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Biological invasions are a major cause of environmental and economic disruption.
While ecological factors are key determinants of their success, the role of genetics has
been more challenging to demonstrate. The colonization of Australia by the European
rabbit is one of the most iconic and devastating biological invasions in recorded history.
Here, we show that despite numerous introductions over a 70-y period, this invasion
was triggered by a single release of a few animals that spread thousands of kilometers
across the continent. We found genetic support for historical accounts that these were
English rabbits imported in 1859 by a settler named Thomas Austin and traced the ori-
gin of the invasive population back to his birthplace in England. We also find evidence
of additional introductions that established local populations but have not spread geo-
graphically. Combining genomic and historical data we show that, contrary to the ear-
lier introductions, which consisted mostly of domestic animals, the invasive rabbits had
wild ancestry. In New Zealand and Tasmania, rabbits also became a pest several decades
after being introduced. We argue that the common denominator of these invasions was
the arrival of a new genotype that was better adapted to the natural environment. These
findings demonstrate how the genetic composition of invasive individuals can deter-
mine the success of an introduction and provide a mechanism by which multiple intro-
ductions can be required for a biological invasion.

invasion biology | population expansion | allele surfing | exome sequencing

When organisms spread beyond their native range, they often either establish localized
populations or do not survive. However, occasionally exotic species proliferate and out-
compete well-adapted native species. These events, known as biological invasions, are a
major cause of environmental (1) and economic disruption, with an estimated global
cost of US$1.288 trillion over the last 50 y (2). In an increasingly cosmopolitan world
where human activity and climate change are moving species beyond their native range
at ever-increasing rates, the risk of biological invasions has never been higher. Due to
this devastating and often irreversible impact, the reason why some introductions lead
to biological invasions, but others do not, has attracted considerable attention (3, 4).

Ecological factors are critical for biological invasions, with the properties of certain
species making them successful invaders and the properties of some environments mak-
ing them vulnerable to invasion (5). The genetics of invasive populations has also been
shown to play an important role in the outcome of these processes (6). More recently,
it has become apparent that propagule pressure—the number of introductions and the
number of individuals introduced—plays a key role by helping overcome stochastic
processes that can lead to population extinction (3, 4). However, it has also been
argued that high propagule pressure may allow established but localized populations to
become invasive by altering the genetic makeup of the introduced population (4). One
mechanism by which this can occur is introducing greater genetic variation, which may
reduce inbreeding depression or provide the genetic variation that natural selection can
act on to adapt the population to the new environment (3, 4). Alternatively, high prop-
agule pressure can also increase the probability that an invasive adaptive genotype will
be introduced (4, 7).

To understand the role of genetic factors in biological invasions, we combined
genetic data and historical records to investigate one of the most iconic and thoroughly
recorded biological invasions in history, the rabbit colonization of Australia. For most
of its existence, the European rabbit (Oryctolagus cuniculus) was restricted to the Iberian
Peninsula and the South of France (8, 9). During the Middle Ages, rabbits were exten-
sively translocated by humans and today rabbits are one of the most widespread mam-
mals, with a presence across multiple continents and in hundreds of islands spread
around the globe (10, 11). Despite being a keystone species in the native range (12),
rabbits are considered pests in most introduced locations, responsible for damage to
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agriculture, habitat degradation, and endangerment of native
species (13). This invasive potential has been recorded through-
out human history and goes as far back as 30 BC when Strabo
(Geographica, III, v) describes a rabbit infestation in the Bale-
aric Islands so large that inhabitants had to request help from
the Roman Emperor. Moving forward 1,500 y, and the Portu-
guese historian Joao de Barros (1496-1570) describes a 15th-
century settlement on the island of Porto Santo, Madeira, that
had to be abandoned due to a rabbit infestation that originated
from a single pregnant doe (14). Of all the biological invasions
by rabbits, the impact on Australia was the greatest, leading
farmers to abandon properties overrun by rabbits and disrupt-
ing the entire agricultural sector (15, 16). Despite the efforts to
control the population numbers, rabbits are still one of the
major invasive species in Australia where they impact native
flora and fauna (17) and are responsible for an estimated
annual cost to the agriculture industry alone of $200 million,
22 times the value for feral pigs (18).

It is common to observe that there is a time lag between spe-
cies being introduced and becoming invasive (19), and this
poorly understood phenomenon is clearly illustrated by Austra-
lian rabbits. Rabbits were first introduced to mainland Australia
when five domestic rabbits were brought to Sydney on the First
Fleet in 1788, as stated in the account of the settlement live-
stock (20). Decades after, rabbits were commonly bred in
houses around Sydney (21). In years that followed the first
importation, rabbit translocations were frequent and rabbit
warrens were reported all over the country (22). By 1870, rab-
bits were widely kept in the major settlements along the coast
(22). These populations were often described as having a
domestic origin, which is likely since wild rabbits were not easy
to get hold of and were less suitable for transportation, breed-
ing, and management compared to their domestic counterparts
(20). The domestic origin of these populations is supported by
reports of traits that are normally absent in wild rabbits, such
as tameness, fancy coat colors, and floppy ears (20-22). Despite
the presence of rabbits across Australia, the vast majority of the
populations either failed to establish in the wild or did not
spread beyond their local range (21, 22). However, in the sec-
ond half of the 19th century rabbit populations increased
dramatically and spread across the country (21). At a rate of
100 km per year, it took rabbits 50 y to cover an area 13 times
the size of their native range in the Iberian Peninsula, making this
the fastest colonization rate for an introduced mammal ever
recorded (21). By the beginning of the 20th century, rabbits were
a conspicuous feature of the Australian landscape, in what has
been described as a “gray blanket” covering the land (15).

The population growth observed in mainland Australia in
the late 19th century was replicated in New Zealand and Tas-
mania. In both locations, rabbits were commonly traded during
the early 1800s, and while local populations existed, they did
not spread and became invasive (11, 22). These early introduc-
tions were also likely from domestic stock, with some records
explicitly mentioning the introduction of domestic rabbits (15),
and even specific breeds such as lop-eared rabbits in New Zea-
land in 1856 (20, 23). However, in the 1860s, rabbit numbers
started to increase at a rapid rate, ultimately becoming a nui-
sance that demanded pest control in both locations (11, 22).

