical for advancing our understanding of adaptation and diver-
sity within populations. However, the spatial scale at which these mechanisms operate is poorly
understood in natural systems (Richardson et al., 2014), and mechanisms generating divergence
with gene flow other than natural selection remain underexplored.

When ecological optima vary between patches at small geographic scales, local adaptation is
often attributed to strong natural selection (Bolnick and Otto, 2013). Selection of any strength will
bring the population trait means closer to the local ecological optimum, but only strong selection
can overcome high levels of migration occurring within a dispersal neighborhood (Tigano and
Friesen, 2016) — the distance over which individuals regularly move within a generation (Wright,
1946). While natural selection is essential for local adaptation, other evolutionary forces such as
nonrandom dispersal and local assortative mating may also play a significant role, particularly
in the face of rapid migration (Berner and Thibert-Plante, 2015; Bolnick and Otto, 2013; Ede-

laar and Bolnick, 2012; Ravigné et al., 2009, 2004; Richardson et al., 2014). Phenotype-dependent
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dispersal, in which dispersing individuals choose a habitat type according to how well their
phenotype matches the ecological optima, is one such mode of non-random dispersal that can
facilitate local adaptation, population divergence, and even reproductive isolation, as shown by
both theoretical and empirical studies (Bolnick and Otto, 2013; Bolnick et al., 2009; Camacho
et al., 2020; Edelaar and Bolnick, 2012; Levene, 1953; Maynard-Smith, 1966; Nicolaus and Ede-
laar, 2018; Ravigné et al., 2009). For example, in a theoretical study, Bolnick and Otto (2013)
demonstrate that genotype-dependent dispersal can be responsible for the majority of diver-
gence between neighboring populations, especially when dispersal rates are high, as would be
the case at microgeographic scales. Similarly, Edelaar et al. (2019) show empirically that when
individuals selectively move to improve the match between their trait values and the environ-
mental characteristics, these matching habitat preferences can be an important driver of local
adaptation. Once primary forces like strong natural selection or phenotype-dependent dispersal
have created a bimodal trait distribution in a population, we understand from theoretical studies
that local assortative mating arising from mate preferences can amplify divergence (Kirkpatrick
and Nuismer, 2004; Kopp et al., 2018; Richardson et al., 2014; Servedio et al., 2011) and further
enhance local or microgeographic adaptation. However, we have less knowledge about how all
of these processes interact, especially in specific examples of natural systems.

A striking case of microgeographic divergence is observed in bill morphology in the island
scrub-jay (Aphelocoma insularis), the only insular endemic landbird species in North America
(Morrison et al., 2011). The entire island scrub-jay species range is just 250 km? on Santa Cruz
Island off the coast of southern California, USA (Delaney and Cheek, 2022; Langin et al., 2015).
Suitable island scrub-jay habitat covering Santa Cruz Island consists primarily of island scrub-
oak (Quercus pacifica), and three geographically discrete woodland areas of bishop pine (Pinus
muricata) stands. Island scrub-jay bill morphology, a primary determinant of foraging ability,
is divergent between subpopulations residing in the oak and pine neighboring habitat types
(Langin et al., 2015). A similar pattern is observed in the closely related California scrub-jay

(Aphelocoma californica), whose morphological differences result in divergent feeding performance
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on acorns versus pine cones (Bardwell et al., 2001; Peterson, 1993). Additionally, island scrub-jays
mate non-randomly with respect to bill morphology, which may be due to variation in acoustic
signal structure of female rattle calls caused by bill shape (Langin et al., 2015, 2017). Similar
effects on vocal signals by selection on bill morphology have been suggested to occur in other bird
species, and may drive reproductive isolation if the song is used in mate choice (e.g., Ballentine
et al., 2013; Derryberry et al., 2012; Podos, 2001). It is therefore plausible that individual island
scrub-jays would be under selection to exhibit a preference for habitats where their own trait
value is closer to an ecological optimum, and also select mates based on an acoustic signal
related to foraging ability. There is no evidence of gene flow from mainland species to confound
patterns of divergence (Delaney and Wayne, 2005; DeRaad et al., 2022), and the repeated pine-
oak transitions at fine spatial scales occur without any barriers to dispersal, allowing for high
rates of movement between habitats (Cheek et al., 2022; Langin et al., 2015). The island scrub jay,
therefore, represents a unique opportunity to study the evolutionary processes that contribute to
microgeographic adaptation. We use the patterns of divergence in bill morphology, specifically
bill length as our focal trait, between the pine and oak habitats in the island scrub-jay system
to guide the development of our evolutionary models and test hypotheses about mechanisms
capable of promoting and maintaining microgeographic divergence in wild populations.

To test alternative hypotheses about the specific mechanisms underlying microgeographic
divergence in nature, we use analytical and individual-based simulation (IBS) models to under-
stand divergence in a single phenotypic trait. First, we develop a general model using a theoret-
ical quantitative genetics framework, because bill length is a quantitative trait with a polygenic
basis (Cheek et al., 2022; Langin et al., 2015). We then analyze the model using strict, but neces-
sary analytical approximations to uncover the dominant drivers of microgeographic divergence
when dispersal occurs either randomly or dependent on phenotype, and in general to study
phenotype-dependent dispersal mathematically. Next, while relaxing key assumptions, we use
an IBS model parameterized with data from the island scrub-jay system to explore the evolution-

ary conditions that may have produced the observed patterns of divergence in bill morphology.
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We also estimate the unknown parameter values in our IBS model by adapting the Metropolis-
Hastings algorithm (Metropolis et al., 1953), a Bayesian Markov Chain Monte Carlo (MCMC)
method, to accommodate our simulation-based likelihood approach. With the posterior distri-
butions generated from our Bayesian estimation procedure, we address two questions motivated
by observations of microgeographic evolution in the island scrub-jay system: (1) What are the
primary drivers of the observed pattern of microgeographic divergence in the island scrub-jay:
strong natural selection, phenotype-dependent dispersal, or a combination of the two forces? (2)
Does mate preference for a mate with similar bill morphology amplify the observed divergence

in the island scrub-jay?

