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Abstract Few invasive birds are as globally suc-
cessful as the Common or European Starling (Stur-
nus vulgaris). Native to the Palearctic, the starling 
has been intentionally introduced to North and South 
America, South Africa, Australia, and the Pacific 
Islands, enabling us to explore species traits that may 
contribute to its invasion success. Coupling the rich 
studies of life history and more recent explorations 
of genomic variation among invasions, we illustrate 
how eco-evolutionary dynamics shape the invasion 

success of this long-studied and widely distributed 
species. Especially informative is the comparison 
between Australian and North American invasions, 
because these populations colonized novel ranges 
concurrently and exhibit shared signals of selection 
despite distinct population histories. In this review, 
we describe population dynamics across the native 
and invasive ranges, identify putatively selected traits 
that may influence the starling’s spread, and suggest 
possible determinants of starling success world-wide. 
We also identify future opportunities to utilize this 
species as a model for avian invasion research, which 
will inform our understanding of species’ rapid evolu-
tion in response to environmental change.

Keywords Sturnus vulgaris · Invasive species · 
Adaptation · Rapid evolution

Introduction: the globally invasive starling

The ecological and economic impacts of invasive 
species are a growing concern in our globalized 
world (Bellard et al. 2016; Diagne et al. 2021). Inva-
sive species are those that humans have introduced 
outside of their natural geographical range, and have 
documented financial or ecological impacts within 
their introduced range (Lockwood et al. 2013; Tur-
belin et  al. 2017; Crystal-Ornelas and Lockwood 
2020). Increasing patterns of human intercontinen-
tal travel creates and reinforces invasion pathways, 
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resulting in a great number of species becoming 
established and spreading in novel ranges (Turbe-
lin et al. 2017). In an epoch when species invasions 
are likely to increase, identifying how some species 
colonize and expand in novel environments while 
others do not remains a challenge, and a thorough 
review of factors that promote invasion success may 
bring us closer to this aim. Invasion success typi-
cally represents a species’ establishment of a breed-
ing population in a new region and its subsequent 
expansion (Lockwood et  al. 2013), although we 
note that a definition of invasion success depends on 
which factors are considered. Genotypic variation, 
species niche, local abundance, and environmen-
tal features all influence invasion success (Colautti 
and Barrett 2013). Common properties of invasions 
(e.g., propagule pressure, genetic bottlenecks, etc.) 
and adaptive evolution of novel strategies (e.g., 
dispersal strategies, breeding behavior) may work 
in concert to facilitate successful invasions (Dun-
can et  al. 2003; Redding et  al. 2019; Fristoe et  al. 
2021). However, climate, ecosystem composition, 
and human activity may also influence how invasive 
species establish and spread (Liu et al. 2020; Miller 
et  al. 2021). Attempts to identify drivers of inva-
sion success have shown that what predicts a spe-
cies’ invasion includes both its ecological context 
and its evolutionary history (Hayes and Barry 2008; 
Colautti et al. 2017; Enders et al. 2020).

Few avian invaders have been as globally success-
ful as the Common or European Starling (Sturnus 
vulgaris) (hereafter referred to  as simply the ‘star-
ling’). Starlings are generalists that thrive in a wide 
array of environments, particularly those altered 
by humans, and have a costly impact on agriculture 
and native ecosystems (Homan et  al. 2017; Linz 
et al. 2017). Native to the Palearctic, the starling has 
been introduced to Australia, New Zealand (and the 
Pacific Islands), North America, South Africa, and 
South America (Table 1), and has been listed as one 
of the world’s 100 worst invasive alien species (Lowe 
et al. 2000). Detailed historical records of expansion 
are available in each of these invasive populations, 
providing documentation of the behavior, life his-
tory, and ecological context encountered during the 
invasion process. In addition, starlings are a widely-
used model in laboratory studies (Asher & Bateson 
2008), and linking such thorough studies of starling 
traits with wild observations may help to clarify 

mechanisms that support invasiveness and population 
persistence in general.

Nearly all studies of invasion genetics examine 
the paradox of invasion, where species thrive despite 
a loss of genetic diversity (Rollins et  al. 2013; Dlu-
gosch et al. 2015; Estoup et al. 2016). Repeated inva-
sion success across starlings’ many introduction sites 
presents an opportunity to document rapid evolu-
tion post-introduction, often following genetic bot-
tlenecks and perhaps leading to adaptive evolution. 
DNA sequencing advances over the last decade have 
made genomic approaches more accessible to non-
model species such as the starling (North et al. 2021), 
expanding the use of genetic analyses and enabling 
examination of the proximate mechanisms that may 
contribute to this invasive species’ success. Often the 
focus of such studies is invasive species’ ability to 
undergo rapid evolution in their novel range despite 
apparent low genetic diversity (Verhoeven et al. 2011; 
Willoughby et al. 2018). In contrast to their invasion 
success, starling numbers are currently declining in 
both their native range (Smith et al. 2012; Heldbjerg 
et al. 2019) and in the North American range (Rosen-
berg et al. 2019). Understanding how starlings thrive 
in invasive populations may inform conservation ini-
tiatives in the native range, while also aiding control 
efforts in the invasive ranges.

In this review we will discuss how the starling can 
serve as a model for understanding invasion success 
and eco-evolutionary dynamics more broadly. We 
synthesize extensive research on starling life history 
with genetic and genomic evidence from the native 
and invasive ranges to identify factors correlated 
with demographic or adaptive patterns within each 
location. We first describe the history of native and 
invasive starling populations, and then suggest how 
eco-evolutionary feedback might continue to shape 
range expansion and/or population declines. The 
starling’s dynamic invasion history presents a wild 
system where concurrent, replicated invasions (into 
Australia, North America, New Zealand and South 
Africa) as well as more recent invasions (into Argen-
tina) enable us to distinguish between population-
specific and species-wide strategies that appear to 
support invasion success. A global review of starling 
invasions may help to identify how this particular 
invasive species now thrives on nearly every conti-
nent. Interestingly, despite their longstanding title as a 
prolific pest, the starling continues to decline in their 
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Table 1  Global starling introductions including introduction date, location, number of individuals, and other introduction relevant 
metadata

Country Date of release Introduction 
site

Number of 
individuals

Established? Introduced by Introduction 
source

References

North 
America

1850 Westchester, 
PA

– No – – Cooke (1928)

1872–3 Cincinnati, 
OH

– No – – Phillips (1928)

1875 Quebec, CA – No – – Kalmbach and 
Gabrielson 
(1921)

1889, 1892 Portland, OR 35 pairs Yes, until 
1900

Portland 
Songbird 
Club

– Cooke (1928)

1877 Central Park, 
NYC

– No Eugene Schi-
effelin

– Phillips (1928)

1890 Central Park, 
NYC

80 Yes, common 
by 1895

Eugene Schi-
effelin

– Phillips (1928), 
Cooke (1928)

1891 Central Park, 
NYC

80 Yes, common 
by 1895

Eugene Schi-
effelin

– Phillips (1928), 
Cooke (1928)

1897 Springfield, 
MA

– – – – Phillips (1928)

1897 Bay Ridge, 
NY

– – – – Phillips (1928)

Jamaica 1903 Jamaica – Yes – – Taylor (1953)
Australia 1856 New South 

Wales
– Unknown Private intro-

ductions
England Jenkins (1977), 

Long (1981)
1857 Melbourne 89 Yes, common 

by 1963
Private intro-

ductions
Britain Long (1981)

1858 Melbourne – Presumably Private intro-
ductions

Britain Long (1981)

1860 Phillip island 6 Presumably Presumed AS – Jenkins (1977)
1860s South Aus-

tralia
– Probably Presumed AS – Higgins et al. 

(2006), Jen-
kins (1977)

1863 Melbourne 36 Presumably Acclimatiza-
tion society

– Jenkins (1977), 
Higgins et al. 
(2006), Long 
(1981)

1864 Melbourne 6 Presumably Acclimatiza-
tion society

– Higgins et al. 
(2006), Long 
(1981)

1865 Melbourne 120 Presumably Unknown – Jenkins (1977)
1866 Phillip island 6 Presumably Unknown – Jenkins (1977), 

Long (1981)
1866 Melbourne 15 Presumably Acclimatiza-

tion society
– Higgins et al. 