In the historical literature, the transition from rabbits being
a localized species to becoming invasive is frequently attributed
to a single introduction. Thomas Austin, an English settler aim-
ing to establish a rabbit population for hunting in his estate in
mainland Australia, requested that his family in England send
some rabbits (20, 24). On October 6, 1859, Thomas’s brother
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James sent on board the ship Lightning a consignment of domes-
tic and wild rabbits caught around the family property in Bal-
tonsborough, South East England (20, 24). On Christmas Day
of that same year, the consignment arrived in Melbourne with 24
rabbits on board (25, 26). These rabbits were taken to the prop-
erty of Thomas Austin in Barwon Park, near Geelong in Victoria.
Within 3 y, the 1862 Chronicle stated how “Austin rabbits”
numbered in the thousands (20) and in 1865, Austin himself
reports to the Geelong Advertiser how he killed 20,000 rabbits at
his estate, as a statement to the “extraordinary fecundity of the
English rabbit.” By 1906, rabbits had covered thousands of kilo-
meters reaching the West Coast, and historical reports have classi-
cally claimed that they have expanded from Barwon Park.
Despite this popular belief, previous studies have failed to find a
genetic pattern in Australian rabbit populations consistent with
this expansion (27), and a recent genomewide study disputed the
single-origin hypothesis, instead arguing that invasive rabbits
arose from several independent introductions (28).

Why did rabbits change from being a localized and innocu-
ous species to becoming invasive? Anthropogenic changes to
the environment, such as the development of large pastoral
areas and predator populations being controlled by pastoralists,
were beneficial for rabbits and might have made mainland
Australia progressively more vulnerable to an invasion (21).
However, the observed time lag between rabbits establishing
populations and becoming invasive was also replicated in other
locations, such as New Zealand and Tasmania, suggesting that
other factors were at play. These parallel changes in rabbit pop-
ulation dynamics across three locations with such different
environmental conditions suggests that nonenvironmental fac-
tors might have played a crucial role in the success of this bio-
logical invasion. One potential explanation is the introduction
of novel rabbit genotypes that were better adapted to the natu-
ral environment, and the wild genetic ancestry of Thomas
Austin rabbits might provide the mechanism by which this
happened. This is plausible, as Austin’s release is the only his-
torical record explicitly stating the release of wild rabbits into
mainland Australia that we are aware of (22), and Austin rab-
bits were then introduced to New Zealand during the 1860s,
when rabbits started to become a pest (15, 20).

To investigate the causes of the biological invasion, we ana-
lyzed genetic data from rabbits collected across mainland Aus-
tralia, Tasmania, and New Zealand, together with populations
that might have contributed to the Australasian gene pool
(Fig. 1). This allowed us to test whether invasive rabbits in Aus-
tralia arose from a single introduction or muldple introduc-
tions. This is important because if the trigger for the invasion
was environmental change, then multiple local populations
would likely expand. However, if the trigger was the arrival of a
specific invasive genotype, then rabbits from across the country
would be derived from that introduction. We then tested
whether invasive rabbits have wild ancestry, which provides an
explanation of why they were better adapted to local conditions
than early introductions. Finally, we link our data to the histor-
ical record by investigating whether the release by Thomas Aus-
tin gave rise to the invasive genotype of rabbits.

Results

We have analyzed whole-exome sequences of 187 individuals
belonging to 1) Australasian populations of mainland Australia
(n = 62), Tasmania (z = 2), and New Zealand (7 = 5); 2) wild
rabbit populations from France (7 = 55) and Britain (z = 55);
and 3) domestic rabbits belonging to eight different rabbit
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Fig. 1. The colonization route of the European rabbit from the Iberian Peninsula to Australia and New Zealand. Arrows represent introductions. Dashed
lines in mainland Australia show the frontier of spread of rabbits across the continent from the Thomas Austin property in Barwon Park (based on Stodart

and Parer, ref. 21).

breeds (n = 8) (SI Appendix, Table S1). The average coverage
across samples was 30.5X. The capture targeted a total of 32.10
Mb, which corresponds to 1.17% of the genome. The total
number of variants after filtering was 1,987,606.

Sequential Colonizations Reduced the Genetic Diversity of
Rabbit Populations. Australian rabbits are thought to be the
result of a sequential colonization process that was initiated
when rabbits were introduced from continental Europe into
Britain, and from there into Australia. The population bottle-
necks that accompanied these introductions have resulted in a
10.6% reduction of genetic diversity from continental Europe
(France) to Britain and 12.3% from Britain to mainland Australia
(Fig. 2A and SI Appendix, Table S2). This modest reduction in
genetic diversity has been reported before (29), and is expected if
the population bottleneck associated with colonization was fol-
lowed by a rapid population expansion.

In addition to a decrease in nucleotide diversity, recent pop-
ulation bottlenecks lead to a preferential loss of rare genetic var-
iants (30). To examine this pattern, we used sequences from a
hare to classify alleles as ancestral or derived and plotted the
unfolded allele frequency spectrum. In support of sequential
population bottlenecks, the highest number of low-frequency
alleles was in France, followed by Britain and then mainland
Australia (Fig. 2B). This is reflected in Tajima’s D statistic—a
summary of the allele frequency spectrum—which becomes
progressively larger from France to Britain and then Australia

(81 Appendix, Table S2).

Invasive Rabbits Arose from a Single Introduction into
Mainland Australia. While many accounts attribute the origin
of Australian rabbits to a single introduction in 1859, some
genetic analyses and historical records suggest that the current
rabbit population is the result of multiple introductions and
translocations (22, 28). To resolve this, we looked at the
patterns of genetic structure in populations across mainland

PNAS 2022 Vol. 119 No.35 2122734119

Australia (Fig. 34). Our results showed a high level of genetic
similarity across regions, with the exception of five rabbits from
two locations. This is shown in a principal component analysis
(PCA) (Fig. 3B), where mainland Australian rabbits fall into
three distinct groups, the largest of which (57 of 62 individuals)
includes rabbits from across the country, covering an area span-
ning thousands of kilometers. Two smaller clusters were found
in a far smaller geographic region—one group of four rabbits
was from Sydney and the other was a single rabbit from Cattai
National Park, which lies northwest of Sydney. To corroborate
this result, we used a neighbor-joining tree to cluster rabbits by
their genetic similarity (S7 Appendix, Fig. S1). Again, the rab-
bits from Sydney and Cattai clustered independently from the
main group of rabbits from elsewhere in Australia.

