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ABSTRACT: Reproductive mode may strongly impact adaptation
in spatially varying populations linked by dispersal, especially when
sexual and clonal offspring differ in dispersal. We determined how spa-
tial structure affects adaptation in populations with mixed clonal and
sexual reproduction. In a source-sink quantitative genetic determinis-
tic model (with stabilizing selection around different optima), greater
clonal reproduction or parent-offspring association (a measure of the
part of the parent’s phenotype other than the additive genetic com-
ponent inherited by clonal offspring) increased the selective difference
(difference between phenotypic optima) allowing sink populations to
adapt. Given dispersal differences between clonally and sexually pro-
duced juveniles, adaptation increased with an increasing fraction of
clonal dispersers. When considering migrational meltdown, partially
clonal reproduction reduced cases where dispersal caused habitat loss.
Stochastic individual-based simulations support these results, although
the effect of differential dispersal was reversed, with decreased clonal dis-
persal allowing greater adaptation. These results parallel earlier find-
ings that for an instantaneous shift in phenotypic optimum, increasing
clonality allowed population persistence for a greater shift; here, selec-
tive change is spatial rather than temporal. These results may help ex-
plain the success of many partially clonal organisms in invading new
habitats, complementing traditional explanations based on avoiding
Allee effects.

Keywords: clonal reproduction, dispersal, spatial structure, migrational
meltdown.

Introduction

Most species occupy geographic ranges that span con-
siderable variation in the conditions of life that affect
components of fitness, leading to the opportunity for local
adaptation. Understanding how selection and gene flow
jointly influence the pattern of spatially varying adapta-
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tion—and the potential for local maladaptation (Brady
et al. 2019)—is a classic problem in evolutionary genetics
(Gould and Johnston 1972; Kawecki and Ebert 2004).
There has been particular focus in recent decades on un-
derstanding adaptation in marginal habitats, which may
occur at the edges of species’ ranges, as well as at more cen-
tral locations (Kawecki 2008; Sexton et al. 2009). Such hab-
itats may have low population abundance, and thereby
asymmetric gene flow from more abundant populations in
nonmarginal habitats may constrain local adaptation (ge-
netic swamping; Lenormand 2002), or genetic drift may over-
whelm local selection (Polechovd and Barton 2015) and al-
low the buildup of deleterious mutations (e.g., expansion
load; Peischl et al. 2013). Together, these maladaptive pro-
cesses could even lead to local extinction (as in the scenario
of migrational meltdown; Ronce and Kirkpatrick 2001).
Empirical studies have found some support for the pre-
diction that marginal populations should show reduced fit-
ness or abundance; for example, in a summary of studies
of range limits, Sexton et al. (2009) examined the extent of
declines in fitness or abundance at range limits and found
support or partial support in 57% and 67% of the studies,
respectively. Gaston (2009) found stronger support for a
center-to-edge decrease in occupancy than in either local
population size or density, while Pironon et al. (2017) showed
a strong signal across studies for a decrease in species oc-
currence (81% of studies); lowered occupancy could reflect
elevated extinction risks. On the other hand, Dallas et al.
(2017) concluded that species are not necessarily most abun-
dant near range or niche centers; a definitive answer has
not been reached on this important empirical question
(Soberon et al. 2018; Kottler et al. 2021). There are a num-
ber of mechanistic reasons why one might not observe a
relationship between niche or range centrality and abun-
dance (Osorio-Olvera et al. 2019; Holt 2020). Moreover,
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spatial variation in maladaptation decoupled from variation
in abundance can occur for other reasons, such as asym-
metric dispersal (Kawecki and Holt 2002) or density depen-
dence at life stages other than those experiencing selection
(e.g., soft selection; Reznick 2016).

Reproductive mode may interact in important ways with
such patterns. For example, the phenomenon of geogra-
phical parthenogenesis (Gaggiotti 1994; Tilquin and Kokko
2016) predicts that asexuality is more likely to occur in
habitats that are in some sense marginal (with “marginal”
taking on a multitude of meanings with regard to both bi-
otic and abiotic factors; Tilquin and Kokko 2016), implying
that spatial structure may favor asexuality or at least allow
the coexistence of sexual and asexual forms across a com-
plex distribution of habitats. In a simulation model allowing
asexual individuals to arise within a purely sexual popula-
tion, Peck et al. (1998) showed that structured habitats with
regions where migrants were much more common than non-
migrants favored the establishment of asexual lineages over
sexual lineages. Both field studies (Dorken et al. 2001, aquatic
plant; Karako et al. 2002, sea star; Tatarenkov et al. 2005,
brown seaweed) and laboratory experiments (Lagator et al.
2014, Chlamydomonas) point to empirical evidence for this
relationship between the ability to persist in marginal, low-
quality, or novel habitats and asexual forms of reproduction.

In addition to purely asexual forms of reproduction,
many taxa have a mixture of sexual and clonal reproduction
(partial clonality; Orive and Krueger-Hadfield 2021), and
this could influence their spatial patterns of adaptation
and maladaptation. Given spatial variation in selection, dif-
ferences in dispersal for clonal versus sexual offspring may
result in important differences in the average selective re-
gime experienced by the two types of offspring, altering
the final realized pattern of adaptation. Clonal and sexual
offspring often exhibit different adaptations for dispersal
(e.g., short-distance clonal or vegetative spread of a plant
via runners versus longer-distance propagation via seed),
such that organisms with partial clonality will necessarily
have heterogeneities among their offspring in their patterns
of dispersal. These differing forms of dispersal may involve
vastly different average and extreme dispersal distances.
Examples can be found across the tree of life: aquatic ani-
mals such as the invasive hydrozoan Cordylophora caspia
can disperse sexually via planula larvae and asexually either
via local budding or via potentially widely dispersing so-
matic fragments (Roos 1979; Chang 2018), while pathogenic
fungi such as Zymoseptoria tritici (a wheat pathogen) have
asexual spores that disperse very locally (~40 cm) via rain
splash and sexual ascospores that can disperse by air for
hundreds of kilometers (Steinberg 2015; Karisto et al.
2019). Plants may reproduce clonally via vegetative growth
(e.g., underground stolons or rhizomes in ramets) over
short distances, but sexually produced seeds often can

move over much longer distances. For such taxa, we expect
a higher correlation between the parent and offspring envi-
ronments for clonal than for sexual offspring.

Differences between clonal and sexual offspring dispersal
may interact in interesting ways with local population size
and density dependence in producing local adaptation.
Clonal offspring that are closer to their parents (produced
by fragmentation, budding, and other types of clonal spread)
may experience more competition with parents where den-
sity is high (perhaps in the middle of the range or in favor-
able habitats) than do more distantly dispersed sexual oft-
spring. This general effect may be lessened in marginal
habitats, where population size may be lower and competi-
tion less intense; this difference between sexual and clonal
offspring may thus differ among habitats.

We will address the fundamental question of whether
partial clonality hinders or helps adaptation to a spatially
heterogeneous environment, considering a simple landscape
of two discrete habitat patches with different selective op-
tima. To accomplish this, we develop models to examine
how populations with a mixture of clonal and sexual re-
production adapt to spatially varying phenotypic optima.
Previous theoretical work that has considered the inter-
action between reproductive mode and spatial adaptation
has for the most part focused on selfing in sexually repro-
ducing populations (Sachdeva 2019) or has focused on purely
sexual or asexual populations (reviewed in Kawecki 2008).
A previous treatment considering partial clonality (mixed
sexual and asexual reproduction) utilized solely an individual-
based simulation model (Bazin et al. 2014). Here, we con-
sider partial clonality using both deterministic analyt-
ical modeling and stochastic simulations, investigating
how both genetic and demographic stochasticity inter-
act with the processes of mixed reproduction and spatial
adaptation.

We first develop a deterministic model for adaptation in
two discrete habitats coupled by movement, in which we
assume that genetic and phenotypic distributions are Gaus-
sian and the variance of each is fixed. This builds on pre-
viously developed models combining the demography of
stage-structured populations and phenotypic evolution of
quantitative traits (Barfield et al. 2011; Orive et al. 2017).
That earlier work developed models for multivariate quan-
titative traits; here, we consider evolution of just a single
trait, z. We then carry out individual-based simulations
relaxing assumptions of the deterministic model, in that
genetic and phenotypic distributions are allowed to evolve
due to mutation, selection, and drift and local populations
can become extinct because of demographic stochasticity.
The advantage of the deterministic model is that it can
shed analytic insight into constraints on local adaptation
in heterogeneous landscapes, but it does depend on idealized
assumptions. In many cases, we find that the two modeling



approaches agree well, but there are some interesting ex-
ceptions, which we will discuss.

Methods

The interplay of the use of deterministic and stochastic sim-
ulation approaches to analyze evolution in complex popu-
lations continues a strategy we have developed over time.
Barfield et al. (2011) developed a general, deterministic
discrete-time model of population and evolutionary dy-
namics in a stage-structured sexual population composed
of discrete stages (e.g., life history stages). Assuming that
breeding values and phenotypes have Gaussian distribu-
tions with constant variances, they showed that one could
generalize Lande’s (1982) classic theorem for life history
evolution to stage-structured populations. Using individual-
based simulations in which genotypes and phenotypes could
evolve and have non-Gaussian distributions, they showed
that the Gaussian assumption (which permits analytical re-
sults) provided a surprisingly accurate portrayal of evolu-
tion. Orive et al. (2017) extended this framework to en-
compass a mixture of sexual and clonal reproduction. They
also compared deterministic models with the Gaussian as-
sumption to individual-based simulations permitting evo-
lution of genetic variance. Again, the deterministic model
provided reasonably good agreement with the fully stochas-
tic individual-based model (Orive et al. 2017, app. B, pt. B,
and supplemental fig. B1) when there was low to moder-
ate clonality. Deviations between these two modeling ap-
proaches can help identify situations in which there is an
important evolutionary consequence of deviations from
phenotypic and genotypic normality or constant variances.

