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Understanding the genetic and fitness consequences of anthropogenic
bottlenecksis crucial for biodiversity conservation. However, studies of
bottlenecked populations combining genomic approaches with fitness data
arerare. Theory predicts that severe bottlenecks deplete genetic diversity,
exacerbate inbreeding depression and decrease population viability.
However, actual outcomes are complex and depend on how a species’
unique demography affects its genetic load. We used population genetic
and veterinary pathology data, demographic modelling, whole-genome
resequencing and forward genetic simulations to investigate the genomic
and fitness consequences of a near-extinction eventin the northern
elephant seal. We found no evidence of inbreeding depression within

the contemporary population for key fithess components, including

body mass, blubber thickness and susceptibility to parasites and disease.
However, we detected a genomic signature of arecent extreme bottleneck
(effective population size = 6; 95% confidence interval = 5.0-7.5) that will
have purged much of the genetic load, potentially leading to the lack of

observedinbreeding depressionin our study. Our results further suggest
that deleterious genetic variation strongly impacted the post-bottleneck
population dynamics of the northern elephant seal. Our study provides
comprehensive empirical insightsinto the intricate dynamics underlying
species-specific responses to anthropogenic bottlenecks.

Habitat destruction and overexploitation by humans have drastically
decreased the abundance of numerous wild populations and driven
some species to the brink of extinction' . These population bottlenecks
impose both demographic and genetic threats to species persistence.
Very small populations are vulnerable to extinction due to stochastic
temporal variation in survival and reproduction*, whereas severely
bottlenecked populations are expected to rapidly lose genetic varia-
tionand the ability to adapt to future environmental changes’, as well

as to quickly accumulate inbreeding and high-frequency deleterious
alleles due to strong genetic drift®. However, in practice, the genetic
and fitness outcomes of anthropogenic bottlenecks are complex and
difficult to predict, partly because they depend on the specific demo-
graphic history of each species’. Unfortunately, these histories remain
unknown for most organisms, making it challenging to comprehend
the long-term effects of human-induced population bottlenecks on
biodiversity and ecosystem health.
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The genetic and fitness consequences of population bottlenecks
also remain poorly understood due to the paucity of data on these
effects in the wild and the complex and opposing effects of selec-
tion and genetic drift on deleterious genetic variation®. The constant
input of deleterious alleles via mutation means that all species and
populations carry a genetic load (decreased fitness due to the pres-
ence of deleterious alleles)®'°. Conceptually, this can be decomposed
into the realized load and inbreeding load (otherwise known as the
masked load)®""2. The realized load is the fraction of the total load
thatisexpressed and which directly decreases the fitness of the popu-
lation. It is determined by homozygous deleterious mutations and
heterozygous deleterious mutations that are not fully recessive. It
also includes deleterious mutations that have drifted to fixation (the
driftload), which decrease the fitness of allindividuals. The inbreeding
loadisthe fraction of the total load that is masked in the heterozygous
state and which causes inbreeding depression (that is, the decreased
fitness of individuals with more closely related parents®). While strong
inbreeding depression has been detected in many wild populations™,
empirical results on the effects of inbreeding on population growth
and viability are complex and often contradictory”'®, Regardless,
the near-universal increase in fitness of small, isolated and declining
populations following immigration' suggests that deleterious genetic
variation often affects population dynamics.

Why do some populations appear to be threatened by genetic fac-
tors while others seem to be buffered against these effects? The widely
varying effects of deleterious genetic variation on population dynamics
arebelievedto arise partly due to the effects of demographic history on
the genetic load®"?, as well as on which fitness components are most
affected’. Historically small populations are expected to have lower
inbreeding loads because new deleterious mutations are often lost to
strong genetic drift and the purging of partially recessive deleterious
alleles exposed to natural selection via inbreeding'*°. However, the
inefficiency of selection against weakly deleterious alleles in the face
of strong genetic drift means that weakly deleterious alleles can eas-
ily become fixed in small populations, resulting in an elevated drift
load compared with those of historically large populations®*. Thus,
populations with small historical effective population sizes (N,) are
expected tohave lowerinbreedingloads and therefore exhibit weaker
inbreeding depression than populations with larger historical N,, but
they should also have a higher drift load and hence lower average
intrinsic fitness®**,

The northern elephant seal (Mirounga angustirostris) provides a
compelling opportunity toinvestigate the complexinterplay between
population declines, genetic load dynamics and fitness®. This iconic
pinniped was abundant in the eighteenth century and was widely dis-
tributed along the Pacific coast of North America*!. Extensive hunting
by commercial sealers between 1810 and 1860 largely eliminated the
species from most of its geographical range and it was considered
extinct by the 1890s>*. Fortunately, a small population survived on
Guadalupe Island, which grew to around 350 seals by 1922 (ref. 27),
when the northern elephant seal was protected by law. Although the
subsequentrecovery was initially slow, there followed over halfa cen-
tury of explosive population growth and range expansion® %, and by
2010 the estimated global population was around 225,000 animals™.
Hence, the northern elephant seal is unusual among mammals in hav-
ingexperienced such asevere bottleneck followed by an unparalleled
population increase?**>**, The genetic and fitness consequences of
this extreme bottleneck have been of major interest for halfa century?.

Toinvestigate the genomic and fitness legacy of the severe anthro-
pogenic bottleneck in northern elephant seals, we first used a suite
of fitness measures and molecular genetic estimates of inbreeding
to test for inbreeding depression. We then used population genomic
datato evaluate the severity of the bottleneck and its likely impact on
the geneticload. To validate our findings, we used whole-genome rese-
quencing to compare the genomiclandscape of deleterious variationin

the northern elephant seal with that of its sister species, the southern
elephant seal (Mirounga leonina), which did not experience a strong
bottleneck®. Finally, we used forward genetic simulations to assess
the likely impact of the bottleneck and purging of deleterious alleles
on populationrecovery.

Results and discussion

Inbreeding depression

Totest forinbreeding depressioninnorthern elephant seals, we com-
bined veterinary pathology data from 219 animals brought into The
Marine Mammal Center in California for rehabilitation with molecular
genetic dataobtained from 22 microsatellites (Supplementary Table1).
Arepresentative subset of 96 animals was thenrestriction-site associ-
ated DNA (RAD) sequenced to produce a quality-filtered dataset of 74
individuals genotyped at 15,051 single-nucleotide polymorphisms
(SNPs) (see Methods). To test for population structure, we subjected
both datasets to principal component analysis (PCA). No distinct
genetic clusters were detected (Extended Data Fig.1), suggesting that
our samples originate from a genetically homogenous population.

To evaluate the ability of the molecular markers to capture varia-
tionininbreeding, we calculated the two-locus identity disequilibrium
statistic g, (ref. 35) separately for the microsatellites and SNPs. A clear
signal of variationininbreeding amongindividuals was detected, which
was more readily resolved with the larger SNP dataset (Fig. 1a; 22 micro-
satellites: g, = 0.012; 95% confidence interval (CI) =-0.0014-0.0273;
and15,051SNPs: g, = 0.011; 95% Cl = 0.0032-0.0202), in line with theo-
retical expectations and previous empirical studies®*”. While the
ability to capturevariationininbreedingis a prerequisite for detecting
inbreeding depression with molecular markers®, the power to detect
inbreeding depression for different fitness components will depend
on their underlying genetic architectures®*°, as well as on the extent
towhich they are influenced by other sources of variation***,

In large mammals that suffer negligible predation, fitness is
predominantly determined by traits such as body size and condition
(whichimpactlongevity and reproductive success) and immune func-
tion (since this plays a major role in susceptibility to disease)* . We
therefore tested forinbreeding depression for body mass and blubber
thickness, whichreflect nutritional status*® and predict survival*”** and
reproductive performance*® in pinnipeds. We implemented separate
Bayesian linear mixed models for each fitness component, fitting
z-transformed standardized multilocus heterozygosity (SMLH) as a
predictor variable and including sex and the month and year of admit-
tance as random effects (see Methods for details). The 95% Cls of the
posterior distributions of the standardized f coefficients of sMLH
overlapped zero for both the microsatellites and SNPs (Fig. 1b and
Supplementary Table 2), indicating that inbreeding is not associated
with either body mass or blubber thickness.

