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How invasive species establish and spread is a central question in biology, but also one 

that impacts public perceptions of and engagement with those species. I use the 

invasive European starling (Sturnus vulgaris) as a case study to identify factors 

supporting its establishment and expansion in the United States, and to consider its 

evolutionary history in its native range. In my first chapter, I integrate recent work in 

the evolutionary genetics of invasive European starling populations with ecological 

studies over its residence in each region, identifying areas for future research. In my 

second chapter, I use genomic methods to reconstruct demographic history and test for 

natural selection in the North American invasion, and I find that starlings in North 

America show evidence for local adaptation despite a genetic bottleneck upon invasion. 

In my third chapter, I compare patterns of genetic variation between the concurrent 

North American and Australian invasions: starling populations show remarkably high 

differentiation from each other on a short evolutionary timescale, and this 

differentiation is consistent with selection in at least a few regions of the genome. In my 

fourth chapter, I consider starling invasions from the perspective of science and 

technology studies (STS), tracing where human interference and potential biases shape 

both the practice of invasion science. I consider how my own genomic analyses depend 



 

on assumptions in both population genetic methods and invasion theory. Overall, this 

dissertation attempts to reconstruct the evolutionary history of starling invasions, with 

a focus on the invasion in North America.  
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CHAPTER 1: A REVIEW OF THE GLOBAL INVASION HISTORY AND 

NATIVE DECLINE OF THE EUROPEAN STARLING 

 

 
ABSTRACT 
 
Few invasive birds are as globally successful as the European Starling (Sturnus vulgaris). 

Native to the Palearctic, the starling has been introduced to North and South America, 

southern Africa, Australia, and the Pacific Islands, and its global success allows 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 well-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 in 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. 

 

1. THE STARLING AS AN ECO-EVOLUTIONARY MODEL 
 

The ecological and economic impacts of invasive species are a growing concern in our 
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globalized world. Increasing travel among continents creates and reinforces invasion 

pathways, resulting in a great number of alien species becoming established and 

spreading in novel ranges (Turbelin et al. 2017). Despite decades of work, predicting 

which species might become invasive when others do not remains a challenge, and a 

thorough review of factors that promote invasion success may bring us closer to this 

aim. Genotypic variation, species niche, local abundance, and environmental features 

all influence invasion success (Colautti & Barrett 2013). Fundamental properties of 

invasions (e.g., propagule pressure, genetic bottlenecks and variation, etc.) and adaptive 

evolution of novel strategies (e.g., dispersal strategies, breeding behavior) may work in 

concert to facilitate successful invasions (Duncan 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). In 

reality, both intrinsic and extrinsic conditions are fundamental to the long-term success 

of an invasion (Colautti et al. 2017). 

Few avian invaders have been as globally successful as the European or 

Common Starling (Sturnus vulgaris) (hereafter referred to simply the ‘starling’; Box 1.1). 

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 

(Linz et al. 2017) that has encouraged much of the interest in this invader. Native to the 

Palearctic, the starling has been introduced to North and South America, southern 

Africa, Australia, and the Pacific Islands, and has been listed as one of the world’s 100 

worst invasive alien species (Lowe et al. 2000). In addition, starlings are a widely-used 

model in laboratory studies (Asher & Bateson 2008), and linking such thorough studies 
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of starling traits with wild observations may help to clarify mechanisms that support 

invasiveness. 

 

Box 1.1. Why the starling?  

Despite its invasion success, the starling is not the only avian species to invade nearly 

every continent world-wide: in fact, the ubiquitous House Sparrow (Passer domesticus) is 

similarly successful in a wide range of environments (Hanson et al. 2020). Each species 

has its own advantages as a representative ‘model’ species (cf. Hanson et al.’s careful 

discussion of the consequences of labeling a species as a ‘model’), To date, each species 

has been well-studied: a taxonomic search on NCBI Taxonomy indicates 761 “bio-

samples” of S. vulgaris for the 179 bio-samples of P. domesticus, where a bio-sample 

indicates an independent sequencing project (Figure B1). A taxonomic search on the 

Web of Science yields 2,368 results for “Sturnus vulgaris” and 2,034 results for “Passer 

domesticus.” Because both species are well-studied, comparisons among these avian 

invaders might yield insight into taxonomically-broad and/or species-specific strategies 

to promote invasion success.  

 

Figure B1: Common invasive avian species, and their Web of Science and NCBI bio-



 

 

4 

 

sample search result counts (accessed on July 17, 2021). 

  

Nearly all studies of invasion genetics examine the genetic diversity of an 

invasive population, addressing the paradox of invasion, where species thrive despite a 

loss of diversity (Dlugosch et al. 2015; Estoup et al. 2016). Repeated invasion success 

across starlings’ many introduction sites presents an opportunity to examine patterns in 

how the species undergoes adaptation post introduction bottleneck. Sequencing 

advances over the last decade have made genomic approaches more accessible to non-

model species such as the starling (North et al. 2021), enabling the use of genetic 

analyses across the starling’s global range to examine 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. Despite their invasion success, starling numbers are 

declining in both their native range (Smith et al. 2012; Heldbjerg et al. 2019) and in the 

invasive North American population (Rosenberg et al. 2019). Understanding how 

starlings thrive in invasive populations may inform conservation efforts in the native 

range and control in the invasive ranges.  

Here we synthesize extensive research on starling life history with genetic and 

genomic evidence from the native and invasive range to identify factors influencing 

invasion success in the starling. We first describe the history of each native and invasive 

starling population, 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 (Australia, North 
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America, New Zealand and South Africa) as well as more recent invasions (into 

Argentina) enable us to distinguish between population-specific and species-wide 

strategies to support invasion success. A holistic perspective on starling invasions may 

yield additional hypotheses that clarify how this particular invasive species came to 

thrive in nearly every continent. Despite their longstanding title as a prolific pest, the 

starling continues to decline in numbers globally. As a model of invasion, the starling is 

a dynamic system, and we articulate how factors supporting invasion success might 

interact as a step towards predicting future shifts in range and abundance of the starling 

world-wide. 

 

2. NATIVE STARLING DISTRIBUTION AND POPULATION DYNAMICS 
 

In its native range, Sturnus vulgaris comprises 11-13 subspecies, and its distribution is 

thought to be primarily a result of changes in forest coverage and aridity tied to major 

climate shifts at 16-14, 10, and 6-5 Mya (Fortelius et al. 2002; Zuccon et al. 2008). The 

European starling’s native range extends across the Palearctic (Figure 1.1). The non-

breeding range extends as far as Russia (Sandakova et al. 2018), whereas the breeding 

range extends southwest into Pakistan and further still into Israel (Mahmood et al. 

2013). 

Since the mid-19th century, this species has been slowly expanding its Eurasian 

range (Feare 1984). Colonisation of Iceland occurred in the late 1930’s (Anderson 1992), 

and a small number of starlings have been reported to winter in Hong Kong since as 

early as the 1970’s (Webster 1975). This range expansion is likely a result of increased 
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anthropogenic land alteration, climate change, and possibly a decrease in competing 

species in newly colonized ranges (Webster 1975). In one region of this recent 

expansion, S. vulgaris has come back into contact with its closest relative, the spotless 

starling (Sturnus unicolor), from which it only split ~40 Mya (Feare 1984). In this contact 

zone in the Iberian Peninsula, the two species seem to interbreed readily: in fact, 

allozyme studies show that genetic distances between S. unicolor populations are larger 

than genetic distances between the two species (Cruz-Cardiel et al. 1997). Because gene 

flow between two species that share essentially the same niche is maintained, 

competition may not play too great a role—at least in this one part of the starling’s 

range—but to verify this hypothesis, further studies of potential hybridization between 

these sister species are needed. 
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Figure 1.1. 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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One of the major puzzles in starling biology is that in the native range, starling 

numbers have dwindled even as its geographical range expands. Since 1964 starling 

population size in Great Britain has declined by more than 50% This decline is 

particularly notable in livestock farming areas of southwest Britain, with the breeding 

population estimated to be 8.5 million as of 2005 (Robinson et al. 2005). Finnish starlings 

underwent a dramatic 90% population decrease from 1970-1985, corresponding to a 

widespread abandonment of cattle farming across the country (Rintala et al. 2003). 

Similarly, a shift to indoor cattle husbandry in Denmark may have contributed to the 

60% overall decline in starling abundance between 1976 and 2015 (Heldbjerg et al. 2016). 

Data on starling foraging behavior may explain this close association between cattle 

farming and starling population size: a move toward modern cattle rearing has resulted 

in changes to available pasture, which may indirectly influence availability of small 

invertebrate prey (Chamberlain et al. 2000; Wretenberg et al. 2006) on which starlings 

particularly rely during breeding season (Feare 1984). In addition, easy access to 

livestock feed may be a large component of the starling diet, and modern cattle rearing 

processes seek to minimize feed loss to pests such as starlings (Linz et al. 2017). The 

starling decline is not unique: recent decades have brought a decline in farmland birds 

across the UK and Europe (Gregory et al. 2002; Wretenberg et al. 2007). 

Although availability of food may directly explain starling abundance, changes 

in starling foraging behavior may have also accelerated the decline of starling 

populations via greater mortality in hatch-year or juvenile starlings. Demographic 

studies on Netherlands’ declining starling populations identified that the main driver of 

population growth or decline was juvenile survival (Versluijs et al. 2016). Similarly, 
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first-year survival rates were linked to British population decline from the 1970’s to the 

present (Freeman et al. 2007). We can hypothesize that a reduction in invertebrate 

abundance within grazing environments drives birds to store more fat, leaving them 

more vulnerable to predation, with the loss of first-year birds that have not reached 

their first mating season driving overall population declines. Large scale changes in 

starling numbers across their native range are hence likely driven by demographic 

changes in breeding populations due to juvenile loss (Smith et al. 2012). However, 

variation in survivorship may also be explained by a starvation-predation risk trade-off: 

accumulation of fat leaves birds more vulnerable to predation (Macleod et al. 2008). 

Starlings maintain a lower body mass during favorable foraging conditions, when 

resources are abundant. Within the United Kingdom, starlings with a higher average 

mass displayed a greater decline in numbers (Macleod et al. 2008), which may indicate 

foraging environment quality impacts survivorship, or alternatively a causative factor 

(e.g. climate) drives both provisioning and survivorship.  

Much of the existing literature that touches on starling genetic diversity in the 

native range, while all supporting higher genetic diversity in the native range as 

expected, have been conducted with a focus on invasive range genetics (Rollins et al. 

2011; Bodt et al. 2020; Hofmeister et al. 2021a).  Early allozyme sequencing work 

reported very little genetic variation across S. vulgaris in the native range (Evans 1980; 

Ross 1983; Neves et al. 2009), however allozymes have poor resolution and this should 

be reassessed with modern markers. Analyses of mitochondrial control region sequence 

data suggest very high diversity within the native range (17 haplotypes from 27 

individuals sampled in one locality; (Rollins et al. 2011)). Early morphological studies 
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indicate some population structure within Sturnus vulgaris: subtle differences in adult 

plumage iridescence among starling populations across the native range have led to the 

classification of 11-13 subspecies (Pateff & Stresemann 1947; Feare 1984). Given the lack 

of genetic and morphological evidence for within-species differentiation, most studies 

of this species forgo subspecies identification. Thus, from this point onwards we will 

focus on S. vulgaris L., unless otherwise mentioned.  

Additional studies to document population structure and genetic consequences 

of changing population size in the native range would help to predict how the starling 

population might respond to continued anthropogenic changes in land use. In 

particular, additional studies of population size and demography changes across the 

native range but especially outside Europe (i.e., Northern Africa, Middle East, and Asia) 

would help resolve the dynamic relationship between environmental change and 

starling demography. Certainly, environmental conditions and range expansion impact 

the evolutionary potential of the native starling population, but perhaps the greatest 

difference between native and invasive populations is management strategies (e.g., 

culling). The native range population thus serves as a point of comparison where 

selective regimes and demographic shifts common in invasions operate differently.  

 

3. INVASIVE STARLING DISTRIBUTION AND POPULATION DYNAMICS 

3.1 Australia 

In Australia, starlings were introduced to control invertebrate agricultural pests, and as 

part of efforts of acclimatisation societies similar to those in the US (Woolnough et al. 

2006). There were undoubtedly many small private undocumented introductions, 
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however the first officially documented starling import was the 1856 introduction 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 by as early as 1963 (Jenkins 1977). 

Subsequently, there were numerous introductions during the late 19th century to both 

New South Wales and Victoria, as well as to South Australia, Queensland and 

Tasmania (Table 1: global starling introductions). The exact releases that contributed to 

starlings’ widespread success in Australia are thought to be near the capitals of Victoria, 

New South Wales, or South Australia (Stuart & Cardilini et al. 2021a). From the early 

years of their introduction to Australia, starlings increased rapidly in both range and 

population numbers (Jenkins 1977). 

By the mid 20th century, most of the south and eastern states of Australia were 

colonised, including Tasmania, with the birds being most prolific in Victoria (Long 

1981). There have even been introductions to islands, including Macquarie Island which 

is situated equidistant from New Zealand and Antarctica (Raymond et al. 2011). 

Western Australia (WA) has remained largely starling free, due jointly to the natural 

barrier provided by the Nullarbor Plain, and ongoing control efforts by the WA 

Department of Primary Industries and Regional Development (DPIRD) since 1971 

(Campbell et al. 2016), and which was ramped up in the mid 2000’s (Woolnough et al. 

2005). Some of these incursions occurred in regional areas far from the main invasion 

(e.g. Broome on the northwest coast of Western Australia); however, it is presumed that 

these individuals arrived via unintentional anthropogenic means (Rollins et al. 2009, 

2011). While the state has remained largely starling free for over a decade, the last few 
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years have seen a sharp increase in the number of new ‘founder’ starlings spotted in the 

area Munglinup and surrounds.  All birds captured were females in breeding condition 

(Rollins, pers. comm.); since starlings have a female-biased dispersal (Rollins et al. 2009), 

these individuals are likely to represent new incursions into this area. Cost-benefit 

analyses suggest the short-term costs of control are a good investment in Western 

Australia, given the large potential costs to agriculture (Campbell et al. 2016).  

Australian starlings do not undertake large-scale seasonal migration in Australia 

as is known in North America and their native ranges. Instead, they have a relatively 

steady range edge expansion rate of 20.7 km/year since establishment (Hui & 

Richardson 2017). It is thought the range expansion in Australia, particularly at the 

present day range edge, is driven by birds seeking new nesting sites, rather than 

seasonal visitation (Long 1981). Within subpopulations, small-scale regional movement 

attributed to food seeking drives some movement between subpopulations, however, a 

small number of birds are found to disperse long distances; up to 1000 km (Waterman et 

al. 2008). 

Population genetics studies of the Australian invasion using microsatellites 

suggests four populations exist: two small, distinct incursions into Western Australia 

and two large populations, one in South Australia, and another in Victoria, Tasmania, 

and New South Wales (Rollins et al. 2009). Reduced representation sequencing 

(genotyping-by-sequencing) across the Australian range paints a slightly different 

picture, with Victoria, South Australia, and the easternmost incursion in Western 

Australia forming one large genetic group, New South Wales and Queensland forming 

a second, and two geographically restricted groupings identified (one is the 
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westernmost incursion in Western Australia identified in (Rollins et al. 2011) and the 

second in inland New South Wales) (Stuart & Cardilini et al. 2021a). Across the total 

range, genetic diversity in Australia is estimated to be lower than in native range 

samples (Rollins et al. 2011).  

Within Australia, patterns of genetic diversity are in accordance with residence 

time. The highest genetic diversity is reported from sampling sites near the three 

primary introduction sites, and lowest genetic diversity was found at the range edge 

(Rollins et al. 2009, 2011; Stuart & Cardilini et al. 2021a). Across this invasion, there is a 

significant relationship between time of establishment and genetic diversity (Rollins et 

al. 2009). In addition to the effects of genetic drift often found in small, range-expanding 

populations, there is evidence of selection occurring in this invasion: a rapid shift in 

frequencies of mitochondrial DNA variants on the range edge is best explained by 

selection acting within heteroplastic individuals and morphological studies indicate 

clinal variation suggesting adaptation has occurred (Cardilini et al. 2016; Rollins et al. 

2016). Environmental correlation approaches have identified allelic differences in 

coding regions related to a range of biological functions (e.g. immune response, 

metabolism), indicating putative loci under selection (Stuart & Cardilini et al. 2021a). 

Additionally, the Australian population appears to be undergoing spatial sorting, 

where dispersal-enhancing traits accumulate at the leading edge of an expanding 

population (Phair et al. 2018), and mitochondrial sequencing shows mixed signals of 

expansion (Rollins et al. 2011). 
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3.2 New Zealand 

Similar to the starling introductions of North America and Australia, the starlings of 

New Zealand were introduced from Britain due to acclimatisation efforts (Thomson 

1922). The introductions were well documented, with records of 14 major introductions 

from 1862-1883 across New Zealand, totaling to around 650 individuals (Table 1: global 

starling introductions) (Thomson 1922). Starlings’ success in New Zealand was assisted 

by large-scale translocations within the country (Pipek et al. 2019). Much like with the 

Australian introduction, interest in the species for pest control may have also led to 

smaller private introductions to farming properties.  

The starling is now the most widespread bird species in New Zealand: the 

starlings’ range covers the entire country, from the northern outlying island of 

Kermadecs, to the south outlying Macquarie Islands (Williams 1953; Flux & Flux 1981). 

In 1886, the species was recorded to occur in the “hundreds of thousands” (Thomson 

1922). The following decades brought with them a small population decrease, which is 

thought to be at least in part due to a decrease in nest availability (Flux & Flux 1981). As 

with the Australian invasion, the New Zealand starlings show no evidence of large-

scale migration throughout the country’s range (Ross 1983). Populations in 

agriculturally heavy areas have been actively monitored due to their ongoing success in 

managing major crop pests (such as grass grubs) (Coleman 1972). 

The New Zealand invasion has also served as a stepping-stone for subsequent 

invasions in the Pacific islands. The Fiji starling populations were thought to be 

established in the mid 1920’s, and have now spread to Tonga (Watling & Talbot-Kelly 

1982). Fijian starlings are thought to have dispersed via natural means from the 
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Kermadec Islands, which lie equidistant to New Zealand (Williams 1953; Flux & Flux 

1981). Further spread of the starlings through these tropical islands may be impeded by 

their physiological limits (Watling & Talbot-Kelly 1982), a possibility we discuss in 

Section 5.3 of this review.  

According to allozyme data, the New Zealand starling invasion has retained 

much of the genetic diversity found in the native range, and genetic distances between 

invasive and native populations fell within the range of distances among allopatric 

populations within other avian species (Ross 1983). There was only a slight loss of 

genetic variation during the colonisation of New Zealand, associated with the loss of 

rare alleles from within the native Britain population (Ross 1983). This mild genetic 

bottleneck is no doubt a result of the large founding populations and multiple 

introductions at many of the founding sites. There is however noteworthy divergence in 

the degree of inter-population differentiation in each country: native populations show 

lower genetic distances and F-statistics than the invasive (Ross 1983). Relatively high 

levels of differentiation across the New Zealand invasion suggests subpopulations face 

geographic isolation from one another, owing to both the country’s mountainous 

terrain, and the bird’s preference for agricultural and urban areas, coupled with a lack 

of migratory movements (Ross 1983). To date, updated methodologies have not yet 

been used to clarify population structure in this invasion, and higher-resolution tools 

could validate and/or extend these findings. A study of starling population genetics 

across New Zealand and the Pacific Islands would provide an interesting avenue to 

look at consecutive bottlenecks during island hopping and how this impacts adaption 

to these novel environments.  
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3.3 North America 

Acclimatization societies and individuals attempted to introduce starlings several times 

in North America, although only one introduction succeeded (Table 1: global starling 

introductions) (Cooke 1928). Wealthy businessman Eugene Schieffelin released 80 

individuals in March 1890 and 40 more in April 1891 to Central Park, where these 

individuals reproduced and began to spread almost immediately. This New York 

population was the first introduction to establish a breeding population, after which the 

species spread rapidly throughout the continent (Kalmbach et al. 1921; Linz et al. 2017).  

Although starlings remain common in North America, the population has 

declined by 49% since the 1970s, with a current size of 85.1 million birds (Rosenberg et 

al. 2019). These estimates--based on a model using direct counts of individuals--contrast 

with the often-repeated North American population size of 140-200 million (Linz et al. 

2017). Genetic evidence can tell us about consequences of this decline for evolutionary 

potential in the North American population. Demographic models indicate a slight 

decline in effective population size, based on both reduced-representation markers 

(Hofmeister et al. 2021b) and all variable sites in the genome (Hofmeister et al. 2021a). In 

contrast to models that use site-frequency spectra to reconstruct demographic history, 

faster-evolving mitochondrial evidence indicates that the North American population 

may now be expanding (Bodt et al. 2020).   

Comparisons of genetic diversity between invasive and native ranges provide 

another perspective on changing population sizes. Heterozygosity in allozyme data 

among the North American and native range populations suggests little evidence of a 

bottleneck (Cabe 1998). Mitochondrial analysis shows that both nucleotide and 
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haplotype diversity is lower in the North American range compared to the UK 

population, further supporting 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 other invasive populations of Australia and South 

Africa (Bodt et al. 2020). This higher level of genetic diversity in the North American 

invasion may provide greater standing variation upon which selection can act 

(Hofmeister et al. 2021b, a).  

Starling expansion in North America likely relied on urban and agricultural 

areas to support a large enough breeding population to facilitate expansion. Historical 

records indicate that expansion accelerated after range-edge populations established in 

a city (e.g., Philadelphia in 1910). Elevation also seems have imposed a serious barrier to 

starling spread in North America, where population expansion stalled when birds 

reached the Allegheny Mountains in 1911, the Adirondacks of New York and White 

Mountains of Vermont in 1922 (Forbush 1915; Kalmbach et al. 1921; Cooke 1928), and 

again when it reached the 1000m elevation mark in the Midwest of the US in 1930 

(Hoffman 1930; Dickerson 1938). In accordance with this history, a genome-wide scan 

did find genotypic associations between environmental 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. 

Outside of North America, starlings have now expanded into Cuba and the 

Bahamas (Linz et al. 2017). Individuals are now as far north as the Arctic Circle and are 

slowly continuing to expand their range southward (eBird 2021). Starlings were spotted 
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nesting in south-central Tamaulipas, Mexico for the first time in 2006 (Brush 2009). 

Additionally, starlings were purposely introduced to Jamaica for crop damage 

mitigation, likely sourced from the North America introduction (Lever 2010). By what 

means starlings continue to expand into novel environmental conditions is a question 

that we revisit in Section 5 of this review.  

Starling expansion through the heterogeneous habitat of North America (as with 

other invasive populations) depended on successful survival and reproduction; in later 

sections we discuss how dispersal and migration (4.1), breeding strategies (4.2), and 

potentially local adaptation to environmental conditions (5.1-5.3) support the starling’s 

spread. Here, we note that starlings’ movement varies across this landscape: starlings in 

the western U.S. tend to move regionally whereas birds sampled in the eastern U.S. may 

migrate or disperse far greater distances (Werner et al. 2020). Banding efforts across 

North America also indicate haphazard migratory patterns (Brewer 2010). These 

patterns of movement likely contributed to the near-random mating across the North 

American range which would eliminate geographical differentiation (Cabe 1999; 

Hofmeister et al. 2021b). 

Rapid evolution in this invasive population is further supported by 

morphological differences in individuals sampled across the North American starling 

invasion. For example, wing pointedness has decreased over the last 120 years since 

colonisation, which might allow individual starlings to move greater distances (Bitton & 

Graham 2015). Further, North American starlings sampled at intermediate latitudes 

(which may best approximate the native range climate) had the greatest lipid reserves 

overwinter, and was correlated with mean temperature in July and January (Blem 1981). 
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It is possible that the migration status may explain this relationship between 

morphology and environment, as larger northern individuals move south for the 

winter. While coarse morphology is conflated with a plethora of variables, these studies 

provide direction for more thorough molecular and experimental studies. 

 

3.4 South Africa 

The South African starling invasion resulted from 18 birds, introduced in 1897 to Cape 

Town by Cecil Rhodes, the then Prime Minister of the British Cape Colony (Cooper & 

Underhill 1991; Harrison & Cherry) (Table 1.1: global starling introductions). These 

birds were reportedly caught in Britain during winter months (Winterbottom & 

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). The range expansion rate increased, and starlings 

reached the Kwazulu Natal Province during the early 2000’s; the species’ present day 

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 invasion has increased 

since their introduction, from 6.1 km/year to 25.7 km/year (Hui et al. 2012). Despite 

this, mitochondrial sequencing of the South African population show no evidence of 

expansion (Bodt et al. 2020). 

Despite the small size of the South African introduction, estimates from 

microsatellite data suggest this invasion has similar levels of genetic diversity to that of 
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the UK samples used in the study (Berthouly-Salazar et al. 2013). However, it must be 

noted here that all UK individuals were sourced from the one population and were 

unlikely to capture the full range of genetic diversity in the expansive native range. 