Wild British and Domestic Rabbits Were Introduced into
Mainland Australia. Historical accounts of the origin of Austra-
lian rabbits vary, with most records referring to initial introductions
of domestic rabbits and others mentioning a later introduction of
wild British rabbits. We investigated the source of these introduc-
tions with an Admixture analysis, which assumes rabbit genomes
are a mixture of discrete ancestral populations (SI Appendix, Fig.
S2) (31). This analysis corroborated our PCA and neighbor-
joining tree, revealing different ancestries of the three distinct
genetic groups in mainland Australia (Fig. 3C, K'= 3). Most rab-
bits from across the continent have a distinct ancestry fraction of
their own, likely reflecting a population bottleneck that has made
it genetically distinct from the source population (32). The Sydney
rabbits appear to be predominantly derived from domestic rabbits,
in line with historical records of five domestic rabbits that were car-
ried to Sydney on the First Fleet in 1788 (20). The largest ancestry
fraction in the Cattai rabbit genome is shared with British rabbits,
suggesting that there was a separate introduction from Britain into
this region. These patterns of ancestry are also supported by our
earlier analyses—in both the PCA and the neighbor-joining tree,
the Sydney population is most similar to domestic rabbits while
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the Cattai rabbit falls within the British population (Fig. 3B and S/
Appendix, Fig. S1). The domestic ancestry of Sydney rabbits is
further supported by their mitochondrial genome sequences
(mtDNA). All the Sydney rabbits shared an identical mtDNA hap-
lotype, and this is closely related to the haplotype found in most
domestic rabbits (Fig. 44 and ST Appendix, Fig. S3).

To investigate the relative contributions of domestic and
wild British rabbits to the mainland Australian population, we
calculated outgroup f3 statistics (33). Using France as the out-
group, this statistic allows us to use correlations in allele fre-
quencies to examine the extent to which pairs of populations
share genetic drift, and therefore a common ancestry. This
revealed that the Cattai rabbit had the greatest wild British
ancestry and Sydney the least (Fig. 3 D, 7up). Rabbits from
other regions of Australia were intermediate. This pattern was
reversed when considering domestic ancestry (Fig. 3 D, Bor-
tom). Sydney has the greatest domestic ancestry, Cattai the
least, and the rest of the country was intermediate. Therefore,
these results demonstrate that the main genotype of invasive
Australian rabbits has a mixed domestic and wild ancestry.

To reconstruct the historical relationships among our popu-
lations, we divided mainland Australia into subpopulations and
reconstructed their relationships using the TreeMix method
(Fig. 3E), which uses population allele frequencies to construct
a tree of populations. This confirmed that the Cattai rabbit is
genetically distinct and is more closely related to British rabbits
than those from the rest of Australia, consistent with its being
derived from a separate introduction of British rabbits. The
Sydney population is most closely related to domestic rabbits.
Populations across the rest of the mainland are closely related
and have an intermediate position on the tree. Despite rabbit
domestication occurring in France (34, 35), on our tree,
domestic rabbits and French rabbits do not fall into the same
clade. This might reflect our failure to sample the French popu-
lation that gave rise to domestic rabbits or that mixing between
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37 49 estimates for Australia in both analyses do not

include Cattai and Sydney rabbits.

populations obscures some population relationships as they
cannot be represented by a bifurcating tree.

Mitochondrial DNA Suggests the number of Female Rabbits
Introduced to Australia Was Small. To investigate the evolu-
tionary history of the female lineage of Australian rabbits, we
reconstructed the genealogy of mitochondrial genome sequen-
ces that cover the colonization route from Continental Europe
to Australia. We included the population of origin as a discrete
trait during the reconstruction of the tree, allowing us to
reconstruct past migrations of female rabbits. By inferring the
ancestral location of mitochondrial lineages, it is apparent that
mainland Australian rabbits fall into a small number of clusters
on the tree, indicating that they are derived from a small num-
ber of female rabbits introduced from elsewhere (Fig. 44). This
is consistent with historical records suggesting that the Barwon
Park release may have been derived from as few as 13 animals
(Discussion). To quantify the number of introduced female rab-
bits that gave rise to the mitochondrial genomes in our sample,
we counted transitions between countries while accounting for
uncertainty in the tree topology (Markov jumps, ref. 36). From
this, we estimate that the mainland Australian rabbits in our
dataset trace their maternal ancestry back to five females that
were introduced from Europe (Fig. 4B; 95% credible interval:
3 to 5 rabbits).

A Single Introduction Rapidly Expanded to Colonize Most of
Australia. Historical records report an extremely rapid popula-
tion expansion of rabbits across mainland Australia from Victo-
ria, where Thomas Austin’s property, Barwon Park, is located
(Fig. 1). As individuals move further away from the popula-
tion’s source and new regions are colonized, allele frequencies
change due to genetic drift. Consistent with this, we found a
correlation between genetic and geographic distance between pairs
of individuals sampled from across the country (r = 0.361;
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introduction that expanded across the continent, but rabbits in
Cattai and Sydney have separate origins.

A principal components analysis of mainland Australian rabbits,
where samples are colored according to the distance to Barwon
Park, further describes this pattern of range expansion (Fig. 55,
analysis excludes Sydney and Cattai). The first principal compo-
nent reflects the initial northward expansion of the population,
while the second principal component separates individuals from
Western Australia and Queensland on an east—west axis. This
likely reflects the routes taken to colonize these more distant
regions after the initial expansion to the north of Barwon Park.

As populations expand and new areas are colonized, repeated
founder effects can lead to a loss of genetic diversity (37). Therefore,
we tested whether the genetic diversity declined with increasing dis-
tance from the point of introduction at Barwon Park (Victoria), by
calculating the genetic diversity of rabbit populations across main-
land Australia. Since our sampling is not uniform, we focused on
four distant locations (Victoria/NSW, South Australia, Queens-
land, and Western Australia). The closest individual to Barwon
Park for each of these locations was at a distance of 72 km, 979 km,
1,323 km, and 2,521 km, respectively. We found a decrease in
genetic diversity as populations get more distant to Barwon Park,
with Victoria/NSW being the most diverse population and Western
Australia the least diverse (Fig. 50).
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Fig. 4. Mitochondrial genealogy. (A) Maxi-
mum clade credibility tree reconstructed with
whole mitochondrial genomes, with recon-
struction of ancestral geographical location of
lineages. Branches and labels are colored
according to the population of origin. Label
codes correspond to country and region.
Highlighted labels show Cattai and Sydney
individuals. (B) Median number of migrations
inferred into populations in mainland Austra-
lia, Tasmania, and New Zealand. Error bars are
95% credible intervals. Values in red were
included in >95% of BSSVS models.

