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ABSTRACT

We studied the drivers of population-genetic structuring and genetic diversity in specialist parasites based on whole-genome
resequencing data from 82 Echinophthirius horridus seal louse individuals sampled from 12 ecologically and behaviourally dif-
ferent phocine seal species, subspecies and populations across the Holarctic. We found that the main genetic disjunctions in E.
horridus lice occur across seal host species and subspecies, with a further level of population subdivision emerging among host
individuals within some populations. Endemic and relict landlocked seal (sub)species host the genetically most distinct louse
populations, while lice associated with sympatric marine seals show signatures of occasional gene flow across hosts. Within
the latter, the most extreme case is seen in the near-panmictic lice associated with northern European grey and harbour seals,
which aggregate in shared rookeries and colonies. Although the louse and seal phylogenies were overall statistically significantly
congruent, evidence for similar host shifts in the past is reflected in several conflicts in the phylogenetic trees of the lice and
their hosts. Population-level mean heterozygosity and theta in seal lice varied considerably, and both measures of genetic vari-
ation were statistically significantly related to host population size. Taken together, our results support a non-adaptive model of
parasite diversification, in which geographic and behavioural isolation among hosts drives parasite genetic differentiation, and
genetic erosion in bottlenecked hosts cascades up to their specialist parasites. Our results provide new insights into processes that
generate parasite diversity and trigger parallel losses of genetic diversity in endangered host—parasite systems.

1 | Introduction et al. 2008; Jephcott et al. 2016). Because organisms with a par-
asitic lifestyle constitute a sizeable fraction of global biodiversity
Practically every species on Earth is involved in parasitic inter- (Poulin 2014; Carlson et al. 2020), ecologists and evolutionary

actions—either as a host, parasite or both (Price 1980; Lafferty  biologists have long sought to find the reasons for their extreme
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species richness (Nylin et al. 2018; Hay et al. 2020). A potential
driver of parasite diversification is specialisation to particular
host species or taxa out of the ones that are available in their
environment (Abrahamson and Blair 2008; Gomez et al. 2010).
For obligate parasites, the host is a source of food as well as a
place to live (Paterson and Banks 2001; Desdevises 2007), and
many parasites have evolved sophisticated physiological, mor-
phological and behavioural adaptations for overcoming host
defences (Hayer et al. 2022; Hernandez-Caballero et al. 2022;
Stoldt et al. 2022; Kolencik et al. 2024). If new hosts become
colonised, divergent selection pressures between the different
environments offered by alternative hosts can lead to the evolu-
tion of host-associated genetic differentiation and, eventually, to
speciation in the parasite lineages (Stireman et al. 2005; Alcala
et al. 2017). The importance of such adaptive processes in the di-
versification of parasites is suggested by observations that most
host switches occur between closely related species (Johnson,
Weckstein, et al. 2021; Lei et al. 2024), historical host disper-
sal often leads to parasite adaptive radiation (Boyd et al. 2022;
Benovics et al. 2023), and different morphological traits in para-
sites influence their likelihood of colonising and establishing on
new hosts (Clayton et al. 2003; Sweet, Bush, et al. 2018; Benovics
et al. 2023).

However, genetic differentiation and diversification in parasites
can also arise through non-adaptive processes. In particular, spe-
cialist parasites of widespread hosts could diversify simply through
genetic differentiation in geographically isolated host populations
(Whiteman et al. 2007; Stefka et al. 2011; Mazé-Guilmo et al. 2016).
Over time, successive co-allopatric divergence events can even
create parallel phylogenetic patterns in the hosts and parasites
in the absence of true antagonistic coevolutionary interactions
(Reed and Hafner 1997; Clayton et al. 2004; Desdevises 2007).
Making general inferences on the relative frequency of different
processes is complicated by the fact that various factors affecting
parasite differentiation may act over different spatial and tempo-
ral scales (Huyse et al. 2005; Bell et al. 2016, 2018; Sweet, Boyd,
et al. 2018) and that the life cycles and dispersal capabilities of
parasite lineages may modulate the likelihood of both adaptive
and non-adaptive host-associated differentiation (Sasal et al. 1998;
Johnson et al. 2002; Sweet and Johnson 2018; Johnson, Calhoun,
etal. 2021). In general, highly mobile parasites (e.g., bird louse flies;
Janiszewska et al. 2025) and species having complex life histories
involving one or more intermediate hosts (e.g., cestodes and acan-
thocephalans; Wells et al. 2019; Benesh et al. 2022; Nazarizadeh
et al. 2023; Sromek et al. 2023) tend to have broader host ranges
and show less genetic divergence across hosts than do dispersal-
limited parasites that are transmitted directly among host individ-
uals (e.g., amblyceran lice; Grossi et al. 2024). A further level of
genetic structuring is found in directly transmitted parasites living
on relatively long-lived hosts, such as lice on birds or mammals,
in which even infrapopulations on different host individuals may
be genetically differentiated (Koop et al. 2014; Nessner et al. 2014;
Virrueta Herrera et al. 2022).

A less studied—but increasingly timely—question concerns the
determinants and eco-evolutionary significance of genetic vari-
ation in host-parasite networks (Ganz and Ebert 2010; Pilosof
et al. 2014; Paplauskas et al. 2025). Due to anthropogenic over-
exploitation and habitat destruction, many previously abundant
wildlife species have experienced drastic population collapses

across the globe during the last few hundred years (Bar-On
et al. 2018; Greenspoon et al. 2023). These population bottlenecks
are known to have decimated genetic variation in, for example,
many mammals (Hedrick 2009; Hoelzel et al. 2024) and birds
(Li et al. 2022). Although parasite conservation has received far
less attention than that of charismatic large vertebrates (Brown
et al. 2025), it is clear that many specialist parasites have become
endangered along with their hosts (Lymbery and Smit 2023; Kwak
et al. 2024; Gustafsson et al. 2025) and may also have experienced
parallel genetic erosion during host population declines. A direct
connection between host census size and parasite genetic diversity
seems plausible, yet comparative tests of the hypothesis are rare,
and studies done to date have provided evidence both in favour
(Leonardi et al. 2019) and against (Dofia and Johnson 2023; see
also Strobel et al. 2019) the expectation. Understanding how, when
and why genetic diversity in parasites responds to reductions in
host population size is important because the outcome of coevo-
lutionary interactions may depend on genetic variation present in
interacting taxa (Ganz and Ebert 2010; Papkou et al. 2016). If ge-
netic diversity declines at a slower rate in parasites than in hosts,
parasitism could pose an additional threat to already endangered
host species and populations (Ekroth et al. 2019; Gibson 2022). On
the other hand, if parasites become genetically bottlenecked along
with their hosts, neither participant would gain an upper hand
in the arms race between parasite attack traits and host defences
(Hesse and Buckling 2016).