(2006)
1869 Queensland a ‘batch’ Probably 

not—colo-
nization 
from range 
expansion 
most likely

Acclimatiza-
tion society

England Jenkins (1977), 
Higgins et al. 
(2006), Long 
(1981)
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Table 1  (continued)

Country Date of release Introduction 
site

Number of 
individuals

Established? Introduced by Introduction 
source

References

1871 Melbourne 20 Presumably Presumed AS – Higgins et al. 
(2006)

1880 New South 
Wales

2 small 
batches

Presumably Presumed AS Victoria or 
New Zea-
land

Higgins et al. 
(2006), Jen-
kins (1977)

1880 Melbourne – Presumably Presumed AS New Zealand Higgins et al. 
(2006)

1800/1860/1880 
(1860 most 
reported)

Tasmania 75 Yes D. L. 
Crowther

New Zealand Higgins et al. 
(2006), Long 
(1981)

1881 South Aus-
tralia

89 Presumably Acclimatiza-
tion society

– Higgins et al. 
(2006), Long 
(1981)

New Zealand 1862 Nelson 17 Presumably The Nelson 
Society

Britain Thompson 
(1922)

1867 Otago 3 Presumably The Otago 
Society

Britain Thompson 
(1922)

1868 Otago 81 Presumably The Otago 
Society

Britain Thompson 
(1922)

1869 Otago 85 Presumably The Otago 
Society

Britain Thompson 
(1922)

1867 Christchurch 20 Presumably Canterbury 
Society

Britain Thompson 
(1922)

1871 Christchurch 40 Presumably Canterbury 
Society

Britain Thompson 
(1922)

1865 Auckland 2 Presumably Auckland 
Society

Britain Thompson 
(1922)

1867 Auckland 15 Presumably Auckland 
Society

Britain Thompson 
(1922)

1868 Auckland 82 Presumably Auckland 
Society

Britain Thompson 
(1922)

1877 Wellington 60 Presumably Wellington 
Society

Britain Thompson 
(1922)

1878 Wellington 90 Presumably Wellington 
Society

Britain Thompson 
(1922)

1881 Wellington 14 Presumably Wellington 
Society

Britain Thompson 
(1922)

1882 Wellington 100 Presumably Wellington 
Society

Britain Thompson 
(1922)

1883 Wellington 34 Presumably Wellington 
Society

Britain Thompson 
(1922)

South Africa 1897 (some 
dates list 1899)

Cape Town 18 Yes Cecil Rhodes Britain Winterbottom 
and Liver-
sidge (1954)

South 
America

1949 Lago de 
Maracaibo, 
Venezuela

5 Unlikely – England Long (1981)

pre-1987 (first 
spotted 1987)

Buenos Aires – Yes – North 
America

Perez (1988), 
Peris (2005)
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native range. Comparing life history, behavior, and 
ecology between native to invasive populations may 
help to identify drivers of these changes. As a model 
of invasion, the starling is a dynamic system, and we 
articulate how factors supporting invasion success 
might interact as steps towards predicting future shifts 
in range and abundance of the starling world-wide.

Beyond invasion: the starling as an important 
eco‑evolutionary model

The starling is not the only avian species to invade 
nearly every continent world-wide: in fact, the House 
Sparrow (Passer domesticus) is similarly successful 
in a wide range of environments (Hanson et al. 2020), 
as is the rock pigeon Columba livia (Downs and Hart 
2020), and the common myna Acridotheres tristis 
(Magory Cohen et  al. 2019). Each of these species 
has advantages for use as a ‘model’ species for the 
study of invasion (but see Hanson et al. 2020’s careful 
discussion of the consequences of labeling a species 

as a ‘model’). Because there is ample interest in stud-
ying invasive bird species (Fig. 1), and comparisons 
among species might yield insight into invasion biol-
ogy and evolution, future directions in this field could 
include comparative genomics of these well-studied 
species.

What makes the starling nearly unique among 
these other potential avian models is the availability 
of a rich literature across biological sub-disciplines 
and well-developed genomic resources. In addition to 
this information, starling introductions are replicated 
across the globe and these independent introductions 
serve as experiments through which researchers may 
seek to assess divergent and parallel patterns across 
populations. Because of the global spread and iconic 
nature of this species, the starling features as an abun-
dant, globally collected avian specimen in natural 
history museums around the world, enabling tempo-
ral analyses to be conducted over a wide geographic 
area (see Table 2 which showcases the geographical 
breadth of starling collections globally). Museum 
collections include starling skins, skeletal elements, 

Table 1  (continued)

Country Date of release Introduction 
site

Number of 
individuals

Established? Introduced by Introduction 
source

References

pre-2001 (first 
spotted 2001)

Santa Fe – Yes – North 
America

Peris (2005)

Fields with unknown values are indicated by a dash. AS = Acclimatization society

Fig. 1  a The starling, and other common invasive avian spe-
cies with their b Web of Science (representing total published 
papers in which the species name is a key word) and c NCBI 

BioSample search result counts (which represent the total 
count of independent sequencing projects). Data accessed on 
October 29, 2021
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Table 2  Historical museum specimens (Sturnus vulgaris) including continental locality, specimen preparation type, and number of 
specimens

Museum Specimen locality 
(continent)

Specimen preparation type Number of 
specimens

American Museum of Natural History, New York, New York (AMNH) Africa Skin 10
Asia Skin 162

Australasia Skin 6

Europe Skin 303

Skeletal Material 5

North America Skin 147

Oceania Skin 5

Canadian Museum of Nature, Ottawa, Ontario (CMNAV) North America Skin 134
Skeletal Material 163

Europe Skin 6
Cornell Museum of Vertebrates, Lansing, New York (CUMV) North America Skin 543

Skeletal Material 38
Tissue (frozen) 36
Whole Organism (ethanol) 5
Egg Shell 5

Europe Skin 4
Skeletal Material 2
Tissue (frozen) 3
Whole Organism (ethanol) 1
Egg Shell 1

Field Museum of Natural History, Chicago, Illinois (FMNH) Africa Skin 31
Asia Skin 110
Australasia Skin 3
Europe Skin 125
North America Skin 511

Skeletal Material 189
Alcohol Specimens 74

University of Kansas Biodiversity Institute, Lawrence, Kansas (KU) Europe Skin 7
Skeletal Material 4

North America Skin 464
Skeletal Material 147
Alcohol Specimens 3
Eggs 3

Lund Museum of Zoology, Lund, Sweden (MZLU) Europe Skin 161
Skeletal Material 107
Alcohol Specimens 99
Eggs 56
Nests 5

Royal Ontario Museum, Canada (ROM) Africa Skin 1

Asia Skin 15

Skeletal Material 1

Alcohol Specimens 2

Europe Skin 489
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Table 2  (continued)

Museum Specimen locality 
(continent)

Specimen preparation type Number of 
specimens

Skeletal Material 7

Eggs 13

North America Skin 918

Skeletal Material 59

Eggs 68

Alcohol Specimens 9

Oceania Skin 332

Skeletal Material 263
University of Michigan Museum of Zoology, Ann Arbor, Michigan (UMMZ) Asia Skin 54

Europe Skin 31
North America Skin 316

Skeletal Material 70
Alcohol Specimens 41
Eggs 3

National Museum of Natural History, Smithsonian Institution, Washington, 
DC (USNM)

