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Abstract23

House mice (Mus musculus) have dispersed to nearly every major landmass around the globe as a result of24

human activity. They are a highly successful invasive species, but their presence can be devastating for native25

ecosystems. This is particularly true on small offshore islands where mouse populations may grow unchecked26

by predators. Here we use genome-wide SNP genotypes to examine ancestry and population structure on two27

islands of ecological interest – Southeast Farallon Island, near San Francisco, CA; and Floreana Island in the28

Galápagos – in the context of a total cohort of 527 mice with diverse geographic origins, as a first step towards29

genetically-based eradication campaigns. We show that Farallon and Floreana mice, like those from previously-30

studied islands in both the Atlantic and Pacific Oceans, are of admixed European ancestry. We find that these31

populations are on average more inbred than mainland ones and passed through a strong colonization bot-32

tleneck with little subsequent genetic exchange. Finally we show that rodenticide resistance alleles present in33

parts of Europe are absent from all island populations studied. Our results add nuance to previous studies of34

island populations based on mitochondrial sequences or small numbers of microsatellites and will be useful for35

future eradication and monitoring efforts.36

37

38

Introduction39

House mice (Mus musculus) are extremely successful as an invasive species. Due in large part to their com-40

mensal relationship with humans, house mice have dispersed from their ancestral range in central Eurasia to41

nearly every landmass visited by humans (reviewed in Bishop et al. (1985)). As frequent stowaways in shipside42

food stores, house mice have colonized numerous remote islands in both Atlantic and Pacific oceans, rivaling43

humans for global distribution. Their omnivorous and opportunistic feeding habits and short generation time44

allow them to quickly become established in a wide variety of environments (Berry 1970). On islands where45

they are largely free of natural predators, mice may develop a suite of life-history traits referred to as the “island46

syndrome”: increased body size, increased survival rates, decreased aggression and decreased dispersal (Adler47

and Levins 1994).48

However, the arrival of house mice may be devastating for native ecosystems. They are considered among49

the most damaging invasive species (IUCN Global Invasive Species Database, http://www.iucngisd.org/50

gisd/100_worst.php). The best-studied impacts are on birds that rely on offshore islands as breeding51

grounds. In this work we focus on mice from two islands: Southeast Farallon Island, 45 km off the coast of52

San Francisco, CA; and Floreana Island in the Galápagos, Ecuador. The first documented landing on the Faral-53

lon Islands was by Sir Francis Drake in 1579, though the islands were named by the Spanish explorer Sebastián54
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Vizcaíno in 1603 (White 1995). Russian and native Alaskan hunters periodically exploited seal populations55

throughout the 1800s, and egg-harvesting crews from San Francisco competed over collection territories in a56

bizarre episode known as the “Egg Wars” in the mid-1860s (Thompson 1896; White 1995). The islands (of which57

Southeast Farallon Island is the largest) were declared a National Wildlife Refuge in 1969 and are now off-limits58

to the public. They support the largest colony of breeding seabirds in the continental United States south of59

Alaska – more than 200, 000 individuals representing at least 13 species in peak season – as well as an endemic60

species of cricket (Steiner 1989) and several species of seals, sea lions and sea otters. The mouse population on61

the Farallones is highly cyclical: breeding begins in late spring, populations peak in early autumn, and die-back62

occurs in winter as food becomes scarce. Peak densities exceed 1250 individuals per hectare (San Francisco Bay63

National Wildlife Refuge Complex 2013), at least an order of magnitude greater than the peak density of pop-64

ulations at nearby mainland sites (DeLong 1967). This abundance attracts raptor species, notably burrowing65

owls, that also prey on smaller birds (Mills 2016). Much less is known about the biology of house mice in the66

Galápagos, but it is likely that the presence of mice there has deleterious effects on native birds, plants and67

endemic rodents (Harper and Carrion 2011). Such threats to native ecosystems have motivated efforts to erad-68

icate these invasive mammals. Although many mammalian eradications have been successful, more than 20%69

of attempted house mouse eradications using rodenticides have failed, and many more are not feasible due70

to the complexity of island ecosystems (Howald et al. 2007). This has lead to proposals for genetically-based71

approaches for eradication (Leitschuh et al. 2018).72

Genetic characterization of island populations is a prerequisite to genetically-based eradication campaigns.73

Little is known about the origins, ancestry, or population structure of mice on either the Farallones or Floreana.74

Studies of several other offshore islands – Gough Island (Gray et al. 2014), the Faroe Islands (Jones et al. 2011),75

the Azores (Gabriel et al. 2015), the Kerguelen Archipelago (Hardouin et al. 2010), Antipodes (Searle et al. 2009;76

Veale et al. 2018), and Madeira (Gündüz et al. 2001) – have revealed predominantly western European ancestry77

consistent with human-mediated dispersal by mariners within the past several centuries. Those studies relied78

heavily on mitochondrial sequences with or without a small number of nuclear microsatellite markers, and79

thus had limited resolution for population structure and inbreeding.80

Here we use genome-wide SNP data to explore the ancestry and population structure of mice from six81

groups of offshore islands, including Farallon and Floreana, and place them in the context of a larger cohort82

totaling 527 mice from across the globe. We confirm that mice from all islands sampled are overwhelmingly of83

western European M. m. domesticus origin. Geographic discordance between Y chromosome and mitochondrial84

markers on some islands provides evidence for inter- and intra-subspecific admixture that may have occurred85

before or after island colonization. We show that island mice are on average more inbred than their mainland86

counterparts, though the level of inbreeding varies greatly across mainland trapping sites. We use decay of87
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linkage disequilibrium as a proxy for effective population size and show that different islands vary widely in88

the strength of the colonization bottleneck, the degree of ongoing genetic exchange with mainland populations,89

or both. Finally, we show that rodenticide-resistance alleles common in some European populations are absent90

from all islands examined, an important consideration for future eradication campaigns.91

Results92

Our dataset consists of 527 mice trapped in 31 countries between 1990 and 2015 (Table 1 and Table S1). The93

collection spans the three principal subspecies of the house mouse across its native range (421 M. m. domesticus,94

