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Abstract 15 

The expansion of human settlements over the past few centuries is responsible for an 16 

unprecedented number of invasive species introductions globally. An important component of 17 

biological invasion management is understanding how introduction history and post-18 

introduction processes have jointly shaped present-day distributions and patterns of 19 

population structure, diversity, and adaptation. One example of a successful invader is the 20 

European starling (Sturnus vulgaris), which was intentionally introduced to numerous countries 21 

in the 19th century, including Aotearoa New Zealand, where it has become firmly established. 22 

We used reduced-representation sequencing to characterise the genetic population structure 23 

of the European starling in New Zealand, and compare the population structure to that present 24 

in sampling locations in the native range and invasive Australian range. We found a relatively 25 

high level of genetic differentiation for samples taken from across the north of New Zealand, 26 

compared to other invasive and native populations, congruent with documented introductions 27 

from multiple localities while also implying restricted gene flow. Other New Zealand locations 28 

presented more homogenous genetic population structure, suggesting potential connectivity 29 

between southern regions. We also profiled genetic bottlenecks and shared outlier genomic 30 

regions as a means of corroborating translocation records between invasive populations. Using 31 

these results as well as historic demographic patterns, we demonstrate how genomic analysis 32 



complements even well-documented invasion histories to better understand invasion 33 

processes, with direct implication for understanding contemporary gene flow and informing 34 

invasion management.  35 
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1 | INTRODUCTION 39 

Invasive alien species are a threat to biodiversity, primary industries, and human health, costing 40 

a global estimate in excess of US$400 billion annually (Roy et al., 2024). With globalisation 41 

facilitating an increasing rate of accidental and deliberate introductions (Hulme, 2009; Seebens 42 

et al., 2017, 2021), and human-mediated environmental disturbance providing ideal 43 

environments for invasive species to thrive (Essl et al., 2020), the impact of invasive species will 44 

undoubtedly continue to grow. Ongoing efforts to mitigate the costs of invasive species often 45 

require single-species-targeted approaches (Roy et al., 2024). To this effect, new genomic tools 46 

have played a vital role in describing properties of invasive species during their transportation, 47 

introduction, establishment, and spread (McGaughran et al., 2024). Population genomics is one 48 

such tool that allows for the profiling of genetic patterns across an invasive species’ range, 49 

giving insight into likely source populations, species movement, and patterns of adaptive 50 

change (McGaughran et al., 2024). In particular, comparing a species’ documented introduction 51 

history to present-day population genetics may reveal the underlying mechanisms that drive 52 

population expansion and contribute to invasion success (Colautti & Lau, 2015). However, 53 

despite risks associated with invasive species continuing to escalate at an alarming rate, 54 

population genomic data is notably lacking for many of the worst invasive species globally 55 

(Matheson & McGaughran, 2022).  56 

The Common or European Starling, Sturnus vulgaris, is considered one of the most successful 57 

invasive avian species worldwide (Lowe et al., 2000), with their presence negatively impacting 58 

agricultural, conservation, and societal interests (Campbell et al., 2016; Evans et al., 2020). 59 

Worldwide, the starlings’ native Eurasian range extends across North Africa, the Middle East, 60 

and Central Asia (Cabe, 2020). The starling has now established invasive populations on all 61 

other human-populated continents (Fig. 1, Stuart, Hofmeister, et al., 2023). Most of the starling 62 

introductions were deliberate attempts by colonial acclimatisation societies to introduce the 63 

species to newly colonised countries (Feare, 1984; McDowall, 1994, pp. 1861–1990; Stuart, 64 

Hofmeister, et al., 2023). In addition to human-mediated introductions, the starling has 65 

expanded its native range, most likely aided by both direct and indirect human-facilitated 66 

factors such as climate change and ecosystem disturbance (Ferrer et al., 1991; G. Harris, 1964; 67 

Webster, 1975). Paradoxically, although the starling’s native range has expanded, population 68 

numbers have declined in more recent times across multiple regions within the native range, 69 

likely as a result of ongoing changes in land use practices (Heldbjerg et al., 2016; Rintala et al., 70 

2003; Wretenberg et al., 2006). There is a pressing need to understand patterns of invasion 71 



success and adaptation within this species, to inform both invasive species management as 72 

well as conservation efforts within native ranges of concern. 73 

Several invasive starling ranges have been characterised by high-resolution genomic datasets 74 

revealing underlying genetic population structure associated with demography, spatial and 75 

temporal patterns of dispersal, and adaptive potential in this highly invasive species (Bodt et al., 76 

2020; Fiorini et al., 2022; Hofmeister et al., 2021; Stuart et al., 2021). Amongst these invasive 77 

populations there exists a diversity of demographic and genetic patterns, with some 78 

populations displaying migration and panmixia (North America; Cabe, 1999), while others show 79 

signals of population substructure and spatial sorting (South Africa; Phair et al., 2018). In 80 

particular, the Australian starling range contains two major genetic subpopulations, that are 81 

thought to be a result of genetic differences at introduction sites, range edge effects, and 82 

landscape barriers (Rollins et al., 2011). However, until now, only low-resolution allozyme 83 

markers have been used to characterise the genetic structure of starlings in the New Zealand 84 

range, providing a limited view of population structure which reported fairly high levels of 85 

genetic differentiation and some loss of genetic diversity within New Zealand (Ross, 1983).  86 

In Aotearoa New Zealand, repeated introductions to multiple locations - totalling more than 600 87 

individuals (2,200 when including intra-country translocations) over a twenty-year period in the 88 

mid-1800s - have contributed to the present-day population (Pipek et al., 2019). Detailed 89 

historical accounts track the complicated introduction history of the New Zealand starlings, 90 

which included the importation of starlings from their native range, reciprocal translocations to 91 

and from Australia, and many within-New Zealand translocation events (Jenkins, 1977; Pipek et 92 

al., 2019; Stuart, Hofmeister, et al., 2023; Thomson, 1922). Starlings are now spread over the a 93 

vast majority of mainland New Zealand (Fig. 1). Within New Zealand, understanding how the 94 

introduction history has interacted with invasion processes to lead to the current population 95 

structure can form the basis for proactive management strategies. 96 

This study aims to examine genetic patterns within the invasive starlings across New Zealand on 97 

a backdrop of historical information about introductions and translocations. To do this we used 98 

reduced-representation sequencing data to compare multiple populations to an existing and 99 

characterised dataset (Stuart, Sherwin, et al., 2022) of both the invasive Australian and native 100 

Eurasian ranges. We examine the population structure and genetic bottlenecks within New 101 

Zealand and contrast these patterns to the other invasive and native sampling locations. In 102 

particular we aim to understand if the standing genetic diversity is more reflective of 103 

documented introduction histories identified within this study and previous studies (Pipek et 104 



al., 2019) or post-introduction events such as geographical isolation. We then examine the 105 

independent invasive lineages for signals of shared outlier regions, noting that these shared 106 

regions across independent introductions may indicate parallel (ongoing) selection, but could 107 

also be indicative of post-introduction translocations between geographically separate 108 

locations. Finally, we examine the ancient and more recent demographic history of the species, 109 

to contextualize recent patterns of genetic diversity loss and bottlenecks across the native and 110 

invasive ranges.  111 

  112 



 113 

Figure 1 | Global distribution of the starling (Sturnus vulgaris) and study sampling 114 

locations. Global distribution (a) is plotted based on bird sighting data (Sullivan et al., 2009), 115 

with native range (including native range expansions) plotted in purple and invasive ranges in 116 

green. Invasive bird sighting data is re-plotted within subpanels. Subpanels include sampling 117 

locations from (b) the native range, (c) Australia (Stuart, Sherwin, et al., 2022), and (d) New 118 