Africa Skin 11

Alcohol Specimen 1
Asia Skin 33

Skeletal Material 11
Alcohol Specimen 12
Eggs 2
Nests 1

Europe Skin 51
Skeletal Material 17
Eggs 15

North America Skin 401
Skeletal Material 45
Alcohol Specimen 7
Eggs 16

University of Washington Burke Museum, Washington (UWBM) Asia Skin 13

Europe Skin 3

Egg Sets 2

North America Skin 210

Skeletal Material 100

Egg Sets 16

Total number of specimens in this table: 7337. Data here represent starling museum collections which exceed 300 specimens, data 
from Vertnet.org and gbif.org
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eggs, tissues in alcohol, and nest specimens from the 
native and invasive ranges. Historical starling speci-
mens range from the early 1800’s to the 2000’s and 
enable temporal analyses which could clarify aspects 
of pre- and post-invasion morphology and genetics 
(e.g. Stuart et al. 2022). With improving technologies 
for extracting and sequencing DNA from museum 
skins, these collection resources present even more 
potential than in previous decades (Raxworthy and 
Smith 2021). Genomic analysis of these species is 
helped by the existence of multi-tissue transcriptomic 
data (Richardson et al. 2017; Stuart et al. 2022b) and 
genome assemblies (North America, and Australia, 
Stuart et  al. 2022b), providing vital genomic refer-
ences for future analyses. Owing to the large amount 
of genetic research that exists already on this species, 
there is also a wealth of pre-existing starling genetic 
data available in public repositories (Fig. 1). Finally, 
there is also much basic ecological and physiological 
research on the starling. Indeed, the starling boasts 
one of the broadest range of research areas across lab-
oratory studies conducted on passerines (Bateson and 
Feenders 2010). Previous laboratory and field studies 

have examined their interactions with agriculture 
(Linz et  al. 2017), patterns of migration and flock-
ing (Piersma et al. 2020), social behaviors including 
its song (for example, Eens et  al.  1993), and exten-
sive studies of hormone regulation of behaviour (for 
example, Gwinner et  al. 2002), all of which provide 
a wealth of background knowledge that assist in the 
interpretation and contextualization of future study 
findings.

Native starling distribution and population 
genetics

The native distribution of the starling extends across 
the Palearctic (Fig. 2), and is thought to be primarily a 
result of changes in forest coverage and aridity tied to 
major climate shifts across the late Miocene (Zuccon 
et al. 2008). The non-breeding range extends as far as 
Russia (Sandakova et  al. 2018), whereas the breed-
ing range extends southwest into Pakistan and Israel 
(Mahmood et  al. 2013). Since the mid-nineteenth 
century, this species has been slowly expanding its 

Fig. 2  Starling distribution map according to eBird sightings data (Sullivan et al. 2009) (retrieved Feb 2018). Native marked in teal, 
invasive in maroon. First introduction date at an introduction site is marked with a blue circle
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Eurasian range (Feare 1984). Starling colonization 
of Iceland occurred in the late 1930’s (Harris 1964), 
while a small number of starlings have been reported 
to winter in Hong Kong since as early as the 1970’s 
(Webster 1975). This natural range expansion is likely 
a result of increased temperatures, anthropogenic land 
alteration, climate change, and possibly a decrease in 
competing species in newly colonized ranges (Har-
ris 1964; Webster 1975). In one region of this recent 
expansion, the starling has come back into contact 
with its closest relative, the spotless starling (Sturnus 
unicolor), from which it split  only ~ 1 MYA (Zuc-
con et  al. 2008). In this contact zone in the Iberian 
Peninsula, the two species seem to interbreed readily: 
in fact, allozyme studies show that genetic distances 
within S. unicolor are larger than genetic distances 
between the two species (Cruz‐Cardiel et  al. 1997; 
Lovette et al. 2008).

One of the major points of intrigue in starling biol-
ogy is that in the native range, starling numbers have 
dwindled even as its geographical range expands. 
Since 1964, estimated starling numbers in Great Brit-
ain have declined by more than 50%. This decline 
is particularly notable in livestock farming areas of 
southwest Britain, with the number of breeding indi-
viduals estimated to be 8.5 million as of 2005 (Rob-
inson et al. 2005). Finnish starlings underwent a dra-
matic 90% decrease in numbers from 1970 to 1985, 
corresponding to a widespread abandonment of cattle 
farming across the country (Rintala et al. 2003). Sim-
ilarly, a shift to indoor cattle husbandry in Denmark 
may have contributed to the 60% overall decline in 
starling abundance between 1976 and 2015 (Heldb-
jerg et al. 2016). This close association between cattle 
farming and starling abundance may be explained by 
the birds’ foraging decisions. Starlings exhibit highly 
non-random landing sites and search efforts, and high 
preference for freshly mowed or grazed field (Tinber-
gen 1981). A move toward modern cattle rearing has 
resulted in changes to available pasture, which may 
indirectly influence surface soil availability of small 
invertebrate prey (Chamberlain et  al. 2000; Wreten-
berg et al. 2006) on which starlings rely during breed-
ing season (Feare 1984). In addition, starlings read-
ily consume livestock feed, and modern cattle rearing 
processes seek to minimize feed loss to species such 
as starlings (Linz et al. 2017). These decreases are not 
isolated to agricultural areas; starling also are declin-
ing in urban areas (Robinson et al. 2005; Barton et al. 

2020). Further, the starling decline is not unique: 
recent decades have brought a decline in farmland 
birds in general across the UK and Europe (Gregory 
et al. 2002; Wretenberg et al. 2007).

Recent declines in starling abundance in the native 
range may also be explained by changes in life history 
strategy. Studies of the declining starling population 
in the Netherlands identified that the main driver of 
changes in demography was juvenile survival (Ver-
sluijs et  al. 2016). Similarly, declines in abundance 
in Britain from the 1970’s to the present have been 
linked to first-year survival rates (Freeman et  al. 
2007). What exactly explains lower survival rates is 
more challenging to identify, but may relate to how 
starlings adjust  their foraging strategy to resource 
availability and other biotic factors such as predator 
presence. Starlings maintain a lower body mass dur-
ing favorable foraging conditions when resources are 
abundant due to starvation-predation risk trade-offs; 
within the United Kingdom, starlings sampled in 
areas where declines in population size were greater 
than the mean had a higher average mass than those 
from areas where changes to starling population size 
were lower than the mean decline (Macleod et  al. 
2008). These results suggest that changes to land 
use (e.g. urbanization) that affect food webs may be 
related to recent population declines in areas that 
were once rural. However, in urban areas, declines 
have been linked to decreased nesting success in less 
natural environments (Peris et  al. 2005; Siriwardena 
and Crick 2002).

Although studies of starling declines in their 
native range have increased in recent years, little 
genetic information exists for the native range, and 
what is known is largely restricted to the United 
Kingdom, Belgium, and north-eastern Spain. Much 
of the existing research that investigates starling 
genetic diversity in the native range has been con-
ducted with the purpose of providing context to 
assist with the interpretation of genetic diversity 
loss within the invasive ranges (Rollins et al. 2011; 
Bodt et  al. 2020; Hofmeister et  al. 2021a; Stu-
art et  al. 2022a). Early allozyme studies of nuclear 
genetic diversity in starlings reported low levels of 
variation across the native range (Evans 1980; Ross 
1983; Neves et  al. 2009); however, allozymes cap-
ture less diversity than more recently developed 
markers (Fig.  3). More recent microsatellite analy-
sis indicated the presence of population genetic 
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structure across the United Kingdom, with the 
northern and southern regions being differentiated 
from one another (Walkup 2013). Analyses of mito-
chondrial control region sequence data (commonly 
assumed to evolve faster than nuclear DNA; Brown 
et  al. 1979) suggest very high diversity within the 
native range (17 haplotypes from 27 individu-
als sampled in one locality, Rollins et  al. 2011; 13 
haplotypes from 16 individuals from England and 
Wales, Berthouly-Salazar et al. 2013). Comparisons 
with the Australian invasion using reduced repre-
sentation  sequencing provide evidence for genetic 
divergence relative to historic ancestral populations 
(Stuart et  al. 2022a). Morphology varies across the 
starling’s native range: subtle differences in adult 
plumage iridescence across the native range have led 
to the classification of 11–13 subspecies (Pateff & 
Stresemann 1947; Feare 1984). However, given the 
paucity of genetic and morphological evidence for 
within-species differentiation, most studies of this 
species ignore subspecies identification. It is likely 
that all invasive populations are S. vulgaris vulgaris, 
because historical records indicate the source popu-
lation were in the United Kingdom (Table 1).

