UC Berkeley
UC Berkeley Previously Published Works

Title

The evolutionary dynamics of local adaptations under genetic rescue is determined by
mutational load and polygenicity

Permalink
https://escholarship.org/uc/item/8sx8r6j4

Journal
Journal of Heredity, 115(4)

ISSN
0022-1503

Authors

Zhang, Yulin
Stern, Aaron |
Nielsen, Rasmus

Publication Date
2024-07-10

DOI
10.1093/jhered/esad079

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/8sx8r6jz
https://escholarship.org
http://www.cdlib.org/

American
\ Genetic
| o g OXFORD
I Association

Journal of Heredity, 2024, 115, 373-384
https://doi.org/10.1093/jhered/esad079
Advance access publication 26 December 2023

Original Article

G

Original Article

The evolutionary dynamics of local adaptations under
genetic rescue is determined by mutational load and
polygenicity

Yulin Zhang'?"*(2, Aaron J. Stern?""{2 and Rasmus Nielsen3*5

'School of Life Sciences, Sun Yat-sen University, Guangzhou, Guangdong, P.R. China,
2Center for Computational Biology, UC Berkeley, Berkeley, CA, United States,

*Department of Integrative Biology, UC Berkeley, Berkeley, CA, United States,

“Department of Statistics, UC Berkeley, Berkeley, CA, United States,

SCenter for GeoGenetics, Globe Institute, University of Copenhagen, Copenhagen, Denmark

These authors contributed equally.

“Corresponding authors: Center for Computational Biology, UC Berkeley, CA, United States, 94720. Email: zhangyulin9806@berkeley.edu (YZ), Center for
Computational Biology, UC Berkeley, CA, United States, 94720. Email: ajstern@berkeley.edu (AJS), Department of Integrative Biology, UC Berkeley, CA,
United States, 94720. Email: rasmus_nielsen@berkeley.edu (RN)

Corresponding Editor: Kirk Lohmueller

Abstract

Inbred populations often suffer from increased mutational load and reduced fitness due to lower efficacy of purifying selection in groups with
small effective population sizes. Genetic rescue (GR) is a conservation tool that is studied and deployed with the aim of increasing the fitness
of such inbred populations by assisted migration of individuals from closely related outbred populations. The success of GR depends on several
factors—such as their demographic history and distribution of dominance effects of mutations—that may vary across populations. While we
understand the impact of these factors on the dynamics of GR, their impact on local adaptations remains unclear. To this end, we conduct a pop-
ulation genetics simulation study to evaluate the impact of trait complexity (Mendelian vs. polygenic), dominance effects, and demographic his-
tory on the efficacy of GR. We find that the impact on local adaptations depends highly on the mutational load at the time of GR, which is in turn
shaped dynamically by interactions between demographic history and dominance effects of deleterious variation. Over time local adaptations
are generally restored post-GR, though in the short term they are often compromised in the process of purging deleterious variation. We also
show that while local adaptations are almost always fully restored, the degree to which ancestral genetic variation affecting the trait is replaced
by donor variation can vary drastically and is especially high for complex traits. Our results provide insights on the impact of GR on trait evolution
and considerations for the practical implementation of GR.
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Introduction

Genetic rescue (GR) is a strategy used in conservation bi-
ology that aims to increase the fitness of an endangered in-
bred (recipient) population by introducing genetic variation
from another (donor) population. GR is accomplished by as-
sisted migration of individuals from closely related, healthy
populations to the imperiled inbred population. This process,
by definition, leads to the replacement of local genetic varia-
tion in the recipient population from the donor population.
Typically, only a small number of individuals are introduced
in order to conserve local genetic variation (Whiteley et al.
2015).

