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Abstract

Island ecosystems provide natural laboratories to assess the impacts of isolation on population persistence. However,
most studies of persistence have focused on a single species, without comparisons to other organisms they interact
with in the ecosystem. The case study of moose and gray wolves on Isle Royale allows for a direct contrast of genetic
variation in isolated populations that have experienced dramatically differing population trajectories over the past
decade. Whereas the Isle Royale wolf population recently declined nearly to extinction due to severe inbreeding de-
pression, the moose population has thrived and continues to persist, despite having low genetic diversity and being
isolated for ~120 years. Here, we examine the patterns of genomic variation underlying the continued persistence of
the Isle Royale moose population. We document high levels of inbreeding in the population, roughly as high as the
wolf population at the time of its decline. However, inbreeding in the moose population manifests in the form of
intermediate-length runs of homozygosity suggestive of historical inbreeding and purging, contrasting with the
long runs of homozygosity observed in the smaller wolf population. Using simulations, we confirm that substantial
purging has likely occurred in the moose population. However, we also document notable increases in genetic load,
which could eventually threaten population viability over the long term. Overall, our results demonstrate a complex
relationship between inbreeding, genetic diversity, and population viability that highlights the use of genomic data-
sets and computational simulation tools for understanding the factors enabling persistence in isolated populations.
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Introduction

Anthropogenic habitat fragmentation has dramatically in-
creased the number of isolated and inbred populations
(Haddad et al. 2015). To conserve these populations, a
crucial question is whether they will be able to persist in
isolation, or if they will be driven to extinction by deleteri-
ous genetic factors, such as inbreeding depression
(Charlesworth and Willis 2009). Numerous examples exist
of inbreeding depression driving population decline in iso-
lated populations (Keller and Waller 2002; Hedrick and
Garcia-Dorado 2016). However, in some populations,
harmful recessive mutations may potentially be “purged”
by purifying selection and such purging may avert inbreed-
ing depression (Glémin 2003; Xue et al. 2015; Hedrick and
Garcia-Dorado 2016; Robinson et al. 2018; Grossen et al.
2020; Pérez-Pereira et al. 2021). Purging may be most ef-
fective in populations where inbreeding is gradual due to

a moderate population size (Day et al. 2003; Glémin
2003; Pekkala et al. 2012; Robinson et al. 2018; Kyriazis
et al. 2021; Pérez-Pereira et al. 2021). However, the extent
to which purging is a relevant factor for the conservation
of threatened populations, and more broadly, the degree
to which populations can persist with low genome-wide
diversity, is controversial (Ralls et al. 2020; Kardos et al.
2021; Kyriazis et al. 2021; Teixeira and Huber 2027;
Kleinman-Ruiz et al. 2022; Pérez-Pereira et al. 2022).

One of the best-studied examples of inbreeding depres-
sion driving population decline is the gray wolf population
on Isle Royale, an island in Lake Superior roughly 544 km”
in area. After ~70 years of isolation at a population size
generally between ~15 and 30 individuals, the Isle Royale
wolf population declined nearly to extinction, with just
two individuals remaining in the population in 2018
(Hoy, Peterson, et al. 2020). This population collapse was
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driven by severe inbreeding depression in the form of
widespread congenital deformities (Hedrick et al. 2019;
Robinson et al. 2019). The decline of the Isle Royale wolf
population has allowed its main prey, moose, to thrive.
During the period of the wolf population’s decline from
2010 to 2019, the moose population increased from
~500 moose to ~2000 moose (Hoy, Peterson, et al.
2020). The Isle Royale moose population was founded
around 1900 likely by a small number of individuals, how-
ever the exact circumstances of this founding, and specif-
ically whether it occurred naturally or by humans, remains
unknown (Murie 1934; Mech 1966; Sattler et al. 2017).
Thus, the Isle Royale moose population has endured in iso-
lation for nearly twice as long as the wolf population and,
although some evidence suggests that moose may be able
to swim the 24 km distance between the island and nearby
mainland, previous genetic studies suggest that the popu-
lation is genetically isolated from the mainland and has
low genetic diversity (Wilson et al. 2003; Sattler et al.
2017). However, despite this long-term isolation and re-
duced genetic diversity, the moose population appears
to be free of obvious signs of inbreeding depression and
has similar population growth rates to mainland popula-
tions (Hoy, MacNulty, et al. 2020). For instance, 58% of
Isle Royale wolves (n = 36) were observed to have congeni-
tal bone deformities linked to inbreeding (Raikkonen et al.
2009). By contrast, less than 0.5% of Isle Royale moose (n >
480) examined over the last decade were observed to have
such bone deformities (RO Peterson, unpublished data).
Thus, the contrasting fates of the Isle Royale wolf and
moose populations provide a compelling case study for
understanding the genetic underpinnings of population
persistence in isolation.

Outside of the Isle Royale population, North American
moose are also known to have low genetic diversity rela-
tive to Eurasian moose, which is thought to be a conse-
quence of a relatively recent founder event following the
Last Glacial Maximum (Hundertmark et al. 2002, 2003;
Decesare et al. 2020). Evidence for this recent founder
event also comes from a relative lack of population struc-
ture across North America as well as the near absence of
moose in the North American fossil record prior to
15,000 years ago (Hundertmark et al. 2002, 2003;
Decesare et al. 2020; Dussex et al. 2020). Depending on
how recent and severe this founding bottleneck was, the
resulting effects of purging may still be apparent in the
North American moose population. Thus, the ability of
moose to persist in isolation on Isle Royale may be en-
hanced by purging from historical bottlenecks.

Here, we use a dataset of high-coverage whole-genome
sequences from 20 North American moose and 1 Eurasian
moose to characterize the impacts of bottlenecks, popula-
tion isolation, and purging in North American moose, fo-
cusing on the Isle Royale population. We confirm
previous findings of low genetic diversity in North
American moose, especially on Isle Royale, where levels
of inbreeding are comparable to that of the Isle Royale
wolf population at the time of its decline. Furthermore,
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we demonstrate that this low diversity is a consequence
of severe founder events in both the North American
and Isle Royale populations. Finally, we conduct extensive
simulations exploring the impact of bottlenecks and popu-
lation isolation on genetic load and purging in North
American moose. These results suggest substantial purging
associated with founding bottlenecks for the North
American and Isle Royale populations. Overall, our analysis
provides insight into how populations can persist despite
severe bottlenecks and high inbreeding and highlights
the strengths and limitations of using genomic data to de-
tect purging.

Results

Sampling and Population Structure

To examine patterns of moose genetic diversity in North
America, we generated a high-coverage whole-genome se-
quencing dataset for nine moose sampled from Minnesota
and seven moose sampled from Isle Royale between 2005
and 2014. We added existing moose genomes to our data-
set from Sweden, Alaska, Idaho, Wyoming, and Vermont.
These genomes were aligned, genotyped, and annotated
relative to the cattle reference genome (ARS-UCD1.2).
Although a moose reference genome was recently
published (Dussex et al. 2020), we used the more
distantly-related cattle reference in order to leverage its
fully assembled chromosomes and high-quality annota-
tions (see Supplementary Material for further discussion).
Average sequence coverage after mapping was 21 X (range
11-27; supplementary table S1, Supplementary Material
online).