As described in the Methods, the animals were classified by an
experienced marine mammal veterinarian (F.M.D.G.) into six catego-
ries, eachrepresenting a specific disease or condition that was the most
likely cause of death: (1) helminth infection; (2) bacterial infection; (3)
protozoan infection; (4) trauma; (5) malnutrition; and (6) congenital
defects. We thentested for inbreeding depression for parasite and dis-
ease susceptibility by comparinglevels of inbreeding among individu-
als assigned to these different categories. We implemented separate
Bayesian generalized linear mixed models (GLMMs) for each category
using abinomial response variable with lindicating that the respective
disease or condition was the most likely cause of death of a givenindi-
vidual and O indicating that the individual was assigned to a different
category. In all cases, the 95% Cls of the posterior distributions of the
standardized S coefficients of sSMLH overlapped O for both the micros-
atellitesand SNPs (Fig. 1cand Supplementary Table 3), suggesting that
none of the categories differed ininbreeding relative to all of the other
categories combined (Fig. 1d). We also found no effects of inbreeding
inanalyses where trauma was defined as a control category following
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Fig.1|Varianceininbreeding and the relationship between inbreeding
and fitness components, including body mass, blubber thickness and
susceptibility to parasites and disease, in northern elephant seals.

a, Distribution of bootstrapped g, estimates obtained from 22 microsatellites
genotyped in 219 individuals (light grey) and from 15,051 SNPs genotyped

in 74 individuals (dark grey). The empirical g, values and their corresponding
95% Cls are depicted by vertical lines and horizontal bars, respectively.

b, Posterior distributions of the standardized S coefficients of sSMLH on body
mass and blubber thickness for 22 microsatellites (light grey) and 15,051 SNPs
(dark grey). The points represent the mean posterior estimates, the thick black
lines represent 80% Cls and the thin black lines represent 95% Cls. ¢, Posterior
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distributions of the standardized S coefficients of SMLH on binary classifications
of the most likely causes of death (see Methods for details). The three infectious
disease categories (helminth, bacterial and protozoaninfection) are shownin the
top half of the plot. The points represent the mean posterior estimates, the thick
black lines represent 80% Cls and the thin black lines represent 95% Cls.

d, Z-transformed sMLH values for each category, where lindicates that the
respective disease or condition was the most likely cause of death of a given
individual. Thick horizontal lines represent median z-transformed sMLH
estimates, the lower and upper hinges correspond to the first and third quartiles,
respectively, and the whiskers represent 1.5x the interquartile range.

Acevedo-Whitehouse et al.” (Supplementary Results and Discussion,
Extended Data Fig. 2 and Supplementary Table 3).

These findings are in marked contrast with a previous study report-
ing strong associations between microsatellite heterozygosity and
helminth and bacterial infection in California sea lions from the same
rehabilitation centre using virtually identical protocols*. The primary
differences between these studies lie with the species chosen and the
level of genetic resolution, which is substantially higher in the cur-
rent study. Consequently, we believe the two species differ in some
key factor. One possibility is that northern elephant seals face fewer
pathogenic threats, perhaps because some of their pathogens were
not presentin the remnant Guadalupe Island population and thus went
extinct during the bottleneck. Alternatively, this species may have a
muchlowerinbreedingload linked to disease susceptibility because the
relevantalleles were purged or drifted to fixation as aresult of the bot-
tleneck. Elsewhere, heterozygosity has been linked to parasite infection

in California sealions’®, New Zealand sea lions*' and harbour seals®”%,

whereas more generally heterozygosity is associated with diverse life
history traits in pinnipeds, fromearly survival'* to lifetime reproductive
success™***, Hence, the lack of detectable inbreeding depression for
parasite and disease susceptibility in northern elephant seals is con-
spicuous, particularly given the high resolution of our genomic data.

Demographicreconstruction

We used the coalescent simulator fastsimcoal2 (ref. 55) to reconstruct
the recent demographic history of the northern elephant seal using
thessite frequency spectrum (SFS) derived from all 96 RAD-sequenced
individuals (see Methods for details). Three demographic models were
compared (Extended Data Fig. 3). The first model included arecent
bottleneck lasting for six generations (spanning 23-17 generations
ago), corresponding to the known period of intensive harvesting. The
second modelincluded arecentbottleneck lasting for ten generations
(spanning23-13 generations ago), whichincluded a subsequent period
of lower-level hunting during which most of the remaining individuals
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Fig.2|Reconstruction of the recent demographic history of the northern
elephant seal based on RAD sequencing data from 96 individuals. The
best-supported demographic modelincluded post-glacial expansion followed
by arecent bottleneck lasting for six generations and subsequent demographic
recovery (see Extended Data Fig. 3 for details of the model and Extended Data
Fig. 5 for the results of a sensitivity analysis). Shown are point estimates from

the model with the best likelihood among 100 independent runs for each model
(white points) and the distribution of estimates derived from 100 bootstrap
replicates (grey shading represents the density distribution, thin lines are 95% Cls
and thicklines are 66% Cls). N,y represents the effective population size during
thelast glacial maximum (LGM); N presor is the effective population size before
sealing; Ngor is the effective population size during the bottleneck; and Neposrgor IS
the effective population size in the present day. The inserts in the bottom right of
the figure represent the magnified distributions of Ngor and Neposrsor-

are known to have been taken®?¢. The third null model was otherwise
identical but did not include a recent bottleneck (see Methods for
details). All of the models started with an ancestral population at the
end of the Last Glacial Maximum (LGM) that subsequently expanded
until reaching the pre-bottleneck population size. The model with a
bottleneck lasting for six generations received the highest support
(Supplementary Table 4) and the simulated and observed SFSs were
similar (Extended Data Fig.4). Based on this model, N, during the LGM
(N.cm), before sealing (N presor), during the bottleneck (N zor) and in
the present day (N postsor) Were estimated as 267 (95% Cl = 227-1,722),
12,856 (2,828-20,275), six (95% Cl = 5.0-7.5) and 2,624 (95% Cl = 2,506~
2,773), respectively (Fig. 2). Repeating this analysis usingwhole-genome
sequencing (WGS) data from 20 individuals also revealed support for
the six-generation bottleneck model, with a high degree of concord-
ance between the parameter estimates (Supplementary Results and
Discussion, Extended Data Fig. 5 and Supplementary Table 4). The
low N, o7 €stimate is consistent with the results of previous simulation
studies based on mitochondrial DNA and microsatelltes®**’, as well as
with Bartholomew and Hubb’s” estimate of the population in 1890
numbering 20-100individuals, assuming a census size (N,)-to-N, ratio
of approximately 10:1.

Geneticload simulations

To investigate how the extreme demographic bottleneck described
above may have shaped the geneticload of the northern elephant seal,
we implemented forward genetic Wright-Fisher simulations using
SLiM3 (ref.58), as described in the Methods. The Wright-Fisher simula-
tionmodel provides aflexible and generalizable modelling framework
that is particularly well suited for characterizing variationin allele
frequencies in response to demographic changes because the size of
the simulated population can be explicitly controlled*’. In these simula-
tions, fitness is relative, with the genetic load affecting the probability
ofanindividual being chosen as areproducer but not affecting survival;

thus, population size canbe held constant to a user-specified value. We
simulated the demographic history of the northern elephant seal using
point N, estimates fromthe best-supported demographic model based
onthe RAD sequencing data, as described in the Methods.

Figure 3 shows changesin various components of the genetic load
ofthe simulated population from the generation before the start of the
bottleneck until the present day. The total genetic load—quantified as
the sum of the effect sizes of all deleterious mutations multiplied by
their allele frequencies—shows a sigmoidal pattern, decreasing steeply
between five and 15 generations after the start of the bottleneck and
then flattening out (Fig. 3a). The initially slow decrease appears to
reflect the fact that although large numbers of mutations are imme-
diately lost from the population, at least partly due to strong genetic
drift during the bottleneck, most of them have allele frequencies below
0.05 and therefore contribute relatively little to the total load of the
population (Extended Data Fig. 6a,c). The surviving mutations drift
to higher frequencies during the bottleneck and are subsequently
purged or lost to genetic drift at different timepoints depending on
their frequencies, with rarer mutations being lost earlier, until around
15generations after the start of the bottleneck, by which time most of
the purging and loss of deleterious alleles through drift has occurred
(Extended Data Fig. 6b,c). The overall pattern does not appear to be
influenced by changes in the effect size distribution of the surviving
mutations (Extended Data Fig. 6d-f).

The realized load (that is, the fraction of the total load that is
expressed) increases sharply after the start of the bottleneck, peaks
around seven generations later and then gradually declines until the
present day (Fig. 3b). This pattern is again due to surviving deleteri-
ous mutations drifting to higher frequencies and then being purged
(Extended Data Fig. 6a-c). However, the realized load at the end of
the simulation is around twice that of the pre-bottleneck popula-
tion (Fig. 3b). The inbreeding load (that is, the fraction of the total
load that is masked in the heterozygous state) shows a steep, con-
tinuous decrease from the start of the bottleneck until around 10-15
generations afterwards (Fig. 3¢). This is due to a combination of the
inbreeding load becoming increasingly expressed in homozygous
genotypes (thatis, being converted into the realized load), the loss of
many low-frequency deleterious alleles via genetic drift, and purging
by natural selection. In contrast, the driftload (that s, the decreasein
fitness due to the continuous fixation of deleterious alleles) remains
low during the bottleneck but increases in the recovering population
before reaching an asymptote around ten generations after the start
of the bottleneck (Fig. 3d). The delayed increase in the drift load after
the onset of the bottleneck appears to be because it took several gen-
erations for previously rare deleterious alleles to drift all the way to
fixation (Extended Data Fig. 6). These results are entirely consistent
withtheoretical predictions for the evolution of fitness in bottlenecked
populations®™.