The strategy has now been practiced on many highly inbred
populations from different taxa, including the Florida pan-
ther (Johnson et al. 2010), African lions (Miller, et al. 2020),
robins (Heber et al. 2012), guppies (Fitzpatrick et al. 2016),
woodrats (Smyser et al. 2013), and adders (Madsen et al.
1999). In several cases, GR efficiently increased the absolute
fitness of the inbred population and reduced inbreeding de-
pression (Frankham 2015; Hedrick and Garciadorado 2016).
A famous example is the introduction of mountain lions
from Texas of the subspecies Puma concolor stanleyana (P.
c. stanleyana) to the Florida Puma concolor coryi (P. c. coryi)
population, which resulted in a 3-fold increase in the number
of P. c. coryi within five years, coupled with increased survival
rates and a doubling of heterozygosity in the recipient popu-
lation (Johnson et al. 2010). Analytical and empirical studies
indicate that the beneficial effect of GR can persist over mul-
tiple generations (Frankham 2016; Jorgensen et al. 2022).
These findings underscore the potential of GR as a powerful
conservation tool for increasing fitness in endangered inbred
populations.

However, despite its promise, there is skepticism and cau-
tion towards the application of GR due to concerns about
outbreeding depression and genetic homogenization (Rhymer

and Simberloff 1996; Gharrett et al. 1999; Hogg et al. 2006;
Edmands 2007; Hedrick and Fredrickson 2009; Bijlsma
et al. 2010; Holmes et al. 2008; Bell et al. 2019). In the case
of the Florida panther, an estimated genetic replacement of
~41% has been reported (Johnson et al. 2010). In another
case of the Isle Royale wolf, the immigration of one single
male to Isle Royale caused a genetic replacement of 56% to
the local inbred population within two generations (Adams
et al. 2011; Hedrick et al. 2019). Furthermore, Hwang
etal. (2012) reported negative fitness effects in cases of GR be-
tween genetically highly divergent species due to outbreeding
depression.

Several different theoretical studies have been conducted
to examine the expected efficacy of GR (Tallmon et al. 2004;
Frankham et al. 2011; Hedrick et al. 2016; Harris et al. 2019).
The dynamics of GR are complex, depending on, among other
factors, the amount of gene flow, the demographic history (e.g.
effective population size), and the dominance coefficients of
mutations. Harris et al. (2019) demonstrated that higher levels
of assisted admixture could lead to a more rapid recovery in
the relative fitness of the recipient population; however, this
occurs at the cost of replacing an increasing proportion of the
recipient’s ancestral genomes with those of the donor popu-
lation. Such effects would be maximized when deleterious
mutations are recessive (Kim et al. 2018; Harris et al. 2019).
The demographic history of both the recipient and donor
populations also shape the dynamics of GR. For instance, small
effective population size (N ) limits the efficacy of natural se-
lection; thus, in most cases, admixture from a population with
large N helps restore fitness (Harris et al. 2019; Fitzpatrick
etal.2020). However, several studies have revealed that demog-
raphy and dominance of deleterious mutations have key inter-
action effects on the GR process (Xue et al. 2015; Robinson
et al. 2016; Harris et al. 2019; Kyriazis et al. 2021). For ex-
ample, Kyriazis et al. (2021) showed that GR from populations
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with historically low N_ can be more robust to the effects of
severe bottlenecks in the recipient population than those with
historically large N,. The underlying assumption is that his-
torically large populations could carry more strongly delete-
rious recessive mutations, which are most sensitive to extreme
bottlenecks, in heterozygote state while smaller populations are
more efficient at purging these mutations.

Previous studies suggest that the genetic replacement
caused by GR can be controlled if the amount of admixture
is limited (Whiteley et al. 20135; Bell et al. 2019; Harris et al.
2019). However, whether local adaptation plays a role in GR
remains an open question. Specifically, whether GR would
lead to the loss of unique local adaptations, or whether local
adaptations could affect the process of fitness restoration by
GR, remain largely unexplored.

Here, we explore how the addition of linked locally
adaptive variation affects the GR process. Specifically, we ex-
plore the dynamics under GR on 1) Mendelian traits, and 2)
polygenic traits under stabilizing selection with a shift in the
optimum. Our results illustrate how the genetic architecture
of adaptive traits evolve under GR, and how the dynamics of
GR depend on the joint effects of demographic history and
genetic factors such as dominance.