We first used these data to characterize population
structure among North American moose, primarily aiming
to assess evidence for isolation of the Isle Royale popula-
tion. Principal component analysis (PCA) revealed a tight
clustering of Isle Royale samples relative to other North
American samples, which were distinctly clustered on the
first PC (fig. 1B). However, when down-sampled to one in-
dividual per North American population, the Isle Royale
and Minnesota samples grouped more closely together,
with overall patterns roughly reflecting North American
geography (fig. 1B, inset). This suggests that uneven sample
sizes may be driving the separation between Isle Royale and
Minnesota observed in the full PCA (McVean 2009).
Nevertheless, we observe notable differentiation between
Isle Royale and Minnesota samples, with a mean Fg; =
0.083. These patterns were also reflected in a tree based
on identity-by-state, which found a tight clustering of Isle
Royale samples nested within other North American sam-
ples and close to Minnesota samples (fig. 1C). Furthermore,
using fastSTRUCTURE analysis, we found no evidence
for admixture between Isle Royale and mainland
samples (fig. 1D and supplementary figs. S1 and S2,
Supplementary Material online). Finally, we also estimated
kinship for all North American samples, and found that the
mainland samples are not closely related to one another
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Fic. 1. Moose sampling and population structure. (A) Map of North America including localities for individuals sampled for genomic data in our
study. Note that Sweden is excluded. (B) PCA of 50,361 LD-pruned SNPs for all sequenced samples. The inset are results when down-sampling to
one individual per population and excluding the Swedish sample. (C) Tree based on identity-by-state constructed using 50,361 LD-pruned SNPs.
(D) fastSTRUCTURE results for K=3. See supplementary figure S1, Supplementary Material online for results with varying K values and
supplementary figure S2, Supplementary Material online for results when down-sampling to four unrelated individuals each from Isle Royale

and Minnesota.

(supplementary fig. S3, Supplementary Material online).
However, two pairs of samples from Isle Royale exhibited
kinship coefficients consistent with first-order relation-
ships (mean kinship=0.234; supplementary fig. S3,
Supplementary Material online). In summary, these find-
ings suggest that the Isle Royale population has been iso-
lated from nearby mainland moose populations as
suggested by previous work (Wilson et al. 2003; Sattler
etal.2017) and provide a general characterization of moose
population structure in North America.

Genetic Diversity and Inbreeding

Next, we examined levels of genetic diversity and inbreed-
ing across sampled individuals. Overall, we find that moose
have relatively low diversity compared with other mam-
mals (fig. 2), though these estimates may be slightly down-
ward biased due to using a distant reference genome (see
Supplementary Material for discussion). Additionally, we
note that somewhat higher heterozygosity estimates
were observed for moose in Dussex et al. (2020) (fig. 2),
likely due to differences in data processing. However, given

that all samples in this study were analyzed using the same
bioinformatics pipeline, these issues do not impact esti-
mates of relative diversity across moose populations,
where several notable patterns are apparent. First, we ob-
serve substantially lower diversity in North American sam-
ples relative to a sample from Sweden, with a decrease of at
least ~34% (fig. 2). This decrease in diversity is likely asso-
ciated with a founder event for North American moose
that is thought to have occurred during the last ~15,000
years (Hundertmark et al. 2002, 2003; Decesare et al.
2020). We observe further reductions in diversity in the
Isle Royale population, with an estimated reduction of
~30% compared with samples from Minnesota (fig. 2).
Surprisingly, we find even lower diversity in mainland sam-
ples from Idaho, Wyoming, and Vermont, possibly due to
these samples being near the southern range edge, where
population densities are generally low and declining
(Timmermann and Rodgers 2017; fig. 2).

Mirroring these patterns of genetic diversity, the impact
of inbreeding was prevalent across North American moose
genomes in the form of abundant runs of homozygosity
(ROH), chromosomal segments that are inherited identical
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Fic. 2. Moose genetic diversity and inbreeding. (A) Comparison of mean genome-wide diversity in three moose populations to published values
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by descent from a recent common ancestor (Kirin et al.
2010). Specifically, we observed high levels of inbreeding
in samples from Isle Royale, Vermont, Idaho, and
Wyoming, with ~35% of their autosomal genomes being
covered by ROH >100 kb on average (fig. 2) and ~26% cov-
ered by ROH >1 Mb (supplementary fig. S5, Supplementary
Material online). As this fraction represents an estimate of
the inbreeding coefficient (Fron), this result suggests that
these populations are on average more inbred than an off-
spring from a full-sib mating (F = 0.25). Notably, these levels
of inbreeding are comparable to the Isle Royale gray wolf
population, where ~20-50% of their autosomal genomes
contained ROH >100 kb (Robinson et al. 2019). By contrast,
much lower levels of inbreeding were present in samples
from Minnesota, Alaska, and Sweden, with ~12% of these
genomes covered by ROH >100 kb (fig. 2) and ~3% covered
in ROH >1 Mb (supplementary fig. S5, Supplementary
Material online).

Demographic Inference

To understand the demographic processes accounting for
these patterns of genetic diversity and inbreeding, we fit-
ted demographic models to the site frequency spectrum
(SFS) using dadi (Gutenkunst et al. 2009). Briefly, this ap-
proach uses observed allele frequency patterns to estimate
demographic parameters for a model with an arbitrary
number of population size changes (epochs). Our first
aim was to estimate the severity of the North American
founding bottleneck, given the apparent impact of this
bottleneck on observed differences in genetic diversity be-
tween Eurasian and North American moose (fig. 2;
Hundertmark et al. 2002). We generated a folded SFS for
our Minnesota samples, and inferred various population
size change models including one, two, three, and four-
epoch models. Overall, the best-fitting model was a four-
epoch model that included two ancestral epochs followed
by a severe bottleneck to an effective population size (N,)
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of 49 for 29 generations and then expansion to N, = 193,472
for the last 1,179 generations (fig. 3). However, we also
found a similar fit for a model with slightly differing bottle-
neck parameters, suggesting that we have limited power to
precisely estimate the duration and magnitude of the
bottleneck (supplementary table S2, Supplementary
Material online). Nevertheless, both of these models are
consistent in detecting a strong bottleneck followed by dra-
matic population growth taking place ~1,200 years ago. The
timing of expansion suggests a recent spread of moose
across North America starting ~9,600 years ago, assuming
a generation time of 8 years (Gaillard 2007).