The Empirical System

Study Site and Population

The island scrub-jay is a passerine bird endemic to Santa Cruz Island approximately 32 kilo-
meters off the coast of southern California. Genomic data suggests the island scrub-jay has been
evolving in isolation from its sister species (A. californica) for up to approximately one million
years (DeRaad et al., 2022). On Santa Cruz Island, island scrub-jays forage and breed in both
oak chaparral and pine woodland habitats. Divergence in bill morphology has been observed
between island scrub-jays residing in each habitat. Individuals that occur in pine habitat have
longer, shallower bills compared to individuals in adjacent oak habitat, which is likely due to
differences in foraging ecology (Langin et al., 2015). Variation in bill morphology across habitats,
however, cannot be explained by differential wear and tear. Seasonal variation in bill length does
occur, but it is consistent across habitats (Langin et al., 2015), and bill morphology is a herita-
ble trait (Cheek et al., 2022; Langin et al., 2015), suggesting these patterns are not simply due
to plasticity. Sexual size dimorphism is also present in this population, where males are larger
than females and have larger bills. Male-male competition for territories favors larger males and

is likely responsible for body size and bill size differences between the sexes (Desrosiers et al.,
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2021).

Morphological Data Collection

As part of a long-term study monitoring island scrub-jays on Santa Cruz Island (Caldwell
et al., 2013; Cheek et al., 2022; Langin et al., 2015), the trait of interest, bill length, was measured
in adult island scrub-jays that were captured with baited drop traps or mist nets from 2007-
2020. Each individual was marked with a unique combination of numbered aluminum and
colored leg bands and age was estimated according to plumage differences described by Pyle
(1997). An individual’s bill length was measured from the anterior end of the nares to the tip
of the bill using Mitutoyo digital calipers that have a resolution of 0.01 mm. Captured island
scrub-jays were assigned to the pine or oak habitats based on the methods described in Cheek
et al. (2022), which estimated the percent pine and percent oak within a 300-m radius of each
scrub-jay sampling location (the diameter of the largest island scrub-jay territory; (Caldwell et al.,
2013)) using a reclassified 2005 vegetation map of Santa Cruz Island (Langin et al., 2015; Nature

Conservancy, 2007).

Population Estimates and Sample Statistics

According to vegetation surveys conducted by the Nature Conservancy (2007), about 88%
of the island was classified as oak habitat and 12% was classified as pine habitat. Bakker et al.
(2020) estimated the total island scrub-jay population size to be 1,803 individuals, and the habi-
tat capacity for breeding pairs was estimated to be 515 territories across the entire island. We
approximated the oak and pine subpopulation sizes and number of breeding territories in each
habitat by combining the information from Bakker et al. (2020) and the proportion of habitat clas-
sification from the Nature Conservancy (2007), such that oak subpopulation size was 1587 with
453 breeding territories and the pine subpopulation size was 216 with 62 breeding territories.

Caldwell et al. (2013) estimated the mean annual fecundity for breeding adult island scrub-jays
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to be 1.1 0.1 young fledged per breeding pair.

Using the measurements of bill length, we calculated sample statistics for each subpopulation
by pooling observations of adult birds across all years of the study. For any individual with mul-
tiple measurements of bill length, we calculated the average measurement, as bill length changes
little over an individual’s adult lifetime. The difference in male bill length means between the
oak and pine subpopulations was 0.79 mm, p < 0.001, calculated from a sample of 211 male oak
birds and 92 male pine birds. The difference in female bill length means between the oak and
pine subpopulations was 0.80 mm, p < 0.001, calculated from a sample of 175 female oak birds
and 79 female pine birds. However, there was no significant difference in the variance of bill
lengths (mm?) between males and females in each habitat nor across habitats, so we calculated
the composite phenotypic variance of the population, which was 1.30 mm? with 95% confidence
interval (CI) [1.16,1.47]. The mean difference in bill length (mm) between males and females
across both subpopulations was 2.07 mm (we round to 2 mm for the simulations), p < 0.001. The
trait distributions for males and females in the oak and pine habitats are shown in Figure 1.

In our model, local assortative mating within habitats and sexual selection is generated by
a preference for mates with similar bill morphology. We used the maximum-likelihood ap-
proach from Clancey et al. (2022) that accommodates multiple discrete populations to estimate
the strength of mate preference, a, and the preferred distance between male and female bill
lengths, the match offset parameter § (see Figure 2 Equation (2) ), with data on 153 mated pairs
of island scrub-jays. The strength of mate preference, w, dictates the width of the Gaussian
function describing the probability of mating between a male and a female if they meet, and
is equivalent to the inverse of two times the tolerance of this function from Lande (1981) (see
Kirkpatrick and Nuismer, 2004). The match offset, J, specifies the location of the center of this
function. We estimated the strength of mate preference to be a = 0.1 + 0.073 mm 2 (95% CI)
and the optimal distance between male and female bill lengths within mated pairs, the match
offset, to be § = 2.0 £ 0.80 mm (95% CI). Both « and ¢ are significantly different from zero indi-

cating that the population does not mate randomly according to bill length (e.g., « = 0 indicates
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a randomly mating population), and mate preferences contribute to the maintenance of sexual
dimorphism.

Lastly, to estimate the random dispersal rate, m, between habitats on Santa Cruz Island, we
calculated the fixation index (Fs;) by comparing 88 individuals sampled in the oak habitat and 35
individuals sampled in the pine habitat genotyped at 3,408 neutral loci identified by Cheek et al.
(2022). We then calculated the per generation dispersal rate by re-arranging the equation for F
from Wright (1949) with an effective population size of 350 (Cheek et al., 2022) to get an estimate
of m = 0.084. This estimate was used to generate the prior distribution for m in our Bayesian

estimation procedure described below.

The General Model

To study microgeographic evolution in general and then specifically in the island scrub-jay
system, we model a metapopulation consisting of an effecitively infinite number of patches with
two distinct habitat types, i, resembling the pine (P) and oak (O) habitat matrix on Santa Cruz
Island (for example, i = {O,P}). The population is assumed to have been colonized by one
founding population that then diverged in situ, and is now observed at the present day in eco-
evolutionary equilibrium. Dispersal rates (m) between habitats are high (N;m > 1 migrant
per generation) and there are no physical barriers to movement. Individuals exhibit a single
phenotypic trait, z, that is assumed to be controlled by a very large number of freely recombining
additive loci of small effect, and a sex-specific effect generating sexual dimorphism, 5, that causes
male and female trait values to differ by a fixed amount. There are two ecological optima, one
optimum in each habitat (e.g., 8o and 0p), and these ecological optima are the same for both

sexes. Modeling a dioecious population, the trait value (z) of the k' male or female is given by:

+5 male
Zy = gkt €+ , where gx = giax + €. (1)

—5 female

10
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Here g is the breeding value of individual k, which is assumed to be the mean of the breeding
values of the parents (giq ) of individual k, plus deviation €; due to segregational variance. The
phenotypic trait value for each individual z, is the sum of the breeding value for individual k
plus deviation €, due to environmental variance. The deviates €; and €, are drawn for each indi-
vidual from two independent normal distributions with mean 0 and constant variances resulting
from allelic segregation (¢2) and random environmental factors (¢?), respectively. In our model,
the segregational variance (i.e., reflecting the genetic variance among full sibs) is roughly half
the additive genetic variance at equilibrium and similar to the expectations given by Barton et al.
(2017). The trait distributions in each subpopulation are also assumed to be normal, each with
their own male and female means and variances, Zy;, ~ N (Zp,, Vi,) and Zp, ~ N (2, V).