Methods

We simulated two demographic models from Harris et al.
(2019), as illustrated in Fig. 1A and B. The simulations were
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conducted using SLiM v3.2 (Haller and Messer 2019). Model
1 (Fig. 1A) represents a population that undergoes a long-
term bottleneck of 0.1 times the ancestral population size
(N, =10, which lasts for 16,000 generations. This dem-
ographic history represents a population that is small for a
long period of time and has a similar history to Neanderthals
as inferred by Prufer et al. (2014). Neanderthals represent a
good example of a long-term inbred population where ge-
nomic analyses have discovered a substantial accumulation
of deleterious alleles (Castellano et al. 2014; Prufer et al.
2014). Model 2 (Fig. 1B) represents instead a population with
an extreme, short-lived bottleneck with N =10 that lasts
for 20 generations, which might be more representative of
many currently endangered species (Miller et al. 2020). To
further explore the dynamics of GR under different demo-
graphic parameters in Model 2, we varied the divergence time
between the donor and recipient populations (Fig. 1C) and
the extent of population size recovery after GR in the recip-
ient population (Fig. 1D). Prior to the time of divergence, we
conducted a burn-in phase of 44,000 generations. We simu-
lated two trait architectures: a Mendelian trait, with only one
adaptive site contributing to the trait, and a polygenic trait
with a large mutational target.

We simulated the Mendelian trait under two selection
models: 1) a hard sweep, in which a rare additive benefi-
cial mutation occurs after the split of the population, and
2) a soft sweep from a standing variant, in which an allele
segregating until the split is picked at random, and its selec-
tion coefficient is then changed so that the allele becomes

Model 2
44,000
Ne=10,000 generations
16,000
generations
Ne=5,000 |

admixture Ne=10 I 20 generations
I Ne=s,000| 2000
generations
44,000

Ne=10,000 generations

16,000
generations
Ne=5,000 Ne=5,000
admixture Ne=10 I 20 generations
l Ne= 2,000
50 - 200 | generations

Fig. 1. Demographic models used for simulations. A) shows demographic Model 1 with a long-term bottleneck. B) shows demographic Model 2 with a
short-term extreme bottleneck. Demographic Model 2 is further explored by varying the divergence time between the donor and recipient populations
C) and the recipient population size after GR D). Time runs from top to bottom. Admixture happens at the generation right after the population size

increases and lasts for only one generation. Population size changes are assumed to be discrete as depicted in the figure. Samples are taken from the
recipient population on the right after the admixture up to 2,000 generations.



376

beneficial. Selection acts on the trait only after the split of
two populations. For both models, we examined multiple
selection coefficients for the adaptive alleles, including
s=10"% 107 and 102

We simulated the polygenic trait under a model of
stabilizing selection with Gaussian fitness. To model the
effects of local adaptation in the recipient population, we
allowed the phenotypic optimum in this deme to increase by
some amount, immediately following the divergence from the
ancestral population. With V_as the variance (width) of the
fitness function (not to be confused with the variance in fit-
ness among individuals), we simulated scenarios where the
inbred population’s phenotypic optimum shifts by & = 1, 2,
5 immediately after the split, while the phenotypic optimum
remains at O for the outbred population. The fitness of the
polygenic trait is thus calculated as

1 _ (=52

Hp) = o

where the phenotypic value (p) is calculated as the sum of
effects (a) of casual alleles p = Y, cqnps 4. We considered
different selection strengths by setting the variance of the fit-
ness function to be V_= 3,000 and 10,000. We assume genetic
effects among loci are additive. Under this model, at equilib-
rium (phenotypic mean equals to the optimum), alleles are
under under-dominant selection with s = a*/ Vs, where a is
the effect of the allele, on the same scale on which the fit-
ness function is defined (Simons et al. 2018). In the transient
phase after a large shift in the optimum, selection is approx-
imately additive with s = ad/ Vs (Hayward and Sella 2022).
We assume selection coefficients of causal single nucleotide
polymorphisms (SNPs) to be roughly s ~10"*—=1073, in
line with current estimates that SNPs associated to complex
traits in humans have been under weak selection (Simons
et al. 2018). We draw the effects of causal alleles (a) from a
standard normal distribution (i.e. mean = 0 and variance = 1).
See Supplementary Table S1 for more details.