South Africa has moderate levels of mitochondrial haplotype diversity, less than of the 

native range and North America, but greater than Australia (Berthouly-Salazar et al. 

2013; Bodt et al. 2020). This may indicate a heavily sex-biased introduction (more 

females than males), but this high mitochondrial diversity could also be due to 

undocumented introductions (as the documented introduction size is 18 individuals) or 

in situ mutations (Berthouly-Salazar et al. 2013). Analysis of mitochondrial control 

region sequence indicated no population structure but did find 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 displays 

no patterns of spatial sorting, unlike the Australian invasion (Phair et al. 2018). This may 

be due to long distance dispersal, which would maintain genetic homogeneity 

(Berthouly-Salazar et al. 2013). Despite a lack of spatial sorting, there is increased genetic 

distance with higher winter precipitation, indicating gene flow is limited where 

precipitation is high in winter and low in summer (Berthouly-Salazar et al. 2013). This 

has resulted in two subpopulations around George and Mossel Bay (300km east of 

introduction site), despite the lack of population subdivision elsewhere in the invasion. 

This area is associated with a sharp change in climate conditions, particularly winter 

precipitation (Berthouly-Salazar et al. 2013). 
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3.5 South America 

More recently than the other introductions described above, starlings made their way to 

South America. In 1949, five starling individuals were brought over by ship from 

England and alighted in Lago de Maracaibo, Venezuela, though the success of these 

individuals remains unknown (Long 1981) (Table 1: global starling introductions). In 

1987, starlings were spotted in Buenos Aires, Argentina, in the wooded areas of the 

Palermo district (Peris et al. 2005), thought to be an introduction via the pet trade using 

birds imported from North America  (Navas 2002, Fiorini et al. 2021). Despite prompt 

eradication efforts, the species remained and further populations were spotted in 2001 

around 400km north of Buenos Aires, near Sante Fe (Peris et al. 2005; Navas 2014). 

Range expansion within the South American invasive starling population is strongly 

associated with urban areas (Zufiaurre et al. 2016). Starlings make use of novel nesting 

sites available in the human modified environment though retaining a preference for 

natural nesting sites (Peris et al. 2005). The starling invasion stays roughly within 30 km 

of the coast (Peris et al. 2005), with small urban centers facilitating continual range 

expansion into regional areas (Zufiaurre et al. 2016).  

The southernmost distribution stretches to the southern regions of Uruguay and 

central Argentina (Silva et al. 2017). Starlings reached Brazil in late 2016 (Silva et al. 

2017), and are most abundant in grasslands, mirroring the habitat preference of 

functionally comparable native species (Palacio et al. 2016). The Brazilian 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 
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also been documented in the Australian and South African invasions (Peris et al. 2005; 

Zufiaurre et al. 2016). Mitochondrial analysis of birds collected in Buenos Aires, 

Argentina, were found to have reduced haplotype diversity compared to North 

America and the native range, though with several novel haplotypes identified (Fiorini 

et al. 2021). This same study also noted increased wing primary feather asymmetry 

within this secondary introduction, compared to the primary North American invasive 

population and to native birds sampled from the UK, which is hypothesized to result 

from destabilized developmental processes due to reduced genetic variation (Fiorini et 

al. 2021).  

 

4. WHAT EXPLAINS INVASION SUCCESS IN THE STARLING?  

Invasion theory recognizes 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 suitability, ecological interactions, social interactions, personality, 

demography, dispersal patterns and genetic factors such as pre-adaptation or invasion 

potential. Distinguishing among contributors to invasion success in wild systems is a 

technical challenge, but comparing recent and replicated invasions of the same 

species—in this case, the starling—may help identify which factors best explain 

invasion success in one wild bird. 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. 
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Figure 1.2. A proposed model of starling invasion success. This figure suggests how 

starlings might establish and spread in a variety of environmental conditions.  
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4.1 Dispersal and migration may evolve to support range expansion 

Starlings may be resident (remaining in the same area year-round) or migratory 

(seasonal visitation to a location), with birds migrating up to 1,000-1,500 km (Linz et al. 

2007). In general, starlings are migratory in the North and Eastern portions of their 

European range, and partially migratory and resident in the South and Western regions 

(due to warmer temperatures (Higgins et al. 2006). Within the North America range, 

rates of migration vary from 3-100% among populations (Kessel 1953; Blem 1981). 

Migratory behavior is frequently reported in North-East United States populations, 

though residency during colder winter months is enabled by urban landscape elements 

(Kessel 1953; Dolbeer 1982; Higgins et al. 2006). Within the other invasive populations 

including Australia and New Zealand there is no evidence of migration (Waterman et 

al. 2008); however, unconfirmed reports suggest migration may be a rare but 

nevertheless present phenomenon. How migratory behavior might support adaptation 

in other passerine birds is an active and fruitful area of research to extend into starlings 

(Chapman et al. 2011; Winger et al. 2019; Delmore et al. 2020). 

In contrast to annual or partial migration, all starling populations experience 

variable dispersal strategies that impact range expansion. In every population, younger, 

juvenile 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; Figure 1.3). This stage is essential in the 

species’ expansion: long-range dispersal is common when starlings are juveniles, before 

they have mated (Cabe 1999), which is common in many avian species (Paradis et al. 

1998). Although dispersal itself is common across populations, the distance dispersed as 
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well as the timing of dispersal varies according to particular environmental conditions, 

whether population density or climatic conditions. Specifically, within the South 

African introduction, increased dispersal in this species is associated with population 

declines and relatively low abundance (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 explicitly been 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 any other number of factors 

(Werner et al. 2020). In Australia, long-distance dispersal events report heavy female 

bias (Rollins et al. 2009), which may suggest that juvenile female dispersal is enhanced 

by a drive to find a suitable nesting space, though this has not been tested. Considering 

this evidence, the starling’s dispersal strategies differs 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). 

 

4.2 The starling’s breeding biology may facilitate expansion 

Starlings depend on existing cavities for a space to nest. Because of this, starlings are 

resourceful when selecting nest sites, and regularly nest in manmade structures 

(Mainwaring 2015), or in cavities excavated by other birds or animals (Palacio et al. 

2016). Beyond the benefits provided by cavity-nesting, starlings, like many bird species, 

breed synchronously during spring, informed by a number of abiotic and biotic cues 

(Figure 1.2). Breeding phenology shifts with short-term environmental changes such as 
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photorefractoriness (Dawson et al. 2001), and longer-term climatic shifts (McDermott & 

DeGroote 2016). Starlings also rely on social cues to facilitate breeding synchrony. 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 then that the mass breeding achieved through 

synchrony provides group benefits such as collective predator awareness and defense 

in both parents and fledglings (Smith 2004). Hence the starling’s social system actually 

facilitates 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 unnatural that may serve as a nest, etc.) all create a positive 

feedback loop, encouraging greater population expansion. Dramatic reproductive rates 

lead to increased density in the population, and this positive density dependence often 

triggers dispersal. Starlings may also accelerate population expansion by laying more 

eggs: averaged across the North American population, starlings in fact lay larger 

clutches than the average clutch size in the native population (Dawson 1983; Ball & 

Wingfield 1987). Finally, starlings are known for displaying a wide range of personality 

types across the species (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 parasitism) for optimizing their effort in caring for young (Higgins 

et al. 2006). Breeding strategies may shift across native and invasive starling 

populations, which may support establishment and subsequent populaton expansion.  
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4.3 The starling’s behavior and ecological interactions may also support invasion 

success 

Variable ecological interactions may also affect invasion success and population 

characteristics. For instance bird invasion success is positively affected by the presence 

of other invasive species (Redding et al. 2019), a common occurrence in urban areas 

where starlings thrive. In areas where human urbanization is minimal, starlings will 

rely on natural nesting spaces, either preexisting or excavated by another species. 

Starlings may expand easily where equivalent niche or cavity-nesting species already 

reside, because there are already nesting sites available in these areas. Nest site 

availability is one of many limiting factors in starling survival: like any other species, 

starlings must find food and escape predators, and how exactly starlings adjust to new 

ecological contexts varies.   

Starlings have a relatively big brain size compared to other birds of a similar size, 

which may plausibly play a role in their invasion success (Sol et al. 2002). Starlings’ 

cognition may facilitate greater behavioral flexibility and innovation, of particular 

importance during initial invasive population establishment. This cognitive ability also 

enables great dietary flexibility, which impacts the species’ persistence during invasion, 

and during times of stress such as food shortage (Van Berkel et al. 2018; Bateson et al. 

2021). Such behavior may be heritable within families and developmentally modulated 

(Nettle et al. 2015), but regardless the starling’s ability to learn and cope with changing 

conditions likely supports its invasion success.  
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Figure 1.3. Starling life cycle, illustrating points in a starling’s lifetime where variation 

in parental care strategy (for example) might impact invasion success. 

 

5. RAPID ADAPTIVE EVOLUTION MAY FACILITATE EXPANSION IN NOVEL 

ENVIRONMENTAL CONDITIONS 

5.1 Rapid expansion and evolution despite reduced genetic diversity 

As in any invasion, a starling population’s success may be constrained by its effective 

founding population size. A hallmark of invasive species is the rapid population 
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growth and expansion a species experiences upon “colonizing” a new environment. 

Nearly all invasions begin in a low-density population, and their subsequent expansion 

increases fitness of that population; by definition, these invasive populations are subject 

to an Allee effect (Allee 1931). The South African invasion is an outlier even among 

starling invasions: the founding population was only 18 individuals (Craig 2020, Table 

1.1), which may explain the slow expansion speed in South Africa. Theory predicts that 

populations with smaller starting effective population sizes (Ne) should adapt more 

slowly than a population with higher Ne: effective population size impacts standing 

genetic variation available to selection, and adaptive variants are more likely to persist 

in larger populations (Baker & Stebbins 1965). However, even if the founding 

population is subject to a genetic bottleneck, rapid expansion can counteract diversity 

loss (Birzu et al. 2019); as the population expands, mutation may generate potentially 

adaptive variants (Gilbert et al. 2017; Gilbert & Whitlock 2017). Alternatively, expansion 

in South Africa may simply be slower because the population was not dense enough to 

trigger dispersal--a phenomenon we describe in the next section. In reality, population 

density and environmental conditions likely both shape range expansion in South 

Africa and other invasive populations.  

Environmental conditions likely also shape expansion speed, perhaps even by 

promoting local adaptation. Even invasive species that have undergone severe 

bottlenecks are capable of rapid adaptive evolution in a novel environment (Dlugosch 

& Parker 2008; Facon et al. 2011; Rollins et al. 2013), perhaps via inbreeding x 

environment interactions (Schrieber & Lachmuth 2017).  While genetic bottlenecking 

may explain why whole genome resequencing data reveals that the Australian 



 

 

30 

 

population remains very distinct from the North American and native UK populations 

(Hofmeister et al. 2021a), this would have been partially counteracted by the many and 

repetitious introductions to this range. Hence it is possible that, as the Australian 

climate is so dissimilar to that of the native range, rapid evolution may have been a 

prerequisite for establishment, and may be contributing to these differential genetic 

patterns. This hypothesis may also be supported by incidental evidence of 

establishment lag times, which are reported to be 4-5 years in North America, and 

considerably longer in Australia (Jenkins 1977; Woolnough et al. 2005; Higgins et al. 

2006).  In North America, historical records indicate that overcoming an elevational 

barrier may have slowed expansion speed (see Section 3.3; (Cooke 1928)). Given that 

genetic variation in the North American range is associated with elevation, it is possible 

that selection to cope with high-elevation conditions not experienced in the native range 

may also support North American expansion. 

 

5.2 Interactions between adaptation and dispersal 

Differences in genetic characteristics and substructure within each population are 

plausibly linked to differing dispersal characteristics. Environmental similarity to native 

range environments may explain part of the dispersal variation across populations, 

expanding our knowledge of native range environments and dispersal tendencies 

would further provide context to interpret these differences. Only within the eastern 

North American invasive range do we see migratory behaviour, facilitated possibly by 

environmental similarity and necessitated by the colder temperatures to the north. The 

presence of migration in this population undoubtedly has a massive impact on the 
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genetic substructure, encouraging greater genetic homogenisation. Contrasting this 

invasion to the older Australian and the marginally (7 years) younger South African 

one, the North American population covers an area many times larger than both. It is 

possible that migration enabled faster range expansion, and continues to enable genetic 

exchange across all but the more isolated areas of the range, diluting the effects of 

invasion gradient allele patterns (e.g. genetic drift and spatial sorting) and perhaps local 

adaption (Hofmeister et al. 2021b). 

The Australian population shows spatial sorting, with wing length and loading 

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 display spatial sorting and 

others not? Higher dispersal is associated with less desirable conditions, either due to 

the environment or high population density. Meanwhile, the native range shows a 

declining rate of spread with increased distance outside of Europe, which may be due 

to environmental suitability or population density (Hui et al. 2012). This ‘good-stay, 

bad-disperse’ hypothesis (Hui et al. 2012) may account for the introduction-sites to 

range-edge genetic gradients, and may encourage spatial sorting as seen in the 

Australian population (Phair et al. 2018). However, spatial sorting was not reported in 

South Africa, perhaps for two reasons: 1) founding size of the initial introduction was 

much smaller, providing less genetic variation to sort, and 2) the geographic range is 

much smaller, such that individuals disperse more readily from introduction site to 

range edge. Overall, this unidirectional dispersal movement may facilitate greater 

substructure in the population within these invasions compared to North America 

(though we cannot comment here on the native range due to the lack of genetic studies). 
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While many of these patterns of density-dependent growth and dispersal can at least in 

part explain the paradox of invasion success in starlings, determining the genetic basis 

for dispersal-related traits may clarify the eco-evolutionary feedback loops central to 

this invasion success. Empirical tests of dispersal evolution are underway in invasive 

systems like the cane toad (Perkins et al. 2013) and the ladybird beetle (Lombaert et al. 

2014), and models that weight the contribution of both population densities and 

selection strength may yield insight into the relative importance of each factor (Lion 

2018). 

 

5.3 Persistence aided by environmental niche flexibility 

The starling possesses great environmental flexibility as established above, with the 

characteristics of establishment and range expansion (e.g., introduction location, 

population density) varying dramatically among invasions. They are, however, 

restricted from northward expansion in the northern hemisphere due to colder 

temperatures, and expansions towards the equator are hampered in the southern 

hemisphere populations by heat and aridity extremes (e.g., inland Queensland, 

Australia). Recent analysis of global bird invasions indicates that climate suitability 

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 characteristics. Already we see local adaptation to 

environmental factors developing in the Australian population (Cardilini et al. 2016) 

and possibly even the North American population (Hofmeister et al. 2021b), though 

better understanding of these effects requires further insight into epigenetic variation 
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and phenotypic plasticity, and the role these play in facilitating adaptation and/or 

invasion success (Ghalambor et al. 2007; Gomez-Mestre & Jovani 2013; Murren et al. 

2015). 

Starlings in the native range have much lower thermal tolerance compared to the 

populations of North America (Dmi’el & Tel-Tzur 1985). Presumably, southern 

hemisphere starling populations are less restricted by cold environments, as they would 

be required to disperse a much farther distance to enter temperature limiting 

environments. Nevertheless, higher temperatures will likely restrict population 

expansion further towards warmer (more equatorial) regions (Feare & Craig 1999): this 

relationship is supported by the fact that starling populations become increasingly 

sparse approaching equatorial regions (Figure 1.1). 

 Niche opportunists make successful invaders, and the starling, as generalists, 

may successfully habituate in environments very different from those of their native 

range (Vall-llosera et al. 2016). Anthropogenic land alteration may counteract any 

restrictive effects of environment on range expansion. Humans may have assisted the 

starling’s colonisation of cold extremes in the native range and North America, and arid 

areas of inland Australia, but in particular human land alteration likely impacts 

subsequent expansion. 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 urbanised areas (Mennechez & Clergeau 

2006). Starlings, however, do not require large habitats to settle, and are capable of 

colonising small remnant vegetation patches (Antos et al. 2006). Further population 

modeling and range estimates of this species should account for anthropogenic land 
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use, in particular land associated with agriculture, in any predictive models (Duncan et 

al. 2001; Baker & Bomford 2009). This is of particular importance as climate alone 

appears to not have any large scale macro-association with range distributions 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. 

 

Box 1.2. Starling as an excellent eco-evolutionary model system 

The starling represents an excellent system in which to investigate questions around 

evolution and colonisation success. The multiple independent introductions of starlings 

bring with them a respectable amount of pre-existing literature characterising the 

patterns of genetic diversity (though to somewhat different degrees) across all the five 

invasive populations. There exists also multi tissue transcriptomic data available for the 

starling derived from both-short read and long-read RNA data (Richardson et al. 2017; 

Stuart & Edwards et al. 2021b), as well as two high quality genomes from two different 

contents (North America, and Australia, Stuart & Edwards et al. 2021), providing vital 

genomic references for future sequencing analysis. There is also much non-invasion 

related research into the starling, for example understanding their interactions with 

agriculture (Linz et al. 2017), patterns of migration and flocking (Piersma et al. 2020), 

and social behaviours, in particular its song (for example, Eens 1997) and extensive 

studies of hormone regulation of behavior (for example, Gwinner et al. 2002), which 

provide a wealth of background knowledge from which to interpret and contextualise 
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new results. Finally, the starling also features as one of the most abundant and globally 

collected avian skins in museums around the world, enabling temporal analysis to be 

conducted over a wide geographic area.  

 

6. CONCLUSION 

To summarize the future research directions this review has touched on, we present the 

below points as key knowledge gaps within starling population genetics research. First, 

future studies of starling demography and genetics within their native range are 

needed. 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? Especially in light of these changes, conservation of native starling 

populations will require explicit studies of range-wide genetic diversity. To our 

knowledge, there is no record of starling population genetics and diversity within their 

native range, and this is a critical next step in starling population genetics. 

Second, we must monitor of ongoing invasive starling range expansion. 

Documenting rapid evolution at expanding range edges may help to clarify whether 

and how populations adapt to local conditions. This work is critical in Australia, New 

Zealand, southern Africa and South America, where conservation managers actively 

work to control starling spread. As the newest major starling incursion, the Argentinean 

population will be a critical system to test the relative importance of intrinsic and 

extrinsic factors; specifically, we look forward to learning how genomic tools as well as 

careful tracking of the spatial expansion of this population clarify factors shaping 
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starling invasion success. 

Next, comparative studies between starlings and other avian invaders might 

clarify mechanisms that support invasion success more broadly. There are a few other 

successful globally successful avian invaders, such as the common myna, the house 

sparrow, and the spotted dove. Cross-species investigation will allow more general 

examination of sources of genetic variation that predate rapid adaptation within 

invasive species, and elucidating shared properties of successful avian invasives. 

Finally, starlings present a useful system for further empirical studies into the 

invasion paradox. The starlings’ natural multi-continental introductions provide an 

ideal system to investigate the relative importance of introduction number on post-

establishment genetic diversity, plasticity, and evolutionary capacity. 

This review attempts a holistic survey of starling population genetics, bringing 

together literatures from both the native range and several invasions to identify drivers 

of starling invasion success. As an avian invader with a well-documented natural 

history across many continents, the starling provides an ideal testing ground for 

hypotheses about invasion success and post-introduction evolution.  

 

Table 1.1: global starling introductions including introduction date, location, number 
of individuals, and other introduction relevant metadata. Fields with unknown values 
are indicated by a dash. 
 

Country Date of release 
Introduction 
site 

Number of 
individual
s Established? Introduced by 

Introductio
n source Reference 

North 
America 1850 

Westchester, 
PA - No - 

- 
Cooke 1928 

 1872-3 
Cincinnati, 
OH - No - 

- 
Phillips 1928 

 1875 Quebec, CA - No - 
- Kalmbach and 

Gabrielson 
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1921 

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

- 
 

 1877 
Central Park, 
NYC - No 

Eugene 
Schieffelin 

- 
Phillips 1928 

 1890 
Central Park, 
NYC 80 

Yes, common 
by 1895 

Eugene 
Schieffelin 

- Phillips 1928, 
Cooke 1928 

 1891 
Central Park, 
NYC 80 

Yes, common 
by 1895 

Eugene 
Schieffelin 

- Phillips 1928, 
Cooke 1928 

 1897 
Springfield, 
MA - 

- 
- 

- 
Phillips 1928 

 1897 
Bay Ridge, 
NY - 

- 
- 

- 
Phillips 1928 

Jamaica 1903 Jamaica - Yes - -  
Australi
a 1856 NSW - Unknown 

Private 
introductions England 

Jenkins 1997, 
Long 1981 

 1857 Melbourne 89 
Yes, common 
by 1963 

Private 
introductions Britain Long 1981 

 1858 Melbourne - Presumably 
Private 
introductions Britain Long 1981 

 1860 Phillip island 6 Presumably Presumed AS - Jenkins 1997 

 1860s SA - Probably Presumed AS - 

Higgins et al 
2005, Jenkins 
1997 

 1863 Melbourne 36 Presumably 
Acclimatisatio
n society - 

Jenkins 1997, 
Higgins et al 
2005, Long 
1981 

 1864 Melbourne 6 Presumably 
Acclimatisatio
n society - 

Higgins et al 
2005, Long 
1981 

 1865 Melbourne 120 Presumably unknown - Jenkins 1997 

 1866 Phillip island 6 Presumably unknown - 
Jenkins 1997, 
Long 1981 

 1866 Melbourne 15 Presumably 
Acclimatisatio
n society - 

Higgins et al 
2005 

 1869 Queensland a ‘batch’ 

Probably not - 
colonisation 
from range 
expansion 
most likely 

Acclimatisatio
n society England 

Jenkins 1997, 
Higgins et al 
2005, Long 
1981 

 1871 Melbourne 20 Presumably Presumed AS - 
Higgins et al 
2005 

 1880 
New South 
Wales 

2 small 
batches Presumably Presumed AS 

Victoria or 
New 
Zealand 

Higgins et al 
2005, Jenkins 
1997 

 1880 Melbourne - Presumably Presumed AS nz 
Higgins et al 
2005 

 
1800/1860/188
0 (1860 most Tasmania 75 yes 

D. L. 
Crowther NZ 

Higgins et al 
2005, Long 
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reported) 1981 

 1881 
South 
Australia 89 Presumably 

Acclimatisatio
n society - 

Higgins et al 
2005, Long 
1981 

New 
Zealand 1862 Nelson 17 Presumably 

The Nelson 
Society Britain 

Thompson 
1922 

 1967 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 
Liversidge 
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 

 
pre-2001 (first 
spotted 2001) Santa Fe - Yes - 

North 
America Peris 2005 
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CHAPTER 2: ENVIRONMENTAL CORRELATES OF GENETIC 

VARIATION IN THE INVASIVE AND LARGELY PANMICTIC 

EUROPEAN STARLING IN NORTH AMERICA 

 

 

ABSTRACT 
 

Populations of invasive species that colonize and spread in novel environments may 

differentiate both through demographic processes and local selection. European 

starlings (Sturnus vulgaris) were introduced to New York in 1890 and subsequently 

spread throughout North America, becoming one of the most widespread and 

numerous bird species on the continent. Genome-wide comparisons across starling 

individuals and populations can identify demographic and/or selective factors that 

facilitated this rapid and successful expansion. We investigated patterns of genomic 

diversity and differentiation using reduced-representation genome sequencing 

(ddRADseq) of 17 winter-season sampling sites. Consistent with this species’ high 

dispersal rate and rapid expansion history, we found low geographic differentiation 

and few FST outliers even at a continental scale. Despite starting from a founding 

population of ~180 individuals, North American starlings show only a moderate genetic 

bottleneck, and models suggest a dramatic increase in effective population size since 

introduction. In genotype-environment associations we found that ~200 single-

nucleotide polymorphisms are correlated with temperature and/or precipitation 

against a background of negligible genome- and range-wide divergence. Given this 
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evidence, we suggest that local adaptation in North American starlings may have 

evolved rapidly even in this wide-ranging and evolutionarily young system. This 

survey of genomic signatures of expansion in North American starlings is the most 

comprehensive to date and complements ongoing studies of world-wide local 

adaptation in these highly dispersive and invasive birds.  

 

INTRODUCTION 

Studies of local adaptation have long bridged the interface between ecological and 

evolutionary questions by exploring how populations adapt to differing environmental 

conditions. Traditionally, high degrees of local adaptation were expected to be present 

only in fairly isolated populations—those free from the homogenizing effects of high 

gene flow—with a long history in those locations, providing the time thought to be 

necessary for local adaptation to evolve (Lenormand, 2002). We now know that local 

adaptation occurs frequently even in systems with high gene flow (Yeaman & Whitlock 

2011; Tigano & Friesen, 2016) and often rapidly after colonization of a novel 

environment (Prentis et al., 2008). We continue to find evidence for rapid local 

adaptation in systems as divergent as cane toads (Rollins et al., 2015), sticklebacks 

(Lescak et al., 2015), honeybees (Avalos et al., 2017), steelhead trout (Willoughby et al., 

2018), deer mice (Pfeifer et al., 2018), and many more. These studies show that many 

taxa can adapt rapidly to local conditions in response to the new selection regimes they 

encounter as they expand their range.  