Additional studies to document population 
structure and genetic consequences of changing 

population size in the native range would help to 
clarify how starlings are responding to contin-
ued anthropogenic changes in land use. In par-
ticular, characterising demographic changes and 
genetic structure outside Europe (i.e., Northern 
Africa, Middle East, and Asia) would help resolve 
the dynamic relationship between environmental 
change and starling abundance, by providing com-
parisons between native populations where cli-
mate, agricultural practices and land management 
strategies differ widely. Certainly, environmental 
conditions and range expansion impact the evolu-
tionary potential of the native starling population, 
but perhaps the greatest difference between native 
and invasive populations is in the management 
strategies in the different areas (e.g., culling). 
These strategies may lead to changes in the life 
history of starlings: populations that are actively 
managed may adjust dispersal, timing of clutches, 
clutch size, or other factors to increase reproduc-
tive success. Culling results in increased mortality 
that could lead to the evolution of new behavioral 
strategies to survive (Sol et al. 2002). Management 
strategies remain an under-examined variable that 
may alter the ecology and evolution of invasive 
populations species like the starling.

Fig. 3  Summary of sequencing techniques used across starling population genetics and diversity studies, and a brief description of 
what they capture
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Invasive starling distribution and population 
genetics

Australia

The Australian introduction is the oldest documented 
introduction of starlings. In Australia, starlings were 
introduced to control invertebrate agricultural pests, 
and as part of efforts of acclimatization societies 
(Woolnough et  al. 2006). Additionally, an unknown 
number of private introductions occurred (Jenkins 
1977; Higgins et al. 2006); however, the first officially 
documented starling import was the 1856 introduc-
tion of an unknown number of birds to New South 
Wales (Higgins et  al. 2006). Over the next several 
years, there were several introductions in Melbourne, 
Victoria, and the species was described as ‘well 
established’ in Victoria as early as 1863 (Jenkins 
1977). Subsequently, there were numerous introduc-
tions during the late nineteenth century to New South 
Wales, Victoria, South Australia, Queensland, and 
Tasmania (Table 1). The releases that contributed to 
starlings’ widespread success in Australia are thought 
to have occurred near the coastal capitals of the States 
of Victoria, New South Wales, or South Australia 
(Stuart et  al.  2021). From the early years of their 
introduction to Australia, starlings increased rapidly 
in both geographic range and population size (Jenkins 
1977).

By the mid-twentieth century, most of the south-
ern and eastern regions of Australia were colonized, 
including Tasmania, and birds were reported to be 
most prolific in Victoria (Long 1981). Western Aus-
tralia has remained largely starling free, due jointly 
to the natural barrier provided by the Nullarbor Plain, 
and ongoing control efforts by the Western Australia 
Department of Primary Industries and Regional 
Development (DPIRD) since 1971 (Campbell et  al. 
2016). The latter program was intensified in the mid 
2000’s in the vicinity of Esperance on the south coast 
where the largest incursion by starlings into Western 
Australia occurred (Woolnough et al. 2005). A major-
ity of the birds culled in Western Australia originated 
from the southern region of the starlings’ Australian 
range (Rollins et al. 2011). Nevertheless, a few small 
incursions into locations far from the Esperance area 
(e.g. Broome, on the northwest coast) are presumed to 
have arrived via unintentional anthropogenic means 
(Rollins et al. 2009, 2011). While Western Australia 

has remained largely starling free for over a decade, 
the last few years have seen an increase in the number 
of new ‘founder’ birds spotted in the area of Mung-
linup and surrounds. All birds captured in this time 
period were females in breeding condition (Rollins, 
pers. comm.). Since starlings have a female-biased 
dispersal (Rollins et al. 2009), these individuals may 
represent new incursions into this area. Cost-benefit 
analyses of control efforts suggest that the short-term 
costs of control in Western Australia are worthwhile, 
given the large potential costs to agriculture (Camp-
bell et al. 2016).

Australian starlings have had a relatively steady 
range expansion rate of 20.7 km/year since establish-
ment (Hui and Richardson 2017), but do not under-
take large-scale seasonal migration as is known in 
North America and their native range. It is thought 
the range expansion in Australia, particularly at 
the present day range edge, is driven by birds seek-
ing new nesting sites, rather than seasonal visitation 
(Long 1981). Small-scale regional movement has 
been attributed to food seeking; however, banding 
data indicate a small number of birds disperse long 
distances (up to 1000 km, Waterman et al. 2008). The 
Australian starling invasion appears to be undergoing 
spatial sorting, where dispersal-enhancing traits accu-
mulate at the leading edge of an expanding popula-
tion (Phair et al. 2018), and mitochondrial sequencing 
indicates that while spatial expansion may be occur-
ring across the Australian range, demographic expan-
sion appeared to be limited to the range edge (Rollins 
et al. 2011).

Across the Australian range, genetic diversity is 
estimated to be lower than in the native range (Rollins 
et al. 2011; Stuart et al. 2022a, see Table 3 for sum-
mary of starling population genetic studies). Popula-
tion genetic studies suggest four genetic groups of 
starlings are present in Australia, although the deline-
ation of those groups differs across marker types. 
Microsatellite data indicate there are two small, genet-
ically distinct incursions into Western Australia, and 
two larger genetically distinct groups, one in South 
Australia and another across Victoria, Tasmania, and 
New South Wales (Rollins et al. 2009). Reduced rep-
resentation sequencing data (genotyping-by-sequenc-
ing) incorporating a broader sampling scheme (sam-
ples from across the entire Australian range) indicate 
that starlings in Victoria, South Australia, and the 
easternmost incursion in Western Australia form a 
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single genetic group, those from New South Wales 
and Queensland form a second genetic group, and 
two geographically restricted genetic groups were 
identified: one in the westernmost incursion in West-
ern Australia described by Rollins et al. (2011), and 
the second in arid regions of inland New South Wales 
(Stuart et al. 2021).

Across the Australian range, there is a signifi-
cant relationship between time of establishment and 
genetic diversity (Rollins et  al. 2009). The highest 
genetic diversity was found in sampling sites near 
the three primary introduction sites, and the lowest 
genetic diversity was found at the range edge (Rol-
lins et  al. 2009, 2011; Stuart and Cardilini 2021). 
In addition to signals of genetic drift often found in 
expanding populations, there is evidence of selec-
tion: a rapid shift in frequencies of mitochondrial 
DNA variants on the range edge is best explained 
by selection acting within heteroplasmic individuals 
(those that carry two mitochondrial variants; Rollins 
et  al. 2016). Further, clinal variation in morphology 
indicates adaptation has occurred across this invasive 
range (Cardilini et al. 2016), although developmental 
plasticity is also shaping these morphological trends 
alongside genetic heritability (Stuart et  al. 2022). 
Environmental correlations with allele frequencies in 
coding regions related to a range of biological func-
tions (e.g. immune response, metabolism) have ena-
bled the identification of putative loci under selection 
in this invasion (Stuart et al. 2021). Additionally, his-
torical specimens, sequenced alongside contemporary 
native and invasive Australian individuals, has identi-
fied additional candidate regions of the genome that 
appear to have responded to selection following intro-
duction (Stuart et al. 2022a).

New Zealand

Similar to the starling introduction of Australia, 
the starlings of New Zealand were introduced from 
Britain through acclimatization efforts (Thomson 
1922). The introductions were well documented, 
with records of 14 major introductions from 1862 to 
1883 across New Zealand, including approximately 
650 individuals (Table 1, Thomson 1922). The suc-
cess of starlings in New Zealand was assisted by 
large-scale translocations within the country (Pipek 
et  al. 2019). Much like with the Australian intro-
duction, interest in the species for pest control may 

have also led to smaller private introductions to 
farming properties (Thomson 1922).

The starling is now the most widespread avian 
species in New Zealand and their range covers the 
entire country, from the northern outlying island of 
Kermadecs, to the south outlying Macquarie Islands 
(Williams 1953; Flux and Flux 1981). In 1886, the 
species was recorded to occur in the “hundreds of 
thousands” (Thomson 1922). However, there was 
an apparent decrease in population size around the 
1910’s (Thomson 1922), which is thought to be at 
least in part due to a decrease in nest availability 
(Flux and Flux 1981). The starling remains present 
across New Zealand (Starling-Windhof et al. 2011; 
Bell 2015), though no official information on breed-
ing population estimates exists.