Our model follows individuals over a four-stage life cycle in which they undergo density-
dependent population growth, mate and reproduce, disperse with the opportunity for habitat
preference, and undergo selection within each habitat (Figure 2). Generations overlap, but there
is no age structure. Offspring are formed and enter the population as adults, and reproduction
and death occur independent of age. We assume population size is controlled through density-
dependent survival such that the population cannot exceed the carrying capacities in each habitat
defined in Figure 2 Equation (1). N is the total population size at carrying capacity, H; is the
proportional size of each habitat, i, and N; is the carrying capacity in habitat i. The number of
successfully mated pairs is limited to the number of nesting sites, n such that nH; < NH;, in each
habitat.

After census, the life cycle continues to mating and reproduction (Figure 2). The probability of
mating between two individuals is given by Figure 2 Equation (2), which depends on the distance
between the male and female phenotypic trait values, the match offset value, J, and the strength
of mate preference, a (see Clancey et al., 2022). If the strength of mate preference, «, is zero,
individuals mate randomly. If the strength of mate preference is non-zero, individuals prefer a
similar mate relative to their own trait value, but with an optimal fixed difference between the

male and female trait values given by the match offset, § (Clancey et al., 2022). When a mated

11
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pair forms successfully, reproduction is assumed to ensue and the mated pair raises one offspring
that survives to adulthood (e.g., island scrub-jays on average raise one offspring that survives to
leave the nest; see above).

After reproduction occurs, individuals are allowed to disperse from habitat j to habitat i
according to the probability in Figure 2 Equation (3). The rate at which individuals leave their
natal habitat patch and move to a new location, either switching habitat types or simply moving
to a new location of the same habitat type, is given by the parameter m, the rate of random
dispersal. The probability that an individual arrives in a particular habitat is proportional to the
percentage of the landscape covered by that habitat, H; where } ; H; = 1. Since the probability
of arrival depends on the spatial size of each habitat and the subpopulation sizes are defined
by the habitat sizes (Figure 2 Equations (1) and (3)), this results in an equal number of migrants
exchanged across habitats in each generation. If individuals display a habitat preference (i.e.,
when the parameter 7 is non-zero) individuals will move non-randomly according to the distance
between their trait value and the ecological optimum in each habitat (6;). When # = 0, dispersal
occurs randomly with probability mH;. In the case of equal habitat sizes, Figure 2 Equation (3)
is the quantitative trait analog to the genetic model of habitat selection as given by Equation 4
in Bolnick and Otto (2013). Figure 3 shows the probability of dispersal in Figure 2 Equation (3)
when the habitat sizes are the same (H; = H; and j is an alternative habitat to i) and when the
habitat sizes are asymmetric (H; # H;) for different values of the parameter 7.

Once individuals disperse, they must undergo viability selection in each environment. The
probability of survival decays in a Gaussian fashion according to Figure 2 Equation (4) as a
function of the strength of natural selection, -, and the difference between an individual’s trait
value and the ecological optimum in the habitat of residence, ;. This four-stage life cycle forms

the basis for our analytical approximations and individual-based simulation (IBS) models.

12



is is the authot's accepted manuscript without copyediting, formatting, or final corrections. It will be published in its final form in an upcoming issue o
Th h hot' pted pt witl pyediting, f g, or final Tt will be published final f p g f
The American Naturalist, published by The University of Chicago Press. Include the DOI when citing or quoting:
https://doi.org/10.1086/727723. Copyright 2023 The University of Chicago.

Analytical Approximations

We begin by analyzing the general model with analytical approximations, which are neces-
sarily strict for tractability, to identify potential drivers and conditions required for microgeo-
graphic divergence in phenotypic trait means at evolutionary equilibrium (¢z,, ). Specifically, our
analytical approximations make the following explicit assumptions to model divergence between
habitats in a two-patch model: (i) The distance between each individual’s trait value and the eco-
logical optimum in the habitat of residence is small such that z — 6; = O(e), (ii) the distance
between the ecological optima is small such that 6; — 6; = dy = O(e), (iii) additive genetic vari-
ance, G, is constant and equal across subpopulations, (iv) random mating (a« = 0) occurs within
each subpopulation, and (v) there is no sexual dimorphism (6 = 0). Assumption (i) ensures that
the effects of both selection (y) and habitat preference (1) are weak and assumption (ii) ensures
that selection is weak on migrants in both habitats. The combination of assumptions (i)-(iii) has
the restrictive consequence that additive genetic variation is not only constant but very small and
is of O(e?). These five assumptions, along with the assumption that phenotypes are normally
distributed, allow us to use standard quantitative genetics approaches similar to Falconer and
Mackay (1996) to obtain tractable analytical results. Analytical approximations were performed
using Wolfram Mathematica 12.3 (Wolfram Research, Inc., 2021).

We follow the equations that model the life cycle under the assumptions outlined above
to solve a series of recursions to find the equilibrium phenotypic divergence between habitats
(0z,,). At census, the subpopulations each have their own unique trait means, z;. Given the
assumption of random mating, the mean phenotype of each subpopulation remains unchanged
by reproduction such that z; = z;, and f/(z) is the distribution of the trait in habitat i after
reproduction. We can now use the distribution f/(z) and the dispersal function in Figure 2

Equation (3) to describe the subpopulation means after phenotype-dependent dispersal as:

13
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o /°° (2 = %z (fl@H (=Pl — jl2)) + fi) HP(j — i[z) ) dz
b S A@H Q=P = jl2) + fl(2) HiP(j — ilz) dz

2)

Following phenotype-dependent dispersal, the change in the mean phenotype in habitat i due to

selection proceeds as given by Equation 7 in Lande (1976):

Azl = GZL_/;/; =G dzg,]E [e*“f(Z*‘?f)z] , 3)
and allows us to calculate the phenotypic mean after phenotype-dependent dispersal and selec-
tion as z/” = z/ + Az!" in each habitat.