In addition to the adaptive mutations described above,
we also allowed for accumulation of deleterious mutations
assumed to be 1) additive (b = 0.5), 2) partially recessive (b
= 0.1), and 3) recessive (b = 0), where b is the dominance
coefficient. To specify a set of simulation parameters real-
istic for mammals, we chose parameters inferred in humans
for recombination rates and distribution of fitness effects
(DFE). We simulated whole human exome sequence (~71.5
Mbp) using the UCSC exon recombination map from the
human reference genome (build: hg19) and a DFE on non-
synonymous mutations—a gamma distribution with a mean
of =0.043 and shape parameter a = 0.23, estimated by (Eyre-
Walker et al. 2006). We assumed a non-synonymous mutation
rate of 7 x 10~ per bp/generation, based on an estimate of
1.0 x 10-® mutations per site per generation (1000 Genomes
Project 2010; Scally and Durbin 2012) and approximately
two-third of mutations in coding regions leading to changes
in amino acid sequence (Harris and Nielsen 2016), and log
additive interactions among selected loci. A summary of the
simulations is provided in Supplementary Table S1.

For all simulations, we recorded mean fitness over all
individuals in the recipient population relative to that of the
outbred population, the ancestry proportion in the inbred
recovering population, the varying allele frequency of the
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adaptive mutation in the Mendelian model, and the fluctu-
ation of mean phenotype in the stabilizing selection model.

Results

Fitness changes and genomic replacement after GR

We explored the dynamics of GR on the fitness and ancestry
fraction of the recipient population under different demo-
graphic models (Fig. 1A and B) and demographic parameters
of Model 2(Fig. 1C and D), assuming different dominance
coefficients of deleterious variations, different admixture
proportion during GR and two types of adaptive traits
(Mendelian and polygenic). Fitness is measured by taking
the average of the individual fitness of offspring in the recip-
ient population and normalized by the same quantity for the
donor population. The fitness calculated in generation T is
the fitness of parents (rather than offspring) in generation T.

We first investigated the effects of GR on fitness and ances-
tral genome reduction in the recipient population depending
on the severity and length of the bottleneck (i.e. Model 1 vs.
Model 2, Fig. 1A vs. B). Consistent with our previous results
(Harris et al. 2019), we found that, under different demo-
graphic models and dominance of deleterious variation, GR
has drastically varying rates of success (in terms of achieving a
rapid increase in relative fitness). When deleterious mutations
are additive, GR only acts successfully in Model 1, where
a certain amount of fitness reduction is shown before GR
(Fig. 2A, Supplementary Fig. S2A and D). In contrast, when
deleterious mutations are partially recessive, GR is successful
in both models albeit much faster under Model 2 (Fig. 2B,
Supplementary Fig. S2B and E). We observed extensive het-
erotic effects under a fully recessive load: provided sufficient
admixture (1%), the recipient population fitness increases rel-
ative to that of the donor population in Model 2 in 10 gen-
erations, whereas in Model 1 the fitness is not restored to the
same level even in the long run (>1,000 generations post-GR)
(Fig. 2C, Supplementary Fig. S2C and F). Generally, we found
that the lower the recipient fitness before GR, the higher the
amount of genomic replacement by the donor population
in the long run. Furthermore, the more successful GR is at
restoring fitness, the higher the amount of genomic replace-
ment in the long run (Fig. 2D-F Supplementary Fig. S3). Our
results align with previous empirical studies on Drosophila
melanogaster, demonstrating that the post-GR fitness increase
can persist for over 10 generations, with a larger fitness
increase observed when the recipient population has lower
initial fitness (Bijlsma et al. 2010).

A short-term bottleneck (Model 2) does not increase or
decrease the average number of mutations an individual
carries. However, it allows recessive deleterious mutations
of strong deleterious effects that were segregating in the
population to increase in frequency and potentially go
to fixation (while others are lost). Models with recessive
mutations allow for much more standing variation of dele-
terious mutations that potentially can increase in frequency
during the bottleneck compared with models with additive
mutations (e.g. Fig. 2A vs. 2C). GR is, therefore, particularly
effective in the presence of short-term bottleneck and reces-
sive deleterious mutations, because the recipient population
may have fixed strongly deleterious recessive mutations
that can be purged immediately after GR (Fig. 2C).
In the case of a constant low population size (Model 1),
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recessive (h=0)in Cand F

deleterious mutations (both in the recessive and additive
model) will accumulate and can slowly go to fixation if
they have weak effects, but one is unlikely to observe the
same kind of strong effect of strongly deleterious recessive
mutations going to fixation as that would be seen in models
with recessive mutations and a severe bottleneck (Fig. 2B
and C).