Our next aim for demographic inference was to obtain
an estimate of the effective population size of the Isle
Royale moose population after its founding ~120 years
ago using the SFS from our Isle Royale sample. Given the
shared evolutionary history of the Minnesota and Isle
Royale populations prior to their divergence, we fixed
the demographic parameters of our four-epoch model in-
ferred from the Minnesota samples (fig. 3), then added a
fifth epoch to this model representing the founding of
Isle Royale. Furthermore, we fixed the timing of this fifth
epoch to 15 generations ago, thus assuming that the popu-
lation was founded in the early 1900s (120 years ago as-
suming a generation time of 8 years; Gaillard 2007), as
suggested by available evidence (Murie 1934; Mech
1966). We used this approach to retain power for estimat-
ing the Isle Royale effective population size when fitting a
complex five-epoch model to a SFS from a small sample of
individuals. When fixing these parameters, we obtained an
estimate of N, = 187 on Isle Royale, highlighting a dramatic
disparity in N, between the North American and Isle
Royale populations spanning three orders of magnitude.
Additionally, given that the Isle Royale moose population
on average numbers ~1,000 individuals (Hoy, Peterson,
et al. 2020), these results suggest an NN ratio of ~0.19,
consistent with those observed in other species
(Frankham 1995). Notably, we observe the same N¢:N ratio
of ~0.19 when comparing our estimated North American
N. = 193,472 (fig. 3) to the current census estimate of one
million (Timmermann and Rodgers 2017).

Empirical Patterns of Putatively Deleterious Variation
To understand how the vastly reduced effective popula-
tion size on Isle Royale may have impacted patterns of
deleterious variation compared with mainland popula-
tions, we examined variants in protein-coding regions
that were predicted to be deleterious and neutral on the
basis of evolutionary constraint (Vaser et al. 2016).
Specifically, we tested for differences in the derived allele
count for synonymous (considered to be putatively neu-
tral), deleterious nonsynonymous, and loss of function
(LOF) mutations in the Isle Royale moose genomes relative
to the Minnesota genomes. An observed increase in puta-
tively deleterious allele count may be interpreted as evi-
dence for less effective negative selection on Isle Royale,
whereas an observed decrease may be interpreted as

purging. We observed minimal changes in allele counts
for all categories, including a slight increase in synonymous
mutations on Isle Royale of 0.65%, a slight decrease in dele-
terious nonsynonymous mutations of 0.77%, and a slight
increase in LOF mutations of 2.7% (P> 0.05 in all cases
by Mann-Whitney U [MWU] test; fig. 4). Thus, these re-
sults do not detect any evidence for fitness declines or pur-
ging on Isle Royale.

Simulations of Deleterious Variation and Genetic
Load

Empirical measures of deleterious variation are often chal-
lenging to interpret given that the functional impact and
dominance of mutations are uncertain (Cooper and
Shendure 2011; Pedersen et al. 2017; Kyriazis et al. 2022).
Given these limitations, we conducted forward-in-time
genetic simulations to assess the impact of bottlenecks
on deleterious genetic variation in North American moose
using SLiM3 (Haller and Messer 2019). These simulations
consisted of a 25 Mb chromosomal segment, which in-
cluded a combination of introns, exons, and intergenic re-
gions. We modeled deleterious mutations both as
nonsynonymous mutations in coding regions using a selec-
tion parameter estimated by Kim et al. (2017) as well as
noncoding deleterious mutations using parameters esti-
mated by Torgerson et al. (2009) and assumed an inverse
relationship between the dominance coefficient of a muta-
tion and its selection coefficient (see Materials and
Methods). We assumed a mutation rate of 7e-9 per base
pair (Dussex et al. 2020) and projected simulated quan-
tities to a 2.5 Gb genome, yielding a deleterious mutation
rate of 1.63 per diploid (see Materials and Methods).

Our first aim was to examine the impact of the North
American colonization bottleneck on genetic diversity,
genetic load, and purging. Here, we define “genetic load”
as the realized reduction in fitness due to segregating
and fixed deleterious mutations (Kirkpatrick and Jarne
2000) and quantify purging as a reduction in the simulated
“inbreeding load”, a measure of the quantity of recessive
deleterious variation concealed in heterozygotes
(Hedrick and Garcia-Dorado 2016). In other words, the
genetic load represents the “realized load” for a popula-
tion, whereas the inbreeding load represents the “masked
load” due to heterozygous recessive deleterious mutations
that could potentially be converted into genetic load un-
der future inbreeding (Bertorelle et al. 2022). Here, we re-
port the average change in these quantities across 25
simulation replicates, though note that some variability
is present across replicates when simulating at a 25 Mb
scale (supplementary fig. S6, Supplementary Material
online).

We first investigated dynamics for the North American
moose population by simulating under our best-fit demo-
graphic model (fig. 3), which includes a founding bottle-
neck of N, =49 for 29 generations followed by expansion
to N.= 193,472 for 1,179 generations. Over the duration
of this bottleneck, we observe a decrease in heterozygosity
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S2, Supplementary Material online for parameters of the second-best fitting run, which differs somewhat in bottleneck duration and magnitude
and pre-/post-bottleneck population sizes. (B) Comparison of the empirical projected folded SFS from the Minnesota sample with the SFS pre-

dicted by the model shown in (A).

of 22%, along with a decrease in the inbreeding load of 33%
(from 2B=7.5 to 2B=35), an increase in genetic load of
27% (from 0.5 to 0.64), and an increase in Froy to 0.25
(fig. 5). However, these increases in genetic load and
Fron are largely absent after 1,179 generations of recovery,
though levels of inbreeding notably remain above zero, in
agreement with our empirical data (fig. 2B). By contrast,
heterozygosity and inbreeding load do not greatly increase
after recovery, with the inbreeding load continuing to de-
cline after the bottleneck and remaining 27% below (2B =
5.5) its pre-bottleneck value even after 1,179 generations of
recovery (fig. 5). Thus, this result suggests that the North
American moose population may still be experiencing
the lingering purging effects of this founding bottleneck,

despite occurring ~9,600 years ago. Importantly, we ob-
serve qualitatively similar patterns when simulating under
a model with a slightly longer and less severe bottleneck
(supplementary fig. S7, Supplementary Material online),
suggesting that these simulation results are robust to un-
certainty in our estimated demographic parameters.
Finally, we also note that this simulated reduction in het-
erozygosity of 22% is somewhat less than the empirical re-
duction between North American and Swedish samples of
34% (fig. 2). This may be due to the presence of additional
historical bottlenecks in the population that is ancestral to
North American moose.

Next, we examined the impact of isolation and small
population size for Isle Royale moose on patterns of
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genetic variation and genetic load. We again simulated un-
der our North America demographic model, though
added a final epoch with the estimated Isle Royale demo-
graphic parameters of N, =187 for 15 generations. When
simulating under this demography, however, we do not re-
capitulate the differences in genetic diversity and inbreed-
ing observed in our empirical data between Isle Royale and
mainland samples (fig. 5). Specifically, heterozygosity de-
creased in the model by only 3.7% compared with a
~30% difference between Minnesota and Isle Royale sam-
ples in our empirical data, levels of inbreeding increased
only to Frop =0.08 compared with Froy =0.35 from our
empirical data, and Fs increased only to 0.03, compared
with 0.083 in our empirical data (supplementary table
S3, Supplementary Material online).

