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abstract: To what extent does landscape genetic structure bear
the signature of arrival order of lineages during population assem-
bly? Rapid genetic adaptation of resident populations founded by
early colonists to local conditions might prevent establishment of
later-arriving lineages, resulting in an evolution-mediated priority
effect. This might result in a limited window of opportunity for es-
tablishment during which the resident population did not have suf-
ficient time yet to monopolize the patch through local adaptation.
The length of this window of opportunity is expected to depend
on the degree towhich early colonists and immigrants are preadapted
to local habitat conditions. We present an intraspecific competi-
tion model of the initial transient population and evolutionary dy-
namics that quantifies the window of opportunity for establishment
for asexual species. The model explicitly addresses the long-lasting
effects of evolution-mediated priority effects by tracking lineages
through time. Our results show that the difference in initial pread-
aptation between early colonists and late immigrants and the speed
of evolution codetermine the window of opportunity for establish-
ment. Our results also suggest that local populations should often be
dominated by descendants of just a few early colonist lineages and
that landscape genetic structure should often reflect the legacy of
colonization history.

Keywords: evolution-mediated priority effects, evolutionary popu-
lation dynamics, monopolization, transient dynamics, rapid local
adaptation.

During a certain time period after the initialization of a
population in a suitable patch, for instance, when a newly
formed island or local habitat patch in a regional meta-
population is colonized, there will not be a population ge-
netic equilibrium. Instead, the population genetic struc-
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ture will be dominated by early colonists due to founder
effects (Mayr 1942). However, little is known about the
persistence of these founder effects, and therefore they
are often assumed to be absent (e.g., Bohonak 1998, 1999).
In empirical studies on population and landscape genetic
structure, this assumption has led to the expectation that
genetic differentiation between populations is the result
of a balance between gene flow, genetic drift, mutations,
and selection.
Boileau et al. (1992) presented a model on the persis-

tence of early colonist dominance in the context of pop-
ulation dynamics and its consequences for population
and landscape genetic structure. They found that if the
establishment of a population is followed by rapid popula-
tion growth toward carrying capacity, the founder effect
resulting from the numerical advantage of the early col-
onists over later immigrants might last for long periods
of time. The model presented by Boileau et al. (1992) only
considers the neutral case. Fitness differences and rapid
local genetic adaptation were not considered. Lineages that
are better preadapted to local conditions might be able to
invade and replace founding lineages (Fukami 2015). Con-
versely, local genetic adaptation can reduce establishment
success of new immigrants (Urban and De Meester 2009;
De Meester et al. 2016). The latter is often ignored on the
basis of the assumption that evolution is too slow to play
a role in ecological processes like colonization, an assump-
tion that is challenged by many studies (Thompson 1998;
Yoshida et al. 2003; Hairston et al. 2005; Carroll et al. 2007;
Post and Palkovacs 2009; Hendry 2017). Some degree of
local adaptation in habitat patches (e.g., islands, bodies
of water, or forest fragments or host individuals in the case
of parasites and gut mutualists) is expected to occur if the
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selection coefficient is substantially larger than the immi-
gration rate (Haldane 1930; Richardson et al. 2014). If res-
ident populations established by early colonist lineages can
sufficiently rapidly adapt to local habitat conditions and thus
obtain a fitness advantage over later-arriving immigrants,
the establishment success of later-arriving immigrants is
reduced, resulting in an evolution-mediated priority effect
(“monopolization”; DeMeester et al. 2002, 2016). This can
result in high genetic differentiation among populations,
similar to the persistent founder effect described by Boileau
et al. (1992), but which are mediated by contemporary evo-
lution. Local adaptation enhances these priority effects, and
it could lead to them being fairly permanent relative to the
length of time a population persists (see app. A; apps. A–E
are available online). If local adaptation does not happen
quickly enough, however, the immigration of preadapted
lineages could result in the replacement of the founding
lineage (Fukami 2015; De Meester et al. 2016). We there-
fore expect that there is a time window between the arrival
of the founding propagule and subsequent immigrant prop-
agules in which the immigrant lineages will still be able
to form a substantial part of the population at equilibrium.
By means of a minimal model of intraspecific competition,
we here explore how the length of the window of opportu-
nity for establishment depends on the initial fitness of the
founding and subsequent immigrant lineages and on the
rate of evolution. We compute the contribution of early and
late immigrants to the population through time and show
that once the population density and fitness is at equilibrium,
populations are likely to be dominated by descendants of
only a few early colonists.
Model

The specific scenario in which we theorize that there is a
window of opportunity for establishment is as follows: a
population formed by the colonization of one or a few
immigrants in a habitat patch converges, through (a) pop-
ulation growth, (b) selection, (c) inflowof preadapted immi-
grants, and (d) mutations, on a regime in which the popu-
lation is equally or better adapted to local conditions than
any immigrant can be preadapted and has a much larger
population size than the immigrant propagule. From then
onward, and potentially even earlier, the system can be
considered closed to immigrants, except for chance effects
(i.e., the rare cases in which an immigrant is as preadapted
to the local conditions as the resident population or is suf-
ficiently close to it to have a reasonable chance to establish
through genetic drift) or strong disturbances (including
strong changes in environmental conditions). In appen-
dix A, we demonstrate that through these chance effects
alone, the replacement of resident lineages by new immigrant
lineages is a very slow process. The time period before the
system has converged on a regime, which in the remainder
of the article we will call “equilibrium,” is characterized by
the establishment of new immigrants and an increase in
degree of local adaptation and population size or density
of established lineages and newly arriving immigrants. It
is this preequilibrium period of the scenario that we want
to capture with our model.
To capture the transient population and evolutionary

dynamics after the founding of a new population, we use
an approach that takes into account that evolution and
ecology can occur at the same timescale. Traditional inva-
sion analysis (also known as adaptive dynamics; see, e.g.,
Metz et al. 1995; Geritz and Éva 2000; Dieckmann et al.
2007) assumes that population dynamics are in equilibrium
at the timescale at which mutations occur and is thus less
suitable for our question. Here we model a growing and
evolving asexual population by simulating the dynamics in
population density of different competing heritable pheno-
types (i.e., parts of the population with the same degree of
maladaptation). Because ofmutations, part of the offspring
of a given phenotype will be of different phenotypes.More-
over, due to mutations, descendants of immigrants with
different phenotypes can have the same phenotype. Only
keeping track of phenotypeswould thus obscure the impact
of different immigrants on the population genetic structure.
To deal with this, we also track immigrant lineages.We here
define a lineage as an immigrant and all its descendants. By
partitioning the population by both phenotype and lineage,
we can model population growth as determined by fitness
(phenotype) while at the same time track the success of
lineages.
Intraspecific Competition Model