28 M. m. musculus and 39 M. m. castaneus) as well as the outgroup species M. spretus (8), M. spicilegus (1)95

and M. caroli (1), and a group with ill-defined ancestry provisionally labelled M. m. gentilulus (27) (Figure 1).96

The majority were genotyped with one of a pair of Illumina Infinium SNP arrays (Morgan et al. 2016) – the97

78K-site MegaMUGA (295, 56%) or 143K-site GigaMUGA (166, 31%) – and the remainder were obtained from98

published whole-genome sequencing (WGS) data (66, 13%) (Harr et al. 2016). Briefly, the two array datasets99

were merged on overlapping markers, and WGS samples were added by calling genotypes at array sites. WGS100

data was also used to identify and remove problematic sites. Full details of data processing and quality control101

are provided in the Materials and methods. The final genotype matrix covers 52280 sites (50551 autosomal,102

1689 X chromosome, 24 Y chromosome, 16 mitochondrial) with overall genotyping rate 97.6%.103

Table 1: Counts of individuals used in this study, by taxon and
population. Full sample descriptions provided in Table S1. For
populations defined by an island, land area for that island is
shown.

Taxon Population males females N unrelated Land area (mi2)

M. m. domesticus Antipodes 3 1 4 4 8.5
Auckland 3 1 4 4 197
Australia 11 0 11 5
Belgium 0 2 2 2
Chatham 2 2 4 3 355
Cologne 7 0 7 7
Cyprus 5 2 7 7
Farallon 13 7 20 17 0.3
Floreana 8 7 15 6 66.8
France 14 6 20 18
Greece 21 7 28 28
Holstein (Germany) 4 2 6 4 0.65∗

Iran 8 0 8 5
Italy 2 4 6 6
Lebanon 1 3 4 4
Madeira 1 0 1 1 286
Maryland 49 62 111 50
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Table 1: Counts of individuals used in this study, by taxon and
population. Full sample descriptions provided in Table S1. For
populations defined by an island, land area for that island is
shown.

Taxon Population males females N unrelated Land area (mi2)

New Zealand North 27 28 55 48
New Zealand South 37 28 65 55
Orkneys 0 2 2 2 6.1†

Pitt 1 3 4 4 25.1
Porto Santo 5 6 11 10 16.3
Portugal mainland 4 8 12 12
Ruatanga 1 2 3 1
Scotland mainland 0 1 1 1
Spain 5 2 7 7
Switzerland 0 1 1 1
Tunisia 2 0 2 2

M. m. musculus Afghanistan 5 1 6 5
China 2 0 2 2
Czech Republic 2 6 8 7
Hungary 1 0 1 1
Germany 1 0 1 1
Kazakhstan 3 5 8 6
Poland 1 0 1 1
Russia 1 0 1 1

M. m. castaneus India 7 9 16 16
Taiwan 14 9 23 23

"M. m. gentilulus" Afghanistan 0 1 1 1
Iran North 4 5 9 9
Iran South 4 1 5 5
Madagascar 5 2 7 7
Oman 0 1 1 1
Pakistan 1 0 1 1
Tanzania 0 1 1 1
Yemen 0 2 2 0‡

hybrid Germany 2 0 2 0§

M. spicilegus - 1 0 1 1
M. spretus - 5 3 8 5
M. caroli - 0 1 1 1
Total 293 234 527 409

Many population-genetic analyses assume that individuals are not closely related. We identified and re-104

moved putative relatives on the basis of autosomal genotypes, leaving 409 putatively-unrelated individuals105

(233 female, 176 male).106

Nine offshore islands, in six geographic groups, are represented: Southeast Farallon Island (17 unrelated107

∗Land area of Heligoland Islands, off the German coast.
†Combined land area of Papa Westray and North Ronaldsay islands in the Orkney archipelago.
‡This M. m. domesticus-M. m. musculus hybrid individual was excluded from further analyses.
§This M. m. gentilulus individual was excluded by close similarity to one from Oman.
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mice); Floreana Island (6); Antipodes, Auckland, Chatham and Pitt Islands, in the Southern Ocean (15) (Veale108

et al. 2018); Heligoland, off the German coast (1); the Orkneys, north of Scotland (2); and Madeira and Porto109

Santo in the mid-Atlantic (10).110

Ancestry and population structure111

We inspected global ancestry patterns by performing principal components analysis (PCA) on autosomal sites112

(Figure 2A). The top two principal components clearly partition individuals according to their nominal an-113

cestry at the subspecies level. Supervised admixture analysis with three components trained on known pure114

representatives of each subspecies confirmed that all island populations have, on average, > 99% M. m. domes-115

ticus ancestry on both autosomes and the X-chromosome (Table S2). Three individuals, all from the Southern116

Ocean, have statistically significant M. m. musculus ancestry, but the absolute quantity is small (0.6% − 1.6%).117

No island mice have detectable M. m. castaneus ancestry for biparentally inherited markers. Mitochondrial and118

Y chromosome haplogroups are summarized in Table S3. As previously reported by Veale et al. (2018), M. m.119

castaneus mitochondrial haplogroups are widespread in New Zealand and are present in mice from Chatham120

Island, evidence of historical contact with southeast Asian populations. The M. m. domesticus mitochondrial121

haplogroup otherwise predominates on all islands examined. With the exception of a single individual from122

Porto Santo, all island males carry M. m. domesticus Y chromosomes. We can further define three Y-chromosome123

haplogroups within M. m. domesticus: “Europe 1”, “Europe 2” and “Mediterranean.” Mice from Southeast Far-124

allon Islands carry “Mediterranean” exclusively; only “Europe 1” is present on Floreana. All three haplogroups125

are present in the Southern Ocean.126

We next investigated the relationship between island populations and mainland groups within M. m. do-127

mesticus using autosomal markers. A heuristic population tree was constructed with TreeMix (Pickrell and128