Here, we utilize a comparable approach to analyzing how
the mixture of sexual and clonal reproduction influences
evolutionary dynamics in a spatially structured landscape
consisting of two habitat patches between which individ-
uals disperse. We suggest that discrete habitat patches can
be viewed as “stages” in a stage-structured population, and
with this interpretation the machinery that Barfield et al.
(2011) and Orive et al. (2017) developed for analyzing evo-
lution in stage-structured populations can be applied to
this problem. As in those articles, we start with a determin-
istic model in which we make Gaussian, fixed-variance
assumptions, and we then develop comparable individual-
based simulations that include stochasticity and permit non-
Gaussian genotype and phenotype distributions.

Deterministic Model
Basic Model for a Single, Closed Habitat Patch

The organism we consider has a simple life cycle, com-
parable to an annual plant with discrete nonoverlapping
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generations, and both sexual and clonal reproduction. In
a single habitat patch without dispersal, the population
size recursion is N' = s(c + f)N, where N and N’ are the
number of juveniles in the current and next generation,
respectively; s is the average survival probability from ju-
venile to adult; and ¢ and f are the average number of
clonal and sexual offspring per adult. We extend this to
two demes below, so that N; is the juvenile population size
indemei (i = 1,2).

We assume that selection acts on survivorship from the
juvenile to the adult stage, such that a juvenile with phe-
notype z (the trait under selection) has survival exp[—(z —
6)*/(2v*)], where 6 is the phenotypic optimum and v is the
width of the individual survival function. If the distribution
of z over the population is Gaussian with mean z and vari-
ance P, then it can be shown that the average survival over
the population is given by s = s,., exp[—(Z—0)/(2w?)],
where w = (»* + P)"* is the width of the population sur-
vival function and s,,,, = (*/(»* + P))"? is the maximum
population survival (at z = ). Survivorship thus depends
on the mean, z, of a univariate phenotype, z. We assume
that it does not depend on the mode of reproduction that
generated an offspring.

We assume thatz = g + e, where gis the additive genetic
(breeding) value of the phenotypic trait and e is the non-
additive genetic value plus a random environmental devia-
tion, a common assumption in quantitative genetic models
(Falconer 1989); z, g, and e are all assumed to be Gaussian
with constant variances. (We discuss these assumptions,
which are also very common, below in the section “As-
sumption of Gaussian Distributions with Constant Vari-
ances.”) As in Orive et al. (2017), we also allow for a rela-
tionship between e of a clonal offspring and that of its
parent through an association parameter p (which is sim-
ilar to a correlation coefficient; a value of 0 indicates no
relationship, and a value of 1 indicates that a clonal oft-
spring’s e is the same as its parent’s). For sexual reproduc-
tion with random mating, there is an uncoupling of the
nonadditive genetic and random environmental compo-
nents of parents and offspring, so p = 0. Clonal offspring,
however, are assumed to inherit the full parental genotype,
including dominance and epistatic (nonadditive) genetic
interactions, and may also inherit aspects of the environ-
mental (random) component of phenotype (depending on
the type of somatic tissue involved in producing clonal oft-
spring; note that this can include cytoplasmic inheritance—
for a recent review, see Camus et al. 2022). Types of asexual
reproduction involving vegetative propagation and fragmen-
tation (which lack some of the epigenetic resetting mech-
anisms that take place during gametogenesis and in early
zygotes) may, for example, increase the probability of sta-
ble transmission of epigenetic markers compared with sex-
ual reproduction (Verhoeven and Preite 2013). Thus, we
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allow nonzero values of the association parameter (p) for
clonal reproduction (see discussion in Orive et al. 2017).

Extension to Two Habitats Coupled by Dispersal:
A Two-Deme Model

We initially assume symmetric juvenile movement between
the two demes and that the two demes differ in survivorship
(and not in allocation to clonal or sexual reproduction).
We assume the maximum survival (s,..) is the same in both
demes, and we focus on systems in which the habitats dif-
fer in their phenotypic optima (denoted 6,). We assume that
juveniles disperse, after which there is selection on survival
to adulthood; then the survivors reproduce.

Individuals undergoing selection in either of the two demes
could have arisen in the same or opposite deme, so we de-
fine survival functions for each origin/destination pair. Av-
erage survivorship for individuals born in deme j that un-
dergo selection in deme i is given by

b = s expl (2, — 0/ 2]

Note that the parameters of the selection function (6;, w;)
are those of the habitat in which selection occurs, but the
mean phenotype (z;) is that of the habitat in which indi-
viduals are born.

We allow the probability of movement to differ between
offspring produced clonally and those produced sexually.
Recall that the order of events each time step is (i) juvenile
movement, (ii) survival to adulthood, and (iii) production
of new individuals. Of the N; juveniles in habitat i before
dispersal, a fraction r, = ¢/(c + f) are clonal, which each
move with probability m,, and a fraction r; = f/(c + f)
are sexual, which move with probability m,. Therefore, the
number that move to the other habitat is (r.m, + r;m,)N,
and the number that do not is (1 — r.m, — rym;)N;. The av-
erage number of juveniles born in habitat i that do not move
and survive to adulthood is then (1 — r.m, — rymy)s;N;,
while the average number of survivors in habitat j among
those that moved from habitat i is (r.m. + rym,)s;N,. Fi-

nally, those that survive reproduce, with ¢ + f offspring
per adult (assumed equal in the two habitats). Therefore,
the average number of juveniles in habitat i in the next
generation due to individuals that did not move is (1 —
rem. — rpmg)s;Ni(c + f) = (c+ f —cm. — fmy)s;N; =
[c(1 —m,) + f(1 — my)]s;N;, and the average number of
offspring in habitat j due to those that moved from hab-
itat i is (rom. + rpmyg)sNi(c + f) = (em. + fmg)s;N

Therefore, the recursion for population size in habitat i
is

= [c(1 — m.) +f(1 - mf)]sx‘iNi (1)
+ (cm, + fmy)s;N;

where either i = 1 and j = 2 or the reverse. These two
equations can be written in matrix form as

N, an a; N,
N = AN = = N 2
<N2> <a21 azz) (Nz> ( )

where, for the simple two-deme model given in figure 1,
the transition matrix is

A =
([cu —m) +f(1 = m)ls,,

(cm. + fmy)sy

(cm, + fmy)sy,
[c(1 —m,) +f(1 - mf)]Szz '

Note that selection in deme i will act on both non-
dispersing juveniles (with deme i parents) and dispersing
juveniles (with deme j parents). If m, < m;y, increased clonal
reproduction could decrease the overall amount of malad-
aptation in that it causes more juveniles to experience selec-
tion in the deme of their parents.

Two-Deme Model with Clonality—Juvenile Genotype

To determine the effect of clonality on phenotypic evolu-
tion given spatial structure, we utilized the two-deme model
developed above and derived recursions for changes in

m [c( =mo) + F(1 —my)]s,

o0

()

[c(1—m) + f(1—my)]sy, W

Figure 1: Diagram showing transitions given in equation (2) between two demes in simple model.



mean genotype g; (given here) and mean phenotype Z,
(next section). The recursion for mean genotype is

, __ Nif_ +Gdlnc’z,-,- L N; (_ +Gdlnﬁ,j
gi—aiiN; &i i iz, asz§ 8 j iz, >

(3)
where overbars indicate population means and G; is the
genetic variance in population i. This equation can be inter-
preted as follows. A fraction a;N,/N; of the population of
habitat 7 in the next generation are offspring of individuals
that were already in habitat i in the current generation (cur-
rent residents). This is multiplied by the first expression in
parentheses, which is just the breeder’s equation (the basis
of evolutionary quantitative genetics; see Lande 1982) for
individuals that did not move from habitat i. Similarly, a
fraction a;N;/N; of the population of habitat i in the next
generation are offspring of individuals that moved from
habitat j in the current generation. This is multiplied by the
second expression in parentheses, which is the breeder’s equa-
tion for individuals that moved from habitat j to habitat i
before undergoing selection. Mean genotype is not changed
by reproduction, so this weighted average of parental geno-
types also applies to their offspring. A full derivation is given
in Orive et al. (2017).

Two-Deme Model with Clonality—Juvenile Phenotype

We next derived recursions for the change in mean pheno-
type, allowing an explicit decomposition of the effects of
clonal reproduction on phenotype into genotype-dependent
and phenotype-dependent components, mediated by the as-
sociation parameters p;. The general recursion for pheno-
type includes the mean contribution to stage i by a stage-j
individual via direct transition, sexual reproduction, and
clonal reproduction. For the two-deme model considered
here, there are no direct transitions from one deme to the
other, since our time step is a complete generation and
so every transition includes reproduction. The effective
habitat-specific sexual and clonal fecundities in each hab-
itat, measured as individuals surviving to reproduction,
are]?i,- =f(1- mf-)sii,fg = fmys;, ¢; = (1 — m,)s;, and
¢; = cm,s;. The phenotype recursion is

N, dlna; dlnc;
7 =g o. + " —+ 0..C: z.—o.)+ " —_
7=y {au <g1 G z, ) pl,cz,{(z, g . (P; G,)}

N |_ [_ dlna; N dlng;
+ ﬁ//|:“v<g1 +G iz ]>+puc,]{(z)*g})+ dva(PjiGJ)}:|’
1 7 j

(4)
where G, and P; are genotypic and phenotypic variances
for deme i and p; is the association between the random
component of trait z of a parent and its clonal offspring
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for a juvenile in deme i that originated in deme j. These
equations in their general form allow the association pa-
rameters p; to each be different, such that p can depend
on the habitat before and after dispersal, but for simplicity
we will always assume them to be equal (so we drop the
subscripts).