A key feature of our minimal model of intraspecific com-
petition is that we can track immigrant history (i.e., line-
ages). Lineages can, however, evolve through mutations
and thus consist of multiple phenotypes. Therefore, our
model tracks the population density over time of all de-
scendants of a lineage (i.e., same immigrant ancestor) that
share the same phenotype Pi (with i ∈ f1, ::: , ag and ap
number of possible phenotypes). For this, we used the
(a#n)-matrix N with elements Ni,j, where i indexes the
different possible phenotypes Pi and j indexes the differ-
ent lineages. Note that n is the maximum number of pos-
sible immigration events (and thus lineages) during a sim-
ulation. In our implementation of the model in Matlab, n
was a parameter that had to be predetermined to preallo-
cate memory space to store the model output (for code,
see https://doi.org/10.5281/zenodo.4723810; Kilsdonk and
De Meester 2021).
In our model, the changes over time in population den-

sities dNi,j=dt are calculated by summing three processes:

https://doi.org/10.5281/zenodo.4723810
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(1) resource-independent production of new offspring,
(2)mortality due to (intraspecific) competition, and (3) ad-
ditionalmortality independent of resource competition. The
implementation in ourmodel of these three processes is dis-
cussed below.
We assumed competition has no effect on birth rate,

and offspring are thus produced at rate b. While this as-
sumption will often not hold, the assumption that repro-
duction is independent of competition likely is conserva-
tive with respect to the occurrence and persistence of
evolution-mediated priority effects. If reproduction would
depend on competition, the ability of lineages to evolve
throughmutationswould be higher during the initial phase
of colonization when population densities are low and
would become lower (because of lower birth rates) for later
immigrants.
We did not explicitly model genotypes and mutations

in our model. Instead, we indirectly accounted for the ef-
fect of mutations on offspring phenotype by letting some
offspring contribute to the population density of a pheno-
type one row higher or one row lower than the parent phe-
notype. More specifically, we ordered phenotypes as (P1,
P2, ::: , Pa) and assumed a fraction m (the mutation rate) of
offspring of individuals with phenotype Pi had phenotype
Pi21 (which increases the value ofNi21,j) and the fraction m
of the offspring of individuals with phenotype Pi had phe-
notype Pi11 (which increases the value of Ni11,j). The re-
maining fraction 12 2m of the offspring of individuals
with phenotype Pi have the same phenotype as the parent.
These fractions are the elements of the mutation matrix
Q, a (a#a)-tridiagonal matrix:

Q p

12 m m ⋯ 0
m 12 2m m

⋱ ⋱ ⋱ ⋮
m 12 2m m

⋮ ⋱ ⋱ ⋱
m 12 2m m

0 ⋯ m 12 m

2
666666664

3
777777775
:

Since the rate of reproduction by phenotype Pg (g indexes
the parent phenotype) of lineage j equals bNg,j, the rate at
which reproduction adds toNi,j (i.e., the first process in our
model) equals

Pa
gp1(Qi,gbNg,j) p b(QN)i,j. As we expressed

time in units of b (so that b p 1), b(QN)i,j p (QN)i,j, and
we call the unit of time in the model generation time. Note
that we assume that phenotype is perfectly heritable.
We model the mortality rate of Ni,j due to competition

with the function 2Ni,j

P
g,f Ng,f=k, where

P
g,f Ng,f is the

total population density (i.e., the sum over all elements
of N) and k is the carrying capacity, which is the maxi-
mumpopulation density given the available resources. Note
that k is not the same as the equilibriumpopulation density,
as there can be additional resource-independent mortality
(i.e., the third process in our model). By scaling popula-
tion density in our model by k, the function of mortality
due to competition simplifies to 2Ni,j

P
g ,f Ng,f . To model

the additional resource-independent mortality, we used
2diNi,j, where di is the per capita rate of additional mortal-
ity of phenotype i.
The parameter influenced by the differences in pheno-

types is thus d. The value of di depends on the mismatch
between an individual’s phenotype (Pi) and the environ-
ment of the habitat patch, that is, the degree of maladap-
tation. We used a unidimensional axis to represent both
variation in phenotype and variation in environment.
As phenotypic value of Pi on this axis, we used its index
i (i.e., phenotypic valuep i with i ∈ f1, ::: , ag). We used
the same set of possible values (i.e., f1, ::: , ag) for E, the
environmental value of a given habitat patch. Thus, PE de-
notes the optimum phenotype for a patch with environ-
mental value E. The phenotype-environment mismatch—
that is, the mismatch between Pi and the local environment
scaled by the maximum possible mismatch between them—

is given by

vi p
ji2 Ej
a2 1

: ð1Þ

The maximum possible mismatch is vmax p 1 and only
occurs in the most extreme environments, where E p 1
or E p a. The per capita rate of additional mortality of
each phenotype di is a linear function of vi and has as
minimum value dmin and as maximum value dmax; thus,
di p vi(dmax 2 dmin)1 dmin. In our simulations, we used
dmin p 0 and dmax p 1. Hence, in our simulations di p
vi (in app. B, we show results for alternative dmax and dmin