Pritchard 2012) (Figure 3A). Putative relationships were quantitatively assessed with outgroup f3 statistics,129

which are relatively robust to SNP ascertainment (Peter 2016). As expected, Porto Santo mice have strong affin-130

ity to populations from Spain and Portugal. Mice from the islands of the Southern Ocean (Figure 3B, top row)131

have clear affinity for northern European, North American, and New Zealand populations (of probable British132

ancestry (Searle et al. 2009)), although the effect is less pronounced on Antipodes. The Farallon mice have133

greater affinity for northern European-derived populations than for Mediterranean or Iberian ones (Figure 3B,134

bottom row), but also have a distinct ancestry component not well-captured in our set of reference populations135

(see Figure 2B,C). Mice on Floreana have a similar profile to the Farallon mice, but with a larger Iberian com-136

ponent. We attempted to clarify the origins of Farallon and Floreana mice via model-based fitting of admixture137

graphs with representative reference populations (Figure S1). The best-fitting models place both the Faral-138

lon and Floreana populations as descendants of admixture events between the ancestors of present-day North139
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Figure 1: Geographic distribution of mice used in this study. (A) All samples, colored by nominal subspecies of
origin (dom = M. m. domesticus, mus = M. m. musculus, cas = M. m. castaneus, gen = “M. m. gentilulus”/uncertain,
spretus = M. spretus. Open dots, isolated island mice (labeled); closed dots, mainland mice. (B) Zoomed-in view
of Europe and Mediterranean.
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Figure 2: Principal components analysis (PCA) on autosomal genotypes. PCA was performed with unrelated
samples only, and then all samples were projected onto the resulting eigenvectors. Proportion of variance ex-
plained by each axis is indicated in axis label. (A) All samples, colored by nominal taxonomic origin as in Figure
1. (B) M. m. domesticus samples only, with unique symbol-color combination per population. (C) M. m. domesticus
samples only, with correction to account for unequal sampling effort across geographic locations. Symbols and
colors as in panel B. Farallon and Floreana populations are emphasized with underlying grey shading in panels
B and C.
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Figure 3: Patterns of admixture in mice from isolated islands. (A) Population tree for M. m. domesticus inferred
by TreeMix. (B) Outgroup f3-statistics for island populations, measuring degree of shared genetic drift between
each query population (one per panel) and each source population (on y-axis.)

American mice and the ancestors of present-day Spanish mice, but we were unable to obtain stable estimates140

of admixture proportions.141

Global ancestry analyses using the grade-of-membership model implemented in ADMIXTURE (Alexander142

et al. 2009) largely recapitulate the patterns evident in PCA projections. For K = 2 (where K is the number of143

ancestry components in the model), we recover components that roughly correspond to “northern Europe” and144

“southern Europe/Mediterranean” (Figure S2). The “northern Europe” component is also evident in regions145

colonized by northern Europeans including the eastern United States and New Zealand. AtK = 3 a component146

unique to the Southeast Farallon mice emerges; the Farallon mice remain distinct for all K ≥ 3 (Figure S3). By147

contrast, the Floreana mice have an ancestry profile intermediate between “northern European” populations148

(eg. Germany, New Zealand) and Iberian ones (Spain, mainland Portugal). With the exception of a single outlier149

individual trapped on Porto Santo (PT:PSA_STND:40_0874), island populations are genetically cohesive.150

Small sample sizes on each island limit the strength of the conclusions that can be drawn from this observation.151

As an alternative to models of population structure based on allele frequencies at unlinked sites, we also152

examined long haplotypes putatively shared identical by descent (IBD). We focused on IBD segments longer153

than 1 cM – that is, segments with expected time to coalescence of 50 generations. These segments provide a154

window onto shared ancestry at shallower time depths than allele-frequency differences (Figure S4). We find155

that mice from Floreana Island share recent co-ancestry with mice from Madeira, Porto Santo and mainland156

Portugal. Floreana mice have no clear affinity to any mainland population on the basis of IBD segments. Both157

populations, however, have substantial recent co-ancestry with mice from the Southern Ocean. This pattern is158
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Figure 4: Individual inbreeding coefficients, estimated as the proportion of the genome contained in runs of ho-
mozygosity (F̂ ), in island populations (closed dots) versus mainland populations (open dots). Pairwise Wilcoxon
rank-sum tests were performed between each island population and the mainland as a reference group; popu-
lations with significantly greater inbreeding than the mainland are marked above the axis (* = p < 0.05, ** =
p < 0.01, *** = p < 0.001, **** = p < 0.0001).

consistent with wide dispersal of a northern European ancestry component by human activity within the past159

several hundred years.160

Inbreeding161

Individual inbreeding coefficients were estimated by calculating the fraction of the autosomes contained in runs162

of homozygosity (ROH) with a model calibrated against subspecies-specific allele frequencies. House mouse163

populations vary widely in their level of inbreeding, from almost complete outcrossing to near homozygosity164

(Figure 4). Inbreeding is variable between islands (from F̂ = 0.21 ± 0.10 [mean ± SD] on Porto Santo to165

F̂ = 0.67±0.03 on Heligoland) but is generally consistent within them. Island mice are, as a group, significantly166

more inbred than mainland counterparts (p = 3.6× 10−9, Wilcoxon rank-sum test). Mice from Floreana Island167