The terms beginning with 4; and a; in the expressions
in brackets above (along with the coefficients in front of
each bracketed expression) give the mean genotype and are
analogous to equation (3). Unlike mean genotypes, mean
phenotypes of offspring are not the same as those of their
parents if there is an association in the random compo-
nent of phenotype. The terms in braces are the breeder’s
equation for the random component of the phenotype for
individuals that stayed in habitat i (top row) and those that
moved from habitat j (bottom row), with the difference in
mean phenotype and genotype being the mean random
component ((z; — g;) = &, etc.). Selection also acts on the
random component, which has variance P; — G; for hab-
itat i. The effect of this selection is not included with sexual
reproduction because it is assumed to be lost during re-
production (with sexual reproduction under random mat-
ing, only the additive genetic component of phenotype
[breeding value] is usually assumed to be passed to oft-
spring; Falconer 1989). But here, a fraction p of both the
mean random component and the effect of selection on
the random component are retained for clonally produced
offspring. Again, the full derivation is given in Orive et al.
(2017).

Assumption of Gaussian Distributions
with Constant Variances

In deriving the recursions above for both juvenile genotype
and phenotype, the joint distribution of genotype and phe-
notype in each habitat was assumed bivariate Gaussian with
constant variances G and P (and correlation equal to the
heritability, G/P). These assumptions allowed recursions
for the joint probability density function of phenotype and
genotype to be simplified into much more straightforward
recursions for mean genotype and phenotype. The assump-
tion of Gaussian distributions is often a reasonable approx-
imation for polygenic traits and sexual reproduction for
projections of mean population states, even with recombi-
nation and strong selection leading to substantial deviations
from normality (Turelli and Barton 1994). However, with
increasing clonal reproduction, this assumption is likely
to become less accurate. In section A of the supplemental
PDF, we discuss this issue and present results comparing
the use of analytical equations derived here using the Gauss-
ian assumption and the assumption of fixed variances with
an individual-based simulation model (discussed below),
which does not make either of these assumptions; there is
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generally good agreement for moderate levels of clonality
and less agreement for quite high clonality and parent-
offspring association (both r, and p = 0.89). This suggests
that the assumptions of the deterministic model are often
reasonable, even with moderate clonality (fig. S1), although
the agreement for mean genotype and phenotype worsens
for larger differences in optimum phenotype between the
demes (strong selection); this holds even in fully sexual
populations. In considering the assumption of constant ge-
notypic and phenotypic variances, with no clonal reproduc-
tion, variances are very close to the values of the assumed
constant values, with some inflation of the variances due
to mixing of different populations, more so when the two
optima differ more (figs. S2, S3, top rows). As the amount
of clonality increases, we see decreasing phenotypic vari-
ance, as we would expect for higher values of p. The noisi-
ness of the variance is greater for the phenotypic variance
and shows the greatest deviation from approximately con-
stant values with very high clonality and when mixing very
different populations (fig. S2L). Developing the determin-
istic model and then comparing it to a fully stochastic
individual-based model (see below) can help identify
potential situations where deviations from Gaussian
assumptions matter in determining eco-evolutionary
expectations.

Individual-Based Simulation Model with Evolving
Genetic Variance and Demographic Stochasticity

The model described above is deterministic and assumes that
genetic variance is fixed, and moreover that the genotypes
and phenotypes have Gaussian distributions. Yet non-
Gaussian distributions (with nonconstant variances) might
be expected to arise when there are admixtures of migrants
from habitats with different selective optima, and the mix-
ture of clonal and sexual reproduction might contribute to
non-Gaussian distributions as well. Previous work (Holt
and Barfield 2011) has shown that such effects can at times
lead to unexpected effects during adaptation to heteroge-
neous landscapes. To examine the robustness of our con-
clusions, we extended the individual-based model (IBM)
used in Orive et al. (2017) and Orive et al. (2019) to two
discrete habitats coupled by movement (see sec. B of the
supplemental PDF for details). The IBM incorporates
important aspects of stochasticity in both evolution (e.g.,
mutation, drift) and demography (e.g., demographic sto-
chasticity, which can result in local extinction events, al-
though they are temporary since there is recurrent immi-
gration). The IBM simulated a source-sink system in a
population with both clonal and sexual reproduction, with
two-way movement between the source population
(deme 1) and a sink population (deme 2), initially assum-
ing equal clonal and sexual juvenile migration rates (m, =

m; = 0.05). These simulations parallel the deterministic
model presented above in their assumptions about life his-
tory, movement, and selection. Because of the stochasticity
in the IBM, there is not a sharp transition between adapted
and maladapted sinks. Instead, we summarized the simu-
lations by using a metric for the probability of adaptation
(which gradually decreased with increasing 6,). The prob-
ability of adaptation is estimated as the fraction of popula-
tions able to persist after immigration from the source
ceases (after 1,000 generations of immigration for the sim-
ulations shown) for each set of parameters. Additional
simulation details match appendix A, part B, of Orive
et al. (2017), except that we have two populations with
movement between them rather than a single population.
Here, we used the same parameters as in Orive et al. (2017)
except for ceiling density (on the number of mating sites),
which was set to K = 64 (except as noted below); see sec-
tion B of the supplemental PDF for details. Note that we do
not include a measure of variance in the IBM plots. The
number of adapting populations should have a binomial
distribution with parameters p (the actual probability of
adaptation) and N (the number of runs, which is 400).
The variance of each estimate is therefore p(1 — p)/400,
where p is approximately the estimated value.

Results

Numerical Exploration of the Deterministic Two-Deme
Model with Equal Movement Probabilities (m. = m,)

To determine the effect of increasing clonality on adapta-
tion in a source-sink landscape, we carried out numerical
iterations of the deterministic equations for population size,
genotype, and phenotype (eqq. [1], [3], [4]). We first as-
sumed equal movement probabilities, . = m; (and the
other symmetry assumptions noted above), in which case
the effects of clonal reproduction occur via the composite
parameter r.p (the product of the fraction of offspring that
are clonal and the association between the random compo-
nent of the phenotype of the parent and clonal offspring).
To keep the populations bounded, ceiling density depen-
dence was imposed by limiting the juvenile population to
K = 256 in each habitat (by imposing mortality indepen-
dent of phenotype or type of offspring when the number of
juveniles exceeded K). Many ecologists find that a ceiling
form of density dependence is reasonable at least for some
species (e.g., Hanski et al. 1996), and it is an approximation
for the many species that show weak density dependence at
low to intermediate densities, which strengthens sharply
near carrying capacity. The effect of this form of density de-
pendence on equations (1)-(4) is to replace N; (but not N})
by min(N;, K). We assumed that deme 1 is a source (i.e., the
habitat where the population initially has a positive growth
rate) with phenotypic optimum 6, set to 0 and usually that



deme 2 is an initially empty habitat (the sink) with 6, >0
(so increasing values of 0, indicate increasing differences
in the phenotypic optimum between the two demes, mak-
ing adaptation in the sink more difficult). Our results in-
dicate that greater clonality or parent-offspring association
(greater r.p) increases the difference in the phenotypic opti-
mum that allows the population to adapt in deme 2 (fig. 2A).
We note that for the parameter values used in figure 2, a
phenotypic optimum of 6, > 2.05 for habitat 2 indicates
a sink (where immigrants adapted to 6, have an absolute
fitness <1 in habitat 2). Even in the absence of clonality,
moderate sinks can adapt despite gene flow (in the current
instance, 6, from 2.05 to about 2.8), but more severe sinks
remain sinks. Moreover, when adaptation occurs, we see
an increasing difference between the final mean phenotype
and the final mean genotype in deme 2 under increasing
clonality, with the phenotype getting closer to the optimum,
while the genotype falls further away (fig. 2B).

In figure 2B, both genotype and phenotype initially move
closer to the deme 2 optimum (closer to 1.0) as we increase
the difference in optima between the two demes starting
from zero. For these small differences in optima, immi-
grants are not too maladapted and so are able to create a
population in deme 2 that can persist and become perfectly
adapted, were dispersal discontinued. However, if dispersal
continues the decreased adaptation seen for values of 6,
close to 0, (values of 0, near zero) arises because more
dispersers from deme 1 survive in deme 2 when the two
optima are close in value. Gene flow thus moves the mean
phenotype in deme 2 closer to 6, and thus causes more
maladaptation in deme 2. As the difference in the opti-
mum between the two demes increases (greater 0,), there
is stronger selection on migrants, which due to the order
of life history events we have assumed (movement, then
selection, followed by reproduction) leads in effect to a
decrease in gene flow, and hence less maladaptation, until
a critical value of 0, is reached, above which dispersers are
unable to create a persistent population in deme 2. (This
effect would likely be different for a different ordering of
life history events.) The final population size of deme 1 is
identical to that of deme 2 when the latter becomes adapted
because back-migration similarly causes maladaptation in
deme 1. When deme 2 does not become adapted, there is
little back-migration, so population 1 stays near its opti-
mum phenotype and is near its carrying capacity.