values). Note, however, that under dmin p 0, total mortal-
ity is still higher than zero due to the resource-independent
mortality.
Summing the three abovementioned processes gives the

main equation of our model:

dNi,j

dt
p (QN)i,j 2 Ni,j

X
g ,f

Ng,f 2 diNi,j, ð2Þ

with i ∈ f1, ::: , ag and j ∈ f1, ::: , ng. If we ignore muta-
tions (which has little effect on dNi,j=dt since (QN)i,j ≈
Ni,j), the only difference between phenotypes in their per
capita rate of change in population density is di. Therefore,
the (relative) fitness of a phenotype is a monotonically de-
creasing function of di.
Instead of differences between phenotypes in their di,

we could have chosen to use differences in b or k. However,
introducing variation in both b or k between phenotypes
would introduce further complexities in the interpretation.
Differences in birth rate (b) could result in an additional
evolutionary advantage for phenotypes with a high birth
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rate, as they produce more (mutated) offspring and thus
can evolve faster. And competition has little effect on pop-
ulation density during the initial phase of colonization when
population densities are low. Thus, introducing variation
in both b or k between phenotypes would introduce further
complexities in the interpretation, and hence we decided
they were beyond the scope of this study. A consequence
of tracking population densities instead of population size
is that population sizes (but not densities) are effectively in-
finite. Two key consequences of this assumption are that
even very small densities of a given phenotype can evolve
and that there is no genetic drift. We address these con-
cerns in appendix D. For all simulations (except those ex-
plained in app. D), we used Matlab solver ode45 with rel-
ative tolerance 5#1026 and absolute tolerance 1028, and we
set N p 0 as the initial value. For each immigration event
m (m between 1 and n) with phenotype Pi, Ni,m is set from
zero to the propagule density (s) at the time of immigration.
Migration Setups

By numerically solving the model, we obtain the densities
of all phenotypes linked to their immigration history (phe-
notype#lineage combination). By performing simulations
in which we inoculate immigrants of varying phenotypes
(each starting up their own lineage) at different time spans
after the arrival of the first colonist (founding migrant), we
can assess how the densities of each lineage at population
equilibrium are dependent on arrival order and time, as
well as on the level of preadaptation to local habitat condi-
tions of the immigrants.
For a detailed analysis of the relation between the phe-

notypes of founders and subsequent immigrants and the
length of the window of opportunity for establishment,
we performed simulations with a dual-migration setup in
which we systematically varied phenotypes of the founding
migrants and the invading immigrants to determine the
time span following the arrival in the patch of the founder
during which establishment of the invading immigrant is
successful.We subsequentlymodeled a settingwithmultiple
immigrants migrating from a regional gene pool, randomly
picking phenotypes and arrival times for the propagules we
introduced, to study to what extent natural populations are
expected to be dominated by descendants of early colonists.
For both the dual- and multiple-migration setups, we

used a propagule density of 1023k (i.e., a propagule density
of 0.1% of k, which is reasonably large when translated to
many real populations) and a mutation rate of 1025b (i.e.,
0.001%of the offspringmutate per generation). Prior screen-
ing with up to 1,000 times smaller propagule densities and
10 times lower and higher mutation rates revealed that the
window of opportunity for invasion is rather insensitive to
these two factors (see app. C). Our sensitivity analysis for
the number of possible phenotypes did reveal a clear pos-
itive relationship between the number of phenotypes and
the length of the window of opportunity (see app. B). In
the remainder of the article, we present the results of sim-
ulations using 20 phenotypes (i.e., 19 mutation steps be-
tween least and most adapted).
Dual-Migration Setup

We here assume that there is only one invading immi-
grant propagule following the founder (i.e., first immi-
grant) and determine the window of opportunity for es-
tablishment of this invading immigrant for all possible
combinations of phenotypes of the invading immigrant
and founder at their arrival in the patch—in the following
we will refer to the original phenotypes of the lineage at
the time of arrival in the patch as the ancestral phenotypes
and corresponding phenotype-environment mismatch (in
contrast to the distribution of phenotypes and mismatches
among its descendants). Successful establishment was de-
termined by a threshold T that determines the density that
an invading lineage needs to reach in the population for
the invasion to be considered successful. This threshold is
needed because we use an infinite population size model.
The threshold T was set at 0.05 (i.e., 5% of the population
at equilibrium). To find the length of the window of oppor-
tunity for each combination of the ancestral phenotype of
the invading immigrant and of the founder, we followed an
optimization procedure (see https://doi.org/10.5281/zenodo
.4723810; Kilsdonk andDeMeester 2021). In brief, we drew
on our observation, based on a wide variety of simulations,
that the density of the invading immigrant lineage at pop-
ulation equilibrium is a strictly decreasing function of the
lag in arrival time between the invading and the founding
lineage (given time lags10). Therefore, if the density of the
invading lineage at the end of a run with a specified arrival
time lag of the invading lineage was lower/higher than T, we
can conclude that the window of opportunity for estab-
lishment was shorter/longer than that time lag. We first
determined whether with a zero lag in arrival time, estab-
lishment of the invading lineage was successful, in order to
test whether establishment of the invading lineage is pos-
sible at all. Whenever establishment was possible, we used
the built-in Matlab optimization function fzero to find the
lag in arrival time where the density of the invading lineage
at the end of a run equaled T. By iterating this over all dif-
ferent combinations of founder and invader phenotypes,
we generated a matrix with as elements the window of op-
portunity for each of these combinations.
The results of this analysis are shown in figure 1. The

conceptual scheme in figure 1A illustrates that for a specific
phenotype-environment mismatch of the founder—that
is, the ancestral mismatch of the founding lineage (here