According to allozyme data, New Zealand star-
lings have retained much of the genetic diversity 
found in the native range (Ross 1983). There was 
only a slight loss of genetic variation during the 
colonization of New Zealand, associated with the 
loss of rare alleles (Ross 1983). This mild genetic 
bottleneck is likely a result of the large founding 
numbers and multiple introductions at many locali-
ties. Relatively high levels of differentiation across 
the New Zealand invasion suggests subpopulations 
are geographically isolated, owing to both the coun-
try’s mountainous terrain, and the bird’s prefer-
ence for agricultural and urban areas, coupled with 
an absence of seasonal migratory behavior (Ross 
1983). Further study of starling population genetics 
across New Zealand and the Pacific Islands would 
provide an interesting avenue to examine consecu-
tive bottlenecks during island hopping and how this 
demographic process impacts adaption to novel 
environments.

The New Zealand invasion has also served as a 
stepping-stone for subsequent invasions in the Pacific 
islands. The Fiji starling invasion is thought to have 
been established in the mid 1920’s, and has now 
spread to Tonga (Watling and Talbot-Kelly 1982). 
Fijian starlings probably dispersed via natural means 
from the Kermadec Islands, which lie equidistant to 
New Zealand (Williams 1953; Flux and Flux 1981). 
Further spread of starlings throughout these tropical 
islands may be impeded by their physiological limits 
(Watling and Talbot-Kelly 1982), a possibility we dis-
cuss in Sect. 5.3 of this review.
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North America

Acclimatization societies and private individu-
als attempted to introduce starlings several times in 
North America (Table 1) (Cooke 1928). Acclimatiza-
tion enthusiast  Eugene Schieffelin released 80 indi-
viduals in March 1890 and 40 more in April 1891 to 
Central Park in New York, where these individuals 
reproduced and began to spread almost immediately. 
This starling introduction was the first to establish a 
breeding population in North America according to 
historical records (though this is somewhat contested, 
see Fugate and Miller 2021), after which the species 
spread rapidly throughout the continent (Kalmbach 
et  al. 1921; Linz et  al. 2017). North American star-
lings are now found as far north as the Arctic Cir-
cle and are slowly continuing to expand their range 
southward (eBird 2021). Starlings have expanded into 
Cuba and the Bahamas (Linz et al. 2017). Addition-
ally, starlings were purposely introduced to Jamaica 
in 1903 (Craig 2020) for crop damage mitigation, 
likely sourced from the North America introduction 
(Lever 2010), and starlings were first recorded in 
eastern Mexico in the 1930’s (Zusi et al. 1959). How 
starlings continue to expand into novel environments 
is a question that we revisit in Sect. 5 of this review.

Starlings’ movement varies across the North 
American landscape. Starlings in the western U.S. 
tend to move regionally whereas birds sampled in 
the eastern U.S. tend to be recovered outside of the 
state to which they are assigned based on molt origin. 
This suggests that migration and/or dispersal vary 
longitudinally (Werner et  al. 2020). Banding efforts 
across North America also indicate haphazard migra-
tory patterns, such that starlings migrate northwest to 
southeast and most migration occurs along the migra-
tory flyway of the Mississippi River (Kessel 1953; 
Brewer 2010). These patterns of movement likely 
contributed to the panmixia seen in the North Ameri-
can introduction, which could reduce geographical 
differentiation and strong population structure (Cabe 
1999; Hofmeister et al. 2021b).

Starling numbers within North America are esti-
mated at 60–200 million, peaking during the fall 
(Homan et al. 2017; Linz et al. 2017; Rosenberg et al. 
2019), though have been estimated to have declined 
by approximately half since the 1970’s (Rosenberg 
et  al. 2019). Genetic data from historical samples 
could be used to determine whether genetic diversity 

has declined with the decline of population size, 
which could result in decreased evolutionary poten-
tial. Demographic models indicate a slight decline 
in effective population size, based on both reduced-
representation sequencing markers (Hofmeister et al. 
2021b) and whole genome sequences (Hofmeister 
et al. 2021a). In contrast to models that use site-fre-
quency spectra to reconstruct demographic history, 
faster-evolving mitochondrial evidence indicates that 
the North American invasion may now be expanding 
(Bodt et al. 2020).

Comparisons of genetic diversity between invasive 
and native ranges provide another perspective on his-
torical population size changes. While heterozygo-
sity in allozyme data among the North American and 
native range populations remained similar, a loss of 
allelic diversity within North America provides evi-
dence that a genetic bottleneck occurred (Cabe 1998). 
Mitochondrial analyses indicate that both nucleotide 
and haplotype diversity is lower in the North Ameri-
can range compared to that of the UK, further sup-
porting the evidence for a slight genetic bottleneck 
in North America (Bodt et  al. 2020). Mitochondrial 
haplotype diversity is nevertheless higher in North 
America in comparison to the invasive populations 
of Australia and South Africa (Bodt et  al. 2020), 
which may reflect greater genetic diversity in the 
North American founders compared with these other 
introductions. This higher level of genetic diversity 
in the North American invasion may provide greater 
standing variation upon which selection can act 
(Hofmeister et al. 2021a, b).

The geographic expansion of North American 
starlings likely relied on urban and agricultural 
areas to support a large enough breeding population 
to facilitate expansion. Historical records indicate 
that expansion accelerated following the establish-
ment at range-edges within cities (e.g., Philadelphia 
in 1910). Mountainous regions may impose a barrier 
to starling spread in North America, because range 
expansion stalled when birds reached the Allegheny 
Mountains in 1911, the Adirondacks of New York in 
1914, and White Mountains of Vermont in 1922 (For-
bush 1915; Kalmbach et al. 1921; Cooke 1928), and 
again when starlings reached the 1000  m elevation 
mark in the Midwest of the United States of America 
in 1930 (Hoffman 1930; Dickerson 1938). In accord-
ance with this expansion history, a genome-wide scan 
found genotypic associations between environmental 
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characteristics, particularly elevation, precipitation 
and temperature (Hofmeister et  al. 2021b). Whether 
starling expansion was in fact supported by adaptive 
evolution to novel elevational barriers requires both 
more thorough genomic investigation and functional 
validation.

Rapid evolution in the North American starling 
invasion is evidenced by morphological differences 
in individuals sampled across the continent. For 
example, wing pointedness has decreased over the 
last 120 years since colonization, which might allow 
more dexterity during flight (Bitton and Graham 
2015). Further, North American starlings sampled 
at intermediate latitudes (which may best approxi-
mate the native range climate) had the greatest lipid 
reserves overwinter, and this trait was correlated with 
mean temperature in July and January (Blem 1981). 
Because starlings are partial migrants, populations 
and/or individuals that experience the same environ-
mental conditions may evolve different migratory 
strategies that are associated with changes in mor-
phology and/or physiology. While coarse morphology 
is conflated with a plethora of variables, the results 
of these studies provide direction for future molecular 
and experimental investigations.

South Africa

The South African starling population resulted from 
just 18 birds, introduced in 1897 to Cape Town by 
Cecil Rhodes, the then Prime Minister of the British 
Cape Colony (Cooper and Underhill 1991; Harrison 
and Cherry) (Table 1). These 18 birds were reportedly 
caught in Britain during winter months (Winterbot-
tom and Liversidge 1954). From the introduction site, 
starlings spread eastwards across the Cape Flats. The 
natural mountainous barriers plausibly contributed to 
the initial slow expansion rate (Rensburg 2014). By 
the early 2000’s, starlings reached the Kwazulu Natal 
Province and the species’ current range covers up to 
Johannesburg to the north and southern Namibia to 
the west (Berthouly-Salazar et  al. 2013; Rensburg 
2014). The range’s eastward expansion has been 
largely enabled by the corridor provided by human 
habitation (Berthouly-Salazar et  al. 2013). The rate 
of range spread in the South African starling has 
increased since their introduction, from 6.1  km/year 
to 25.7 km/year (Hui et al. 2012). Despite this, mis-
match analysis on mitochondrial sequence data do not 

provide evidence of demographic expansion (Bodt 
et al. 2020).