Assuming that the distance between the ecological optima, Jdg, and the distance z; — 0; are
both small and of O(€), we can approximate these distances to O(e?) to obtain the Taylor series
approximations for Equations (2) and (3) giving us an approximation for the subpopulation
means in each habitat after reproduction, dispersal, and selection, z/” and Z}’ ' (see Appendix

A). Solving these recursions, we have the analytical approximation for phenotypic divergence at

evolutionary equilibrium, &, g = Zeq; — Zeg;

—(592G’)/

Oz m(2Gy —1) —2Gy’ @)

Notably, Equation (4) does not contain 7, habitat preference, once we make our assump-
tions and approximate the dynamical equations to O(e?). The diversifying effect of phenotype-
dependent dispersal is of O(e®), and hence drops out of the approximation. This is because it
depends on the product of the distance between the optima (dy), which is O(e), and the pheno-
typic variance (V;), which is O(€?) (see Appendix A). When the distance between the ecological
optima is small and the distance between the subpopulation means and their corresponding
ecological optimum value is also small, phenotype-dependent dispersal has a negligible biolog-
ical effect, and the solution seen in Equation (4) reduces approximately to the balance between

selection and gene flow. Therefore, phenotype-dependent dispersal that generates phenotypic

14
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divergence requires either strong habitat preference (), large environmental differences (Jg), or

both, and modeling these conditions requires a simulation-based approach.

Individual-Based Simulations and Bayesian Parameter Estimation

To model microgeographic divergence with respect to the island scrub-jay system, we use
individual-based simulations (IBS) to relax key assumptions present in the analytical approxi-
mations and introduce stochasticity. The IBS model follows individual male and female island
scrub-jays throughout the life cycle of the general model using the equations presented in Figure
2 and the production of offspring according to Equation (1). The IBS model extends beyond the
analytical model above in several ways: habitat preference (1) and natural selection () can be
strong, individuals mate with a preference for a mate whose trait value is 6 away from their own,
the sex ratio is equal but the sexes are dimorphic by a fixed amount given by 5, and genetic
variance, measured by the variance in breeding values, and phenotypic variances can now vary
from one generation to the next (even though segregational variance, (7_3, is constant).

The simulation model is initiated by drawing breeding values for males and females in the
oak and pine subpopulations from a normal distribution with identical means equal to the eco-
logical optimum for the oak habitat with a fixed value for additive genetic variance of G = 1.0.
Trait values are assigned to each individual according to Equation (1), where g is the initial
breeding value and the sexual-dimorphism parameter is 6 = 1. Individuals then choose mates,
disperse, and survive as a function of their trait values using Equations (2), (3) and (4) in Figure
2. We assume a fixed number of breeding territories are available and scaled by the size of each
habitat such that not all individuals in the population get the opportunity to reproduce (Table
1). If a successful pairing occurs, one offspring is produced according to Equation (1). These
offspring enter the population as adults and disperse according to Figure 2 Equation (3). Next,
individuals survive or die according to the probability calculated from Figure 2 Equation (4)

(viability selection). Last, density-dependent regulation is applied to individuals randomly re-
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gardless of their phenotype or age, so the total population size (N) remains at carrying capacity.
The population mean breeding values and trait values are allowed to evolve for a maximum of
1,000 generations or until evolutionary equilibrium is reached. Figure Bl in the Supplemental
shows an example of the subpopulation male and female means and variances at equilibrium
after 1,000 generations. All variance terms in the IBS are given as standard deviations (see Table
1).

We use our IBS to estimate the parameters in our model with the data on bill length (mm)
in the island scrub-jay. To implement our Bayesian estimation procedure using the Metropolis-
Hastings algorithm (Metropolis et al., 1953), we simulate the life cycle to generate the joint distri-
bution of phenotypes for males and females in each subpopulation, f7 M, 2 2o, 7, (zm;, 2F, 2 M, ZE; ),
where 0 = (1,0;, 0,7, %, 0s)', and N, Hp and Hp, a, 5, and § are known and fixed (Table 1). Be-
cause we assume the infinitesimal model, we also assume that once evolutionary equilibrium

is reached at any time point, {, measured in discrete generations, the marginal distribution of

each subpopulation is normal such that Zy, ¢ ~ N(pa, 16,03 ,10), Zei ~ N (6,0 ,16),

Zmyp ~ N (pm, 16, ‘712\/1]-,t’6)/ and Zg; ~ N (pr,4|0, cr%_,t]f)). We also assume that the observations
Z Mot 2k, Mt zip,, and th,Fj, ; were sampled independently allowing us to formulate the likelihood

function by multiplying these four distributions:

2 2
1 ZZ,Ml-,t_‘uMi,t‘e 1 Z}?pi,t_.ul:,v,t‘e
Xp|—2 oM, 110 P~ 2 OF,1|0
ce) =11 [1

X
keM; aMi/t 0v2m keF; UFi/t 0v2m
s o ®)
1 Zk,Mj,tiuM]‘/t‘ 1 Zk,F]-,fil/LPjrt‘
exp - f O'M,,t‘e exp - i U'F‘,tle
<] TRVA Y w
keM; Ot 0V 27 keF; 0r,¢ |0V 21T

Using this formulation of the likelihood function, we implement the Metropolis-Hasting al-
gorithm to sample from the joint posterior distribution of our model parameters and estimate
the unknown values (see Supplemental for additional information on our Bayesian parameter

estimation procedure). A list of parameter symbols and values used in the IBS model is shown

16



This is the authot's accepted manuscript without copyediting, formatting, or final corrections. It will be published in its final form in an upcoming issue of

The American Naturalist, published by The University of Chicago Press. Include the DOI when citing or quoting:
https://doi.org/10.1086/727723. Copyright 2023 The University of Chicago.

in Table 1. Prior distributions of the unknown parameters are uniform and cover a biologically

plausible range, and the dispersal parameter, m, is drawn from a gamma distribution with a

mode of 0.084, because m cannot be less than zero and F;; provides a rough estimate of m. The

IBS and Bayesian estimation procedure was developed in R (R Core Team, 2021).