(F̂ = 0.40±0.02) and Southeast Farallon Island (F̂ = 0.43±0.03) rank among the most inbred populations in our168

study, significantly more so than mainland mice taken as a whole (p < 0.0001 for both comparisons, Wilcoxon169

rank-sum test). We might expect that inbreeding increases on smaller or more-visited islands, but this does170

not seem to be the case. Mice from Antipodes and Pitt Islands – both substantially smaller and more remote171

than Floreana – nonetheless have lower inbreeding coefficients than mice from Floreana (p < 0.01 in pairwise172

comparisons by Wilcoxon rank-sum tests, corrected for multiple testing). We note that although island land173

area and level of inbreeding have significantly nonzero rank-correlation (Spearman’s ρ = −0.355, p = 0.003),174

there is no linear relationship (Pearson’s r = −0.012, p = 0.92).175

Inbreeding accelerates the erosion of genetic diversity by drift. The effect should be stronger on the X176

chromosome than the autosomes because the X is present in fewer copies in the population. On the two islands177
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for which the most data is available, we find that a substantial proportion of the genome is fixed for a single178

haplotype. The population on Southeast Farallon Island has fixed 4.6% of the autosomes and 39.4% of the X179

chromosome; on Floreana Island, 6.3% of the autosomes and 45.2% of the X chromosome are fixed (Figure S5180

and Table S4). The longest fixed regions span 6.2 Mb on the autosomes and 13.0 Mb on the X chromosome. We181

cannot exclude the possibility that some of these regions were fixed by selection on locally-adaptive mutations182

rather than by drift alone.183

Linkage disequilibrium184

Ascertainment bias in the content of the MUGA family of arrays complicates the interpretation of estimators185

of effective population size derived from the site frequency spectrum. However, patterns of linkage disequi-186

librium (LD) – which are somewhat more robust to SNP ascertainment – also carry information about effective187

population size, especially in the recent past. We calculated the decay of autosomal LD in island populations188

and representative mainland populations and used the equation of Sved (1971) to estimate effective population189

size. Consistent with previous work on wild populations of M. m. domesticus (Laurie et al. 2007), LD decays190

to background levels within approximately 60 kb in mainland populations (Greece, France, Maryland). (The191

median spacing of markers on our array is 32 kb.) LD is generally stronger in island populations, but the effect192

is most pronounced on Southeast Farallon and Floreana, in which LD persists over > 1 Mb (Figure 5A). As-193

suming a sex-averaged recombination rate of 0.52 cM/Mb (Liu et al. 2014), effective population sizes on these194

islands are only 273 ± 12 (mean ± SE) and 179 ± 8 individuals, respectively (Figure 5B). This is several orders195

of magnitude smaller than estimates for European M. m. domesticus based on either LD (this study) or neutral196

sequence (Geraldes et al. 2008), and approximately 400-fold smaller than the census size on Southeast Farallon197

at the peak of the breeding season.198

These estimates ofNe from LD are based on a very simple demographic model of a single, closed population199

without selection. The reality is far more complicated, especially for the island populations of interest here.200

Migration may bring new haplotypes into the population, introducing an additional component of LD that201

is unrelated to the size of the existing population (ie. admixture LD). Population bottlenecks and directional202

changes in long-term population size over time also influence LD. To build qualitative intuition about the203

influence of these factors on LD in island mice, we performed coalescent simulations of a single ancestral204

population that splits into two (island and mainland) with a bottleneck on the island subpopulation, with205

varying degrees of migration after the split (Figure S6). LD is strongest – that is, decays most slowly over206

physical distance – in scenarios with a stronger colonization occurring more recently in the past. However,207

sufficient migration intensity (Ne·m ≥ 1) dramatically reduces the strength of LD. This implies that the effective208

population sizes on Southeast Farallon Island and Floreana Island are not only small but these populations have209

11

.CC-BY-NC-ND 4.0 International licensepeer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not. http://dx.doi.org/10.1101/332064doi: bioRxiv preprint first posted online May. 28, 2018; 

http://dx.doi.org/10.1101/332064
http://creativecommons.org/licenses/by-nc-nd/4.0/


0.00

0.25

0.50

0.75

1.00

0 500 1000 1500 2000

distance (kb)

lin
ka

ge
 d

is
eq

ui
lib

riu
m

 (
 r 

2  )

population

Farallon
Floreana
France
Greece
Maryland
NZ offshore
Porto Santo
Taiwan

A

●

●

●

●

●

●

●

●

Floreana

Farallon

Porto Santo

NZ offshore

Maryland

Taiwan

France

Greece

100 1000 10000

Ne

B

Figure 5: Decay of linkage disequilibrium (A) and corresponding estimates of effective population size (B) in
island versus representative mainland populations.

received few migrants since they were established.210

Rodenticide resistance211

The most widely-used means of rodent eradication is application of coumarin-type anticoagulants such as212

warfarin and brodifacoum. These compounds irreversibly inhibit the vitamin K epoxide reductase complex213

(VKORC1) and cause death by hemorrhage in a dose-dependent manner (Rost et al. 2004). However, resis-214

tance alleles exist in multiple rodent species (Pelz et al. 2005). Our genotyping platform includes two SNPs in215

Vkorc1 (p.Ala48Thr, p.Arg61Leu) that confer resistance to vitamin K antagonists. These alleles segregate at high216

frequency in M. spretus populations in Spain and northern Africa and have introgressed into M. m. domesticus217

under recent positive selection (Song et al. 2011). We find that the warfarin-resistant M. spretus haplotype tagged218

by these variants is common in Spain (derived allele frequency [DAF] = 0.50), Portugal (0.58) and France (0.16),219

rare in Maryland (0.03) and absent from all island populations studied (Figure 6A). The haplotype is likewise220

absent from M. m. musculus and M. m. castaneus in our cohort. This pattern is consistent with spatial diffusion221

of resistance alleles through Europe (Figure 6B).222
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Figure 6: Distribution of anticoagulant resistance alleles. (A) Population-specific frequencies (with 95% highest
posterior density intervals, HPDIs) of known Vkorc1 alleles conferring resistance to coumarin-type anticoagu-
lants including warfarin. (B) Spatially interpolated frequency of the p.Arg61Leu allele, demonstrating its spread
outward from north Africa and southern Spain.