We hypothesized that this discrepancy may be due to
the absence of a severe founder event at the origination
of the Isle Royale population in our model, given that
the population is known to be founded by a small number
of individuals (Murie 1934; Mech 1966). To test this hy-
pothesis, we ran simulations where we included a bottle-
neck during the first three generations following the
founding of Isle Royale. We tested three bottleneck
severities with effective population sizes during the first
three generations of N, = {6,24,96}, N. = {4,16,64}, and N,
={2,8,32}, each followed by expansion to N.=187 for
the final 12 generations. These bottleneck parameters
were informed by available evidence suggesting that popu-
lation density was low soon after founding, particularly
from 1900 to 1920, though it is unclear exactly how low
or how many founders there were (Murie 1934; Mech
1966). When varying these bottleneck parameters, we
find that only the most severe bottleneck of N.=
{2,8,32} recapitulated the observed differences in genetic
diversity and inbreeding, yielding a decrease in heterozy-
gosity of 33%, an increase in inbreeding to Frop=0.36,
and an increase in Fst to 0.087, in good agreement with
our empirical results (fig. 5 and supplementary figs. S8
and S9, Supplementary Material online; supplementary
table S3, Supplementary Material online). Moreover, the
predicted SFS from models with severe founder events
also exhibit better agreement to the empirical Isle Royale
SFS compared with a model with no founder event
(supplementary fig. S10, Supplementary Material online),
further supporting the conclusion that the Isle Royale
moose population was founded by very few individuals.

Under this “severe bottleneck model” with two foun-
ders, we observe a relative increase in genetic load on
Isle Royale of 123% (0.4 to 0.68) as well as a 38% reduction
(2B=5.5 to 2B=3.4) in the inbreeding load (fig. 5 and
supplementary table S3, Supplementary Material online).
Importantly, purging appears to be entirely driven by a re-
duction in very strongly deleterious alleles (s < —0.1) on
Isle Royale, which decline from a median of 9.4 to 0 alleles
per diploid genome (fig. 6). By contrast, we did not observe
significant changes in allele counts for other classes of dele-
terious mutations (fig. 6). This result may explain why we
do not observe a signal of purging in our empirical data

8

(fig. 4), which likely consists of predominantly weakly or
moderately deleterious alleles, given that these alleles are
predicted to be by far the most abundant from our model
(fig. 6).

To explore sensitivity of these results to the assumed
deleterious mutation parameters, we ran simulations un-
der several additional distributions of selection and dom-
inance coefficients while assuming a “severe bottleneck
model” for Isle Royale. Overall, we found that our result
of substantial purging on Isle Royale accompanied by in-
creases in genetic load was robust to model assumptions,
though the exact degree of these changes depends some-
what on selection and dominance parameters
(supplementary table S3, Supplementary Material online;
supplementary fig. S11, Supplementary Material online).
Moreover, we note that our result of substantial purging
in the Isle Royale moose population is also found under
models with either four or six founding individuals
(supplementary table S3, Supplementary Material online;
supplementary fig. S8, Supplementary Material online).
Thus, the conclusion that purging has likely occurred in
the Isle Royale moose population is supported by a wide
array of model parameterizations.

Finally, we explored the potential impact of a low rate of
historical migration on genetic diversity, genetic load, le-
vels of inbreeding, and inbreeding load in the Isle Royale
population. We ran simulations under a “severe bottleneck
model” with migration fractions of 0.5% and 5%, roughly
corresponding to 1 and 10 effective migrants per gener-
ation, respectively, chosen to model two relatively low
but plausible rates of migration. Under the low migration
scenario of 0.5%, results are nearly identical to the no mi-
gration scenario (supplementary fig. $12, Supplementary
Material online; supplementary table S3, Supplementary
Material online), implying that a very low level of historical
migration (~1 migrant per generation) would not have
had much impact on the genetic state of the population.
These results imply that we cannot fully rule out the pos-
sibility of a low rate of migration to Isle Royale, as sug-
gested by direct observations of moose swimming
between Isle Royale and the mainland (Vucetich 2021).
By contrast, when the migration fraction is increased
to 5%, heterozygosity is higher and inbreeding lower rela-
tive to empirical values (supplementary fig. S12,
Supplementary Material online; supplementary table S3,
Supplementary Material online). Together, these results
suggest that historical migration to Isle Royale was either
absent or very low. Moreover, these results also imply
that any future attempts to restore genetic diversity and
reduce genetic load in the Isle Royale moose population
would require a relatively high rate of migration (>10 ef-
fective migrants per generation).

Discussion

Highly inbred populations are often thought to be
doomed to extinction. However, some can persist, and un-
derstanding the factors enabling persistence can aid in
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Fic. 6. Comparison of genome-wide deleterious allele counts for simulated mainland and Isle Royale populations assuming a severe founder
event scenario. Allele counts for the Isle Royale population were recorded at the conclusion of 15 simulated generations. We define weakly dele-
terious alleles as mutations with s > —0.001, moderately deleterious alleles as —0.01 < s < —0.001, strongly deleterious alleles as —0.1 <s < —0.01,
and very strongly deleterious alleles as s < —0.1. Note that differences in allele counts are only present for the rare category of very strongly
deleterious mutations. Also, note that the variance for allele counts is over-dispersed relative to expectation for a full 2.5 Gb genome given
that results are projected from simulation results for a 25 Mb chromosomal segment.

conservation efforts. Our results document high inbreed-
ing in the Isle Royale moose population (Fron =0.35 on
average; fig. 2), roughly as high as that observed in the
gray wolf population at the time of its decline. Yet, despite
these high levels of inbreeding, the Isle Royale moose
population appears to be free of obvious signs of inbreed-
ing depression, unlike the wolf population (Réikkdnen
et al. 2009; Robinson et al. 2019). A key factor likely under-
lying these differences is the history of inbreeding in these
populations. Whereas the wolf population became severe-
ly inbred due to many generations of near-complete isola-
tion at a population size of ~15-30 individuals (Hedrick
et al. 2019; Robinson et al. 2019), the moose population
has largely avoided close inbreeding for most of its history
on the island due to having a much larger population size.
Although the moose population experienced a brief period

of very small population size during a severe founder event,
our analyses suggest the population rapidly grew to a more
moderate size (N.=187). Additionally, historical bottle-
necks in the North American moose population may have
also lowered levels of segregating recessive deleterious vari-
ation compared with those present in the wolf population,
which may also help explain the varying degrees of inbreed-
ing depression observed in each population. Finally, the
breeding system of wolves may also contribute to elevated
inbreeding in the wolf population, given that wolves live in
territorial packs where only a few individuals reproduce.
The differing demographic histories and reproductive
systems of the Isle Royale wolf and moose populations are
reflected in the distribution of ROH lengths observed in
each population. In the wolf population, ROH were pre-
dominantly long (>10 Mb), reflecting recent and severe
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inbreeding (Robinson et al. 2019), whereas the moose popu-
lation exhibits an abundance of intermediate-length ROH
(1-10 Mb; fig. 2). Several recent studies have highlighted
the severe fitness consequences of long ROH, which tend
to be enriched for highly deleterious recessive alleles, where-
as more intermediate-length ROH may be largely purged of
such variation (Szpiech et al. 2013, 2019; Robinson et al.
2019; Stoffel et al. 2021a; Swinford et al. 2022). Thus, these
results suggest that purging may have facilitated persistence
in the Isle Royale moose population.