Zealand (samples from this study). Within New Zealand, pie charts indicate sites of major 119 

introduction (>100 individuals) from overseas sources, with each sector representing an 120 

independent introduction event as based on Table 1, Pipek et al. (2019). Otago is presented as 121 

an empty circle as this was a major introduction site that was not sampled as part of this study. 122 

Native range samples: Monks Wood, United Kingdom (MKW), Newcastle, United Kingdom 123 

(NWC), Antwerp, Belgium (ANT); invasive range samples: Orange, Australia (ORG), McLaren 124 

Vale, Australia (MLV), and in New Zealand: Auckland (AUK), Manawatū-Whanganui (WHA), 125 

Wellington (WEL), Marlborough (MRL) and Canterbury (CAN).   126 

  127 



2 | METHODS 128 

2.1 | Collection of historical translocation records 129 

For this study, we sought to identify evidence of translocations of starlings between Australia 130 

and New Zealand in the Papers Past (https://paperspast.natlib.govt.nz) and Trove 131 

(https://trove.nla.gov.au) newspaper archives and historical documents of the acclimatisation 132 

societies of New Zealand. In case of newspapers, we looked for articles published between 133 

years 1875 to 1900 (i.e., a period in which starlings were already acclimatised and redistributed 134 

in New Zealand) that contained not only  “starling” or “starlings”, but also words like “shipped”, 135 

“liberated”, “received”, “acclimatisation”, “distributed”, “few”, “several”, “pairs” or “dozen” in 136 

reasonable proximity (both Papers Past and Trove allow to search for co-occurring strings 137 

separated by set maximum number of words). We also explored the annual reports of the 138 

largest acclimatisation societies of Australia in 1880s, when available on Trove. The list might 139 

still not be exhaustive. Furthermore, some birds might have escaped from bird fanciers. Part of 140 

the search was done using Trove API, accessed through R. 141 

2.2 | Sample Collection 142 

A total of 106 starling specimen samples were obtained from various contributors within New 143 

Zealand from five geographically distinct locations between May 2022 and October 2023 (Table 144 

S1). Sampling covered three locations in the North Island, specifically in the Auckland region 145 

(AUK: n=18), the Manawatū-Whanganui region (WHA: n=12), the Wellington region (WEL: n=40) 146 

and two in the South Island in the Marlborough region (MRL: n=15) and Canterbury region (CAN: 147 

n=21). Sampling locations were recorded, and individuals were stored on ice and transported to 148 

the University of Auckland. Tissue subsampling was performed using a biopsy punch of breast 149 

muscle tissue, which was then stored in 90% ethanol at -30oC until DNA extractions could be 150 

performed. 151 

2.3 | DNA Extraction and Sequencing 152 

Extracted DNA samples were sent to Diversity Arrays Technology Pty Ltd company (DArT P/L) for 153 

processing and sequencing (Kilian et al., 2012). Briefly, DArTseq is a reduced representation 154 

sequencing methodology, which uses double restriction enzyme digest (here PstI-SphI) to 155 

randomly subsample and then sequence a subset of the genome. DNA extraction for the MRL 156 

tissue samples was conducted using the New England Biolabs (NEB) Monarch Genomic DNA 157 

Purification Kit following standard manufacturer’s protocols, and these were sequenced in 158 

January 2023. All other tissue samples from New Zealand were extracted using the DNeasy 159 

https://trove.nla.gov.au/


Blood & Tissue Kit (Qiagen), also following the manufacturer’s protocols, and were sequenced 160 

in November 2023. Sequencing was performed on an Illumina Hiseq2500/Novaseq6000, and 161 

the raw fastq data was obtained for all samples, including DArT-produced technical replicates. 162 

In addition to reduced representation sequencing, whole genome resequencing (WGR) data of 163 

12 individuals from four locations were used (Table S2), including three newly sequenced 164 

individuals from New Zealand, and three individuals each from the three native range sites and 165 

the two Australian genetic groups with data obtained from previous studies (Hofmeister et al., 166 

2024; Stuart, Edwards, et al., 2023). For the three newly sequenced New Zealand individuals, 167 

we used the gDNA extracted for DArTseq sequencing, and individuals were resequenced using a 168 

short-read whole genome resequencing approach, with a coverage aim of approximately 20x. 169 

Sequencing was done on the Illumina NovaSeq platform (150 bp paired end reads) and was 170 

completed by Custom Science, Australasia. These individuals were taken from Marlborough 171 

(MRL), New Zealand. 172 

2.4 | Raw Sequence Processing 173 

In addition to the newly generated DArTseq sequence data, we also incorporated a previously 174 

published DArTseq dataset (Stuart, Sherwin, et al., 2022), which contains samples from the 175 

native European range (Antwerp, Belgium; ANT: n=15, Newcastle, United Kingdom; NWC: n=15, 176 

Monks Wood, United Kingdom; MKW: n=15), as well as two sampling locations from within the 177 

invasive Australian range (Orange; ORG: n=15, McLaren Vale; MLV: n=15). The two sampling 178 

locations in Australia were chosen to represent the two major genetic subpopulations (Rollins 179 

et al., 2011). These existing raw sequence data files, along with the MRL samples (January 2023 180 

sequencing batch) were demultiplexed using STACKS v2.2 (Catchen et al., 2013) process_radtags, 181 

while also discarding low quality reads (-q), reads with uncalled bases (-c), and rescuing 182 

barcodes and RAD-Tag cut sites (-r).  It was not necessary to perform this step on the remainder 183 

of the new sequence data because DArT performing in-house demultiplexing using a proprietary 184 

bioinformatic pipeline (Kilian et al., 2012).  185 

For all the data, we used FASTP v0.23.2 (Chen et al., 2018) to remove adapter sequences and in 186 

the same step filtered reads for a minimum phred quality score of 22 (-q 22) and a minimum 187 

length of 40 (-l 40). Both batches of sequence data produced as part of this study were 188 

additionally length trimmed to reduce the read length of the newer sequence data to match the 189 

base length of the older sequence data (-b 69) from Stuart et al. (2022).  190 

2.5 | Mapping, Variant Calling, and Filtering 191 



We used the program BWA v0.7.17 (Li & Durbin, 2009) to index the reference genome S. vulgaris 192 

vAU1.0 (Stuart, Edwards, et al., 2022), and align the trimmed reads using the BWA aln function (-193 

B 5 to trim the first 5 base pairs of each read), which is optimised for single-end short reads, 194 

followed by the BWA samse function for producing the SAM formatted output files containing the 195 

alignments and their respective base qualities. Alignments were then sorted and indexed using 196 