Invasive species that have recently expanded into new environments provide 

tractable opportunities to investigate local adaptation as it originates (Colautti & Lau, 
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2015). Invasions typically expand from the founding population(s) following a 

predictable spatial and temporal pattern (reviewed in Excoffier et al., 2009). Many 

invasive species experience genetic bottlenecks as a result of an initial founder effect, 

but this loss of standing genetic diversity does not necessarily limit the success of 

invasive species (Schmid-Hempel et al., 2007; Dlugosch & Parker, 2008; Facon et al., 

2011); invasion biologists describe this phenomenon as the paradox of invasion (Estoup 

et al., 2016, Schrieber & Lachmuth, 2017). After successful colonization of a new habitat, 

invasive species often show a demographic boom facilitated by ecological release in the 

new environment. Ecological release is the concept that introduced species are often 

released from top-down limitations to population growth, such as predators or 

pathogens in their native range (Riccardi et al., 2013). At the same time, these novel 

ecological conditions may select among standing genetic variation, where the presence 

of certain genetic variants in the native range accelerates adaptation upon introduction 

(Tsutsui et al., 2000; Schlaepfer et al., 2009; Hufbauer et al., 2011). Invasions thus allow us 

to observe interactions between demography and the early processes of selection 

(Dlugosch et al., 2015) as populations experience new environments.  

Spatial sorting on the invasion front may allow dispersing individuals to 

maximize spatiotemporal fitness and drive incipient adaptation, as in other starling 

invasions (Phair et al., 2017), common mynas (Berthouly-Salazar et al., 2012), 

pumpkinseed fish (Ashenden et al., 2017), and cane toads (Brown et al., 2014). More 

empirical work is needed to verify the conditions in which spatial sorting can lead to 

lasting shifts in fitness (Lee, 2011; Phillips & Perkins, 2019; Williams et al., 2019). 

However, we do know that adaptive dispersal strategies can facilitate range expansion 
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in Western bluebirds (Duckworth, 2008), invasive beetles (Lombaert et al., 2014; Ochocki 

& Miller, 2017), and other species. Certain dispersal strategies can result in gene flow 

that counteracts inbreeding depression and increases adaptive potential (Garant et al., 

2007; Rius & Darling, 2014). If particular traits enable individuals to disperse more 

easily to their preferred habitat, gene flow may be directional and even adaptive 

(Edelaar & Bolnick, 2012; Jacob et al., 2017). Dispersal among populations will certainly 

impact population structure of an invasion, but could even support local adaptation.  

 The European starling (Sturnus vulgaris) stands out as an exceptionally successful 

avian colonist and invasive species. In North America, an estimated 200 million 

starlings currently range from northern Mexico to southern Alaska (Linz et al., 2007). 

Introduced to New York City in 1890, starlings nearly covered the continent within a 

few generations by expanding up to 91 km each year (Bitton & Graham, 2014). The 1890 

introduction is widely accepted as the first successful establishment of starlings in 

North America, but several populations were introduced in Cincinnati, Ohio (1872), 

Quebec, Canada (1875), Allegheny, Pennsylvania (1897), and Springfield, Massachusetts 

(1897), with the second-most successful having been introduced to Portland, Oregon in 

1889 (Forbush, 1915; Kalmbach & Gabrielson, 1921). We note here that multiple 

invasions from different source populations may lead to admixture among previously 

isolated populations and thus the introduction of new alleles to a population (Dlugosch 

& Parker, 2008). Records indicate that none of the earlier starling introductions survived 

more than a few years after colonization, but it is possible that some populations in the 

western U.S. persisted without record (Kessel, 1953). During the starling expansion, 

ongoing seasonal migration and dispersal might have also influenced patterns of 
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genetic variation. In North America, some—but not all—starling populations migrate 

(Dolbeer, 1982). Previous studies indicate that there is considerable variation in 

migratory distances within flyways (Burtt & Giltz, 1977), and early genetic work based 

on a small set of allozyme markers indicated near-random mating at a continental scale 

in North American starlings, with large demes (subpopulations) and high dispersal 

rates (Cabe, 1998; Cabe, 1999).  

Here we use genome-wide markers to explore the population genetics and 

possible genotype-environmental associations in North American starlings with four 

specific aims: (1) to characterize genome-wide levels of diversity and differentiation 

among starlings; (2) to examine how genetic variation changes across the contiguous 

United States; (3) to test for a genetic bottleneck; and (4) to test for signatures of 

selection associated with environmental gradients. We test for these genotype-

environment associations using overwintering sites, and interpret our results in the 

context of range-wide data on starling migration and dispersal (Werner, Fischer, & 

Hobson, 2020), as this movement certainly influences population structure. Models of 

molt origin—which rely on feathers sampled from the same individuals in our genetic 

survey—suggest that starlings that migrate in eastern North America likely experience 

greater gene flow among sampling locations (states, in our study) compared to those in 

western North America, but overall starlings tend to move only regionally and not 

continent-wide (Werner, Fischer, & Hobson, 2020). This work employs modern genomic 

and analytical tools to examine the evolutionary history of this remarkably successful 

avian invasion. 
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METHODS 

Sample collection and processing 

All starlings sampled were collected during the non-breeding season, when large flocks 

aggregate at high-quality food sources. These samples therefore do not represent 

discrete breeding populations but rather a mixture of birds from the surrounding 

region, potentially including migrants from more northerly areas. Starlings (N = 166) 

were collected in January-March 2016 and 2017 from 26 dairies and feedlots by the U.S. 

Department of Agriculture (USDA) Wildlife Services personnel in Arizona, California, 

Colorado, Idaho, Illinois, Iowa, Kansas, Missouri, Nebraska, Nevada, New Hampshire, 

New Mexico, New York, North Carolina, Texas, Washington, and Wisconsin (Figure 

2.1). USDA Wildlife Services personnel collected birds from 2-5 sites in each state, 

where each collection site was >5 km apart. USDA personnel then euthanized whole 

adult males by lethal gunshot, avicide, or live traps, stored these birds at 0°C until 

tissue sampling, and recorded the latitude and longitude of each collection site using a 

handheld GPS. The collection and use of starlings for this and related studies were 

approved by the U.S. Department of Agriculture, National Wildlife Research Center’s 

Institutional Animal Care and Use Committee (QA-2572, S.J. Werner - Study Director; 

Werner, Fischer, & Hobson, 2020; Table A1). 
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Figure 2.1. Sampling map of all locations, where color indicates inbreeding (FIS) within 

each sampling location. 
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Breast muscle tissue was sampled using biopsy punches (Integra Miltex, York, 

PA) and frozen in 95% ethanol. Samples were shipped on dry ice, and DNA was 

extracted using a Qiagen DNeasy kit following the manufacturer’s protocol (Qiagen, 

New York, NY). DNA concentration of each sample was quantified using a Qubit 2.0 

fluorometer (Thermo Fisher Scientific, New York, NY). Following the protocol of 

Peterson et al. (2012), we generated a reduced-representation genomic dataset of 

double-digested, restriction-site associated DNA markers as described in Thrasher et al. 

(2017) using the restriction enzymes SbfI and MspI and adaptors P1 and P2. We 

sequenced 100bp, single-end reads of the 160 best-quality libraries on an Illumina HiSeq 

2500. We trimmed and filtered for quality using the FASTX-Toolkit 

(http://hannonlab.cshl.edu/fastx_toolkit). We then used the process_radtags 

commands in STACKS v 1.19 (Catchen et al., 2013) to demultiplex the remaining 

sequences. In subsequent filtering steps, we retained reads only if the following 

conditions were met: reads passed the Illumina chastity filter, contained an intact SbfI 

RAD site, contained one of the unique barcodes, and did not contain Illumina indexing 

adaptors.  

Individual reads were mapped to an S. vulgaris reference genome (Hofmeister, 

Rollins et al., in prep) using BOWTIE2 version 2.2.8 (Langmead & Salzberg, 2012) using the 

“very sensitive local” set of alignment pre-sets, and then assembled sequences into 

‘stacks’ using the ref-map option in STACKS. Compared to a reference-free approach, the 

bioinformatics pipeline used for the reference-based assembly has the advantage of 

using fewer similarity thresholds to build loci. We required that a SNP be present in a 

minimum of 80% of the individuals (-r 0.8) with a minimum stack depth of 10 reads at a 



 

 

60 

 

locus within an individual (-m 10) for it to be called. We removed two individuals, one 

with >50% missing data and one with >50% relatedness (measured using the 

unadjusted AJK statistic and calculated within vcftools), leaving 158 individuals 

remaining in the study. A total of 15,038 SNPs were identified. We used vcftools –hwe 

option to remove any SNPs out of Hardy-Weinberg equilibrium (e.g., an exact test that 

compared expected and observed heterozygosity in polymorphic sites only gave a P-

value less than 0.001). About 6% of sequenced variants (904 variants) were out of HWE 

across all sampling sites; given that 1) we are particularly interested in SNPs that may 

be specific to certain populations, and 2) filtering for Hardy-Weinberg equilibrium did 

not change the results described in sections (1) and (2) below, we retain all 15,038 SNPs 

for the results presented here. For all genotype-environment analyses we used all SNPs 

in a given stack, but for STRUCTURE and other analyses sensitive to linkage 

disequilibrium we used only the first SNP in each stack; for unphased genomic data like 

the RAD loci analyzed here, this strategy of exporting one SNP per stack is often used 

as an indirect method of controlling for linkage disequilibrium.  

 

(1) Patterns of genetic diversity and differentiation 

We estimated per-locus measures of genetic diversity and genome-wide differentiation 

using the populations option in STACKS (Catchen et al., 2013). We used vcftools to calculate 

FST among population pairs and heterozygosity and nucleotide diversity (p) within 

sampling sites (“populations”) (Danecek et al., 2011). We determined expected 

heterozygosity at the population level using the Hs() function in the R package adegenet 

(Jombart, 2008), and tested for differences in observed and expected heterozygosity of 
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each locus using a paired t-test in base R (R Core Team, 2019). We also used adegenet to 

calculate fST between populations. We investigated genetic structure within North 

American starlings using an analysis of molecular variance (AMOVA) in the R package 

poppr (Kamvar et al., 2014). We tested whether most genetic variation was observed 

among individuals or among sampling sites. To determine significance, we compared 

observed variation at each hierarchical level to the randomly permuted distance 

matrices for that particular level using 999 simulations in the function randtest() in the R 

package adegenet (Jombart, 2008), hypothesizing that the observed variance is greater 

than expected within individuals and less between individuals and between sampling 

sites.  

We tested for isolation by distance (IBD) using a simple Mantel test in adegenet 

(Jombart, 2008): for these data, the assumption of stationarity likely holds, given that 

North American starlings appear to be in mutation-migration-drift equilibrium (Guillot 

& Rousset, 2013). Geographic distances among sampling locations follow a bimodal 

distribution where locations are either very near or far from each other, and thus we 

caution that the Mantel test may not be an appropriate test of isolation by distance 

(Appendix A.2). Nevertheless, we report the results of a Mantel test with a Spearman 

correlation and 9999 permutations.  

 

(2) Population structure 

We first used non-parametric approaches to determine whether 6,287 SNPs clustered by 

sampling location, using principal components analysis in SNPRelate (Zheng et al., 2012) 

and discriminant analysis of principal components (DAPC) in adegenet (Jombart, 2008). 
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We then tested for population structure using STRUCTURE (Pritchard et al., 2000) by 

simulating 10 runs of each K. Although we sampled starlings from 17 locations, we 

hypothesized that North American starlings would cluster into at most eight 

populations (K=1-8) based on the non-parametric tests described above. To select the 

best-supported K, we used the Evanno method implemented in STRUCTURE 

HARVESTER v0.6.94 (Earl & vonHoldt, 2011).  We averaged results across the 10 runs 

using the greedy algorithm in the program CLUMPP v1.1.2 (Jakobsson & Rosenberg, 

2007), and visualized results using DISTRUCT v1.1 (Rosenberg, 2003). Given that 

evidence of population structure depends on the filtering thresholds selected, we ran 

this model-based approach using a very strict minimum minor allele frequencies (MAF 

= 0.3, N SNPs = 3,568) and a more relaxed minimum frequency (MAF = 0.1, N SNPs = 

6,287) (Linck & Battey, 2017). STRUCTURE results did not differ substantially among 

MAF thresholds, and we used a filtered dataset with a minimum minor allele frequency 

of 0.1 in the demographic analyses below.   

 

(3) Demographic modeling  

We used a traditional model-based approach (fastsimcoal2) to test for a bottleneck in 

North American starlings (Excoffier et al., 2013). We estimated the folded SFS using a 

Python script from Simon Martin (available at 

https://github.com/simonhmartin/genomics_general). We modified the simple 

1PopBot20Mb.tpl and .est files provided with the software as follows: the size of the 

bottleneck (NBOT: 10-1000), start of bottleneck (TBOT: 10-300), ancestral size (ANC: 

1000-100000), current size of the population (NCUR: 100-100000), and end of bottleneck 
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(TENDBOT: TBOT + 500). We performed 100 runs of this model and assessed model fit 

using delta-likelihood for each run of the model; since all models use the same numbers 

of parameters, the Akaike information criteria do not change between models. We also 

ran a demographic model that takes linkage into account, the Stairway plot method, but 

given that this method does not explicitly test for a genetic bottleneck, we describe the 

method and results in the Appendix (Appendix A3).  

 

(4) Selection analyses 

We first identified environmental variation at each sampling location using the R 

package raster (Hijmans & van Etten, 2012), extracting all 19 bioclimatic variables for 

each set of sampling coordinates from WorldClim 2.0 at a resolution of 5 min on June 

16, 2018 (Fick & Hijmans, 2017). We test for isolation by environment (IBE) using the R 

package vegan to compare environmental, geographic, and genetic distances (Oksanen 

et al., 2019). Controlling for geographic distance, we ran partial Mantel correlograms 

using Euclidean environmental distance matrices built for each bioclimatic variable. To 

examine how loci may covary across multiple environmental gradients, we used 

redundancy analysis (RDA) (Forester et al., 2018). RDA is especially powerful when 

testing for weak selection, and detects true positives in large data sets more reliably 

than other multivariate methods like Random Forest (Forester et al., 2018). Because RDA 

requires no missing data, we first imputed genotypes where missing sites were 

assigned the genotype of highest probability across all individuals—a conservative but 

quick imputation method. Before imputation and after filtering, about 31% of genotypes 

were missing from the dataset of 15,038 SNPs (not filtered for MAF), and we required 
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that all imputed SNPs were present in at least 80% of individuals. We then used the R 

package vegan to run the RDA model (Oksanen et al., 2019); for a full description of this 

method, see Forester et al., 2018. Briefly, RDA uses constrained ordination to model a set 

of predictor variables, and unconstrained ordination axes to model the response 

(genetic variation). RDA infers selection on a particular locus when it loads heavily onto 

one or more unconstrained predictor axes, and we retained five variables with 

relatively low variance inflation factors: BIO1 or Annual Mean Temperature (VIF=3.54), 

BIO7 or Temperature Annual Range (4.55), BIO12 or Annual Precipitation (8.69), BIO16 

or Precipitation of Wettest Quarter (7.91), and elevation (2.19). Each of these variables 

appeared normally distributed, and correlations among predictors are all lower than 

0.57, except for the correlation between BIO1 and BIO7 where R=-0.79. We tested for 

significance using the anova.cca function within the vegan package, and also permuted 

predictor values across individuals to further check significance of the model. We 

identify candidate loci as those that are 3 or more standard deviations outside the mean 

loading. The R scripts for all RDA analyses and figures were written by Brenna Forester 

(available at https://popgen.nescent.org/2018-03-27_RDA_GEA.html). 

 

RESULTS 

(1) Patterns of genetic diversity and differentiation 

We identified 15,038 SNPs at a mean of 27X sequencing depth across 17 sampling 

locations. Using a dataset filtered by a minor allele frequency of 0.1, we find that 

genome-wide FST is extremely low (0.0085), and measures of genetic diversity do not 

vary substantially among sampling locations (Figure 2.1, Table 2.1). Across all of these 
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wintering starling sampling sites, the highest pairwise FST was 0.0106 between birds 

from the adjacent states of Arizona and New Mexico. Using a haplotype-based statistic 

of differentiation, fST among sampling sites shows an absence of genetic structure (fST = 

0.0002). Hierarchical AMOVAs reveal that 94% of the observed genetic variance is 

explained by variation within individuals, and the remaining variance reflects 

differences among individuals from the same sampling site, with negligible variation 

explained at the between-population level (Figure 2.2C-D).  Across the genome, FST and 

nucleotide diversity are exceptionally low (Table 2.1, Table 2.2). Genome-wide 

heterozygosity is moderate at 0.339, and across loci observed heterozygosity differs 

significantly from expected (t = 66.6, df = 3569, P<0.001, Table 2.1).  
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Sampling location N ind. Private Hobs Hexp 𝜋 FIS 
Arizona 10 1 0.32 0.24 0.35 0.069 
California 11 0 0.33 0.25 0.35 0.061 
Colorado 8 1 0.33 0.24 0.35 0.066 
Idaho 8 0 0.33 0.22 0.35 0.047 
Illinois 7 1 0.33 0.26 0.35 0.056 
Iowa 9 0 0.33 0.24 0.36 0.078 
Kansas 9 2 0.35 0.23 0.35 0.012 
Missouri 9 0 0.33 0.23 0.35 0.053 
Nebraska 11 0 0.34 0.22 0.35 0.042 
Nevada 10 0 0.33 0.31 0.36 0.068 
New Hampshire 11 1 0.33 0.26 0.35 0.065 
New Mexico 7 2 0.33 0.29 0.36 0.068 
New York 10 0 0.34 0.25 0.35 0.037 
North Carolina 11 1 0.33 0.25 0.35 0.060 
Texas 9 1 0.33 0.24 0.35 0.052 
Wisconsin 8 0 0.33 0.22 0.35 0.050 
Washington 10 2 0.32 0.30 0.35 0.082 

 

Table 2.1. Population genetic summary statistics. For each sampling location, the table 

shows the number of individuals, number of private alleles, observed and expected 

heterozygosity, nucleotide diversity, and the inbreeding coefficient FIS. 
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 AZ CA CO IA ID IL KS MO NC NE NH NM NV NY TX WA WI 

Arizona 28 0.008 
5 

0.009 
0 

0.009 
3 

0.009 
0 

0.008 
2 

0.009 
12 

0.01 
2 

0.009 
3 

0.009 
0 

0.01 
25 

0.011 
10 

0.01 
0 

0.01 
0 

0.01 
2 

0.01 
0 

0.01 
5 

California 5 40 0.008 
0 

0.006 
5 

0.005 
0 

0.005 
0 

0.005 
10 

0.005 
0 

0.007 
5 

0.006 
0 

0.007 
0 

0.005 
10 

0.006 
0 

0.006 
0 

0.007 
0 

0.006 
0 

0.006 
10 

Colorado 0 7 43 0.006 
0 

0.008 
7 

0.008 
2 

0.007 
0 

0.007 
0 

0.006 
0 

0.006 
11 

0.007 
7 

0.01 
4 

0.007 
2 

0.006 
0 

0.007 
0 

0.007 
2 

0.009 
0 

Iowa 4 16 0 8 0.006 
0 

0.005 
14 

0.008 
4 

0.007 
14 

0.005 
2 

0.009 
0 

0.007 
6 

0.007 
14 

0.006 
0 

0.006 
2 

0.007 
0 

0.007 
0 

0.008 
6 

Idaho 0 0 4 0 23 0.007 
0 

0.007 
0 

0.006 
0 

0.007 
0 

0.005 
4 

0.007 
0 

0.008 
0 

0.004 
8 

0.006 
0 

0.007 
0 

0.006 
19 

0.007 
0 

Illinois 5 2 5 2 0 12 0.007 
5 

0.006 
17 

0.007 
0 

0.006 
0 

0.006 
7 

0.01 
17 

0.005 
0 

0.006 
0 

0.006 
2 

0.007 
0 

0.008 
12 

Kansas 2 12 2 0 0 5 7 0.005 
12 

0.006 
29 

0.005 
2 

0.006 
5 

0.006 
2 

0.005 
0 

0.006 
2 

0.007 
2 

0.006 
0 

0.006 
10 

Missouri 5 5 0 0 0 5 5 11 0.005 
16 

0.006 
0 

0.006 
5 

0.007 
26 

0.006 
0 

0.006 
0 

0.006 
0 

0.007 
0 

0.007 
11 

North Carolina 0 0 0 0 0 0 16 0 32 0.006 
0 

0.007 
0 

0.007 
0 

0.006 
0 

0.006 
0 

0.007 
44 

0.008 
0 

0.006 
4 

Nebraska 0 8 24 0 16 0 0 0 0 12 0.008 
12 

0.006 
4 

0.006 
8 

0.007 
0 

0.007 
0 

0.007 
0 

0.006 
0 

New Hampshire 28 6 0 3 0 0 3 3 0 6 9 0.007 
6 

0.007 
3 

0.006 
0 

0.007 
0 

0.007 
0 

0.007 
13 

New Mexico 11 0 0 0 0 0 0 0 11 11 0 67 0.006 
0 

0.008 
0 

0.007 
0 

0.007 
0 

0.007 
0 

Nevada 0 3 4 1 18 0 1 0 0 11 3 1 14 0.005 
0 

0.007 
0 

0.006 
14 

0.006 
1 

New York 3 10 0 1 0 15 1 10 0 1 6 1 1 1 0.007 
0 

0.006 
0 

0.005 
21 

Texas 5 0 0 0 0 0 0 3 26 0 0 2 0 0 65 0.007 
0 

0.008 
0 

Washington 0 0 0 0 0 0 0 0 0 7 0 0 60 0 0 7 0.006 
0 

Wisconsin 10 0 2 2 2 8 6 4 0 2 2 0 0 10 0 0 31 
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Table 2.2. Differentiation and movement among sampling locations. This table shows 

the percentage of birds assigned to each sampling location, where columns indicate 

state of origin. Note that these values are directional: although 12 starlings that were 

collected in AZ originated in KS, only 2 starlings collected in KS originated in AZ. The 

black diagonal indicates the percentage of birds assigned to that collection state 

according to a discriminant function analysis of molt-origin presented in Werner et al. 

For example, 28% of birds collected in Arizona originated in that location. FST among 

locations is presented above the diagonal, and darker gray colors indicate higher FST.  
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Figure 2.2. Population structure. A) Principal components analysis on 6,287 SNPs, with 

PC1 explaining 1.07% and PC2 explaining 1.03% of genetic variation observed. B) 

STRUCTURE analyses with K=2 and K=3 (best supported). C) Significance testing of 

hierarchical AMOVAs: the histogram shows expected variance components based on 

999 simulations, and the black diamond is the observed variance component. D) 

AMOVA results.  
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(2) Population structure 

FST among sampling sites is relatively low overall (Table 2.2): starlings sampled in 

Arizona show the highest differentiation from other sampling locations (FST = 0.008-

0.011), and only a few other pairwise comparisons (NM-IL, NM-CO, and CO-WI) show 

an FST of 0.009 or higher. However, we do not recover clear population structure. The 

first two principal components each explain about 1% of variation among individuals 

(Figure 2.2A), and although STRUCTURE identified three populations at the best-

supported value of K, we do not observe obvious differences in ancestry proportions 

among predicted “populations” (Figure 2.2B, Figure A1). Controlling for shared 

ancestry does not resolve population structure, and instead provides support for 

uniform gene flow among individuals (Figure A2). K-means clustering within DAPC 

also does not identify biologically relevant clusters.  

Starling “populations” (sampling sites) follow a clear pattern of isolation-by-

distance (Mantel r = 0.139, P < 0.0001, Figure A3). Spatially explicit models of isolation-

by-distance suggest a fairly uniform rate of migration range-wide, where local increases 

in migration rate are likely a model artifact (Appendix A.2, Figure A4). However, 

models of isolation by environment (IBE) show that the relationship between 

environmental and genetic distances is stronger than the simple geographic-genetic 

distance model. After controlling for geographic distance, we find that all bioclimatic 

variables tested show non-zero correlations between environmental and genetic 

distances (Appendix A.2, Table A1). There is a strong positive relationship between 

genetic distance and both precipitation in the wettest quarter (BIO16, Mantel r = 0.282, P 

= 0.001, Table A1) and elevation (Mantel r = 0.146, P = 0.001, Table A1).  
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(3) Demographic modeling 

A traditional SFS-based model recovers a bottleneck in population size, as expected: the 

estimated effective population size during the bottleneck is ~16,000 individuals (1% of 

the ancestral population size). However, our demographic model suggests that the 

current population size of North American starlings is nearly identical to its pre-

bottleneck size (Appendix A.3, Figure A5). In fact, every run of the model finds that 

starlings’ current effective population size (1.6 million individuals) is considerably 

higher than the estimated Ne of the founding population. This model suggests that 

starlings experienced rapid population growth after the initial founder event, which 

may contribute to the overall lack of evidence for inbreeding. We do detect low levels of 

inbreeding within some populations (Table 2.1, highest FIS = 0.082 in Washington).  

Taken together, these models do not suggest a classical founder effect, whereby 

effective population size remains low for many generations post-bottleneck. 