Our simulation results provide further support for the
conclusion that purging has occurred in the Isle Royale
moose population. Under a variety of plausible genetic
and demographic parameters, we observe substantial
30-68% reductions in the simulated inbreeding load
(supplementary table S3, Supplementary Material online),
with the “severe bottleneck model” suggesting a reduction
of 38% (fig. 5). When projecting this inbreeding load
genome-wide, the total inbreeding load predicted by our
model is 2B=3.4 for the Isle Royale moose population,
much lower than an estimate of the vertebrate median
of 2B = 4.5 (Nietlisbach et al. 2019). Somewhat surprisingly,
however, we find that inbreeding and purging in the Isle
Royale moose population appears to have been largely dri-
ven by a severe founder event, with minimal changes in
genetic diversity, levels of inbreeding, or load occurring
during the ~12-15 generations of persistence at moderate
population size (fig. 5). Thus, these results imply that even
relatively prolonged persistence (~120 years or ~15 gen-
erations) at moderate population size (N.=187) is not by
itself sufficient to result in substantial purging or decrease
in neutral heterozygosity. Importantly, this result does not
imply that purging would not take place over the much
longer term (i.e, hundreds of generations or thousands
of years) at such population sizes, as has been documented
in several species (Xue et al. 2015; Robinson et al. 2018,
2022; Pérez-Pereira et al. 2021). Indeed, such gradual pur-
ging over longer timescales remains ideal for isolated po-
pulations, as it would not concomitantly elevate genetic
load. Thus, we emphasize that our results do not advocate
for inducing severe bottlenecks in natural populations to
facilitate purging, as there may be many negative conse-
quences of such bottlenecks. Instead, maintaining isolated
populations at moderate sizes (N > 100) that are large en-
ough to avoid close inbreeding appears to be a better ap-
proach for ensuring viability over the short to intermediate
term. Finally, our simulations also suggest that purging in
the Isle Royale moose population is almost entirely driven
by a reduction in very strongly deleterious alleles (s <
—0.1), with no evidence for changes in derived allele
counts for deleterious mutations of more modest effect
(fig. 6). Such highly deleterious mutations are known to
be most susceptible to purging, both due to high strength
of negative selection operating against them and their pro-
pensity to be lost by genetic drift due to their rarity
(Hedrick 1994; Wang et al. 1999; Kyriazis et al. 2021).

The fact that we do not observe any reductions in allele
frequency for deleterious mutations of more modest effect
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(s> —0.1) in our simulations likely explains why we do not
detect a signal of purging in our genomic dataset (fig. 4).
Specifically, deleterious mutations with s > —0.1 comprise
the overwhelming majority of segregating deleterious mu-
tations in our simulations, with only nine highly deleteri-
ous mutations (s < —0.1) predicted to be segregating in
the Minnesota moose population by our simulations
out of a total of 6,787 segregating deleterious mutations
(fig. 4). Although our simulation results demonstrate a sig-
nificant purging of these highly deleterious mutations, our
empirical analysis is unable to detect this signal given that
these mutations are extremely rare and challenging to
identify in genomic sequencing data. This challenge of
identifying highly deleterious variants in genomic variation
datasets is perhaps exemplified by LOF mutations, a class
of mutations that may be expected to be highly deleteri-
ous, though in reality often have only modest effects on fit-
ness (MacArthur and Tyler-Smith 2010; MacArthur et al.
2012; Cassa et al. 2017; Agarwal et al. 2022). For instance,
in humans, often >100 LOF mutations are observed in
healthy individuals, questioning the assumption that
such mutations are always highly deleterious (MacArthur
and Tyler-Smith 2010; MacArthur et al. 2012). Moreover,
understanding whether such mutations are recessive also
presents a major challenge that has yet to be overcome
even in humans (Cassa et al. 2017; Fuller et al. 2019;
Agarwal et al. 2022). This challenge of knowing the domin-
ance coefficient for putatively deleterious mutations may
also limit our ability to detect elevated genetic load. For in-
stance, although we did not observe evidence for elevated
genetic load in the Isle Royale moose population in the
form of an increased burden of derived deleterious alleles
(fig. 4), our simulation results suggest that genetic load
may in fact be much higher in the Isle Royale population
(ig. 5 and supplementary table S3, Supplementary
Material online). This discrepancy is due to the effects of
recessive deleterious mutations being ignored in a com-
parison of derived allele counts for putatively deleterious
variation, as the dominance coefficients of such mutations
remain unknown. Thus, these considerations highlight a
major limitation of quantifying genetic load and purging
using genomic sequencing datasets, given that available
methods for detecting putatively deleterious variation
are unable to reliably predict s and h for individual muta-
tions (Huber et al. 2020; Kyriazis et al. 2022; Sandell and
Sharp 2022; Robinson et al. 2023).

Another limitation of our analysis is that we are unable
to validate our findings using field observations comparing
individual fitness and levels of inbreeding (e.g, Stoffel et al.
2021b). Such data are not available for the vast majority of
wild populations, including the Isle Royale moose popula-
tion. Given this limitation, our study highlights the utility
of simulation modeling for aiding in interpreting patterns
of variation present in genomic datasets and quantifying
purging and genetic load building on previous studies
(Arunkumar et al. 2015; Xue et al. 2015; Robinson et al.
2018, 2022; Grossen et al. 2020; Dussex et al. 2021; Khan
et al. 2021; Kleinman-Ruiz et al. 2022). One major benefit
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of our extensive simulation analysis is that it allows us to
explore which historical demographic events (e.g., founder
events, migration, etc.) are consistent with patterns ob-
served in our genomic variation dataset, and which specific
factors are responsible for driving purging. Further valid-
ation of such approaches using field-based data represents
a key area for future research.

Our findings also have important implications for un-
derstanding the evolutionary history and conservation sta-
tus of mainland North American moose populations.
Across all North American moose samples, we observe a
reduction in genome-wide diversity of at least 34% relative
to a sample from Sweden (fig. 2), consistent with previous
work (Hundertmark et al. 2002; Dussex et al. 2020). Our
demographic modeling indicates this reduction in diver-
sity is largely due to a severe bottleneck in the ancestral
North American moose population occurring ~9,600 years
ago (fig. 3). This timing closely aligns with glacial recession
at the onset of the Holocene 11,000 years ago as well as the
North American fossil record (Decesare et al. 2020).
Furthermore, our simulation results suggest a substantial
34% purging of the inbreeding load associated with this
founding bottleneck, the effects of which may persist until
the present day (fig. 5). This phenomenon could further
explain the continued persistence of the isolated Isle
Royale moose population, implying that the founding indi-
viduals may have been somewhat “pre-purged” of inbreed-
ing depression. These factors could also help explain the
success of other introduced moose populations in North
America, such as the Newfoundland population, which
was founded by just six individuals and now numbers
>100,000 individuals (Broders et al. 1999). Nevertheless,
many fragmented North American moose populations
near the southern range edge have experienced recent de-
clines (Timmermann and Rodgers 2017). Though these de-
clines have generally been linked to synergistic impacts of
climate change and increasing disease and pathogen load
(Murray et al. 2006; Timmermann and Rodgers 2017),
the potential role of genetic factors has been largely over-
looked. For example, we observed low genetic diversity in
samples from Idaho and Wyoming (fig. 2), perhaps due to
the recent founding of these populations in the mid-19th
century and low population density (Wolfe et al. 2010).
Notably, moose in this region exhibit low adult pregnancy
rates (Ruprecht et al. 2016), which could potentially be a
consequence of inbreeding depression. Moreover, it is pos-
sible that low genetic diversity in these populations has
increased their susceptibility to parasites (Gibson and
Nguyen 2021). Overall, the causes of moose population de-
clines near the southern range edge appear to be complex,
and additional genomic sampling of these populations will
be necessary to more fully investigate the potential role of
genetic factors.