SAMTOOLS v1.16.1 (Li et al., 2009), and single nucleotide polymorphisms (SNPs) were 197 

subsequently called and annotated using BCFTOOLS v1.16 (Danecek et al., 2021) with the 198 

mpileup (-a "DP,AD,SP", --ignore-RG) and call (-mv, -f GQ) functions. 199 

Next, we performed several filtering steps. We removed known technical replicates and 200 

identified relatives from the data (for full methods, see Appendix 1: Filtering replicates and 201 

relatives and Table S3 for original and final sample sizes), which resulted in a final individual 202 

count of 141. VCFTOOLS v0.1.15 (Danecek et al., 2011) was used to remove indels (--remove-203 

indels), and quality filter for a minimum site quality score of 30 (--minQ30), minimum genotype 204 

quality score of 20 (--minGQ 20), and minimum and maximum depth of coverage of 5 (--minDP 205 

5) and 100 (--maxDP 100). Then, to account for batch effects that may impact the sequenced 206 

loci, we kept only SNPs present in at least 50% of the individuals in each sampling location. We 207 

ran one final filtering step to ensure appropriate levels of missingness and rare alleles using the 208 

following parameters: maximum missingness per site of 30% (--max-missing 0.7), minor allele 209 

count of 5 (--mac 5), and a minimum and maximum allele per locus of 2 (--min-alleles 2 --max-210 

alleles 2), resulting in a dataset containing 19,174 SNPs. 211 

2.6 | Genetic diversity and bottlenecks across invasive lineages  212 

First, we assessed genetic diversity metrics within sampling location using the DARTR v2.9.7 213 

(Mijangos et al., 2022) package in R v4.2.1 (R Core Team, 2022) to run the 214 

gl.report.heterozygosity function, which calculated observed heterozygosity (Ho), sample size 215 

corrected unbiased expected heterozygosity (uHe), and inbreeding coefficient (FIS). We 216 

identified SNPs that were private within sampling locations using the populations function in 217 

STACKS with the ‘--phylip’ flag.  218 

In addition to other genetic diversity metrics, the folded site frequency spectrum (SFS) of each 219 

sampling location was constructed to visualise the genetic bottlenecks experienced by the 220 

different populations. SNPs were filtered using DARTR to retain only SNPs that were genotyped 221 

in all individuals (1,451 SNPs), with this level of SNP filtering being used only for this analysis. 222 

This stringent filter was used as SNP missingness interacts with the binning of the SFS 223 

histogram and introduces irregular distributions into the SFS (Fig. S1). To produce comparable 224 



SFS from populations with unequal numbers of samples, each population was subsampled to 225 

10 individuals, and the gl.percentage.freq function in DARTR was used to calculate the minor 226 

allele frequency. This process was repeated 100 times and the distribution plotted. 227 

2.7 | Genetic structure and differentiation 228 

Next, we sought to profile the population structure within the newly sequenced invasive starling 229 

samples from New Zealand and compare this to previously sequenced locations from the native 230 

range and the invasive Australian range. For this, we used the DARTR package in R to run principal 231 

components analysis (PCA) using the gl.pcoa function on the full SNP data set.  232 

The program ADMIXTURE v1.3.0 (Alexander et al., 2009) was used to infer ancestry proportions, 233 

using the default 200 bootstraps (-B), with cross-validation enabled (--cv). We tested a range of 234 

K values (1-10) and plotted the K value with the lowest cross-validation error above K=1 (Fig. S2). 235 

We assessed but did not detect contemporary gene flow among the New Zealand populations 236 

using the program BA3-SNPs version 3.0.4 (Mussmann et al., 2019; Wilson & Rannala, 2003), 237 

but we note that our dataset did not meet a number of assumptions for gene flow analyses (for 238 

full methods, see Appendix 2: Assessing gene flow). 239 

We also assessed pairwise population genetic differentiation using two methods. First, we 240 

assessed pairwise FST values between sampling locations using the DARTR gl.fst.pop function in 241 

R. Secondly, we used Jaccard dissimilarity, a metric borrowed from numerical ecology, to 242 

quantify dissimilarity in minor alleles between locations (Legendre & Legendre, 2012). Here, 243 

Jaccard similarity was first calculated between a pair of individuals across all jointly genotyped 244 

loci as the number of loci where both individuals had at least one minor allele in their genotype, 245 

divided by the total number of loci where at least one individual has at least one minor allele 246 

(Prokopenko et al., 2016). Jaccard dissimilarity values were then calculated as 1 – Jaccard 247 

similarity, the number of loci where both individuals have a copy of the minor allele over the 248 

number of loci where either individual has a copy of the minor allele, for each pair of individuals; 249 

and pairwise Jaccard dissimilarity values between sampling locations were calculated by 250 

averaging over individuals. This approach ignores both the joint presence of major alleles and 251 

the joint absence of minor alleles and is interpretable as differentiation based upon the 252 

uniqueness of minor variants. This was executed using a custom Python script leveraging the 253 

PANDAS v2.2.2 (The pandas development team, 2020) and NUMPY v1.26.4 (Harris et al., 2020) 254 

libraries. 255 

2.8 | Isolation by distance and isolation by environment within New Zealand 256 



To understand the patterns of genetic structure observed across New Zealand in the context of 257 

landscape heterogeneity, we performed multiple matrix regression with randomisation (MMRR; 258 

(Wang, 2013b). MMRR takes a list of distance matrices and calculates the regression 259 

coefficients for each explanatory variable, with random permutations of the response variable 260 

then performed to estimate significance values. Specifically, we were interested in the effects of 261 

isolation by distance (IBD) and isolation by environment (IBE), which are major forces that 262 

shape genetic structure in natural populations (Nanninga et al., 2014). We first imported the file 263 

containing our SNPs into R and converted it into a genlight object using the function 264 

genomic_converter in RADIATOR (Gosselin et al., 2020). SNPs were filtered to a dataset of only 265 

the New Zealand samples (refiltered to --mac 5 --max-missing 0.7, leaving 14,890 markers). We 266 

then calculated pairwise Nei's genetic distance, our response variable, for all samples using the 267 

stamppNeisD function in STAMPP (Pembleton et al., 2013). Geodesic distances in metres were 268 

calculated from the sample coordinates using GEODIST (Padgham, 2021). To calculate 269 

environmental distances, we extracted climatic data from WorldClim data (30s resolution) (Fick 270 

& Hijmans, 2017) corresponding to the sampling coordinates for each sample. We performed 271 

MMRR using available R scripts (Wang, 2013a). We ran MMRR on two datasets, the first 272 

including all samples across New Zealand (n = 75), while the second excluded samples from 273 

AUK (n = 57) based on population structure analysis indicating that Auckland may be a separate 274 

introduction lineage and present-day population. We performed 9,999 permutations of MMRR, 275 

and visualised our data using GGPLOT2 (Wickham, 2016). 276 

2.9 | Genetic outlier analysis within and across invasion lineages  277 

We sought to identify outlier regions within each of the four distinct invasive lineages; two in 278 

New Zealand (identified here; see results) and the two major Australian genetic subpopulations. 279 