We investigated the robustness of our results by repeating the
simulations described above while relaxing our assumptions, as well as
using different datasets. Similar results were obtained (Supplementary
Results and Discussion and Extended DataFig. 7), suggesting that our
inferences based on the Wright-Fisher models are reasonably robust
totheunderlying assumptions and datasets used for modelling. As the
inbreeding load determines the strength of inbreeding depression® 2,
our results imply that inbreeding depression should be weaker in the
post-bottleneck population of northern elephant seals compared with
the pre-bottleneck population. Although we do not have an empirical
historical baseline against which to compare our results, the fact that
we do not find inbreeding depression for several key fitness compo-
nents in the contemporary population aligns with this expectation.
However, our results do not allow us to exclude the possibility that
other fitness components unrelated to body condition or parasite and
disease susceptibility might show inbreeding depression, especially
where the underlying genetic architecture differs". Indeed, Hoelzel
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presence of inbreeding. d, Drift load, which represents the subset of the realized
load comprising deleterious mutations that have drifted to fixation. Thick
coloured lines represent the averages of 100 forward genetic Wright-Fisher
simulations (grey lines) with N, following the estimates from the best-supported
demographic model derived from the RAD sequencing data (light blue shaded
areas), as described in the Methods. The vertical dashed red lines indicate the
onset of the bottleneck.

etal.”recently found evidence for inbreeding depression for lifetime
reproductive successin female northern elephant seals. Reproductive
success will be affected in complex ways by multiple factors, including
the ones we have measured, and is therefore likely to be influenced
by alarger number of genes across the genome. As our simulations
show that the severe bottleneck will have dramatically decreased but
not completely purged deleterious alleles, it is not unexpected that
inbreeding depression can be detected for highly polygenic traits,
suchasreproductive success, but not for disease traits, many of which
arelikely to be oligogenic® and should therefore be purged more effi-
ciently. Hence, the differences between these two studies emphasize
the dependence of the outcomes of bottlenecks not only on the severity
of demographic declines but also on the traits in question and their
underlying genetic architectures.

Genomicinbreeding and individual genomic mutation loads

To characterize patterns of genetic diversity and estimate indi-
vidual genomic mutation loads, we generated WGS data (median
coverage =18.6x) for 20 northern elephant seals. To provide a com-
parative perspective, we additionally generated WGS data (median
coverage =19.3x) for 20 southern elephant seals. The two sister spe-
cies diverged only around 0.6-4.0 million years ago®** but experi-
enced markedly different recent demographic histories, with only

the northern elephant seal having been hunted to the brink of extinc-
tion®. We found that the number of segregating sites differed by over
anorder of magnitude between the species, with 1,234,849 SNPs being
called in the northern elephant seal compared with 14,900,073 SNPs
in the southern elephant seal. Nucleotide diversity (ir) was nearly an
order of magnitude lower in the northern elephant seal (r=0.0003)
compared with the southern elephant seal (7= 0.0017) and the vari-
ation in min 100 kilobase (kb) windows along the genome was also
lower in the northern elephant seal (mean + s.d. = 0.0004 + 0.0009
versus 0.0016 + 0.0023, respectively; Fig. 4a). Similarly, individual
genome-wide heterozygosity was lower in the northern elephant
seal (mean +s.d. =0.00018 + 0.000005 versus 0.00149 + 0.000034;
Fig.4b). Theseresults are consistent with previous empirical estimates
of very low genetic diversity inthe northernelephant seal***“*’ and are
indicative of a very low harmonic mean N, over the 23 generations since
the onset of the bottleneck (Supplementary Results and Discussion).

Toinfer genomicinbreeding, we quantified the proportion of each
individual’'s genomein runs of homozygosity (Froy) Using a conservative
minimumROH Iengththreshold of 1 megabase (Mb). Consistent withthe
aboveresults, Fyo,, Was substantially higherinthe northernelephant seal
(mean +s.d.=0.21+ 0.03) compared with the southern elephant seal
(mean s.d.=0.03 £ 0.02; Fig. 4c). However, these values may under-
estimate the true magnitude of inbreeding as decreasing the minimum
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(M. angustirostris) and southern (M. leonina) elephant seals (n = 20 each).
a, Box-and-whiskers plots showing the distribution of nucleotide diversity ()
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genome-wide mean i values, the boxes indicate the first and third quartiles,
the horizontal lines indicate the medians and the whiskers extend up to 1.5x the
interquartile range. Outliers have been omitted for clarity. b, Mean individual
genome-wide heterozygosity. ¢, The magnitude of individual inbreeding as
expressed by the genomic inbreeding coefficient Fy,, (With a minimum ROH
length threshold of 1 Mb). Smaller ROH length thresholds resulted in larger

Fron values, as shown in Extended Data Fig. 8, but the overall pattern remained
unchanged. d, Individual genomic mutation loads based on tallies of putatively
deleterious SNPs detected in each individual. These were classified into the
inbreeding load (heterozygous SNPs) and the realized load (homozygous SNPs).
Therealized load was further decomposed into the segregating load (mutations
that are variable within a species) and the drift load (mutations that are fixed
within a species). e, Individual genomic mutationloads decomposed into the
inbreeding, segregating and driftloads, asshownin thelegend. Inb-e, the
northern elephant seal individuals are colour coded according to their most
likely cause of death, as shown in the legend. NA refers to the southern elephant
sealindividuals, which were not assigned to fitness categories.

ROH length threshold from 1 Mb to 1kb increased the mean + s.d. Froy
t00.67 £ 0.01and 0.15 + 0.02, respectively (Extended Data Fig. 8). Nev-
ertheless, the strong relative differenceininbreeding between the two
species remained regardless of the ROH length threshold.

Genetic loads can be quantified both at the population and indi-
vidual levels'. We therefore estimated individual genomic mutation
loads from the WGS data, using SNPeff*® to identify derived alleles
at variable sites predicted to disrupt protein function (specifically,
high-impact and loss-of-function variants). Itisimportant tonote that
this approach quantifies the number of putatively deleterious muta-
tions withineachindividual genome butis notinformative about their
selection (s) or dominance (h) coefficients. Therefore, in contrast with
the forward genetic simulations, where mutation loads are expressed
as lethal equivalents at the population level, our genomic mutation
load estimates represent rough proxies corresponding to tallies of
predicted deleterious mutations at the individual level. We calculated
the total number of derived deleterious mutations as a proxy measure
ofthetotalload, the number of derived allelesinthe heterozygous state
as a proxy measure of the inbreeding load and the number of derived
allelesinthe homozygous state as a proxy measure of therealized load.
We thendecomposed the realized load into mutations that are variable
within the focal species (hereafter referred to as the segregating load™)
and mutations that are fixed within the focal species (here assumed

torepresent the drift load). Fixed mutations in the focal species were
estimated by subsetting sites that segregated between the two spe-
ciestoinclude only those sites that were invariant in the focal species.
Mutations contributing to theinbreeding, segregating and driftloads
were broadly distributed across the genomes of both species (Supple-
mentary Results and Discussion and Extended Data Fig. 9).

Marked differences were found in both the magnitude and com-
position of the genomic mutation loads of the two species (Fig. 4d,e).
Inline with the results of the Wright-Fisher simulations, the total load
was substantially lower in the northern elephant seal (235.9 +4.1s.d.
deleterious alleles per individual) than in the southern elephant seal
(365.9 £12.2 s.d. deleterious alleles per individual). Similarly, the
inbreedingload was lower inthe northern elephant seal (33.9 + 4.2 s.d.
versus 202.2 +13.2 s.d. heterozygous deleterious alleles per individ-
ual). The realized load showed the opposite pattern, being higher
in the northern elephant seal (202.1+ 3.0 s.d. versus 163.8 + 5.9 s.d.
homozygous deleterious alleles per individual), mainly due to the drift
load being higher (184.9 + 0.2 s.d. versus 45.9 + 0.4 s.d. homozygous
deleterious alleles per individual). However, our sample sizes do not
allow usto distinguish between mutations that have become fixed and
mutations that have drifted to very high frequency (>0.975), poten-
tially resulting in the overestimation of mutations contributing to the
drift load. Additionally, our approach cannot discriminate between
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Fig. 5| Extinction probabilities and fitness and census population size
trajectories of the simulated northern elephant seal population over time
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bottleneck. The horizontal dashed lines indicate the estimated minimum N, of
the northern elephant seal population (range = 20-100 individuals) according
to Bartholomew and Hubbs?. g-j, Population growth for K =100 (g), K =250 (h),
K =500 (i) and K=1,000 (j). The thick dark grey lines represent average N. across
the 100 simulations (light grey lines). The orange points (joined by orange lines)
indicate empirical N, estimates from Bartholomew and Hubbs?, Le Boeuf and
Bonnell*, Stewart et al.”” and Lowry et al.*°. The vertical dashed red lines indicate
the onset of the bottleneck.

deleterious mutations that reached fixation during the bottleneck
and those that fixed divergently between the two elephant seal spe-
ciesas partofthe speciation process. Nevertheless, the lower average
inbreeding load of the northern elephant seal, together with the fact
that most individuals appear to carry similar numbers of deleterious
allelesregardless of their disease status (Fig. 4d,e), isagain consistent
with the lack of detectable inbreeding depression in this study.