Alongside the decrease in genetic diversity, a process known as
allele surfing can drive rare alleles to high frequencies during geo-
graphical expansions (38, 39). This happens when a new muta-
tion or rare allele finds itself at the front of the wave of expansion
where it benefits from rapid population growth. The rabbit colo-
nization of mainland Australia, since it likely originates from a
single introduction that rapidly expanded across a large geograph-
ical area, represents an ideal framework to empirically test this
theoretical prediction in a natural setting. To select variants that
were rare or absent in the rabbits initially introduced into main-
land Australia, we identified alleles that were absent from our
samples of British and domestic rabbits (the two populations that
gave origin to mainland Australian rabbits). As predicted by the
allele surfing model, these initially rare alleles were more likely to
have increased in frequency the further you travel from the release
site in Barwon Park, Victoria (Fig. 5D).

Mainland Australia Rabbits Came from the South West of
England. The historical records describe that the British wild
rabbits imported by Austin were captured around his family’s
property in Baltonsborough, Somerset (Introduction). To test
whether this is correct, we looked at the correlation in allele fre-
quencies between different areas of Britain and mainland Aus-
tralia. We grouped the British samples by the county in which
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they were collected, then calculated f3 statistics between these
populations and mainland Australia (excluding Cattai/Sydney),
while using France as an outgroup. This revealed that Hamp-
shire, Dorset, and Glamorgan (Fig. 64, red circles) were the
three locations with the greatest genetic similarity to mainland
Australian rabbits. Strikingly, these populations are all in the
southwest of Britain, near Baltonsborough (Fig. 64 and S/
Appendix, Fig. S4 A and O).

As an alternative approach to investigate the source of mainland
Australian rabbits, we examined rare variants. These are expected
to be highly differentiated between closely related populations,
making them informative about recent demographic events
(40, 41). For each British rabbit, we took variants that were not
found in any other British rabbit we sampled (i.c., they were sin-
gletons) and asked what proportion of these were found in our
mainland Australian samples. To avoid the confounding effects
caused by the mixed domestic/British ancestry of Austin’s rabbits,
we excluded variants that were present in the domestic population.
We found that rare variants were more frequently shared between
rabbits in South West England and mainland Australia, again
supporting the hypothesis that the source of the invasive popula-
tion was Baltonsborough (Fig. 6B; Pearson’s correlation between
proportion shared singletons and the distance to Baltonsborough:
r=10.611, P < 0.001).

Tasmanian Populations Are Mixed Domestic and Mainland
Australian Rabbits. In order to investigate the origin of Tasma-
nian rabbits, we sequenced two individuals collected from geo-
graphically distant locations. These rabbits were the least genetically
diverse in our dataset (SI Appendix, Table S2). Multiple lines of
evidence suggest that domestic rabbits contributed majorly to the
Tasmanian genetic pool. First, in our PCA and population tree,
Tasmania is consistentdy more closely related to Sydney and
domestic populadons (Fig. 3 B and E). Second, in the Admixture
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analysis, the largest ancestry component is shared with domestic
rabbits (Fig. 3C). Finally, the f3 statistic shows a substantial
contribution of domestic ancestry, only superseded by Sydney
rabbits (Fig. 3 D, Bortom). Together these results suggest that
Tasmanian rabbits, like Sydney, are derived in large part from
domestic stock.

Historical records report that Tasmanian rabbit populations
increased in size shortly after the Barwon Park release on main-
land Australia, suggesting that these rabbits may have been
released in Tasmania (Introduction). Consistent with this, the
Admixture analysis shows that the Tasmanian rabbits are mixed
between domestic and mainland Australian populations (Fig.
3(C). Furthermore, the Tasmanian rabbits are intermediate
between domestic and mainland Australian rabbits on the PCA
(Fig. 3B), and the analysis of mitochondrial DNA found evi-
dence of female rabbits being introduced from the mainland
into Tasmania (Fig. 4B). There is no significant support in our
data for direct introductions of rabbits from Britain into Tas-
mania, with the PCA, Admixture analysis, and f3 statistics all
showing no evidence of direct British ancestry (Fig. 3 B-D).

New Zealand Rabbits Have Mixed Wild British, Domestic, and
Mainland Australian Ancestry. We sequenced five rabbits from
New Zealand, sampled from the two major islands, the North
(n = 2) and South Islands (z = 3). Our results clearly suggest
that domestic rabbits are an important component of the ances-
try of New Zealand populations. The f3 statistic indicates simi-
lar levels of domestic ancestry in New Zealand and mainland
Australian populations (Fig. 3 D, Bortom), while the Admixture
analysis shows a substantial domestic ancestry (Fig. 3C). There
is also evidence of direct introductions from Britain into New
Zealand, with both the f3 statistic and Admixture analysis
showing more British ancestry than is the case for Sydney or

Tasmania (Fig. 3 Cand D, Top). In fact, the level of British
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Fig. 6. British origin of Australian populations. (A) Map of the south of Britain. Circles show 17 populations colored according to the f3 statistics value,
reflecting the degree of shared ancestry with Australia. Populations were defined based on the British county of each rabbit. The red triangle marks the
location of Baltonsborough village, the residence of the Austin family where the wild rabbits imported to Barwon Park are believed to be originated from.
(B) Correlation between the proportion of singletons in British individuals shared with the Australian population (excluding Cattai and Sydney) and the dis-
tance to Baltonsborough in kilometers. Alleles that were singletons in Britain but present in domestic rabbits were excluded from the analysis.

ancestry in the Admixture plot for three New Zealand samples
is the highest in the dataset with the exception of Cattai. This
is also supported by our analysis of mitochondrial genomes,
where there is support for direct introductions from Europe
(Fig. 4). Furthermore, the Admixture analysis (S/ Appendix,
Fig. S2, K= 7) and f3 statistics (S/ Appendix, Fig. S4 Band D)
both suggest that New Zealand rabbits are more related to pop-
ulations in Eastern England, unlike Austin rabbits which origi-
nate from South West England.