 

(4) Selection analyses 

Starlings encounter a range of precipitation, temperature, and elevation across their 

range and redundancy analyses revealed the strongest signatures of local adaptation 

compared to all selection testing methods (see Appendix A.5-A.7, Figures A6-8). The 

RDA model showed that 178 variants are correlated with environmental differences 

among sampling sites (F = 1.022, P = 0.002, Figure 2.3). Starlings living in warmer 

climates tend to cluster more closely in the left quadrant and high elevation individuals 

cluster in the middle right quadrant. However, starlings do not cluster based on 
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geographic distance: for example, starlings from TX and WA cluster closely due to 

shared genetic variants, even though the two sampling sites differ substantially in 

precipitation and temperature and are geographically separated. After controlling for 

population structure, candidates for selection are equally distributed among elevation, 

temperature- and precipitation-associated predictors. Importantly, when environmental 

predictors are randomly shuffled, the RDA model is not significant. Mean annual 

temperature (BIO1) opposes selective pressure related to the range of temperatures 

experienced each year (BIO7), annual precipitation (BIO12), precipitation in the wettest 

quarter (BIO16) and elevation (Figure 2.3). Genes under selection tend to have lower 

allele frequencies, and function in several biological processes (Appendix A.8, Table 

A2).   
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Figure 2.3. Evidence for incipient local adaptation. Redundancy analyses indicate that 

191 SNPs (small gray points) are associated with bioclimatic predictors (vectors). BIO1: 

mean annual temperature; BIO7: temperature annual range; BIO12: annual 

precipitation; BIO16: precipitation of wettest quarter. Significant associations are shown 

in black dots. 
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DISCUSSION 

Our genome-wide data reveal that genetic variation in invasive starlings is associated 

with environmental parameters, and we suggest that these associations might result 

from adaptive processes. Although there is a significant (but low magnitude) signal of 

isolation-by-distance, hierarchical AMOVAs find that variation within and among 

individuals explains observed differentiation better than variation among sampling 

sites. There is no evidence of population structure, and while models indicate some 

subtle spatial patterns of genetic variation, these model-based inferences likely reflect 

sampling artifacts (Appendix A.1, A.2, Figures A2 and A4). Finally, after the initial 

founder effect, the effective population size has grown by a ratio of 1:100. These 

patterns are consistent with the expectation that extensive gene flow—as shown by low 

FST among sampling sites (Table 2.2)—maintains high connectivity among North 

American starling “populations.” When interpreted within the context of a 

complementary exploration of movements inferred from feather isotope assays 

(Werner, Fischer, & Hobson, 2020), this genomic survey confirms that dispersal and 

migration continue to influence the distribution of genetic variation as a result of just 

over a century of range expansion.      

 

Evidence of local adaptation in North American starlings 

This species' low genome-wide differentiation across the continent allows for 

tests of selection on loci that may be involved in local adaptation. We find that almost 

200 of the 15,038 RAD loci appear to be under selection using a redundancy analysis. 

We discuss additional tests of selection in Appendix A.5, Figures A7 and A8, but only 
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13 of the SNPs identified in the RDA model overlap with the SNPs identified by another 

selection scan described in Appendix A (a latent-factor mixed model, Figure A8). It is 

unsurprising that each test identifies different candidates for selection, because the 

assumptions underlying each differ (for more details on selection testing, see Appendix 

A.5). Rather than making inferences based on the genes identified by these scans, we 

instead propose that genotype-environment associations show that changes in 

precipitation and temperature can explain genetic variation in North American 

starlings. Specifically, we hypothesize that aridity and cold temperatures that are not 

experienced in the starling’s native range exert enough selective pressure on North 

American starlings to result in incipient local adaptation. This finding suggests that 

local adaptation may explain genetic variation within the North American starling 

invasion, and we now discuss relevant caveats to this conclusion.  

 

Geography alone does not fully explain genetic structure  

When we compare the relative importance of geographic and environmental distances 

in partial Mantel tests, we find that environmental conditions better explain genetic 

variation. We note that concordance among environmental and genetic distances 

indicates that spatial autocorrelation complicates our selection inferences. Under these 

conditions, any evidence for selection is likely to be weak, and these selection scans can 

generate false positives. However, of comparable genotype-environment association 

methods, RDA has the highest rate of true positives and lowest of false positives, and 

although this method has not been tested in such recent expansions, RDA is well-suited 

to systems where FST is very low (Meirmans, 2015, Forester et al., 2018, Appendix A.5). 
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In addition, when we shuffle environmental predictors randomly, we find no evidence 

for genotype-environment associations, lending additional support to the RDA model 

shown here. 

The environmental conditions that we expect to drive selection—precipitation 

and temperature—vary most substantially in the southwestern region: for example, the 

sampling location in Arizona is consistently warmer (BIO1) and drier (BIO12 and 

BIO16) than other locations (Figure 2.3, Appendix A.4, Figure A6). Starlings in the 

Western region experience these environmental conditions year-round, which could 

allow selection to drive advantageous alleles toward fixation. Elsewhere in the U.S., 

starlings move more freely among states: individuals within each sampling location 

may come from different breeding populations, and additional sampling could reveal 

stronger population structure among true breeding populations. However, if our 

sampling overlooked some true populations, we would expect some signal of 

population structure. Individual-based tests of population structure—e.g., those that do 

not define possible populations a priori—do not recover any signals of population 

structure.  

 

Movement among sampling locations may influence genetic variation 

Our study focuses on birds collected during the winter, which limits our inferences 

about selection to overwintering sites. We interpret the isotopic evidence presented in 

Werner, Fischer, and Hobson (2020) as showing that starlings in the western U.S. tend 

to move regionally whereas birds sampled in the eastern U.S. undertake longer 

movements (Table 2). This in turn suggests that starlings overwintering in the western 
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U.S. are more likely to breed nearby, and thus the environmental conditions that 

starlings experience may not change as dramatically among wintering and breeding 

ranges. However, we recognize that these environmental conditions represent those 

experienced during the non-breeding season, and therefore they do not represent the 

full range of conditions experienced by the starlings sampled; see Appendix A.4 for a 

discussion of our assumptions about this environmental sampling. 

We note that lower rates of gene flow in the western U.S.—of which we find no 

evidence—could explain allele frequency shifts that we infer to be selection. Starling 

movement (e.g., migration and/or dispersal) should influence genetic differentiation 

among sampling locations: we expect high FST where gene flow among sites is lower, 

e.g., where starlings are assigned to a nearby sampling location according to Werner, 

Fischer, & Hobson’s (2020) model of molt origin. Starlings in the western U.S. appear to 

have differentiated subtly from their eastern counterparts based on the higher FST 

between Arizona—and to some degree, New Mexico and Colorado—and all other 

sampling locations (Table 2). Birds collected in these southwestern states are also 

assigned to those states by discriminant function analysis (Werner, Fischer, & Hobson, 

2020); for example, 67% of starlings collected in New Mexico were also assigned to that 

state (Table 2). We suggest that birds assigned to the same state where they were 

collected may reside in that state year-round, but we note that collecting feathers once 

in the lifespan of the bird does not allow us to determine the bird’s lifelong migration 

and dispersal. This model indicates that dispersal and seasonal migration among some 

sampling locations could lead to gene flow among geographically distant 

“populations,” and as expected, movement is not uniform across the starling’s North 
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American range. Given this evidence, we suggest that environmental conditions may 

also influence starling movement across the landscape.    

 

Rapid expansion and allele surfing may contribute to putative local adaptation 

In North America, the effective population size (Ne) of the present-day invasive 

population has expanded dramatically, with models indicating that current Ne is even 

larger than the Ne of the founding population (Appendix A.3, Table A2, Figure A5). 

Given this demographic history of rapid expansion after a genetic bottleneck, it remains 

possible that allele surfing at the range edge could mimic these patterns of local 

adaptation (Excoffier et al., 2009; Slatkin & Excoffier, 2012). Theory predicts that allele 

surfing should drive alleles closer to fixation, but no putative variant under selection 

has an allele frequency greater than 0.28. Furthermore, given that the earliest North 

American starling population was established in the mid 19th-century—which allows 

only a short time for mutations to accumulate—it is likely that any allele frequency 

shifts reflect evolutionary processes acting on standing, ancestral variation. Future work 

might investigate whether particular alleles are shared with the ancestral population(s) 

or generated via mutation. Here we do not explicitly control for linkage, and we note 

that some allele frequency shifts could also be explained by linkage or by genetic 

hitchhiking (Cruickshank & Hahn, 2014).  

We suggest that explosive population growth from hundreds to millions of 

individuals may have encouraged long-distance dispersal away from the dense 

populations in eastern North America. We know that long-distance dispersal is 

common in introduced starlings in South Africa (Hui et al., 2012) and Australia (Phair et 
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al., 2017), where rates of dispersal may be determined by demographic changes and 

environmental quality. Invasive starlings in South Africa disperse when their natal 

environment becomes crowded or unsuitable, e.g., at the leading edge of their range 

expansion (Hui et al., 2012). In general, multiple lines of evidence have shown that the 

dispersal rates and distances of juvenile starlings in North America are remarkably high 

(Dolbeer, 1982; Cabe, 1999; Werner, Fischer, & Hobson, 2020). Whether and how 

dispersal might influence local adaptation of expanding starling populations remains 

an open question. 

 

Local adaptation in other starling invasions and more 

A similar project on starlings in the Australian invasion—which colonized that 

continent nearly concurrently with the North American invasion—found that 

geographic but not environmental distance explains genetic patterns there (Stuart & 

Cardilini et al., 2020). Starlings in the Australian range show substantial population 

structuring and significant patterns of isolation-by-distance. Earlier work had shown 

that gene flow among Australian starling populations is low (Rollins et al., 2009), and 

phylogeographic patterns of mitochondrial sequence variation confirm that starlings on 

the edge of the expansion front in Western Australia have differentiated from those still 

living in the introduction site (Rollins et al., 2011). In fact, starlings at the expansion 

front may have rapidly adapted during the Australian invasion (Rollins et al., 2016): the 

proportion of adult starlings in Western Australia carrying a novel mitochondrial 

haplotype has increased rapidly only at this range edge, which could indicate allele 

surfing. The genotyping-by-sequencing survey referenced above now indicates three 
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population subdivisions in Australia, and global FST across all Australian populations is 

an order of magnitude higher than the equivalent FST index across North America, 

despite similar areas sampled (Stuart & Cardilini et al., 2020). In Australia, the strong 

evidence for isolation-by-distance and founder effects complicate attempts to 

disentangle selection from drift, yet despite their differences in invasion dynamics, 

genotype-environment associations reveal signatures of selection in both invasions. We 

note that preliminary results of whole-genome resequencing of native (UK) and 

introduced (Australian and North American) populations suggest that variability in 

temperature and precipitation may shape observed genetic variation in starlings world-

wide (Hofmeister et al., in prep).  

Our results contribute to the growing evidence of rapid adaptation in some 

expanding populations, even in young systems. Some studies of rapidly expanding 

invasions find little evidence that adaptation may facilitate this expansion, as in corals 

(Leydet et al. 2018). However, other work suggests a role for selection in supporting 

rapid range expansion, such as in experimental studies of flour beetles (Szucs et al., 

2017) and empirical work in guppies (Baltazar-Soares et al., 2019). Invasion biologists 

have long highlighted propagule pressure as a driver of invasion success, but the 

genetic composition may be just as important as the size of the establishing population 

(Briski et al., 2018). For example, genetic bottlenecks in monk parakeets, another avian 

invader now distributed world-wide, do not seem to inhibit invasion success (Edelaar et 

al., 2015). Pre-adaptation in the native range or selection during transport may facilitate 

the spread of invasive species, and human commensalism may support establishment 

and spread, as shown in house sparrows (Ravinet et al., 2018) and common mynas 
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(Cohen et al., 2019), and reviewed across alien bird species (Cardador & Blackburn, 

2019). Empirical studies of invaders like the ones described here also show how, in 

addition to genetic variation, epigenetic shifts and/or plastic changes in gene 

expression may support the establishment and expansion of invasive species (Marin et 

al., 2019). In the well-studied house sparrow—a system quite similar to starlings—

epigenetic shifts may have supported invasions in Africa (Liebl et al., 2013) but not 

necessarily in Australia (Sheldon et al., 2018). Taken together, recent work suggests that 

we should consider a much wider range of demographic and ecological processes that 

lead to adaptive evolution in invading populations. 

Invasive populations allow us to explore the genetic consequences of 

colonization and establishment in novel environments. On a background of low genetic 

differentiation and diversity, we find evidence of incipient genotype-environment 

associations in North American starlings. Here we explore how genetic variation 

changes across the landscape, but we cannot fully understand gene flow without 

studies of dispersal and migration of the individuals that carry genes. Our results 

complement other recent studies that reveal associations between climate variables and 

particular loci in North American vertebrates (Schweizer et al., 2015; Bay et al., 2018). 

Finally, we suggest that our study adds to those suggesting that rapid local adaptation 

can evolve even in dispersive and young populations.  
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CHAPTER 3: CONCURRENT INVASIONS BY STARLINGS ILLUSTRATE 

GENOMIC CONSEQUENCES OF INVASION 

 

 

ABSTRACT 
 

A species’ success during the invasion of new areas hinges on an interplay between the 

demographic processes common to invasions and the specific ecological context of the 

novel environment. Evolutionary genetic studies of invasive species can investigate 

how genetic bottlenecks and ecological conditions shape genetic variation in invasions, 

and our study pairs two invasive populations that are hypothesized to be from the 

same source population to compare how each population evolved during and after 

introduction. Invasive European Starlings (Sturnus vulgaris) established populations in 

both Australia and North America in the 19th century. Here, we compare whole-genome 

sequences among native and independently introduced European Starling populations 

from three continents to determine how demographic processes interact with rapid 

evolution to generate similar genetic patterns in these recent and replicated invasions. 

Demographic models indicate that both invasive populations experienced genetic 

bottlenecks, and we find that specific genomic regions have differentiated even on this 

short evolutionary timescale. Despite these bottlenecks, we suggest that genetic drift 

alone cannot explain differentiation in at least two of these regions, given that within-

population nucleotide diversity and neutrality statistics indicate a role for purifying 

and/or diversifying selection. Instead, the patterns of genetic variation we find are 
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consistent with the hypothesis that this infamous and highly mobile invader adapted to 

novel selection (e.g., extrinsic factors), perhaps in part due to the demographic boom 

intrinsic to many invasions.  

INTRODUCTION 

Some species can establish and spread in a novel environment more successfully than 

others, and defining what makes a species ‘invasive’ is hotly contested (Ricciardi and 

Ryan 2017; Russell and Blackburn 2017; Sagoff 2019; Davis 2020). One open question is 

whether invasion success is more accurately explained by intrinsic properties of the 

founding population and/or by extrinsic conditions experienced by the population. 

Intrinsic properties such as propagule pressure or standing genetic variation certainly 

influence a population’s establishment (Dlugosch et al. 2015). At the same time, recent 

work indicates that local, extrinsic factors are central in predicting establishment 

(Redding et al. 2019). Theoretical frameworks that emphasize eco-evolutionary 

feedbacks may facilitate more accurate predictions of invasion success: a population’s 

expansion depends not only on local ecological conditions but also the evolutionary 

potential of traits such as dispersal ability (Williams et al. 2019; Miller et al. 2020). 

However, if we are to predict how evolutionary history figures in the rapid expansion 

of an invasive population, we first need an accurate measure of genetic variation upon 

establishment. 

When invasive populations colonize a new environment, they often undergo 

genetic bottlenecks (Lowe et al. 2017). However, even populations with limited genetic 

diversity—including those subject to founder effects—can adapt quickly to novel 

environments (Kolbe et al. 2004; Dlugosch and Parker 2008; Marques et al. 2018). For 
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example, genetic drift (or gene surfing) during range expansion has led to adaptation in 

experiments in microbes (Gralka et al. 2016) and wild, invasive bank voles (White et al. 

2013). Simultaneous with demographic shifts, invasive populations may encounter 

environmental conditions that exert novel selective regimes. Although genetic 

bottlenecks often limit the genetic variation available to selection, local adaptation can 

occur even after a genetic bottleneck (Tsutsui et al. 2000; Kolbe et al. 2004; Verhoeven et 

al. 2011; Willoughby et al. 2018). Any divergence after introduction likely reflects a 

combination of demographic and/or selective forces since rapid adaptive evolution 

after establishment depends on sufficient genetic variation in the invasive population. 

In practice, distinguishing among evolutionary mechanisms that explain shifts in 

genetic variation presents several analytical challenges. Any summary statistic of 

genetic diversity or differentiation is built on certain assumptions about the 

demographic history, genomic architecture, and ongoing ecological context that a 

population experiences (Cruickshank and Hahn 2013). Studies that use genomic scans 

draw upon multiple summary statistics to explore how violations of these assumptions 

might lead to inappropriate conclusions about the evolutionary mechanisms operating 

in a population. Even so, geographic sampling and sequencing quality can introduce 

additional biases (Korneliussen et al. 2014), and genomic studies of wild invasive 

populations require methods sensitive to such limitations (North et al. 2021). Recent 

and replicated invasions may be particularly useful for identifying the relative 

contributions of ancestral variation and rapid evolution in expanding invasive 

populations (Dlugosch et al. 2015; Bock et al. 2018; Lu-Irving et al. 2018). One such 

recent invader is the Common or European Starling (Sturnus vulgaris), which was 
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introduced to New York, United States of America in 1890 and across south-eastern 

Australia from 1856 onwards (Higgins et al. 2006; Linz et al. 2007). Both the American 

and Australian invasions were most likely founded by individuals from the United 

Kingdom (Forbush 1915; Kessel 1953), although evidence supports the potential for low 

levels of ongoing gene flow to Western Australia (Rollins et al. 2009).  

The starling’s ecology is well-studied in both invasions, enabling us to explore 

how environmental factors might impact genetic variation (Feare 1984). Native-range 

starlings thrive in open pastures and urban environments alike, but starlings’ ecology 

and life history vary among populations (Stuart et al., in review). In range-wide studies 

of Australian (Cardilini et al. 2016; Cardilini et al. 2018; Stuart et al. 2020) and North 

American (Bodt et al. 2020; Hofmeister et al. 2021) invasions, temperature and 

precipitation influence genetic differentiation, even after controlling for population 

structure. Migration and dispersal also vary among invasions. In North America, 

starlings can migrate long distances each season (Kessel 1953; Dolbeer 1982), but 

populations in the Western USA likely disperse and/or migrate shorter distances 

(Werner et al. 2020). In contrast, starlings in Australia exhibit strong population 

structure and likely move short distances in search of food, even though environmental 

conditions are much more arid than in the native range (Stuart et al. 2020, but see 

Waterman et al. 2008). Finally, variation in the breeding cycle may also facilitate 

invasion success as invasive populations tend to lay more clutches than the UK 

population, and it is possible that environmental differences might also generate 

differences in clutch size and hatching success between native and invasive populations 

(Dawson 1983; Feare 1984; Ball and Wingfield 1987). In summary, previous studies of 
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the ecology and life history of the European starling indicate that local adaptation in 

invasive populations may support the species’ ongoing expansion throughout each 

invasive range (Stuart et al., in review).  

We use concurrent starling invasions in Australia (AU) and North America (NA) 

to examine the evolutionary and genetic consequences of invasion. Complementing 

more shallow sampling across the expanding invasions in North America and Australia 

(Stuart et al. 2020; Hofmeister et al. 2021), we compare population genetic variation in 

the hypothesized introduction sites of both invasions with the putative ancestral 

population in the United Kingdom (UK). Both starling invasions rapidly expanded from 

small founding populations in the late 19th century (1890 in North America, Forbush 

1915; Kessel 1953; 1856 in Australia, Higgins et al. 2006). Given this natural experiment, 

we take advantage of a rare opportunity to compare intrinsic and extrinsic drivers of 

invasion success. Founder effects and other intrinsic demographic properties of 

invasions certainly influence establishment (Briski et al. 2018; Irwin et al. 2018), and we 

predict some divergence from the native, ancestral population (represented by UK 

samples here) due to genetic drift. We combine demographic models with local 

measures of genomic diversity and differentiation to determine whether drift alone can 

explain observed genetic variation, and we find evidence that extrinsic factors such as 

novel selective regimes may generate differentiation in both invasions specific to only a 

few genomic regions. 

 

METHODS 

Sampling and whole-genome re-sequencing 
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Eight individuals from each continent were collected in 2016: 8 from New York City, 

USA (abbreviated as NA), 8 from Northumberland, UK, and 8 from southeastern 

Australia (coordinates for each individual sample listed in Table S1). Libraries for each 

individual starling were constructed using a TruSeq DNA PCR-free High Throughput 

Library Prep Kit (Illumina, San Diego, CA). All individuals passed the initial quality 

check with FASTQC (Babraham Bioinformatics, Cambridge, UK). Adapters were 

removed using AdapterRemoval (Schubert et al. 2016) and reads mapped to the 

reference S. vulgaris vNA genome (GCF_001447265.1) (Stuart et al. 2021) genome using 

BOWTIE2 (Langmead and Salzberg 2012) and checked for mapping quality using 

qualimap (Okonechnikov et al. 2015). Sequencing quality was relatively high: 96.4% of 

reads mapped to the S. vulgaris genome with a coverage of 18.4X and a mapping quality 

of 26.9. Reads were also mapped to a pseudo-chromosome-level S. vulgaris vNA 

genome, where scaffolds were assigned to chromosomes based on orthology to the 

zebra finch reference genome (GCF_000151805.1) (Grabherr et al. 2010). Assuming 

orthology, we were able to predict centromere positions based on the known genomic 

architecture of the zebra finch (Knief and Forstmeier 2016), but this study does not 

directly identify centromere position.  

We called variants using GATK’s HaplotypeCaller in GVCF mode and flagged 

low-quality variants using GATK Best Practices (QD<2, FS>60, MQ<40, and SOR>3, 

accessed March 21, 2018 (McKenna et al. 2010). We filtered sites for missing data, depth, 

and quality using vcftools (parameters: --max-missing 0.8 --min-meanDP 2 --max-

meanDP 50 --remove-filtered-all), which removed 4.1 million sites from the original 

SNP set and left a total of 23.4 million sites for downstream analyses. Starting from the 
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mapped reads used in the GATK pipeline, we also called SNPs based on a minimum p-

value of the correct genotype probability at each site using ANGSD (Kim et al. 2011; 

Korneliussen et al. 2014). Filtering for SNP p-value (0.0001), depth (between 60 and 400 

sequences), and mapping quality (>20) left 16,151,007 sites. All scripts used in read 

processing and filtering are available on GitHub: 

https://github.com/nathofme/global-RESEQ. 

 

Population structure 

Population structure analyses used a dataset of biallelic SNPs in Hardy-Weinberg 

Equilibrium, where minor allele count (MAC) is > 2 and SNPs were pruned for LD by 

removing all sites with an r2 > 0.6 within 1kb sliding windows; this filtering left 868,685 

sites. Since some individuals showed much lower coverage (minimum 5.58X), all tests 

of population structure were run with both variant-called (GATK) and genotype 

probability (ANGSD) datasets. Scripts for variant-called analyses are stored at 

https://github.com/nathofme/global-RESEQ/blob/master/filter-scan.sh, and scripts 

for probability-based analyses at https://github.com/nathofme/global-

RESEQ/blob/master/angsd.sh.   

We estimated variance among and between individuals using a principal 

components analysis in SNPRELATE (Zheng et al. 2012) (GATK) and a covariance matrix 

built in ngsTools (Fumagalli et al. 2014) (ANGSD). We used ADMIXTURE (Alexander 

and Lange 2011) (variant-called) and NGSADMIX (Skotte et al. 2013) (likelihood-based) 

to examine shared ancestry among individuals, and we also measured pairwise genetic 

distances using ngsDist for the likelihood-based dataset only.  
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Demographic inference 

We used FASTSIMCOAL2 (Excoffier et al. 2013) to explicitly test for genetic bottlenecks in 

each population. FASTSIMCOAL2 takes a site-frequency spectrum (SFS) as input, and we 

used the SFS estimated from ANGSD given that likelihood-based estimates are more 

robust to sequencing error (Nielsen et al. 2012). Demographic models in FASTSIMCOAL2 

used priors on the time (TBOT = 10 to 300) and size of the bottleneck (NBOT = 10 to 

1000). This prior was chosen because historical records of starling introductions indicate 

an initial transport of 180 individuals in the NA population (Forbush 1915), and we 

expect a similar introduction effort in the AU population (Rollins et al. 2009). The 

command line arguments were as follows: -M -n 1000000 -L 50 -q -k 100000. Each run 

began with a randomly generated seed (-r), and the -k flag simply writes polymorphic 

sites to a temporary file to cope with the high memory usage of this analysis. Scripts for 

demographic analyses can be found at https://github.com/nathofme/global-

RESEQ/blob/master/demography.sh. To verify this demographic model, we also 

estimate inbreeding coefficients (F-statistics) using the –het command in VCFTOOLS and 

calculate relatedness among each pair of individuals using the –relatedness method of 

Yang et al. (2010) in VCFTOOLS. 