Table 1: Parameters governing the Individual-Based Simulations (IBS). The estimation column
describes if parameter values were directly estimated with data from another study or from
the empirical data collected in this study, or estimated from the IBS in this study. The method
column describes if the parameter value is fixed across all simulations or is drawn from a prior
distribution during the Bayesian Parameter Estimation. Fixed values and prior distributions are
specified in the column labeled Value/Prior.

Parameter Estimation Method Value/Prior

Description

N Direct
n Direct

Hp, Hp Data

5 Data
o Direct
) Direct
0% IBS

n IBS

fo IBS

Op IBS
O, 1BS

O 1IBS

m IBS

Fixed
Fixed
Fixed
Fixed
Fixed
Fixed
Random
Random
Random
Random
Random
Random

Random

1803

515

0.88, 0.12
1 mm
0.1 mm—2

2.0 mm

U (0,0.3) mm
U (0,0.3) mm
U (20,30) mm
U (20,30) mm
U(0.5,1.5) mm
U(0.5,1.5) mm
I(9.4,0.01)

Total population size at carrying capacity
Total number of nesting sites
Proportion habitat coverage

Deviate generating sexual dimorphism
Mate preference

Mate preference offset match

Natural selection

Habitat preference

Ecological optimum in Oak

Ecological optimum in Pine
Environmental standard deviation
Segregational standard deviation

Probability of dispersal

Primary Mechanism of Microgeographic Divergence

To answer our first question about the primary evolutionary mechanism driving microgeo-

graphic divergence in the island scrub-jay, we interpret the parameter estimates obtained from
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the joint posterior distribution from our Bayesian estimation procedure. We use the modes of the
univariate posterior distributions as point estimates for each parameter, and compute the 95%
highest density interval (HDI) to assess the uncertainty around these point estimates (Table 2;
Figure B2). The point estimates and 95% HDIs for natural selection (y) and habitat preference
(n7) are 0.0057 and [0,0.02], and 0.21 and [0.05, 0.3], respectively. The point and interval estimates
for v demonstrate that natural selection can be weak when it operates locally in each habitat. For
example, the probability of survival for a bird whose phenotype matches the opposite ecological
optimum of their current habitat of residence is reduced by 1.3% using the point estimates in
Table 2. The 95% HDI for v includes zero, meaning that natural selection is not always required
for divergence in the island scrub-jay, and does not include higher values of y showing again that
selection is weak. Conversely, the 95% HDI for habitat preference (1) does not include zero, and
we find that divergence is not possible if habitat preference is too weak. The interval estimate
for 1 also supports the results from our analytical approximations, that small values of 7 have
little effect on divergence. Using the estimated values of m and # in Table 2, the proportion of
oak habitat (88%) and pine habitat (12%) covering the island, and empirical population means
from Figure 1, we calculate the probability an individual switches habitats, P(j — i|z), following
Figure 2 Equation (3). The probability an average female oak bird moves to the pine habitat is
3.3 x 1077, the probability an average male oak bird moves to the pine habitat is 0.018, the prob-
ability an average female pine bird moves to the oak habitat is 0.15, and the probability that an
average male pine bird moves to the oak habitat is 0.00013. The probability of switching habitats
depends on all of the parameters mentioned above and on an individual’s bill length, and results

in sex—specific migration.
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Table 2: Parameter estimates given by the marginal posterior modes and the 95% Highest Density
Interval (HDI).

Parameter Definition Estimate 95% HDI

n Habitat preference 0.21 [0.05,0.30]

0% Natural selection 0.0057 [0,0.02]

fo Ecological optimum in Oak 23.68 [23.08,24.08]
Op Ecological optimum in Pine 25.21 [24.23,26.78]
o Environmental standard deviation 0.83 [0.5,1.09]

s Segregational standard deviation  0.60 [0.5,0.89]

m Probability of dispersal 0.084 [0.08,0.09]

Figure 4 shows the bivariate posterior distributions of # and <y in panel A, 77 and the distance
between the ecological optima (d9 = 0p — 6p) in panel B, and y and Jyp in panel C. Figure 4
offers a two-dimensional view of the likelihood surface so that we can observe ridges caused
by interactions between parameters and see which parameter combinations have the highest
densities. Here we can again observe the broad range of the posterior distribution of 7, and the
ridges in the likelihood surface that correspond to all the values of # that maximize the likelihood
for the data. All parameters shown in Figure 4 are negatively correlated with one another. The
correlation between 7 and Jy is -0.38. When the ecological optima are closer together stronger
habitat preference is required to reach the same degree of phenotypic divergence. The correlation
between y and 7 is -0.14. As habitat preference decreases, stronger selection is required for
divergence to occur. The correlation between <y and Jy is -0.34. As Jy decreases, stronger selection
is again required for divergence to occur. The interactions between parameters demonstrate that
the distance between the ecological optima is also important to how we understand divergence
generated by phenotype-dependent dispersal. Thus, with the estimated probability of random
dispersal, m = 0.084 (Table 2), phenotype-dependent dispersal is required to generate divergence,

while natural selection is likely weak, but not required to generate the divergence observed in bill
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length, and the distance between the ecological optima is important in determining the dynamics

of the evolutionary trajectory of the island scrub-jay across the oak and pine habitats.

Effect of Local Assortative Mating on Microgeographic Divergence

Island scrub-jays display a preference for a mate with similar bill morphology (Langin et al.,
2015, 2017). We estimated the strength of mate preference (x = 0.1 mm™2) in this study while
accounting for population substructure, such that our value of a defines the strength of mate
preference within each habitat, thus generating local assortative mating. To answer our second
question addressing the conditions in which mate preference amplifies microgeographic diver-
gence, we re-sample parameter combinations from the multivariate posterior distribution, set
« equal to zero, and re-simulate the IBS to generate a null distribution of differences between
trait values (Jz) across habitats in males and females (Figure 5). We compare this distribution
to the divergence we measure in the actual island scrub-jay population (Figure 5), and we find
that mate preference for a mate with similar bill morphology does not amplify microgeographic

divergence in this system.