The degree of British ancestry varies among our samples,
resulting in marked genetic structure within New Zealand (Fig.
3 Band Cand SI Appendix, Fig. S1). To investigate this pattern
further we split the New Zealand population into the two
groups seen on the PCA and reconstructed the population rela-
tionships using TreeMix. This confirmed that some New Zealand
rabbits are closely related to domestic rabbits, but others are
more related to British rabbits (S Appendix, Fig. S5). These
differences are not associated with whether the rabbit comes
from the North or South Island, suggesting the existence of
local populations with independent origins. Together these
results indicate that there were direct introductions from Britain
into New Zealand, but the extent of British ancestry varies
between samples. There is also evidence of introductions of
mainland Australian rabbits into New Zealand, with the smallest
ancestry component in our Admixture analysis being shared with
mainland Australia (Fig. 30).

Discussion

A major question in ecology is why some introductions become
biological invasions, but others do not. However, the multitude
of concurrent factors that are at play during the incipient stages
of a biological invasion, and the lack of detailed records on the
origin, number, and timing of each introduction makes dissect-
ing this process challenging. The rabbit colonization of Australia
was accompanied by detailed historical literature on the events
and people involved, providing a unique opportunity to combine
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genetics and history to understand one of the most iconic biologi-
cal invasions of all time and examine the factors that led to its suc-
cess (Fig. 1). The historical literature on rabbits in Australia
records a common pattern in biological invasions—initially, there
were numerous introductions that established small local popula-
tions, but after a time lag the population size dramatically
increased and rabbits became invasive. A key question is, therefore:
What changed to cause rabbits to become invasive?

While biological invasions are often attributed to properties
of the invasive species or the environment, there is growing evi-
dence for the importance of propagule pressure—the number
of introductions and the number of individuals introduced (4).
In the case of rabbits, there are historical records of over 90
importations into mainland Australia before 1859, when
Thomas Austin released wild English rabbits at Barwon Park.
Of these 90, at least 30% were reported as releases into the
wild (22). Whether from the original 1788 introduction of
domestic rabbits brought to Sydney in the First Fleet or the
subsequent releases, we found support for the domestic ancestry
of modern Sydney rabbits in multiple analyses.

Despite evidence of widespread rabbit introductions, it took
over seven decades from the arrival of rabbits in Sydney for the
biological invasion to occur. The natural barrier imposed by the
densely forested Great Dividing Range may have prevented
the westward expansion of Sydney rabbits, but this would not
have affected populations established elsewhere. More likely,
early rabbit introductions may not have become invasive because
of environmental factors that later changed with anthropogenic
pressure to make the landscape vulnerable to invasion. In partic-
ular, the expansion of the pastoral industry would provide a con-
tinuous source of food for a growing rabbit population (16).
Furthermore, pastoralists suppressed predator populations, and
there is extensive evidence that predators control the rabbit pop-
ulations in mainland Australia (22). If environmental change
was the sole trigger for the invasion, then one would predict that
multiple local populations would have expanded their range.
Instead, our results provide clear genetic evidence that invasive
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mainland Australian rabbits result from the single introduction,
suggesting that these rabbits were genetically more prone to inva-
sion than previous releases. This supports the historical record
that suggests that the invasive genotype was released in 1859 by
Thomas Austin on his property at Barwon Park in Victoria.

The dynamics of the rabbit invasion of mainland Australia, due
to its speed, magnitude, geographical range, and known origin,
provide an ideal dataset to test population genetics theory. As rab-
bits move away from Barwon Park, genetic diversity declines, con-
sistent with recurrent founder events at the front of the wave of
expansion. Alongside the loss of variation, rare alleles that occur in
the rapidly growing populations at the front of the range expan-
sion can rise up in frequency due to drift, a process known as
allele surfing (38, 39). Despite the extensive literature on allele
surfing theory, few studies have demonstrated it empirically (42).
We found that alleles that are rare or absent in the source popula-
tion are more likely to be common in the populations further
away from the origin of the invasion in Victoria.

When combining our results with the historical record, it
becomes clear that rabbit introductions were common across
Australia after rabbits first arrived in 1788, sometimes establish-
ing local populations. In addition to Sydney, we found evi-
dence of another introduction of British rabbits that did not
become invasive. This was based on a single sample from Cattai
National Park, 50 km from Sydney. Throughout our analysis,
this individual consistently appeared more closely related to
wild British rabbits than mainland Australian rabbits. The high
divergence of Cattai rabbits was also noticed by Phillips et al.
when comparing mtDNA haplotype frequencies across Austra-
lia (43). It is unclear why these rabbits did not become invasive,
but it is possible the Cattai release occurred after surrounding
regions were colonized by rabbits from Barwon Park.

Our finding of separate introductions into Sydney and Cattai
highlights the possibility of other introductions that exist as
local populations that we did not sample. Historical records
from 1870 mention a second major rabbit spread at Kapunda,
South Australia that ranks in importance with the Barwon Park
release, and suggest it merged with the expansion from Barwon
Park in 1979 (16, 21). We did not find evidence of an intro-
duction of a different rabbit stock close to South Australia.
This could mean that this release likely originated from the
same stock of Barwon Park or that this population did not
expand into the region we sampled. It is likely that finer sam-
pling would reveal additional populations that have not spread
geographically and whose origin is independent of Barwon
Park. Nevertheless, our results provide overwhelming evidence
that the large majority of mainland Australian rabbits derive
from a single introduction by Thomas Austin.