Here, we investigated the influence of host-related features such
as species identity, geographic range overlap and census popula-
tion size on population-genetic divergence and diversity in the seal
louse Echinophthirius horridus, a blood-sucking insect that para-
sitizes northern-hemisphere seals belonging to the phocid subfam-
ily Phocinae. Phocine seals and their parasites make up a highly
suitable system for studies on the ecology and evolution of natural
host-parasite networks. Altogether 10 phocine species belonging
to seven genera are found across the Holarctic region, with many
of the species being further divided into geographically separated
subspecies and populations (Ferguson and Higdon 2006; Rosing-
Asvid et al. 2023). Marine phocines occur in mixed communities
in which species differ in their ecological niches and behavioural
traits (Berta et al. 2022; Ferguson et al. 2025). However, the sub-
family also comprises six endemic landlocked lineages, of which
the Caspian and Baikal seals have been isolated in their respec-
tive water bodies for millions of years (Palo and Vdinold 2006;
Hassanin et al. 2021), while Saimaa and Ladoga ringed seals and
Ungava and Iliamna harbour seals represent younger postglacial
isolates (Baird 2001; Kunnasranta et al. 2021; Ferrer et al. 2024;
Loytynoja et al. 2025). During the 19th and 20th centuries, many
northern-hemisphere seals underwent severe population collapses
due to excessive hunting and pollution-related reproductive fail-
ure (Harding and Hirkonen 1999; Hirkdnen et al. 2012; Kovacs
et al. 2012; Carroll et al. 2024). Due to these bottlenecks and phys-
ical limits for population size in landlocked seals, census sizes of
phocine (sub)species and populations differ by four orders of mag-
nitude (Kelly et al. 2010), which is largely reflected in their levels
of genetic diversity (Stoffel et al. 2018; Peart et al. 2020; Loytynoja
et al. 2023).

Like other seals, phocines are parasitized by a rich community
of parasites consisting of, for example, nematodes, acantho-
cephalans, cestodes, mites and lice (Kelly et al. 2010; Walden
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et al. 2020). The sucking louse E. horridus is an obligate ectopara-
site that spends its entire life cycle on the host, feeding exclusively
on blood. Like other echinophthiriid lice, its dispersal capacity and
life cycle are strongly limited by the haul-out behaviour of its hosts,
because transmission from seal to seal requires close contact be-
tween hosts (Leonardi et al. 2021). As expected for a parasite with
poor dispersal ability, the spatial population-genetic structure of
E. horridus has been found to reflect host spatial differentiation
within the lake-endemic Saimaa ringed seal population (Virrueta
Herrera et al. 2022) and among the three subspecies of ringed seal
occurring in the Baltic Sea region (Sromek et al. 2024). Given its
extremely specialised ecology and life history, E. horridus is an
archetypal example of a parasite in which genome-level diversity
should readily respond to changes in host population size.

To elucidate the drivers of genetic differentiation and genetic di-
versity in E. horridus seal lice, we extended the whole-genome
resequencing datasets of Virrueta Herrera et al. (2022) and
Sromek et al. (2024) by sequencing altogether 54 louse individuals
collected from a substantially expanded set of seal hosts across the
Holarctic region. Our combined genome-level dataset includes al-
together 82 lice from 12 different seal host species, subspecies and
populations (Figure 1). The focal set of hosts includes populations
that are distributed in broad sympatry (e.g., Baltic Sea populations
of grey, harbour and ringed seals, and Arctic ringed and harp
seals), isolated descendants of ancient trans-continental disper-
sal events (Caspian and Baikal seals), and postglacial landlocked
relicts (Saimaa and Ladoga ringed seals). The focal host system
also displays extreme variation in population size, from the en-
dangered Saimaa ringed seal numbering only a few hundred indi-
viduals (Kunnasranta et al. 2021) to Arctic ringed and harp seals
with population sizes ranging in the millions (Laidre et al. 2015).
In order to identify the determinants of genetic structuring, we
first inferred whether the main clusters and subgroups in our SNP
dataset are delimited predominantly according to host (sub)spe-
cies or by overlaps in host geographic ranges, behavioural traits,
or niches. We also tested for the presence of louse infrapopula-
tion structure, that is, genetic differentiation across host individ-
uals within populations. To estimate long-term conservatism in
the seal-louse associations, we related phylogenetic relationships
and patterns of genetic divergence among the louse lineages to the
phylogenetic similarity of their hosts. In our second main line of
investigation, we applied phylogenetically controlled regression
analyses to test whether genome-wide diversity indices in the
main louse genomic clusters are explained by host population size.
Our results provide new insights into the forces that create and
erode genetic structure and diversity in natural host-parasite sys-
tems, and on the consequences of these phenomena on the ecol-
ogy and evolution of host-parasite relationships in threatened and
non-threatened wildlife species.

2 | Material and Methods

2.1 | Sample Collection, DNA Extraction
and Sequencing

For this study, we collected and whole-genome sequenced 55 E.
horridus seal lice, and analysed them together with data from 28
lice previously sequenced by Virrueta Herrera et al. (2022) and
Sromek et al. (2024). Because the sequencing of one individual

failed, our final dataset comprised a total of 82 seal louse indi-
viduals from 49 seal hosts representing 12 different host popu-
lations (Figure 1). Our sampling design aimed at maximising
the number of host individuals per population, while retaining
the ability to test also for the presence of inbreeding within in-
frapopulations. Therefore, whenever multiple lice were available
from a given seal individual, two lice were randomly selected for
sequencing. The final set of sequenced lice comprises a total of
10 lice from five Saimaa ringed seals, four lice from four Ladoga
ringed seals, five lice from three Baltic ringed seals, three lice
from one Arctic ringed seal, seven lice from four harp seals, 12
lice from eight grey seals (six Baltic and two Atlantic grey seals),
23 lice from 14 Atlantic harbour seals (five seals from the Baltic
Sea and nine from the North Sea), five lice from three Pacific
harbour seals, three lice from one Caspian seal and 11 lice from
six Baikal seals (Table S1).

The newly sequenced louse specimens were collected between
2011 and 2021 and originated from necropsies of stranded and
by-caught seals (Baltic grey seals and Atlantic harbour seals
from the Baltic Sea), seals harvested during the regular hunting
season (Baikal seals), seal skins sold to a tannery (harp seal),
seals caught for telemetry studies (Pacific harbour seals, permit
MMPA 19309) and from adult seals and pups admitted for reha-
bilitation at the Caspian Seal Research and Rehabilitation Center
(Caspian seal), at the Seal Centre Friedrichskoog, Germany
(Atlantic grey and Atlantic harbour seals from the North Sea)
and at the Seal Centre Pieterburen, the Netherlands (Atlantic
harbour seals from the North Sea). Louse specimens were pre-
served in 99.5% ethanol or RNAlater and stored at —20°C.

Total genomic DNA was extracted from single specimens using
either QIAmp DNA Micro Kits (Qiagen) or Xpure Cell&Tissue
Micro Kits (A&A Biotechnology). The manufacturers’' stan-
dard protocols were followed, except that the tissue lysis time
was extended to 24-48h and EB buffer (10mM Tris-Cl, Ph 8.5)
was used for elution. Illumina sequencing libraries were pre-
pared using either KAPA Hyper Prep Kit (Kapa Biosystems) or
NEBNext Ultra IT DNA Library Prep Kit (New England Biolabs)
(Table S1) and sequenced on NovaSeq6000 in 150-bp paired-
end mode.