We also see greater maladaptation in the genotypic state
with increasing r.p (the solid lines in fig. 2B are increas-
ingly further from 1 as r.p increases); here, increased clo-
nality allows maladapted genotypes to persist due to the
random environmental component of phenotypes, which
can allow an individual to have a well-adapted phenotype
despite having a genotype that is far from the optimum.
We note that under complete clonality (r.,o = 1;fig. 2, pink
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Figure 2: Effect of increasing clonality (r.p) on final juvenile pop-
ulation size before density dependence (A) and normalized mean
genotype and phenotype (B) in deme 2 under equal movement rates.
0, = 0; increasing values of 6, give increasing differences in pheno-
typic optimum between the two demes. Genotype and phenotype
in B are normalized to 6,; a value of 1 indicates a mean genotype
or phenotype exactly at the optimum. Parameters used are G = 0.1,
P=11&" =28, =075,b=c+f=4r =p, and m =
m; = 0.05 in both directions. For these parameter values, 0, > 2.05
is the critical value where habitat 2 becomes a sink (indicated by an
X mark on the abscissa; see text for details).

lines), the final normalized mean genotype remains quite
far from the optimum in deme 2, while the phenotype there
is well adapted. We can show that under this symmetric case
at equilibrium with both demes phenotypically adapted to
their optima, the normalized mean genotype in deme 2 is
approximately the heritability (G/P; see sec. C of the sup-
plemental PDF). We further note that the critical value of
0, for the case of complete clonality (r,p = 1) is an arti-
fact of the assumptions of the deterministic model; with
a Gaussian distribution of phenotypes there will always
be movement of some individuals that are adapted to the
deme 2 optimum, which will produce clonal offspring with
that same phenotype, and so there will never be a differ-
ence in optimum that prevents adaptation, with no genetic



688 The American Naturalist

mixing of immigrants and residents. Note that complete
clonality is obviously a special case and often very different
from even very high clonality with a small amount of sex-
ual reproduction.

To characterize what determines the maximum differ-
ence in phenotypic optimum that allows for adaptation (viz.,
the threshold value of 0,, at which the sharp change in fi-
nal population size and final genotype/phenotype shown
in fig. 2 occurs), we numerically solved equations (1), (3),
and (4), given symmetry between the two demes and equal
clonal and sexual migration rates (m. = m;,), and then
found the threshold 6, as a function of r.p (fig. 3). In both
panels, the solid line is for the parameter values used in fig-
ure 2, showing that the threshold 0, increases in an accel-
erating manner with increasing r.p. The effects of increas-
ing either the underlying genotypic (G) or phenotypic (P)

threshold 6,

8

71 |—b=4,0=2
.......... b=5,a)2=2 P
———b=4,0'=3

threshold ¢,
(&)

B

0.0 0.2 0.4 0.6 0.8 1.0
clonal fraction times association parameter, r, p

Figure 3: Effect of increasing clonality (r,0) on the maximum dif-
ference in phenotypic optimum that allows adaptation in the sink
deme (threshold 6,), for increasing underlying genotypic (G) or
phenotypic (P) variance for the trait, z (A), and increasing total num-
ber of offspring (both clonal and sexual, b) or increasing width of the
survival function (w? B). For both A and B, the solid line is for the
same parameter values used in figure 2. The threshold was calculated
to the nearest 0.01 for r.p a multiple of 0.1.

variance for the phenotypic trait are shown in figure 3A.
Increasing G (dotted line) boosts the threshold 6, compared
with the baseline for low values of clonality but converges
to the baseline as we move to completely clonal reproduc-
tion (r.,o = 1). Conversely, increasing P (dashed line) pro-
gressively increases the threshold 0, as clonality increases
because more clonality allows the population to tap into ad-
ditional components of phenotypic variance (nonadditive
genetic and random environmental) permitting adaptation
in the sink population.

Examples of the effects of either increasing the total num-
ber of offspring (both clonal and sexual, b) or increasing
the width of the survival function (w?) are shown in fig-
ure 3B. (Note that ¢ = br, gives the number of clonal off-
spring and f = b(1 — r.) gives the number of sexual oft-
spring per adult.) Increasing the overall reproductive rate
increases the threshold 0, across all values of clonality (dot-
ted line), as we might expect. A wider survival function
(w®* = 3, dashed line; weaker selection) increases the thresh-
old 0, for lower values of clonality while decreasing the
threshold as clonality increases. A similar pattern results
if there is no clonality and G is increased while keeping P
constant, which therefore increases heritability G/P (fig. $4).
Of course, the threshold increases with increasing G, but
with weaker selection the threshold is higher at low G and
lower at high G than with stronger selection. A likely rea-
son for this pattern in both cases is that gene flow is lim-
iting adaptation, and gene flow has a larger effect for high
clonality (high r.p) or high heritability (high G). This is
because with high clonality or high heritability, dispersers
to deme 2 more closely resemble their parents, which sur-
vived selection in deme 1, and because weaker selection
allows more dispersers to survive in deme 2. The larger
values of threshold 0, for high r.p or G also makes survi-
vors more disruptive to adaptation. (Although increasing
G without clonality increased the adaptation threshold, it
did not of course lead to differences between mean juvenile
genotype and phenotype, and it caused a more linear in-
crease in threshold than did increasing r, or p, so there are
important differences between increasing heritability and
clonality.)

IBM Simulations—Equal Movement
Probabilities (m. = my)

Figure 4 shows characteristic results of the IBM simu-
lations assuming equal movement probabilities for clonal
and sexual offspring. The results shown in figure 4 demon-
strate that increasing either the relative proportion of clonal
reproduction (r,; fig. 4A) or the association parameter (p;
fig. 4B) usually increased the probability of adaptation for a
given difference between source and sink phenotypic op-
tima. This broadly agrees with the results from our analytical
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Figure 4: Probability of adaptation in the sink deme as a function of
the difference in phenotypic optima, using an individual-based model.
As in figure 2, 6, = 0, so increasing values of 0, indicate increasing
differences in the phenotypic optima between the two demes. A, Ef-
fect of varying the relative amount of clonal reproduction (r.), with
p = 0.5. B, Effect of varying the association parameter (p), with
r. = 0.5. Lines traced in red indicate r. = 1 (A) and p = 1 (B).
Parameters are m, = my = 0.05, K, =K, =64, b =4, v} =1,
n = 10, o = 0.05, and p, = p, = 0.001 (A) or p, = 0.001 and
s = 0.00001 (B).

treatment (fig. 2) in that increasing clonality permits a
greater degree of selective difference between the two demes
before deme 2 fails to adapt. However, for very high values
of either r, or p, there was little change with a further in-
crease except for a significant decrease when r, increased
from 0.95 to 1 (complete clonality), when all of the addi-
tional genetic variation introduced by sexual reproduction
is lost (Bengtsson 2003). Therefore, increasing clonality in-
creases adaptation to a marginal habitat as long as there is
at least a small amount of sexual reproduction.

Note that for the simulations shown in figure 44, we
increased the somatic (asexual) mutation rate to equal the
gametic (sexual) mutation rate (u, = p, = 0.001). A low
rate of somatic mutation decreases the source genetic var-
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iation; the effect of changing the amount of clonality com-
bines the direct effect of clonality on adaptation in the sink
and this lower source variance, which work in opposite di-
rections. The result is a very small effect of different amounts
of clonality when the asexual mutation rate is much lower
than the sexual mutation rate, except for the case of com-
pletely clonal reproduction (r, = 1), where the probability
of adaptation is lower (see fig. S5).

Effect of Differential Clonal and Sexual Dispersal
(m.#m;) in the Deterministic Two-Deme Model

An important extension of this initial symmetric model
is to consider the impact of different patterns of asymmetry,
especially differences in dispersal of clonally and sexually
produced juveniles, so m. # m;,. The effects of clonal re-
production now occur separately via ., and p, but we still
assumed the simplest case of no deme effect on the asso-
ciation parameter, so that all p; = p. We again carried out
numerical iteration of the deterministic equations for pop-
ulation size, genotype, and phenotype (eqq. [1], [3], [4]),
holding the total proportion of offspring that move fixed
(rem. + rym; = 0.05) and varying the fraction of migration
that is due to clonal offspring (M. = ram./(r.m, + rym;) =
0.1,0.5,0.9). Figure 5 shows the final juvenile population
size before density dependence (fig. 54, 5C, 5E) and nor-
malized mean genotype and phenotype (fig. 5B, 5D, 5F)
in deme 2. Decreased clonal migration (M, = 0.1;red line
in fig. 5A, 5C, 5E) decreases the difference in phenotypic
optimum allowing adaptation, while increased clonal mi-
gration (M, = 0.9; pink lines in fig. 54, 5C, 5E) increases
the maximum difference in 6 permitting adaptation in the
sink.

Increasing the association parameter p from 0.5 (fig. 54,
5B) to 0.8 (fig. 5C, 5D) increases the maximal difference in
phenotypic optimum that allows the population to adapt
in deme 2 and also increases the relative effect of asym-
metric clonal and sexual offspring migration (in the figure,
this increases the spacing between lines). Increasing the
fraction of reproduction that is clonal (r,) from 0.5 (fig. 54,
5B) to 0.8 (fig. 5E, 5F) again increases the difference in
phenotypic optimum that allows the population to adapt
in deme 2. More clonal migration (given that p > 0) allows
adaptation at higher 0, (a greater difference in optimum
between the two demes). Clonal migrants are less likely to
survive in the sink because they have a closer phenotypic
match to their source-adapted parents than do sexual oft-
spring; their random component of phenotype is closer to
the source optimum (partially inherited from their source-
adapted parents), and they therefore generate a lower effec-
tive amount of gene flow. This results in less of an effect of
gene flow in preventing adaptation to the sink (less genetic
swamping). Higher p and r, increase this effect.
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Figure 5: Effect of different clonal movement fractions (M, = r.m./(r.m, + r;m,)) on final juvenile population size (A, C, E) and normal-
ized mean genotype and phenotype (B, D, F) in deme 2. The total proportion of offspring that move is fixed (r.m. + r;m; = 0.05), while the
fraction of dispersal due to clonal offspring varies (M, = 0.1, 0.5, and 0.9; red, blue, and pink lines, respectively). §, = 0; increasing values
of 0, give increasing differences in phenotypic optimum between the two demes. Genotype and phenotype in B, D, and F are normalized to
0,; a value of 1 indicates a mean genotype or phenotype exactly at the optimum. A, B, ., = 0.5, p = 0.5; C, D, r. = 0.5, p = 0.8; E, F,

r. = 0.8, p = 0.5.