We further illustrated the joint dynamics of fitness re-
covery and genetic replacement under a severe bottleneck
(Model 2) with recessive deleterious mutations in Fig. 3. We
found that in the first generation after GR, native ancestry is
either 0% or 100% in the parents, where 100% native an-
cestry is associated with much lower fitness (Fig. 3A). After
one generation of admixture between donor individuals and
the recipient population, a large proportion of offspring have
hybrid genomes (with one inbred and one outbred chromo-
some), despite a low admixture proportion (1%). The hybrid
individuals enjoy much higher fitness than inbred individuals,
as well as the non-crossed outbred individuals, because it is
extremely rare for the hybrid individuals to be homozygous
for recessive deleterious variation (as it would require a re-
cessive deleterious variant to segregate in both inbred and
outbred populations at the time of the assisted admixture, e.g.
GR). In the following generations, as ancestry proportions
range between ~30% and 90%, there is a clear trend of lower
native ancestry incurring increased fitness in the recipient
population (Fig. 3C and D).

The extent of the heterosis effect under Model 2 is im-
pacted not only by the dominance of deleterious mutations,
but also by the length of divergence between donor and re-
cipient populations before GR. As shown in Fig. 4D-F, under

the same scenario assuming deleterious mutations being
partially recessive or recessive, fitness in the recipient pop-
ulation recovers more rapidly immediately after GR (<10
generations) with a longer divergence time between the two
populations (Fig. 4E and F, Supplementary Fig. S7). On the
contrary, we noticed a reduced degree of local genetic ancestry
replacement with greater divergence, possibly because of the
increased genetic heterogeneity between the two populations
(Fig. 4F, Supplementary Fig. S7).

We also examined the impact of population size recovery
after GR on the recipient population fitness restoration and
ancestry maintenance. Compared with scenarios where the
recipient population size fully recovers (to its pre-bottleneck
value, N = 5,000, Fig. 2), we observed recurrent inbreeding
depression in scenarios assuming smaller constant N_ values
after GR (Fig. 4A-C, Supplementary Fig. S6). Generally, we
found that populations with smaller increases in N after GR
have more significant recurrent fitness reduction in the long
run. Furthermore, the more successful GR is at restoring fit-
ness, the greater the local ancestry loss observed in the recipient
population (Fig. 4A-C, Supplementary Fig. S6). The timing and
extent of recurrent inbreeding depression are dependent on the
dominance effect of deleterious mutations. When deleterious
mutations are additive, GR has no effect on the recipient pop-
ulation, and fitness decreases slowly, with only about a 10%
reduction observed in the long term (>100 generations after
GR, Fig. 4A, Supplementary Fig. S6A and D). In contrast, when
deleterious mutations are partially recessive, GR succeeds at
short-term fitness restoration (10 generations post-admixture),
followed by a long-term fitness decline (Fig. 4B, Supplementary
Fig. S6B and E). This pattern is even more extreme in cases
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Fig. 3. Relation between individual fitness and its ancestral genome proportion under demographic Model 2, with recessive deleterious mutations and
admixture fraction of 1%. Each dot represents an individual, depicting the relation between ancestry proportion and relative fitness (to the mean fitness
of the outbred population) of each individual in the inbred recipient population. A) shows the population before mating with outbred individuals. B)
indicates the first generation after admixture (e.g. F1), while C) represents the second generation (e.g. F2), and D) shows the third generation (e.g. F3).

with a recessive mutation load: given a substantial amount of
admixture (10%), fitness recovers only in the first generation
post-admixture, followed by a steep fitness reduction in the
next generation, and gradual reduction (more rapid than that
observed Fig. 4B) afterward. In the scenario where the popu-
lation size increases fivefold after GR (N, = 50), hybrid fitness
returns to its pre-GR value in approximately 20 generations
(Fig. 4C, Supplementary Fig. S6C and F).