2.2 | Nuclear Datasets

Following quality control with FastQC (Andrews 2010), adap-
tors and low-quality bases were trimmed from raw sequenc-
ing reads using BBDuk v. 38.96 (https://sourceforge.net/proje
cts/bbmap/). Resulting clean reads were thereafter mapped
on the draft genome of E. horridus (Sromek et al. 2024) using
Bowtie2 v. 2.4.4 (Langmead and Salzberg 2012) with local align-
ment mode. After mapping, reads were sorted using SAMtools
(Danecek et al. 2021) and marked for duplicates using Picard
v.2.27.5  (https://broadinstitute.github.io/picard/). =~ Variant
calling was performed using GATK v. 4.3 (Van der Auwera
and O'Connor 2020). First, genotype likelihoods were called
into GVCF files for each sample separately using GATK
HaplotypeCaller, and then samples from the same host pop-
ulation were jointly genotyped using GATK GenotypeGVCF
function with the *--include-non-variant-sites’ argument. The re-
sulting files were merged and filtered using BCFtools (Danecek
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(a) Ringed, Baikal, and Caspian seal

(b) Harp seal

Pacific harbour seal

Atlantic |

s

FIGURE1 | Geographic distributions of the focal seal host species, subspecies and populations. (a) Genus Pusa: Baikal seal (P. sibirica), Caspian
seal (P. caspica), and four subspecies of ringed seal (Arctic ringed seal (P. hispida hispida), Baltic ringed seal (P. h. botnica), Ladoga ringed seal (P.
h. ladogensis) and Saimaa ringed seal (P. h. saimensis)), (b) harp seal (Pagophilus groenlandicus), (c) two subspecies of grey seal (Baltic grey seal
(Halichoerus grypus grypus) and Atlantic grey seal (H. g. atlantica)), (d) two subspecies of harbour seal (Pacific harbour seal (Phoca vitulina richardii)
and North Sea and Baltic Sea populations of Atlantic harbour seal (P. v. vitulina)). Dots mark the sampling sites of host individuals. Distributions
have been adapted from Jefferson et al. (2015), IUCN-Marine Mammal Protected Areas Task Force (2021) and the North Atlantic Marine Mammal
Commission website (https://nammco.no/). Basemaps were drawn using ggOceanMaps (Vihtakari 2024) based on Natural Earth Data distributed

under the CC Public Domain licence.

et al. 2021) to exclude uncalled genotypes, indels, non-biallelic
variants, and low-confidence variants. Sites were excluded from
the final filtered VCF file if they met at least one of the following
criteria: (1) Phred quality score <30, (2) sample-level genotype
quality <30, (3) read depth <10 or > 5704 (twice the average site
read depth), (4) SNP heterozygous in more than 45 individuals.

For phylogeny reconstruction, we split the above mentioned
VCF file into 50-kb non-overlapping genomic windows using
BCFtools. Of all the resulting windows, 50 were then ran-
domly selected and converted to PHYLIP format with the vcf-
2phylip script (Ortiz 2019) for nuclear-gene tree estimation. In
order to obtain outgroups for rooting of the trees, we retrieved
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from the NCBI SRA database Illumina reads from three
Southern Hemisphere seal louse species sequenced by Leonardi
et al. (2019): Antarctophthirus microchir (SRR5809347) from
Australian sea lion, A. ogmorhini (SRR5809350) from leopard
seal, and Lepidophthirus macrorhini (SRR5809351) from south-
ern elephant seal. These outgroup samples were processed in
the same way as our samples, but only used in phylogenetic
analyses.

2.3 | Mitochondrial Datasets

To gain insights into variation in the mitochondrial genome of
lice and its correlation with host divergence, we also used our se-
quencing outputs for assembling coding sequences of mitochon-
drial genes of both lice and their seal hosts. Since lice feed on
the blood of their hosts and sequencing data come from whole
crushed insects, it is possible to retrieve also host DNA from the
sequencing reads. This is the case especially for mitochondrial
DNA, which is more abundant than nuclear DNA in organisms.

For assembling the louse mitochondrial dataset, we used
Bowtie2 for mapping sequencing reads of each individual to se-
quences of the seven mitochondrial genes of E. horridus (COI,
COII, COIII, CYTB, ND1, ND4 and ND5) assembled in Sromek
et al. (2024). Consensus sequences for each gene were then con-
structed using BCFtools and SAMtools, and converted to Fasta
files using custom scripts by A. Sweet (https://github.com/
adsweet/louse_genomes).

To root the louse mitochondrial tree, we used seven outgroup
species sequenced by Leonardi et al. (2019): Antarctophthirus
microchir (SRR5809347) from Australian sea lion, A. microchir
(SRR5088465) from South American sea lion, A. ogmorhini
(SRR5809350) from leopard seal, A. carlini (SRR5809348) from
Weddell seal, A. lobodontis (SRR5809349) from crabeater seal,
Proechinophthirus fluctus (SRR5308138) from northern fur seal,
and Lepidophthirus macrorhini (SRR5809351) from southern
elephant seal. The mitochondrial genes of these species, except
A. ogmorhini from leopard seal and A. microchir from South
American sea lion, had already been assembled from the same
raw reads in the study of Dong et al. (2022), so they could be
directly retrieved from GenBank (MW803074, MW803076-
MW803081, MW803106, MW803108, MW803110-MW803114,
MW803094, MW803096-MW803098, MW803102-MW803104,
MW803082, MW803083, MW803085, MW803088-MW803090,
MW803093). To assemble mitochondrial genes of the two miss-
ing species, we used mitochondrial gene sequences of A. carlini
as a target for read mapping for A. ogmorhini, and sequences of
A. microchir from Australian sea lion as a target for A. microchir
from South American sea lion.

The seal host mitochondrial dataset was constructed simi-
larly from the louse sequencing reads, but while using cod-
ing sequences of the corresponding host species retrieved
from GenBank as targets for read mapping (ringed seal—
AM181036, Baikal seal—AM181035, harp seal —NC_008429,
harbour seal—AM181032, grey seal—X72004, Caspian seal—
NC_008431, Australian sea lion—NC_008419, South American
sea lion—NC_049152, leopard seal—NC_008425, Weddell
seal—MT755639, crabeater seal—NC_008423, northern fur

seal—MG916809 and southern elephant seal —NC_008422).
For both lice and hosts, resulting gene sequences were aligned
in MAFFT v. 7.505 (Katoh and Standley 2013) using a codon-
based alignment pipeline (Li et al. 2017). The resulting align-
ment was then trimmed using trimAl v. 1.2 (Capella-Gutiérrez
et al. 2009) with automated selection of trimming parameters
(-automated]).

2.4 | Estimation of Genetic Differentiation

For analyses of genetic differentiation, we first extracted vari-
able sites from our filtered VCF file based on MAF >0.01 and
presence in at least 95% of individuals using VCFtools (Danecek
et al. 2011). The resulting SNP dataset was then imported into R
v. 4.2.3 (R Core Team 2023) and pruned for linkage disequilib-
rium (LD) with a threshold of 0.2 using the package SNPRelate
v. 1.30.1 (Zheng et al. 2012).

To determine genetic differentiation between louse individuals,
we first used SNPRelate to calculate pairwise dissimilarities
(Weir and Goudet 2017) using the snpgdsDiss() function, and
then built a hierarchical clustering dendrogram based on the
estimates. Subgroups of individuals in the hierarchical cluster-
ing analysis were determined using a Z-score threshold of 15.
To estimate degrees of relatedness within louse populations, we
computed identity-by-descent (IBD) values between all pairs of
individuals using the KING method of moments.

Next, we estimated genetic structuring within the overall data-
set by performing an admixture analysis using the LEA v. 3.10.2
package (Frichot and Frangois 2015), with 30 independent runs
for K from 1 to 12. The best K value was selected based on the
cross-entropy criterion as recommended by Frichot et al. (2014).

To visualise host-associated genetic structure among louse indi-
viduals, we conducted discriminant analysis of principal com-
ponents (DAPC) in the adegenet v. 2.1.10 package (Jombart and
Ahmed 2011) using host populations as group priors. To esti-
mate the optimal numbers of principal components (PCs) to re-
tain in DAPC, we used cross-validation with 1000 replicates and
retained the number of PCs with the lowest mean squared error.
In the same R package, we also performed principal component
analyses (PCA) on individual SNP differences with the dudi.pca
function. Pairwise F; values (Weir and Cockerham 1984) across
louse populations on different hosts were estimated using hierf-
stat v. 0.5.11 R package (Goudet and Jombart 2022).