Extinction probability, fitness and population recovery

Toinvestigate how close the northernelephant seal came to extinction
and to evaluate the potential effects of the bottleneck on population
recovery, weimplemented non-Wright-Fisher simulations with SLiM3,
where deleterious mutations impact the absolute fitness of individuals
by affecting annual survival probabilities. Non-Wright-Fisher simula-
tionsareideally suited for this purpose because they rely on the abso-
lute fitness of simulated individuals combined with a user-specified
carrying capacity (K) to dynamically determine N, which can go to
zero when fitness is particularly low*s. Furthermore, demographic

stochasticity associated with genetic and life history traits such as the
reproductive system and age-specific mortality can be incorporated.
We modelled a polygynous mating system with age-specific reproduc-
tion and mortality according to published estimates of northern ele-
phantseal life history traits (see Methods for details). To investigate the
range of possible outcomes for bottlenecks of varyingintensity, weran
100 simulations for each of five scenarios that differed in the carrying
capacity of the population during the bottleneck, from K=50-1,000.

Figure 5summarizes the extinction probabilities (Fig. 5a) and fit-
ness (Fig. 5b) and demographictrajectories (Fig. 5c-j) of the simulated
populations. We found that the probability of extinction was strongly
dependent on bottleneck strength. All of the simulated populations
with K=50wentextinct, suggesting that it is unlikely that the northern
elephant seal experienced such an extreme bottleneck. The extinc-
tion probability was also high at 98% (+2.8 s.d.) for K =100, whereas it
decreased to41% (+9.8 s.d.) for K=250 and to zero for K > 500 (Fig. 5a).
Based on theirinterpretation of seal counts from the early 1900s, Bar-
tholomew and Hubbs? estimated that the population decreased to
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below100 individuals and possibly as few as 20 individuals. Inline with
this, the two surviving simulated populations for the K =100 scenario
decreased to seven and 12 individuals, respectively (Fig. 5c), whereas
the surviving simulated populations for the K =250 scenario decreased
toanaverage N,0f22.7 + 9 s.d. (Fig. 5d), making these arguably the most
realistic scenarios out of those we tested. In contrast, the simulated
populations for K=500 and K=1,000 decreased to an average N, of
164.0 +23.4 s.d. (Fig. 5e) and 510.7 + 21.0 s.d. (Fig. 5f), respectively.

Next, we investigated the impact of bottleneck intensity on the
timing of populationrecovery. N, estimates based on empirical data”*°
indicate that the northern elephant seal population comprisedjust afew
thousand individuals during the first few decades of the early twentieth
century and rapidly increased starting from the 1960s (orange lines in
Fig.5g-j). Simulated population trajectories for the surviving popula-
tions with K=100 and K= 250 closely matched this empirical trajectory
(Fig. 5g,h). Larger values of K resulted in progressively earlier popula-
tion recoveries, with the contemporary N, being reached around a
century earlier in the population with the weakest simulated bottleneck
(K=1,000;Fig.5j). Theseresults are consistent with the different fitness
trajectories emerging from the simulations with varying bottleneck
intensities, where fitness is a function of the realized load (Fig. 5b).

Finally, we aimed to rule out the possibility that the demographic
patterns emerging from the non-Wright-Fisher simulations could
be due to demographic stochasticity associated with bottlenecks of
different strength and have little to do with deleterious genetic varia-
tion. We therefore implemented a series of neutral models that were
identicalinallrespectstothe previous non-Wright-Fisher simulations,
but which did not simulate any deleterious mutations. Three striking
differences were observed (Extended Data Fig. 10). First, none of the
simulated populations without deleterious mutations went extinct.
Second, they showed earlier demographicrecoveries than simulations
thatincluded deleterious mutations. Third, they rapidly attained the
maximum final N.determined by the carrying capacity of the simula-
tions. Thisreinforces the notion that differences in the geneticload of
populations experiencing bottlenecks of different strength can play an
importantrolein determining their rate of recovery and suggests that
deleterious genetic variation strongly impacted the post-bottleneck
population dynamics of the northern elephant seal.

Conclusions

Thenorthernelephantsealis a classic example of awild vertebrate that
isbelieved to have purged at least part of its genetic load as aresult of
asevere bottleneck’. However, there is little empirical evidence for
this assertion other than the widespread perception of the “remark-
able demographic vitality”” of the recovering population. More gen-
erally, itis challenging to demonstrate purging in wild populations
because inbreeding depression usually cannot be measured before
and after purging has taken place". We circumvented this issue by
ground-truthing our empirical results concerning the contemporary
level ofinbreeding depression with simulations and individual genomic
mutation load estimates based on WGS data. This produced three com-
plementary lines of evidence in support of the argument that the bot-
tleneck resulted in a decrease in the inbreeding load of the northern
elephant seal: (1) the absence of detectable inbreeding depression
for body mass, blubber thickness and susceptibility to parasites and
disease within the contemporary population, despite the presence of
a clear signal of inbreeding; (2) simulations indicating a substantial
decreaseinthetotal andinbreedingload of the northern elephant seal
population due to the bottleneck; and (3) genomic evidence of fewer
derived deleterious mutationsinthe northernversus southern elephant
seal. The extent of purging in other natural systems remains uncertain®,
butlaboratory studiesindicate that the demographicimpact of purging
tends to be associated with a high risk of extinction®. This is consistent
with theresults of our non-Wright-Fisher simulations, which revealed
anappreciable risk of extinction (ranging from 98% + 2.8 s.d. for K =100

to 41% + 9.8 s.d. for K= 250) for those scenarios most closely resem-
bling the known recent demographic history of the northern elephant
seal, emphasizing that the persistence of this species was a fortunate
outcome. Part of the explanation for why the northern elephant seal
persisted may be that selection associated with inbreeding depression
mainly impacted traits that affect relative but not absolute fitness (that
is, selection was mainly soft’®).

Alsoinaccordance with theoretical predictions ,our simula-
tions revealed a marked increase in the realized genetic load of the
northern elephant seal population as a result of the bottleneck. This
increase in the realized load appears to have slowed down the demo-
graphicrecovery of the population. Although many deleterious alleles
were almost certainly purged during and shortly after the bottleneck,
strong genetic drift after the population crash means that many other
previously rare deleterious alleles are expected to have drifted to high
frequency or fixation, resultinginanetincreasein the genetic load. Our
results, combined with those of Hoelzel et al.”*, who reported inbreed-
ing depression for female lifetime reproductive success in northern
elephant seals, imply that the genomic consequences of the severe
anthropogenicbottleneck hindered whatis considered by many tobe
“one of the most remarkable populationrecoveries of any mammal™',

To conclude, our findings emphasize the complexity of
population-level responses to demographic declines and their reli-
ance ondemographichistory. Inthe case of the northernelephant seal,
asevere populationbottleneck resultedin anet decreaseinfitness and
population growth. Furthermore, whole-genome resequencing data
from the two elephant seal sister species suggest that the bottleneck
was associated with a substantial decrease in genome-wide diversity,
in line with previous studies based on smaller numbers of genetic
markers®”*>, This loss of genetic diversity may constrain the ability of
this species to adapt to future challenges®”". Given that anthropogenic
pressures are causing species declines on an unprecedented scale,
there is an urgent need to better understand the interplay between
demographic histories, genetic diversity and fitness, and how these
dynamics unfold across species.