https://doi.org/10.5281/zenodo.4723810
https://doi.org/10.5281/zenodo.4723810
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assumed to be vî p 0:5; the mismatch of the intermediate
phenotype Pi with î p E5(a2 1)=2)—one can determine
theperiod inwhich establishment is still possible for an invad-
ing lineage with a certain ancestral phenotype-environment
mismatch. The red triangular area indicates the conditions
under which the invading immigrant phenotype can es-
tablish (i.e., reach a density higher than T in the final pop-
ulation;T p 0:05). If the ancestral phenotype-environment
mismatch of the founder is 0.5, only immigrants with a
phenotype-environment mismatch close to or lower than
0.5 can establish. On arrival, the founding lineage starts to
grow and adapt. As a result, the invading lineage has to be
increasinglymore preadapted to be able to establish as time
since the arrival of the founder progresses. Any invading
immigrant with a distinctly lower fitness (i.e., higher di in
our model) than the founder will not be able to establish
in a deterministic setting (light gray area in fig. 1A). More-
over, immigrants with a higher fitness (lower di) than the
B:
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Figure 1: A, Visualization of the window of opportunity for establishment success (in red) for a certain ancestral phenotype-environment
mismatch (v) of the founder. The light gray area is that where immigrants have a higher phenotype-environment mismatch (i.e., lower fit-
ness) than the founder (i.e., the first immigrant, which started the founding lineage) and thus are not able to establish. The dark gray area is
that where invading immigrants have a lower mismatch (i.e., higher fitness) than the ancestral phenotype-environment mismatch of the
founder but could nevertheless not establish due to local adaptation of the founding lineage, resulting in a higher fitness of its descendants.
B, Result of simulations to determine the window of opportunity for establishment success (T p 0:05) for scenarios with different ancestral
phenotype-environment mismatches of the founder. The phenotype-environment mismatches of the founders corresponding to each line
are indicated both on the line as well as by line color. We used a p 20 and E p 1. The dashed line is an example; it shows that the window
of opportunity for establishment of an invading immigrant with a phenotype-environment mismatch v p 0:47 in a population founded by
an immigrant with an ancestral phenotype-environment mismatch v p 1:00 equals approximately 115.3 generations.
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original founder have only a limited window of opportu-
nity to invade, due to local adaptation of the resident pop-
ulation (see red area in fig. 1A). Thus, for any given ances-
tral phenotype-environment mismatch of the founder, a
window of opportunity can be determined, that is, the pa-
rameter space in which the phenotype-environment mis-
match of the invading immigrant is low enough and the lag
in arrival time is short enough for establishment to succeed.
Figure 1B shows these windows for different phenotype-
environmentmismatches vi of the founder (note that vi p di,
as dmax p 1 and dmin p 0). Each line in figure 1B divides
the parameter space into establishment success (area above
line, corresponding to the red area in fig. 1A) and establish-
ment failure (area below line, corresponding to the gray
areas in fig. 1A). For instance, an invading immigrant with
a vi p 0:47 (horizontal gray dashed line infig. 1B) has a win-
dow of opportunity of 115.3 generations to successfully in-
vade a resident population that started with the highest
phenotype-environment mismatch (i.e., da21 p 1 for the
ancestral phenotype of the founder) but had the capacity
to locally adapt.
Multiple-Migration Setup

There are many systems in which not two but many im-
migration events take place. In these systems, we are no
longer primarily interested only in whether the second im-
migrant can replace the founder lineage but also whether
later immigrants do. For example, if an unsuccessful first
invasion can have a negative effect on the resident popu-
lation, it may enable a second immigrant to be successful.
Moreover, evolution-mediated priority effects can mani-
fest themselves as the persistence of a group of early colo-
nist lineages and not exclusively the first-arriving lineage.
To estimate in a metapopulation context the persistence
of early colonist lineages in a patch with several immigra-
tion events, we used a multiple-migration setup in which
multiple lineages with different phenotypes are introduced
at different points in time.We assumed that the phenotype
of each propagule was randomly drawn from the distribu-
tion of phenotypes in the regional gene pool; that is, we as-
sumedno specific spatial configuration of patcheswith spe-
cific environments in the landscape. The phenotype and the
arrival time of each lineage was derived from two metapo-
pulation parameters: (1) the migration rate (or immigration
probabilities) to the habitat patch of interest and (2) the dif-
ferences in environmental conditions between the habitat
patch of interest and the surrounding patches.We ran sim-
ulations for different immigration frequencies I (0.05, 0.2,
and 0.8 propagules per generation, unless otherwise speci-
fied), representing the probability per time step that a prop-
agule with density 1023k arrives in the target patch. For each
time interval of 0.25 generations, we randomly drew from a
Bernoulli distribution with Pr(immigration event) p I#
0:25 to determine whether an immigration event had oc-
curred. In our model, the environmental value E of a hab-
itat patch can only have the discrete set of values f1, 2, ::: , ag.
Therefore, we used the binomial distribution to describe
SE, the probability distribution of E for habitat patches in
the metapopulation, as the closest discrete approximation
of a normal distribution (fig. 2A):
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1
2

� �

p
a2 1

E2 1

 !
1
2

� �E21

12
1
2

� � a21ð Þ2 E21ð Þ

p
a2 1

E2 1

 !
1
2

� �a21

,

with B denoting the probability mass function of the bino-
mial distribution and the binomial coefficient

h

x
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p 0

if x 1 h or x ! 0.We assume that in the patches surround-
ing the newpatch, the populationswere already fully adapted
to the local conditions of that patch. Therefore, the prob-
ability of phenotypes Pi in immigrants is Si p SE for all
i p E.
We simulated two different types of settings, where the

environment in the target habitat (to be invaded) is rare
or common at the regional scale (for results with an inter-
mediate environment, see app. E). As we allowed for
20 possible phenotypes and environments (i.e., a p 20),
this corresponds to values for E in the target habitat of 1
and 11, respectively (see fig. 2B; for E p 6, see app. E).
We performed simulations for all six combinations

of the mentioned values for E (i.e., 1 and 11) and I (0.05,
0.20, and 0.8 propagules per generation). Based on pre-
liminary test runs to examine the time needed for ecolog-
ical and evolutionary dynamics to stabilize, we decided to
run each simulation for 500 generations. We repeated each
simulation 200 times, randomly assigning arrival time and
phenotype of each propagule. As early-arriving colonist
lineages with an optimally preadapted phenotype can also
persist through non-evolution-mediated priority effects,
we also repeated all simulations with a mutation rate of
zero (i.e., without mutations) for comparison.