Mitochondrial genetic diversity in South African 
starlings was found to be moderate: less than that of 
the native range and North American starlings, but 
greater than that of Australian starlings (Berthouly-
Salazar et  al. 2013; Bodt et  al. 2020). In contrast, 
microsatellite data suggest the South African inva-
sion had similar levels of genetic diversity to that of 
the UK samples used in that study (Berthouly-Sala-
zar et  al. 2013). These conflicting results may indi-
cate a heavily sex-biased introduction (more males 
than females). Analysis of mitochondrial control 
region sequence data indicated no population struc-
ture within South Africa, but did identify a subtle 
decrease in genetic diversity towards the range edge 
(Berthouly-Salazar et  al. 2013). Despite the genetic 
patterns underlying the invasion gradient, the South 
African invasion displayed no pattern of spatial sort-
ing, unlike the Australian invasion (Phair et al. 2018). 
This may be due to higher rates of long distance dis-
persal in South Africa, which would maintain genetic 
homogeneity (Berthouly-Salazar et al. 2013). Despite 
an absence of spatial sorting in South Africa, there 
was increased genetic distance between individuals 
from sampling sites within areas with higher winter 
precipitation, indicating gene flow may be limited 
where precipitation is high in winter and low in sum-
mer (Berthouly-Salazar et al. 2013). This has resulted 
in two subpopulations around George and Mossel 
Bay (300  km east of introduction site), despite the 
lack of population subdivision found elsewhere in 
this range. The area around George and Mossel Bay is 
associated with a sharp change in climatic conditions, 
particularly winter precipitation (Berthouly-Salazar 
et al. 2013).

South America

Starlings were introduced relatively recently to South 
America. In 1949, five individuals were transported 
by ship from England and alighted in Lago de Marac-
aibo, Venezuela, though the success of these specific 
individuals remains unknown (Long 1981) (Table 1). 
In 1987, starlings were spotted in Buenos Aires, 
Argentina, in the wooded areas of the Palermo district 
(Peris et al. 2005), thought to be the result of an intro-
duction via birds imported from North America for 
the pet trade (Navas 2002; Fiorini et al. 2021).
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Despite prompt eradication efforts, the species 
established itself and further sightings occurred in 
2001 near Sante Fe, 400  km north of Buenos Aires 
(Peris et al. 2005; Navas 2002). Starling range expan-
sion within South America is strongly associated with 
urban areas which facilitate continual range expan-
sion into regional areas (Zufiaurre et al. 2016). Star-
lings make use of novel nesting sites available in the 
human modified environment though retaining a pref-
erence for natural nesting sites (Peris et al. 2005) and 
have high nesting success rates within native forests 
(Jauregui et  al. 2022). More recently, the starling’s 
South American distribution is reported to cover Uru-
guay and reached Brazil in late 2016 (e Silva et  al. 
2017), and are most abundant in grasslands, mirror-
ing the habitat preference of functionally (in terms of 
body mass, and dietary and foraging traits) compara-
ble native species (Palacio et  al. 2016). The Brazil-
ian range currently covers an area greater than 65,000 
 km2 in the Pampas region, with the rate of range 
expansion having increased linearly from 7.5  km/
year in 2005 to 22.2  km/year in 2016 (Zufiaurre 
et  al. 2016). This acceleration of range expansion 
after establishment has also been documented in the 
Australian and South African invasions (Phair et  al. 
2018).

Mitochondrial DNA analysis of birds collected 
in Buenos Aires indicated reduced haplotype diver-
sity compared to North American and native range 
starlings, although several novel haplotypes were 
identified (Fiorini et al. 2021). That study also noted 
increased primary wing feather asymmetry within 
this secondary introduction, compared to that of the 
North American invasive population and to native 
birds sampled from the UK. This morphological 
asymmetry is hypothesized to result from destabilized 
developmental processes due to reduced genetic vari-
ation (Fiorini et al. 2021).

What explains invasion success in the starling?

Invasion theory predicts that an invasive species’ 
successful establishment and spread depends on a 
dynamic orchestration of ecological and evolutionary 
factors. Components of invasion success include but 
are not limited to: climate and environmental suitabil-
ity, ecological interactions, social interactions, per-
sonality, demography, dispersal patterns and genetic 

factors such as pre-adaptation or invasion potential 
(Redding et  al. 2019; Fristoe et  al. 2021). Distin-
guishing among contributors to invasion success in 
wild systems is a technical challenge but comparing 
recent and replicated invasions of the same species 
(e.g. starlings) may help identify which factors best 
explain invasion success. In the following sections, 
we place the burgeoning genomic studies of starlings 
in the context of modern invasion theory, to both 
highlight the utility of such genomic approaches, and 
to identify hypotheses yet to be tested in this species.

Dispersal and migration

Starlings may be resident (remaining in the same area 
year-round) or migratory (seasonal visitation to a 
location), with birds migrating up to 1000–1500 km 
(Linz et  al. 2007). In general, native starlings are 
migratory in the Northern and Eastern portions of 
their European range, and partially migratory and 
resident in the Southern and Western regions (due to 
warmer temperatures) (Higgins et  al. 2006). Within 
the North American invasive range, rates of migra-
tion vary from 3 and 100% among regions (Kes-
sel 1953; Blem 1981). Migratory behaviour is fre-
quently reported in the Eastern United States, though 
residency during colder winter months is enabled 
by urban landscape elements (Kessel 1953; Dolbeer 
1982; Higgins et al. 2006; Werner et al. 2020). Within 
the Australia and New Zealand invasive populations, 
there is no evidence of migration (Waterman et  al. 
2008). Patterns of migration or lack thereof align 
well with the known patterns of genetic differentia-
tion within each population of starlings, as discussed 
above. How migratory behaviour might support adap-
tation in passerine birds, and contribute to invasion 
success, is an active and fruitful area of research and 
should be extended to include starlings (Chapman 
et al. 2011; Winger et al. 2019; Delmore et al. 2020).

In contrast to seasonal migration, all starling popu-
lations experience dispersal strategies that impact 
range expansion. In every population, younger, juve-
nile birds or immature adults will form larger flocks 
in the non-breeding season, presumably as a means 
of additional protection during these more vulnerable 
periods of the bird’s life cycle (Higgins et al. 2006). 
This stage is essential in the species’ expansion: 
long-range dispersal is common when starlings are 
juveniles, before they have mated (Cabe 1999), as is 
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common in many avian species (Paradis et al. 1998). 
Although dispersal is ubiquitous across populations, 
the distance dispersed as well as the timing of disper-
sal varies with particular environmental conditions 
(e.g. density, climatic conditions). Specifically, within 
the South African introduction, increased dispersal is 
associated with deteriorating environmental condi-
tions (Hui et al. 2012). Lower spread rates have been 
reported in areas with higher winter precipitation, 
indicating that unfavorable (low rainfall) conditions 
may trigger greater dispersal (Berthouly-Salazar et al. 
2013). The same association has not been explicitly 
tested within other invasive ranges. However, isotopic 
evidence in North America suggests region-specific 
movement that may be related to population density, 
abiotic conditions, or other factors (Werner et  al. 
2020). In Australia, long-distance dispersal events are 
heavily female-biased (Rollins et al. 2009). Consider-
ing this evidence, starling dispersal strategies differ 
dramatically between invasive ranges and the native 
one, indicating a flexible response of the species to 
spatial and temporal environmental variations (Hui 
et al. 2012) which may favor invasion ability.

Breeding behaviour

Starlings depend on existing cavities for nesting and 
are resourceful when selecting sites, regularly nest-
ing in manmade structures (Mainwaring 2015), or in 
cavities excavated by other birds or animals (Higgins 
et al. 2006; Palacio et al. 2016). Starlings may expand 
easily where equivalent niche or cavity-nesting spe-
cies already reside, because there are already nesting 
sites available in these areas. Nest site availability is 
one of many limiting factors in starling survival.