We used a randomisation test to determine whether louse indi-
viduals collected from the same host individual within a popula-
tion are genetically more similar to each other than individuals
collected from different host individuals. For this analysis, we
used all populations that had both within- and between-host
louse samples, thus excluding samples from Arctic ringed seal
and Caspian seal, where all lice were collected from a single host
individual, and samples from Ladoga ringed seal and Atlantic
grey seal, where each louse came from a different host. For the
test, we firstly calculated individual-based Euclidean genetic
distances between louse individuals within host populations
using R package adegenet v. 2.1.10. The obtained distance val-
ues were then standardised by dividing them by the average
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genetic distance of a given population. Then, within each host
population, we shuffled whether the pairwise distance values
represented a within-host or a between-host comparison. We
generated 9999 permuted datasets, each time calculating the
average genetic distance for within-host comparisons. Our em-
pirical one-tailed p-value was calculated as the percentage of
permuted datasets that had a standardised mean equal to or
lower than the one seen in the original data.

2.5 | Estimation of Phylogenies and Phylogenetic
Congruence

To get an overview of phylogenetic relationships among the
sampled seal lice as well as their hosts, we inferred maximum
likelihood trees in IQ-TREE v. 2.3.6 (Minh et al. 2020). The
nuclear-DNA based tree of lice was estimated from 50 randomly
selected 50-kb genomic windows, the louse mitochondrial tree
based on the seven mitochondrial genes, and the seal mitochon-
drial tree from portions of 13 genes assembled from opportu-
nistic host sequencing reads. We used the edge-linked partition
model with a separate model selection for each partition. The
nuclear dataset was partitioned according to genomic window,
and the mitochondrial datasets of lice and seals according to
gene and codon position (1+2 vs. 3). Branch support was esti-
mated using 1000 ultrafast bootstrapping replicates.

In order to relate the estimated mtDNA divergences to intra- and
interspecific estimates from other insect taxa, we used the APE
v. 5.7.1 (Paradis and Schliep 2019) R package to estimate percent
pairwise sequence divergences (uncorrected p-distances) within
and between the nine main clades of the mtDNA phylogeny.
These calculations were based solely on sequences (1428 bp) of
the COI gene, which has been extensively used for identifica-
tion and delimitation of species in insects (Hebert et al. 2003;
Wilson et al. 2017; Dofla and Johnson 2023; Johnson, Weckstein,
et al. 2021; Lee et al. 2022).

We estimated the degree of overall congruence between the louse
nuclear phylogeny and the seal host mitochondrial tree using the
Procrustean Approach to Cophylogeny (Balbuena et al. 2013;
Hutchinson et al. 2017) as implemented in the R package PACo
v. 0.4.2 (Balbuena et al. 2020). To obtain ultrametric phyloge-
netic trees for the analysis, we pruned our louse nuclear tree and
the seal mitochondrial tree of all but one specimen from each
host population, and then transformed branch lengths using pe-
nalised likelihood (Sanderson 2002) in the APE package in R.
Statistical significance of the observed phylogenetic congruence
(measured as the sum of residual sum-of-squares values, mZXY)
was assessed based on 10,000 permutations following the ‘r0’
null model, that is, assuming that lice track the evolution of their
seal hosts.

As an alternative approach for assessing if lice were tracking
host divergence, we tested whether the estimated F; values be-
tween louse populations are related to genetic divergence among
the seal hosts. The genetic divergence of host populations was
estimated based on average Kimura's two-parameter (K2P) dis-
tances calculated from our assembled seal mitochondrial genes.
For these calculations, we excluded seven individuals that had
less than 100 reads aligned to the host's mitochondrial genes. In

the case of multiple lice from the same host individual, we took
the one that had more host reads successfully mapped. Pairwise
K2P distances were calculated in APE with the pairwise dele-
tion option. Finally, we used a Mantel test as implemented in
the vegan v. 2.6.4 (Oksanen et al. 2022) R package to test the cor-
relation between mean host genetic distance and Fg, estimates
across louse populations. We assessed statistical significance
with 9999 permutations.

2.6 | Estimation of Genetic Diversity

We estimated genome-wide genetic diversity using two meth-
ods. First, we estimated individual-level heterozygosity from
the filtered VCF file by calculating the fraction of heterozygous
sites over total callable sites using BCFtools. Second, we inferred
the population mutation rate theta (6=4N,u), which under the
infinite-sites model approximates the per-site heterozygosity
(Haubold et al. 2010). Sample-specific mean theta was estimated
directly from BAM files using the maximum-likelihood estima-
tor implemented in mIRho v. 2.9 (Haubold et al. 2010). These two
metrics of genetic diversity are commonly used in conservation
genomics (Jeon et al. 2024; Quinn et al. 2024; Solari et al. 2025).

To test for the presence of a relationship between louse genetic
diversity and host population size, we fitted phylogenetic gener-
alised least squares (PGLS) models, with the average heterozy-
gosity and theta values of louse populations as a function of host
population size. Current seal population sizes (numbers of ma-
ture individuals) were collected from the TUCN Red List website
(https://www.iucnredlist.org). Based on the results of the ge-
netic differentiation analyses described above, lice from Atlantic
and Baltic grey and harbour seals were treated as one population
for which the host population size was obtained by summing
up the numbers of the Eastern Atlantic populations of grey
and harbour seals. Lice from Baltic, Ladoga and Arctic ringed
seals were treated as separate populations in the analysis, be-
cause these louse populations were separated into monophyletic
groups in the nuclear phylogeny, while their clustering together
in the LEA results could be caused by bias related to uneven
sampling and small numbers of individuals from these popu-
lations (Meirmans 2012; Puechmaille 2016). The right-skewed
host population size variable was logarithmically (log10) trans-
formed, and PGLS models assuming a Brownian motion model
of evolution along the aforementioned ultrametricized louse tree
were computed in the nlme v. 3.1.162 (Pinheiro et al. 2023) R
package. The predictive power of the models was then extracted
using R package rr2 (Ives and Li 2018). For comparison, we also
computed ordinary least squares regressions of louse heterozy-
gosity and theta in relation to host population size.

3 | Results

3.1 | Nuclear and Mitochondrial Genomic
Datasets

Across the entire dataset including 28 previously sequenced lice
from Virrueta Herrera et al. (2022) and Sromek et al. (2024),
the number of sequencing reads per sample ranged from 41
to 261 million, with an average of 87 million reads (Table S1).
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After removing duplicate reads, mean sequencing depth per in-
dividual ranged from 24 to 124, with a mean of 48. A total of
12,674,502 high-quality SNPs over 165,307,860 sites were called
in GATK. After filtering for missing data and minor allele fre-
quency, there were 7,304,557 SNPs, of which 171,026 remained
after LD-pruning (Sromek et al. 2025).

The phylogenomic nuclear dataset of 50 randomly sampled 50-kb
genomic windows had a total alignment length of 2,238,407 bp
and contained 77,629 parsimony-informative sites. The louse
mitochondrial dataset had an alignment length of 7629 bp. All
seven targeted mitochondrial genes were successfully obtained
for all individuals, except for the outgroup species A. microchir
from South American sea lion, for which only an 822bp long
COI fragment was assembled.

The number of sequencing reads that mapped to seal host mito-
chondrial genes ranged from 5 to 3172 per louse individual. For
all individuals, except Echor18 from Saimaa ringed seal with the
lowest number of mapped reads, a fragment of at least one of the
13 host mitochondrial genes was obtained. The level of missing
data was 13.6% and the total alignment length of the 13 concate-
nated genes was 9645 bp.

3.2 | Genetic Differentiation

The highest level of hierarchical clustering generally grouped
louse individuals according to seal host species (Figure 2a).
The only exception to this overall pattern was found in lice col-
lected from grey and harbour seals, in which a distinct group of
lice from the Pacific harbour seal was separated from a mixed
cluster formed by lice originating from North Sea and Baltic
Sea populations of grey and harbour seals. Lice associated with
ringed seals were further divided into four subclusters accord-
ing to host subspecies.