Discussion

Even while arguing against the possibility of sympatric speciation, Ernst Mayr (1947) ac-
knowledged that “all geographical barriers are relative,” and we can observe many cases of
“microgeographical isolation” giving rise to new populations in nature even in the face of gene
flow. In agreement with Mayr’s perspective, our results offer further evidence that microgeo-
graphic divergence in the complete absence of barriers to movement can be achieved under
different evolutionary conditions. Here, we studied the effects of natural selection, phenotype-
dependent dispersal, and mate preferences that generate local assortative mating in a two-patch
model assuming the infinitesimal model of polygenic inheritance. We analyzed our general

model in two ways: first, using mathematical analyses of quantitative genetics approximations
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and second, with individual-based simulations (IBS). We find that the approximations required
for a mathematical analysis of our model are so strict that it is difficult to gain general insights
about phenotype-dependent dispersal. Specifically, when we make the assumptions that the dis-
tance between the ecological optima and the distance between an individual’s trait value and the
optimum of residence are both small (i.e. selection is weak within and between patches), the
contribution of phenotype-dependent dispersal to divergence is negligible (i.e., of third order).
However, this is not the case when the above assumptions are relaxed, and selection and habitat
preference are moderate or strong. Thus, IBS are a more appropriate tool to study the effects
of phenotype-dependent dispersal on divergence and allow us to apply our model to the island
scrub-jay system.

The island scrub-jay is one example of a population exhibiting microgeographic evolutionary
divergence, and we know there are preference for mates with a similar bill morphology in this
population from both previous studies (Langin et al., 2015, 2017) and this study. The observations
of divergence in bill morphology and mate preference in the island scrub-jay allow us to make
a comparison between a natural system and our theoretical models to test hypotheses about
the evolutionary mechanisms driving microgeographic divergence. Specifically, we applied our
IBS model to the island scrub-jay to understand how natural selection, phenotype-dependent
dispersal, and mate preference, contribute to divergence in bill morphology between the pine
and oak habitats on Santa Cruz Island. To test our hypotheses, we estimated the parameters in
our IBS model using a Bayesian framework by adapting the Metropolis-Hastings algorithm to
accommodate the use of our IBS to evaluate a likelihood function. By obtaining estimates of the
parameters in our IBS model, we found that strong natural selection is not required as a primary
driver of divergence, phenotype-dependent dispersal is required to generate and maintain mi-
crogeographic divergence, and mate preference for a mate with similar bill morphology does not
contribute to microgeographic divergence in this system.

Models of migration-selection balance are abundant, but the impact of habitat preference gen-

erating phenotype-dependent dispersal on evolutionary diversification has been insufficiently
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modeled and explored (Berner and Thibert-Plante, 2015; Edelaar et al., 2008), especially in a mi-
crogeographic context. It is often assumed that strong selection is a requirement to overcome the
homogenizing effects of gene flow when dispersal rates are high between populations (Haldane,
1930; Richardson et al., 2014). Our results demonstrate that this is not always the case; strong
natural selection is not always a requirement if dispersal is phenotype-dependent. In agreement
with other studies on non-random dispersal (e.g., Berner and Thibert-Plante, 2015; Bolnick and
Otto, 2013; Bolnick et al., 2009; Camacho et al., 2020; Edelaar and Bolnick, 2012; Ravigné et al.,
2009, 2004), we find that phenotype-dependent dispersal is a potent force of evolutionary di-
vergence and can even drive divergence in the absence of selection. In support of this finding,
Berner and Thibert-Plante (2015) show that habitat preferences can evolve during the process
of adaptive divergence, and then facilitate divergence in the face of high dispersal propensities.
We also find that in a heterogeneous environment with spatially varying ecological optima, the
distance between the optima dictates how effective habitat preference can be at generating diver-
gence. If individuals moving between habitats substantially fit better in a particular environment
and have a preference to disperse to areas where they have higher fitness, the subpopulation
phenotypes will diverge. But as the distance between ecological optima decreases, regardless of
strong habitat preference, dispersal in the overall population will approach random movement
and divergence will be minimal.

In many evolutionary scenarios, assortative mating generating sexual selection within local-
ized patches can increase divergence by selecting against migrants and promoting local adap-
tation (Thibert-Plante and Hendry, 2009). However, the diversifying effects of local assortative
mating are capricious. Assortative mating can sometimes (Kondrashov and Shpak, 1998), but
not always generate evolutionary divergence (Kirkpatrick and Nuismer, 2004). As in many other
studies, assortative mating in our model induces positive frequency-dependent sexual selection
(because rare phenotypes have a higher chance of rejecting potential mates and thus losing of
opportunities for reproduction). Previous studies have shown that sexual selection of this kind

can be very effective in maintaining and amplifying divergence once it has been established
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(Kirkpatrick and Nuismer, 2004; Richardson et al., 2014), but may impede divergence as long as
the trait distribution is still bimodal (effectively acting as stabilizing selection; (Kirkpatrick and
Nuismer, 2004; Kopp et al., 2018). Here, preference for a similar mate is the force generating
local assortative mating within each habitat in our model, and mate preference is present in our
empirical system. Yet, we find that the mate preference we observe in the island scrub-jay does
not contribute to the divergence in bill morphology we observe. This could occur because the
ecological optima are not far enough apart such that the phenotypic distribution of the overall
population has not achieved enough bimodality for the observed mate preferences to have an
amplifying effect on divergence in the bill length.

Although our analytical models and individual-based simulations offer general and infor-
mative results, they rely on limiting assumptions and ignore other key factors that we know
can impact ecological and evolutionary dynamics. For example, we did not study phenotype-
dependent dispersal when there is a cost associated with preferential migration (i.e., energetic
costs of sampling habitat types or lost opportunity to find mates), nor did we study the effects
of sex-specific habitat preference even though our population is sexually dimorphic. We assume
the ecological optima for males and females are equivalent, but this might not be true in nature.
In nature, individuals may pay the cost of being too choosy and this could alter the evolutionary
dynamics we find in our results (Ravigné et al., 2009). Dispersers in nature must also balance
finding breeding opportunities with foraging efficiency, and this dynamic is not included in our
models and these effects could differ between the sexes. Our model also ignores intraspecific
competition occurring between individuals within habitats for foraging areas and nesting sites.
Individual scrub-jays vary in competitive ability, where larger individuals can secure territories
and initiate breeding at younger ages (e.g., Desrosiers et al. 2021). Although we model asym-
metric population sizes, we assume an exchange of migrants from the larger oak population
to the smaller pine population occurs in equal numbers, and that settlement is not impacted
by competitive ability. Alternatively, migrant exchange could be unequal, especially if migrants

have different competitive abilities depending on their habitat of origin. Methodologically, our
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Bayesian estimation procedure relies heavily on simulation-based methods to accomplish a high-
dimensional optimization problem. Estimating many parameters from one dataset is challeng-
ing because high-dimensional posterior distributions often have a non-zero covariance structure
(Gelman et al., 2013). Both the number of parameters and the correlations between them likely
contribute to the uncertainty surrounding our point estimates. This could be alleviated in future
studies if we were able to estimate some of these parameters independent from our IBS using
another method. Finally, in our models we assume an infinitesimal model of genetic variation
in a phenotypic trait. This model is limiting but also allows us to study phenotypic evolution
in the absence of empirical knowledge of the exact number of loci that contribute to bill length
variation in island scrub-jays. Thus, this model is rooted in quantitative genetics and intended to
reflect the general case of a continuously varying, polygenic trait. Alternative models could test
other scenarios, such as a few loci of large effect. As a point of comparison, Bolnick and Otto
(2013) used a single-locus model and also found that phenotype-dependent dispersal can be an
important factor in phenotypic divergence between habitats.