Arrival Rank of Lineages and Their Contribution to the
Population at Equilibrium. Besides scenarios in which the
founder is able to prevent establishment success of the im-
migrants, it is also possible that the founder is replaced by
another early immigrant, which then prevents establishment
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success of subsequent immigrants. This would still con-
stitute an important priority effect viewed from the per-
spective of a situation in which there are regular immi-
grants during the whole time period. To study priority
effects, we ranked migrant lineages (i.e., parts of the pop-
ulation with the same immigrant ancestor) based on the
arrival order of those lineages in the population. Figure 3
shows the percentage in the population of the different
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Figure 2: The three tested scenarios with different environments in the target habitat: E p 1, E p 6 (see app. E), and E p 11. These con-
ditions are shown in red, blue, and green, respectively. A, Probability distribution of optimum phenotypes for patches in the landscape SE,
corresponding to the hypothetical distribution of environments in the landscape. Because we assume that populations in all nontarget patches
are locally adapted and contain only the optimum phenotype, this is also the distribution of phenotypes among immigrants Si. The arrows
indicate the optimum phenotype PE of the three different environments that we picked as examples for our simulations. B–D, Distributions
of phenotype-environment mismatches vi (pdi) that immigrants randomly drawn from the metapopulation would have if the target patch
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nth arriving lineages (ordered by arrival order) averaged
over 200 runs. At low propagule immigration frequen-
cies, only the population densities of a few (often !10)
early-arriving lineages usually reach a high proportion
at equilibrium (i.e., 500 generations after the arrival of
the founder). With increasing immigration frequencies,
the number of later immigrants that can reach reason-
able proportions increases but still remains within the group
of the 20 first immigrants, in most cases. A high immigra-
tion frequency (0.8 propagules per generation) combined
with a low number of preadapted phenotypes results in a
further spreading of establishment success of immigrants,
but here still nearly all successful lineages are within the
50 first immigrants. In the scenarios with many preadapted
phenotypes, the clustering of successful lineages toward
early immigrants is also quite pronounced in the absence
of evolution of lineages, but for scenarios with a low num-
ber of preadapted immigrants, the successful lineages are
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Figure 3: Evolution of migrant lineages increases the percentage of early-arriving lineages in the population 500 generations after the arrival
of the founder immigrant, especially in rare environments for which few immigrants are preadapted. For each of the six tested combinations
of environment in the target patch (E p 1 and E p 11 shown in the left [A, C, E] and right [B, D, F] panels, respectively; for E p 6 see app. E,
fig. E1) and propagule immigration frequency (I p 0:05, I p 0:20, and I p 0:80; panels in the upper, middle, and lower rows, respectively),
a panel shows the fraction of the population with different arrival ranks averaged over 200 replicates. Each panel also has an inset plot showing
a close-up of the first 50 arrival ranks, which captures most of the pattern. The population in each replicate run has a mean arrival rank. The
grand mean arrival ranks (i.e., the mean of these replicate means) with mutations (i.e., evolution of lineages) are 1.99, 2.33, 5.18, 5.78, 16.55,
and 24.14 for A, B, C, D, E, and F, respectively. The effect sizes, calculated as the difference in grand mean arrival rank between simulations
without and with mutations, are 7.56, 2.91, 27.66, 1.58, 110.22, and 1.72 for A, B, C, D, E, and F, respectively.
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much more spread across time in the absence of evolution
of lineages, especially when immigration frequencies are
high (fig. 3).

Lineage Richness at Equilibrium. Despite the fact that
many lineages seem to persist when population frequen-
cies are averaged over 200 replicate runs (see fig. 3), it is
possible that in many individual runs, only one lineage
persists and that the spread in the distribution of mean ar-
rival ranks is due to variation between replicate runs in-
stead of high lineage richness within each run. Therefore,
we show lineage richness in figure 4. Because, due to the
nature of the model, no lineage can truly become extinct
(instead lineages can have an exponential decay with as
limit zero), a cutoff value below which a lineage density
is considered too low to be counted into the lineage rich-
ness is needed. A logical option is to exclude lineages that
have not increased in density after their arrival. Specifically,
we used 1.05 times the propagule density s (1:05s p 1:05#
1023k) as cutoff value and thus only included lineages with
a density at least 5% higher than the propagule density.
Both with and without mutations, we find that fewer

preadapted immigrants and a lower immigration frequency
results in a lower lineage richness (fig. 4). With few pre-
adapted immigrants (E p 1), for all the tested immigra-
tion frequencies (ranging from 0.05 to 0.8 propagules per
generation), the mean lineage richness is below 2 (fig. 4).
With many preadapted immigrants (E p 11), the mean
lineage richness is between 2 and 13 for all tested immigra-
tion frequencies (fig. 4). In all tested conditions, the lineage
richness is almost equal in simulations without compared
to simulations with mutations (fig. 4). The standard devi-
ation in lineage richness between replicates is more pro-
nounced when the lineage richness is higher (fig. 4).
Dynamics Preceding Population Equilibrium