For this we used an analytical approach that identifies loci that have statistically diverged allele 280 

frequencies between population comparisons. We followed a similar approach used in Parvizi 281 

et al. (2024), which involved using genetic outlier analysis through the command line program 282 

BAYPASS v2.31 (Gautier, 2015). BAYPASS accounts for confounding effects of population 283 

structure when identifying outlier signals, and specifically we used the C2-contrast statistic 284 

which allows for the testing of binary covariates such as invasion status (native or invasive) and 285 

is more robust when computing statistic for even a small number of populations (Olazcuaga et 286 

al., 2020). We separately contrasted the three native samples sites (MKW, NWC, ANT) with the 287 

four invasive lineages of ORG, MLV, AUK, NZrest (comprising MRL, CAN, WHA and WEL). A top 1 288 

percentile C2-contrast statistic threshold was chosen for each of the four separate invasion 289 

lineages based on a neutral simulated dataset, above which SNPs were considered an outlier. 290 



This was done in R by using the BAYPASS function simulate.baypass to generate a neutral dataset 291 

of 5,000 SNPs based on each comparisons beta distribution of the ancestral reference allele 292 

frequency, which captures the neutral population structure present in the data. Outlier SNP IDs 293 

were retained and compared across invasion lineages and then visualized using GGVENNDIAGRAM 294 

(Gao et al., 2021) in order to examine unique and shared SNP outliers across lineages. 295 

Additionally, a combined C2-contrast statistic was run comparing all native with all invasive 296 

lineages together, and the overlap with the C2-contrast comparisons with each invasive lineage 297 

were considered. Genes overlapping outlier regions (+/- 10 kb) were identified using BEDTOOLS 298 

v2.30 (Quinlan & Hall, 2010), and over-represented genes examined with PANTHER (Mi et al., 299 

2019) via the Gene Ontology enrichment webtool (release 2024-04-24). 300 

2.10 | Historical demography of Sturnus vulgaris 301 

For this, we used the programs PSMC (Pairwise Sequentially Markovian Coalescent) and 302 

STAIRWAY PLOT, at ancient- and recent- historical timescales, respectively, to examine 303 

fluctuations in effective population size (Ne). To examine the ancient timescale of fluctuations in 304 

Ne we used PSMC v0.6.5 (Li & Durbin, 2011). WGR sequence data files were prepared for PSMC 305 

using trimmed sequences mapped to the S. vulgaris vAU1.0 genome (Stuart, Edwards, et al., 306 

2022). Variant calling was then performed with the BCFTOOLS mpileup function (-C 50 -q 20 -Q 307 

25), call, filter, and sort functions. The dataset was filtered by removing indels and 308 

selecting SNPs for a minimum depth of 5 and a maximum depth of 50. Each individual’s VCF file 309 

was then converted into fastq format using BCFTOOLS vcfutils.pl, which were then converted to 310 

PSMCFA files. We ran PSMC for 30 iterations (-N30), an upper limit of time to the most recent 311 

common ancestor set to 5 (-t5), an initial h:q value of 5 (-r5), and free atomic time intervals set 312 

to (4 + 30*2 + 4 + 6 + 10) based on recommendations from previous work where these intervals 313 

were successful for avian species (Nadachowska-Brzyska et al., 2015). We performed 314 

bootstrapping (100 iterations) for each individual to check for variation in Ne estimates using the 315 

same parameters used for the original PSMC analysis. The PSMC and bootstrap results were then 316 

scaled using an estimated generation time of 2 years, the approximate age of first breeding (Fear 317 

& Craig, 1999), and a yearly mutation rate of 2.3 × 10-9 based on related avian species 318 

estimates (Nadachowska-Brzyska et al., 2015; Smeds et al., 2016) and plotted using 319 

psmc_plot.pl.  320 

For analysis of Ne demographic changes from the recent historical timescale, we used the tool 321 

STAIRWAY PLOT v2 which infers detailed population demographic history using the site frequency 322 

spectrum (SFS). We used native range individuals from the DArT-seq SNP dataset, choosing 323 



MKW and NWC (n=22, 25,531 SNPs) based on their genetic similarity indicated by earlier 324 

analysis. We then ran stairway plot again for invasive New Zealand individuals, specifically 325 

choosing WHA and WEL (n=22, 25,283 SNPs), which were the most equivalent sample site pair 326 

for comparison due to equivalent sample sizes and genetic similarity to the native range sample 327 

site pair. Both SNP subsets were refiltered using VCFTOOLS to the same filtering criteria as used 328 

in initial SNP filtering (--max-missingness 0.7 --max-alleles 2 --min-alleles 2 --max-meanDP 100 329 

--thin 1000), but with no minor allele count filtering because this would alter the site frequency 330 

spectrum. The tool VCF2SFS  was used to generate SFS data (Liu et al., 2018), and we ran 331 

STAIRWAY PLOT with the same mutation rate and generation time from using in PSMC analysis. 332 

  333 



3 | RESULTS 334 

3.1 | Evidence of translocations between Australia and New Zealand 335 

We found evidence from historical newspaper articles and the original records kept by 336 

acclimatisation societies of translocations between different regions of Australia and New 337 

Zealand (Table 1, Appendix 3: Historical records of starlings). We found that many of the 338 

recorded introductions occurred at or around 1880, and that all found translocation events 339 

between the two regions were from New Zealand to Australia, and on a larger scale than several 340 

shipments in the opposite direction in 1860s and 1870s (Pipek et al., 2019 ). Otago was the 341 

most common source population of birds, though two translocations were recorded as 342 

occurring from AUK to Australia and Canterbury Acclimatisation Society was contacted 343 

multiple times by Acclimatisation Society of South Australia with request of transporting 344 

starlings (“ACCLIMATISATION SOCIETY,” 1880a; “ACCLIMATISATION SOCIETY,” 1880b; 345 

“ACCLIMATISATION SOCIETY,” 1882), but we have not found any direct evidence that the birds 346 

were shipped there in the end. Late shipment of 48 starlings in 1887 to Victoria is from unknown 347 

New Zealand source region (“CITY COUNCIL.,” 1887), while a shipment to Tasmania a year 348 

earlier arrived from London (“SHIPPING,” 1886). 349 

3.2 | Genetic diversity and bottlenecks across invasive lineages 350 

Genetic diversity metrics indicate all ten sampling locations have a minor deficit of 351 

heterozygosity compared to what would be expected under Hardy-Weinberg equilibrium, with 352 

all recorded values of observed heterozygosity (Ho) being less than unbiased expected 353 

heterozygosity (uHe) and further supported by marginally positive FIS values (Table 2). However, 354 

it is worth noting that the three native range sample locations all have slightly higher 355 

heterozygosity deficits compared to the invasive sample sites. A notable exception to the 356 

otherwise similar genetic indices across the ten sampling locations is the relatively high number 357 

of private alleles found in Auckland (AUK; 20 private alleles), being four times greater than the 358 

next highest sampling locations (Table 2). AUK and the Australian McLaren Vale (MLV) sample 359 

display the lowest levels of unbiased expected heterozygosity. 360 

The shape of the folded site frequency spectrum plots suggests that New Zealand populations 361 

from Canterbury (CAN), Marlborough (MRL), Wellington (WEL), and Manawatū-Whanganui 362 