 

Sliding window scans 

For scans of genetic divergence and diversity, we used a variant dataset filtered only for 

depth and quality: we kept variants that had less than 20% missing data across all sites 

but did not apply minor allele frequency (MAF) filters, filter for HWE, linkage, or any 
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other factors. Given that rare alleles likely provide the strongest evolutionary signals in 

this system, we did not want to filter out any alleles that might have been rare in one 

population (e.g., the native UK population) and increased in frequency in another 

population (e.g., the AU or NA invasions). Nevertheless, we test for sensitivity to this 

filtering choice in Appendix B.2.B.  

We calculate FST and nucleotide diversity (p) using overlapping 50-kb sliding 

windows with a step size of 10kb using VCFTOOLS (Danecek et al. 2011). We calculate 

nucleotide diversity separately for each population. We then calculate dxy using a 

Python script by Simon Martin (accessed at 

https://github.com/simonhmartin/genomics_general/blob/master/popgenWindows.

py on February 12, 2020). This analysis includes all confident variant calls (parameters: -

-output-mode EMIT_ALL_CONFIDENT_SITES in GATK’s HaplotypeCaller); only with 

this additional parameter do we recover levels of dxy similar to other systems. We also 

measured FST and p in overlapping 10-kb windows to localize elevated FST to an even 

smaller region of the genome. To visualize relationships between diversity metrics, we 

plotted the mean values of each metric in a 50-kb window. All scripts for plotting are 

stored on GitHub: https://github.com/nathofme/global-RESEQ/.   

 

Identifying candidate genes under selection 

We first identify specific genes underlying all regions of elevated FST using BLAST (E-

value = 40), and manually curate the gene lists for each window by selecting genes 

previously identified in avian species. We then use these gene lists to conduct network 

analyses of gene ontology (GO) terms, which can provide a more holistic and objective 
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method of identifying shared functions. Network analyses can also provide more 

statistical power, correcting for the usual problem of multiple testing. To identify 

functions of candidate regions, we quantified the uniqueness and dispensability of each 

GO term using REVIGO, a method that quantifies semantic similarity (Supek et al. 

2011). This analysis by default emphasizes GO terms that are rare in the list of 

candidates provided. We include a figure of raw REVIGO output in Appendix A that 

groups these GO terms into broader categories to determine the general functions 

underlying FST peaks.  

 

RESULTS 

Differentiation and population structure 

After filtering, we obtained more than 11 million SNPs with minimum 5X coverage 

(average genome-wide coverage = 18.44, for details on how choice of reference genome 

impacts variant-calling, see Appendix B.2). All patterns identified using a variant-called 

dataset concur with those based on genotype likelihood (ANGSD); for details on how 

variant-calling impacts patterns, see Appendix B.3. We use a variant set filtered for 

minor allele frequency (MAF), Hardy-Weinberg Equilibrium, and linkage 

disequilibrium for analyses of population structure, but for more accurate estimates of 

genetic diversity and differentiation, we report results from a genome scan of variants 

filtered only for quality and depth. Differentiation of the two invasive populations from 

the native population is low, which is expected given that these populations split less 

than two centuries ago. However, genome-wide mean differentiation between AU and 

UK (FST AU vs. UK = 0.029) is almost twice that between NA and UK (FST NA vs. UK = 
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0.016; based on the dataset of 868,685 SNPs filtered for a minor allele count (MAC) of 2 

and pruned to one SNP per 1000 Kb). We examined this contrast in genetic 

differentiation using analyses of population structure. 

All three populations are readily distinguished from one another by a principal 

component analysis of the same set of 868,685 unlinked SNPs (MAC > 2): PC1 (6.3% of 

genetic variation) separates the UK and NA populations from the Australian population 

(Figure 3.1A). This evidence complements previous work that showed extensive 

population structuring in Australia but nearly continuous gene flow across North 

America, based on reduced-representation genomic data (Stuart et al. 2020; Hofmeister 

et al. 2021). Principal component analysis in the genotype likelihood framework of 

ANGSD (Korneliussen et al. 2014) shows nearly identical results (Figure B6). 

Furthermore, individuals are reliably assigned to clades based on pairwise genetic 

distances calculated in ANGSD (Figure 3.1B).  

We note that the tight clustering of UK individuals in Figure 3.1A contrasts with 

the large distances between these same individuals in Figure 3.1B. In the genotype 

likelihood dataset, genetic distances between native UK individuals are much greater 

than distances among individuals within each invasive population (Figure 3.1B). 

Because these two datasets differ in variant-calling and filtering strategies, the genetic 

distance among UK individuals in Figure 3.1B may reflect rare alleles that were filtered 

out of the variant set in Figure 3.1A.  However, PCs 3 and 4 in the PCA of the variant-

called dataset do indicate additional structure within the UK population (Figure B7). 
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Figure 3.1. A) Principal components of 868,685 unlinked SNPs explain 6.8% (PC1) and 

5.2% (PC2) of genetic variation. B) cladogram of genetic distances among samples based 

on genotype likelihoods of 16,151,007 sites. C) ADMIXTURE analyses showing K=2 

(top) and K=3 (bottom row). 
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Admixture analyses revealed statistical support for a two-population model, which 

distinguished AU from NA+UK and was only slightly weaker (cross-validation error = 

0.88) than the best-supported model of K=1 (cross-validation error = 0.73, Figure 3.1C, 

Appendix B.3). Regardless of the number of populations hypothesized in models of 

admixture, the NA invasion consistently shares a higher proportion of its ancestry with 

the UK population. Individuals from the Australian population are distinguished from 

the other two populations in all tested values of K. Considered in concert, these tests of 

population structure show that Australian and North American populations differ in 

the amount of divergence from the native UK population. Founder effects likely 

contribute to the observed population structure, and below we describe explicit models 

of demographic processes. 

 

All populations experienced bottlenecks and subsequent expansion 

To address the impact of demographic processes in generating the observed patterns, 

we used the site-frequency spectrum built from genotype likelihoods to construct 

models of changes in the effective population size over time. We examined the 

demographic history of all three populations using FASTSIMCOAL2 (Excoffier et al. 2013). 

The demographic model shows that both invasions experienced a bottleneck upon 

introduction (Figure 2; Table S4), which is expected given historical records of a small 

number of founding individuals in both AU and NA. Each invasion appears to have 

recovered quickly by expanding in effective population size, and at present, our data 

suggest similar effective population sizes in both the AU and NA invasions (Ne AU = 

60,306; Ne NA = 64,411). We note that this demographic inference could be biased: the 
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allele frequency distribution draws only from the individuals sampled from the 

putative origin of each invasion, and our sampling likely does not capture population-

wide variation across each continent.  

Bottlenecks often lead to inbreeding within a population, and we find that 

inbreeding is negligible but slightly higher in the Australian population than in the NA 

population (Table S3). We do identify two individuals with remarkably high inbreeding 

(AU1 = 0.32, and US3 = 0.49), confirming that bottlenecks may shape much of the 

genetic variation observed here. However, relatedness among individuals is generally 

low, where a zero inbreeding value indicates no shared alleles among individuals 

(maximum AJK statistic = 0.06). Much of the ancestral variation appears to be shared 

among invasions, given that the genome-wide average FST between AU and NA is 0.04, 

although we note that genetic differentiation among invasions confirms the expectation 

that different variants will make it through each genetic bottleneck. The results 

presented here concur with range-wide sampling that indicates genetic bottlenecks 

followed by rapid expansion with little evidence of inbreeding in both Australia (Stuart 

et al. 2020) and North America (Hofmeister et al. 2021).  
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Figure 2. Demographic model of effective population size based on the site-frequency 

spectrum. Schematic approximates population growth based on model output from 

FASTSIMCOAL2, where current population estimates are labeled under each population.  
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Differentiation of a few genomic regions reveal consequences of invasion 

Starling populations colonized their invaded ranges less than two centuries ago, and the 

age of these populations makes it somewhat surprising to find loci specific to the 

derived populations with fixation indices as high as 0.57 in a single 10-kb window 

(Figure 3). However, no putative outlier windows approach fixation in any comparison 

across all individuals in a population. We consider only the top 0.1% of 50-kb windows 

to be FST outliers (AU vs. UK: FST > 0.21; NA vs. UK: FST > 0.18). We report and interpret 

all regions of elevated FST (in the top 0.1% of windows) between any of the three 

populations in Appendix B.8: using this threshold, we find 21 50-Kb windows spread 

across Chromosomes 1, 2, 3, 6, and the Z chromosome (Table S6; Figures S13-14). High 

levels of differentiation paired with a reduction in diversity—such as those observed 

here—may result from suppressed recombination (e.g., proximity to the centromere or a 

structural rearrangement), or from alleles approaching fixation or loss due to drift or 

selection (e.g., a selective sweep). We find that most putative outlier regions are distant 

from the centromere location (predicted via homology with the zebra finch (Taeniopygia 

guttata) genome, Table S5), although we note that future work in the system should 

identify how recombination varies across each chromosome. Recombination rates are 

not measured in this study, as we have neither a chromosome-level assembly nor 

sufficient sampling to test for linkage (e.g., family groups). Nevertheless, we expect that 

genomic architecture—including linkage disequilibrium independent of the 

centromere—plays a role in how differentiation among populations is generated. We 

also note that absolute genetic differentiation (dxy) could reveal whether genetic 

differences have accumulated after invasive populations split from the ancestral 
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population, as this test statistic is independent of the level of diversity within each 

population (Cruickshank and Hahn 2014). However, we find that changes in dxy in these 

data provide no additional insight (Figure B15): there is no evidence that dxy departs 

from FST under differentiated peaks, and instead dxy remains unchanged under peaks.  

We use population genetic test statistics (FST, p, and Tajima’s D) to evaluate the 

relative contributions of drift, selection, and recombination in regions of elevated FST in 

all six regions of elevated FST to provide preliminary insight into whether replicated 

invasions in fact show common signatures of evolutionary processes beyond the 

expected genetic drift. Two regions of elevated FST indicate more easily interpreted 

patterns: (1) Chromosome 2, which shows high differentiation between the Australian 

invasion and both NA and UK populations (Figure 3C), and (2) Chromosome 6, where 

both invasions have differentiated from the UK population but FST between AU and NA 

is remarkably low (Figure 3D). 



 

 

107 

 

 

Figure 3. A-B) Manhattan plots show 50-kb windowed FST between AU & UK (A) and 

NA & UK (B) populations. C-D) 50-kb windowed FST (top row), p within each 

population (middle), and Tajima’s D within each population (bottom row), centered on 

the elevated FST regions of Chromosome 2 (C) and Chromosome 6 (D). Color represents 

each population, except in FST plot where yellow indicates FST AU vs. UK, blue indicates 

FST NA vs UK, and gray indicates FST NA vs AU. 
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Differentiation on Chromosome 2 may result from evolutionary processes specific to the 

Australian invasion 

Where FST is highest on Chromosome 2, we find strong evidence of both purifying and 

balancing selection in all three populations (Figure 3C). We find that nucleotide 

diversity is very low within every population, and immediately after the block of 

elevated FST, we see a sharp increase in nucleotide diversity in all three populations 

(Figure 3C). If directional selection were driving differentiation between an invading 

population and its native ancestral population, we would expect to see a decline in 

nucleotide diversity specific to the invading population but given that p remains low 

across all three populations, low levels of within-population diversity may simply 

indicate low recombination. But, as described above, local reductions in p could also 

result from population bottlenecks experienced during founder events. This 

explanation, however, does not address the low diversity in the UK population. Because 

within-population diversity is relatively low in not only this region but across the 

genome, we suggest that most patterns in within-population diversity reflect either 

genetic bottlenecks or the sampling strategy in this study.   

Nonetheless, it remains possible that selection may operate simultaneously to 

generate differentiation specific to the Australian invasion. To clarify the relative 

impacts of a bottleneck with selection, we look to the neutrality test statistic Tajima’s D, 

which tests for a departure from the neutral model of evolution by standardizing the 

difference between observed genetic diversity (p) and expected genetic diversity (𝜃!). 

Where the difference is negative, the observed diversity in a population is lower than 

expected, and there is an excess of rare alleles: in this case, negative Tajima’s D indicates 
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a possible selective sweep to purge diversity. We find exactly this pattern on 

Chromosome 2: where FST and p are low, Tajima’s D is also negative in all three 

populations—indicating an excess of low-frequency variants and perhaps purifying 

selection—but this statistic climbs to high positive values immediately before and after 

the block of elevated FST.  

The concordance of Tajima’s D before and after this elevated FST region in all 

three populations suggests a release of some kind, whether it is a relaxation of purifying 

selection or a recombination breakpoint. Even though the centromere is predicted to be 

30-Mb downstream of this region, these signatures are consistent with linkage 

disequilibrium in this 4-Mb region: eukaryotes generally show suppression of 

recombination near the centromere, leading to a build-up of linkage disequilibrium if 

this suppression extends for 30-Mb. It is possible that a structural variant in the 

founding population could generate this pattern. However, we note that FST among AU 

and the other populations, in fact declines dramatically (to around 0.1) in the middle of 

the 4Mb region, and in the same location, FST between NA and UK increases slightly. If 

this genomic region differentiated as a large linkage block, we would not expect such a 

decline in FST and a weakening of selective pressure (as evidenced by the increase in 

Tajima’s D). For these reasons, we suggest that the peak on Chromosome 2 indicates 

both purifying and balancing selection in the AU invasion.  

 

One region on Chromosome 6 reveals how population expansion could interact with selection 

Both invasions have differentiated from the native range in a 4-Mb region of 

Chromosome 6 (Figure 3D). As a preliminary check, we note that the large distance 
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between this FST peak and the centromere suggests that low recombination is unlikely to 

explain differentiation. We suggest that the clearest explanation of this peak invokes 

selection on previously rare variants, based on three lines of evidence.  

First, we suggest that rapid population expansion allowed previously rare 

variants to surf to a higher allele frequency in the invasions. In this 4-Mb region, 

invasive diversity (pAU and pNA) are each more than three times the native diversity. 

This shift in within-population diversity is not random; in fact, when we examine 

invasive nucleotide diversity directly under the FST peak, we find only three other 

windows ~4.2-Mb upstream of this peak show invasive diversity that is notably higher 

than native diversity. This evidence supports the hypothesis that upon establishment, 

starlings experienced either (1) balancing selection (strong positive Tajima’s D) in both 

invasions due to novel selective pressures or (2) a release of purifying selection that led 

to an accumulation of variants and thus higher invasive diversity—but only in this 

specific region. These patterns could be driven by a small number of individuals, or 

they could indicate a population-wide shift, which leads us to our next point.  

Second, in this region, we find that these higher-diversity alleles in both the NA 

and AU populations have increased in frequency relative to the native range. In the 

same region, we find strong positive values of Tajima’s D in the invasions—indicating a 

moderate-to-high frequency of the alternative allele—and negative Tajima’s D in the 

UK population at this peak, since these signatures suggest that previously rare variants 

have increased in frequency in the invasions only. Alternatively—or simultaneously—

purifying selection may have driven these same variants to a lower frequency in the UK 

population. The most parsimonious explanation of these shifts in diversity is a single 
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event in the UK population, but we note that this shift is specific to only a small region 

of the genome. 

Third, and most importantly, these patterns are found in this region of the 

genome only, and it is notable that this shift in diversity co-occurs with one of the 

highest FST peaks. We would expect to see similarly high invasive diversity under other 

FST peaks if population expansion alone could explain these patterns. However, 

nowhere else in the genome do we find such high invasive diversity where native 

diversity is low. We suggest a selective explanation given that a genetic bottleneck is 

not likely to produce this pattern. Taken together, these results provide evidence that 

rapid expansion of these starling invasions may have facilitated selection to drive 

previously rare variants higher in frequency, independently in both NA and AU 

populations. 

 

Differentiation on the remaining chromosomes may be explained by genetic drift  

Genetic drift explains the moderate levels of differentiation on Chromosomes 1 (Figure 

B13) and 3 (Figure B14): on both chromosomes, we observe no decline in within-

population diversity (p) under these FST peaks, and if anything, Tajima’s D trends 

slightly positive. A positive value of Tajima’s D results when observed diversity in that 

region is higher than expected and suggests diversifying selection.  

 

Genes under putative selection may aid in invasion success 

The region under putative selection on Chromosome 6 overlaps with the coding regions 

of four genes with dramatically different functions (JMJD1C, RTKN2, NRBF2, and 
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ARID5B), and we suggest that selection on one of these genes might explain the 

differentiation in the region, with the other genes remaining in linkage disequilibrium 

with the possible candidate. Among these candidates, we can speculate that ARID5B 

has the most intuitive link to hypothesized selective regimes: this protein is required for 

adipogenesis and involved in smooth muscle differentiation. The first exon of this gene 

lies directly under the FST peak between AU and UK starlings, and muscle growth and 

fat storage may have been key to dispersal ability. The three other genes that overlap 

this window are involved in the DNA-damage response (JMJD1C), lymphopoiesis 

(RTKN2), and regulating autophagy (NRBF2). For details on GO term enrichment in 

these outlier regions, see Appendix B.6. Regardless of the mechanism driving these loci 

toward an intermediate frequency, it remains possible that variation at one or more of 

these loci influenced invasion success by maintaining heterozygosity. 

 

DISCUSSION 

An open question in invasion biology is whether an invasive population’s success is 

better attributed to intrinsic properties of the invasive species or to extrinsic factors 

specific to the novel environment. Invasion success results when a population clears the 

thresholds of transport, establishment, and subsequent expansion, and evolutionary 

genetic studies can offer some insight into the relative importance of each invasion 

stage for a given invasive species (Dormontt et al. 2011; Blakeslee et al. 2020). In 

invasions, the null hypothesis is that neutral processes—including genetic bottlenecks 

and/or changes in recombination rate—explain much of the genetic variation measured 

for studies such as this one.  
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The Australian and North American starling invasions colonized each continent 

around the same time (1856 and 1890 respectively), and experienced similar 

contractions in population size that led to classical founder events upon establishment. 

The shared decline in genetic diversity represents a shared intrinsic determinant of 

invasion success, although it is likely that several evolutionary mechanisms work in 

concert to shape the genetic variation observed in each population of starlings. In this 

study, we find that population expansion after a genetic bottleneck yields several 

regions of elevated FST between native and invasive populations, exactly as expected. 

We find that differentiation in many regions of the genome can be explained by genetic 

drift (Table S13), but that examining fine-scale shifts in diversity and differentiation 

suggest interactions between drift, selection, and recombination. 

Demographic models show that both the AU and NA invasions rapidly 

expanded in population size after the initial bottleneck, which leads to the prediction 

that many loci would be lost upon establishment of the invasive populations. Founder 

effects might thus lead to lower within-population diversity (p) and higher between-

population differentiation (FST). If demographic processes explained genome-wide 

differentiation, then we would expect to find that regions where within-population 

diversity differs are distributed across many chromosomes. However, shifts in diversity 

and differentiation occur only in a few narrow regions of the genome, which suggests 

evolutionary dynamics specific to these regions. We find evidence for heterogeneous 

evolutionary mechanisms operating across the genome, which provides indirect 

support for the possibility that recombination and/or selection might generate local 

shifts in diversity and differentiation independent of demographic factors. Although 
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some regions of elevated FST (e.g., on Chromosomes 1 and 3) clearly result from genetic 

drift alone, others may arise via an elevated recombination rate or even directional 

selection in one invasion (Chromosomes 2 and 6). Whether linked or purifying selection 

better explains such localized shifts in diversity remains an active area of research 

(Stapley et al. 2010, Kawakami et al. 2014). Comparisons between the two recent and 

replicated invasions sampled here indicate several regions where differentiation 

between invasive populations is remarkably low (FST < 0.01) even as each invasion has 

differentiated from the native range, suggesting a shared genomic architecture or even a 

similar response to extrinsic conditions during one or more stages of invasion. Accurate 

estimates of recombination rate are needed to better address the extent to which 

intrinsic properties determine invasion success. 

Comparisons of the North American and Australian invasions with the UK 

population indicate that the sampled populations in Australia retain higher levels of 

within-population genetic diversity relative to the NA population. First, higher 

diversity in the AU population could be a sampling artifact: sampling in Australia may 

have captured higher levels of genetic diversity because individuals are drawn from 

multiple sampling sites in contrast to the single sampling location in both NA and UK 

(Table S1). However, previous genomic studies of starling invasions indicate panmixia 

in the NA population (Hofmeister et al. 2021) and moderate population structure in the 

AU population (Stuart et al. 2020). Sampling across a similar geographic gradient in 

North America may reveal higher within-population diversity than recovered here, 

although previous studies of genome-wide variation across the North American range 

find similarly low levels of differentiation and diversity (Hofmeister et al. 2021). Second, 
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rare variants in the native range may have ‘surfed’ to a higher frequency in the 

invasions, and our sampling of the native range (in Northumberland, UK) likely 

represents only a small portion of genetic variants that could have been introduced in 

AU and NA. Finally, we also note that the UK individuals sampled here do not capture 

range-wide diversity in the native population, and therefore we expect that actual 

nucleotide diversity in the UK population is higher than what we have sampled here. 

Additional investigation of native range starlings will be needed to determine whether 

lower diversity in the UK is recovered with broader geographic sampling. Accurate 

genetic estimates of each population rest on an assumption of ongoing gene flow across 

each continent. Broader geographic sampling could show that the estimates of diversity 

presented here are limited to the sub-populations sampled, but results based on the 

sampling in this study largely concur with the estimates of genetic variation drawn 

from wider geographic but shallower depth sequencing in each invasion. 

This evolutionary genetic study sought to document genetic variation in two 

invasions, and we note that even with similar invasion pathways in both expected 

source population and timing of introduction, other factors—including differences in 

propagule pressure and dispersal—likely influence the evolutionary trajectory of each 

invasive population (Simberloff 2009; Williams et al. 2019). Propagule pressure (also 

termed introduction effort) is a composite measure of the number of individuals 

released, and we note that founding population sizes may have varied slightly among 

AU and NA introductions; the exact size of each founding population could be 

identified only through historical documentation. In addition to the unknown founding 

population sizes, changes in dispersal itself likely shaped genetic diversity and thus 
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adaptive potential, as shown in a recent study of invasive plants (Smith et al. 2020). 

Starlings’ dispersal and migration varies among populations: starlings in Australia are 

not known to undertake seasonal migration and typically move across shorter 

distances, but starlings migrate and/or disperse hundreds of kilometers in North 

America (Kessel 1953; Burtt and Giltz 1977) and South Africa (Berthouly-Salazar et al. 

2013). Future work should consider local ecological conditions to elucidate how gene 

flow at various geographical scales impacts invasion success. 

It is remarkable that despite this contrast in life history strategies and the 

stochastic nature of evolution during range expansion, we find FST peaks shared among 

invasions at only a few regions of the starling genome. Although these FST peaks could 

arise via drift, footprints of other population genetic metrics are consistent with 

selection. Furthermore, a recent comparison of methods for detecting selective sweeps 

in rapidly evolving systems found that FST-based scans perform nearly as well as scans 

based on beta diversity (Schneider et al. 2021). Another recent study found evidence for 

parallel selection between native and invasive starling populations, and this historical 

sampling suggests that the signatures of rapid evolution identified in this contemporary 

may indeed result from selection regimes during invasion (Stuart et al. 2022a). We note 

that mutations in specific chromosomal regions could also be accelerated by extrinsic 

environmental properties (climate, food availability, and more) through epigenetic CpG 

DNA hypermethylation events, which are known to increase frequency of genetic 

mutations by spontaneous deamination CG>TG transition (Sved and Bird 1990; 

Saxonov et al. 2006; Simmen 2008). For example, such epigenetic shifts supported the 

invasion of another avian species (the house sparrow) into Australia (Sheldon et al. 
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2018). Recent work in the Australian invasion also suggests that some ecogeographical 

patterns result from non-genetic factors (Stuart et al. 2022b).  

Regardless of genetic mechanism, we suggest that differentiation in these genetic 

regions is simultaneously shaped by intrinsic and extrinsic drivers of invasion success. 