Thus far, we have focused on the length of the window of
opportunity for establishment. However, exploring the dy-
namics occurring during growth and evolution of the pop-
ulation toward the equilibrium can help us explain why the
window of opportunity closes and the equilibrium popula-
tion ismainly composed of descendants of early colonizers.
In the dual-migration setup, depending on the arrival

time and ancestral phenotype of both founder and invader,
there are three outcomes possible: (1) the founding lineage
prevents a second lineage from invading, (2) the second line-
agemanages to invadebutdoesnot replace the founding line-
age, or (3) the second lineage replaces the founding lineage.
An example of the transient dynamics in each of these three
scenarios is shown in figure 5 using Muller plots (Muller
1932; Crow and Kimura 1965). The only setting altered
     with mutations and E = 11

     with mutations and E = 1
without mutations and E = 11

without mutations and E = 1

Figure 4: Lineage richness averaged over all 200 replicates for simulations with different immigration frequencies for both rare environ-
ments (E p 1) and common environments (E p 11) and with and without evolution of lineages (i.e., mutations). Only lineages with a
density at least 5% higher than the propagule density were included in the count. Error bars depict the standard deviation. Both low im-
migration frequencies and rare environments result in low lineage richness. Evolution of lineages has little effect on the mean lineage rich-
ness per run.
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between the three examples in figure 5 is the lag in arrival
time between the founder and the immigrant. In figure 5A,
the invading lineage arrives too late to prevent the founding
lineage from taking over the entire patch. In figure 5B, the
invading lineage arrives in the window of time in which it
ends up partially taking over, and in figure 5C, the invading
lineage arrives in time to de facto outcompete and replace
the founding lineage.
In each of the three runs in figure 5, we see an initial

rapid increase in population density that levels off toward
the fitness-dependent carrying capacity. Subsequently, as
the population is locally adapting, the resource-dependent
per capita mortality rate of the population decreases and
the carrying capacity of the population increases gradually,
until it eventually reaches the carrying capacity of an opti-
mally adapted population. Early on during the simulation,
optimally and close to optimally adapted phenotypes are
already present in the population but at extremely low den-
sities. The descendants of these genotypes take over and re-
place less well-adapted lineages in a predictable way, given
that our model is entirely deterministic. For results of sim-
ulations with finite populations, we refer to appendix D.
We return to this in the discussion section.
For the multiple-migration setup, figure 6 shows the

grand mean arrival rank and mean lineage richness (cut-
off value p 0:00105k p 105% of the propagule density)
over the 200 replicate runs during the growth and evolu-
tion of the population toward an equilibrium during the
first 750 generations. Both with and without mutations, all
four different scenarios showed an initial increase in grand
mean arrival rank and mean lineage richness. In the sim-
ulations with mutations, this initial increase was followed
by a decrease and then stabilization of grand mean arrival
rank and mean lineage richness in the scenarios with few
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agule density were included in the calculation of lineage richness. The first founding propagule was set to arrive at t p 0 in each simulation.
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preadapted immigrants (fig. 6). In the simulations without
mutations, the initial increase in mean lineage richness
was followed by a continuous gradual decrease in all sce-
narios. Considering this decrease was still ongoing at the
end of the simulations without mutations, the final mean
lineage richness in the scenarios without mutations is al-
ways similar to or lower than in scenarios with mutations.
However, the main difference between the settings with
and without mutations is that in the latter case, the grand
mean arrival rank is much higher at equilibrium due to a
continuous replacement of lineages. In contrast, the mean
arrival rank in all scenarios in which evolution of lineages
is possible stabilizes within the first 300 generations at very
low level (!5 in most scenarios).
Discussion

Standard population and landscape genetic analyses often
ignore the legacy of colonization history and therefore
tend to interpret patterns of genetic structure as a func-
tion of the balance between contemporary gene flow, ge-
netic drift, mutations, and selection. In this scheme, pri-
ority effects, including evolution-mediated priority effects,
are often ignored (Boileau et al. 1992; De Meester et al.
2016). In the model presented here, priority effects can
be identified as the model keeps track of the dynamics of
each lineage and explicitly considers the nonequilibrium
conditions during the initial colonization phase. We in-
cluded simulations with and without mutations to test for
the effect of evolution of lineages on the strength of priority
effects. We modeled both dual-migration and multiple-
migration settings. Our simulations indicate that for an ex-
tensive range of preadaptedness of immigrants, arrival time,
and parameters related to evolutionary rate (i.e., mutation
rate and fitness differences per mutational step), priority
effects are common and local populations at equilibrium
are most often dominated by descendants of the first few
immigrants only.
Our dual-migration setup simulations show that, in

alignment with our expectations, the degree of preadapta-
tion of both the founder and the invader (see fig. 1B), the
time lag between the arrival of the founder and the invader
(see fig. 1B) and the rate of evolution (see app. B) determine
the success, measured as the relative abundance at equilib-
rium, of an invading lineage in a population that can adapt
to local environmental conditions. High preadaptation in
the founder, low preadaptation in the invader, and high
evolutionary rates, which are among others dependent on
the fitness gain per mutational step, result in a short win-
dow of opportunity for establishment of a lineage in a res-
ident population. The potential of early-arriving lineages,
evenwhen not optimally adapted, to limit the establishment
of later-arriving lineages, and the dependence of this pro-
cess on the arrival time, has been reported in experimental
studies on bacterial communities and gutmicrobiota (Mar-
tínez et al. 2018; Svoboda et al. 2018). The window of op-
portunity for establishment by a second immigrant was
short. This leads to the prediction that populations at equi-
librium will generally be dominated by descendants of a
few early-arriving lineages only.
To explore whether evolving populations that are ex-

posed to multiple immigration events are at equilibrium
dominated by descendants of the first few colonists, we
also explicitly modeled settings characterized by multiple
invasions. Here, the added insight is that we could quan-
tify lineage richness and mean arrival rank of the lineages
at equilibrium. Both are expected to be low when priority
effects are important and strong. We modeled different
landscapes that differ in the degree to which the environ-
mental conditions in the target patch are common at the
landscape scale, as this determines the probability that
immigrants are preadapted to the local patch. In all tested
combinations (each replicated 200 times) of propagule
immigration frequency and environmental rarity, popu-
lations at equilibrium had a low mean lineage richness
(see fig. 4) and showed a negative correlation between the
arrival rank and the mean population density (see fig. 3)
and thus a low mean arrival rank. Hence, our model sug-
gests that priority effects are expected to be common in the
broad range of tested conditions.
To quantify the degree to which evolution of lineages