Inspection of cross-entropy values revealed that the optimal
number of ancestral populations was 7 (Figure S1). At the opti-
mal K=7, the LEA assignment of individuals (Figure 2b) largely
reflected the results of the hierarchical clustering analysis. Like
the hierarchical clustering tree, LEA assignment indicated that
lice from Atlantic and Baltic grey and harbour seals cannot be
consistently separated from each other, even in analyses with
higher K values (Figure S2). At K=38, the louse population from
Baltic ringed seal became partly separated from those from
Arctic and Ladoga ringed seals. At K=09, clustering began to be
influenced by close relatedness, distinguishing a pair of individ-
uals from a single harbour seal as a separate cluster (Figure S2).
Notably, lice from Baltic ringed seals showed signs of intro-
gression from lice associated with European grey/harbour seal
populations (4%-9%), while some of the genetic ancestry of lice
from Arctic ringed seal appeared to originate from lice associ-
ated with harp seal (12%) and Pacific harbour seal (11%-13%)
(Figure 2b).

Results of the DAPC (Figure 2c) and PCA (Figure S3) analy-
ses as well as estimates of F¢ values across louse populations
(Figure 2d) confirmed these general patterns. In particu-
lar, lice from Baikal and Caspian seals and Saimaa ringed
seals were separated from lice from other seal hosts; the

distinctness of these populations was also evident in the Fg
estimates. Among louse populations associated with Atlantic
and Baltic grey and Atlantic harbour seals, Fq values were
very low (0.01-0.05).

The phylogenetic tree based on concatenated sequences of 50
nuclear 50-kb genomic windows was for the most part strongly
supported (Figure S4a). With regard to the grouping of indi-
viduals according to seal host (sub)species, the ML tree closely
resembled the hierarchical clustering tree. However, the ML
phylogeny presented some differences in the order of deeper
topological splits: within louse populations associated with
ringed seals, the branching order was (Arctic (Saimaa (Baltic,
Ladoga))), while lice associated with harp and Caspian seals
formed a monophylum subtended by the population associated
with Baikal seals.

The louse ML tree based on coding mitochondrial gene se-
quences (Figure S4b) presented two main differences as com-
pared to the nuclear genomic ML tree (Figure S4a) and the
hierarchical clustering tree (Figure 2a). First, lice from Baikal
seals were placed as sister to all other louse populations (albeit
with low ultrafast bootstrap support). Second, the closely related
Baltic and Ladoga ringed seal louse clades each contained one
haplotype originating from louse individuals collected from
Atlantic and Baltic grey seal, respectively. Mean uncorrected p-
distances in the COI gene within the nine main clades ranged
from 0.03% to 0.35% (Table S2), with the maximum being 0.63%.
Inter-clade mean distances were generally substantially higher,
ranging from 0.20%-0.94% between lice associated with differ-
ent ringed seal subspecies to 2.84%-12.87% between lice from
more distantly related hosts (Table S2).

The seal ML phylogeny based on sequences of coding mitochon-
drial genes of seals assembled from sequencing reads originating
from the sampled seal lice (Figure S4c) showed both congruence
and conflict with the nuclear and mitochondrial louse phyloge-
nies. Harp seal, harbour seal, grey seal, Caspian seal and Baikal
seal sequences formed successive monophyletic sister groups to
a clade formed by ringed seal sequences. Within the ringed seal
clade, Baltic and Ladoga ringed seal sequences formed a par-
tially intermixed paraphyletic grade with respect to two separate
clades formed by Saimaa and Arctic ringed seal sequences.

The PACo analysis indicated statistically significant over-
all congruence between the louse nuclear phylogeny and the
seal mtDNA phylogeny (m%,=2.12, p=0.0005) (Figure S5a).
However, clear cases of incongruence were also present, which
were manifested as large residuals resulting from the placement
of harp seal and their lice, and from the association of lice of
Baltic and Atlantic grey seal and Atlantic harbour seal with a
set of distantly related hosts (Figure S5a). Along the same vein,
no correlation was found between host genetic divergence cal-
culated based on the seal mitochondrial phylogeny and genetic
differentiation among the louse populations estimated as inter-
population Fg; (R=-0.02, p=0.3) (Figure S5b).

When considering only those seal host populations that had
multiple lice sampled from more than one host individual, louse
individuals sampled from the same infrapopulation were on
average statistically significantly more closely related than two
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individuals sampled at random from the same host population
(p<0.0001) (Figure Sé6a). Genetic structuring based on host in-
dividual was particularly evident in that all louse pairs having
kinship coefficients corresponding to at least 3rd-degree rela-
tionships (>0.044) originated from the same infrapopulation
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within host (sub)species (Figure 2a). However, closer examina-
tion of genetic distances between lice from the same or different
infrapopulation suggested that infrapopulation structuring was
present in some, but not necessarily all, of the focal seal louse
populations (Figure S6b).
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FIGURE 2 | Genetic structure and differentiation of E. horridus seal louse populations from different seal host species and subspecies. (a)
Hierarchical clustering dendrogram based on a dissimilarity matrix among individuals, (b) LEA admixture plot for K=7, (c) Discriminant Analysis
of Principal Components (DAPC) plot and (d) F, estimates between population pairs. In (a), letters (A/B/C) after louse specimen and host individ-
ual codes denote lice sampled from the same seal host individual, while red numbers below the labels indicate close relatedness based on estimated
kinship coefficients (see legend). In (b), bar sections show the estimated ancestry proportions for each louse individual (N=82), which are sorted
in the same order as in the hierarchical clustering dendrogram above. The result is shown for K=7, which had the lowest value of cross entropy

(Figure S1); see Figure S2 for results based on K=2 to K=9 ancestral groups. In the DAPC plot (c), each circle represents an individual louse and is

coloured according to the seal host sub(species). Letters in parentheses after Atlantic harbour seal in (d) refer to the Baltic Sea (B) and North Sea (NS)

populations of the subspecies.

3.3 | Genetic Diversity

We found wide variation in genome-wide heterozygosity (H)
and theta (0) across louse populations associated with different
seal (sub)species (Figure 3, Table S3). The lowest median esti-
mates were found in lice on Saimaa ringed seals (H=0.00063,
6=0.00447). The highest estimates were found in lice of harp
seals, in which the median of heterozygosity was over nine
times as high (H=0.00589) and the median of theta over three
times as high (6=0.01410). The estimates for the other louse
populations fell between these extremes, but, notably, the vari-
ation appeared to be more related to seal populations and sub-
species rather than species. High theta values corresponded to
high heterozygosity values, except for the louse population from
the Caspian seal. In this population, heterozygosity was possibly
underestimated because all three individuals originated from
the same host individual and two of them were closely related
(Figure 2a).

Phylogenetic generalised least squares models revealed that
log-transformed host population size is a significant predic-
tor of mean heterozygosity (Rzpred:0.441, p=0.0114) and
theta (RzpredZO.SOS, p=0.0097) within seal louse populations
(Figure 4). The non-phylogenetic models were likewise signif-
icant for both heterozygosity (R*=0.579, p=0.017) and theta
(R?=0.682, p=0.006).