13

.CC-BY-NC-ND 4.0 International licensepeer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not. http://dx.doi.org/10.1101/332064doi: bioRxiv preprint first posted online May. 28, 2018; 

http://dx.doi.org/10.1101/332064
http://creativecommons.org/licenses/by-nc-nd/4.0/


Discussion223

Here we present a detailed analysis of ancestry and population structure in house mice on offshore islands224

on the basis of genome-wide SNP data. Although the mitochondrial sequences used in previous studies of225

house mouse dispersal can reveal matrilineal origins in with great precision, the scope of inference possible226

from a single uniparentally-inherited locus is necessarily limited. Genome-wide SNP genotypes offer a richer227

and more nuanced record of ancestry. Our characterization of the ancestry of house mice on offshore islands is228

nonetheless broadly consistent with an extensive literature on the dispersal of this species (Gabriel et al. 2010).229

Mice from all islands studied are of pure or very nearly pure M. m. domesticus origin (Table S2), irrespective230

of historical and ongoing contact with regions where M. m. castaneus or M. m. musculus predominate (Gabriel231

et al. 2010; King 2016). At the coarsest scale, two ancestry components – roughly corresponding to present-day232

Mediterranean and southern European populations, and to present-day populations in northern Europe, the233

British Isles and the Low Countries – are evident in multiple complementary analyses (Figure 2, Figure 3).234

This accords well with the synthesis of archaeological and mitochondrial evidence in favor of two waves of235

movement of house mice into Europe over the past 10, 000 years, one by a southerly and one by a northerly236

route (Macholán et al. 2012). A more detailed analysis of population structure in Old World M. m. domesticus is237

provided in a companion manuscript (Hughes, Morgan, Didion et al., forthcoming).238

Individual-level ancestry profiles are consistent within geographically-defined populations on both the au-239

tosomes and X chromosome (Figure S3), supporting the notion that islands are resistant to repeated invasions240

after the initial colonization event (Hardouin et al. 2010; Jones et al. 2011; Gabriel et al. 2015). We find that241

mice from islands with historical connections to the British Isles, such as Antipodes, Auckland, Chatham and242

Pitt in the Southern Ocean, have greatest affinity to present-day populations from northern Europe (Scotland,243

Belgium, Germany) and to larger landmasses colonized by the British (Maryland, New Zealand) (Figure 3;244

see also Veale et al. (2018)). Mice on Floreana Island, in the Galápagos, are clearly admixed, with substantial245

Iberian ancestry (Figure 3) but a northern European Y chromosome. The origins of Farallon mice are somewhat246

less clear. As for Floreana, models allowing for north-south admixture offer better fit the data than models247

without (Figure S1). But Farallon mice have less affinity to Iberian populations (Figure 3) in spite of carry-248

ing the “Mediterranean” Y haplogroup. An ancestry component that is prominent on Southeast Farallon does249

not appear in any of our mainland reference populations; this is a well-known property of STRUCTURE, AD-250

MIXTURE and similar models in cases of strong population-specific drift (eg. after a bottleneck) (Puechmaille251

2016). Understanding the origins of this component will ultimately require more thorough geographic sam-252

pling in Europe and the Americas. Finally, although we cannot exclude the possibility of multiple waves of253

invasion on either Farallon or Floreana, it seems more likely that admixture on both islands occurred prior to254

colonization – for instance in port cities where both food stores and migrants would be plentiful.255
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Inbreeding, as estimated from the proportion of the genome autozygous, arises both from non-random mat-256

ing between close relatives and from endogamy in small populations. Values are high in all island populations257

surveyed but fall within the distribution of values for mainland populations (Figure 4). The level of inbreed-258

ing on islands has no apparent relationship to the land area, geographic isolation, latitude or other physical259

features of individual islands. This suggests that inbreeding on islands is driven by behavior or fine-scale fea-260

tures of the local landscape rather than broad geographic constraints. Indeed, it has been well-known since the261

earliest studies of protein allozymes (Philip 1938; Petras 1967) that wild house mouse populations are deficient262

in heterozygotes, consistent with local inbreeding. This accords well with the social structure of these popula-263

tions: house mice live in small demes founded by up to a few dozen individuals that may cover as little as a264

5− 10 m2 (Berry 1970). Within these demes, males are fiercely territorial, and immigrants are rarely successful265

at joining in a new deme (Lidicker 1976). However, in well-connected landscapes, demes are sufficiently fluid266

over time and long-range dispersal (mostly by juvenile males (DeLong 1967; Pocock et al. 2005)) sufficiently267

frequent, that populations behaves as if they are approximately panmictic at the regional scale, despite being268

finely subdivided on the local scale (Nagylaki 1977; Berry 1986).269

On isolated islands, the conditions underlying this approximation break down. Although demes may270

become genetically homogenized by within-island migration, heterozygosity decays if few migrants are ex-271

changed with the mainland so that the effective population size remains small. We observe this most clearly on272

Southeast Farallon Island and Floreana Island (Figure 5). In this circumstance the level of genetic diversity is273

dominated by the strength of the bottleneck at the time the island was colonized, the time since colonization,274

and the size of the breeding population at its winter nadir. Because Ne is proportional to the harmonic mean of275

the number of breeding individuals across generations (Crow and Kimura 1970), which is in turn dominated by276

small values, seasonal booms in the census population size such as occur on Southeast Farallon have negligible277

impact on genetic diversity. (This can be confirmed by hand or by simulations; not shown.) On this basis we can278

conclude that both Southeast Farallon and Floreana were likely colonized by at most a few hundred breeding279

individuals each.280

Our findings have implications for future eradication efforts. At this time the only feasible strategy for281

eradication is the use of rodenticide-laced bait, either by broadcast application or in feeding stations. This is282

usually effective when target animals are genetically susceptible (Howald et al. 2007), as we have shown in the283

case on Southeast Farallon and Floreana, but non-target species are also at risk (San Francisco Bay National284

Wildlife Refuge Complex 2013). Gene drives are being explored as a more targeted alternative (Backus and285

Gross 2016; Prowse et al. 2017; Leitschuh et al. 2018). One proposed technique is transgenic delivery of the286

male sex-determining factor (Sry) on in the background of the t-haplotype, an autosomal segregation distorter287

present at low frequencies in the wild (Backus and Gross 2016). This system would distort the sex ratio in favor288
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of males and thus suppress the reproductive potential of the population, in similar manner to vector control289

systems recently trialled in mosquitos (Galizi et al. 2014). The efficiency of this approach would be blunted by290

the early loss of those alleles by drift at the small population sizes observed on Southeast Farallon and Floreana;291

on the other hand, small population size also allows low-fitness segregation distorters such as the tSry construct292

to reach higher frequencies by drift (Lyon 2003), and mitigates the emergence of resistance (Unckless et al. 2017).293