In conclusion, our results depict a complex relationship
between genetic diversity, inbreeding, and population via-
bility in isolated and fragmented populations. Whereas the
wolf population declined nearly to extinction due to hav-
ing an extremely small N, < 10 (Adams et al. 2011), the

moose population continues to persist in part due to its
much larger N, of ~200 for most of its history after the ini-
tial founding. Moreover, this case study of predator and
prey hints at a more far-reaching phenomenon, in which
isolated predator populations may face an elevated extinc-
tion risk due to inbreeding depression as a result of their
naturally lower density, whereas the higher abundance of
prey populations may enable them to evade the most se-
vere impacts of inbreeding depression. In light of the well-
documented connections among gray wolf, moose and
plant abundance on Isle Royale (McLaren and Peterson
1994), these results suggest the possibility of an
eco-evolutionary link between purging and the dynamics
of the Isle Royale ecosystem. In general, purging may
have system-wide effects in other isolated and fragmented
ecosystems, where predator populations are declining in
part due to inbreeding depression, and prey populations
are thriving in their absence, often to the detriment of
the broader ecosystem (Estes et al. 2011; Ripple et al.
2014). Thus, our results highlight a unique connection be-
tween deleterious genetic variation and ecosystem health,
with implications for best management practices of small
and fragmented populations.

Materials and Methods

Sampling and Sequencing

Isle Royale tissue samples were obtained opportunistically
from moose carcasses and frozen and archived at MTU.
Minnesota tissue samples were collected during regular
management activities and frozen and archived by the
Department of Natural Resources. DNA was extracted
from samples using Qiagen kits and quantified using a
Qubit fluorometer. Whole-genome sequencing was per-
formed on an Illumina NovaSeq at the Vincent ). Coates
Genomics Sequencing Laboratory at University of
California, Berkeley and MedGenome. Existing genomes
from Kalbfleisch et al. (2018) and Dussex et al. (2020)
were downloaded from the National Center for
Biotechnology Information (NCBI) Sequence Read
Archive (see supplementary table S1, Supplementary
Material online).

Read Processing and Alignment

We processed raw reads using a pipeline adapted from the
Genome Analysis Toolkit (GATK) (Van der Auwera et al.
2013) Best Practices Guide. We aligned paired-end
150 bp raw sequence reads to the cattle genome
(ARS-UCD1.2) using BWA-MEM (Li 2013), followed by re-
moval of low-quality reads and PCR duplicates. Given
that we do not have a database of known variants, we
did not carry out Base Quality Score Recalibration, but in-
stead carried out hard filtering of genotypes (see below).
Although the cattle genome is highly divergent from
moose, we opted to use it due to its much higher quality
and contiguity compared with existing moose genomes
(scaffold N50 of 103 Mb for ARS-UCD1.2 vs. 1.7 Mb for
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NRM_Aalces_1_0). In addition, high-quality annotations
exist for the cattle genome, including existing resources
on the Ensembl Variant Effect Predictor database
(McLaren et al. 2016), whereas available moose genomes
are not annotated. To explore the potential impact of
using a distant reference genome on downstream ana-
lyses, we mapped a subset of 10 samples to an existing
moose reference genome (NRM_Aalces_1_0) as well as
a hog deer reference genome (ASM379854v1) that is
somewhat less divergent than cattle, but has lower con-
tiguity (scaffold N50 of 20.7 Mb). Importantly, we found
that the choice of reference genome here has a relatively
minor impact on genetic diversity and runs of homozy-
gosity. Thus, we use the cattle reference genome for all
downstream analyses (see Supplementary Material for
further discussion).

Genotype Calling and Filtering

We performed joint genotype calling at all sites (including
invariant sites) using GATK HaplotypeCaller. Genotypes
were filtered to include only high-quality biallelic SNPs
and monomorphic sites, removing sites with Phred score
below 30 and depth exceeding the 99th percentile of total
depth across samples. In addition, we removed sites that
failed slightly modified GATK hard filtering recommenda-
tions (QD < 4.0 || FS>12.0 || MQ < 40.0 || MQRankSum
< —12.5 || ReadPosRankSum < —8.0 || SOR > 3.0), as well
as those with >25% of genotypes missing or >35% of gen-
otypes heterozygous. We masked repetitive regions using
a mask file downloaded from https://www.ncbi.nlm.nih.
gov/assembly/GCF_002263795.1/. Finally, we applied a
per-individual excess depth filter, removing genotypes ex-
ceeding the 99th percentile of depth for each individual,
as well as a minimum depth filter of six reads.

Population Structure and Relatedness
We used SNPrelate v1.14 (Zheng et al. 2012) to run princi-
pal component analysis (PCA), construct a tree based on
identity-by-state (IBS), and estimate kinship among
sampled genomes. For these analyses, we pruned SNPs
for linkage disequilibrium (Id.threshold = 0.2) and filtered
out sites with minor allele frequency below 0.05, resulting
in 50,361 SNPs for analysis. PCA was run both for all
sampled individuals as well as for North American indivi-
duals down-sampled to one individual per population.
We used the KING method of moments approach
(Manichaikul et al. 2010) to estimate kinship among
North American moose samples. Finally, we estimated
IBS among all samples, then performed hierarchical clus-
tering on the resulting matrix to construct a dendrogram.
As another means of characterizing population struc-
ture, we used fastSTRUCTURE v1.0 (Raj et al. 2014) to
test for admixture among sampled individuals. We con-
verted our vcf to PLINK bed format, retaining variants
with a minor allele frequency of at least 0.05 and main-
tained the order of alleles from the original vcf file. We
ran fastSTRUCTURE on all sampled individuals as well as
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only Minnesota and Isle Royale individuals, each down-
sampled to five unrelated individuals. For both analyses,
we ran fastSTRUCTURE using values of k from 1 to
4. Finally, we used vcftools (Danecek et al. 2011) to esti-
mate Weir and Cockerham’s (Weir and Cockerham
1984) Fst between all Minnesota and Isle Royale samples
using default settings.

Genetic Diversity and Runs of Homozygosity

We calculated heterozygosity for each individual in nono-
verlapping 1 Mb windows across the autosomal genome.
We removed windows with fewer than 80% of sites called,
as well as windows below the 5th percentile of the total
number of calls, as these windows have high variance in
heterozygosity. We estimated mean genome-wide hetero-
zygosity by averaging heterozygosity across windows for
each individual.