Even with these limitations, the results of our models have wide-ranging implications for
the study of microgeographic evolution, both in theoretical and empirical studies. Conventional
thinking has held that divergence and adaptation occurring at small spatial scales are rare evolu-
tionary processes (Richardson et al., 2014). We have shown here that microgeographic divergence
can easily be achieved if the appropriate conditions are present. Microgeographic divergence can
occur with weak or no natural selection as long as phenotype-dependent dispersal is operating in
a population. Since we have shown that microgeographic divergence can develop, many micro-
geographic evolutionary processes that are considered rare may be operating in more populations
than expected. This conclusion leads to two implications. First, if microgeographic divergence
and adaptation occur more commonly than previously detected in a wide range of taxa, these
processes and their outcomes may be overlooked because they require careful observation and
measurement to detect. Second, if microgeographic isolation is more common than previously

thought, these evolutionary mechanisms promoting and maintaining divergence at small spatial
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scales may be a cryptic force driving divergence events. If this is the case, we should more often
consider microgeographic adaptation as an important process giving rise to incipient lineages.
More empirical and theoretical research is needed to determine the circumstances under which
microgeographic adaptation leads to reproductive isolation and speciation, and how the inter-
play between natural selection, phenotype-dependent dispersal, local assortative mating, and

environmental conditions facilitate divergence.
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Figure Legends

Figure 1: Distributions of male and female bill length (mm) in the oak and pine habitats made
from empirical measurements of individual captured island scrub-jays. Histograms show the
raw data, solid curves represent kernel density estimates, and dashed vertical lines represent the
mean of each distribution. Mean bill lengths and 95% confidence intervals for male oak birds
was 24.78 - 0.16, female oak birds was 22.70 &= 0.16, male pine birds was 25.57 & 0.24, and female

pine birds was 23.50 £ 0.28.

Figure 2: The life cycle and equations that specify the general model. N; is the total number
of individuals in subpopulation i, H; is the proportional size of habitat i, z,, and z; denote male
and female trait values, respectively, « is the strength of mate preference, ¢ is the match offset
value, z represents the trait values of either a male or female, m is the rate of random dispersal,
17 is the strength of habitat preference, 0; and 6; are the fixed ecological optima in each habitat,

and v is the strength of natural selection.

Figure 3: Probability an individual will disperse to a foreign habitat as a function of their trait
value (z) relative to the fixed ecological optima in each habitat (6; and 6;), random dispersal rate
(m), the proportional size of each habitat (H; and H;), and the strength of habitat preference (7).
Dashed vs. solid lines represent the probability of switching habitats depending on the point of
origin. A The dispersal probabilities are symmetric when H; = H;. B The dispersal probabilities

are asymmetric when H; # H;.

Figure 4: Bivariate posterior distributions give a depiction of the interactions between param-
eters by showing the densities of the parameter combinations for A Natural selection () vs.
Habitat preference (77), B Habitat preference (77) vs. Distance between the ecological optima (dy),

and C Distance between the ecological optima (dg) vs. Natural Selection (y). The marginal dis-
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tributions of each parameter on the x-axis are displayed on the top of each bivariate plot.

Figure 5: Distributions of divergence in bill length (mm) between the oak and pine habitats
in males and females that were generated by re-sampling the multivariate posterior distribution
and re-simulating the IBS with the strength of mate preference («) set equal to zero. Histograms
show the simulated distributions and and solid curves represent kernel density estimates. Black
dashed vertical lines in each panel represent the mean of the null distributions of J; with no
mate preference for males and females, and the black solid interval on the x-axis represents the
95% confidence interval for each null distribution. The blue vertical lines represent the empirical

measure of male and female divergence (J;) in the island scrub-jay.
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Appendix A: Supplement to the Analytical Approximations

To obtain analytical approximations for the subpopulation phenotypic means in each habitat
after reproduction (z}) and dispersal (z/), we can expand Equation (2) such that we have three
integrals in the numerator and three integrals in the denominator (as shown in the supporting

Mathematica Notebook):

o % zfl(z)NH; dz — [ zf!/(z) NH;P(i — jlz)dz + [, zf;(z) NH;P(j — i|z) dz
5= [5 fl(z)NH; dz — [%_ fl(z)NH;P(i — j|z) dz+ [, fi(z)NH;P(j — ilz) dz '

(A1)

We can simplify the expression in Equation (A1) slightly to show the integrals that remain and

require approximation:

ZlH; — H; [ zf/(2)P(i — jlz)dz+ H; [, zfj(2)P(j — ilz) dz
Y H - H; [T, fl(z)P(i — j|z) dz + H; S5 f{(2)P( = ilz) dz

(A2)

Here, fi(z)' is the phenotypic trait distribution in habitat i after mating and reproduction which
is assumed to be a normal distribution, and P(i — j|z) is given in Figure 1 Equation (3) in
the general model. We assume 0; is larger than 6;, and define the mean of the optima as py =
2(6; + 0;). We also define 8y = 6; — 6;, 5., = z — pg, and dz,, = Z; — pg. Importantly, we
make the five assumptions described in the main text in the Analytical Approximations section.
We explicitly assume z — 6; is small and of O(e), and Jp is small and of O(e). A result of these
assumptions is that the distance between the subpopulation means is also small and of O(e),
and the phenotypic variance (V) is also small and of order O(e?). Thus, we can write 5 = Jge,
Oz g = 5Z,P,96, Oy = ~2irﬂ9€’ and V, = V,e2. With these assumptions, we make the following

replacements:
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1~
91' =Hu —5596,

1~
9] = ]xl@ + 5596,
Z = Ug + 52,;496/
Zi = ,u0 + 52i,ﬂg€/

Z] = Up + 521,,;496,

and Taylor Series expand each integral in the numerator and denominator of Equation (A1) to