(WHA) have comparable genetic diversity to native populations (Fig. 2), as indicated by a similar 363 

and higher median number of very rare SNPs. In comparison, sampled Australian and AUK 364 

populations display signals of genetic bottlenecks often observed in invasive populations, with 365 



Orange (ORG; Australia) and Auckland populations displaying similar levels of genetic 366 

bottlenecks and MLV showing the strongest genetic bottlenecks signature. 367 

3.3 | Genetic structure and differentiation of New Zealand starlings 368 

Analysis of the five New Zealand invasive sampling locations (AUK, WHA, WEL, MRL and CAN), 369 

the two invasive Australian sampling locations (MLV, ORG), and the three native sampling 370 

locations (ANT = Antwerp Belgium, NWC = Newcastle UK, and MKW = Monks Wood UK) reveals 371 

strong population genetic structure within New Zealand (Fig. 3).  372 

The two sampling locations of WHA and WEL form a single cluster on the two-dimensional PCA 373 

(Fig. 3a), though FST analysis does still indicate some genetic differentiation between these two 374 

sites (Fig. 3c). There is strong differentiation between AUK and the rest of the New Zealand 375 

sampling locations, indicated by both PC distances and FST (Fig. 3a), with admixture analysis 376 

also reporting different patterns of historical ancestry (Fig. 3b). This indicates that genetic 377 

differentiation across New Zealand is more pronounced than the genetic differentiation seen in 378 

the two Australian sample locations, which each are representative of the two main genetic 379 

subpopulations within Australia (Stuart et al., 2021). AUK also has high FST values in comparison 380 

to both invasive Australian sampling locations (Fig. 3c). 381 

Our comparative analysis of the New Zealand sampling locations to both native and invasive 382 

Australian ranges reveal CAN as the most similar New Zealand sampling location to the native 383 

range, and MRL as the most similar New Zealand sampling location to Australia, with MRL 384 

having higher genetic similarity to ORG compared to MLV (Fig. 3). 385 

We explore Jaccard dissimilarity as a second diversity metric that emphasises counting minor 386 

(rarer) allele dissimilarity alongside the traditional FST metric that incorporates information from 387 

both alleles. We find that both these two approaches produce similar results (Fig. 3c), for 388 

example using both metrics the Australian sample location of McLaren Vale (MLV) seems to be 389 

quite differentiated from the native range, and Auckland (AUK) is quite distinct from the rest of 390 

the New Zealand sampling sites. However, we also note some key differences that indicate 391 

more nuanced patterns of genetic differentiation only visible when considering only minor 392 

alleles, in particular higher levels of minor allele dissimilarity in the UK sample sites (NWC, 393 

MKW), as well as lowest dissimilarity being seen in Marlborough (MRL) meaning a high level of 394 

shared minor alleles with other locations.  395 

3.4 | Drivers of patterns of genetic differentiation within New Zealand 396 



Results of the isolation by distance (IBD) and isolation by environment (IBE) multiple matrix 397 

regression with randomization (MMRR) analyses revealed contrasting determinants of genetic 398 

variation across New Zealand. In the first dataset including all samples, geographical and 399 

environmental distances combined explained 27.9% of genetic variability (Table 3). The 400 

regression coefficient for geographical distance is almost five-times greater than that for 401 

environmental distance (βIBD = 0.476, βIBE = 0. 0878; Table 3), suggesting that IBD was more 402 

important in explaining the observed genetic distances, although contributions by IBE were also 403 

significant (Fig. S3). In the second dataset excluding Auckland samples, geographical and 404 

environmental distances combined explained 7.4% of genetic variability (Table 3). Unlike MMRR 405 

performed on the whole dataset, IBD was less important than IBE in explaining the observed 406 

genetic distances (βIBD = 0.136, βIBE = 0.180; Table 3, Fig. S3). 407 

3.5 | Genetic outlier analysis within and across invasion lineages  408 

The BAYPASS C2-contrast statistics identified the largest number of outlier SNPs (214) in 409 

comparisons between the native range and ORG (Fig. 4b), followed closely by AUK with 211 410 

outliers (Fig. 4c). This was followed by 165 outliers when comparing the native range to MLV (Fig. 411 

4a), while NZrest had the smallest number of outliers at 122 (Fig. 4d). Only two loci were 412 

identified across all comparisons (Fig. 4e), and these loci were also identified in the combined 413 

C2-comparison statistic analysis comparing all native with all invasive populations (Fig. S4). The 414 

largest number (24) of non-lineage specific outlier SNPs were shared across all lineages except 415 

AUK, and similarly AUK also reported the largest number of unique, lineage specific outliers (Fig. 416 

4e). Many but not all overlapped SNPs were observed as outliers in the combined C2-417 

comparison statistical analysis (Fig. S4). 418 

In total 110 outlier SNPs were identified in at least two independent lineage comparisons. All 419 

genes falling within 10 kb of these outliers were assessed for GO term enrichment using the 420 

genome annotation from Stuart, Edwards et al., (2022), but no GO terms were returned as 421 

significantly differentiated from the background dataset. 422 

3.6 | Ancient and recent demographic changes in Sturnus vulgaris 423 

Patterns of genomic structure, diversity, and adaptation within invasive populations may often 424 

be hard to interpret, due to the complex assortment of neutral and adaptive processes during 425 

establishment and spread (North et al., 2021). Additionally, as previously mentioned, starling 426 

numbers have been declining within native ranges and the species is becoming of increasing 427 

conservation concern (Robinson et al., 2005). Despite this, no genomic based historical 428 



demographic estimates for this species exist, and thus, we sought to contextualise patterns of 429 

diversity and bottlenecks across the native and invasive lineages by examining the historical 430 

demography of the species. 431 

The PSMC plots for all twelve individuals, spanning both native and invasive populations, showed 432 

complementary patterns with peak Ne estimated at around 150kya, followed by a steady decline 433 

that preceded even the last glacial period and continued until it’s resolution at roughly 20kya. 434 

This pattern was fairly consistent across all individuals examined, though some variation 435 

existed in the bootstrapping values (Fig. S5). The results of STAIRWAY PLOT on native range 436 

samples reported a similar decrease between the timeframes of 100kya and 10kya, with the 437 

estimated population size holding steady since then (Fig. 5b). The invasive range samples had a 438 

similar trend, though reported a steeper decrease in Ne and a smaller present day estimate by 439 

roughly a factor of 10. This is not unexpected because previous analysis on another invasive 440 

avian species has demonstrated that invasive populations may display exaggerated changes in 441 

Ne using these methods, possibly due to recent bottlenecks and other demographic features 442 

present in invasive populations (Hilgers et al., 2024; Stuart et al., 2024).   443 



Table 1 | Historical records of translocation of starlings between the invasive populations 444 

in Australia and New Zealand. AUK – Auckland (New Zealand), CAN – Canterbury (New 445 

Zealand), OTA – Otago (New Zealand), NSW – New South Wales (Australia), SA – South Australia, 446 

VIC – Victoria, TAS – Tasmania. In the reduced representation genetic dataset included in this 447 

study, NSW is represented by the sampling location ORG, while VIC and TAS are from the same 448 

genetic cluster represented by MLV. OTA is not directly represented in this study, with CAN being 449 

the closest sample site, while AUK is sampled in this study. 450 

YEA
R 

SOURC
E 

TARGET  HOW MANY REFERENCE 

1878
-
1879 

a 

AUK NSW Two shipments, one 
reaching 50 birds. Birds 
were sent to 5 different 
localities, one received 28 
starlings. 