Our findings contrast with a recent genetic study that argued
that invasive rabbits arose from multiple introductions into main-
land Australia (28). As acknowledged by the authors, they did not
sample the ancestral European and domestic populations, which
were critical for us to discern that invasive rabbits arose from a sin-
gle introduction. Without this information, the authors based
their conclusions on two arguments. First, they found no signal of
isolation by distance. However, this may have been obscured by
the inclusion of a large sample from the separate introduction into
Sydney (and potentially other releases missing from our dataset).
Second, the authors interpreted substructure within mainland
Australia, together with the high number of private alleles in
populations such as Melbourne and Sydney, as an indication of
independent introductions. While this is the case for Sydney (also
supported by our data), these effects can also be explained by the
effects of a population expansion on genetic diversity.
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A critical question is why the rabbits released at Barwon
Park became invasive while numerous other releases of rabbits
did not. Our results support the hypothesis that the genetic
composition of these rabbits was critical. Austin rabbits were
described as wild-caught rabbits from England (21), and our
data provide clear support for the wild ancestry of these indi-
viduals. Moreover, mainland Australian rabbits are genetically
closest to rabbits in South West England, where the Austin rab-
bits were caught. Our results are consistent with the words of
Joan Palmer (24), a Thomas Austin relative: “(...) When my
grandfather, William, was asked by Uncle Thomas to send out
a consignment of a dozen or so for Barwon Park, he found it
quite a difficult assignment as wild rabbits were by no means
common round Baltonsborough. It was only with great diffi-
culty that he managed to get six; these were half-grown speci-
mens taken from their nests and tamed. To make up the
number he bought seven grey rabbits that the villagers had kept
in hutches, either as pets or to eat. (...).” The invasive Austra-
lian rabbits also contain a substantial element of domestic
ancestry, which is consistent with Barwon Park rabbits originat-
ing from wild and domestic rabbits that bred during the trip.
Although our data cannot rule out interbreeding occurring after
arrival in Australia, the discrepancy between 13 animals sent from
Britain and the 24 that arrived in Australia, suggests that they
likely bred before or during the 80 d of the journey, as recounted
by Joan Palmer. This small number of animals is also consistent
with our mitochondrial analysis that estimates mainland Australian
rabbits in our sample to be derived from five introduced females.

The time lag between the first introduction and the biologi-
cal invasion that was observed in mainland Australia was
repeated in Tasmania and New Zealand. It is likely that the
introduction of rabbits with wild British ancestry may have
triggered these invasions too. In both locations, historical docu-
ments record that feral rabbit populations persisted for decades
without becoming a serious pest (Introduction). However,
almost simultaneously in both locations, the rabbit numbers
exploded in the 1860s following Austin’s importation to main-
land Australia. There is historical evidence that shows successful
liberations of rabbits in New Zealand between 1864 and 1867,
which included a batch of rabbits provided by Austin himself
(15, 20), and earlier records mention a successful release of rab-
bits described as wild type in 1858 (23). Moreover, phenotypic
changes suggest a shift of classic domestic traits to wild ones
that coincided with rabbits becoming invasive. In Tasmania,
James Calder, surveyor general of Tasmania, commented in
1869 that the increase in population size coincided with a shift
in the coloration to the gray coat color seen in wild English
rabbits (20). Our data support that Tasmania and New Zealand
rabbit populations have a substantial component of wild ancestry.
In the case of Tasmania, our data show this came via mainland
Australia and in the case of New Zealand it came directly from
Britain. Combined, our genetic and historical evidence support
the idea that the expansion of the rabbit populations was linked
with the introductions of a wild genetic ancestry.

Even when our data show that there is substantial domestic
ancestry in populations such as in Sydney, Tasmania, and New
Zealand, the arrival of rabbits with wild British ancestry may
still have been the trigger for the biological invasion to occur.
When an invasive population expands into areas already occu-
pied by small local populations, there can be extensive genetic
introgression from the resident population into the invasive
population (44). This occurs because when the first invasive
immigrants arrive, they mate with resident animals, so alleles
from the resident population can become established as the
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invasive population expands. The result is extensive asymmetric
introgression from the original resident population into the
invasive population (44).

There are many traits that could make feral rabbits poorly
adapted to survive in the wild. Domestic animals, including
rabbits, differ substantially from their wild counterparts in traits
ranging from morphology (e.g., coat color and size) to behavior
(e.g., tameness and fear response) (45, 46). This is a well-
known phenomenon in conservation biology, where the
hybridization of feral and wild animals poses a risk to the via-
bility of wild populations by eroding genetic diversity and
allowing the introgression of maladaptive alleles (47, 48). In
the case of rabbits, feral populations can thrive, but this occurs
mostly on islands where predation and competition are often
less intense—on islands, tameness often evolves without domes-
tication (11, 49, 50). The wild genetic ancestry of populations
may also have affected their ability to evolve novel adaprations
to the Australian environment. The majority of Australia has
an arid or semiarid climate, and this has led to rabbits evolving
changes in body shape that aid thermoregulation (51). It is pos-
sible that early feral populations may have lacked the genetic
variation required to adapt to these conditions.

More than 150 y have passed since Thomas Austin asked his
brother to send him some wild rabbits from their family prop-
erty in England. Unbeknown to him, this request caused a cas-
cade of events that changed forever the landscape of an entire
continent and resulted in the greatest pastoral pest of the 20th
century. Here, we combined historical records with genetic
data, in order to reconstruct the colonization route of rabbits
from the Austin’s family property in the south of England to
the far end of the rabbit expansion range in Western Australia.
The ecological and economic damage caused by rabbits in Aus-
tralia was tragic and unparalleled but inadvertently generated a
framework that contributed significantly to our understanding
of the causes and dynamics of biological invasions. Our results
support the importance of the propagule pressure, as many
introductions were required before an invasion occurred. How-
ever, they suggest that it is not simply the number of individu-
als and introductions, but also the genetic composition of those
individuals that can cause biological invasions. Zenni and
Nunez (3) noted a lack of studies investigating the genetic dif-
ferences between successful and unsuccessful invasions. By
making this link, we show that while environmental change
may have made Australia vulnerable to invasion, it was the
genetic makeup of a small batch of wild rabbits that ignited
one of the most iconic biological invasions of all time.

Materials and Methods

sampling and DNA Extraction. We have used a total of 187 individuals in
this study. Of this, 179 were wild-caught rabbits collected between 1865 and
2018 in France (n = 55), Britain (n = 55), mainland Australia (n = 62), Tasma-
nia (n = 2), and New Zealand (n = 5). Additionally, we have sequenced eight
domestic rabbits of the following breeds: Belgian Hare, Champagne Silver,
English Silver, Fauve de Bourgogne, Flemish Giant, French Angora, Himalayan,
and Vienna White. Sequencing data belonging to 153 individuals were obtained
from a previous study (29) and 34 new samples were sequenced specifically for
this study (S/ Appendix, Table S1). Original sequence data are available in the
Sequence Read Archive (SRA) under the BioProject ID PRINA783625.