More broadly, our findings help to frame discussion of the “island syndrome” in murid rodents (Adler and294

Levins 1994). The most consistent and predictable feature of this syndrome in house mice is an allometric295

increase in body size (Pergams and Ashley 2001; Berry and Scriven 2005; Lomolino et al. 2013). Body size is the296

prototypical complex trait in mice and its genetics is relatively well-understood from both inbred line crosses297

and artificial selection on outbred stocks (among many references, Falconer (1973); Cheverud et al. (1996)).298

Crosses between inbred strains derived from Gough Island (GI) and a North American mainland population299

(WSB/EiJ) have provided empirical confirmation that the basis for island-mainland differences in body size –300

in at least one case – is polygenic, largely additive and shared between sexes (Gray et al. 2015). Such a rapid301

and vigorous response to selection in the face of low genetic variation post-bottleneck and inbreeding implies302

that selection must be very strong. But this interpretation is predicated on the assumption that larger body303

size confers higher fitness, which may or may not be the case for house mice (Ruff et al. 2017). Alternatively,304

the “island syndrome” may reflect a plastic response to the withdrawal of purifying selection and relaxation305

of sexual selection. How either scenario might interact with pervasive inbreeding (and inbreeding depression)306

– which we have shown to be the rule on islands – is an open question. Future studies would benefit from307

whole-genome sequencing to better characterize the genetic load and fine-scale patterns of variation in island308

populations.309
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Materials and methods320

Sample collection321

Mice were collected at a large number of sites around the world (recorded in Table S1). All trapping and322

euthanization was conducted according to the animal use guidelines of the institutions with which providers323

were affiliated at the time of collection. Trapping on Southeast Farallon Island was carried out during two324

seasons, in 2011 and 2012; and on Floreana during a single season in 2012.325

Samples of one or more tissues (including tail, liver, spleen, muscle and brain) from each individual were326

shipped to the University of North Carolina during a six-year period (2010-2016). We assigned each individ-327

ual a unique identifier follows: CC:LLL_SSSS:DD_UUUU (C = ISO 3166-1-alpha2 country code; L = locality328

designation; S = nominal subspecies; D = diploid chromosome number and U = sequential numeric ID).329

Genotypes for all individuals in this study have been used in prior studies on a selfish genetic element in330

European M. m. domesticus (Didion et al. 2016) and/or a M. m. domesticus - M. m. castaneus hybrid zone in New331

Zealand (Veale et al. 2018).332

DNA preparation and genotyping333

Whole-genomic DNA was isolated from tissue samples using Qiagen Gentra Puregene or DNeasy Blood & Tis-334

sue kits according to the manufacturer’s instructions. Genotyping was performed using either the Mega Mouse335

Universal Genotyping Array (MegaMUGA) or its successor, GigaMUGA (GeneSeek, Lincoln, NE). Genotypes336

were called using Illumina BeadStudio (Illumina Inc, Carlsbad, CA). Only samples with < 10% missing calls337

were retained for analysis.338

Sample sexes were confirmed by comparing the number of non-missing calls on the Y chromosome to the339

number of heterozygous calls on the X chromosome, which we have previously shown to be an effective means340

of discriminating genetically male from female samples.341

Genotype calling from whole-genome sequencing342

Whole-genome sequence (WGS) data was obtained from the European Nucleotide Archive for 67 mice repre-343

senting natural populations of M. m. domesticus (PRJEB9450), M. m. castaneus (PRJEB2176), M. m. musculus344

(PRJEB14167, PRJEB11742) and M. spretus (PRJEB11742) (Harr et al. 2016), plus one M. spicilegus (PRJEB11513)345

(Neme and Tautz 2016) and one M. caroli individual (PRJEB14895) as outgroups. All mice were either di-346

rectly trapped in the wild or were first-generation laboratory offspring of wild-caught parents. Raw reads were347

aligned to the mm10 mouse reference genome with bwa mem v0.7.15; optical duplicates were marked with348

samblaster v0.1.22 and excluded from further analyses. Genotypes were called with the Genome Analysis349
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Toolkit (GATK v3.3-0-g37228af) UnifiedGenotyper (McKenna et al. 2010) in all 67 individuals jointly. We350

attempted to call only the 77 726 sites targeted by MegaMUGA whose probe sequences mapped to the refer-351

ence genome (with BLAT, and excluding unplaced contigs in the reference), but allowed for the discovery of352

additional alternate alleles besides those targeted on the array.353

Genotype merging and filtering354

Raw genotypes from the MegaMUGA (n = 310 individuals), GigaMUGA (n = 150), and WGS (n = 67) were355

merged in hierarchical fashion with the aim of minimizing systematic differences in call rates across platforms.356

The two SNP array sets were merged first, as the GigaMUGA platform is almost a superset of the most reliably-357

called markers on MegaMUGA (Morgan et al. 2016). First, any samples with ≥ 10% missing calls were dropped.358

Next all markers present on both MegaMUGA and GigaMUGA, reported on the same strand on both platforms,359

and with probe sequences mapping to the autosomes, X, Y or mitochondrial genomes (m = 66 397) were re-360

tained and all other markers were dropped. Alleles were updated to encode all genotypes with respect to361

the reference allele on the plus strand, dropping sites with potential ambiguity in strand or physical position362

(m = 58 772).363

Ascertainment bias on the MegaMUGA and GigaMUGA arrays is severe, owing both to design goals and364

the idiosyncratic history of laboratory strains of mice. Most array content was ascertained in laboratory strains365

among which M. m. domesticus ancestry is heavily over-represented, and alleles tagged by the array and seg-366

regating in M. m. musculus or M. m. castaneus are likely to be older and ancestrally polymorphic. The sites367

targeted by the MegaMUGA and GigaMUGA arrays are heavily biased towards transitions (Ti:Tv = 4.1) and a368

large fraction (23%) are CpG sites. Copy-number variation or other off-target variants in or near the probe se-369

quence interfere with hybridization and may create systematic error in genotype calls (Didion et al. 2012). The370

consequences of these biases for population genetic analysis are discussed in detail in a companion manuscript371