(“INTERCOLONIAL NEWS.,” 1879; “NEW 
SOUTH WALES MEMS.,” 1878; “NEWS IN 
BRIEF,” 1879; “NEWS OF THE DAY.,” 1878; 
“Privy Council Selections.,” 1878) 

1880 

b 
OTA VIC 9, one died on the way (“THE ACCLIMATISATION SOCIETY,” 1880) 

1881 AUK VIC Large consignment (“ACCLIMATISATION SOCIETY,” 1881a; 
Auckland Acclimatisation Society, 1881) 

1881 

c 
OTA TAS 100, one died on the way, 

about one fourth short 
after  the arrival, 50 
liberated at once, rest 
given to some members 
to aviaries 

(“ACCLIMATISATION SOCIETY,” 1881b; 
“OTAGO ACCLIMATISATION SOCIETY,” 
1881; “STARLINGS.,” 1881) 

1882 

c 
OTA TAS 50 (Otago Acclimatisation Society, 1882) 

1882 OTA VIC 39 (Otago Acclimatisation Society, 1882) 

1887  VIC 48, 36 were liberated in 
the gardens 

(“CITY COUNCIL.,” 1887; “No Title,” 1887) 

1898 OTA VIC 
(Gippsla
nd) 

78, maybe just around 50 
survived? 

(“BRIEF MENTION,” 1898; “THE Warragul 
Guardian, WITH WHICH IS INCORPORATED 
The Warragul News.,” 1898; Otago 
Acclimatisation Society, 1900) 
 

 451 

a Higgins et al. (2006) mentions the introduction of ‘two small batches’ of starlings into NSW 452 

from either VIC or NZ in 1880. In reality, there were two batches in 1878 and 1879, from 453 

Auckland. 454 
b Higgins et al. (2006) mentions the introduction of an unknown number of starlings into VIC in 455 

1880 from New Zealand, and doesn’t mention source location. 456 
c Higgins et al. (2006) mentions the introduction of 75 starlings into TAS during 1880 (though 457 



uncertainty exists with this date as alternate dates of 1800 and 1860 are also mentioned). Most 458 

likely this number is just a rough estimate – Crowther reported that 99 birds arrived and soon 459 

after arrival about one fourth died. 50 were released at once, the rest (unknown number, as 460 

others could die) to different places.  461 

 462 

  463 



Table 2 | Global genetic population diversity of the starling, showing both genetic diversity 464 

indices (observed heterozygosity Ho, sample size corrected unbiased expected heterozygosity 465 

uHe, and inbreeding coefficient FIS) and the number of private alleles of the ten sampling 466 

locations, including their respective sample sizes (n). FIS ranges from -1 to +1, where positive 467 

results indicate a deficit of heterozygotes (excess of homozygotes), and conversely, negative 468 

results indicate an excess of heterozygotes (deficit of homozygotes). Metrics are derived from 469 

the full SNP dataset, which is comprised of a total of 19,174 SNPs. Population abbreviations are 470 

provided in the Fig. 1 caption. 471 

Range Sample 

Location 

n Private 

alleles 

Ho uHe FIS 

Native MKW 11 0 0.178 0.192 0.072 

NWC  11 0 0.174 0.192 0.092 

ANT  15 5 0.176 0.191 0.078 

Australia ORG 14 4 0.180 0.190 0.057 

MLV  15 0 0.175 0.186 0.063 

New 

Zealand 

AUK  18 20 0.181 0.187 0.031 

WEL  11 0 0.185 0.193 0.038 

WHA   11 1 0.190 0.194 0.021 

MRL  14 4 0.185 0.194 0.047 

CAN 21 3 0.187 0.195 0.041 

 472 

 473 

 474 

 475 



 476 

Figure 2 | Folded site frequency spectrum (SFS) for native and invasive starling sampling 477 

locations used as part of this study. The plot is generated from 1,451 SNPs (0% missingness), 478 

each population was subset 100 times to 10 individuals to generate the error distribution. 479 

Population abbreviations are provided in the Fig. 1 caption. 480 

  481 



 482 

Figure 3 | Global genetic population structure of the starling. Panel (a) depicts a PCA of the 483 

ten sampled locations from across European native and Australian and New Zealand invasive 484 

ranges displaying PCA axis 1 (2.5% variance explained) and PCA axis 2 (1.6% variance 485 

explained). Panel (b) depicts the ADMIXTURE ancestry Q profile of the SNP dataset at K=2 486 

calculated over 200 bootstrap resamplings. Panel (c) depicts a heatmap of pairwise genetic 487 

differentiation analysis between each of the ten sampled locations. Above the diagonal is 488 

pairwise FST values, with darker colour indicating a higher FST, which indicates more genetic 489 

differentiation. Below the diagonal is a heatmap of pairwise Jaccard dissimilarity values, with 490 

darker colour indicating a higher dissimilarity which is interpretable as fewer shared minor 491 

alleles. Population abbreviations are provided in the Fig. 1 caption. 492 



 493 

Table 3 | Results of multiple matrix regression with randomization testing for 494 

isolation by distance (βIBD) and isolation by environment (βIBE), where β indicates the 495 

respective regression coefficient and P the associated p-value of the regression.  496 

Samples R2 βIBD (P) βIBE (P) 

All samples (n = 75) 0.279 0.476 (0.0001) 0.0878 (0.0356) 

Without Auckland 

(n = 57) 

0.074 0.136 (0.0057) 0.180 (0.0108) 

 497 

 498 

 499 

 500 

 501 

Figure 4 | Genetic outlier analysis conducted on the starling, using BAYPASS C2-contrast test 502 

on the native range sample sites (N = 3) against (a) McLaren Value, Australia (MLV, N = 1), (b) 503 

Orange, Australia (ORG; N = 1) (c) Auckland, New Zealand (AUK, N = 1), and (d) the rest of New 504 

Zealand (NZrest; N=4). Outlier SNPs are indicated in red. Panel (e) depicts the Venn diagram 505 

showing overlap between these 4 independent lineage genetic outlier analysis tests when 506 

compared to the invasive range sites. 507 

 508 



 509 

Figure 5 | Ancient and recent demographic history of the starling (Sturnus vulgaris). Panel 510 

(a) depicts Ne on an ancient timescale estimated by PSMC using whole genome resequencing 511 

data of 12 samples. LGP = last glaciation period. MAI = New South Wales, Australia, MEN = 512 

Victoria, Australia, MRL = Marlborough, New Zealand, NWC = Newcastle, UK. Panel (b) depicts 513 

Ne during recent demographic history estimated by STAIRWAY PLOT using site frequency 514 

spectrum data for native range individuals from Monks Wood (MKW) and Newcastle (NWC; 515 

n=22) in purple, and invasive range individuals from Manawatū-Whanganui (WHA) and 516 