8,12,20

Methods

Northern elephant seals

Tissue samples were obtained from juvenile elephant seals that died
from various causes between 2006 and 2012 at The Marine Mammal
Center (Sausalito, CA, USA) following stranding along the California
coast from San Luis Obispo to Humboldt County. At admittance, the
animals were weighed (kg) and their blubber thickness (cm) was meas-
ured over the sternum. Within 24 h of death, each animal was subjected
to astandardized postmortem examination. Helminthinfections were
identified by examining the respiratory tract, heart and great blood
vessels and gastrointestinal tract. Representative samples of internal
organs were fixed in10% neutral buffered formalin, embeddedin par-
affin, sectioned at 5 pm and stained with haematoxylin and eosin for
light microscopy to examine the tissues histologically. As described
by Colegrove et al.”* the cause of death was defined as the disease or
condition that was the most likely cause of the animal’s death based on
all of the available information. Each individual was assigned to one of
the following categories:

(1) Helminthinfection (n = 62): clinical manifestations of Otostron-
gylus circumlitus infection, including neutrophilia, disseminat-
ed intravascular coagulation and fatal inflammatory reaction.

(2) Bacterial infection (n =28): primary infection with a specific
microbial organism (for example, Leptospira or Salmonella spe-
cies) or generalized non-specific bacterial infection following
trauma or malnutrition.

(3) Protozoan infection (n=4): infection with a protozoal parasite
(for example, Toxoplasma gondii, Sarcocystis species or Eimeria
species).
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(4) Trauma (n=19): wounds with no complicating generalized
infections, including boat strikes, bite wounds, lacerations and
musculoskeletal injuries.

(5) Malnutrition (n = 88): poor body condition with no other obvi-
ous infections or lesions.

(6) Congenital defects (n =18): the presence of a major congenital
defect that contributed to poor health, either causing death or
resulting in euthanasia due to a poor veterinary prognosis.

Finally, a -5 mm? skin sample was collected from the foreflipper
of each animal with a scalpel and stored in 95% ethanol at —20 °C for
subsequent analysis. All animal care and sampling procedures were
authorized by the National Marine Fisheries Service (MMPA permit
number 18786) and approved by The Marine Mammal Center’sinternal
animal care and use committee.

Southern elephant seals

Tissue samples were obtained from 20 southern elephant seals (one
adult female, three adult males and 16 pups) from a breeding col-
ony at Half Moon Beach, Cape Shirreff in the South Shetland Islands
(62°28'37.4” S,60° 46’ 45.0” W) between 2008 and 2015 (see Nichols
etal.” for details). Adults were sampled from the flanks using a2 mm
sterile disposable Miltex biopsy punch (Thermo Fisher Scientific).
Pup skin samples were collected from a rear flipper using a tag hole
punchora2 mmsterile disposable Miltex biopsy punch. The samples
were immediately transferred to 95% ethanol and stored at —20 °C
until subsequent analysis. All sampling was conducted in accordance
with Marine Mammal Protection Act permit numbers 16472-01 and
774-1847-04, granted by the Office of Protected Resources, National
Marine Fisheries Service (Antarctic Conservation Act permit numbers
2012-005 and 2008-008). The protocols used in this study were also
reviewed and approved by the US National Marine Fisheries Service
Southwest and Pacific Islands regions’ Institutional Animal Use and
Care Committee (approval documents SWPI2011-02 and SWPI2014-03).

Microsatellite genotyping

Totalgenomic DNA was extracted from the northern elephant seal sam-
plesusing amodified phenol-chloroform protocol and genotyped at 22
polymorphic microsatellite loci (Supplementary Table1). The lociwere
PCR amplified in four separate multiplexed reactions using a Type-it
kit (Qiagen). The following PCR profile was used: initial denaturation
of 5min at 94 °C; 28 cycles of 30 s at 94 °C, 90 s at the annealing tem-
perature (T, °C) specified for each multiplex reaction in Supplemen-
tary Table 1, and 30 s at 72 °C, followed by a final extension of 30 min
at 60 °C. Fluorescently labelled PCR products were then resolved by
electrophoresis on an ABI 3730xI capillary sequencer and allele sizes
were scored using GeneMarker version 1.95. To ensure high genotype
quality, all traces were manually inspected and any incorrect calls were
adjusted accordingly. We also quantified the genotyping error rate for
theresulting dataset by independently repeat genotyping 85 samples
betweenoneand fivetimes each. This was very low at 0.0016 per locus
or 0.0013 per allele. Finally, deviations from Hardy-Weinberg equilib-
rium were calculated for each microsatellite locus using chi-squared
tests and exact tests based on 1,000 Monte Carlo permutations of
the dataset™ implemented in the R package pegas 1.0-1 (ref. 75). The
resulting P values were corrected for the false discovery rate using the
Rpackage qvalue”. The R package adegenet” was also used to calculate
the observed and expected heterozygosity of each locus.

RAD sequencing

Arepresentative subset of 96 northern elephant seals (33 animals with
helminth infection, 19 with bacterial infection, two with protozoan
infection, 11 with trauma, 22 with malnutrition and nine with congenital
defects) was chosen for RAD sequencing. The libraries were prepared
using amodified protocol from Etter et al.”® with minor modifications

asdescribed by Hoffman et al.”. Briefly, 400 ng genomic DNA from each
individual was separately digested with Sbfl followed by the ligation
of P1adaptors withaunique 6 bp barcode for eachindividualinaRAD
sequencing library, allowing the pooling of 16 individuals per library.
Libraries were sheared witha Covaris S220 and agarose gel size selected
t0300-700 bp. Following 15-17 cycles of PCR amplification, the librar-
ies were further pooled using eight different i5 indices before 250 bp
paired-end sequencing on two lllumina HiSeq 1500 lanes. This resulted
inatotal of 315,558,810 paired-end 250 bp Illumina sequence reads.

The quality of the raw sequences was checked using FastQC” and
low-quality reads were trimmed using the fastx_trimmer module within
the FASTX-Toolkit (http://hannonlab.cshl.edu/fastx_toolkit). Subse-
quently, thereads were demultiplexed using the process_radtags module
within the Stacks pipeline®° and any reads containing uncalled bases or
reads with anaverage phred scaled quality score below tenwithin sliding
windows comprising 15% of the length of the read were discarded. We
then used the bwa-mem algorithm in BWA® with default parameters to
alignthe demultiplexed reads to the M. angustirostrisreference genome,
available viathe National Center for Biotechnology Information (NCBI;
RefSeq identification code GCF_021288785.2). The resulting SAM files
were converted to BAM format and sorted by coordinate using SAM-
tools®. Next, Picard tools (https://broadinstitute.github.io/picard) was
usedtoaddread groupstoindividual BAMfiles and to mark and remove
PCR duplicates. Finally, variant discovery and calling was implemented
using the HaplotypeCaller module within GATK® and the resulting
321,124 raw genotypes were filtered using VCFtools®* and PLINK® to
retain only high-quality biallelic SNPs. Specific filtering stepsincluded:
(1) retaining only individual genotypes with a depth of coverage and
genotype quality of greater than five; (2) removing loci that could not be
calledinmore than 50% ofindividuals; (3) removing loci whose coverage
exceeded twice themean coverage of the dataset (19.06x); (4) removing
locithat deviated significantly from Hardy-Weinbergequilibrium based
on a Pvalue threshold of 0.01 after having implemented mid-P adjust-
ment, as described by Graffelmanand Moreno®; (5) removinglociwitha
minor allele frequency below 0.01; and (6) removing samples with more
than 50% of missing data. The final quality-filtered dataset comprised
74 individuals genotyped at 15,051 SNPs.

Population structure

Totest for the presence of population genetic structure, we subjected
boththe microsatellite and RAD sequencing datasets to PCA using the
R package adegenet””¥, Specifically, we applied the function dudi.pca
to the microsatellite dataand the gIPcafunctionto the SNP dataset. The
glPcafunctionis specifically designed to efficiently compute PCA on
large SNP datasets.

Identity disequilibrium

To quantify the variance in inbreeding, we calculated the two-locus
heterozygosity disequilibrium (g,)* for the microsatellite and RAD
sequencing datasets using the R package inbreedR® version 0.3.3.
The 95% Cls of g, were determined based on 100 permutations of the
dataset and bootstrapping 10,000 times over individuals. InbreedR
was also used to quantify individual sMLH for both the microsatellite
and RAD sequencing datasets.

Inbreeding depression

Totest forinbreeding depression for body mass and blubber thickness,
we constructed Bayesian linear mixed models using the R package
brms® version 2.19.0. The predictor variable was z-transformed sMLH,
and sex and the month and year of admittance were included asrandom
effects, as follows:

mass; = B + By x SMLH;; + b; + u; + vy

blubber; = By + B, x SMLH;; + b; + u; + v
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where:

mass; represents the observed value of the response variable mass
for observation i within the levels of the grouping variables sex (i),
month (j) and year (k);

blubber; represents the observed value of the response variable
blubber thickness for observation i within the levels of the grouping
variables sex (i), month (j) and year (k);

Boand B, are the fixed-effects coefficients for the intercept and
the predictor variable SMLH, respectively;

b;represents the random intercept for each level of the grouping
variable sex;

u;represents the random intercept for each level of the grouping
variable month; and

v, represents therandomintercept for each level of the grouping
variable year.