Lastly, we directly compared the recipient population fit-
ness (hybrid fitness) trajectories under Mendelian and poly-
genic trait models (Supplementary Figs. S1-S7 vs. S8-S11).
We found that under the simulation models we considered,
varying parameters controlling the local adaptation (e.g. hard
or soft sweep model and selection coefficient for the Mendelian
trait and optimum and variance terms for the polygenic trait)
do not have any appreciable effect on fitness as an outcome
of GR. In Supplementary Fig. S1 we compare simulations of
a Mendelian trait under strong selection (Supplementary Fig.
S1A and B) vs. a polygenic trait under strong stabilizing se-
lection (Supplementary Fig. S1C and D). The results are com-
parable both under Model 1 (Supplementary Fig. STA and
C) and Model 2 (Supplementary Fig. S1B and D) and under
various levels of dominance (Supplementary Fig. S1).

Selection on Mendelian traits

We simulated a Mendelian trait that is fixed for the derived
(locally adaptive) allele in the recipient population, and fixed

for the ancestral allele in the donor population. We varied the
selection coefficient of the trait, the dominance coefficient of the
linked deleterious variation, the admixture proportion during
GR, the demographic model including a long-term small effec-
tive population size (Model 1) and a short-term severe bottle-
neck model (Model 2), and demographic parameters including
the divergence time between populations and effective popula-
tion size after GR (see Fig. 1).

First, we looked at the dynamics of local adaptations under
different demographic settings (Figs. 5 and 6, Supplementary
Figs. S12 and S13). We found that, in the short term (~10 gen-
erations post-GR) the adaptive allele decreases in frequency
following the loss of ancestral variation (Fig. 5 vs. 2; Fig 6 vs.
3), which is the consequence of selection being dominated by
the global influence of deleterious mutations in native ancestry
after the assisted admixture of GR (Figs. 2 and 3). In most
scenarios we explored, the adaptive allele starts increasing
in frequency in 10 generations when enough recombination
occurs to break up the linkage between the adaptive allele and
the deleterious alleles. However, even for very strong selection
(s = 0.01), it takes hundreds of generations for the adaptive
allele to fully restore (to fixation) in the recipient population,
which is beyond the limit of empirical experiment records
(Figs. 5 and 6, Supplementary Figs. S12 and S13). In some ex-
treme cases, with sufficiently high levels of admixture (10%),
GR under Model 2 actually causes the adaptive allele to be
lost with high probability after a total genetic replacement in
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scenarios when the selection coefficient is sufficiently small
(0.001, Fig. 5F), the population size of the recipient popula-
tion after GR stays limited (N, = 50, 100, or 200, Fig. 6C), or
the divergence time between the donor and recipient popula-
tion is short (<1,000 generations, Fig. 6F).

We also examined the joint effects of dominance coefficients
of linked deleterious variation and demographic history on the
efficacy of GR. In all simulations under different demographic
settings, we saw a greater degree of genetic replacement
(Figs. 2 and 3), leading to a greater reduction in the frequency
of the adaptive allele, as deleterious mutations become more
recessive (Figs. 5 and 6, Supplementary Figs. S12 and S13).
For example, there was a smaller short-term reduction in al-
lele frequency of the adaptive allele under Model 2 relative
to Model 1 when deleterious variants are additive (Fig. SA,
Supplementary Figs. S12 and S13A,D) but a larger reduction
for partially recessive or recessive deleterious variants (Fig.
5B,C,E,F, Supplementary Figs. S12 and S13B,C,E,F), fol-
lowing the same pattern of the ancestral variation propor-
tion decline in those scenarios (Fig. 2D-F, Supplementary
Fig. S3). However, the locally adaptive locus itself had only
a minor effect on the recovery of relative fitness and reduc-
tion of ancestral DNA proportion of the recipient population
(Supplementary Figs. S1, S2, S4). These results emphasize the
importance of weakly deleterious mutations in shaping the
genetic architecture rather than strongly adaptive mutations,
which is consistent with previous simulation studies and
observations in modern human genomes (Lohmueller et al.
2011; Kim et al. 2018).