Differences in clonal and sexual offspring dispersal have
almost no effect on the genotype and phenotype for those
populations that are able to adapt (fig. 5B, 5D, 5F; for 0,
lower than the steep drop off, only the phenotype and geno-
type curves for M, = 0.9 are visible because all three M,
values give indistinguishable results). However, for pop-

ulations that are not able to adapt (fig. 5B, 5D, 5F; for
0, greater than the steep drop-off), increasing the relative
amount of clonal migration acts to increasingly separate the
genotype and phenotype for the migrant individuals enter-
ing and surviving in deme 2. The majority of successful
dispersers moving into the maladapted deme are successful



because of the value of the random environmental com-
ponent of their phenotype (e). This can lead an individual
with a phenotype close enough to the optimum to survive,
despite having a genotype that may be far from the local
optimum (but with an on-average positive genotype, since
that also increases the phenotype). These successful indi-
viduals then pass their genotype to their offspring. With
clonal offspring, part of the parent’s high random compo-
nent of phenotype is also passed, so with an increased clonal
dispersal rate the average offspring phenotype increases
while the genotype may not, leading to a larger gap. Al-
though we see this gap only for populations that do not
adapt (to the right of the steep drop-off), there is likely a
similar gap before successful populations adapt (to the left
of the steep drop-oft). In both cases, clonal offspring of sink
immigrants that survived selection are more likely than
new immigrants or sexual offspring to survive selection,
and offspring in the successive generations should be like-
wise better adapted (and this is one of the reasons we see
more adaptation with increased clonal dispersal).

In figure 6, we plot the threshold value of 0, as a func-
tion of the fraction of movement that is due to clonal
offspring, for various values of r, and p. While increasing
the clonal reproduction fraction r, nearly uniformly in-
creases the threshold value (compare the solid and dashed
curves), increasing the association parameter p has a strongly
positive interaction with the increasing clonal fraction of
dispersers (compare the dashed and dotted curves). Over-
all, the effect of the clonal dispersal fraction on the thresh-
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Figure 6: Effect on the threshold value of 6, of increasing the frac-
tion of movement due to clonal offspring M, = [r.m./(r.m, + rymy)],
for r. = 0.5, p = 0.5 (solid line); r. = 0.5, p = 0.8 (dotted line);
and r, = 0.8, p = 0.5 (dashed line). Note that the threshold was cal-
culated to the nearest 0.01 for M, a multiple of 0.1, which causes the
slight waviness in the curves.
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old value of 6, shown in figure 6 is much weaker, and more
linear, than is the effect of the combined clonality param-
eter r.p shown in figure 3.

Effect of Differential Clonal and Sexual Offspring
Migration (m.#m,) in the IBM Simulations

We next consider stochastic IBM simulations of the asym-
metric dispersal case explored analytically in figure 5, with
unequal clonal and sexual juvenile migration (fig. 7). In
these simulations, we utilized the same fixed total migra-
tion rate, the same three values of M,, and the same three
pairs of r, and p values considered in figure 5 for the deter-
ministic model. For all of these examples, as we increase
the fraction of dispersal that is due to clonal offspring (M),
the probability of adaptation for a given difference in phe-
notypic optimum is intriguingly decreased, in marked con-
trast to the analytical results where increased clonal move-
ment increased the threshold difference in phenotypic optima
permitting adaptation. We see the strongest effect of in-
creasing M, when the association parameter p is high; un-
der high phenotypic association between parents and their
clonal offspring, dispersing clonal offspring will tend to have
a value of e that corresponds well to the phenotypic opti-
mum of deme 1 and are less likely to survive in deme 2.
Sexual offspring that disperse, on the other hand, have
random e and thus greater phenotypic variability. Clonal
migrants will be closer to the source optimum than sex-
ual migrants, making the former more likely to be elimi-
nated by selection. Also, if any do survive, their clonal oft-
spring will inherit part of their e, making it more likely that
they will not survive selection. With greater clonal dis-
persal, the sink population will thus be more susceptible
to extinction under demographic stochasticity, forcing ad-
aptation to start over with the next pulse of immigrants.
Such recurrent extinction due to demographic stochasticity
is not incorporated into the analytical model, in which
population size is a continuous variable that never reaches
zero (we never rounded a low value down to zero).

This stochastic effect is due to the small size of the
sink deme when that population is very maladapted; fig-
ure S6 shows the results for additional simulations run
for the same simulation parameters as figure 7A but with
the adult ceiling population density at K = 1,024 for both
demes (vs. K = 64 in fig. 7; juvenile population size was
4,096 in fig. S6). While the curves are shifted to the right,
showing that the deme 2 phenotypic optimum that allows
for adaptation is raised due to the larger population size,
the overall pattern remains the same, with larger fractions
of migrants being clonal (larger M,) leading to lower prob-
abilities of adaptation. The increase in the source popula-
tion size and therefore the number of sink immigrants is
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Figure 7: Effect of different clonal migration fractions (M, =
remg/(r;m, + rymy)) on the probability of adaptation in the sink
deme as a function of the difference in phenotypic optimum, using
an individual-based model. The total proportion of offspring that
migrate is fixed (r.m, + r;m; = 0.05), while the fraction of migra-
tion due to clonal offspring varies (M, = 0.1,0.5,0.9). 6, = 0; in-
creasing values of 0, give increasing differences in phenotypic optima
between the two demes. A, r. = p = 0.5 (corresponding to fig. 54,
5B); B,r, = 0.5, p = 0.8 (fig. 5C, 5D); C, r. = 0.8, p = 0.5 (fig. 5E,
5F). Other parameters are as in figure 4.

counterbalanced by the increase in sink optimum pheno-
type, so the number of surviving immigrants is low in both
cases where adaptation probability drops.

To see the interaction between the association param-
eter (p) and the clonal movement fraction (M, more
clearly, figure 8 depicts IBM simulation results for vary-
ing values of p and three values of M, (M, = 0.1, dotted
lines; M. = 0.5, dashed lines; M, = 0.9, solid lines). For
all values of p > 0, there is a decreased probability of ad-
aptation in deme 2 as the clonal movement fraction in-
creases, with an increasing effect as p increases (spacing
between the lines is greatest for larger values of p).

Environmental Asymmetry and Migrational
Meltdown in the Deterministic Model

Another important form of asymmetry to consider is en-
vironmental asymmetry, which could include asymmetric
dispersal between the two demes and differences in habitat
size or carrying capacity between the demes. Prior theo-
retical work has demonstrated the importance of dispersal
asymmetry in biasing natural selection toward source hab-
itats, where the reproductive value of individuals is often
(although not always) higher (Holt 1996; Rousset 1999;
Kawecki and Holt 2002; Loreau et al. 2013). We consider
an example with different carrying capacity here; future
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Figure 8: Interaction of different clonal dispersal fractions (M, =
rom,/(r.m, + rymy)) and association parameters (p) on the proba-
bility of adaptation in the sink deme as a function of the difference
in phenotypic optima, using an individual-based model. The total
proportion of offspring that move is fixed (r.m, + r;m; = 0.05),
while the fraction of dispersal due to clonal offspring varies (M, =
0.1, dotted lines; M, = 0.5, dashed lines; M. = 0.9, solid lines).
0, = 0; increasing values of 0, give increasing differences in pheno-
typic optima between the two demes. Other parameters are as in
figure 4.



extensions of the models presented in this article will con-
sider asymmetric dispersal.

The ability of a strictly sexual species to support special-
ization in different habitats was shown to depend on the
amount of connectivity by Ronce and Kirkpatrick (2001),
with specialists with narrow niches arising under inter-
mediate dispersal rates, while both very low and very high
rates of dispersal led to the evolution of generalists. An
open question is how the magnitude of connectivity inter-
acts with reproductive mode in allowing habitat specializa-
tion versus habitat loss due to movement and maladaptive
evolutionary processes (migrational meltdown; Ronce and
Kirkpatrick 2001). As an initial investigation of how par-
tial clonality influences such meltdown, we considered the
case of two demes with different optimal phenotypes and
different carrying capacities (equivalent to different deme
areas or differences in resource availability, for example)
and examined the effect of partial clonality on dispersal-
induced population loss in the smaller deme (i.e., migra-
tional meltdown).

We again carried out numerical iteration of the deter-
ministic equations for population size, genotype, and phe-
notype (eqq. [1], [3], [4]), assuming equal movement rates
(m. = my) as well as the other symmetry assumptions we
have made previously, so that once again the effects of
clonal reproduction occur via the composite parameter
r.p. We now assume that the two demes differ not only
in their optimal phenotypes but also in their carrying ca-
pacities (maximum number of juveniles), with K, =256
and K, = 128. Figure 9 shows the results of these numer-
ical iterations for final deme 2 population size (fig. 94) and
final normalized deme 2 genotype and phenotype (fig. 9B)
for two values of the composite clonality parameter (r.,p =
0,0.09) and for two different initial populations of deme 2.
In one case deme 2 is initially empty (N,, = 0), and as
above these results characterize how dispersal influences
adaptation to the conditions of deme 2. The other case
is for deme 2 to be initially at its carrying capacity (N,, =
K, = 128) and adapted there (mean phenotype equals
the deme 2 optimum); with this initial condition, dispersal
can lead to loss of adaptation in the habitat with lower
abundance (which makes that local population more vul-
nerable to migrational meltdown). Note that in these ex-
amples, we have used a higher movement rate than above
(m. = m; = 0.2 rather than 0.05).