4 | Discussion

Genetic differentiation in parasitic organisms associated with
different hosts could arise and be maintained through adaptive
as well as non-adaptive processes. These two types of processes
can be distinguished by examining closely related parasite lin-
eages on increasingly distantly related hosts with and with-
out overlapping geographic ranges (Brooks et al. 2006; Bell
et al. 2021). If adaptive processes predominate, we expect host-
associated genetic differentiation to be present between related
parasite populations also when their hosts occur in sympatry.
However, if non-adaptive processes prevail, genetic differen-
tiation between parasite populations from different hosts is
expected to occur mainly among hosts that are allopatrically
distributed (Clay 1949; Huyse et al. 2005; Althoff et al. 2014).
We used genome-level data from E. horridus seal lice collected
from 12 differentially isolated seal species, subspecies and popu-
lations across the Holarctic to tease apart the roles of geographic
range overlap and host relatedness on the genetic structuring of
the lice. The fact that the population sizes of the focal hosts dif-
fer by four orders of magnitude also allowed us to test whether

genome-level diversity in the lice is connected to host popula-
tion size. We discuss our results in relation to factors that shape
genetic variation in specialist parasites and the maintenance of
genetic variability in parasites reliant on threatened and near-
threatened wildlife species.

4.1 | Host Isolation Drives Genetic Differentiation
in Seal Lice

Our different statistical analyses of the nuclear genomic dataset
consistently revealed clear genetic differences in E. horridus lice
sampled from different seal hosts (Figure 2, Figures S2-S4a).
With the exception of a mixed genetic cluster comprised of lice
originating from northern European grey and harbour seals,
the main groups were defined by seal host species, with fur-
ther differentiation among lice associated with the four ringed
seal subspecies. Variation in mitogenomic coding sequences
(Figure S4b) was for the most part consistent with the structur-
ing observed in the nuclear dataset, but also revealed indica-
tions of lability in associations as well as gene flow across louse
lineages (see below). Echinophthirius horridus on northern pho-
cid seals has traditionally been treated as a single widespread
generalist species (Leidenberger et al. 2007; Preuss et al. 2024),
with a few subspecies proposed for, for example, the lineage in
Lake Baikal (Ass 1935) and the Caspian Sea (Kurochkin and
Badamshin 1968). According to our results, however, uncor-
rected COI p-distances between the main clades of the mtDNA
tree (Table S2) exceed the 5% limit for intraspecific variation
in lice proposed by Johnson, Weckstein, et al. (2021) and Dofia
and Johnson (2023). Together with the consistent pattern of ge-
netic differentiation in the nuclear genomes, the deep splits in
mtDNA sequences indicate that E. horridus represents a com-
plex of cryptic species rather than a single lineage (see also
Sromek et al. 2024). In addition to detailed studies on poten-
tial morphological differences among the genetically defined
clusters revealed by our study, artificial breeding experiments
aimed at estimating the actual degree of reproductive isolation
among the lineages are clearly warranted.

As such, the overall pattern of our results conforms to host-
associated genetic divergence frequently observed in para-
sitic organisms (Dietrich et al. 2013; Booth et al. 2015; Hood
et al. 2015; Stefan et al. 2018; Harrison et al. 2022; Tietjen
et al. 2022). However, several lines of evidence suggest that the
differentiation is driven by co-allopatry (geographic isolation
of parasites along with their hosts) rather than by coevolution-
ary interactions or louse adaptation to host species-specific
morphological characteristics or physiological defences.
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FIGURE3 |

Genetic diversity in seal louse populations from different seal host species and subspecies, estimated as (a) heterozygosity and (b) the-

ta (8). In the boxplots, coloured points represent individuals, vertical lines show medians and boxes and whiskers represent first and third quartiles

and extremes that are not outliers, respectively.
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First, most notably louse populations associated with the land-
locked hosts (Caspian and Baikal seals and Ladoga and Saimaa
ringed seals) are differentiated and distinguishable based on
both nuclear and mtDNA data. Caspian and Baikal seals derive
from ancient colonisation events, and were most likely separated
from their marine ancestors more than 1.5 million years ago
(Hassanin et al. 2021; Nebenfiihr et al. 2024; Park et al. 2024).
In comparison to these old lineages, Ladoga and Saimaa ringed
seals are substantially younger, as their respective lakes emerged
from the Baltic basin less than 10,000years ago, after the degla-
ciation of Northern Europe (Ukkonen 2002; Sromek et al. 2024;
Loytynoja et al. 2025).

Second, lice from Pacific harbour seals are clearly differen-
tiated from lice on Atlantic harbour seals in the North Sea
and the Baltic Sea, while the latter are indistinguishable from
lice occurring on sympatric grey seals (Figure 2, Figures S2
and S3). In both the nuclear (Figure S4a) and mitochondrial
(Figure S4b) phylogenetic trees, Pacific harbour seal lice are
placed as sister to a mixed clade of lice from Atlantic harbour
and grey seals and Baltic grey seals. These results are consis-
tent with the proposed origin of harbour seals in the Pacific
Ocean (Liu et al. 2022), and suggest that there was an incom-
plete host switch (i.e., expansion of host range while main-
taining gene flow; Johnson et al. 2003) to grey seals after
harbour seals colonised the Atlantic in the Late Pleistocene.
Such a scenario would fit the suggestion of Herzog, Wohlsein,
et al. (2024), that the greater prevalence and intensity of infec-
tions in grey seals as compared to harbour seals is explained by
grey seals being a susceptible naive host for seal lice. Sharing
of lice in sympatric grey and harbour seal populations is likely
facilitated by the fact that, during and outside the breeding
season, both grey and harbour seals aggregate in colonies
that frequently contain both species (Hidrkonen et al. 2006;
Hoekendijk et al. 2023; Herzog, Siebert, and Lehnert 2024). A
similar situation has been found in the southern-hemisphere
seal louse genus Antarctophthirus, where little genetic diver-
gence is present between A. carlinii, A. ogmorhini and A. lo-
bodontis (Leonardi et al. 2019; see also Dong et al. 2022; Soto
et al. 2023). Their seal hosts (Weddell, leopard and crabeater
seals, respectively) have widely overlapping distributions
and partially share fast and pack ice habitats (Laws 1981;
Southwell et al. 2012). A relatively high rate of transmission
and gene flow is also suggested by the fact that we found no
signs of differentiation between grey and harbour seal lice
originating from the North Sea and the Baltic Sea, despite
the fact that harbour seals tend to be strongly philopatric
(Andersen and Olsen 2010; Liu et al. 2022) and Atlantic and
Baltic grey seals constitute two genetically distinct subspecies
(Galatius et al. 2024). However, the two grey seal subspecies
meet and probably hybridise in the western Baltic Sea (Fietz
et al. 2016; Galatius et al. 2024), and particularly young grey
seals can disperse (and hence transport lice) over long dis-
tances (Brasseur 2017; Peschko et al. 2020).