can enhance priority effects—that is, to test the importance
of population monopolization or evolution-mediated pri-
ority effects (De Meester et al. 2002, 2016; Urban and De
Meester 2009)—we compared simulations with and without
mutations. In most of the tested combinations of environ-
mental rarity and immigration frequencies, the mean ar-
rival rank of lineages that make up the population after
500 generations is lower in the presence of mutations than
in the absence of mutations. Moreover, as in some simula-
tions themost preadapted immigrant does not arrive within
500 generations, in the absence of mutations, the mean
arrival rank in those simulations is not in equilibrium after
500 generations, and hence the difference in grand mean
arrival rank can increase even further after this period
(see fig. 6). Our results thus indicate that long-term prior-
ity effects are strongly dependent on the resident popula-
tions’ potential to evolve if there are few preadapted im-
migrants. The resulting priority effects are strong, as the
mean arrival rank of most populations at equilibrium is
less than 6, clearly indicating that the population is domi-
nated by the first few colonists even after 500 generations
representing approximately 25 to 400 immigrants depend-
ing on the immigration rate. In contrast, in scenarios with
many preadapted immigrants, letting lineages evolvemerely
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reduced the mean arrival rank by less than 3 ranks. This
is not unexpected given that at high immigration frequen-
cies in landscapes with many similar habitats, optimally
adapted lineages have a high likelihood to arrive early, re-
sulting in a strong priority effect without evolution of line-
ages. Evolution does, however, enhance priority effects in
scenarios where the first-arriving lineages tend not to be
optimally adapted. Hence, our results suggest that evolution-
mediated priority effects might be common. Overall, we
expected and found a larger monopolization effect (i.e.,
a large contribution of evolution to the priority effect) when
immigration frequencies are low (as this causes larger av-
erage time lags between subsequent colonizers, allowing
more time for evolutionary trait change) and when there
are few preadapted immigrants. The latter should be re-
flected in stronger evolution-mediated priority effects in
patches characterized by regionally rare environments than
in patches with regionally common environments.
Next to the difference in arrival time and the ancestral

environment-phenotype match of both the founder and
invader, the rate of evolution is expected to influence the
length of the window of opportunity for establishment of
the invader. We tested for different rates of evolution of
lineages by varying the mutation rate (range 104 to 106; see
app. C) and the fitness gain or loss that is achieved through
eachmutation (see app. B). In contrast to varying the fitness
gain or loss, varying mutation rate did not have a strong ef-
fect on the window of opportunity for establishment.
In conditions producing a large monopolization effect,

we expected a lower lineage richness at equilibrium in sim-
ulationswithmutations than thosewithoutmutations. Our
results do not show such a difference in average lineage
richness in simulations with and without mutations. Rather,
the mean lineage richness was low in all simulations. Thus,
our results suggest that population monopolization, despite
resulting in a larger influence of early-arriving lineages on
the population genetic structure at equilibrium, does not
necessarily result in a lower lineage richness. Our simula-
tions also show that lineage richness at equilibrium is, un-
der a broad range of scenarios, lower than lineage richness
after 100 to 200 generations (see fig. 6). This is likely the re-
sult of the fact that during the first generations population
growth is exponential and allows multiple lineages to co-
exist due to gene surfing (Excoffier and Ray 2008; Hallat-
schek and Nelson 2008). As competition increases in our
patch, local fitness becomesmore important and gradually
an equilibrium richness is reached, which is in most cases
lower than the lineage richness at intermediate stages (see
fig. 6).
Given the widespread occurrence of contemporary evo-

lution, our results suggest that landscape genetic struc-
ture in nature may often largely result from the dynamics
that occurred during colonization and the initial out-of-
equilibrium population dynamics following colonization.
In our simulations, most populations at equilibrium are
indeed dominated by the descendants of only a few early-
arriving immigrants. Estimates of gene flow often reported
in population and landscape genetic and genomic studies
should thus be interpreted with care, as they often might
not only reflect current levels of gene flow but also might
be strongly impacted by colonization dynamics (Orsini
et al. 2013). This introduces an important element of sto-
chasticity in the observed landscape genetic structure, as
among-population genetic differentiation might then to
a large extent be determined by arrival order of genotypes
during colonization of habitats.
Generality of Results

Our results are clear-cut and striking in their prediction
that most populations would be dominated by the de-
scendants of a few early-arriving lineages. We imple-
mented a quite broad set of scenarios, varying immigra-
tion frequencies over several orders of magnitude and
testing landscapes in which the target patch differs in terms
of its uniqueness in environmental conditions. We also ex-
plored the effect of different fitness gain or loss per muta-
tion (see app. B), mutation rates (see app. C), and popula-
tion sizes (see app. D).We deliberately kept ourmodel very
general, and a number of key simplifying assumptionswere
made.
First, we made strong simplifications on the evolution-

ary mechanism underpinning adaptation (i.e., asexual re-
production, haploid individuals, relatively large selection
differentials, no horizontal gene transfer, no epistatic in-
teractions, etc.). These assumptions can affect the rate of
evolution (Muller 1932; Crow and Kimura 1965; Orr and
Otto 1994; Orr 2000; Rice 2002). Overall, however, our
results should not be overly sensitive to the precise evolu-
tionary mechanism, but rather may depend on the poten-
tial rates of evolutionary trait change. Our key finding,
that patches tend to be monopolized by the descendants
of only a few early-arriving lineages, is linked to the fact
that local adaptation of lineages always occurred and was
rapid compared with the rate of immigration (Haldane
1930; Richardson et al. 2014). Rapid local adaptation has
increasingly been reported for natural populations across
a broad range of organisms including vertebrates, microbial
organisms, and higher plants (Thompson 1998; Hendry
and Kinnison 1999; Kinnison and Hendry 2001; Palumbi
2001; Zhao et al. 2019). Genetic architectures and life cycles
that would slow down evolution considerably are expected
to increase the window of opportunity.
Second, in the main model we assumed infinite deter-