We find it notable that some differentiated regions (in particular, Chromosome 6) are 

shared among invasions despite differences in the selective environment as well as 

stochastic processes that shape the starling’s evolution on each continent. The European 

starling invasions compared here suggest that rapid population growth may support 

rapid and potentially adaptive evolution. 
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CHAPTER 4: SIMPLE CHOICES: TOWARDS A ‘BETTER’ INVASION 

BIOLOGY 

 
 

ABSTRACT 
 

Invasion success depends on the precarious coordination of ecological and evolutionary 

mechanisms, and only interdependence of these mechanisms enables a species to 

establish and spread in a new environment. Genomic sequencing and other readily-

available analytical tools can tempt invasion biologists to simplify a dynamic system, 

even though no one trait or strategy facilitates invasion success. In this manuscript we 

consider adjustments to hypothesis framing and model specification in invasion 

genetics using a case study of the European starling. When biologists focus on isolating 

causal factors to identify a biological truth, we rely on simplifications that can be both 

scientifically inaccurate and socially dangerous. Here we focus on three simplifications 

of our own: (I) establishing a species as invasive relative to ancestral and/or resident 

lineages, (II) locating causality in genetic variants, and finally (III) identifying 

conditions that support an assemblage’s continued survival and reproduction. In all 

three areas of study, careful hypotheses, models, and narratives could move invasion 

biology away from a fruitless search for intrinsic invasiveness and towards an accurate 

model of complexity.  
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INTRODUCTION 
 

Invasion biology relies on binary framings: alien transplant vs. native victim, species 

invasiveness vs. community invasibility, intrinsic properties vs. extrinsic factors, and so 

on. Reducing complexity into two opposing forces manufactures urgency that, in turn, 

funds research and management of invasive species (Colautti and Richardson 2008; 

Simberloff 2009; Valéry et al. 2013; Subramaniam 2014a). Binarism is hardly unique to 

invasion biology: it has notoriously structured discourse around sex and gender  

(Fausto-Sterling 2012; Monk et al. 2019) and regularly influences conservation  

initiatives (Brister et al. 2021). At present, invasion biologists seek to determine whether 

invasion success is best explained by extrinsic factors and/or by some intrinsic property 

of the organism. This tension between two explanations mirrors a conflict among 

evolutionary biologists and ecologists, but also locates causality in an essential property 

of a species or a dynamic biological system. Few if any invasions’ success can be 

attributed to a single actor; given this empirical evidence, contemporary invasion theory 

may benefit from greater precision in methods and narratives of invasion.  

How to define and respond to invasive species has social and material consequences: 

shifting political tides have reinvigorated the decades-long debate. Scholars have long 

described parallels in language between human and non-human immigrants 

(Subramaniam 2001; reviewed in Coates 2006). In isolation, neither rhetorical shifts 

(Colautti and Richardson 2008; Simberloff 2012) nor philosophical reframings (Hattingh 

2011; Guiaşu and Tindale 2018; Frank et al. 2019) can ease the underlying material 

conflict. Narratives about invasive species like the Asian carp can and do impact 
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conservation actions (Mando and Stack 2019). The debates around rhetoric rage, with 

continued calls to replace the term “invasive,” “non-native,” and “foreign” with 

“potential problem species” (Inglis 2020). Identifying the narratives and philosophies 

underlying invasion theory brings us closer to understanding the conflict (Hattingh 

2011; Simberloff 2012).  

Invasion biologists recognize a pressing need for more integrative hypotheses and 

interpretations of invasion success (Heger et al. 2013; Crystal-Ornelas and Lockwood 

2020; Fristoe et al. 2021). Conservation actions depend on accurate predictions of which 

species will become invasive, a project that demands more than just synthesis of 

scientific evidence (Elliott-Graves 2015). The science of invasion is marked by 

“theoretical exhaustions and empirical recapitulations that […] characterized the study 

of human redistributions of biota for over two centuries” (Chew 2006). On a practical 

level, many stakeholders believe that controlling the spread of invasive species is a 

urgent crisis that demands a response (Hobbs et al. 2011; Funk et al. 2020). However, 

practitioners’ beliefs about how to describe and respond to invasive species vary 

dramatically (Humair et al. 2014; Kapitza et al. 2019; Shackleton et al. 2019; Gbedomon 

et al. 2020). Tumult within and around the discipline shows no signs of abating, and we 

offer yet another interpretation of the invasive species debate, this time centering on the 

power—and problem—of binary framing. 

This paper focuses on what work isolating a species and/or positioning it in 

opposition to an other accomplishes for scientific and/or social causes. We critique our 

work on the European starling invasion to address biases embedded in our hypotheses, 

methods, and interpretation of invasion success. Making sense of a system in which the 
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assemblage of actors changes over space and time demands some simplifications, and 

we organize this manuscript into three simplifications of our own: (I) establishing a 

species as invasive relative to ancestral and/or resident lineages, (II) locating causality 

in genetic variants as a simplifying tool, and finally (III) identifying conditions that 

support an assemblage’s continued survival and reproduction. In each simplification, 

we explore scientific challenges and their social implications, orienting this project 

towards a model that approximates the complexity of invasion.  

 

1: DEFINING THE EUROPEAN STARLING AS AN INVASIVE SPECIES 
 

Human values as a foundation in starling invasions 

Much debate has centered on whether or not invasion biology is fundamentally value-

oriented (Young and Larson 2011; Simberloff and Vitule 2013; Ricciardi et al. 2017) In 

the case of the starling in North America, its arrival is a direct consequence of European 

immigrants’ desire to naturalize European flora and fauna in any region they colonize. 

Starlings may not have arrived on this continent if not for human desires and/or 

management. Much of the research on the starling only briefly mentions that humans 

facilitated starling invasions into North America (Forbush 1915), Australia (Rollins et al. 

2009), New Zealand (Ross 1983), South Africa (Berthouly-Salazar et al. 2013), and most 

recently South America (Fiorini et al. 2021)—an irony considering the near-universal 

vitriol that conservationists launch against the bird today. It is no coincidence that 

starlings invaded these regions—mostly white settler colonies—given that merchants 

and immigrants likely carried the birds with them (Feare 1984). Despite a long and well-
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documented history of human complicity, the European starling has been labeled one of 

the world’s worst invaders (Lowe et al. 2000); a quick search online yields headlines 

such as “Get the flock out of here: Starlings are the worst. Birds. Ever” (Stopyra 2016). 

This attitude may be explained by starlings’ dramatic agricultural and economic 

impacts (Linz et al. 2018). Due to these impacts, each year an estimated 1-3 million birds 

are killed in cattle feedlots and another 80-100 million birds die of natural causes (Linz 

et al. 2018). Human interference has shaped the starling’s ecology and evolution, which 

demands that we acknowledge such interference in our hypotheses, methods, and 

interpretations in any studies of starling invasions.  

 

Comparative methods draw a boundary 

A successful invader is defined in opposition to the residents of both its new and 

ancestral communities (i.e., native species in either region). Biologists have long 

recognized that species delimitation is a moving target, in part due to changing spatial 

ranges (Sexton et al. 2009) and genetic exchange via hybridization (Pfennig et al. 2016). 

Even isolating the physical factors that constitute a species boundary is a major 

challenge: as Pfennig et al. point out, “hybridization is often an outcome of range 

expansion” (Pfennig et al. 2016). The boundary between invasive and native species is 

fixed only for the moment of observation, a fact that may explain why quantitative data 

cannot assuage fears of losing native diversity.  

Evolutionary biologists might define Sturnus vulgaris as an invasive species by 

comparing S. vulgaris to its closest relative (spotless starling; Sturnus unicolor). The 

dramatic range expansion of Sturnus vulgaris is unique among the Sturnidae family 
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(Lovette et al. 2008); only in the last six decades has its sister lineage Sturnus unicolor 

expanded from its range in parts of the Iberian Peninsula and northern Africa. We 

might hypothesize that S. vulgaris’ range can expand only to fill its realized niche, 

where competitors limit further expansion (Hutchinson 1957), a hypothesis supported 

by the fact that expansion of both S. vulgaris and S. unicolor slowed when the species 

came into contact (Ferrer et al. 1991). This evidence is not limited to the native range: 

ornithologists have conjectured that the European starling did not successfully establish 

when released in Portland, OR in part due to competition with another introduced 

relative, the Crested Myna (previously Aethiopsar, now Acridotheres cristatellus) 

(Wood 1924).  

Given this evidence of competition between some starling species, we might test 

whether S. vulgaris evolved to outcompete its sister species, borrowing from the classic 

idea that competition among species reinforced a species’ range limits and genetic 

boundaries (Mayr 1942). Although a species’ environment itself changes over its 

evolutionary history, we biologists typically observe just one site in time and space 

(Siepielski et al. 2009). Each frame in time gives us a clearer image of the starling’s 

spread in the last two centuries; we isolate that frame for ease of analysis, but that 

snapshot represents only the current ecological consequences (Závorka et al. 2018).  

Biogeographic and genetic studies of starlings suggest that the hypothesis based in 

competition might mislead. Genetic evidence shows that S. vulgaris and S. unicolor 

interbreed easily: allozyme studies show that S. unicolor populations are in fact more 

genetically distant from each other (Nei’s genetic distance = 0.005) than from S. vulgaris 

(0.001-0.004) (la Cruz Cardiel et al. 1997). Further supporting the point that species 
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boundaries are constantly shifting, Feare (1984) suggests that S. unicolor may have only 

split from the ancestral lineage of both species 40 Mya, and as the landscape shifted 

post-glaciation, these lineages may have reintegrated as they came into contact 

naturally. How biologists present hybridization depends on how they perceive risk of a 

species’ erasure. 

Hybridization and genomic introgression certainly can impact invasive and 

native species, but whether and how these forces post a threat to diversity is an open 

question (Hirashiki et al. 2021). Introgression and/or admixture may pose risks to some 

native species (Quilodrán et al. 2018; Barker et al. 2019), but Hirashiki et al. (2021) show 

that only 35 of 870 invasive species studied may impact native taxa due to 

hybridization. This scientific evidence makes clear that hybridization may not pose as 

great a threat as previously assumed. At least one major fear about invasive species 

may thus relate more to social attitudes than to scientific evidence; for a detailed review 

of this topic, Banu Subramaniam’s critiques thoroughly describe how values shape 

interpretations of interbreeding, even within the biological community (Subramaniam 

2001; 2014a).  

 

2: GENES AND ALLELES AS THE SITE OF INVESTIGATION     
 

The rising popularity of genomic methods 

Evolutionary genetic studies of invasion success are increasingly popular, perhaps in 

part because genomic data are more accessible and models that deploy such data are 

more advanced (Hoban et al. 2016; Blakeslee et al. 2020; North et al. 2021) However, 



 

 

131 

 

more so than ecological studies focused on interactions, evolutionary and genetic 

research tends to search for an intrinsic   property to explain a species’ invasion success 

(Dormontt et al. 2011). At the same time, evolutionary genetic studies are often justified 

and funded by referencing ecological evidence that the invasive population harms some 

native community, reminding us that careful supporting work in ecology and 

molecular biology is essential . Cross-disciplinary work beyond the natural sciences 

shows that the beliefs embedded in our science might hinder even a management-

focused project; a recent example of conservationists and social scientists working 

together on global orangutang conservation could inspire similar projects in other 

systems (Chua et al. 2020). Many of our stories assign blame to a single actor, rather 

than a dynamic orchestration of many interactions, and we argue that locating causal 

action in a genetic variant is an appealing but dangerous project.  

 

Describing genes as actors has a long history in adaptationism  

Focusing on genes and alleles as the locus of change simplifies our studies, but this 

analytical convenience cannot metamorphose into a biological truth. An evolutionary 

purist might consider an individual as a repository of genetic variants, where the body 

simply mediates between gene and environment. Scaling from gene to individual, 

individual to population, and population to species is another boundary problem, 

where the unit we observe is a construct of convenience. In this logic, genomic studies 

are tempting because they scale down to the causal unit: even in our own work, we 

conveniently scale from putatively adaptive allele to invasive species to create a more 

powerful story (Hofmeister et al. 2021). Alleles are not agents, which explains why 
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evolutionary biologists focus their stories on an intelligible subject, a visible body. 

Analyzing genes alone cannot explain why some species spread more easily or 

reproduce more readily. This point seems banal: any scientist knows that not all 

simplifications are equally good, and bad science can lead to poor social outcomes. 

Scientific integrity alone demands that we functionally validate putatively adaptive 

alleles, and—conveniently for us—this work aligns with more careful narratives about 

causality, as we illustrate in the next paragraph.  

Most invasions are evolutionarily young, so any evidence of adaptation will 

often come from subtle shifts in allele frequencies. Demographic processes—

specifically, genetic bottlenecks and/or founder events—shape the genetic variation 

available for other genetic mechanisms of evolution. Even if the founding population is 

subject to a genetic bottleneck, rapid expansion can counteract diversity loss (Birzu et al. 

2019), and populations may even adapt (Dlugosch and Parker 2008; Facon et al. 2011), 

perhaps via inbreeding-by-environment interactions (Schrieber and Lachmuth 2017). 

Genetic variation available for selection may come from standing variation, novel 

mutation, or introgression (Visscher et al. 2008), and the source largely determines how 

we assign causality in invasion success. Adaptive variants are often rare in the native 

range, as shown in genomic studies of starling invasions (Hofmeister et al. 2021). In 

these cases, it is incredibly challenging to distinguish between selective sweeps, genetic 

bottlenecks, and recombination: all of these processes could yield variants at low-to-

intermediate frequency surrounded by runs of homozygosity (Cruickshank and Hahn 

2014). Models such as S/HIC and diploS/HIC may help to disentangle these processes 

via explicitly accounting for demographic history (Schrider and Kern 2016; Kern and 
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Schrider 2018). However, rapid expansions in population size can also lead to 

accumulation of novel mutations during expansion, commonly referred to as expansion 

load (Kirkpatrick and Barton 1997; Hallatschek and Nelson 2010; Peischl et al. 2015). 

Determining how expansion load impacts a population’s viability remains an open 

question (Gilbert et al. 2017). Whether new mutations or ancestral alleles, adaptive 

variants may surf on the expanding range edge, further complicating the evolutionary 

dynamics of range expansion and/or adaptation. 

Conditions that support range expansion are the same conditions that support an 

individual’s reproduction and survival: these can be biotic or abiotic (Sexton et al. 2009), 

and also fluctuating or constant (Martín et al. 2019). Biologists often label these 

conditions as selective pressures, which are not biologically real phenomena but only 

metaphorical simplifications that ascribe agency to an inanimate environment (Coyne 

2013). Adaptationist critique is best summarized in the classic Spandrels paper and 

surrounding literature (Gould and Lewontin 1979; Pigliucci and Kaplan 2000). Finding 

evidence of adaptation remains an enticing project, where the logic implicates some 

intrinsic, evolved strategies unique to a species like S. vulgaris, but many species thrive 

even without clear support for Darwinian natural selection on alleles. Despite centuries 

of work, the question of where and how evolution takes place remains an analytical and 

rhetorical puzzle (Laland et al. 2014). Here we exhume the extended evolutionary 

synthesis only to highlight that defining the actors in a system has never been a purely 

biological project. Stories about adaptation often lose precision, but in doing so, they 

incorrectly assign agency to a single actor. 
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3: MULTIPLE ACTORS COOPERATE TO YIELD AN INVADER’S SUCCESS   
 

Bird-watchers’ and ornithologists’ records expose a close relationship between starlings 

and humans at nearly every stage of the population’s expansion. Wealthy businessman 

and supposed Shakespeare enthusiast Eugene Schieffelin released European starlings 

into Central Park, NY, USA. Schieffelin released 80 pairs in 1891 and 40 in 1891; the 

population was truly established in 1895 (Forbush 1915; Cooke 1928). Some scientific 

and public narratives characterize Schieffelin as both an outsider (Carroll 2021) and the 

sole human culprit in driving starling expansions. However, the world-wide success of 

starling invasions even without assistance from acclimatization societies (e.g., in South 

Africa and South America) suggests that humans can play multiple roles in facilitating 

invasions. In the following section, we describe how the availability of human-

engineered habitats—often agricultural land—influenced starling reproduction and 

thus population growth and decline. In making visible the multiple, cooperating 

architects of the starling invasion, we destabilize a narrative that may otherwise focus 

on intrinsic properties of this invasive species.  

 

Starlings may produce more young where humans maintain suitable habitat  

A commonly-held belief about starlings is that they adjust foraging strategy in response 

to readily-available food resources, facilitating their rapid expansion, but even this 

belief demands a few caveats. Stable foraging behaviors indicate a relationship between 

the starling and its food source, and in both the European and North American ranges, 

starlings prefer to forage in grasslands and pastures where soil invertebrates abound 
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(Devereux et al. 2006; Purcell 2015). However, in the last several decades, starlings have 

shifted from foraging on grasslands maintained for cattle grazing to gorging on the 

stockpiles of grain in large cattle feedlots now so common in North America (Linz et al. 

2018). Starlings are touted as relatively intelligent birds that can acclimate and even 

adapt to novel conditions (Rodriguez et al. 2010), but we can just as easily blame 

humans for providing such an easy food source as we blame the birds who partake. 

Another line of evidence linking human management to starling population growth is 

the recent decline in population size: the North American population is now estimated 

at about 85.1 million birds, a 49% decline from the estimated 1970 population 

(Rosenberg et al. 2019). In the native range, starling populations are declining where 

pasture area has declined (Freeman et al. 2007; Heldbjerg et al. 2016). This evidence 

becomes especially critical when we note that starlings feed almost exclusively on these 

invertebrates during the breeding season (Feare 1984). Connecting these pieces of 

evidence yields a hypothesis that population size in starlings relates to the extent to 

which human-managed agriculture dominates the landscape, but simplifying starlings 

to focus only on foraging behavior overlooks changes in dispersal and migratory 

behavior that could also support invasion success. 

 

Starling populations expand when individuals disperse or migrate due to environmental 

conditions 

A historical reconstruction suggests that the starling population expanded based on 

some complex interaction of population size and environmental conditions (two 

variables that are themselves inter-related). Like most invasive species, the starling’s 
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population grew dramatically in the center of its range (e.g., New York and 

Pennsylvania) (Wood 1924; Wing 1943), which suggests that starling expansion 

accelerated only after range-edge populations grew large enough to trigger dispersal. In 

other words, the starling’s expansion may have functioned as a pushed wave, where 

individuals from the center of the range disperse due to density dependence (Gandhi et 

al. 2016; Deforet et al. 2019), especially if the original founding population depended on 

suitable habitat as described in the previous section (Dahirel et al. 2021). When 

populations are especially dense or breeding conditions are ideal that year, invasive 

starlings may lay more clutches than native birds (Dawson 1983; Ball and Wingfield 

1987), such that individuals adjust their reproductive strategy and the population grows 

more quickly. Dispersal and migration are other life-history traits that can evolve when 

populations are especially dense (Miller et al. 2020) and facilitate range expansion. For 

many ecologists, the goal is to determine which of these life-history strategies (among 

migration, dispersal, and breeding behavior) best explain the starling’s range 

expansion, but there is yet another layer of complexity to introduce.   

Starlings expanded across a changing landscape: as we described above, the 

birds thrive in agricultural lands, and thus land use may best explain starling 

expansion. However, American ornithologists generally concurred that the starling’s 

spread was limited by altitude, since expansion slowed near mountains, and European 

birdwatchers noted that the starling avoided mountains in the native range (Wood 

1924; Wing 1943). Starling expansion slowed after each wave: after establishing in 

Philadelphia in 1910, after crossing the Allegheny Mountains in 1916, up to elevational 

limits in New York and Vermont in 1922 (Forbush 1915; Kalmbach and Gabrielson 1921; 
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Cooke 1928), and again when it reached the 1000m elevation mark by 1930 (Hoffman 

1930; Dickerson 1937). In addition to expanding after crossing altitudinal thresholds, 

starlings may have expanded easily where they remain near large water bodies (based 

on their migration habits along Western range edge at the Mississippi River, and 

northern edge near Lake Ontario (Cooke 1928). This may be explained by the fact that 

starlings migrate along major water bodies, like many other birds (Kessel 1953), and 

these flyways also shape dispersal patterns (Cabe 1999; Werner et al. 2020). Elevational 

limits and water bodies may explain starling expansion, but farmland itself often abuts 

large bodies of water or mountain ranges. As biologists, we may seek to separate 

agricultural from climatic boundaries using statistical models to assign variable 

importance, but such a project has social implications.  

 

Scientific accuracy guides us towards responsible action 

As biologists, we are trained to organize actors—in this example, a bird and its 

surroundings—into the simplest, most accurate representation of reality possible. In 

much of this paper, but especially this section, we have relied on simplifications into 

two options: adaptation comes from new mutation or standing variation; starlings 

survive in a suitable climate or reproduce when they can access pasture. These 

oppositional hypotheses sanction the binary frame as not only a scientific tool but a 

biological truth. Some invasion ecologists have suggested a ‘hierarchy of hypotheses’ 

for understanding invasion success as a simplifying tool (Heger et al. 2013); this 

strategy serves simply to group connected hypotheses, rather than to position some 

hypotheses above others in importance. Organizing scientific knowledge creates an 
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easy entry point, but how we structure theories and models has social implications.  

Binaries and hierarchies simplify biological complexity into a model we can 

understand, but also support political claims by naturalizing a discourse of “pure” 

natives vs. “aggressive” immigrant and/or invader. We take seriously the ongoing 

conflation of human immigrant and invasive species in public discourse (Subramaniam 

2014b; Gardiner 2020). Public perceptions, in addition to the heated debate within 

invasion science (Simberloff and Vitule 2013; Crowley et al. 2017; Russell and Blackburn 

2017), provide indirect evidence that nativism and xenophobia linger (see the first 

section in this manuscript for narratives about starlings). Whether or not nativist 

attitudes historically shaped invasion science (Coates 2006; Cardozo and Subramaniam 

2013), such biases may still creep into scientific assumptions and interpretations, and 

we must be way of naturalizing the social assumptions built into our science.  

Even recent advances in framing studies in invasion science rely on a binary 

simplification; our analysis of these frames is inspired by Karen Barad’s reflections on 

scientific observation (Barad 2014). Leading invasion biologists reimagine analytical 

frames in a special issue on “Human influences on evolution, and the ecological and 

societal consequences" thus: “invasions and extinctions of closely related species may be 

like reflections in Lewis Carroll’s looking glass [3], with similar elements reflecting 

opposite realities” (Colautti et al. 2017). Colautti et al. make the “looking glass” of eco-

evolutionary theory visible, and also note that these “opposite realities” are in fact a 

theoretical simplification of how species respond to the same ecological and genetic 

factors. Naming such frames and simplifications ensures that we do not lose sight of the 

social reality of doing science, where our stories can be utilized and even weaponized 
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by the audience.  

 

CONCLUSION 
 

Reconstructing the starling expansion illustrates how challenging it is to isolate factors 

that might explain the starling’s invasion success. Scientific evidence for invasion 

success alone demands that we not rely on simplifications (especially into dichotomies), 

but admitting complexity and uncertainty makes it harder to build the case for urgency.  

If we acknowledge this limitation in our science, we risk the public losing confidence in 

science—a major concern for scientists wanting to combat denialism in invasion biology 

(Ricciardi and Ryan 2017; Boltovskoy et al. 2018). However, privileging scientific—and 

especially genetic—evidence may distract from our shared project of valuing diversity, 

because such simplifications may also fuel an ideological conflict that percolates 

throughout broader society. Rather than pinning agency on single actors like an 

invasive species or even an ‘adaptive’ genetic variant, we argue for models that capture 

the complex interactions that shape an invasion’s success. 

 

 



 

 

140 

 

REFERENCES 
 

Ball, G. F., and J. C. Wingfield. 1987. Changes in plasma levels of luteinizing hormone 
and sex steroid hormones in relation to multiple-broodedness and nest-site 
density in male starlings. Physiological Zoology 60:191–199. 

Barad, K. 2014. Diffracting diffraction: Cutting together-apart. Parallax 20:168–187. 

Barker, B. S., J. E. Cocio, S. R. Anderson, J. E. Braasch, F. A. Cang, H. D. Gillette, and K. 
M. Dlugosch. 2019. Potential limits to the benefits of admixture during biological 
invasion. Molecular Ecology 28:100–113. 

Berthouly-Salazar, C., Hui, C., Blackburn, T. M., Gaboriaud, C., van Rensburg, B. J., van 
Vuuren, B. J., & Le Roux, J. J. 2013. Long-distance dispersal maximizes 
evolutionary potential during rapid geographic range expansion. Molecular 
Ecology 22:5793–5804. 

Birzu, G., S. Matin, O. Hallatschek, and K. Korolev. 2019. Genetic drift in range 
expansions is very sensitive to density dependence in dispersal and growth. 
Ecology Letters 22:1817–1827. 

Blakeslee, A. M. H., T. Manousaki, K. Vasileiadou, and C. K. Tepolt. 2020. An 
evolutionary perspective on marine invasions. Evolutionary Applications 13:479–
485. 

Boltovskoy, D., F. Sylvester, and E. M. Paolucci. 2018. Invasive species denialism: 
Sorting out facts, beliefs, and definitions. Ecology and Evolution 8:11190–11198. 

Brister, E., J. B. Holbrook, and M. J. Palmer. 2021. Conservation science and the ethos of 
restraint. Conservation Science and Practice 3:e381. 

Cabe, P. R. 1999. Dispersal and population structure in the European Starling. The 
Condor 101:451–454. 

Cardozo, K., and B. Subramaniam. 2013. Assembling Asian/American Naturecultures: 
Orientalism and Invited Invasions. Journal of Asian American Studies 16:1–23. 

Carroll, A. 2021. Fair is Fowl and Fowl is Fair: Shakespeare's Invasive Birds in North 
America. University of Minnesota Morris: Honors Capstone Project. 

Chew, M. K. 2006. Ending with Elton. (M. D. Laubichler, ed.). 

Chua, L., M. E. Harrison, H. Fair, S. Milne, A. Palmer, J. Rubis, P. Thung, et al. 2020. 



 

 

141 

 

Conservation and the social sciences: Beyond critique and co-optation. A case 
study from orangutan conservation. People and Nature 2:42–60. 

Coates, P. 2006. American Perceptions of Immigrant and Invasive Species. University of 
California Press, Berkeley. 