Matching what we showed above, when considering dis-
persal into an empty sink deme, increasing clonality (increas-
ing the product of the relative proportion of clonal repro-
duction and the phenotypic association for clonal offspring)
increases the difference between the two deme optima that
allows adaptation in the sink deme (black vs. blue lines
in fig. 9). When deme 2 was initially populated and well
adapted, without clonality (red lines in fig. 9) there is an
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intermediate range of 0,, approximately between 3.5 and
4.2 for these parameter values, where the population size
plummets and the mean genotype and mean phenotype
drop very far from the optimum. This is an example of
migrational meltdown, where dispersal from deme 1 is caus-
ing maladaptation in deme 2. For smaller values of 0,, dis-
persers from deme 1 are not maladapted enough in deme 2
to disrupt adaptation there, and for higher values of 0,,
immigrants from deme 1 into deme 2 are so far from the
deme 2 optimum that they are removed by selection prior
to reproduction and so have little effect. The addition of
moderate clonal reproduction (pink lines in fig. 6) elimi-
nates this region of migrational meltdown by reducing the
effective amount of gene flow into deme 2 from deme 1.
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Figure 9: Effect of increasing clonality (r,0) and initial deme 2 pop-
ulation size (N,,) on final juvenile population size before density de-
pendence (A) and normalized mean genotype and phenotype
(B) in deme 2 under equal migration rates. §, = 0; increasing
values of 0, give increasing differences in phenotypic optimum be-
tween the two demes. Genotype and phenotype in B are normalized
to 0,; a value of 1 indicates a mean genotype or phenotype exactly at
the optimum. Parameters used are as in figure 2, except that K, = 256,
K, = 128, and m. = m; = 0.2 in both directions.
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Environmental Asymmetry and Migrational
Meltdown in the IBM

Finally, we carried out stochastic IBM simulations of the
symmetric dispersal case with different deme carrying ca-
pacities, matching the examples of the deterministic model
presented in figure 9, which illustrated an effect of partial
clonal reproduction on migrational meltdown (fig. 10). We
again examined two contrasting situations: when deme 2
is initially empty (N,, = 0; fig. 10A) and when deme 2
starts at carrying capacity (N,, = K, = 64) and is initially
adapted (mean phenotype equals the deme 2 optimum;
fig. 10B). In both cases, K, = 128.

As was seen with the deterministic model, increasing
clonality (7., p) increases the difference between the two deme
optima that allows adaptation in the sink deme; a larger

1.0

0.8 -

0.6

0.4

Probability of adaptation

0.2

Probability of adaptation

15 2.0 25 3.0 35 4.0 45
Habitat 2 optimum phenotype

Figure 10: Effect of increasing clonality (., p) on the probabil-
ity of adaptation (at the end of the simulation) in the smaller deme
as a function of the difference in phenotypic optimum, using an
individual-based model. §, = 0; increasing values of 6, give in-
creasing differences in phenotypic optimum between the two demes.
A, N,, = 0; B, N,, = K, = 64 and initial mean phenotype is
near the deme 2 optimum. Parameters used are as in figure 4, ex-
cept that K, = 128, K, = 64, b = 2, and m. = m; = 0.2 in both
directions.

deme 2 optimum is needed before the probability of adapta-
tion goes to near zero with increasing clonality (fig. 10A).
When dispersal is into a well-adapted but smaller deme
at carrying capacity (fig. 10B), we again see the migrational
meltdown behavior shown by the deterministic model in
figure 9. As we increase the amount of clonality, we see a
much weaker effect on the probability of adaptation, with
no reduction for high levels of clonality (r. = p = 0.8,
rp = 0.64). Thus, the effect of increasing clonality is quali-
tatively comparable for both the deterministic model and
the stochastic simulations—it reduces the parameter space
for migrational meltdown in terms of the maximal tolerable
difference in optimal phenotype between the two demes,
and it decreases the probability of meltdown for some pa-
rameter values.

Discussion

The results from both our analytical and our numerical
exploration of a simple two-deme deterministic model, as
well as from stochastic IBM simulations with a similar spa-
tial structure, show that partial clonality (the existence of
both sexual and clonal reproduction in the same life his-
tory) can expand the opportunity for spatial adaptation, al-
lowing adaptation in a sink deme with a different pheno-
typic optimum than the source. These results parallel our
earlier finding that after a single time-step shift in optimum
for a population with no spatial structure, increasing clo-
nalityallows a population to more effectively utilize stand-
ing genotypic and phenotypic variation and thereby persist
(Orive et al. 2017); here, a change in selection over space
substitutes for an abrupt change in selection over time.
(A difference to note is that with the single population, all
individuals undergo the change at the same time, whereas
in the source-sink system, a fraction of the source is exposed
to the change each generation.) This general conclusion
holds true for both a completely symmetric dispersal sce-
nario, where both clonal and sexual juveniles move at equal
rates, and for cases where the fraction of migration due to
clonal offspring is either higher or lower than that for sex-
ual offspring. We note that the analytical model developed
here focused on the mean () of a univariate Gaussian phe-
notype, z. It is straightforward to expand this to the multi-
variate case, which in future work could allow consideration
of interesting cases involving the interaction of phenotypic
covariance and spatial structure.

We focus mostly on adaptation in the sink of a source-
sink system, in which the sink population tends to be
small prior to adaptation, and so we expect little density
dependence. Once adaptation occurs in the sink, density
dependence is needed to limit the population size there
(and also in the source population). We thus utilize ceil-
ing density dependence here, as a reasonable approach,



assuming that adaptation mostly occurs before the popu-
lation grows large enough for significant density depen-
dence. Examining the consequences of alternative functional
forms for density dependence could be a worthwhile topic
(e.g., by adding partial clonality to the models in Filin et al.
2008), but is beyond the scope of this article.

The results from our stochastic IBM simulations match
results reported by Bazin et al. (2014), who showed a greater
probability of adaptation in a sink habitat with an increasing
rate of asexuality (except for very high rates or complete
asexuality). While their simulation-based study considered
only one-way migration and differed in some other impor-
tant details from our models, including by excluding selfing
and not considering the additional inheritance of pheno-
type during clonal reproduction considered by our model,
the overall result that partial asexual reproduction (partial
clonality) is beneficial for invasion of a new environment
is a general conclusion of both studies. Furthermore, both
studies showed that the rate of asexual or clonal reproduc-
tion that corresponded to the highest probability of in-
vasion into a new sink habitat was quite high; Bazin et al.
(2014) found that the maximum invasiveness for their re-
sults occurred at an asexuality rate (1) of 0.95, while the
maximum probability of adaptation in the sink in our
results occurs for r. = 0.95 (with p = 0.5) and p = 0.99
(with r. = 0.5; fig. 4). There is some empirical support for
these general theoretical results from studies of invasion bi-
ology, such as the finding that rare sexual reproduction
combined with clonal propagation proved to be the best
strategy for invasiveness in a freshwater gastropod (Facon
et al. 2008).

Barfield et al. (2011) presented a general deterministic
schema for analyzing evolution in stage-structured popu-
lations, assuming sexual reproduction. This approach was
generalized to encompass organisms with partially clonal
reproduction by Orive et al. (2017), who explored how a
mixture of reproductive strategies influenced the likelihood
of evolutionary rescue in abruptly changed environments.
Here we have provided a further extension to the Barfield
etal. (2011) approach, where “stage” now equals “habitat,”
and we have used this extension to examine the influence
of partial clonality on local adaptation in heterogeneous
landscapes. Our comparison of the deterministic model
results with individual-based simulations shows that as-
suming Gaussian phenotype and genotype distributions
with constant variances, although not completely realistic,
nonetheless provides quite accurate insights into evolution
over a broad range of circumstances. More broadly, we sug-
gest that the general approach of Barfield et al. (2011)
provides a useful tool for the analysis of evolution in spa-
tially structured populations.

One advantage of clonality given spatially varying se-
lection, reminiscent of the results seen after a sudden
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change of environment in time (one of the scenarios ex-
plored in Orive et al. 2017), may be that this reproductive
mode allows standing genetic variation to be rapidly uti-
lized by selection for adaptation without dissolution by sex-
ual reproduction and recombination. Indeed, this is one
hypothesized explanation for experimental results showing
that habitat heterogeneity favors asexual grass thrip lineages
over sexual lineages (Lavanchy et al. 2016). We also note a
recent study of ecological differentiation in Boechera show-
ing that asexual reproduction was associated with greater
fine-scale environmental heterogeneity (Ruthworth et al.
2018). Suppressed recombination at the wave front of a
range expansion under an additive model of allelic effects
has been shown to have beneficial effects, allowing the spread
of lineages with high fitness (Peischl et al. 2015); reduced
recombination due to asexual reproduction may work in
concert with high heterozygosity to allow successful inva-
sions (Peischl and Excoffier 2017). Examples of invasive
spread with clonal dispersal can be found across a wide
range of organisms, from aquatic plants such as water hy-
acinth (Zhang et al. 2010) to the clam genus Corbicula
(Pigneur et al. 2014), and in the adaptation of fungal path-
ogens to their novel plant hosts (McDonald and Linde
2002), lending support to these ideas. Another advantage
of clonality is the ability of parents to pass on part of the
nonadditive genetic component of phenotype, in addition
to the additive genetic component.