Wellington (WEL; n=22) in green, using the DArT-seq SNP dataset. Lighter and darker lines 517 

indicate 75% and 95% confidence intervals respectively.  518 

  519 



4 | DISCUSSION 520 

The invasive starlings within New Zealand have a complicated history of introductions involving 521 

both importation from the native range and many translocations between populations in the 522 

invasive ranges. In this study we have examined the genetic diversity and population structure 523 

present within this population and interpret the results alongside a backdrop of rich 524 

introduction history information. Additionally, we contrast these genetic patterns to those in the 525 

native range and invasive Australian range, to better understand how the invasion history and 526 

invasion processes have shaped the genetic structure of the present-day populations.  527 

4.1 | Integrating present day population genomics with introduction history within New 528 

Zealand 529 

According to historical records, the establishment of starlings across the New Zealand 530 

landscape involved the concerted introduction of over 2,000 birds, predominantly by local 531 

acclimatisation societies (Pipek et al., 2019). Over 600 starlings were imported from the native 532 

range to New Zealand between 1860 and 1873 in multiple shipments, most of which originated 533 

in London. These importations established populations in Auckland (AUK), Canterbury (CAN), 534 

and Otago (here unsampled), but also contributed to other locations in New Zealand. While 535 

most imports were of relatively small numbers of individuals (at most 41, but generally around a 536 

dozen), the Otago population was predominantly founded by two large imports of 97 and 104 537 

birds from London (Fig. 1). Translocations of over 1,600 birds within New Zealand were then 538 

responsible for establishing or bolstering other populations, with over 1,400 of these 539 

translocated birds sourced from Otago. Auckland and Canterbury contributed a handful of birds 540 

to other locations, but there are no records of them receiving translocations from Otago or other 541 

regions (Pipek et al., 2019). In contrast, of the sampling locations obtained in this study, the 542 

Marlborough region received at least two batches of starlings from Otago: 50 in 1882, and an 543 

unknown number in 1883. The Wellington region received over 250 from Otago in five batches 544 

between 1877 and 1883. While the starling is partially migratory in its native range, there is no 545 

evidence for general migratory movement during winter in New Zealand (Ross, 1983), and it is 546 

likely that dispersal distances within New Zealand are fairly moderate, as documented in other 547 

invasive ranges (Cabe, 1999; Rollins et al., 2009; Waterman et al., 2008). 548 

The primary feature of the population genomic profile of New Zealand starlings, and in strong 549 

alignment with the documented introduction history, is the genetic differentiation between 550 

Auckland and all other sampling locations. Several lines of evidence indicate that this is likely 551 

due to founder and admixture effects from multiple small, independent introductions along 552 



with limited gene flow with other regions since establishment, and not late invasion processes 553 

such as adaptation or a recent cryptic introduction. These lines of evidence include patterns 554 

seen in population structuring and differentiation (Fig. 1), a distinct SFS signature but without 555 

different inbreeding metrics (Fig. 2, Table 2, overlapping differences in outlier SNPs (Fig. 4, 556 

discussed more below), and the fact that inclusion of Auckland into MMRR analysis drastically 557 

increases the relative explanatory power of geographic distance over environmental similarity 558 

(Table 3). Further, Auckland had the highest number of private alleles (Table 2), which in other 559 

invasive species have been attributed to multiple introductions from source locations with 560 

differing allele frequencies acting in concert with founder effects (Gonçalves da Silva et al., 561 

2010). The retention of these private alleles in Auckland suggests that there is likely restricted 562 

gene flow between Auckland and the other New Zealand sampling locations. Thus, like with 563 

Australia (Rollins et al., 2011), we may consider that within New Zealand there are at least two 564 

distinct invasive lineages, with FST values across these different invasive lineages being 565 

comparable (Fig. 3c). This result generally agrees with previous country wide patterns found in 566 

allozyme data (Ross, 1983) which identified Auckland and Nelson, in the north of the South 567 

Island (here unsampled) as clustering more closely with native range UK samples than to all 568 

other New Zealand populations.  569 

When considering the remainder of the New Zealand sampling locations, here termed ‘NZrest’, 570 

comparing relative FST values within the invasive ranges to the native sample sites indicates 571 

where gene flow may be occurring and where it is likely restricted. Pairwise FST values 572 

comparable to native ranges (pairwise FST: 0.007-0.009) are seen between Wellington (WEL) and 573 

Manawatū-Whanganui (WHA) (Fig. 3c), which due to geographical proximity and a lack of 574 

separation by an elevational barrier, known to limit starling movement (Higgins et al., 2006), are 575 

likely to be two readily interbreeding locations. There is indication of genetic similarities and 576 

thus historic or ongoing gene flow across all these latitudinally southern locations despite no 577 

evidence to date of migratory behaviour in New Zealand. Of particular note is the low genetic 578 

differentiation between Canterbury (CAN) and the Manawatū-Whanganui (WHA) (Fig. 3c, 579 

pairwise FST 0.009), two locations that are the most geographically separate of NZrest (Fig. 1) 580 

and reportedly founded from different sources, with WHA most likely established predominantly 581 

from Otago birds (Pipek et al., 2019). The similarity of Canterbury with the rest of New Zealand 582 

therefore suggests that either Canterbury and Otago contained introductions with similar initial 583 

genetic profiles, or that ongoing gene flow has reduced potential genetic differences. The former 584 

explanation is supported by historical records that demonstrate that largescale bird shipments 585 

to Canterbury and Otago were organised by one bird fancier family during the late 1800’s (Pipek 586 



et al., 2015). Meanwhile, the latter explanation is most supported by the Jaccard dissimilarity 587 

metrics (Fig. 3c), because Canterbury becomes more genetically distinct from NZrest when 588 

considering only minor alleles. This suggests that it is possible that higher immigration than 589 

emigration may have helped to maintain rare allelic differences, while also bolstering genetic 590 

diversity in this location (Fig 2) that only had a moderate number of individuals introduced 591 

compared to Otago (Fig. 1). 592 

Within the NZrest sampling locations, patterns of genetic differentiation are explained by 593 

environment more so than geographic distance (Table 3), which supports the existence of some 594 

ongoing localised adaptation within this interbreeding genetic subpopulation. Nonetheless, 595 

only a small portion of genetic variation across these sampling sites is explained by geographic 596 

or environmental distance, indicating likely a strong role for processes related to introduction 597 

history and drift. These conclusions are in alignment with a study that found that starling 598 

morphometric variation was largely haphazard across the landscape and likely primarily driven 599 

by founding effects and drift (Ross & Baker, 1982). 600 

The starling’s northern invasive range within New Zealand overlaps that of a closely related 601 

second invasive species, the common myna (Acridotheres tristis). Interestingly, despite being 602 

phylogenetically close and having been introduced to similar localities around New Zealand 603 

during the late 1800’s, present day population structure patterns of the two species are very 604 

different (Atsawawaranunt et al., 2023). While myna also show two genetic clusters, there is 605 

separation between myna populations in the far East coast and the rest of the North Island. This 606 

difference in genetic clustering compared to starlings is likely indicative of fundamental 607 

biological differences in, for example, dispersal between the two species shaping their present 608 

day gene flow, and likely also founder effects during introduction. This indicates that even 609 

population genomics of closely related, co-occurring species cannot accurately infer patterns 610 

in another species, emphasising the benefit of species-specific genomic resources.  611 