To investigate whether inbreeding is related to the most likely
cause of death, we constructed Bayesian GLMMs separately for each of
the six categories (helminth infection, bacterial infection, protozoan
infection, trauma, malnutrition and congenital defects). For this, we
used binomial classifications (thatis, animals whose most likely cause
of death was helminthinfection were classified as 1 for helminthinfec-
tion and O for all of the other categories). Again, z-transformed sMLH
wasfitted asthe predictor variable, and sex and the month and year of
admittance were included as random effects:

Pij
].—py

log[ ]=ﬁ0+ﬁ1stLHiJ-+bi+uj+uk

where:

p; represents the probability that the binary response variable
category (for example, helminthinfectionand soon)isequalto1(died
of the respective disease or condition) for observation i within the
levels of the grouping variables sex (indexed by i), month (indexed by

Jj)andyear (indexed by k).

We alsoran asimilar analysis, butinstead of using the binary clas-
sification of the most likely cause of death, we constructed a single
multinomial GLMM with a categorical response variable, where each
category was compared with the reference category trauma:

logit[P(Y; < m)] = &y — B X SMLH; + b; + u; + v form =1,2, .. k-1

where:

logit [P(Y; < m)] is the log-odds of ¥; being less than or equal to
category m; and

a,,isthe threshold parameter associated with category m.

Lastly, toinvestigate whether inbreeding differed between animals
that died from trauma and those that died from other causes, we con-
structed Bayesian GLMMs using a binomial classification where animals
whose most likely cause of death was trauma were classified as 0 and
all other categories apart from trauma (that is, helminth infection,
bacterialinfection, protozoaninfection, malnutrition and congenital
defects) were classified as 1. Again, z-transformed sMLH was fitted as
the predictor variable, and sex and the month and year of admittance
wereincluded as random effects:

Pij
1-p;

log[ ]=ﬁ0+/31><sMLH,-j+b,-+uj+uk

where:

pjisthe probability that the binary response variable category is
equalto1(did not die from trauma) for observation i within the levels
of the grouping variables sex (indexed by i), month (indexed by ) and
year (indexed by k).

All of the above models were implemented separately for the
microsatellite and RAD sequencing datasets. Three independent

Markov chains were run for 100,000 iterations, using a thinning inter-
val of 100 and burn-in of 50,000 iterations. We used generic weakly
informative priors for the population-level effects. Model diagnostics,
including autocorrelation and R hat statistics, and effective sampling
sizes were generated using the R package bayesplot version 1.10.0
(ref. 90). All statistical analyses were implemented in R version 3.6.3
(ref. 91) with Rstudio version 1.3.1093 using the tidyverse R package®
version1.3.1.

Demographicreconstruction

To reconstruct past changes in the effective population size of the
northern elephant seal, we performed demographic inference based
onthefolded SFS derived from genotype likelihoods. Specifically, the
program ANGSD?® was used to calculate genotype likelihoods based
on the BAM files obtained after mapping the sequencing reads to
the reference genome and filtering to remove alignments to the sex
chromosome. This was implemented while retaining only uniquely
mapped reads with a minimum mapping quality of 20, for which we
also calculated base alignment quality scores toreduce errors deriving
frommisalignments around indels’*. Moreover, we retained only sites
presentinall individuals that had a minimum and maximum depth of
coverage of 288 and 1,600, respectively, across all individuals. The
resulting genotype likelihoods were then used as input to the ANGSD
module realSFS to estimate the empirical folded SFS.

Demographic inference was implemented using the coalescent
simulator fastsimcoal2 (ref. 95), which we used to compare three alter-
native demographic models (Extended Data Fig. 3). The first model
included arecentbottleneck spanning the peak of commercial exploita-
tion of the northern elephant seal in the nineteenth century. The bot-
tleneck was fixed between 23 and 17 generations ago, corresponding
tothe known period of intensive harvesting (1810-1860)*** assuming
ageneration time of 8.7 years®. The second model accounted for the
factthat northern elephant seals continued to be hunted atalower level
until the end of the nineteenth century®?*. Accordingly, the bottleneck
was fixed between 23 and 13 generations ago. The third model did not
include arecent bottleneck and therefore represented a nullmodel. All
ofthe modelsincluded a period of post-glacial population expansion,
whose end, measured ingeneration ago, wasinferred from the model.
We denoted this time point (i.e. the end of the post-glacial expansion)
as T,.. We included post-glacial expansion in our models because a
previous comparative study of pinnipeds based on microsatellites
found greater support in northern elephant seals for a demographic
model that included a recent bottleneck and post-glacial expansion
thanamodel thatincluded only arecent bottleneck®.

Inall of these models, the defined initial search range for the cur-
rent effective population size (N posrsor) Was log uniformly distributed
between 5,000 and 40,000. For the bottleneck models, the defined
initial search range for the effective population size before sealing
(Nepresor) Was log uniformly distributed between 5,000 and 40,000,
whereas the defined initial search range for the effective population
size during the bottleneck (N,.5or) was uniformly distributed between
one and 50. Then, we defined the initial search range for the effective
population size after the LGM (N, cv) between 50 and 4,000 and set
the LGM to 2,100 generations ago, corresponding to approximately
19,000 years ago”. Finally, the initial search range for T,. was uniformly
distributed between 100 and 1,000 generations ago. Note that the com-
posite maximum likelihood approach implemented in fastsimcoal2
uses these search ranges solely as starting values and the resulting
parameter estimates can therefore exceed the upper limits®.

A total of 100 replicate runs were performed for each model,
including100 estimation loops with 100,000 coalescent simulations.
We did notinclude singletons in the simulations, as these canbe biased
when the sequence coverage is low”. Out of the 100 replicates for each
model, the run with the highest maximum likelihood was retained. The
best model was then determined based on the delta likelihood values
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(the difference between the estimated and observed likelihoods) and
Akaike’s information criterion values. Finally, we investigated the
uncertainty of our parameter estimates by bootstrapping the data100
times over individuals with replacement and using ANGSD to gener-
ate corresponding SFSs. For each of these 100 SFSs, the parameters
were then re-estimated based on 100 replicate runs, each including
100 estimation loops with 100,000 coalescent simulations. For each
SFS, the run with the top maximum likelihood was retained and used
for the bootstrap distribution. For each parameter, 95% Cls were then
calculated based on the resulting 100 bootstrap estimates.

Finally, to explore the sensitivity of our results to different types
ofinput data, werepeated the demographicinference described above
using SFSs obtained from WGS data from 20 northern elephant seals
(for details, see below). The genotypes were filtered to include only
autosomes using VCFtools and the corresponding SFSs were obtained
using easySFS (https://github.com/isaacovercast/easySFS). Demo-
graphic inference was then implemented as described above for the
RAD sequencing data, using the same models and priors.

Wright-Fisher simulations

To investigate how the inferred bottleneck may have impacted the
genetic load of the northern elephant seal, we implemented forward
genetic simulations with the software SLiM3 (ref. 58). Specifically,
we ran 100 Wright-Fisher simulations where we modelled the demo-
graphic history of the species since the LGM using point N, estimates
derived from the best-supported demographic model based on the
RAD sequencing data (see ‘Results’). Starting from one generation
before the bottleneck, we then quantified the following compo-
nents of the genetic load of each simulated generation according to
Bertorelleetal.”:

(1) Totalload. This represents the total number of lethal equiva-
lents present in the population. It is quantified as the sum of
the effect sizes of all deleterious mutations multiplied by their
allele frequencies. It is thus independent of genotype frequen-
cies and incorporates both the component of the genetic load
thatis expressed (that is, the realized load; see below) and the
component of the genetic load that is not expressed (that is,
the inbreeding load; see below).

Realized load. This is the fraction of the total load that is
expressed and which therefore actively decreases the fitness

of the population. It is determined by homozygous deleterious
mutations and heterozygous deleterious mutations that are
not fully recessive, whose effects are scaled by their dominance
coefficients. Therefore, the realized load is quantified as the
sum of the effect sizes of all homozygous mutations multiplied
by their genotype frequencies plus the sum of the effect sizes of
heterozygous mutations multiplied by their genotype frequen-
cies and respective dominance coefficients.

Inbreeding load. This is the fraction of the total load that is
masked in the heterozygous state. It is quantified by subtract-
ing the realized load from the total load. This is the load com-
ponent that determines inbreeding depression, as inbreeding
unmasks the effects of deleterious mutations that are shielded
from selection in the heterozygote state.