An important extension of this initial work will be to
consider continuous selective changes across space, such
as across smooth gradients. It is an open question whether
adaptation across continuous spatial gradients reveals a dif-
ferent effect of partial clonality on the probability of adap-
tation than in the discrete coupled habitats examined here.
Understanding adaptive differentiation across shorter spa-
tial scales may be particularly important in considering local
adaptation for marine foundation species that shape eco-
logical function, such as salt marsh grasses, mangroves, sea-
grasses, and corals (Hays et al. 2021), where environmental
conditions can change rapidly across short distances.

The effect of varying the fraction of clonal dispersers de-
pends strongly on stochastic effects; here, the deterministic
and stochastic models differ markedly. While both evo-
lutionary stochasticity (e.g., mutation, drift, distributions
of genotypes and phenotypes) and demographic stochas-
ticity are at play in the IBM, demographic stochasticity is
likely a particularly important factor differentiating the
results of this model from the deterministic model (in com-
bination with reduction in phenotypic variance of sink
immigrants under increased clonal dispersal). For the de-
terministic model, we showed numerically that increased
clonal movement (M.,) increases the maximum difference
between source and sink optima permitting adaptation
in deme 2. In this deterministic model, gene flow from the
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source is the only factor preventing adaptation in the sink;
if gene flow were completely cut off, both demes would
adapt to their respective optima. Since we are assuming
a Gaussian distribution of phenotypes (and use a continu-
ous variable for population size), in a deterministic world
there is always at least some part of the population with
phenotypes in the tail of the distribution that would sur-
vive selection and allow adaptation.

In contrast, stochastic IBM simulations under asymmet-
ric clonal and sexual dispersal showed that an increased
clonal dispersal fraction decreased the probability of adap-
tation for a given difference in optimum phenotype, with
a strong interaction between the clonal migration fraction
and the association parameter p. In these stochastic simu-
lations, adaptation in the sink deme initially requires the
survival to reproduction of juveniles born in the source that
immigrate to the sink. The parents of these juveniles have
survived selection in the source and so are likely to have
genotypes and phenotypes close to the source optimum.
Both types of offspring inherit genotypes from their pa-
rents. Clonal offspring that immigrate from the source to
the sink, for p > 0, also inherit part of the nonadditive ge-
netic and random component of the phenotype (e) of their
parents and therefore tend to have phenotypes closer to
the source optimum than do sexual offspring, which have
random values of e and thus greater phenotypic variability.
Since survival after migration to the sink requires a pheno-
type close to the sink optimum, which can be very different
from the source optimum, adaptation is increased with a
greater fraction of sexual offspring. With a large difference
between source and sink phenotypic optima and a high frac-
tion of clonal offspring, in a given generation all clonal sink
immigrants might fail to survive, and the clonal offspring
of any of those immigrants that do manage to survive might
in turn fail to survive, rendering the sink temporarily empty
and forcing the process of adaptation to start over. This does
not occur in the deterministic model because it does not
include demographic stochasticity. The deterministic model
predicts many qualitative features of the fully stochastic
individual-based simulation, but this is one circumstance
where its predictions break down. This is not because of
genetic assumptions in the deterministic model, such as
constant variances, but rather ecological assumptions, in
particular the absence of demographic stochasticity and
hence extinction risk.

In considering dispersal between two demes that each
are initially populated and at their respective phenotypic
optima but with different carrying capacities or sizes, an
asymmetry in deme population size and equal per capita
movement rates leads to more individuals leaving the high-
carrying-capacity deme than returning. This results in rel-
atively more matings in the low-carrying-capacity deme be-
tween residents and poorly adapted immigrants, which can

lead to population collapse in the smaller deme for some
differences in deme phenotypic optimum (migrational melt-
down; Ronce and Kirkpatrick 2001; see also Filin et al. 2008;
Holt and Barfield 2010; Holt et al. 2011). Increasing clonal-
ity reduces this effect by decreasing the disruptive effect of
gene flow into the smaller deme, decreasing the amount of
mating between residents and immigrants. We have shown
that indeed for both the deterministic model and the IBM
stochastic simulations, increased clonality reduces the pa-
rameter space for migrational meltdown in terms of the
range of differences in optimal phenotype for which the
smaller population can be forced to become maladapted.

The results presented here, for both deterministic and
individual-based stochastic models, demonstrate that an
ecologically important reproductive mode, partial clonality,
has important impacts on the expected spatial pattern of
adaptation or maladaptation for phenotypic traits. We have
shown that partial clonality expands the opportunity for
spatial adaptation. Identifying key life history components,
such as reproductive mode, that make populations espe-
cially vulnerable to changing environmental conditions,
leading to maladaptation and even extinction, or that con-
versely allow populations to more easily adapt to new envi-
ronments, is especially important in applied contexts, such
as the study of invasive species, emerging infectious diseases,
biological control, and the impacts of rapid environmental
change. Our results may help explain the many examples
where clonal or partially clonal populations or species have
been found to be highly successful invaders of new hab-
itats, complementing traditional explanations based on the
avoidance of Allee effects. For example, recent theoretical
work has considered how selfing within a large source pop-
ulation influences the ability of dispersers to establish in a
new habitat (Sachdeva 2019). A high rate of (but not com-
plete) selfing was found to be beneficial in a scenario where
the establishing population experiences both inbreeding
depression and maladaptation at a polygenic trait, even
in the absence of mate limitation (the traditional explana-
tion for selfing, i.e., reproductive assurance; Baker 1955).
(Note that our IBM allows selfing.) Our results point to a
similar benefit of partial clonality and underscore the im-
portance of considering how this widespread reproductive
mode impacts the scope for adaptation in heterogeneous
environments.

Acknowledgments

R.D.H. and M.B. thank the University of Florida Founda-
tion for support. M.E.O. thanks the University of Kansas
for funds in support of travel associated with this project.
This work was supported by National Science Founda-
tion grants DEB-1923495 to ML.E.O. and DEB-1923513 to
RD.H. We thank E. Kisdi, D. Bolnick, and two anonymous



reviewers for careful comments and helpful suggestions that
improved the manuscript.

Statement of Authorship

All authors saw and approved for submission the final ver-
sion of the manuscript, and all persons entitled to author-
ship have been named. M.E.O, M.B., and R.D.H. concep-
tualized the work and developed the model; M.E.O and
M.B. carried out model analysis with input from R.D.H.;
M.B. wrote the code and carried out numerical analyses and
simulations with input from M.E.O. and R.D.H.; M.E.O.
wrote the original draft; all authors contributed to writing,
review, and editing of the manuscript.

Data and Code Availability

The code for performing the numerical analyses and sim-
ulations is available on Zenodo (https://doi.org/10.5281
/zenodo.7698895; Orive et al. 2023).

Literature Cited

Baker, H. G. 1955. Self-compatibility and establishment after
“long-distance” dispersal. Evolution 9:347-349.

Barfield, M., R. D. Holt, and R. Gomulkiewicz. 2011. Evolution in
stage-structured populations. American Naturalist 177:397-409.

Bazin, E., H. Mathé-Hubert, B. Facon, J. Carlier, and V. Ravigné.
2014. The effect of mating system on invasiveness: some genetic
load may be advantageous when invading new environments. Bi-
ological Invasions 16:875-886.

Bengtsson, B. O. 2003. Genetic variation in organisms with sexual and
asexual reproduction. Journal of Evolutionary Biology 16:189-199.

Brady, S. P., D. I. Bolnick, R. D. H. Barrett, L. Chapman, E. Crispo,
A. M. Derry, C. G. Eckert, et al. 2019. Understanding maladap-
tation by uniting ecological and evolutionary perspectives. Amer-
ican Naturalist 194:495-515.

Camus, M. F., B. Alexander-Lawrie, J. Sharbrough, and G. D. D.
Hurst. 2022. Inheritance through the cytoplasm. Heredity 129:
31-43. https://doi.org/10.1038/s41437-022-00540-2.

Chang, E. S. 2018. The genomics of the gelatinous: genomic
insights into major evolutionary transitions within the Cnidaria.
PhD diss, University of Kansas.

Dallas, T., R. R. Decker, and A. Hastings. 2017. Species are not
most abundant in the centre of their geographical range or cli-
matic niche. Ecology Letters 20:1526-1533.

Dorken, M. E., and C. G. Eckert. 2001. Severely reduced sexual re-
production in northern populations of a clonal plant, Decodon
verticillatus (Lythraceae). Journal of Ecology 89:339-350.

Facon, B., J.-P. Pointier, P. Jarne, V. Sarda, and P. David. 2008. High
genetic variance in life-history strategies within invasive populations
by way of multiple introductions. Current Biology 18:363-367.

Falconer, D. S. 1989. Introduction to quantitative genetics. 3rd ed.
Longman, New York.

Filin, I, R. D. Holt, and M. Barfield. 2008. The relation of density
regulation to habitat specialization, evolution of a species’ range,

Partial Clonality and Spatial Structure 697

and the dynamics of biological invasion. American Naturalist
172:233-247.

Gaggiotti, O. E. 1994. An ecological model for the maintenance
of sex and geographical parthenogenesis. Journal of Theoretical
Biology 167:201-221.

Gaston, K. J. 2009. Geographic range limits: achieving synthesis.
Proceedings of the Royal Society B 276:1395-1406.

Gould, S. J., and R. F. Johnston. 1972. Geographic variation. An-
nual Review of Ecology and Systematics 3:457-498.

Hanski, I, P. Foley, and M. P. Hassell. 1996. Random walks in
a metapopulation: how much density dependence is needed for
long-term persistence? Journal of Animal Ecology 65:274-282.