Runs of homozygosity were called using BCFtools/RoH
(Narasimhan et al. 2016). We used the -G30 flag and al-
lowed BCFtools to estimate allele frequencies. Due to the
Swedish sample coming from a highly divergent popula-
tion with differing allele frequencies, we excluded it from
this analysis. We used a custom R script (R Core Team
2021) to partition the resulting ROH calls into length cat-
egories 0.1-1 Mb, 1-10 Mb, and 10-100 Mb. We calcu-
lated Fron by summing the total length of all ROH calls
>100 kb (or >1 Mb) and dividing by 2,489.4 Mb, the auto-
somal genome length for the cattle reference genome.
When conducting this analysis for the subset of samples
mapped to the hog deer reference genome, we only
used scaffolds >1 Mb in length, which together sum to
2,479 Mb (~93% of the total reference length). Similarly,
when conducting this analysis with samples mapped to
the moose genome, we also restricted our analysis to scaf-
folds >1 Mb in length, comprising 1,804 Mb (~73% of the
total reference length).

Identifying Putatively Deleterious Variation

Variant sites were annotated using the Ensembl Variant
Effect Predictor (VEP) v.97 (Mclaren et al. 2016). We
used SIFT (Vaser et al. 2016) to identify synonymous, dele-
terious nonsynonymous, and loss of function variants and
compare derived allele counts between our Minnesota and
Isle Royale samples. Here, we use synonymous variants as a
proxy for neutral variants within coding regions to serve as
a comparison for two classes of putatively deleterious vari-
ation. Whereas average derived allele counts for putatively
neutral synonymous variants are not expected to differ be-
tween populations with differing demographic histories,
derived allele counts for putatively deleterious variants
may differ due to differences in the strength of negative se-
lection (Simons et al. 2014). We defined deleterious nonsy-
nonymous variants as those having a SIFT score <0.05 and
loss of function variants as those that disrupted splice sites,
start codons, or stop codons. For each category of muta-
tions, we tallied the number of derived alleles relative to
the cow reference, comparing these tallies for genomes
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sampled from Isle Royale and Minnesota to assess whether
any differences in derived deleterious allele counts may be
present due to small population size on Isle Royale.
Variants that were fixed derived across the entire sample
were not included.

Demographic Inference

We estimated historical demographic parameters for
North American moose based on the neutral site fre-
quency spectrum (SFS) using dadi (Gutenkunst et al.
2009). In brief, we first focused on estimating parameters
for the mainland North American population based on
the neutral SFS for our nine Minnesota genomes, then
used these results to guide inference of the effective popu-
lation size on Isle Royale based on a neutral SFS from five
genomes of unrelated Isle Royale individuals.

To generate a neutral SFS, we began by identifying re-
gions that were >10 kb from coding regions and did not
overlap with repetitive regions. We also excluded un-
annotated highly conserved regions that are under strong
evolutionary constraint, identified by aligning the remain-
ing regions against the zebra fish genome using
BLASTv2.7.1 (Camacho et al. 2009) and removing any re-
gion which had a hit above a 1e-10 threshold. We then
generated a folded neutral SFS for these regions using a
modified version of EasySFS (https://github.com/
isaacovercast/easySFS), which implements 0dadi’s hyper-
geometric projection to account for missing genotypes.
We found that the number of SNPs was maximized by
using a projection value of seven diploids for the
Minnesota sample and four diploids for the Isle Royale
sample. In addition, we counted the number of mono-
morphic sites passing the projection threshold in neutral
regions and added these to the 0 bin of the SFS.

We used these SFSs to conduct demographic inference
using the diffusion approximation approach implemented
in dadi (Gutenkunst et al. 2009). Using the Minnesota SFS,
we fit 1-epoch, 2-epoch, 3-epoch, and 4-epoch models.
These models included the following parameters: N,
(the ancestral effective population size), N;_; (the effective
size of the subsequent 1-3 epochs), and T;_; (the duration
of the subsequent 1-3 epochs; supplementary table S2,
Supplementary Material online). In other words, a 3-epoch
model includes the parameters N,,, N4, N,, T, and To.
Overall, we found the best fit for a 4-epoch model includ-
ing expansion in the second epoch followed by a strong
bottleneck and a final epoch of expansion, though with
poor convergence of estimated parameters. Based on ini-
tial results, we constrained parameter space for the
4-epoch model by setting a limit on N, to be in the range
[10, 30]*N,ne N, to be in the range [1e-2, 5]*N,,, and N; to
be in the range [10, 40]*N ..

We next sought to obtain an estimate of the effective
population size on Isle Royale using a folded neutral SFS
from five unrelated individuals, projected to four diploids.
Given this limited sample size and the shared evolutionary
history of Isle Royale and Minnesota moose, we fixed the

parameters estimated from our 4-epoch model inferred
above based on the Minnesota SFS. We then added a fifth
epoch to the model, fixing the duration of this epoch to 15
generations, based on an estimated date of colonization of
1900 and 8-year generation time (Gaillard 2007). Thus, the
only estimated parameter in this approach is Ns, the effect-
ive population size on Isle Royale.

We carried out inference by permuting the starting par-
ameter values and conducting 50 runs for each model. We
calculated the log-likelihood using dadi’s optimized par-
ameter values comparing the expected and observed
SFSs. For each model, we selected the maximum likelihood
estimate from the 50 runs and used AIC to compare across
models. We then used a mutation rate of 7e-9 mutations/
site/generation and the total sequence length (L) to
calculate the diploid ancestral effective population size
as N, = O/(4*u*L). We scaled other inferred population
size parameters by N,,. and time parameters by 2*N,.,
in order to obtain values in units of diploids and numbers
of generations.

Simulations of Deleterious Genetic Variation

We performed forward-in-time genetic simulations using
SLIM v3.6 (Haller and Messer 2019). We simulated a
25 Mb chromosomal segment with randomly generated
introns, exons, and intergenic regions following the ap-
proach from Mooney et al. (2018). Exons comprised
~1% of the total chromosome, thus each segment con-
tained ~0.25 Mb of coding sequence. Deleterious (nonsy-
nonymous) mutations occurred in exonic regions at a ratio
of 2.31:1 to neutral (synonymous) mutations (Huber et al.
2017). Selection coefficients (s) for nonsynonymous muta-
tions were drawn from a distribution estimated using hu-
man genetic variation data by Kim et al. (2017), consisting
of a gamma distribution with mean s =—0.01314833 and
shape =0.186. Additionally, we augmented this distribu-
tion such that 0.5% of deleterious mutations were reces-
sive lethal, given that the DFE inferred by Kim et al.
(2017) may underestimate the fraction of lethal mutations
(Wade et al. 2022). We modeled deleterious mutations in
noncoding regions assuming gamma distribution para-
meters estimated by Torgerson et al. (2009) consisting of
a mean s=—0.001036043 and shape =0.0415. We as-
sumed that 4% of noncoding mutations were deleterious
(Huber et al. 2020) and all other noncoding mutations
were neutral. For all mutations, we assumed a mutation
rate of 7e-9 mutations per site per generation following
Dussex et al. (2020). In addition, we assumed a uniform re-
combination rate of 1e-8 crossovers per bp per generation.
For all simulations, we retained fixed mutations following
the initial burn-in period, such that their impact on fitness
was allowed to accumulate.