Drift load. This is the subset of the realized load that is repre-
sented exclusively by deleterious mutations that have drifted
to fixation. We calculated this as the sum of the effect sizes of all
fixed deleterious mutations.

2

~

@3

~

4

~

We simulated the entire northern elephant seal genome, compris-
ingall17 autosomes, and allowed only deleterious mutations to arise. A
burn-in of10 x N, generations wasimplemented to establish an equilib-
rium level of genetic diversity through mutation-selection balance. We
modelled the evolution of deleterious mutations based on the available
information to date?. First, these mutations were modelled to appear

atarategreater thanone (U=1.2), whichisinaccordance with empirical
estimates from fruit flies’” and humans'’°. Second, the distribution of
fitness effects of the deleterious mutations was modelled as strongly
bimodal, with the majority of mutations having small to moderate
effects while aminority were lethal or semi-lethal'™. This was achieved
by sampling |s| from a gamma distribution with the mean and shape
parameter equal to —0.04 and 0.2, respectively. Third, dominance
coefficients (h) were modelled so that nearly neutral mutations were
slightly recessive and highly deleterious mutations were nearly fully
recessive, in accordance with empirical observations in fruit flies™” and
yeast'®. For this we assumed the relationship between hand |s| provided
by Deng and Lynch'®*, Finally, deleterious mutations were allowed
to appear throughout the genome—an assumption we believe to be
realistic as deleterious mutations are known to arise not only within
exons but also in regulatory elements and ultra-conserved genomic
regions”. Nevertheless, for comparison, we also re-ran the simulations
while allowing deleterious mutations to arise only within exons.

Finally, we incorporated the uncertainty associated with our
demographic estimates by re-running the forward genetic simu-
lations described above using the N, estimates obtained from the
bootstrapped SFSs, rather than a single point estimate from the
best-supported demographic model, as input values. For compari-
son, we also ran an additional set of 100 simulations using the point
N, estimates obtained from the best-supported demographic model
based on the WGS data.

Whole-genome analyses

Laboratory methods. A representative selection of 20 northern ele-
phant seals that passed stringent quality control (ten animals with
helminth infection, three with bacterial infection, four with trauma
and three with malnutrition) were subjected to WGS, together with
20 southern elephant seals. The DNA samples were measured photo-
metrically using a NanoDrop One instrument (Thermo Fisher Scien-
tific) to determine purity. DNA quality was determined by capillary
electrophoresis using the Fragment Analyzer and DNF-464 HS Large
Fragment 50 kb Kit (Agilent Technologies) and the final specific DNA
concentration was determined using the fluorometric Qubit dSSDNABR
assay (Thermo Fisher Scientific). Library preparation was performed
according to the manufacturer’s protocol using the lllumina DNA
PCR-Free Prep, Tagmentation (Illumina) with a total input of >300 ng
persample. Libraries were normalized to 2 nM, pooled and sequenced
onaNovaSeq 6000 (lllumina) with aread setup of 2 x 151 bp.

Variant calling. The genotyping of the WGS data from the northernand
southern elephant seals was based on the GATK best practice recom-
mendations'®, The reference genome for the whole-genome analysis
was the M. angustirostris genome, available via NCBI (RefSeq identifi-
cation code GCF_021288785.2). Before genotyping, scaffolds smaller
than1kbwere removed. A subset of the analysis was also repeated with
the M. leonina genome (RefSeqidentification code GCF_011800145.1)
as areference. The genotyping included the conversion of the raw
sequencing datainto ubam format for the assignment of read groups
and the marking of Illumina adaptor sequences. Subsequently, the
datawere mapped to the reference genome using BWA and duplicated
reads were marked. Using the GATK tool HaplotypeCaller'®¢, genotype
likelihoods were obtained for each sample and the final genotypes were
calledjointly on all samples using the GATK tool GenomicsDBImport.
A threshold-based hard filtering of the raw genotypes was applied
based on the metrics QD (<7.5), FS (>17.5), MQ (<55.0), SOR (>3.0),
MQRankSum (<-0.5,>0.5) and ReadPosRankSum (<-2.25,>2.25). These
thresholds were determined visually following the Broad Institute’s
recommendations on the hard filtering of germline short variants
(https://gatk.broadinstitute.org/hc/en-us/articles/360035890471).
Subsequent to the genotyping with GATK, missing genotypes were
reformatted from the Broad Institute’s notation (GT:0/0,DP:0) to
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the standard vcf representation (GT:./.) using the BCFtools plugin
+setGT'”" to prevent missing data from being erroneously interpreted
ashomozygote genotypes in the downstream analysis.

Quality control. The quality of the resequencing data was assessed
with FastQC and interspecific contamination was ruled out with
FastQScreen'®, Mapping success was monitored with bamcov
(https://github.com/fbreitwieser/bamcov) and BamTools'*’. To fur-
ther rule outintraspecific contamination, acombination of VCFtools,
GATK VariantsToTable and custom R scripts were used to check for
allelicimbalance within the called SNPs for each individual. MultiQC"°
was used to monitor the quality control procedure and bundle indi-
vidual reports.

Genetic diversity. To compare SNP densities between northern and
southern elephant seals, VCFtools was used to create two subsets of
genotypes, comprising only samples of one of the two species, respec-
tively. These subsets were then filtered for aminor allele count of >1to
remove any invariant SNPs. Then, for both subsets, VCFtools was used
to estimate SNP densities within non-overlapping 100 kb windows
along the genome. For the estimation of nucleotide diversity (), the
genotyping step was repeated from the GenotypeGVCFs step onward,
now including the flag --include-non-variant-sites true to also include
invariant sites (the subsequent steps were unchanged). Based on this
dataset, the Python scripts within the GitHub repository genomics_gen-
eral (https://github.com/simonhmartin/genomics_general) were used
to compute  within 100 kb sliding windows with 25 kb increments.
Additionally, individual heterozygosity was summarized within 1 Mb
sliding widows with 250 kb increments using acombination of VCFtools
and custom R scripts.

ROH calling. ROHs were called in both elephant seal species using
BCFtools™ and PLINK®. The BCFtools approach was implemented
using the default parameters for the species subsets of the geno-
types separately. For the PLINK analysis, abroad parameter space was
explored by varying the input parameters over all possible combina-
tions of --homozyg-window-snp 50, --homozyg-snp 100, --homozyg-kb
[1000, 10], --homozyg-gap [1000, 50], --homozyg-density 50,
--homozyg-window-missing [5, 20], --homozyg-het [1000, O, 2] and
--homozyg-window-het[1, 3] (a total of 48 parameter combinations).
To evaluate the accuracy of the ROH calling, the resulting ROHs were
then compared with patterns of genome-wide heterozygosity at the
individuallevel using acombination of VCFtools and custom R scripts.
Based onthe close resemblance between the ROHs called by BCFtools
andregions of low heterozygosity, the BCFtools results were favoured
over the PLINK results for further analysis. A conservative minimum
ROH length threshold of 1 Mb was then applied to facilitate compari-
sons with previous studies">'”,

Genomic mutation loads. To identify functionally relevant SNPs
in the genomes of the northern and southern elephant seals, geno-
types within coding sequences were annotated using SnpEff®s, For this
analysis, we obtained the northern elephant seal genome annotation
from NCBI (GCF_021288785.2_ASM2128878v3_genomic.gtf.gz) and
extracted protein and coding sequences using the tool gff3_to_fasta
from the GFF3toolkit (https://github.com/NAL-i5K/GFF3toolkit). A
custom SnpEff database was then created using the SnpEff build com-
mand and the VCF file with the genotypes was annotated using the ann
command with the flags -no-downstream, -no-intergenic, -no-intron,
-no-upstream and -no-utr. Variants categorized as high-impact or
loss-of-function variants were classified as putatively harmful muta-
tionsandincludedin the load scoring.

Next, we assigned ancestral alleles using a cactus'* alignment of
the two elephant seal genomes and the Weddell seal genome (RefSeq
identification code GCF_000349705.1). Pairwise nucleotide differences

114

between the M. angustirostris genome and the inferred shared ances-
tor of the three seal species were exported from the alignment using
halSnps'*. The VCF file containing the genotypes was then further
annotated with the inferred ancestral alleles using the vcf-annotate
tool from VCFtools. Lastly, Jvarkit' was used in combination with a
custom Java script to recode the genotypes based on their ancestral
state (with O being ancestral and 1 being derived).

Finally, genomic mutation load estimates were obtained for all
individuals using SnpSift"¢. For the inbreeding load, variants with
putatively harmful mutations for the derived allele in the heterozygous
state were tallied; for the segregating drift load, variants with putatively
harmful mutations that were homozygous for the derived allele were
scored. To estimate the magnitude of the drift load of each species,
the genotypes were subsetted to include only SNPs that were invari-
antwithineachrespective species. Then, for each subset, the number
of SNPs that were fixed for the derived allele and that were classified
as putatively harmful mutations was tallied using a combination of
custom R scripts and SnpSift.