Hays, C. G, T. C. Hanley, A. R. Hughes, S. B. Truskey, R. A. Zerebecki,
and E. E. Sotka. 2021. Local adaptation in marine foundation spe-
cies at microgeographic scales. Biological Bulletin 241:16-29.

Holt, R. D. 1996. Adaptive evolution in source-sink environments:
direct and indirect effects of density-dependence on niche evo-
lution. Oikos 75:182-192.

. 2020. Reflections on niches and numbers. Ecography 43:387-

390.

Holt, R. D., and M. Barfield. 2010. Metapopulation perspectives
on the evolution of species’ niches. Pages 189-211 in S. Cantrell,
C. Cosner, and S. Ruan, eds. Spatial ecology. CRC, Boca Raton, FL.

. 2011. Theoretical perspectives on the statics and dynam-
ics of species’ borders in patchy environments. American Natu-
ralist 178:56-S25.

Holt, R. D., M. Barfield, I. Filin, and S. Forde. 2011. Predation and
the evolutionary dynamics of species ranges. American Naturalist
178:488-500.

Karako, S., Y. Achituv, R. Perl-Treves, and D. Katcoff. 2002.
Asterina burtoni (Asteroidea: Echinodermata) in the Mediter-
ranean and the Red Sea: does asexual reproduction facilitate col-
onization? Marine Ecology Progress Series 234:139-145.

Karisto, P., S. Dora, and A. Mikaberidze. 2019. Measurement
of infection efficiency of a major wheat pathogen using time-
resolved imaging of disease progress. Plant Pathology 68:163-
172.

Kawecki, T. J. 2008. Adaptation to marginal habitats. Annual Re-
view of Ecology, Evolution, and Systematics 39:321-342.

Kawecki, T. J., and D. Ebert. 2004. Conceptual issues in local ad-
aptation. Ecology Letters 12:1225-1241.

Kawecki, T. J., and R. D. Holt. 2002. Evolutionary consequences of
asymmetric dispersal rates. American Naturalist 160:333-347.

Kottler, E. J., E. E. Dickman, J. P. Sexton, N. C. Emery, and S. J. Franks.
2021. Draining the swamping hypothesis: little evidence that gene
flow reduces fitness at range edges. Trends in Ecology and Evolu-
tion 36:533-544.

Lagator, M., A. Morgan, P. Neve, and N. Colegrave. 2014. Role of
sex and migration in adaptation to sink environments. Evolution
68:2296-2305.

Lande, R. 1982. A quantitative genetic theory of life history evolu-
tion. Ecology 63:607-615.

Lavanchy, G.,, M. Strehler, M. N. Llanos Roman, M. Lessard-
Therrien, J.-Y. Humbert, Z. Dumas, K. Jalvingh, et al. 2016. Habitat
heterogeneity favors asexual reproduction in natural populations
of grassthrips. Evolution 70:1780-1790.

Lenormand, T. 2002. Gene flow and the limits to natural selection.
Trends in Ecology and Evolution 17:183-189.

Loreau, M., T. Daufresne, A. Gonzalez, D. Gravel, F. Guichard,
S. J. Leroux, N. Loeuille, F. Massol, and N. Mouquet. 2013.



https://doi.org/10.5281/zenodo.7698895
https://doi.org/10.5281/zenodo.7698895
https://doi.org/10.1038/s41437-022-00540-2

698 The American Naturalist

Unifying sources and sinks in ecology and Earth sciences. Bio-
logical Reviews 88:365-379.

McDonald, B. A,, and C. Linde. 2002. Pathogen population genetics,
evolutionary potential, and durable resistance. Annual Review of
Phytopathology 40:349-379.

Orive, M. E., M. Barfield, C. Fernandez, and R. D. Holt. 2017.
Effects of clonal reproduction on evolutionary lag and evolutionary
rescue. American Naturalist 190:469-490.

Orive, M. E., M. Barfield, and R. D. Holt. 2023. Data and code from:
Partial clonality expands the opportunity for spatial adaptation.
American Naturalist, Zenodo, https://doi.org/10.5281/zenodo.76988
95.

Orive, M. E., R. D. Holt, and M. Barfield. 2019. Evolutionary res-
cue in a linearly changing environment: limits on predictability.
Bulletin of Mathematical Biology 81:4821-4839.

Orive, M. E,, and S. Krueger-Hadfield. 2021. Sex and asex: a clonal
lexicon. Journal of Heredity 112:1-8.

Osorio-Olvera, L., J. Soberén, and M. Falconi. 2019. On popula-
tion abundance and niche structure. Ecography 42:1415-1425.

Peck, J. P, J. M. Yearsley, and D. Waxman. 1998. Explaining
the geographical distributions of sexual and asexual populations.
Nature 39:889-892.

Peischl, S., I. Dupanloup, M. Kirkpatrick, and L. Excoffier. 2013.
On the accumulation of deleterious mutations during range ex-
pansions. Molecular Ecology 22:5972-5981.

Peischl, S., and L. Excoffier. 2017. Expansion load: recessive muta-
tions and the role of standing genetic variation. Pages 218-231
in S. C. H. Barrett, R. I. Colautti, K. M. Dlugosch, and L. H.
Rieseberg, eds. Invasion genetics: the Baker and Stebbins legacy.
Wiley, Chichester.

Peischl, S., M. Kirkpatrick, and L. Excoffier. 2015. Expansion load
and the evolutionary dynamics of a species range. American Nat-
uralist 185:1-13.

Pigneur, L.-M,, E. Etoundi, D. C. Aldridge, J. Marescaux, N. Yasuda,
and K. Van Doninck. 2014. Genetic uniformity and long-distance
clonal dispersal in the invasive androgenetic Corbicula clams.
Molecular Ecology 23:5102-5116.

Pironon, S., G. Papuga, J. Villellas, A. L. Angert, M. B. Garcia, and
J. D. Thompson. 2017. Geographic variation in genetic and de-
mographic performance: new insights from an old biogeographical
paradigm. Biological Reviews 92:1877-1909.

Polechova, J., and N. H. Barton. 2015. Limits to adaptation along
environmental gradients. Proceedings of the National Academy of
Sciences of the USA 112:6401-6406.

Reznick, D. 2016. Hard and soft selection revisited: how evolution
by natural selection works in the real world. Journal of Heredity
107:3-14.

Ronce, O., and M. Kirkpatrick. 2001. When sources become sinks:
migrational meltdown in heterogeneous habitats. Evolution 55:
1520-1531.

Roos, P. J. 1979. Two-stage life cycle of a Cordylophora population
in the Netherlands. Hydrobiologia 62:231-239.

Rousset, F. 1999. Reproductive value vs. sources and sinks. Oikos
86:591-596.

Ruthworth, C. A., M. D. Windham, R. A. Keith, and T. Mitchell-
Olds. 2018. Ecological differentiation facilitates fine-scale coexis-
tence of sexual and asexual Boechera. American Journal of Botany
105:2051-2064.

Sachdeva, H. 2019. Effect of partial selfing and polygenic selection
on establishment in a new habitat. Evolution 73:1729-1745.
Sexton, J. P., P. J. McIntyre, A. L. Angert, and K. J. Rice. 2009.
Evolution and ecology of species range limits. Annual Review of

Ecology, Evolution, and Systematics 40:415-436.

Soberon, J., A. T. Peterson, and L. Osorio-Olvera. 2018. A comment
on “Species are not most abundant in the centre of their geographic
range or climatic niche.” Rethinking Ecology 3:13-18.

Steinberg, G. 2015. Cell biology of Zymoseptoria tritici: pathogen cell
organization and wheat infection. Fungal Genetics and Biology
79:17-23.

Tatarenkov, A., L. Bergstrom, R. B. Jonsson, E. A. Serrao, L. Kautsky,
and K. Johannesson. 2005. Intriguing asexual life in marginal pop-
ulations of the brown seaweed Fucus vesiculosus. Molecular Ecol-
ogy 14:647-651.

Tilquin, A., and H. Kokko. 2016. What does the geography of par-
thenogenesis teach us about sex? Philosophical Transactions of the
Royal Society B 371:20150538.

Turelli, M., and N. H. Barton. 1994. Genetic and statistical analyses
of strong selection on polygenic traits: what, me normal? Genetics
138:913-941.

Verhoeven, K. J. F,, and V. Preite. 2013. Epigenetic variation in
asexually reproducing organisms. Evolution 68:644-655.

Zhang, Y.-Y., D.-Y. Zhang, and S. C. H. Barrett. 2010. Genetic uni-
formity characterizes the invasive spread of water hyacinth
(Eichhornia crassipes), a clonal aquatic plant. Molecular Ecology
19:1774-1786.

References Cited Only in the Online Enhancements

Biirger, R., and M. Lynch. 1995. Evolution and extinction in a
changing environment: a quantitative-genetic analysis. Evolution
49:151-163.

Holt, R. D., R. Gomulkiewicz, and M. Barfield. 2003. The phenome-
nology of niche evolution via quantitative traits in a ‘black-hole’
sink. Proceedings of the Royal Society B 270:215-224.

Maynard Smith, J. 1978. The evolution of sex. Cambridge Univer-
sity Press, Cambridge.

Orive, M. E. 2020. The evolution of sex. Pages 273-295 in S. M.
Scheiner and D. P. Mindell, eds. The theory of evolution. Univer-
sity of Chicago Press, Chicago.

Associate Editor: Eva Kisdi
Editor: Daniel I. Bolnick


https://doi.org/10.5281/zenodo.7698895
https://doi.org/10.5281/zenodo.7698895