ministic population sizes; that is, we used densities and
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not number of individuals. Therefore, mutations almost
instantly add infinitesimally small densities to each phe-
notype. Several modeling studies (Gerrish and Lenski 1998;
de Visser et al. 1999) show that the population size deter-
mines the supply rate of mutations, which affects the rate
of adaptation. To explore potential biases introduced by the
fact that we worked with a population of infinite size—
that is, where the (1) supply rate of mutations is infinite
and (2) stochasticity is absent—we also implemented our
simulations in a stochastic ordinary differential equation
model with finite population sizes (see app. D). We ob-
served that with increasing population size, the rate of adap-
tation converges on that of the regular infinite population
size model (see app. D, figs. D1, D2; figs. B1, B2, C1, D1–
D4, and E1 are available online) and that in general the fi-
nite population size model gave qualitatively similar results
to the infinite population model (see app. D, figs. D3, D4).
Small populations show a higher mean arrival rank (fig. D3),
because local adaptation takes longer (figs. D1, D2), leading
to reduced priority effects. Overall, our observation that the
landscape genetic structure in heterogeneous landscapes
might largely be determined by the identity of the first
few colonizers in each of the habitat patches likely holds
for species that build up local population sizes of interme-
diate to large sizes (several thousand or more). While this
excludes many of the larger-bodied species that have small
local population sizes, our results thus likely hold for many
smaller-bodied organisms for which local populations
(e.g., herbivore insects on a single tree) often rapidly grow
to thousands of individuals.
Third, our model is not spatially explicit; that is, it

excludes migration-based feedback loops between patches.
One interesting spatial setting to which our model applies
is that of (environmentally rare) small peripheral habitat
patches connected to one very large source patch, where ef-
fect of the peripheral patches on the common habitat patch
is negligible. For this setting, our model predicts strong
evolution-mediated priority effects for the peripheral pop-
ulations, resulting in those populations being dominated
by a few early-arriving colonist lineages. Indeed, studies of
the bivalve mussel Brachidontes sp. in marine lakes with
varying degrees of connection to the sea show widespread
evidence suggestive of evolution-mediated priority effects
even in well-connected lakes, including high genetic differ-
entiation between nearby lakes, a correlation between lake
temperature and genotype at the local scale, and an esti-
mated bottleneck event roughly coinciding with the filling
of the lakes (Maas et al. 2018; Leeuw et al. 2020). More spa-
tially explicit models with migration-based feedback loops
between patches or a sequential order of habitat patch col-
onization (Ramachandran et al. 2005; Excoffier and Ray
2008; Hallatschek and Nelson 2008) are beyond the scope
of this article but might reveal additional patterns.
Finally, an important simplifying assumption we made
is that the environmental conditions that determine which
phenotype has the highest fitness in local habitats do not
change over time. One can expect, however, that priority
effectsmight still predominate in systems in which the rate
of environmental change is sufficiently slow and gradual
so that the resident population can genetically track the
changes and stay well adapted (Loeuille and Leibold 2008).
An example of a setting in which evolution-mediated pri-
ority effects persist despite environmental changes is in
populations of the human gut bacteria Bacteroides fragilis
(Zhao et al. 2019). Exploring the effect of changing envi-
ronmental conditions on colonization dynamics in future
work might provide a more realistic picture on when and
in which environments populations will tend to be domi-
nated by early-arriving colonist lineages. There are many
settings in which rapidly fluctuating or otherwise chang-
ing biotic environments are common, such as in the case
of host-parasite dynamics (Khibnik and Kondrashov 1997;
Dybdahl and Lively 1998; Dercole et al. 2006; Decaestecker
et al. 2007; Kouyos et al. 2007; Ebert 2008) or predator-prey
cycles (Yoshida et al. 2003; Dercole et al. 2006). For host-
parasite and predator-prey dynamics, many studies have
reported that contemporaneous evolution can strongly im-
pact ecological dynamics, similar to the eco-evolutionary
dynamics impacting establishment success in our model
(Hairston et al. 2005; Urban et al. 2008; Pantel et al. 2015;
Hendry 2017). To what extent changing environmental con-
ditions interfere with the persistence of evolution-mediated
priority effects needs further study.
To conclude, despite our simplifying assumptions on

the evolutionary and ecological mechanisms, our results
suggest that under a broad range of immigration frequen-
cies and uniqueness of local environmental conditions,
local adaptation can sufficiently increase the fitness of res-
ident populations so as to reduce establishment success of
later-arriving lineages, thus enhancing priority effects (De
Meester et al. 2002, 2016).
Conclusion

We studied the dynamics during the colonization of a
new habitat patch using a minimalistic model of compe-
tition between evolving asexually reproducing lineages in
which we can track the fate of all immigrant lineages. In
general, we found that the window of opportunity for the
establishment of late-arriving lineages is short due to local
adaptation of the descendants from founding lineages and
that the length of this window of opportunity critically de-
pends on the ancestral fitness of both the founding and the
invading immigrants. We tested the implications of this
short window under a variety of propagule immigration
frequencies and environmental landscape settings in which
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the habitat patch to be invaded was rare or common. We
consistently found that lineage richness is low in popula-
tions at equilibrium and that in simulations with evolution
of lineages, equilibrium populations are dominated by de-
scendants of early-arriving lineages, with the mean arrival
rank being lower than 6 in most simulations (up to 25 in
simulations withmany preadapted immigrants). Evolution
of lineagesmade a substantial difference, because in the ab-
sence of it in environmental settings with few or an inter-
mediate number of preadapted immigrants, we found that
the populations at equilibrium were no longer dominated
by early-arriving lineages. These results have important im-
plications for landscape genetic structure in heterogeneous
landscapes, which is expected to be strongly influenced by
colonization dynamics (isolation by colonization; Orsini
et al. 2013).
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