Starlings breed synchronously during spring, in 
response to a number of social, abiotic, and biotic 
cues, and when living in denser populations, starlings 
showed increased breeding synchrony (Evans et  al. 
2009). Higher population density is associated with 
an increase in reproduction-associated competition 
(for mates, nest sites, and/or prey) but also greater 
risks (increased predation), which presumably would 
encourage a decrease in breeding synchrony (Evans 
et  al. 2009). It is likely that breeding synchrony 
provides group benefits such as collective predator 
awareness and defense in both parents and fledglings 
(Smith 2004). Hence the starling’s social system may 
facilitate the species’ success, and if breeding success 

is positively related to high group density, then any 
strategy to increase local density (unseating other 
species, larger nests, use of anything natural or unnat-
ural that may serve as a nest, etc.) all create a posi-
tive feedback loop that leads to greater abundance. 
High reproductive rates lead to increased population 
density, and this positive density dependence may 
then trigger dispersal. Such population growth during 
invasion may also work in concert with rapid adap-
tive evolution within populations that contributes to 
their ongoing success; indeed, many putatively adap-
tive loci have been identified by selection studies of 
invasive starlings (e.g. Hofmeister et al. 2021b; Stuart 
et al. 2021).

Other evidence exists of flexibility  or adaptation 
of breeding strategies in starlings, which may support 
both establishment and expansion of invasive popu-
lations. Across North America, starlings lay larger 
clutches than the average clutch size in the native 
range (Dawson 1983; Ball and Wingfield 1987, see 
Fear 1984 for information on population specific 
breeding characteristics). Starlings are known for dis-
playing a wide range of personality types (Eens et al. 
1993; Garamszegi et al. 2008; Thys et al. 2017), and 
starling parents have evolved many strategies (e.g. 
monogamous, polygamous, intraspecific brood para-
sitism) for optimizing their effort in caring for young 
(Higgins et al. 2006). The flexibility the starling dis-
plays across a range of breeding behaviours likely has 
played a vital role in their successful establishment 
across the diverse environments within their native 
and invasive ranges.

Cognition

Starlings have high cognitive abilities (Campbell 
et  al. 1999; Bateson and Feenders 2010), and their 
larger brain size compared to other birds of a simi-
lar body size may play a role in their invasion suc-
cess (Sol et al. 2002). Starlings’ cognition may facili-
tate greater behavioral flexibility and innovation, of 
particular importance during initial invasive popula-
tion establishment. This cognitive ability also ena-
bles great dietary flexibility (via, for example, motor 
diversity or social learning, see Griffin et  al. 2014; 
Lee and Thornton 2021), which impacts the spe-
cies’ persistence during invasion, and during times of 
stress such as food shortage (Van Berkel et al. 2018; 
Bateson et al. 2021). Such behaviour may be heritable 
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within families and developmentally modulated (Net-
tle et al. 2015) but, regardless, the starling’s ability to 
learn and cope with changing conditions likely sup-
ports its invasion success. Several genes underlying 
novelty-seeking behaviour have been identified as 
putatively under selection (Stuart et al. 2021, 2022a), 
but no evidence of selection on the commonly-studied 
dopamine D4 receptor gene was found in Australian 
starlings (Rollins et  al. 2015). Further genetic work 
is needed to determine if there is evidence to support 
whether genes underlying behavioral flexibility differ 
across these populations.

Rapid adaptive evolution may facilitate expansion 
in novel environmental conditions

Rapid expansion and evolution despite reduced 
genetic diversity

Invasion success may be constrained by both popula-
tion size of the founders and population density dur-
ing expansion. Most introductions are initially small 
in size, and thus subject to genetic bottlenecks; how-
ever rapid expansion can counteract diversity loss 
(Birzu et al. 2019). As the population expands, muta-
tion may generate novel selectively advantageous 
variants (Gilbert et  al. 2017; Gilbert and Whitlock 
2017) and selection in new environments may favor 
existing variants that were found in low frequencies 
in the native range. During the phases of rapid popu-
lation growth and range expansion, populations may 
experience Allee effects (such that mean individual 
fitness is correlated with population size or density, 
Allee 1931). Among starling invasions, the size of 
the South African introduction makes it both an out-
lier and the population most likely to experience such 
Allee effects: the founding population was only 18 
individuals (Craig 2020, Table 1), which may explain 
the slow expansion speed in South Africa. In real-
ity, population density and environmental conditions 
likely both shape range expansion in South Africa 
and other invasive starling populations.

Environmental conditions often shape the evolu-
tion of populations, and when an introduced environ-
ment is substantially different to that of the native 
range, strong selection regimes may promote rapid 
adaptation in the new environment. Even invasive 
species that have undergone severe bottlenecks are 

capable of rapid adaptive evolution in a novel envi-
ronment (Dlugosch & Parker 2008; Facon et al. 2011; 
Rollins et al. 2013), perhaps via inbreeding and envi-
ronment interactions (Schrieber and Lachmuth 2017). 
While genetic bottlenecks or founder effects may 
explain why starlings in Australia remain very dis-
tinct from the North American and native UK popula-
tions (Hofmeister et al. 2021a), the multiple introduc-
tions to Australia are likely to have mitigated these 
demographic effects. It seems likely that, because 
the Australian environment is so dissimilar to that of 
the native range, selection at the introduction sites or 
during range expansion in Australia may contribute 
to the pronounced genetic differences between this 
population and native range starlings. Further, eleva-
tional barriers appear to have influenced starling dis-
persal, and hence evolution, in the North American 
(Hofmeister et al. 2021b) and Australian populations 
(Stuart et al. 2021, 2022).

Interactions between adaptation and dispersal

Differences in genetic characteristics and substructure 
within each population are plausibly linked to differ-
ences in dispersal. Environmental similarity to native 
range environments may explain part of the dispersal 
variation across populations, because unlike other 
invasive starling populations, migration is common 
within North America (although not ubiquitous, see 
Royall et  al. 1972; Royall and Guarino 1976). The 
presence of migration in this population, with flyways 
that include both north/south and east/west move-
ment (Kessel 1953), may increase gene flow among 
demes and thereby decrease population structure. 
In comparison to the older Australian and the mar-
ginally (7  years) younger South African invasions, 
the North American starling range covers an area 
many times larger. It is possible that migration ena-
bled faster range expansion, and continues to enable 
genetic exchange across the range, diluting the effects 
of genetic drift and spatial sorting and decreasing the 
strength of local adaption (Hofmeister et al. 2021b).

The Australian invasion appears to have been 
affected by spatial sorting, with wing length and load-
ing strongly linked to distance from the introduction 
site, whereas this is not the case in the South African 
introduction (Phair et al. 2018). Why do some popula-
tions display spatial sorting and others do not? Higher 
dispersal is associated with less desirable conditions, 
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either due to the environment or high population den-
sity. Meanwhile, the native range shows minimal dis-
persal at range margins, which may be due to envi-
ronmental suitability or population density (Hui et al. 
2012). This ‘good-stay, bad-disperse’ hypothesis (i.e. 
higher quality environments lead to smaller dispersal 
distances and more individuals remaining within the 
immediate habitat, Hui et  al. 2012) may account for 
the introduction-sites to range-edge genetic gradients, 
and may encourage spatial sorting as seen in Australia 
(Phair et al. 2018). However, spatial sorting was not 
identified in South Africa, perhaps for two reasons: 
(1) founding size of the initial introduction was much 
smaller, providing less genetic variation, and (2) the 
geographic range is much smaller, such that indi-
viduals disperse more readily from introduction site 
to range edge. Overall, spatial sorting may increase 
population genetic structure; this may explain differ-
ences in genetic patterns in South Africa versus those 
in Australia (Table 3).

While these dispersal patterns (Hui et  al. 2012; 
Phair et al. 2018) can at least in part explain the para-
dox of invasion success in starlings, determining the 
genetic basis for dispersal-related traits may clarify 
the eco-evolutionary feedback loops central to this 
species’ invasion success. Empirical tests of dispersal 
evolution have been conducted in invasive systems 
like the cane toad (Perkins et al. 2013) and the lady-
bird beetle (Lombaert et  al. 2014), and models that 
weigh the contribution of both population densities 
and selection strength may yield insight into the rela-
tive importance of each factor (Lion 2018).