The clearest cases resembling a pattern of sympatric host-
associated genetic differentiation are found in lice associated
with Arctic and Baltic ringed seals, both of which are distinct
from lice on co-occurring seal species: harp seal in the Arctic
Ocean and grey and harbour seals in the Baltic Sea (Figures 1
and 2, Figures S2-S4). However, also in these cases the genetic

differentiation seems to be driven by the limited dispersal ca-
pability of seal lice rather than by adaptations to specific alter-
native hosts. The distinctness of lice on marine ringed seals
appears to be connected to the solitary breeding and moulting
behaviour (Smith et al. 1991; Krafft et al. 2007) and distinct hab-
itat and niche preferences (Ferguson et al. 2025) of ringed seals,
which would tend to restrict louse transmission to occur only
within host species. Notably, however, it seems that in neither of
these cases is the reproductive isolation from co-occurring louse
populations complete. Hence, and in direct contrast to lice on
the two landlocked ringed seal subspecies, both of the marine
ringed seal louse populations show signatures of introgression
from lice associated with other seal species having overlapping
geographic ranges: a total of 23%-25% of the genetic ancestry of
lice on Arctic ringed seals appears to derive from lice on harp
and Pacific harbour seals, while all analysed Baltic ringed seal
lice have 4%-9% ancestry from the louse population associated
with the co-occurring grey and harbour seals (Figure 2a). Our
finding of two grey seal lice with mitochondrial haplotypes typ-
ical of ringed seals (Figure S4b) is consistent with the inference
of ancient asymmetric gene flow from ringed seal lice to grey
seal lice within the Baltic Sea postulated by Sromek et al. (2024)
on the basis of ABBA-BABA tests and demographic simulations.
One of the grey seal louse haplotypes is placed as sister to the
Ladoga ringed seal louse clade (Figure S4b), which could reflect
gene flow prior to the separation of Lake Ladoga, or the underes-
timation of variation in Baltic ringed seal lice due to low sample
size in this population. Topological differences in the placement
of lice from Baikal, Caspian, and harp seals in the mitochondrial
(Figure S4b) and nuclear (Figure S4a) phylogenomic trees re-
veal another putative case of mitonuclear discordance. However,
this apparent incongruence may be caused by weak support
for the exact placement of Baikal seal lice near the root of the
mtDNA tree.

4.2 | Louse and Seal Phylogenies Show Both
Congruence and Conflict

On a broader scale, the parallel genetic differentiation of geo-
graphically isolated seals and their associated lice results in
statistically significant congruence between the seal and seal
louse phylogenies (Figure S5a). Examination of PACo residuals
shows that the cophylogenetic signal is largely driven by con-
cordant patterns in the divergences of landlocked ringed, Baikal
and Caspian seals and their lice. In fact, the similarity of the
phylogenetic trees of phocid seals and their Echinophthirius lice
appears more extreme than in the classic case of allopatrically
distributed North American pocket gophers and their strongly
dispersal-limited chewing lice (Hafner et al. 1994; Reed and
Hafner 1997), although the mechanism of co-divergence is ev-
idently the same in both host-parasite systems.

Despite the statistically significant overall congruence,
both the mitochondrial and nuclear louse phylogenies also
show strongly supported conflict with phylogenetic relation-
ships among their host seals (Figure S4c; see also Hassanin
et al. 2021; Park et al. 2024). A reflection of this conflict is
seen in that genetic differentiation among louse populations
is not related to host mitochondrial divergence (Figure S5).
In addition to the aforementioned relatively recent host-range
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expansion from harbour to grey seals, the clearest case of
phylogenetic incongruence involves the deepest splits within
the nuclear clade consisting of Baikal, Caspian and harp seal
(Figures S4a and S5a). Harp seal is a distant relative of the
other seals in our study, suggesting that its lice were retrieved
through a host shift from the ancestor of Caspian seals.
Considering the need for close contact for louse transmission
and that harp seal is a strict high-Arctic specialist, the re-
sult supports the hypothesis that the Caspian seal originated
through colonisation via the north (Davies 1958; Palo and
Vidinold 2006) rather than that the species is a relic descended
from seals that inhabited the Ponto-Caspian region during the
Miocene (Arnason et al. 1995; Artamonova et al. 2021). This
inference is consistent with recent geological studies, which
have increasingly revealed evidence for a direct but transient
connection between the Arctic Ocean and the Caspian Sea
during the Plio-Pleistocene transition about 2.5 million years
ago (Bista 2019; Lazarev et al. 2021; Trifonov et al. 2024).

4.3 | Seal Lice on the Same Host Individual Are
Genetically More Similar

While our study was focused mainly on genetic differentiation
in seal lice across host (sub)species and geographic space, we
also found clear evidence of structuring on the basis of host in-
dividuals within seal populations (Figure S6a). Close first- and
second-degree relatives inhabiting the same infrapopulation
were found in half of the studied populations (Figure 2a) regard-
less of the genetic diversity of the overall population (Figure 3).
These findings were, as such, expected, because genetic struc-
turing by infrapopulation is a frequent phenomenon in many
parasitic taxa (Guzinski et al. 2009; Koop et al. 2014; Cole and
Viney 2018; DiBlasi et al. 2018; Gustafson et al. 2018; Virrueta
Herrera et al. 2022).

Intriguingly, however, closer inspection of pairwise genetic
distances within and between infrapopulations suggests that
the strength of infrapopulation structuring varies across host
(sub)species, ranging from very strong in lice of Saimaa ringed
seals to weak in lice of grey and harbour seals and near-absent in
lice of Baikal seals (Figure S6b). Although more thorough sam-
pling from additional seal host species will be needed for a for-
mal statistical test of the apparent pattern, we hypothesise that
variation in the strength of infrapopulation structure is driven by
host behavioural traits that influence the rate at which lice can
disperse among host individuals. Because transmission of seal
lice requires close contact between host individuals (Leonardi
et al. 2013; Soto et al. 2023), infrapopulation structuring could
be weakest in louse populations associated with hosts that breed
and/or moult in rookeries on land (Baikal, grey and harbour
seal) and strongest in populations on species that breed solitarily
and moult on ice (ringed and harp seal). It is generally accepted
that the existence and degree of spatial genetic structuring in
parasites are influenced by their biological and behavioural
traits, particularly dispersal ability (Martint et al. 2018; Sweet
and Johnson 2018; Dofia et al. 2020). However, when consid-
ering single parasites occurring on multiple hosts, host popu-
lation density, ecology and behaviour will further modulate the
strength of spatial genetic structuring across populations (van
Schaik et al. 2014; Harper et al. 2015) and among individuals

within populations (Vilas et al. 2012; Vazquez-Prieto et al. 2015;
Wohlfeil et al. 2020; Janecka et al. 2021).

4.4 | Host Population Size Determines Genetic
Diversity in Seal Lice

Intraspecific genetic diversity is expected to be proportional
to the long-term effective population size of species (Ellegren
and Galtier 2016). In closely related species that share life-
history traits, genetic diversity will therefore be largely deter-
mined by the current census population size (the total number
of individuals), past demographic history and linked selection
(Gillespie 2001; Banks et al. 2013; Ellegren and Galtier 2016).

Seals have been used extensively as a model group for eluci-
dating factors that influence genetic diversity within natural
populations and species. Seals are highly suitable for broad
comparative analyses because their population sizes range from
a few hundred in endangered (sub)species to millions in spe-
cies inhabiting Arctic and Antarctic regions with little human
presence (Stoffel et al. 2018; Peart et al. 2020; Liu et al. 2022;
Loytynoja et al. 2023; Tange Olsen et al. 2025). These investiga-
tions have demonstrated that levels of current genetic diversity
within species and populations have been shaped by sequen-
tial colonisation patterns (Liu et al. 2022) and past population
fluctuations (Cammen et al. 2018; Peart et al. 2020), with the
lowest diversities found in endangered (sub)species known to
have been decimated by overhunting during the last few hun-
dred years (Stoffel et al. 2018; Loytynoja et al. 2023; Hoelzel
et al. 2024).

Comparative studies on many vertebrate taxa have revealed
links between species-level genomic diversity and the current
or past extent of suitable habitats (Briiniche-Olsen et al. 2021).
For specialised parasites such as seal lice, the population size of
the host(s) determines overall available habitat and resources,
meaning that the level of genetic variation in parasites should
be influenced by host abundance. However, many parasitic or-
ganisms are markedly subdivided into infrapopulations, which
may further influence their levels of genetic diversity (Criscione
and Blouin 2005; Huyse et al. 2005). In such cases, intraspecific
genetic diversity may depend more on average infrapopulation
size (i.e., infection rate) than on the number of infrapopulations
(i.e., host population size). Surprisingly, these hypotheses—and
the determinants of genetic diversity in parasites in general—
have rarely been investigated (Criscione et al. 2005; Criscione
and Blouin 2005; Barrett et al. 2008; Papkou et al. 2016). In ac-
cordance with the first hypothesis, we found that species- and
population-level heterozygosity and theta in seal lice (Figure 3)
were correlated with host population size (Figure 4). Support for
asimilar positive relationship was found by Leonardi et al. (2019)
in a survey of southern-hemisphere seal lice. Although their
study lacked enough comparisons for a statistical test, the rela-
tive ranking of species-level theta estimates was consistent with
host abundance.