The dominance coefficients (h) for nonsynonymous
mutations were set to model an inverse relationship be-
tween h and s, given that highly deleterious mutations
also tend to be highly recessive (Agrawal and Whitlock
2011; Huber et al. 2018). Specifically, we assumed h =0.0
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for very strongly deleterious mutations (s < —0.1), h =0.01
for strongly deleterious mutations (—0.1 <s < —0.01), h=
0.1 for moderately deleterious mutations (—0.01<s<
—0.001), and h=0.4 for weakly deleterious mutations
(s > —0.001). For all simulations, we assumed that deleteri-
ous mutations in noncoding regions were nearly additive
(h=0.4).

To test the sensitivity of our analysis to our assumed se-
lection and dominance parameters, we ran simulations
with a somewhat less recessive dominance distribution
for nonsynonymous mutations of h =0.0 for very strongly
deleterious mutations (s<—0.1), h=0.05 for strongly
deleterious mutations (—0.1 <s < —0.01), h = 0.2 for mod-
erately deleterious mutations (—0.01 <s< —0.001), and
h = 0.45 for weakly deleterious mutations (s > —0.001). In
addition, we also ran simulations under the selection
and dominance parameters proposed by Kardos et al.
(2021). This model assumes that deleterious mutations
come from a gamma distribution with mean s of —0.05
and shape = 0.5, augmented with an additional 5% of dele-
terious mutations being lethal. Dominance coefficients fol-
low the relationship h=0.5*exp(—13*s); however, we
simplified this to five dominance partitions for computa-
tional efficiency: h=0.48 for s >—0.01, h=0.31 for —0.1
<s<—-001, h=0.07 for —0.4<s5<—0.1, h=0.001 for
—1.0 <5< —0.4,and h=0.0 for s = —1.0. Note that we ap-
plied these model parameters only to nonsynonymous
mutations and retained the same parameters for non-
coding deleterious mutations as described above. All sen-
sitivity analyses described above were done under a model
including a severe founder event for Isle Royale with
bottleneck parameters N, = {2,8,32}.

We set the population sizes of our simulations accord-
ing to our best-fit 4-epoch demographic model based on
the SFS from our Minnesota moose genomes (fig. 3 and
supplementary table S2, Supplementary Material online).
Specifically, this model estimated an ancestral effective
population size of N,,.=6,548 diploids, followed by ex-
pansion to N;=79,647 for T, =22,628 generations, then
contraction to N, =49 for T, =29 generations, and finally
expansion to N3 = 193,472 for T; = 1,179 generations. We
also ran simulations under a second 4-epoch model that
had a similar log-likelihood and somewhat differing
parameters of N,,.=7,017, N;=145,662, T,=20,883,
N, =218, T, =142, N;=105,531, and T5=1,223. In both
cases, we allowed the ancestral population to reach
mutation-selection-drift equilibrium by running a burn-in
at N, for 70,000 generations.

Following the fourth epoch of both models, we added a
fifth and final epoch representing the founding of the Isle
Royale population, consisting of N, =187 for 15 genera-
tions. However, when simulating under this demography,
we observed that the simulated levels of inbreeding and
genetic diversity for the Isle Royale population did not re-
capitulate those observed in our empirical data (fig. 5).
Specifically, we observed only a 3.6% reduction in hetero-
zygosity (compared to ~30% in our empirical data) and an
increase in Fpop to just 0.08 (compared to 0.35 in our
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empirical data). We hypothesized that this was due to
the lack of a founder event at the origination of the Isle
Royale population in our model. To explore the impact
of a founder event, we modified the effective population
sizes during the first three generations of the Isle Royale
population, using three plausible bottleneck parameters
of N.=1{6,24,96}, N. = {4,16,64}, and N, = {2,8,32}. We fo-
cused on the three initial generations after founding, re-
flecting the period from ~1900 to 1924 when census
estimates are crude and/or unavailable (Murie 1934;
Mech 1966). Specifically, little is known about the number
of founding individuals, though it is likely this number was
small, particularly if the population was naturally founded.
Additionally, available records indicate a population size of
~300 by 1920 and perhaps several thousand by 1930,
suggesting that population growth was rapid following
founding (Murie 1934; Mech 1966). Following this three-
generation bottleneck, we simulated the final 12 genera-
tions at our estimated N, = 187, representing an average
effective population size for the period ~1924-2020
when census estimates ranged from ~500 to 2,000 (aver-
age of ~1000; Hoy, Peterson, et al. 2020).

During simulations, we recorded mean heterozygosity,
mean Fgoy for ROH >100 kb and >1 Mb, mean genetic
load (calculated multiplicatively across sites), mean in-
breeding load (measured as the number of diploid lethal
equivalents), and the mean number of very strongly dele-
terious (s < —0.1), strongly deleterious (—0.1 <s< —0.01),
moderately deleterious (—0.01<s5< —0.001), and weakly
deleterious (s > —0.001) alleles per individual. These quan-
tities were estimated from a sample of 80 diploids every
1,000 generations during the burn-in, every 100 generations
during the second epoch, every 5 generations during the
North America founding bottleneck, every 20 generations
during the fourth epoch, and every generation during the
Isle Royale bottleneck. We also outputted the neutral non-
coding SFS at the end of simulations from the Isle Royale
population from four unrelated diploid individuals for com-
parison with the empirical neutral SFS from Isle Royale. For
all simulated scenarios, we ran 50 replicates and averaged re-
sults across all replicates for plotting.

From the above description of our simulation model, our
deleterious mutation rate per chromosome per diploid is
U=2%025 Mb*7e-9*2.31/3.31 + 2*24.75 Mb*7e-9%0.04 = 0.0163.
This deleterious mutation rate is much lower than those
typically observed genome-wide (e.g., Keightley 2012), as
expected given that we are modeling a chromosomal seg-
ment 25 Mb in length. Although it is computationally in-
tractable to simulate deleterious mutations of an entire
genome, it is possible to project the simulated inbreeding
load and genetic load to what would be expected for a
2.5 Gb genome, as estimated for moose (Dussex et al.
2020). For the inbreeding load, this can be done by multi-
plying the simulated quantity from a single 25 Mb
chromosome by 100 (as inbreeding load is summed across
sites), whereas for the genetic load, this can be done by ex-
ponentiating the quantity from a single chromosome to
the power of 100 (as genetic load is multiplied across sites).
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However, note that this assumes no linkage between
25 Mb chromosomal segments. This procedure yields a to-
tal deleterious mutation rate per diploid genome of U=
1.63, in good agreement with estimates in humans
(Keightley 2012).

Supplementary material

Supplementary data are available at Molecular Biology and
Evolution online.
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