Colautti, R. I., and D. M. Richardson. 2008. Subjectivity and flexibility in invasion 
terminology: too much of a good thing? Biological Invasions 11:1225–1229. 

Colautti, R. I., J. Alexander, K. M. Dlugosch, S. R. Keller, and S. E. Sultan. 2017. 
Invasions and extinctions through the looking glass of evolutionary ecology. 
Philosophical Transactions of the Royal Society B: Biological Sciences. 

Cooke, M. T. 1928. The spread of the European starling in North America (to 1928) 40:1–
11. 

Coyne, J. 2013. “Selection pressures” are metaphors. So are the ‘laws of physics.’. Why 
Evolution Is True. 

Crowley, S. L., S. Hinchliffe, S. M. Redpath, and R. A. McDonald. 2017. Disagreement 
About Invasive Species Does Not Equate to Denialism: A Response to Russell 
and Blackburn. Trends in Ecology & Evolution 32:228–229. 

Cruickshank, T. E., and M. W. Hahn. 2014. Reanalysis suggests that genomic islands of 
speciation are due to reduced diversity, not reduced gene flow. Molecular 
Ecology 23:3133–3157. 

Crystal-Ornelas, R., and J. L. Lockwood. 2020. The “known unknowns” of invasive 
species impact measurement. Biological Invasions 22:1513–1525. 

Dahirel, M., A. Bertin, M. Haond, A. Blin, E. Lombaert, V. Calcagno, S. Fellous, et al. 
2021. Shifts from pulled to pushed range expansions caused by reduction of 
landscape connectivity. Oikos 130:708–724. 

Dawson, A. 1983. Plasma gonadal steroid levels in wild starlings (Sturnus vulgaris) 
during the annual cycle and in relation to the stages of breeding. General and 
Comparative Endocrinology 49:286–294. 

Deforet, M., C. Carmona-Fontaine, K. S. Korolev, and J. B. Xavier. 2019. Evolution at the 
edge of expanding populations. The American Naturalist 194:291–305. 

Devereux, C. L., M. J. Whittingham, J. R. Krebs, E. F. Juricic, and J. A. Vickery. 2006. 
What attracts birds to newly mown pasture? Decoupling the action of mowing 
from the provision of short swards. Ibis 148:302–306. 



 

 

142 

 

Dickerson, L. M. 1937. The Western Frontier of the European Starling in the United 
States as of February, 1937. The Condor 40:118–123. 

Dlugosch, K. M., and I. M. Parker. 2008. Invading populations of an ornamental shrub 
show rapid life history evolution despite genetic bottlenecks. Ecology Letters 
11:701–709. 

Dlugosch, K. M., S. R. Anderson, J. Braasch, F. A. Cang, and H. D. Gillette. 2015. The 
devil is in the details: genetic variation in introduced populations and its 
contributions to invasion. Molecular Ecology 24:2095–2111. 

Dormontt, E. E., A. J. Lowe, and P. J. Prentis. 2011. Is rapid adaptive evolution 
important in successful invasions? in D. M. Richardson, ed. Fifty Years of 
Invasion Ecology.  

Elliott-Graves, A. 2015. The problem of prediction in invasion biology. Biology & 
Philosophy 31:373–393. 

Estoup, A., V. Ravigné, R. Hufbauer, R. Vitalis, M. Gautier, and B. Facon. 2016. Is There 
a Genetic Paradox of Biological Invasion? Annual Review of Ecology, Evolution, 
and Systematics 47:51–72. 

Facon, B., R. A. Hufbauer, A. Tayeh, A. Loiseau, E. Lombaert, R. Vitalis, T. Guillemaud, 
et al. 2011. Inbreeding Depression Is Purged in the Invasive Insect Harmonia 
axyridis. Current Biology 21:424–427. 

Fausto-Sterling, A. 2012. Sex/gender. Routledge, New York. 

Feare, C. 1984. The Starling. Oxford University Press, Oxford. 

Ferrer, X., A. Motis, and S. Peris. 1991. Changes in the breeding range of starlings in the 
Iberian Peninsula during the last 30 years: competition as a limiting factor. 
Journal of Biogeography 18:631–636. 

Fiorini, V. D., M. Domínguez, J. Reboreda, and J. Swaddle. 2021. Recent invasive 
population of the European starling Sturnus vulgaris has lower genetic diversity 
and higher fluctuating asymmetry than primary invasive and …. Biological 
Invasions in review. 

Forbush, E. H. 1915. The Starling. Wright and Potter Printing Co., Boston. 

Frank, D. M., D. Simberloff, J. Bush, A. Chuang, and C. Leppanen. 2019. Logical fallacies 
and reasonable debates in invasion biology: a response to Guiaşu and Tindale. 
Biology & Philosophy 34:1–11. 



 

 

143 

 

Freeman, S. N., R. A. Robinson, J. A. Clark, B. M. Griffin, and S. Y. Adams. 2007. 
Changing demography and population decline in the Common Starling Sturnus 
vulgaris: a multisite approach to Integrated Population Monitoring. Ibis 149:587–
596. 

Fristoe, T. S., M. Chytrý, W. Dawson, F. Essl, R. Heleno, H. Kreft, N. Maurel, et al. 2021. 
Dimensions of invasiveness: Links between local abundance, geographic range 
size, and habitat breadth in Europe’s alien and native floras. Proceedings of the 
National Academy of Sciences 118. 

Funk, J. L., I. M. Parker, V. Matzek, S. L. Flory, E. T. Aschehoug, C. M. D’Antonio, W. 
Dawson, et al. 2020. Keys to enhancing the value of invasion ecology research for 
management. Biological Invasions 22:2431–2445. 

Gandhi, S. R., E. A. Yurtsev, K. S. Korolev, and J. Gore. 2016. Range expansions 
transition from pulled to pushed waves as growth becomes more cooperative in 
an experimental microbial population. Proceedings of the National Academy of 
Sciences 113:6922–6927. 

Gardiner, B. 2020. White Supremacy Goes Green. The New York Times, p. 4. New York. 

Gbedomon, R. C., V. K. Salako, and M. A. Schlaepfer. 2020. Diverse views among 
scientists on non-native species. NeoBiota 54:49–69. 

Gilbert, K. J., N. P. Sharp, A. Angert, G. L. Conte, J. A. Draghi, F. Guillaume, A. L. 
Hargreaves, et al. 2017. Local adaptation interacts with expansion load during 
range expansion: maladaptation reduces expansion load. The American 
Naturalist 189. 

Gould, S. J., and R. C. Lewontin. 1979. The spandrels of San Marco and the Panglossian 
paradigm a critique of the adaptationist programme. Proceedings of the Royal 
Society B: Biological Sciences 205:581–598. 

Guiaşu, R. C., and C. W. Tindale. 2018. Logical fallacies and invasion biology. Biology & 
Philosophy 33:1–24. 

Hallatschek, O., and D. R. Nelson. 2010. Life at the front of an expanding population. 
Evolution 64:193–206. 

Hattingh, J. P. 2011. Conceptual Clarity, Scientific Rigour and “The Stories We are”: 
Engaging with Two Challenges to the Objectivity of Invasion Biology. in D. M. 
Richardson, ed. Fifty Years of Invasion Ecology. 

Heger, T., A. T. Pahl, Z. Botta-Dukát, F. Gherardi, C. Hoppe, I. Hoste, K. Jax, et al. 2013. 
Conceptual Frameworks and Methods for Advancing Invasion Ecology. Ambio 



 

 

144 

 

42:527–540. 

Heldbjerg, H., A. D. Fox, G. Levin, and T. Nyegaard. 2016. The decline of the Starling 
Sturnus vulgaris in Denmark is related to changes in grassland extent and 
intensity of cattle grazing. Agriculture, Ecosystems & Environment 230:24–31. 

Hirashiki, C., P. Kareiva, and M. Marvier. 2021. Concern over hybridization risks 
should not preclude conservation interventions. Conservation Science and 
Practice 3:e424. 

Hoban, S., J. L. Kelley, K. E. Lotterhos, M. F. Antolin, G. Bradburd, D. B. Lowry, M. L. 
Poss, et al. 2016. Finding the Genomic Basis of Local Adaptation: Pitfalls, 
Practical Solutions, and Future Directions. The American Naturalist 188:379–397. 

Hobbs, R. J., L. M. Hallett, P. R. Ehrlich, and H. Mooney. 2011. Intervention ecology: 
applying ecological science in the twenty-first century. BioScience 61:442–450. 

Hoffman, E. C. 1930. Spread of the European Starling in America. The Wilson Bulletin 
42:1–2. 

Hofmeister, N. R., K. Stuart, W. C. Warren, S. J. Werner, M. Bateson, G. F. Ball, K. L. 
Buchanan, et al. 2021. Concurrent invasions by European starlings (Sturnus 
vulgaris) suggest selection on shared genomic regions even after genetic 
bottlenecks. bioRxiv 2021.05.19.442026. 

Humair, F., P. J. Edwards, M. Siegrist, and C. Kueffer. 2014. Understanding 
misunderstandings in invasion science: why experts don’t agree on common 
concepts and risk assessments. NeoBiota 20:1–30. 

Hutchinson, G. E. 1957. Concluding remarks. Cold Spring Harbor Symp 22:415–427. 

Inglis, M. I. 2020. Wildlife Ethics and Practice: Why We Need to Change the Way We 
Talk About “Invasive Species.” Journal of Agricultural and Environmental Ethics 
33:299–313. 

Kalmbach, E. R., and I. N. Gabrielson. 1921. Economic value of the starling in the United 
States 868:1–59. 

Kapitza, K., H. von Wehrden, B. Martín-López, and H. Zimmermann. 2019. Research on 
the social perception of invasive species: a systematic literature review. NeoBiota 
43:47–68. 

Kern, A. D., and D. Schrider. 2018. diploS/HIC: an updated approach to classifying 
selective sweeps. Genes, Genomes, Genetics 8:1959–1970. 



 

 

145 

 

Kessel, B. 1953. Distribution and migration of the European Starling in North America. 
The Condor 55:49–67. 

Kirkpatrick, M., and N. H. Barton. 1997. Evolution of a Species' Range. The American 
Naturalist 150:1–23. 

la Cruz Cardiel, de, P. J., B. Deceuninck, S. J. Peris, and J. A. E. Rosselló. 1997. Allozyme 
polymorphism and interspecific relationships in the Common starling (Sturnus 
vulgaris) and Spotless starling (S. unicolor) (Aves: Sturnidae). Journal of 
Zoological Systematics and Evolutionary Research 35:75–79. 

Laland, K., T. Uller, M. Feldman, K. Sterelny, G. B. Müller, A. Moczek, E. Jablonka, et al. 
2014. Does evolutionary theory need a rethink? Nature 514:161–164. 

Linz, G. M., R. J. Johnson, and J. Thiele. 2018. European starlings: a review of an 
invasive species with far-reaching impacts. USDA National Wildlife Research 
Center - Staff Publications 2027. 

Lovette, I. J., B. V. McCleery, A. L. Talaba, and D. R. Rubenstein. 2008. A complete 
species-level molecular phylogeny for the “Eurasian” starlings (Sturnidae: 
Sturnus, Acridotheres, and allies): Recent diversification in a highly social and 
dispersive avian group. Molecular Phylogenetics and Evolution 47:251–260. 

Lowe, S., M. Browne, S. Boudjelas, and M. De Poorter. 2000. 100 of the world's worst 
invasive alien species: a selection from the global invasive species database. 

Mando, J., and G. Stack. 2019. Convincing the Public to Kill: Asian Carp and the 
Proximization of Invasive Species Threat. Environmental Communication 
13:820–833. 

Martín, P. V., M. A. Muñoz, and S. Pigolotti. 2019. Bet-hedging strategies in expanding 
populations. PLoS computational biology 15:e1006529. 

Mayr, E. 1942. Systematics and the Origin of Species, from the Viewpoint of a Zoologist. 
Harvard University Press, Cambridge. 

Miller, T. E. X., A. L. Angert, C. D. Brown, J. A. Lee-Yaw, M. Lewis, F. Lutscher, N. G. 
Marculis, et al. 2020. Eco-evolutionary dynamics of range expansion. Ecology 
101:e03139. 

Monk, J. D., E. Giglio, A. Kamath, M. R. Lambert, and C. E. McDonough. 2019. An 
alternative hypothesis for the evolution of same-sex sexual behaviour in animals. 
Nature Ecology & Evolution 3:1622–1631. 

North, H. L., A. McGaughran, and C. Jiggins. 2021. Insights into invasive species from 



 

 

146 

 

whole-genome resequencing. Molecular Ecology. 

Ogden, L. 2018. The beaver diaspora: A thought experiment. Environmental 
Humanities 10:63–85. 

Peischl, S., M. Kirkpatrick, and L. Excoffier. 2015. Expansion load and the evolutionary 
dynamics of a species range. The American Naturalist 185. 

Pfennig, K. S., A. L. Kelly, and A. Pierce. 2016. Hybridization as a facilitator of species 
range expansion. Proceedings of the Royal Society B: Biological Sciences 
283:20161329. 

Pigliucci, M., and J. Kaplan. 2000. The fall and rise of Dr Pangloss: adaptationism and 
the Spandrels paper 20 years later. Trends in Ecology & Evolution 15:66–70. 

Purcell, K. L. 2015. Foraging Behavior of European Starlings: Implications for Mitigating 
Their Impact on Native Species 1–9. 

Quilodrán, C. S., F. Austerlitz, M. Currat, and J. I. Montoya-Burgos. 2018. Cryptic 
Biological Invasions: a General Model of Hybridization. Scientific Reports 8:1–12. 

Ricciardi, A., and R. Ryan. 2017. The exponential growth of invasive species denialism. 
Biological Invasions 20:549–553. 

Ricciardi, A., T. M. Blackburn, J. T. Carlton, J. T. A. Dick, P. E. Hulme, J. C. Iacarella, J. 
M. Jeschke, et al. 2017. Invasion Science: Looking Forward Rather Than 
Revisiting Old Ground – A Reply to Zenni et al. Trends in Ecology & Evolution 
32:809–810. 

Rodriguez, A., M. Hausberger, and P. Clergeau. 2010. Flexibility in European starlings' 
use of social information: experiments with decoys in different populations. 
Animal Behaviour 80:965–973. 

Rollins, L. A., A. P. Woolnough, A. N. Wilton, R. Sinclair, and W. B. Sherwin. 2009. 
Invasive species can't cover their tracks: using microsatellites to assist 
management of starling (Sturnus vulgaris) populations in Western Australia. 
Molecular Ecology 18:1560–1573. 

Rosenberg, K. V., A. M. Dokter, P. J. Blancher, J. R. Sauer, A. C. Smith, P. A. Smith, J. C. 
Stanton, et al. 2019. Decline of the North American avifauna. Science 366:120–124. 

Ross, H. A. 1983. Genetic differentiation of starling (Sturnus vulgaris: Aves) populations 
in New Zealand and Great Britain. Journal of Zoology 201:351–362. 

Russell, J. C., and T. M. Blackburn. 2017. The Rise of Invasive Species Denialism. Trends 



 

 

147 

 

in Ecology & Evolution 32:3–6. 

Schrider, D. R., and A. Kern. 2016. S/HIC: robust identification of soft and hard sweeps 
using machine learning. PLoS Genetics 12:e1005928. 

Schrieber, K., and S. Lachmuth. 2017. The Genetic Paradox of Invasions revisited: the 
potential role of inbreeding × environment interactions in invasion success. 
Biological Reviews 92:939–952. 

Sexton, J. P., P. J. McIntyre, A. L. Angert, and K. J. Rice. 2009. Evolution and Ecology of 
Species Range Limits. Annual Review of Ecology, Evolution, and Systematics 
40:415–436. 

Shackleton, R. T., D. M. Richardson, C. M. Shackleton, B. Bennett, S. L. Crowley, K. 
Dehnen-Schmutz, R. A. Estévez, et al. 2019. Explaining people's perceptions of 
invasive alien species: A conceptual framework. Journal of Environmental 
Management 229:10–26. 

Siepielski, A. M., J. D. DiBattista, and S. M. Carlson. 2009. It’s about time: the temporal 
dynamics of phenotypic selection in the wild. Ecology Letters 12:1261–1276. 

Simberloff, D. 2009. Moving Beyond Strawmen and Artificial Dichotomies: Adaptive 
Management When an Endangered Species Uses an Invasive One. Journal of 
Agricultural and Environmental Ethics 22:73–80. 

Simberloff, D. 2012. Nature, Natives, Nativism, and Management: Worldviews 
Underlying Controversies in Invasion Biology. Environmental Ethics 34:5–25. 

Simberloff, D., and J. R. S. Vitule. 2013. A call for an end to calls for the end of invasion 
biology. Oikos 123:408–413. 

Stopyra, D. 2016. Get the flock out of here: Starlings are the worst. Birds. Ever. Salon. 

Subramaniam, B. 2001. The Aliens Have Landed! Reflections on the Rhetoric of 
Biological Invasions. Meridians: feminism, race, transnationalism 2:26–40. 

Subramaniam, B. 2014a. Ghost Stories for Darwin. University of Illinois Press, Urbana. 

Subramaniam, B. 2014b. Spectacles of belonging. in J. Stanescu and K. Cummings, eds. 
The ethics and rhetoric of invasion ecology, (Un)documenting citizenship in a 
multispecies world. Lexington Books, New York. 

Valéry, L., H. Fritz, and J.-C. Lefeuvre. 2013. Another call for the end of invasion 
biology. Oikos 122:1143–1146. 



 

 

148 

 

Visscher, P. M., W. G. Hill, and N. R. Wray. 2008. Heritability in the genomics era — 
concepts and misconceptions. Nature Reviews Genetics 9:255–266. 

Werner, S. J., J. W. Fischer, and K. A. Hobson. 2020. Multi-isotopic (δ2H, δ13C, δ15N) 
tracing of molt origin for European starlings associated with U.S. dairies and 
feedlots. PLoS ONE 15:e0237137. 

Wing, L. 1943. Spread of the Starling and English Sparrow. The Auk 60:74–87. 

Wood, C. A. 1924. The Starling Family at Home and Abroad. The Condor 26:123–136. 

Young, A. M., and B. M. H. Larson. 2011. Clarifying debates in invasion biology A 
survey of invasion biologists. Environmental Research 111:893–898. 

Závorka, L., M. Buoro, and J. Cucherousset. 2018. The negative ecological impacts of a 
globally introduced species decrease with time since introduction. Global 
Change Biology 24:4428–4437. 

 
 

 

  



 

 

149 

 

 

APPENDIX A: CHAPTER 2 

	

A.1 Tests of population structure 

	

Figure A1. Delta-K values for the STRUCTURE runs. 

	

Because we expect population structure to be fairly low given the recent expansion of 

North American starlings, we used fineRADstructure to test for more subtle patterns of 

structure (Malinsky et al. 2016). This program calculates shared ancestry using a 

coalescent model to determine haplotype linkage among sampled individuals. The 

resulting coancestry matrix controls for similarity among individuals to infer fine-scale 

patterns of population structure, and we found no evidence for subtle population 

structure even using this more sensitive test.  
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Figure A2. fineRADstructure results.  

This clustered coancestry matrix shows that the estimated coancestry coefficient does 

not vary among sampled individuals. fineRADstructure identifies fine-scale patterns in 

population structure as a result of shared ancestry, indicating the range of coancestry 

coefficients using a heat map. 

	

A.2 Isolation-by-distance and isolation-by-environment  

The Mantel test is widely used to compare geographic and genetic distances, even 

though this test may not be appropriate in all such comparisons (Legendre and Fortin 

2010). Where there is weak differentiation among populations—as is the case in North 

American starlings—Mantel’s R may be artificially inflated at intermediate migration 

rates (Meirmans 2012, 2015). The distribution of geographic distances among sampling 

locations may complicate our use of a Mantel test: as shown in the figure below, there is 

not a continuous distribution of geographic distances. 
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Figure A3. Mantel test of isolation by distance. 

	

As described in the main text of the Methods, we also ran partial Mantel tests control 

for geographic distance when testing for the relationship between environmental and 

genetic distances. We report all Spearman correlations here, where the P-value is the 

two-sided P-value after randomizing the genetic distance matrix 999 times.  
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Table A1. Partial Mantel tests. 

VARIABLE DEFINITION MANTEL R P-VALUE 
BIO1 Annual mean temperature -0.07 0.98 
BIO12 Annual precipitation 0.06 0.02 
BIO16 Precipitation of wettest quarter 0.28 0.01 
BIO7 Temperature annual range 0.15 0.001 
ELEVATION - 0.15 0.001 
		

 

To identify potential geographic barriers, we also used the program EEMS (Estimated 

Effective Migration Surfaces, (Petkova et al. 2015). EEMS estimates how quickly genetic 

similarity decays across the landscape, allowing us to pinpoint geographic regions that 

depart from continuous IBD. Because the number of hypothesized demes 

(subpopulations) can influence model sensitivity, we ran EEMS using polygons 

covering the entire North American range and only the areas sampled, and also tested 

each map using different numbers of demes  where the number of demes is limited by 

the number of individuals (N=50, N=100, and N=150). We adjusted the variance of the 

proposal distribution for both migration and diversity parameters to ensure that all 

parameters were accepted between 10 and 15% of the time as suggested in the EEMS 

documentation, with the input proposal variances as follows: mSeedsProposalS2 = 0.15, 

mEffctProposalS2 = 1.5, qSeedsProposalS2 = 1.5, qEffctProposalS2 = 0.1, and 

mrateMuProposalS2 = 0.001. We ran three chains to check convergence. 
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Figure A4. Estimated effective migration surfaces (EEMS) model. Warmer (red) colors 

indicate lower migration or diversity rates, whereas cooler (blue) colors suggest higher 

diversity (top) or higher migration (bottom). 

	

The EEMS model recovers fairly uniform rates of migration among sampling locations. 

Although migration rates appear to be higher in some areas, these areas have not been 

sampled, and thus we suggest that high migration rates in this model are an artifact of 

sampling. Even when we decrease the number of demes, we still recover similar results. 

These results, combined with previous genetic studies (Cabe 1998; 1999), support the 

−0.05

0.00

0.05

0.10

log(q)

●

● ●

● ●
●● ● ●

●● ●●

● ●●
● ●

Posterior mean diversity rates q (on the log10 scale)

−2

−1

0

1

2

log(m)

●

● ●

● ●
●● ● ●

●● ●●

● ●●
● ●

Posterior mean migration rates m (on the log10 scale)

160 birds arrive

 in 1890 & 1891

−0.05

0.00

0.05

0.10

log(q)

●

●
●

●● ●
●●
● ● ●

● ●● ●
● ●

● ●
● ●

●

Posterior mean diversity rates q (on the log10 scale)

0.10

0.05

0.00

-0.05

2

1

0

-1

-2

diversity
migration

Diversity

Migration

Highest FST of 0.106

Highest FIS 

of 0.082



 

 

154 

 

hypothesis that the Rocky Mountains may have imposed an altitudinal barrier to 

starlings’ spread: spatially explicit models indicate a decreased migration rate on the 

eastern front of the mountains, and an increase in genetic diversity west of the 

mountain range (Figure 2). In other words, Western starling populations on the range 

edge are more diverse than populations nearer to the introduction site. Historical 

records complement this evidence, as the starling expansion slowed only when 

reaching these mountains (Jernelov 2017). We suggest that elevation may impose a 

barrier even across this species’ worldwide range: both in this study and in a parallel 

study of Australian populations, patterns of genetic variation can be attributed to a 

montane barrier (Cardilini et al. 2020). 

	

A.3 Demographic models 

The Stairway plot method estimates recent population histories from hundreds of 

unphased, low-coverage loci, which distinguishes the stairway plot from other 

demographic methods (e.g., PSMC) that can infer ancient population history more 

accurately (Liu & Fu 2015). The stairway plot method models changes in population 

size using the site frequency spectrum, where the null model assumes constant size. We 

used this model-flexible method to determine whether starlings experienced any 

genetic bottleneck after introduction: in the stairway plot, this result could occur if an 

alternative model was accepted during one or more steps of the stairway plot. We 

assumed a mutation rate of 1x10-9 and a generation length of 4.6 years (BirdLife 

International) and used the recommended 67% of sites for training. The results 

presented here are averaged among eight independent runs, each with 10 to 30 
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randomly generated breakpoints during the reconstruction. 

	

Figure A5. Stairway plot. This model indicates a gradual decline in effective population 

size over time. Black line indicates approximate colonization date of starlings according 

to historical records (1890). 

 

The stairway plot method finds that upon introduction approximately 130 years ago, 

effective population size was 10,000 individuals, and population size has gradually 

declined to 4,000 individuals. Importantly, the decline in Ne in the most recent time 

steps—the last 100 years—may be a spurious pattern resulting from known 

uncertainties in the final steps of this stairway plot method (Liu & Fu 2015). 

 

A.4 Rationale for GEA methods 

There are several assumptions underlying the genotype-environment associations 

presented in this manuscript, including that: (1) RAD loci are an effective tool for 
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exploring true genetic variation; (2) bioclimatic variation at the sampling location is a 

possible selective pressure that drives genetic variation in starlings; and (3) these data 

are best-suited to population-level inferences.  