(Hughes, Morgan, Didion et al., in preparation).372

Briefly, we used WGS to discover and mitigate possible biases due to recurrent mutation or copy-number373

variation. Sites with multiple alternate alleles among the 67 WGS samples (which include representatives of374

outrgroups M. spretus, M. spicilegus and M. caroli) were flagged as potential recurrent mutation or low-quality375

calls (4 374). Ancestral alleles were inferred as the majority-rule consensus call in M. caroli and M. spicilegus and376

sites where the derived allele is present in both M. musculus and either M. spicilegus and M. caroli were dropped377

as potential recurrent mutations (3 724). WGS and array datasets were then merged. Finally, 600 sites with378

systematic difference in call rate (Fisher’s exact p, 0.001) were dropped. These filtering steps yielded a genotype379

matrix of 52 280 sites × 527 samples with final genotyping rate 97.5%.380

The merged genotype matrix is available on Dryad (accession #XXXX) in PLINK binary and VCF formats.381
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Relatedness382

Cryptic relatives were identified on the basis of autosomal genotypes with akt kin v3beb346 (Arthur et al.383

2017) using the “KING-robust” kinship estimator (Manichaikul et al. 2010). Kinship estimation was performed384

separately in each taxon (M. m. domesticus, M. m. musculus, M. m. castaneus, M. m. gentilulus, M. spretus) because385

allele frequencies are highly stratified between these groups. For each pair with kinship coefficient > 0.10, one386

member was removed at random to yield a set of 409 putatively-unrelated individuals.387

Analyses of population structure388

Mitochondrial (M) and Y chromosome haplogroups were assigned using a clustering approach. Heterozygous389

genotypes were marked missing since both Y and M are hemizygous. Markers with > 7.5% missing data were390

dropped, leaving 13 markers on Y and 16 markers on M. Principal component analysis (PCA) was performed on391

hemizygous genotypes for all individuals (M) or all males (Y) using the R package argyle v0.2 (Morgan 2016).392

The number of clusters was determined by manual inspection. (For Y, four males with an excess of missing calls393

on Y were identified as outliers in the initial PCA and removed the analysis.) Individuals were then assigned394

to clusters using the partitioning-around-medioids (PAM) algorithm as implemented in R package cluster395

v2.0.5 (https://cran.r-project.org/web/packages/cluster/).396

PCA on autosomal genotypes was performed using the randomized SVD algorithm implemented in akt397

pca v3beb346 (Arthur et al. 2017) and computing only the top 20 PCs. To avoid distortion of genotype space398

by groups of related individuals, PCs and loadings were calculated over the set of unrelated individuals only;399

remaining samples were then projected onto these coordinates.400

Subspecies-level ancestry proportions were estimated using ADMIXTURE v1.3 (Alexander et al. 2009) in su-401

pervised mode with K = 3 components. We first defined a set of 9 273 ancestry-informative markers (8 872402

autosomal, 400 X-linked) for which the derived allele is present at moderate frequency in a single subspecies,403

as described elsewhere (Hughes, Morgan, Didion et al., submitted). A subset of 75 unrelated individuals (45404

M. m. domesticus, 14 M. m. musculus, 16 M. m. castaneus) known on the basis of prior studies to have pure405

subspecies ancestry were used as the training set, and the remaining unrelated individuals as unknowns. Stan-406

dard errors on ancestry proportions were calculated using ADMIXTURE’s bootstrap procedure with 100 rounds407

of resampling.408

Further ancestry analyses within M. m. domesticus were performed by running ADMIXTURE in unsupervised409

mode with K = 2, . . . , 12 components. Here we used a pruned genotype matrix containing variants at within-410

subspecies MAF > 1% (38 244 autosomal sites, 1000 X-linked sites) to improve stability of ancestry estimates.411

The “population tree” in Figure 3 was produced with TreeMix v1.12r231 (Pickrell and Pritchard 2012). Sites412

were first pruned for LD using PLINK v1.90p (command --indep-pairwise 500 1 0.5). Seven M. spretus413
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individuals from Spain were used as outgroup to root trees. Runs were performed with m = 0, . . . , 5 gene-flow414

edges. Outgroup f3-statistics in Figure 3 were calculated with the threepop utility and four-population f4-415

statistics for admixture graphs with the fourpop utility, both included in the TreeMix suite; standard errors416

were calculated by block jackknife over blocks of 500 sites.417

We fit admixture graphs in an effort to understand the relationship of the Farallon and Floreana populations418

to populations representative of southern Europe (Spain), the Mediterranean (Greece), northern Europe (Mary-419

land) and an outgroup (Iran) (Figure S1). Graph topologies were specified manually and edge weights were fit420

to f4-statistics (ie. D-statistics) using the maximum-likelihood procedure implemented in the fit_graph()421

function in R package admixturegraph v1.0.2 (Leppälä et al. 2017). Graphs were scored on the basis of422

the sum of squared residuals between the fitted edge weights and those implied by the observed f4-statistics.423

Axmixture edges were said to be estimable if constraining them to their fitted value did not reduce the sum of424

squared errors.425

Identity-by-descent426

Genomic segments putatively shared identical-by-descent (IBD) between individuals were identified with the427

fastIBD module of BEAGLE v4-r1399 (Browning and Browning 2013) with default parameters except for set-428

ting ibdtrim=2 (number of markers arbitrarily clipped from ends of putative IBD segments). The analysis429

included the full set of 527 samples without filtering for relatedness, as pairs of close relatives provide useful430

“hints” to the phasing algorithm.431

Inbreeding432

Individual inbreeding coefficients (F̂ ) were estimated as the fraction of the autosomes covered by runs of ho-433

mozygosity (ROH). This has previously been shown to be a reasonably consistent estimator of recent inbreed-434

ing (McQuillan et al. 2008). ROH were identified separately in each individual using bcftools roh v1.7435