Library Preparation, Capture Enrichment, and Sequencing. Extractions
of genomic DNA were done using the Qiagen DNAeasy Blood and Tissue Kit
(Qiagen), following the manufacturer's protocol. Individual barcoded libraries
were prepared from the DNA extracts using the KAPA LTP Library Preparation Kit
for llumina platforms (KAPA Biosystems), following the manufacturer's protocol.
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After PCR amplification, the libraries were quantified using a qPCR KAPA Library
Quantification Kit (KAPA Biosystems). Two pools of libraries were prepared based
on the qPCR quantifications, captured, and enriched with a NimbleGen solution-
based capture (NimbleGen SeqCap EZ Developer Library, Roche) following the
manufacturer's protocol. This capture was used in a previous study (29) and was
based on the Ensembl gene annotations (release 2.69) of the OryCun 2.0 rabbit
reference genome (34). The total size of the target was 32.10 Mb, which corre-
sponds to 1.17% of the 2.73 Gb rabbit assembly. After capture enrichment, each
pool was independently sequenced in one lane of an lllumina HiSEqg. 4000
machine using 150-bp paired-end reads.

Bioinformatics and Variant Calling. The quality of the raw sequencing reads
was assessed with FastQC (52). Reads were trimmed for low-quality bases and
adaptor contamination using Timmomatic (version 0.32) (53), using the follow-
ing options: trailing = 15 (cut bases at the end of the read if below a threshold
quality of 15), slidingwindow = 4:20 (performs a sliding window trimming, cut-
ting once the average quality within the window falls below a threshold of 20),
and illuminaclip = TruSeq3-PE.fa:2:20:10:1:true (remove adaptor contamina-
tion; the values correspond in order to: input fasta file with adaptor sequences
to be matched, seed mismatches, palindrome clip threshold, simple clip thresh-
old, minimum adaptor length, and option to keep both reads in case of read
through being detected in paired reads by palindrome mode). Overlapping
paired-end reads were merged with Pear (version 0.96) (54) using default
parameters. Collapsed and paired-end reads were aligned to the rabbit reference
genome OryCun2.0 using bwa-mem (version 0.7.10) and default parameters.
PCR duplicates were removed with the MarkDuplicates module from Picard
Tools, version 1.126 (55).

GATK (version 3.3.0; https://www.broadinstitute.org/GATK) was used for local
realignment around indels. Variant calling was carried out for each individual
sample using the GATK module HaplotypeCaller (version 4.1.8.1) for the target
regions with a padding of 300 bp around each target, only using reads with a
mapping quality equal to or greater than 30 (56) followed by joint genotyping
of all samples with the module GenotypeGVCFs. Variants were filtered with
the VariantFiltration module, using the following parameters: QD < 2.0, QUAL <
30, FS > 60.0, MQ < 40.0, MQRankSum < —12.5, ReadPosRankSum < —8.0,
where QD is the variant confidence (from the QUAL field) divided by the unfil-
tered depth of nonreference samples; FS is the phred-scaled P value using Fish-
er's exact test to detect strand bias in the reads (the variation seen on only the
forward or only the reverse strand); MQ is the root mean square of the mapping
quality of the reads across all samples; MQRankSum is the U-based z approxima-
tion from the Mann-Whitney rank sum test for mapping qualities (comparing
reads with reference bases versus those that have an alternate allele); and Read-
PosRankSum is the U-based z approximation from the Mann-Whitney rank sum
test for the distance from the end of the read for reads with the alternate allele (if
the alternate allele is only seen near the ends of reads, this is indicative of error).
Only genotypes with a depth of coverage (DP) of 10 and a genotype quality (GQ)
of 30 were kept. VCFtools (57) was used to remove all filtered positions and
monomorphic alleles across the entire dataset. Plink (58) was used for making
subsets of data for specific populations and selecting different percentages of
missing data or minor allele count thresholds. MapDamage (version 2.06) (59),
was used to quantify the damage patterns in historical samples, with downsam-
pling to 100,000 reads, followed by downscaling of the quality score of the
potential postmortem damaged bases.

Population Genetic Analysis. We started by investigating the population
structure in rabbit populations with a PCA using Plink2, version 1.02 (reference).
We only included variants with a genotyping rate >95% and since this analysis
included old historical samples, which are enriched for damage-driven muta-
tions, we removed variants that occurred at low frequency (minor allele count = 3).
A neighbor-joining tree was also constructed using FastMe (version 2.0) (60) based
on the proportion of nucleotides that differ between pairs of rabbits (p-distance
model) and with 1,000 bootstraps. Finally, the ancestry and population structure of
rabbit populations was analyzed with the program Admixture, version 1.23 (31)
with K values ranging from 1to 7.

In analyses where using the distance to the rabbit release point in the prop-
erty of Thomas Austin (Barwon Park Mansion, Winchelsea, Victoria, Australia;
coordinates: —38.224758, 143.995314), the geographic distance was calculated
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using the individual coordinates of the sample collection sites and the R package
Geosphere (61). For samples without exact coordinates, the coordinate of the
closest described location was taken.

To construct a genealogy from the full mitochondrial (mtDNA) genome, we
used the program BEAST, version 1.10.4 (62). To create genome sequences in a
fasta format file, we extracted all reads mapping to the mtDNA using SAMtools, ver-
sion 1.3 (http://samtools.sourceforge.net). These were converted into a majority-
allele fasta file using HTSBOX pileup (https://github.com/Ih3/htsbox), where only
reads with a mapping quality of 30 and bases with a quality of 30 were kept. After
these filters, sites were classified as missing data if they had a read depth of 4x or
less. A total of 1,245 bp (out of the 17,245 bp of the European rabbit mtDNA
genome) were trimmed at the end of all sequences due to high missing data
across samples. Individuals for which more than 20% of sites in the mtDNA
sequence were missing were removed from the analysis, resulting in a total of 152
individual mtDNA genomes. We included the sequence belonging to the rabbit ref-
erence genome, which was derived from a domestic rabbit (GenBank reference:
AJ001588).