Non-Wright-Fisher simulations

Toinvestigate how close the northern elephant seal came to extinction
and explore the probable impact of deleterious mutations on the recov-
ery of the population, we implemented non-Wright-Fisher simulations
in SLiM3. We modelled overlapping generations and implemented
age-dependent mortality so that most females produced fewer than
nine pups in total'” and successful males died within a couple of years
of first reproduction®, Mortality probabilities for the first four years
of life were set t0 0.632, 0.294, 0.253 and 0.160, respectively, accord-
ing to Le Boeuf et al.". Reproduction was implemented according to
aharem-style system in which a small proportion of males reproduce
with numerous females, each of which produce a single offspring per
year. Le Boeuf"® reported that the majority of copulations at Afilo Nuevo
in California were undertaken by the five most active males, which
accounted for less than 5% of the male population. We therefore set the
proportion of reproducing males to 5% to account for the additional
contributions of small numbers of opportunistic males with very low
reproductive success. The age at first reproduction was set to 4 years
for females, as this is the most common age at primiparity in female
northern elephantseals', and 6 years for males"®. The effect of delete-
rious mutations was assumed to be constant through all age classes and
for each sexand wasimplemented entirely through survival, meaning
that the genetic load purely affected the probability of an individual
surviving to the next simulation cycle.

Census population sizes were determined by setting the carrying
capacity (K) through time to appropriate values in the simulations.
Given that the contemporary northern elephant seal population con-
sists of around 225,000 individuals®’, we set the post-bottleneck K to
350,000 to allow our simulated population to reach a contemporary
N.similar or greater than the empirical value. The N, estimate of Lowry
etal.’**was also used to derive the census-to-effective population size
ratio, whichwe then used to convert our historical N, estimates from the
demographic modelinto N, values, and set the corresponding carrying
capacitiesaccordingly. N at the start of the simulation (thatis, preced-
ing post-glacial expansion) was set to 2,670 (10 x N,, ) assuming an
N,-to-N_ratio of 0.1. This was implemented as a time-effective solution
for reaching an equilibrium level of genetic diversity during aburn-in
0f 26,700 simulation cycles, during which we implemented random
mating. Toinvestigate the effect of bottleneck strength on extinction
riskand post-bottleneck populationrecovery, we set the bottleneck K
t050,100,250,500 and 1,000 and ran100 simulations for each value.
These values were chosen to allow comparisons to be made between
strongly and weakly bottlenecked populations. Then, separately for
each bottleneck scenario, we quantified the extinction probability
as the proportion of simulations in which the northern elephant seal
population went extinct. Inaddition, we extracted N.and fitness values

Nature Ecology & Evolution | Volume 8 | December 2024 | 2309-2324

2320


http://www.nature.com/natecolevol
https://github.com/fbreitwieser/bamcov
https://github.com/simonhmartin/genomics_general
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_021288785.2/
https://github.com/NAL-i5K/GFF3toolkit
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000349705.1/

Article

https://doi.org/10.1038/s41559-024-02533-2

one generation before the bottleneck, as well as for each generation
after the bottleneck (that is, every nine years, assuming a northern
elephantseal generationtime of 8.7 years). Simulated post-bottleneck
demographicrecovery trajectories were then compared with empiri-
cal values obtained from Bartholomew and Hubbs?, Le Boeuf and
Bonnell*®, Stewart et al.”” and Lowry et al.*.

Finally, we ran a series of neutral models to test whether any
demographic patterns emerging from the non-Wright-Fisher models
described above could be attributed to the stochasticity associated
withthe population decrease imposed by the bottleneck, rather thanto
fitness effects deriving from deleterious mutations. To do so, we re-ran
all of the non-Wright-Fisher simulations while suppressing the onset
of deleterious mutations and keeping everything else unchanged. Five
simulations were run for each value of K.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Fitness data, microsatellite genotypes and a table of the genomic
mutation loads of the northern and southern elephant seal, broken
downby gene, are available from figshare'”°. The RAD sequencing and
whole-genome resequencing dataare available viathe Sequence Read
Archive (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1039994/,
accession number PRJNA1039994).

Code availability

The code used toanalyse the fitness datais available at https://github.
com/rshuhuachen/inbreeding-elephant-seals.git (ref. 121). The code
used for the demographicreconstruction and forward genetic simula-
tions is available at https://github.com/DavidVendrami/NorthernEl-
ephantSeals (ref. 122). The code for the whole-genome resequencing
analyses can be accessed via https://github.com/k-hench/elephant_
seals (ref.123). The execution of the whole-genome resequencing analy-
ses was managed with Snakemake'* and the computing environments
were controlled using apptainer containers (Singularity Developers,
2021) and conda environments.
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Extended Data Fig. 1| Scatterplots of individual variation in principal components. Variation in principal components (PCs) one and two (panels a and ¢) and three
and four (panels b and d) based on 22 microsatellites (panels a and b) and 15,051 SNPs (panels c and d). The amount of variance explained by each PCis shown on the
respective axis labels.
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Extended Data Fig. 3 | Schematic of three alternative demographic models.
The demographic parameters used to define the models are shown together
with their prior distributions. In the models containing a bottleneck lasting six
generations (panel a, ‘bot06 model’) and abottleneck lasting ten generations
(panel b, ‘bot10 model’), five parameters were estimated (k = 5). We used log
uniform priors for N, gy (the effective population size during the last glacial
maximum (LGM)), N presor (the effective population size before sealing) and

2100 gen.

Nerosteor (the effective population size in the current day), and uniform priors for
Negor (the effective population size during the bottleneck) and 7, (the time of the
end of the LGM). The exact priors are specified in the Methods. The start time and
duration of the bottleneck were both fixed (to 23 generations ago and either six
or ten generations ago, respectively). The null model without a bottleneck (panel
c) included only the parameters N, gu, Nepostsor and Ty (k =3) and used the same
priors as the bottleneck models.
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Extended DataFig. 4 | Observed and simulated site frequency spectrafor the
northern elephantseal. The blue bars represent the empirical site frequency
spectrum (SFS) based on RAD sequencing data from 96 individuals and the grey
bars represent the mean SFS across 100 simulations based on the maximum
likelihood parameter estimates from the best-supported model. The error bars

represent the standard deviations around the means of the simulated values. The
first bar on the left represents the number of monomorphic sites and the second
bar represents the number of singletons, both of which were excluded from the
demographic analysis as described in the Methods.
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(RAD) and whole genome sequencing (WGS) datasets. Three alternative
demographic models were evaluated for each dataset, the firstincluding a
bottleneck lasting for six generations (bot06), the second including a bottleneck
lasting for ten generations (bot10) and a ‘null’model that did notinclude a
bottleneck. Shown are point estimates from the model with the best likelihood
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Extended Data Fig. 6 | Counts and proportions of deleterious mutations deleterious mutations with larger effect sizes (0.001<|s | >0.1) broken down
in the simulated populationshown over time (measured in generations, into different effect size classes as shown in the inset. f, The relative proportions
starting from one generation before the bottleneck until the present of mutations with deleterious mutations belonging to the effect size classes
day), partitioned by allele frequency (AF) and effect size (s). a, Counts of shownin the previous two panels. Thick lines represent values averaged over
deleterious mutations with AF smaller than or equal to 5%. b, Counts of more 100 forward genetic Wright-Fisher simulations (thinner lines) based on point N,
common deleterious mutations (0.05 < AF <1) broken down into different AF estimates from the best-supported demographic model derived from the RAD
classes as shownin theinset. ¢, The relative proportions of deleterious mutations ~ sequencing data (see Methods for details). The vertical dashed red lines indicate
belonging to the AF classes shown in the previous two panels. d, Counts of the onset of the bottleneck. Only simulated mutations that were presentin the
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Extended Data Fig. 7 | Sensitivity analysis of the results of the forward incorporating uncertainty from the demographic reconstruction, shown
genetic Wright—Fisher simulations (see Methods for details). Genetic loads separately for the total load (e), the realized load (f), the inbreeding load (g) and
inthe simulated population are shown over time (measured in generations), the driftload (h). For this analysis, we used N, estimates from 100 bootstrap SFSs
starting from one generation before the bottleneck until the present day. Thick derived from the RAD sequencing data and allowed deleterious mutations to
coloured lines represent values averaged over 100 forward genetic simulations appear anywhere in the genome. i-1, Genetic load estimates from simulations
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models were based on point N, estimates from the best-supported demographic anywherein the genome.
model derived from the RAD sequencing data. e-h, Genetic load estimates
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Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell

population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.




Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.q. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.qg. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based | | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.qg. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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