We considered that sweeps from standing variation may
have different patterns of linked deleterious variation around
the adaptive allele; however, when simulating under alter-
native selection models we found no difference between the

hard vs. soft sweep models (see Fig. 5, Supplementary Fig. S13
vs. S14; Supplementary Figs. S2, S3 vs. S4, S5).

Polygenic adaptation

We also simulated a polygenic trait under a model of
stabilizing selection with a shift in the optimum (Figs. 7 and 8).
Here we varied the strength of stabilizing selection on the
trait (controlled by v/Vs, the “width” of the fitness function),
the size of the shift in the local optimum after the divergence
of donor and recipient populations, 8 = 0, 1, 2, 5, measures
in units of /Vi, the dominance coefficient of deleterious
mutations, the admixture fraction during GR, as well as the
demographic model.

We examined two features of polygenic trait evolution:
first, we evaluated the effect of GR on the perturbation of the
adaptive phenotype from its optimum (Fig. 7, Supplementary
Fig. S16); we measured this by looking at the average dis-
tance of the population mean phenotype from the optimum.
We also considered the extent of replacement of ancestral
variation associated with the trait (Fig. 8, Supplementary Fig.
S17); we measured this replacement by examining the relative
proportion of genetic variance of the trait due to ancestral
variation vs. donor variation introduced by GR.

We found that under Model 1, polygenic adaptations
are not significantly affected by GR, as the trait’s evolution
appears to follow the same trajectory regardless of admix-
ture proportions or dominance coefficients of the deleterious
load (Fig. 7A-C, Supplementary Fig. S16A-C). However,
under Model 2, we found that following rapid phenotypic
drift from the optimum due to a severe bottleneck, poly-
genic adaptations subsequently follow dramatically dif-
ferent trajectories depending on several factors (Fig. 7D-F,
Supplementary Figs. S15, S16D-F): for example, GR allows
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the polygenic adaptation to recover to its optimal value much
more quickly than without GR assuming a full population size
recovery (Fig. 7D-F, Supplementary Fig. S16D-F); and this ef-
fect is most pronounced under scenarios where there is fully
recessive load (Fig. 7F, Supplementary Fig. S16F), although
it is still significant under a partially recessive load (Fig. 7E,
Supplementary Fig. S16E). When the recipient population size
stays limited after GR, the phenotypic drift from the optimum
continues and polygenic adaptations are primarily influenced
by the population size rather than GR (Supplementary Fig.
S15A-C). We found no significant impact of divergence time
between donor and recipient populations on dynamics of pol-
ygenic adaptations after GR under Model 2 (Supplementary
Fig. S15D-F).

We also explored how the genetic basis of the polygenic
adaptation in the recipient population is replaced by donor
variation (Fig. 8, Supplementary Fig. S17). We quantify this
using the proportion of the genetic variance attributable to
standing variation in the recipient population just before ad-
mixture; genetic variance post-admixture is the sum of this
quantity, plus genetic variance attributable to standing varia-
tion in the donor population just before admixture, plus that
of de novo mutations occurring in the recipient population
post-admixture (although this has negligible contributions
over short timescales). Generally, we find that the genetic
basis is quickly replaced due to GR, with >90% of the genetic
variance being replaced with donor variation when GR is
most successful; for example, under Model 2, especially when
the deleterious load is recessive and the admixture fraction is
high (Fig. 8A, Supplementary Fig. S17A). Broadly, patterns
of genetic variance replacement are consistent with patterns
of ancestry replacement (Fig. 8, Supplementary Fig. S17 vs.
S9-511), with stronger replacement in situations where GR is
more successful at recovering fitness. However, details of the
local adaptation do affect the dynamics of how the genetic
variance evolves; for example, when the optimal phenotypes
differ substantially between the recipient and the donor
population, the fraction of the genetic variance replaced by
the donor population is lower (Fig. 8B, Supplementary Fig.
S17B), because in this case donor individuals are more poorly
adapted to the environment of the recipient population, and
thus GR is countervailed by this force.