O(€?). This gives us approximations for the subpopulation means after dispersal:

zi = Z;(1 — mH;) + zZ;mH; (A3a)

Z;-’ ~ zj(1 — mH;) + zymH;. (A3b)

Notice here that when we make our assumptions and approximate to O(e?), habitat preference
(77) no longer has a diversifying effect on the subpopulation means.
To find the subpopulation means after dispersal and selection (z!”) we make the same replace-

ments as in Equation (A1) and apply a second order, 9(€?), Taylor Series expansion to Equation

(3), originally formulated by Lande (1976), giving us

d o (2—6)2 2Gy(6; — zV)
7/ = 1(z-0)7| ~ i~ %
Az Gdzg’]E [e } 1— (V. — (2] — 6,)2) (A4)

the change in mean phenotype after selection in one generation. The trait means in each subpop-

ulation after reproduction, dispersal, and selection are thus
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z{' ~ 2] (mH; — 1)(2Gy — 1) + z/mH;(1 - 2G) +2G7#; (Aba)

s/

zi' ~ z{(mH; — 1)(2Gy — 1) + 2/'mH;(1 — 2G) + 2Gv9;. (A5Db)

Solving the set of recursions in Equations (A4a) and (A4b) gives us the trait means of each

subpopulation at evolutionary equilibrium:

_ m(ZG'y —1)(H;6; + H]‘Q,‘) — ZG’YQJ'
Zei ™ 2Gy(m—1) -1 (A6a)
m(2Gy — 1)(H;0; + Hjej) — 2G")/9]‘

2Gy(m—1) —m

Q

(A6b)

Zeg,

Now we can find the difference dz,, = Zeg, — Zeg, to obtain a solution for phenotypic divergence at

equilibrium which gives us Equation (4) in the main text.
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Appendix B: Supplement to the Individual-Based Simulations and

Bayesian Parameter Estimation

As described in the main text, we used individual-based simulations (IBS) to relax key as-
sumptions of the analytical model and apply our model to the island scrub-jay. Evaluation of our
IBS relied on the population reaching evolutionary equilibrium. Figure B1 shows an example of
the male and female subpopulation means and variances at equilibrium after 1,000 generations

when the parameters are set equal to the estimated parameter values show in Table 2 in the main

text.
A
26.0
25.5 -
25.0 -
24.5
N 24.0
= —— Oak Female
22.0 —— Oak Male
0 250 500 750 1000
Pine Female
B —— Pine Male

0 250 500 750 1000
Generation

Figure B1: Results of one simulation run over 1,000 generations. A Male and female pine and
oak subpopulation mean phenotypes (Z). Solid lines represent the means for every generation of
the simulation and dashed lines represent the empirical sample means. B Population variances
for male and female pine and oak subpopulations. Solid lines represent the variances for every
generation of the simulation, and dashed lines represent empirical sample variances.

We used our individual-based simulations (IBS) to estimate the parameters in our model
with the data on bill length (mm) in the island scrub-jay. We implemented the Metropolis-
Hasting algorithm to sample from the joint posterior distribution of our IBS model parameters

and estimate the unknown values. To implement the Metropolis-Hastings algorithm (Metropolis
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et al., 1953), we used an adaptive approach to choose the proposal distribution and we simulated
the life cycle using our IBS to evaluate the value of the likelihood function given in Equation (5)
in the main text during each iteration. To find an appropriate proposal distribution, we began
with a pilot run of one chain with 1,000 iterations drawing starting parameter values at random
with a multivariate proposal distribution with zero covariance, and the covariance matrix scalar,
c, set equal to 1. The scalar, ¢, is a function of the acceptance probability, p, of the samples

in the Metropolis-Hastings algorithm and the CDF of the standard normal density, ¢ (Gelman

Ccurrentq;Fl (popfimal /2)

et al., 1997), such that the updated value of ¢ can be calculated as cyey = S e /2)

The optimal acceptance probability, poptima, for the Markov chain asymptotically approaches
0.234-0.238 for higher dimensional problems (Gelman et al., 1997). After our first pilot run, we
iteratively updated the proposal covariance matrix, the matrix scalar, and the parameter starting
values over five more consecutive 1,000 pilot runs, where the covariance matrix was estimated
from the posterior distribution of each pilot run, the scalar was calculated using the formula
above given the current acceptance probability, and the new starting values were the means of
the former pilot chain. Once we obtained our final proposal distribution, we ran five chains
for 30,000 iterations using the resources of the Center for Institutional Research Computing at
Washington State University.

To asses each chain we used the Geweke diagnostic (Geweke, 1992) to determine convergence
within each chain, and the Gelman diagnostic (Brooks and Gelman, 1998) to determine conver-
gence among chains. We used the Geweke diagnostic to compare the mean of the first quarter of
each chain to the mean of the last half of each chain. All chains converged except for 0p and e,
in Chain 2, which had Z-scores of -2.49 and -2.51 respectively. The Gelman diagnostic compares
the variance within each chain to variance among all the chains. The ratios of the variance within
and among the chains all had upper bounds < 1.06 for all parameters demonstrating that we
reached global convergence. Serial correlation was high in our samples, and therefore we dis-
carded the first 200 samples for burn-in and thinned each chain by keeping every 200" sample

to obtain a sample of 750 points in the posterior distribution. All pairwise correlations between
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parameters values were calculated from the processed joint posterior distribution. Processing of

the posterior distributions was performed using the package coda in R (Plummer et al., 2006).
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Figure B2: Trace plot of the five chains over 30,000 iterations for each parameter estimated in the
model. The ranges on the y-axis of each plot reflect the ranges given by the prior distributions
for each parameter.

To obtain point and interval estimates for each unknown parameter in the IBS, we estimated
the mode and 95% Highest Density Interval (HDI) for each posterior distribution in Figure B3.
We estimated the marginal parameter modes using kernel density estimation with a bandwidth
of 2 using the package MCMCglmm: MCMC Generalised Linear Mixed Models in R (Hadfield,
2010). We obtained the 95% HDIs in R using bayestestR (Makowski et al., 2019). Numeric values

of these estimates are given in Table 2 in the main text.
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Figure B3: Marginal posterior density for each parameter estimated in the model. The black
dashed line represents the posterior mode and the dark purple ribbon on the x-axis represents
the 95% Highest Density Interval (HDI) for each parameter.
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