(1) We assume that RAD loci can represent actual genetic variation well enough to 

make inferences about population structure, demography, and even selection. 

Population geneticists have clearly demonstrated that the genetic diversity recovered by 

RAD-sequencing tends to be lower than true values (Cariou et al. 2016). In addition, 

RAD loci are limited to the cut sites of the enzymes used, and thus do not reflect a 

random sampling of genes (DaCosta & Sorenson 2014). These realities limit the utility of 

RAD markers, but RAD-sequencing is nonetheless a cost-effective method for exploring 

genetic diversity and differentiation prior to more thorough sampling of the genome.  

(2) Our study assumes that the environmental conditions experienced in the collection 

location and season represent the conditions that a bird experiences throughout its 

lifetime. In the main text, we present isotopic evidence that starlings in some sampling 

locations appear to permanently reside in or near that collection state, but here we focus 

on the environmental variation across time and space in our dataset. We hypothesized 

that conditions at the sampling location may drive selection, but environmental 

conditions do vary between breeding and wintering ranges. Starlings collected in the 

western U.S. tend to remain in the same region during both breeding and 

overwintering, but elsewhere in the U.S., starlings may not experience uniform 

environmental conditions across their lifetime. Importantly, the environmental 

variation that we use in our genotype-environment associations represents an average 

of conditions at that location between 1970-2018 and not conditions experienced at the 
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time of sampling. We assume that this average is a more accurate representation of 

potential selective pressures than a single point estimate of the conditions experienced 

by that bird at the time of collection.  

	

Figure A6. Covariation among and distribution of all bioclimatic variables. 

 

We note that ‘winter climate’ variables (e.g., BIO6: min temperature of coldest month, 

BIO11: mean temperature of coldest quarter, and BIO19: precipitation of coldest 
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quarter) are correlated with the range of temperatures experienced across the year 

(BIO7), which is retained in the RDA model. We chose to retain BIO7 because it does 

not correlate significantly with other predictors, and because it is approximately 

normally distributed, whereas other wintering variables are not (Figure A5).  

(3) This study focuses on potential local adaptation across North America, but we 

acknowledge that individual dispersal and migration may complicate our ability to 

make inferences about selection. We cannot compare individuals’ molt origin and RAD-

sequencing data side-by-side, since the original collection of starlings did not identify 

individuals and instead pooled samples within a population. Because we cannot trace 

individuals in this comparison, from the . Although migratory strategy can vary within 

the same sampling location, the molt-origin data presented in Werner et al. do enable us 

to determine whether individuals sampled at a given location are likely to experience 

consistent environmental conditions.   

 

A.5 Comparing selection-scan methods 

Differentiation methods can identify loci that have undergone strong selective sweeps, 

but these methods may be inappropriate in systems like this one with low overall 

differentiation. Testing for selection on such a short time-scale—and especially in a 

system where a genetic bottleneck may explain much of the variation observed—is a 

major challenge. We discuss demographic evidence in the discussion section of the 

main text, but given that the effective population size expanded so rapidly after the 

initial founder effect, we argue that the relative importance of selection in shaping 

genetic variation in North American starlings may be stronger than in other invasions. 
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However, any evidence for selection is likely to be subtle, and each of the selection tests 

used in this project have different assumptions that we outline in this section. 

Traits under selection—especially environmentally-driven selection—are likely to be 

polygenic, and thus we would expect to find low levels of differentiation at many loci. 

For this reason, we suggest that multivariate methods such as redundancy analyses 

may be more appropriate tests of selection in this system than univariate or 

differentiation-based methods. Each selection scan is best suited to a particular 

environmental context: RDA is generally better able to identify selection when the 

environment gradient is not correlated to population structure (Capblancq et al. 2018), 

and when selection is multi-locus and weak (Forester et al. 2018). However, where there 

is spatial autocorrelation and environmental conditions change on the same scale as 

geography, many genotype-environment association methods may struggle to 

disentangle geography and environment. Given that population structure is negligible 

within North American starlings, we suggest that controlling for structure—e.g., with 

LFMM—may be less important than ensuring sufficient statistical power to identify 

multilocus adaptation.  

Results from the redundancy analysis are thus reported in the main text, whereas 

we report the methods and results of all other tests here. Briefly, there is little overlap 

among these tests: no SNPs were identified by all tests, 13 SNPs were identified by both 

RDA and LFMM, and 3 SNPs by LFMM and BayeScEnv. This low level of overlap is 

consistent with other studies that compare RDA and LFMM in the same system 

(Capblancq et al. 2018). Furthermore, we report only evidence from the selection scan 

method best suited to our assumptions, given that reporting only the overlap would 
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limit selection inference to the test with the least power (Forester et al. 2018). 

 

A.6 Bayescan and BayeScEnv 

FST-based genome-scan approaches are best suited to identify loci that stand out 

against a low background level of differentiation. To test these more traditional 

methods against the model-based approaches (LFMM & RDA), we used both BayeScan 

(Foll & Gaggiotti 2008) and BayeScEnv (de Villemereuil & Gaggiotti 2015). BayeScan 

identified no SNPs with a Q-value lower than 0.989, indicating that there is no evidence 

of selection based on this test (Table S2; excel file). BayeScEnv incorporates 

environmental differentiation when identifying outlier loci by including a term to 

explicitly model environmental differentiation in the framework used in BayeScan. 

BayeScEnv identified several SNPs that could be under selection (Table S2), and three of 

these were also found the LFMM analysis (below). 
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Figure A7. Gelman Plot for BayeScEnv. Here, the shrink factor demonstrates 

convergence of each model. 
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A.7 Latent-factor mixed models (LFMM) 

As a univariate test of selection, we used the lfmm function (Frichot et al. 2013) to test 

for associations with climatic gradients and to decrease the number of false positives. 

For the univariate method (LFMM), environmental variation was modeled as the first 

three principal components of bioclimatic variation across the range of North American 

starlings. We used the R package LEA (Frichot & François 2015) to prepare input files 

and run a model where genotypic variation is considered a response variable in a linear 

regression that controls for latent factors (e.g., population structure and/or background 

variation) in estimating the association between the genotypic response and the 

environmental predictor. For each of three models—including 1, 2, and 3 latent 

factors—we ran 30 MCMC chains of 10,000 cycles each, discarding a burn-in of 5,000 

cycles. Z-scores were combined across all 30 runs and p-values readjusted to calibrate 

the null hypothesis and increase power using the Fisher-Stouffer method as suggested 

in the LEA and LFMM manuals. We used the Benjamini-Hochberg algorithm to control 

for false discoveries.  
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Figure A8. Latent-factor mixed model (LFMM) results. Each point reflects an 

association between a SNP and environmental variation (captured as a principal 

component of all possible bioclimatic variation across sites).  
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Latent-factor	mixed	models	identified	2490	candidate	variants	associated	with	the	first	

principal	component	of	environmental	variation,	which	explains	41.5%	of	the	variation	and	

loads	with	temperature-related	variables.	An	additional	1315	variants	were	associated	

with	precipitation-related	PC2,	and/or	with	PC3,	a	composite	of	temperature	and	

precipitation	variables.	Since	we	identified	many	candidates	using	a	q-value	cut-off	of	0.01,	

only	loci	that	were	identified	in	all	three	runs	(K=1-3	latent	factors)	and	were	more	than	

five	standard	deviations	from	the	mean	log10p	value	were	considered	candidates	under	

selection	(false	discovery	rate	<	0.05,	true	positive	>25).	This	filtering	left	1218	remaining	

SNPs—or	8%	of	all	SNPs—distributed	across	all	three	principal	components	of	

environmental	variation	(Table	S2).		

	

A.7 Functions of genes and gene ontology information 

Although no gene ontology categories were significantly overrepresented, signaling 

and response to stimuli were particularly well-represented among GO terms, showing 

up to 48-fold enrichment (FDR-corrected P=0.12-0.98, Table S2). It is important to note 

that this analysis does not correct for gene size nor does it expect that any ‘candidates’ 

reported here are likely to drive adaptation in the North American starling. However, 

we find it useful to examine possible functions that would need to be verified by whole-

genome data. Among signaling-related GO terms, neuron development, synaptic 

transmission and organization were particularly common (Table S2). Other common 

GO terms relate to kidney function, viral processing, metabolism, and regulation of 

growth factors. Among the top twenty variants under strong selection (r2 > 0.2 or 

log10p > 10), we find four genes related to growth factors (EOGT, GAB3, HBEGF, 
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STAT3), six involved in immune responses that do not directly involve growth factors 

(DNAJB14, FKBP4, ASB2), and three essential to muscle function (LIMCH1, HBEGF, 

CALD1). Putatively selected genes may play a role in physiological processes that 

support starlings’ invasion success in North America. 

Effective solute transport and kidney development are critical in dry habitats, 

which may explain why all but one of the genes related to kidney function correlate 

with precipitation (BIO16). Claudin 16 (CLDN16; R2 = 0.23) is one such protein that 

regulates ion concentrations in the kidney, while others maintain homeostasis and 

vasoconstriction (AVPR1B; R2 = 0.18) or transport iron (STEAP3; R2 = 0.21). Many 

invaders shift their diet upon colonization of a new habitat, and many candidates play a 

role in metabolism and/or digestion: for example, aridity may result in selection on 

proteins that process lipids (MTMR3; R2 = 0.18) and fatty acids (PEX5; R2 = 0.17), since 

organisms living in dry environments often depend on fat storage for proper hydration. 

Proteins that modify growth factors—key orchestrators of cellular growth and 

development—correlate with aridity but also temperature, and complexes that rely on 

ubiquitin ligases to degrade proteins are similarly strong candidates. Many of the 

putatively selected genes are critical to starlings’ survival, and investigating a wider 

range of environmental conditions and sampling whole genomes may support this 

preliminary evidence of incipient local adaptation. 
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APPENDIX B: CHAPTER 3 

 

B.1 Geographic sampling and sequencing quality 

 

Table B1. Sampling for each individual.  

Table includes latitude and longitude coordinates for each individual (ind.) sample. 

Additional columns indicate the total number of bases sequenced (in Kb) for each 

individual, coverage from two lanes of sequencing, average quality score (Qscore) for 

each round of sequencing (R1 and R2), and percent of bases over a quality threshold of 

30 for each round.  

Ind. Lat Long Site Total Bases 

Kb 

Coverage Avg 

QScore 

(R1) 

Avg 

QScore 

(R2) 

% 

>Q30 

(R1) 

% 

>Q30 

(R2) 

uk1 54.99 -1.90 Northumberland 20,841,992 17.37 38.19 36.24 92 85 

uk2 54.99 -1.90 Northumberland 29,361,687 24.47 38.26 36.51 92 86 

uk3 55.09 -1.98 Northumberland 27,540,273 22.95 38.2 36.06 92 84 

uk4 54.99 -1.90 Northumberland 24,594,124 20.50 38.18 36.08 92 84 

uk5 54.97 -1.98 Northumberland 23,291,164 19.41 38.34 36.39 92 85 

uk6 54.99 -1.90 Northumberland 24,423,207 20.35 38.34 36.44 92 85 

uk7 55.09 -1.98 Northumberland 26,595,490 22.16 38.25 36.09 92 84 

uk8 55.09 -1.98 Northumberland 25,575,830 21.31 38.23 36.19 92 84 

au1 -40.17 151.5 Lemontree 29,066,476 24.22 38.28 36.54 92 86 

au2 -40.17 151.5 Lemontree 25,044,625 20.87 38.29 36.34 92 85 

au3 -44.68 151.0 Newcastle 21,233,948 17.69 38.01 36.16 91 84 

au4 -44.68 151.0 Newcastle 22,054,657 18.38 38.29 36.43 92 85 
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au5 -48.08 155.6 Wonthaggi 21,087,222 17.57 38.17 36.19 92 84 

au6 -48.08 155.6 Wonthaggi 22,758,978 18.97 38.19 36.27 92 85 

au7 -42.37 139.7 Meningie 23,318,043 19.43 38.35 36.63 92 86 

au8 -42.37 139.7 Meningie 28,061,300 23.38 38.15 36.21 92 84 

us1 40.65 -73.82 NYC 29,347,953 24.46 38.32 36.34 92 85 

us2 40.65 -73.81 NYC 24,843,058 20.70 37.65 36.04 90 84 

us3 40.65 -73.82 NYC 19,679,896 16.40 37.94 36.39 91 85 

us4 40.64 -73.81 NYC 22,273,753 18.56 38.24 36.42 92 85 

us5 40.65 -73.82 NYC 18,268,966 15.22 38.34 36.53 92 86 

us6 40.64 -73.75 NYC 24,266,344 20.22 38.25 36.48 92 85 

us7 40.64 -73.76 NYC 26,614,217 22.18 38.22 36.55 92 86 

us8 40.64 -73.76 NYC 22,832,374 19.03 38.29 36.45 92 85 

 

 

B.2 Three different genome assemblies produce similar results 

We first compared how different genome assembly versions may affect variant calling 

and further downstream analysis. The raw data from a global whole genome starling 

comparison project was realigned to each of the three genome assemblies. A scaffolded 

version of S. vulgaris vNA (GCF_001447265.1, scaffolded using Zebra Finch genome 

GCF_008822105.2 and Satsuma2), S. vulgaris vAU1.0 (Stuart et al. 2021), and lastly a 

non-scaffolded version of S. vulgaris vAU that involved an initial SUPERNOVA (v2.1.1) 

(Weisenfeld et al. 2017) assembly and polishing using PILON (v1.23) (Walker et al.) of 

the 10x linked-read data in Stuart and Edwards et al. 2021. The variant calling pipeline 

was similar to that used in the main manuscript, with some program version 

differences. Briefly, eight S. vulgaris individuals from each of the United Kingdom (UK; 
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native range), North America (USA; invasive range), and Australia (AU; invasive range) 

were sequenced using short read Illumina sequencing. The raw reads were processed 

using SAMTOOLS (v1.9) (Li et al. 2009) and BEDTOOLS (v2.27.1) (Quinlan and Hall 2010), 

and adapters were removed using ADAPTERREMOVAL (v2.2.2) (Schubert et al. 2016). The 

processed reads were aligned to each of the three genome assemblies (Table 1) using 

BOWTIE2 (v 2.3.5.1) (Langmead and Salzberg 2012), and indexed using PICARD (v2.18.26) 

(Anon 2019). GATK’S (v4.1.0.0) (Poplin et al. 2018) HaplotypeCaller (GVCF mode) was 

used to call haplotypes for each sample, which were processed with CombineGVCFs 

and finally passed into GenotypeGVCFs to produce the initial VCF file. The VCF file 

was put through an initial filter step in GATK (QD<2.0, FS>60.0, MQ<40.0, SOR>3.0), 

and a secondary filter step (max missing count=4, min mean DP=2, max mean DP=50, 

min alleles=2, max alleles=2). VCFtools (v0.1.16) (Danecek et al. 2011) was then used to 

create three sets of filtered VCF files for each genome. A SNP data set was created by 

filtering for minor allele frequency (MAF) of 0.1, and one data set was created at MAF 

0.05. The MAF 0.05 dataset was then further filtered; SNPs were pruned in BCFTOOLS 

(samtools v1.9) for linkage by removing sites with an r2 > 0.6 within 1000 bp site 

windows (Linnér et al. 2019). This last data set was used for population genetics 

analysis. 

The three variant data files were assessed using samtools (v1.9) bcftools stats 

function. The final data set (MAF 0.05 and LD filtering) was parsed through SNPRELATE 

(v1.22) (Zheng et al. 2012), and displayed in a PCA to illustrate individual clustering 

and population relatedness. ADMIXTURE (v1.2) (Alexander and Lange 2011) analysis was 

used to explore population relatedness and admixture. 
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Some minor differences in SNP counts and the levels of SNP missingness per 

individual was found between the non-scaffolded S. vulgaris vAU genome version and 

the other two scaffolded genome versions (Fig. 1, Fig. 2). This difference is likely due to 

smaller scaffold sizes affecting the mapping of the short whole genome sequencing 

reads in the non-scaffolded S. vulgaris vAU genome version. However, these 

discrepancies were minor, and no biologically meaningful differences were found in the 

population differentiation analysis using the three different genome versions (Table 1, 

Fig. 3, Fig. 4). These results indicate that neither the population from which the 

reference individual has been sourced, nor the level of genomic scaffolding (continuity 

of the genome), has an effect the SNP based population analysis conducted above. 

Further, non-scaffolded S. vulgaris vAU did not undergo chromosomal alignment to the 

chromosomes of the T. guttata, while the other two genome versions used here did 

undergo this scaffolding process. This indicated that the synteny alignment conducted 

had no biological impact on the population differentiation analysis conducted, and all 

analyses in the main text and the rest of this appendix use the vNA version.  
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Figure B1. Number of alleles recovered for each of the three S. vulgaris genome 

versions. a) MAF of 1%, b) MAF 5%, c) MAF 5% and linkage filtered at r2<0.6 in 1000 bp 

sliding windows. Total alleles (solid) contains both reference and non-reference alleles 

(nRefHom + nNonRefHom + nHets), while non-reference SNP (stripped) is a 

nNonRefHom and nHets (nNonRefHom + nHets). Counts are obtained from BCFTOOLS, 

SNP counts for AU, UK and NA individuals were obtained by calculating the values 

per individual and averaging them across the population (n=8).  

 

 

Figure B2. Missingness per individual for each genome assembly. a) MAF 5% and 
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linkage filtered at r2<0.6 in 1000 bp sliding windows, and b) MAF 1% (dark) and MAF 

5% (light). Individual missingness calculated using VCFTOOLS. 

 

 

  

Table B2. Differences in genome-wide FST among genome assemblies. FST calculated 

between pairwise population comparisons (n=8) for MAF = 0.05 and r2<0.6.  

 

Non-scaffolded vAU genome 

 AU UK NA 

AU - 0.0431668 0.045913 

UK - - 0.0374013 

Scaffolded vAU genome 

 AU UK NA 

AU - 0.0430631 0.045771 

UK - - 0.0373351 

Scaffolded vNA genome 

 AU UK NA 

AU - 0.043003 0.045816 

UK - - 0.037413 
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Figure B3. PCA comparisons among genome assemblies. The variant data are filtered 

using MAF 5% and linkage threshold of r2<0.6 in 1000 bp sliding windows. Produced 

using SNPRELATE. 
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Figure B4. Admixture comparisons among the three S. vulgaris genome versions. K=2 

is shown in the left column and K=3 in the right column. These data are filtered using 

MAF 5% and linkage filtered at r2<0.6 in 1000 bp sliding windows. 

 

 

B.3 Variant-calling method does not change results dramatically  

B.3.A Sequencing data quality  

Recent advances in genomic methods urge caution when calling and filtering variants 

(Ahrens et al. 2021), and we note that the methods we use here represent only one of 

many possible strategies. Representing variants in the form of likelihoods captures the 

uncertainty inherent in sequencing data, and this approach is essential when working 

with low-coverage or low-quality data. However, when sequencing depth and quality 

is relatively high, we can be more confident that the called variant is the true variant at 
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that site. In these data, sequencing depth was relatively high even before filtering 

(Figure B5), but we describe sensitivity analyses of variant-calling approaches in Section 

B.2.B below. 

 

Figure B5. Quality of sequencing data as quantified in ANGSD. Top row indicates base 

quality score (Q-score), middle row shows read depth across all individuals (global 
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depth), and bottom row shows sequencing depth for each individual (sample depth.)   

 

B.3.B Impact on diversity metrics 

First, we note that genome-wide patterns are sensitive to whether or not invariant sites 

are included in genome scans: although the generalized results presented here are 

consistent regardless of which sites are included, FST can change dramatically when 

invariant sites are included or not. By way of example, here is a qualitative description 

of how patterns of differentiation on Chromosome 2 change: in a sliding scan of 50-kb 

windows, FST peaks in US vs. UK show up with variant sites only but not when we 

include invariant sites.  

 

B.3.C. Impact on population structure  

We first checked whether population structure results were sensitive to variant-calling 

method. We find that a principal components analysis using genotype likelihoods 

yields results consistent with the variant-called set in Figure 3.1 of the main text.  
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Figure B6. Principal components analysis of the same dataset using genotype 

likelihoods, to compare to called variants in the main text. 

 

B.3.D. Impact on demographic model 

Demographic models rely on subtle differences in allele frequencies to infer bottlenecks 

or other demographic shifts, but these differences can easily reflect sequencing errors. 

In particular, singleton frequency is highly dependent on sequencing quality. For this 

reason, any demographic methods presented in this manuscript use a site-frequency 

spectrum built within the ANGSD framework to avoid possible biases due to 

sequencing errors.  

 

 

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

−0.25

0.00

0.25

−0.2 0.0 0.2 0.4
PC1

PC
2

Pop
●

●

●

AU

UK

US

PC1 (5.43%) / PC2 (4.79%)



 

 

180 

 

B.4 Additional tests of population structure 

PC2 distinguishes among Australian individuals and explains nearly as much variation 

as the first component (5.23%). Additional components distinguish among populations 

nearly as effectively: PC3 (5.12%) shows that the Australian population falls in between 

UK and NA clusters, and PC4 (4.82%) indicates differences between the NA and other 

populations (Figure B5). 

 

 

Figure B7. Additional PCs of a principal component analysis of the variant-called 

dataset. 
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Figure B8. Cross-validation errors for ADMIXTURE tests of K=1-5. 

 

B.5 Demography and inbreeding  

 

Table B3. Inbreeding statistics (F-statistic) for each individual. 

Individual F-statistic 

AU1 0.32043 
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UK2 -0.02545 

UK3 -0.0242 

UK4 0.02273 

UK5 -0.02165 

UK6 -0.02398 

UK7 0.06993 

UK8 -0.01048 

US1 0.00674 

US2 -0.01957 

US3 0.48915 

US4 -0.00911 

US5 0.01501 

US6 -0.00107 

US7 -0.00554 

US8 0.00771 

 

Table B4. Demographic model output from fastsimcoal2. NBOT indicates the size of the 

bottleneck (in individuals), TBOT the time of the bottleneck in years, NANC the size of 

the ancestral population, and NCUR the current estimated population size. 

 

Population NBOT TBOT NANC NCUR 

UK 31710.2 111497 514837.8 784301.2 
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AU 4394.4 178.4 541308.6 60306 

NA 12299.2 72.6 529885.6 64410.8 

 

 

B.6 Genomic architecture of the starling genome 

 

Table B5. Distance between center of FST peaks shown in main text and approximate 

centromere position. 

Chromosome Centromere position (Mb) Center of peak (Mb) 

1 98.17 105 

1A 62.54 49 

2 76.29 48 

4 16.82 23 

4A 19.79* 6 

6 0.89 5.5 

Z 27.51  

*This position is opposite to Volker et al. 2010. 
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B.7 Gene ontology analyses  

 

Figure B9. Common gene ontology (GO) categories represented in Australian vs. UK 

outliers. 
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Figure B10. Common gene ontology (GO) categories represented in NA vs. UK outliers. 

 

B.8 Selection inference at additional FST peaks 

 

Table B6. Estimates of population genetic statistics for all regions of elevated FST. 

Comparisons with Australia 
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AU vs. UK AU vs. NA NA AU UK NA AU UK 

1 26.1 0.258 0.088 0.003 0.002 0.002 -0.23 -0.53 -0.31 

2 83.7 0.346 0.281 ~0 ~0 ~0 -0.22 0.43 -0.28 

3 11.1 0.251 0.257 0.003 0.002 0.003 1.87 -0.75 1.70 

6 6.05 0.211 0.078 ~0 ~0 ~0 -0.86 1.55 -1.62 

Z 57.3 0.238 0.274 0.002 0.001 0.002 -1.05 -0.93 -0.66 
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Comparisons with North America 

Chr. Pos. 

(Mbp) 

FST  p Tajima’s D 

NA vs. UK NA vs. AU NA AU UK NA AU UK 

1 107.1 0.283 0.052 ~0 ~0 ~0 -0.08 2.13 -0.08 

2 130.7 0.181 0.043 ~0 ~0 ~0 -0.47 0.86 -0.33 

3 51.8 0.177 0.169 0.002 0.001 0.001 -0.46 -1.06 -1.49 

6 55.5 0.243 0 ~0 ~0 ~0 0.98 0.86 -1.55 

Z 64.9 0.228 0 0.002 0.002 0.001 0.03 0.83 -0.79 

 

 

 

Figure B13. Region of elevated FST on Chromosome 1. The top row shows a plot of FST, 
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where yellow indicates differentiation between AU and UK, blue between NA and UK, 

and grey between NA and AU. The middle row shows nucleotide diversity and bottom 

row Tajima’s D, where yellow indicates the values in the AU population, blue in the 

NA, and green in the UK population. 

 

 

Figure B14. Region of elevated FST on Chromosome 3. Colors are the same as in Figure 

3.3 and the legend of Figure B13. 
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Figure B15. Comparisons of FST and dxy across the genome.  

Each point indicates a single 50-Kb window, and the smoothing trendline shows that dxy 

tends to change approximately linearly with FST in the comparison between NA vs. UK, 

and less so in AU vs. UK. 
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