4.2 | Comparison of New Zealand and Australian invasive lineages alongside historical 612 

translocation information 613 

Within our study, comparative analysis between the New Zealand and Australian invasive 614 

starling populations revealed that both had similar levels of genetic differentiation across 615 

sampling locations (Fig. 3a) but with distinctive ancestry admixture signals (Fig. 3b). Due to the 616 

many repeated introductions from New Zealand to Australia over several decades (Table 1), the 617 

present-day invasive range patterns may be due to initial differences in introduced individuals, 618 

or a result of demographic effects caused by stochastic invasion processes during translocation 619 



and establishment within founding lineages. Strong genetic differentiation has also been 620 

described between the invasive North American and Australian ranges, reiterating the strength 621 

of founder effects in invasive populations for this species globally (Hofmeister et al., 2024). 622 

Genetic outlier analysis can be used to infer parallel signals of bottlenecks and/or adaptation 623 

within invasive lineages (e.g. Parvizi et al., 2024). Where the invasive history of a population is 624 

characterized by early translocation events between invasive ranges, as with the starling (Table 625 

1), now-independent invasive lineages that share common outlier SNPs may be reflecting 626 

translocation history rather than parallel evolutionary biological processes. This is because 627 

outlier regions within invasive populations may be due to complicated signals generated from 628 

concurrent demographic processes such as bottlenecks, drift, and range expansion (Salloum et 629 

al., 2022; Stuart et al., 2021). If two geographically separated lineages with known historical 630 

translocations contain the same signal, it is possible that this occurs because of shared 631 

introduction history, though parallel adaptation is a plausible alternate theory (Hodgins et al., 632 

2015; Zenni & Hoban, 2015). 633 

The outlier SNPs across the four distinct invasive lineages indicate the largest number of shared 634 

outliers between the two Australian lineages and NZrest, with the later sampling group having 635 

the smallest number of unique outlier loci (Fig. 5). These results offer genetic support to 636 

historical records that claim the translocations were successful (Table 1, Appendix 3: Historical 637 

records of starlings), and we may interpret this as the unidirectional sharing of alleles reducing 638 

the number of unique outliers within NZrest. Intriguingly, despite AUK being genetically distinct 639 

in terms of genome wide patterns, there is a high proportion of outlier loci overlap between AUK 640 

and ORG (Fig. 5). This may be because of translocations (Table 1) or because both these 641 

locations are more temperate region and thus parallel selection within this region is a possibility 642 

(see below). Sequencing of historical samples from the Auckland region would enable the origin 643 

of this genetic signature to be established. 644 

4.3 | Weak inbreeding but not bottlenecks are ubiquitous across invasive starling lineages 645 

Across both invasive and native sampling locations, we observe a consistently weak pattern of 646 

inbreeding, with slightly elevated levels of FIS in all ten sampling locations (Table 2), likely 647 

reflective of generally moderate dispersal distances and philopatry recorded in other invasive 648 

ranges (Cabe, 1999; Rollins et al., 2009; Waterman et al., 2008). Interestingly, the three native 649 

range populations all have higher levels of inbreeding than any of their invasive counterparts, 650 

though the difference is marginal (Table 2). These relative values between native and invasive 651 

range FIS could be attributed to the recent dramatic native range declines (Heldbjerg et al., 2016; 652 



Rintala et al., 2003; Robinson et al., 2005). This contrasts with historical demographic patterns 653 

evident in this species (Fig. 5), which indicate stable Ne estimates post the last glacial period 654 

and suggest recent drops in starling numbers are not part of a more long-term trend. 655 

Patterns of genetic bottlenecks as indicated by site frequency spectrum analysis (Fig. 2) are 656 

consistent with the expected levels of heterozygosity (Table 2). The native range and Canterbury 657 

exhibit similar proportions of rare alleles, with the NZrest sampling locations having marginally 658 

fewer. This is in contrast to previous results from allozyme based estimates, which reported a 659 

loss of rare alleles within New Zealand in comparison to the native range (Ross, 1983). We 660 

observe strong genetic bottlenecks in Auckland, despite historical records suggesting that the 661 

population was founded by similar number of individuals as Canterbury (118 vs 137 individuals 662 

with little evidence for translocation to each of these two locations; see Pipek et al. (2019) for 663 

more details). The stronger bottlenecks seen in Auckland and the Australian lineages could be 664 

due to the warmer climates of these locations, which are more dissimilar to the starlings’ native 665 

range (Higgins et al., 2006). However, it could also reflect the contrasting impacts of many small 666 

introductions to Auckland and the large Canterbury introductions over a shorter timeframe 667 

(Pipek et al., 2019), with the former having stronger bottlenecks and less adaptive potential.  668 

Environmental dissimilarities may have also exerted a stronger selection regime (Royall, 1966) 669 

to result in increased population bottlenecks within these location, and may explain why Otago 670 

was such a popular source of starling translocation to Australia and elsewhere in New Zealand, 671 

as the species may have had more success establishing in this cooler region.  672 

4.4 | Implications for management  673 

Interpreting these population structure results alongside complementary literature on the 674 

environmental niche the starlings occupy within New Zealand allows us to make some 675 

hypotheses around future patterns of population structure and the feasibility of management 676 

for this species. While there is mixed evidence for negative impacts of starlings on the New 677 

Zealand ecology (Flux, 2013), they are still routinely controlled across New Zealand because of 678 

their agricultural impacts, which are of particular concern within the wine industry (Campbell et 679 

al., 2016). The present-day strong genetic division between the north-west of New Zealand 680 

(represented by the sampling location of Auckland, AUK) and the rest of the country may initially 681 

present as two management units. Unfortunately, previous niche modelling work on this 682 

species found increasing suitable habitats at higher elevation under future climate change 683 

scenarios, meaning that mountain ranges which may help reinforce current population 684 

structure may present less of a barrier in the future (Atsawawaranunt et al., 2024). Increasing 685 



sampling in the centre of the North Island, as well as along the west coast of the South Island 686 

would help to confirm the nature of dispersal and admixture at the boundaries of these two 687 

genetic subpopulations. However, it is likely that local removal of starlings within any New 688 

Zealand region is not a feasible management solution for this species, as reinvasion would likely 689 

occur from within the country.  690 

5 | Conclusion 691 

In summary, while the starlings’ range in New Zealand may initially appear to be continuous, 692 

there are multiple lines of evidence for strong population structure that is likely a result of 693 

founder effects that are being maintained under present day gene flow patterns. Further, 694 

historical accounts of translocations between both Australian subpopulations and New 695 

Zealand remain supported by the genetic data, though the populations display distinct 696 

signatures of bottlenecks. The unique population genomic patterns of the New Zealand 697 

starlings emphasise the need for species-specific genetic data for management and informing 698 

our understanding of invasion processes within an invasive range and more broadly.  699 
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