(Narasimhan et al. 2016) with taxon-specific allele frequencies (estimated over unrelated individuals only in436

each of M. m. domesticus, M. m. musculus, M. m. castaneus, M. m. gentilulus and M. spretus), constant recom-437

bination rate 0.52 cM/Mb (Liu et al. 2014), and arbitrarily assigning array genotypes a Phred-scale GT = 30438

(corresponding to error rate 0.001) per the authors’ recommendations. Other HMM parameters were left at439

their defaults after experimenting with a wide range of parameter settings, and finding the root mean squared440

error (relative to estimates of F̂ from WGS data) to be insensitive to these parameters. Mean and median length441

of putative ROH segments were 10.0 Mb (6 098 sites) and 4.1 Mb (5 411 sites) respectively.442
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Linkage disequilibrium443

We estimated linkage disequilibrium (LD) between all pairs of autosomal markers on each chromosome, tak-444

ing the mean value in 10 kb bins of inter-marker distance. LD calculations for each chromosome and population445

were performed with PLINK v1.90p (command --make-founders --ld-window-r2 0.0000000000001 --r2 inter-chr gz).446

Physical distance was scaled to genetic distance using recombination rate 0.52 cM/Mb. The equation of Sved447

(1971) was fit by non-linear least squares using the nls() function in base R, yielding a model-based estimate448

of Ne.449

Coalescent simulations were used to evaluate the effect of specific demographic histories on patterns of450

LD decay. These were implemented in Python using msprime (Kelleher et al. 2016). We simulated an island-451

mainland model in which an ancestral “mainland” population (Ne = 10 000) gives rise to an “island” pop-452

ulation with an associated bottleneck (reduction in Ne by 1/f ) at τ generations in the past, with continuous453

symmetric migration at rate m between island and mainland. For each scenario we simulated 1 Mb of se-454

quence with mutation rate 1× 10−8 per bp per generation and recombination rate 0.5 cm/Mb. A sample of 20455

chromosomes (10 diploid individuals) was drawn from the result, and binned LD calculated as from the real456

data.457

Rodenticide resistance458

From five derived substitutions in Vkorc1 associated with warfarin resistance in mice (Song et al. 2011), two are459

directly genotyped by the MegaMUGA and GigaMUGA arrays: chr7:127895440 C>T (Ensembl transcript EN-460

SMUST00000033074.6: c.142G>A / p.Ala48Thr) and chr7:127894606 C>A (ENSMUST00000033074.6: c.182G>T461

/ p.Arg61Leu). We estimated their frequency among unrelated individuals in the populations shown in Fig-462

ure 6 and calculated 95% highest posterior density intervals using the function binom.bayes() in R package463

binom v1.1-1 (https://cran.r-project.org/package=binom). The heatmap of frequencies for the al-464

lele p.Arg61Leu allele (Figure 6) was created by taking computing the centroid of each European population465

and then interpolating allele frequency in space via ordinary kriging on a spherical variogram, via functions466

vgm(..., model=’Sph’) and krige() in the R package gstat (Pebesma 2004).467
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Supplementary material601

Table S1. Full sample information. See included column key for details.602

Table S2. Subspecies ancestry proportions from supervised ADMIXTURE analysis using a subset of 8 873603

autosomal and 400 X-chromosomal subspecies-informative markers. One column each for point estimates and604

standard errors for M. m. domesticus (dom), M. m. musculus (mus) and M. m castaneus (cas) contribution. Nomi-605

nal taxonomic designation of each individual based on geographic origin and morphology is also shown.606

Table S3. Summary of mitochondrial and Y chromosome haplogroup assignments by taxon and population.607

Table S4. Genomic regions fixed on Farallon and Floreana islands.608
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Figure S1: Model-based fitting of admixture graphs to f4-statistics (ie. D-statistics) calculated from observed
allele frequencies. Admixture scenarios giving rise to the Floreana Island and Southeast Farallon Island pop-
ulations are shown in panels A and B, respectively. In each panel, top row shows pre-specified topology of
admixture graph; edges whose weight is estimable from the data are shown in red. Value of cost function for the
fitted graph is shown above the graph. Bottom row of each panel shows expected values (round points) of D-
statistics in the fitted graph compared to 95% confidence intervals about their observed values (vertical hashes).
Expected values falling within the CI for the observed value are colored green; values falling outside the CI are
colored red.
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Figure S2: Proportion of “northern European”-like ancestry in ADMIXTURE analysis with K = 2 (pink bar in
first row of Figure S1) for mice trapped in (A) Europe and the Mediterranean; (B) New Zealand and the Southern
Ocean; and (C) Maryland, United States.
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Figure S3: Barplots of ancestry proportions from unsupervised ADMIXTURE analyses of M. m. domesticus sam-
ples: (A) autosomes (K = 2, . . . , 12); (B) X chromosome (K = 2, . . . , 8). Individuals are shown in the same order
in panels A and B.
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Figure S4: Sharing of long haplotypes identical-by-descent (IBD) within and between populations. (A) Distri-
bution of size of segments shared IBD within (top) or between (bottom) populations, for autoosomes (A) and
X chromosome (X). Dashed line marks 1 cM cutoff used for analysis described in main text. (B) Mean genomic
territory covered by segments > 1 cM shared IBD between all pairs of mice from Farallon (top) or Floreana (bot-
tom) with mice from populations shown on y-axis. Autosomal values shown in blue and X-chromosomal values
shown in red; both are corrected for total number of chromosomes in each population.
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Figure S5: Regions fixed in Farallon or Floreana mice. Each point represents one 500 kb window; observed
minor-allele frequency is plotted on the y-axis. Colors indicate binarized segregation status (segregating or fixed)
inferred by HMM.
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Figure S6: LD decay curves from coalescent simulations under island-mainland models. Each panel shows LD
decay (according to effective migration rateNe·m) for a unique combination of strength of colonization bottleneck
(f−1) and time since colonization (τ ).
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