The fasta format files were combined and converted into a nexus format file
using AliView (version 1.26), where data were partitioned into five categories:
first codon position, second codon position, third codon position, control region,
and others. BEAULi (version 1.10.4) was used to generate an XML file that was
used as input for BEAST. The country of origin of each sample was treated as a
discrete trait in the phylogenetic analysis (63). Transition rates between countries
were estimated with an asymmetric substitution model (i.e., between any pair of
countries we estimated two rates corresponding to the two directions of travel).
We used a Bayesian stochastic search variable selection (BSSVS) procedure to
identify transitions between countries that are statistically supported (63). The
nucleotide substitution model used was the Hasegawa—Kishino-Yano (HKY), with
estimated base frequencies and a gamma site heterogeneity model with four
categories (64). We used an uncorrelated relaxed clock with a lognormal relaxed
distribution. Ancestral states were reconstructed for all ancestors and used for
plotting the tree. We estimated the number of migration events between differ-
ent countries using the approach of Minen and Suchard (36). We did four inde-
pendent runs with different random seeds with a chain length of 100 million
steps, sampled at every 1,000 steps. Tracer (version 1.7.1) was used to analyze
the logs and check for convergence to identify the number of samples to be
removed from the start of the Markov Chain Monte Carlo (MCMC) chain as a
burn-in. As it is clear from historical records that domestic and European rabbits
were introduced into Australasia but not the other way around, we constrained
the analysis on this being the case. To do this, we removed any samples from
the MCMC chain where the count of state transitions from Australasian popula-
tions (Australia, New Zealand, or Tasmania) to France, Britain, or domestic was
greater than zero. The remaining trees were analyzed with TreeAnnotator v.1.10.4
to generate a maximum clade credibility tree, which was visualized with Figtree
(version 1.4.4; https://github.com/rambaut/figtree). A median-joining haplotype
network of mtDNA genomes was built with PopART with trimming of positions
with missing data, leaving a total of 133 segregating sites (version 1.7) (65).

To account for uncertainty in genotyping, the site frequency spectrum (SFS),
genetic diversity, and Tajima's D were calculated using the probabilistic frame-
work implemented in ANGSD (version 0.935) (66). We restricted the analysis to
protein-coding sequence (based on the annotation version 0.104 of the Ory-
cun2.0 rabbit reference genome) and regions that were covered with exome cap-
ture probes (to assure uniform coverage). Unmapped scaffolds from the rabbit
reference genome were excluded from the analysis. The total combined size of
the regions analyzed was 18.87 Mb. Variants were filtered using the following
parameters: -baq 1 -remove_bads -C 50 -minMapQ 30 -minQ 30, where -baq 1
performs per-base alignment quality computation to improve accuracy of single
nucleotide polymorphism (SNP) discovery (67), -C adjusts mapQ for excessive
mismatches, minMapQ is the minimum mapping quality of reads, and minQ
discard bases with a gscore below a threshold. To infer the ancestral state of the
variants detected, we used a pseudoreference genome built with iterative
mapping of three different hare species (68). For the SFS analysis, the three pop-
ulations were downsampled to 25 individuals, while maximizing region repre-
sentation. Australian individuals from Cattai and Sydney rabbits were excluded
from this analysis. Bootstrap confidence intervals on the SFS were obtained by
resampling sites with replacement and recalculating the statistics 1,000 times.
The nucleotide diversity () was estimated separately for each chromosome, and
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the mean was calculated weighting each chromosome equally (69). Bootstrap
confidence intervals on the nucleotide diversity estimates were obtained by
resampling chromosomes with replacement 1,000 times. Chromosome 6 was
excluded from calculations since it was an outlier with unusually high genetic
diversity. For these analyses, only modern samples were used to minimize the
effect of damage-driven mutations of historical samples, which could bias the
estimates of both statistics.

We further investigated the historical relationships between the different Aus-
tralian populations with the program TreeMix (70). This creates a maximum like-
lihood tree based on allele frequency correlations between the populations. We
used one individual rabbit from the Iberian Peninsula (Spain) as an outgroup.
The type of sequencing data generated for this individual was whole genome,
and only overlapping sequences with our exome target were used for this analy-
sis. A block size (k) of 100 SNPs was used to account for the nonindependence
of sites due to linkage disequilibrium and the 1,000 bootstraps were run by
resampling blocks of 100 SNPs. The resulting trees were summarized with the
sumtrees function on the package DendroPy (version. 4.1.0) (71). To examine
patterns of admixture between populations, we used the three-population
statistics (f3) of Reich et al. (33), also implemented in TreeMix. The tree was
computed with the sample size correction turned off due to overcorrection gener-
ating branches with zero length.

We explored the impact of the rabbit population expansion on the genetic
distance between individuals. For this, we calculated the geographic distance
between individuals using the Geosphere package, and the genetic distance
using Plink (58) (using the -distance option “squareQ 1-ibs” that generates an
identity-by-state square matrix). To evaluate the statistical significance of the cor-
relation between genetic and geographic distance, we used a Mantel test. To do
this, we generated a null distribution of Pearson's /* statistic by permuting the
sample locations 1,000 times, each time recalculating 1.

We investigated the occurrence of allele surfing on the front wave of the rab-
bit expansion throughout mainland Australia by identifying alleles that were
absent in the British or domestic population samples and looking at their fre-
quency across Australian populations at different distances from the release
point. We used only modern individuals and focused on four different popula-
tions, in particular Victoria/NSW, South Australia, Queensland, and Western Aus-
tralia. For each of these populations, the closest individual to Barwon Park was at
a distance of 72 km, 979 km, 1,323 km, and 2,521 km, respectively. We used a
total of seven individuals for each population (SI Appendiix, Table S1). In Victoria/
NSW we sequenced more than seven individuals and therefore selected the
seven individuals closest to Barwon Park. Data plots were generated using the R
package ggplot2 (72).

Data Availability. Original raw sequence data is publicly accessible in the
Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/sra) under Bio-
Project ID PRINA783625 (73). BEAST XML input file containing parameters and
mitochondrial DNA (mtDNA) sequences is available at https:/figshare.com/s/
78d2b37cd102f3586hb8e. Previously published sequencing data was used in
this work (29).
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