The relationship found in seal lice may, however, not be univer-
sal. Despite a similar range of theta values as in our study, Dofia
and Johnson (2023) found that species-level estimates in dove
feather lice were correlated with host physical size rather than
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with population size. Earlier studies based on more direct esti-
mates of infestation intensities have likewise found a positive
correlation between mitochondrial genetic diversity and average
infrapopulation size in feather mites (Dofia et al. 2015) and par-
asitic nematodes with direct life cycles (Criscione et al. 2005).
The reasons for conflicting results from different host-parasite
systems remain elusive, but we note that studies done to date
have generally found low intensities of seal louse infestations,
and that lice tend to be concentrated on areas of the body that
are difficult to reach and groom (heads and flippers) (Herzog,
Siebert, and Lehnert 2024). Observations that infestation inten-
sities tend to be highest on pups and juveniles (Soto et al. 2022;
Herzog, Siebert, and Lehnert 2024) likewise suggest that seal
louse infrapopulation size is not determined by host body size
per se.

5 | Conclusions and Future Directions

Our broad survey of the genomic properties of E. horridus seal
lice on northern-hemisphere phocid seals supports the view
that the genetic composition of wildlife parasite populations is
determined by multiple hierarchically acting factors (Gorton
et al. 2012; Thorn et al. 2023). In our focal seal lice, the main
genetic divisions occur between allopatrically distributed host
species and subspecies, with a further level of structuring aris-
ing among host individuals within populations. By contrast,
lice associated with the distantly related but geographically and
behaviourally overlapping western European grey and harbour
seals are near-panmictic, and evidence of similar host shifts in
the past is seen in that deep phylogenetic relationships among
lice are not consistent with the seal phylogeny (see also Leonardi
et al. 2019). Taken together, our results support a predominantly
non-adaptive model of host-parasite diversification, where host
distribution overlap, habitat sharing and social behaviour dic-
tate opportunities for genetic differentiation and host shifts in
parasites. In bird lice, host behaviours such as nest hole take-
overs and sharing of dust bath sites have been suggested to facil-
itate gene flow and host-range expansions (Johnson, Weckstein,
et al. 2021; Sweet, Boyd, et al. 2018). Overlaps in geographic
ranges, diets and life histories also appear to be as important
a factor as phylogeny in influencing the composition of gut mi-
crobiotas in seals (Pacheco-Sandoval et al. 2024) and sharing
of rabies virus strains among closely related Myotis bat species
(Jacquot et al. 2022). The relative importance of parasite ad-
aptations to specific traits and defences of alternative hosts is,
however, undoubtedly more important in many host-parasite
systems (Nylin et al. 2018; Doiia et al. 2019; Villa et al. 2019). In
this respect, the extreme variation in ecological and life-history
traits within the species-rich parasite communities of seals
(Lunneryd 1991; Measures 2001; Nyman et al. 2021; Sromek
et al. 2023) provides ample opportunities for studies focusing on
factors that influence the likelihood of adaptive vs. non-adaptive
genetic divergence and diversification in parasites.

Understanding the drivers, consequences and prevention of
loss of species and intraspecific genetic diversity ranks among
the most pressing global biodiversity challenges of today (Willi
et al. 2022; Shaw et al. 2025). In our focal closely related louse
populations, genome-level diversity is strongly connected to
host population size, suggesting that genetic diversity in seal

lice responds rapidly to host population bottlenecks. Direct
comparisons of genetic diversity in seals and lice were in our
case not possible because comparative studies of seals have
thus far applied different measures of diversity and have in-
cluded only different subsets of the hosts included in our study
(Stoffel et al. 2018; Peart et al. 2020; Nebenfiihr et al. 2024).
Nevertheless, we note that in those cases in which comparisons
are possible (cf. Liu et al. 2022; Loytynoja et al. 2023; Sromek
et al. 2024), the order of differences among louse populations
is consistent with genetic diversity estimates in their hosts. In
normally outbred populations, individual-level heterozygos-
ity has been found to be associated with parasite prevalence
(Hoffman et al. 2014; Ortego et al. 2021; Budischak et al. 2023)
and parasite-induced mortality (Coltman et al. 1999; Acevedo-
Whitehouse et al. 2006; Gutiérrez et al. 2024). However, in se-
verely bottlenecked hosts, such relationships may be blurred by
genetic purging (Hoffman et al. 2024), increased drift overrid-
ing adaptive responses in host physiological defences and par-
asite virulence traits (Gokhale et al. 2013; Papkou et al. 2021),
loss of parasite species (Morand 2015; Sromek et al. 2023), and
parallel erosion of genetic diversity in surviving parasite spe-
cies (this study). Many seal species and populations across the
world have experienced severe anthropogenic population col-
lapses during the last few hundred years (Stoffel et al. 2018;
Hoelzel et al. 2024; Hoffman et al. 2024). Studies on how loss
of genetic variation across multiple trophic levels influences the
prevalence and intensity of parasites in bottlenecked seals could
provide important insights for the conservation of endangered
host-parasite systems in general.
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Additional supporting information can be found online in the Supporting
Information section. Table S1: Collection data for the 82 seal louse in-
dividuals included in our study. Table S2: Between- and within-group
uncorrected percent COI sequence divergence among the main clades
of the E. horridus mtDNA phylogeny (Figure S4b). Numbers represent
means across all pairwise comparisons of sequences, with minimum
and maximum values given in parentheses. Table S3: Estimates of
genetic diversity in the focal seal louse populations. Figure S1: Cross-
entropy in relation to different numbers of ancestral populations (K).
Figure S2: LEA plots for K=2-9 ancestral populations. The optimal
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K =7 is indicated by a square frame. Figure S3: PCA plot for seal louse
individuals. Each dot represents an individual louse and is coloured ac-
cording to the seal host sub(species). Figure S4: Maximum-likelihood
phylogenies of seal lice based on (a) nuclear genomic data from 50 ran-
domly selected 50-kb genomic windows and (b) mitochondrial coding
sequences, and (c) corresponding phylogeny of seal hosts based on mito-
chondrial coding sequences assembled from sequencing reads extracted
from seal lice. Individual lice (a, b) and seals (c) are coloured according
to the seal host sub(species). The inset in (b) shows the full tree includ-
ing also outgroup taxa. Figure S5: (a) PACo ordination plot and ultra-
metricized phylogenetic trees of seal lice and their hosts after pruning
both trees to one tip per seal host (sub)species (inset). (b) Fg, between
louse populations in relation to mitochondrial divergence between seal
host (sub)species. Figure S6: (a) Distribution of mean standardised ge-
netic distance between pairs of seal lice from the same infrapopulation
when louse identities are permuted among seal individuals within seal
host populations. The red arrow shows mean standardised distance be-
tween lice from the same infrapopulation in the real data. (b) Pairwise
genetic distances between lice collected from the same or a different
seal host individual (i.e., within or between infrapopulations (see leg-
end)) within seal hosts with more than one louse from more than one
seal individual. Large dots show mean distances within each group and
lines denote ranges of twice the standard deviations.
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