Persistence aided by environmental niche flexibility

The starling possesses great environmental niche 
flexibility as outlined above, but their biology and 
potential for range expansion varies dramatically 
among invasions. There are limits to this flexibil-
ity; for example, they are restricted from northward 
expansion in the northern hemisphere due to colder 
temperatures, and expansions towards the equator are 
hampered by heat and aridity extremes (e.g., inland 
Queensland, Australia). North American starlings 
appear to exhibit a wider thermal tolerance than other 
invasive birds in that continent (Johnson and Cowan 
1974); this flexibility may have evolved in the native 
range, or could represent adaptive changes follow-
ing introduction. Local adaptation is possible within 

all ranges, and will continue to interact with global 
climate change and anthropogenic land alterations, 
which may impact their distribution. Climate suitabil-
ity plays a major role in determining invasion success 
(Redding et  al. 2019). Even within established and 
‘suitable’ ecosystems, the nature of the environment 
holds great sway over starling population characteris-
tics. Already we see local adaptation to environmen-
tal factors developing in Australian starlings (Cardil-
ini et al. 2016) and possibly even in North American 
starlings (Hofmeister et  al. 2021b). However, highly 
varied levels of heritability across a range of mor-
phological traits point to the role of developmental 
plasticity in enabling climate induced ecogeographi-
cal patterns in this species (Stuart et  al. 2022). Fur-
ther developing our understanding of adaptive genetic 
change requires more research into epigenetic varia-
tion and developmental plasticity, and the role these 
mechanisms play in facilitating adaptation and inva-
sion success; this is a key research direction in inva-
sion genetics (Ghalambor et al. 2007; Gomez-Mestre 
and Jovani 2013; Murren et al. 2015).

The starling, as a generalist, may successfully 
habituate in environments very different from those of 
their native range (Vall-llosera et al. 2016). This high 
level of behavioral flexibility may explain why star-
lings have so successfully co-existed with humans; 
for example, anthropogenic land alteration may facili-
tate range expansion by counteracting limitations of 
the natural environment (e.g. supplementing water 
availability and providing artificial nesting spaces; 
Peris et  al. 2005; Zufiaurre et  al. 2016). Humans, 
indirectly, may have assisted the starling’s coloniza-
tion of cold extremes in the native range and North 
America, and arid areas of inland Australia. While 
starlings are successful in the urban environment, 
they prefer cleared agricultural and suburban areas to 
urban centers, and starlings have also been found to 
produce fewer young in more urbanized areas (Men-
nechez and Clergeau 2006). Starlings, however, do 
not require large habitats to settle and are capable of 
colonizing small remnant vegetation patches (Antos 
et  al. 2006). Further population modeling and range 
estimates of this species should account for changes 
to anthropogenic land use, especially land associ-
ated with agriculture (Duncan et al. 2001; Baker and 
Bomford 2009; Magory Cohen et al. 2019). Account-
ing for human modification of the environment is 
critical because climate alone appears to not have any 
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Table 3  Summary of starling (Sturnus vulgaris) studies on population genetic diversity, including sequencing data type and location 
sampled

Study Sequencing data type Populations Studied Relative Genetic diversity Primary study conclusions

Evans (1980) Allozyme NR (UK and Northern 
Europe)

Null Little population structure

Ross (1983) Allozyme NR (UK), NZ UK > NA Little difference between 
migrant and non-migrant 
individuals in the native 
range. Rare alleles lost in 
the invasive NZ range

Cruz‐Cardiel et al. (1997) Allozyme NR (Spain) Null Little genetic diversity
Cabe (1998) Allozyme NR (UK), NA UK > NA Allelic diversity decreased 

in NA, but not heterozy-
gosity

Cabe (1999) Allozyme NA Null Low population structure
Rollins et al. (2009) Microsatellite AU Null Strong population structure, 

though gene flow still 
present

Walkup (2013) Microsatellite NR (UK) Null Some population structure 
across the UK

Neves et al. (2009) Mitochondrial NR (UK and Norway) Null Some population structure
Rollins et al. (2011) Mitochondrial NR (UK), AU UK > AU Strong range-edge expan-

sion signals
Berthouly-Salazar et al. 

(2013)
Mitochondrial NR (UK), Saf UK > SAf Genetic diversity concen-

trated at range-edge
Rollins et al. (2016) Mitochondrial AU Null Ongoing selection on mito-

chondrial variants
Bodt et al. (2020) Mitochondrial NR (UK), AU, NA, Saf UK > NA > SAf > AU Signals of demographic 

expansion in NA and AU
Fiorini et al. (2021) Mitochondrial NR (UK), NA, SA UK > NA > SA Increasing fluctuating 

asymmetry with decreas-
ing genetic diversity

Hofmeister et al. (2021b) Reduced representation NA Null Panmictic population 
structure, signals of 
environment-mediated 
selection

Stuart et al. (2021) Reduced representation AU Null Two primary subpopula-
tions, signals of selection 
and drift

Stuart et al. (2022a) Reduced representation NR (UK and Belgium), 
AU

UK > AU Reduced genetic diversity 
in AU; Divergent and par-
allel selection present in 
invasive and native range

Stuart et al. (2022) Reduced representation AU Null Some morphological 
patterns correlated with 
underlying genetics

Hofmeister et al. (2021a) Whole genome NR (UK), AU, NA Null Shared signals of selection 
in independent invasions

NR = Native range, United Kingdom = UK, Australia = AU, New Zealand = NZ, North America = NA, South Africa = SAf, South 
America = SA
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large scale macro-association with range distribu-
tions of many native European avian species (Beale 
et  al. 2008). Examining further the link between 
anthropogenic land features and invasion success and 
expansion (e.g. Hill et al. 2005; Menon & Mohanraj 
2016; Schmack et  al. 2020) is an essential next step 
in understanding the interactions between this species 
and human populations.

Future directions & pressing questions related 
to starling invasiveness

To summarize the future research directions this 
review has discussed, we present the points below as 
key knowledge gaps within starling population genet-
ics research:

1. Starling demography and genetics within their 
native range We are currently witnessing range 
and demographic shifts in Europe, northern 
Africa, and Asia. How might climate change and 
anthropogenic land alteration shape these shifts, 
and what other factors might influence range 
shifts and changes in population size? Conser-
vation of native starling populations will require 
explicit studies of range-wide genetic diversity, 
including subspecies designations. To our knowl-
edge, there is poor knowledge of starling popu-
lation genetics and diversity within their native 
range outside of the United Kingdom and Bel-
gium, and improving this is a critical next step.

2. Monitoring ongoing starling range expansions 
Documenting rapid evolution at expanding range 
edges may help to clarify whether and how popu-
lations adapt to local conditions. This work is 
critical in Australia, New Zealand, South Africa 
and South America, where conservation man-
agers actively work to control starling spread. 
In particular, updated sampling and analysis is 
needed for the New Zealand invasion, for which 
currently only allozyme data exists. As the new-
est major starling incursion, the South American 
invasion will be a critical system to test the rela-
tive importance of intrinsic and extrinsic factors.

3. Comparative studies between starlings and other 
avian invaders There are a few other globally 
successful avian invaders (Fig.  1). Comparative 
studies may identify genomics regions that are 

involved in rapid adaptation across species. This 
includes investigations into a variety of genetic 
variant types, including single nucleotide poly-
morphisms, structural variants  and transposable 
elements.

4. Further empirical studies into the invasion para-
dox. Given current debate around the existence of 
a genetic paradox (Estoup et  al. 2016), the star-
ling study system offer great potential to inves-
tigate genetic processes during invasion. Utiliz-
ing the replicated invasions provides a system 
in which we may identify which genetic bottle-
necked and other genetic patterns are stochastic, 
and which characterize starling introductions in 
general.

5. Investigating the role of non-genetic processes 
underlying adaptation during invasion The roles 
of developmental plasticity and environmentally 
induced epigenetic change in adaptation to novel 
environments is poorly understood. Understand-
ing these processes often requires manipulative 
experiments so that the relative contributions of 
genetics and environment in shaping phenotype 
may be separated from one another. Well estab-
lished laboratory protocols exist for starlings, 
enabling the pursuit of these research directions 
complimentary to exploratory field studies.
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