Discussion

We present a population genetic simulation study that
elucidates the dynamics of local adaptation and GR, consid-
ering various models of the selection strength and architec-
ture of the adaptive trait, dominance of the mutational load,
demography, and admixture fractions. The results of our
simulations show that generally, GR helps restore population
fitness following assisted migration, with fitness increases
observed within ten generations, in most cases. But as the effi-
cacy of GR increases, so does the amount of genomic replace-
ment in the recipient population.

Despite the success at overcoming inbreeding depression
in the short term, insufficient population size recovery will
lead to recurrent inbreeding depression and to a failure of
GR in the long term. When most deleterious mutations are
recessive in the genome, performing GR in an inbred popu-
lation that has gone through a short and severe bottleneck,
will likely cause a complete genetic replacement and a sub-
sequent recurrence of inbreeding depression, unless followed
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by rapid population size growth. We also note that repeated
GR, which is not modeled here, has the potential to negatively
impact the fitness of the recipient population by repeatedly
introducing recessive deleterious alleles, thereby negating the
effects of purging.

Our results highlight the importance of reassessing feasi-
bility before implementing GR in populations confronting
ecological threats, such as habitat loss, which might hinder
population expansion post-GR.

When a locally adaptive trait consists of a single locus (e.g.
a Mendelian trait), GR decreases the allele frequency in the
short term. The dominance of the linked deleterious variants
and the demographic history of the population jointly
determines the degree of its short-term loss while the strength
of positive selection determines the rate of trait recovery. In
our simulations, although the adaptive allele frequency might
continue to decrease in the scope of empirical experiments
(10 generations after GR), the chance of losing the adaptive
trait completely is very small: we only observed this in very
extreme scenarios where the deleterious mutations are all re-
cessive and the adaptive advantage of the trait/population
size after GR/divergence between populations is sufficiently
small. Our results are consistent with observations in empir-
ical experiments on wild guppy populations that gene flow
can increase the fitness of small populations without erasing
adaptive variation (Fitzpatrick et al. 2020).

There are substantial differences in the evolutionary dy-
namics of Mendelian and polygenic traits under GR. Our
simulations of polygenic traits show that the consequences
of GR on the trait were driven by both the loss of genetic
variation as a whole and the distance between the pheno-
type and its optimum before GR. In general, it takes a long
time (about 100 generations, beyond the scope of empirical
experiments) for a polygenic trait to return to its optimum in
most cases. Failure of the recipient population to recover to
a healthy population size can result in continued deviation
of the trait from its optimum. Because polygenic traits have
a large mutational target, causal genetic variation that was
previously exclusive to the donor population is introduced to
the inbred population via GR; this variation quickly replaces
native causal genetic variation, which is linked to many del-
eterious alleles. Thus, the apparently higher efficiency with
which the polygenic adaptation is restored comes at the cost
of long-term replacement by genetic variation from the donor
population. We also showed that the distance of the pheno-
typic optimum between the donor and the recipient popu-
lation has an appreciable influence on how much genomic
replacement is incurred by GR.

Our results not only illustrate the short-term effects of
GR, but also predict the long-term genetic future of the re-
cipient population (over hundreds of generations after GR),
which is usually beyond the scope of empirical experiments.
Additionally, we dissected the impact of various critical
factors, including demographic history, genetic architecture
of adaptive traits, and dominance effects of mutation load,
individually and in combination, enabling us to untangle the
effects of complex genetic features observed in empirical data.

One caveat of our results is that although we have included
scenarios assuming different extents of divergence between
the donor and recipient populations, our simulations do not
assume epistasis and, therefore, do not allow for the evolution
of Dobzhansky-Muller incompatibilities (DMIs). However, in
the presence of DMIs, outbreeding depression may lead to
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limited genetic replacement or even reduce the absolute fit-
ness after GR.

Our simulations highlight the advantages and risks of GR
under various demographic settings and genetic architecture.
Although our results suggest that locally adaptive traits, espe-
cially those that are Mendelian or moderately polygenic, will
be strongly affected by GR in the short term, the causal variant
is generally retained and returns to fixation in the long run.
While locally adaptive polygenic traits are less susceptible to
shifts due to GR, their underlying genetic architecture is highly
susceptible to long-term replacement by donor ancestry.

Supplementary material

Supplementary material is available at Journal of Heredity
Journal online.
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