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Abstract

Invasive species present a major threat to global biodiversity. Understanding genetic
patterns and evolutionary processes that reinforce successful establishment is para-
mount for elucidating mechanisms underlying biological invasions. Among birds, the
ring-necked parakeet (Psittacula krameri) is one of the most successful invasive spe-
cies, established in over 35 countries. However, little is known about the evolutionary
genetic origins of this species and what population genetic signatures tell us about
patterns of invasion. We reveal the ancestral origins of populations across the invasive
range and explore the potential influence of climate and propagule pressure from the
pet trade on observed genetic patterns. Ring-necked parakeet samples representing the
ancestral native range (n = 96) were collected from museum specimens, and modern
samples from the invasive range (n = 855) were gathered from across Europe, Mauritius
and Seychelles, and sequenced for two mitochondrial DNA markers comprising
868 bp of cytochrome b and control region, and genotyped at 10 microsatellite loci.
Invasive populations comprise birds that originate predominantly from Pakistan and
northern areas of India. Haplotypes associated with more northerly distribution limits
in the ancestral native range were more prevalent in invasive populations in Europe,
and the predominance of Asian haplotypes in Europe is consistent with the higher
number of Asian birds transported by the pet trade outside the native range. Success-
ful establishment of invasive species is likely to be underpinned by a combination of
environmental and anthropogenic influences.
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Introduction

Invasive species represent a global concern to society
and the wider environment as a consequence of their
rapid spread and competitive nature (Holmes & Simons
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1996, Chapin et al. 2000; Doody et al. 2009), transmission
of infectious disease (Wikelski et al. 2010) and the risks
posed by some species to the global agro-economy (Kel-
ler et al. 2011; Ziska et al. 2011; Caplat et al. 2012). Inva-
sive species have also been recognized as having
detrimental impacts upon native biodiversity, ecosys-
tems and communities (Sakai et al. 2001; Allendorf &
Lundquist 2003; Gurevitch & Padilla 2004). It is there-
fore important to understand underlying eco-evolution-
ary scenarios that allow invasive species to successfully

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.
This is an open access article under the terms of the Creative Commons Attribution License,
which permits use, distribution and reproduction in any medium, provided the original work is properly cited.


http://creativecommons.org/licenses/by/4.0/

4270 H. JACKSON ET AL.

establish and spread outside of their native range so
that strategies can be developed to mitigate their future
spread.

The ability of a species to establish and become inva-
sive can be influenced by a variety of factors, including
propagule pressure (i.e. propagule sizes, propagule
numbers, and temporal and spatial patterns of propag-
ule arrival; Simberloff 2009). In general, the higher the
propagule pressure, the greater the likelihood of a suc-
cessful invasion (Cassey et al. 2004; Lockwood et al.
2005; Blackburn et al. 2009). Increased propagule pres-
sure can buffer against environmental and demographic
stochasticity and Allee effects that may impede success-
ful establishment, whilst simultaneously mitigating
detrimental genetic impacts expected from founding
events (Blackburn et al. 2015). Alongside this, invasion
success is generally higher when species are introduced
to climates similar to those occupied in the native range
(Williamson 1996; Jeschke et al. 2014), and ‘climate
matching’ is therefore an important component of
assessing risk of invasion by alien species (Thuiller et al.
2005). However, reported mismatches between native
and invasive ranges, termed climate niche shifts (Gui-
san et al. 2014), necessitate research on the ecological
and evolutionary processes that allow species to tolerate
climates different from their native ranges (Sexton et al.
2002; Kelley et al. 2013). To identify how such evolu-
tionary, environmental and human-mediated factors
combine to underpin successful invasions, reconstruct-
ing pathways of invasion and identifying ancestral
source populations are essential prerequisites (Sax et al.
2005; Estoup & Guillemaud 2010; Ascunce et al. 2011;
Lombaert et al. 2011; Kirk et al. 2013; Perdereau et al.
2013).

In this study, we examine ancestral origins and the
influence of invasion pathways (via the pet trade) on
patterns of contemporary genetic composition for the
globally invasive ring-necked parakeet (Psittacula kra-
meri), which comprises multiple invasive populations
and a well-documented invasion history. The ring-
necked parakeet is one of the most widely introduced
parrots in the world, with successful breeding popula-
tions established in over 35 countries (Butler 2003;
Lever 2005). Native to Asia and sub-Saharan Africa,
four subspecies are recognized based on geographical
and morphological differences (such as wing, tail, beak
and tarsus lengths, Forshaw 2010): two native to Asia
(P. k. borealis, found in eastern Pakistan, throughout
northern India and from Nepal to Burma, and
P. k. manillensis, from southern India and Sri Lanka)
and two in sub-Saharan Africa (P. k. krameri, distributed
from Senegal to western Uganda and southern Sudan,
and P. k. parvirostris, from eastern Sudan to northern
Ethiopia and Somalia; Fig. 1). In their native range,

ring-necked parakeets are found in a variety of wood-
land habitats, farmlands, urban gardens and parks
(Juniper & Parr 1998; Khan 2002), whilst in their inva-
sive ranges, they readily colonize forests and parks sur-
rounded by urban habitats (Strubbe & Matthysen 2007).
Tests of niche conservatism based on occurrence data
and spatial temperature and precipitation gradients
(sensu Broennimann et al. 2012) indicate that across the
parakeets’ native range, phylogeographic lineages exhi-
bit differing niche requirements (Strubbe ef al. 2015).
These authors also found that the invasion of Europe
by ring-necked parakeets is accompanied by a climatic
niche shift (sensu Broennimann et al. 2012; Petitpierre
et al. 2012) along a temperature gradient. In Europe,
parakeets have expanded their climatic niche to colo-
nize environments that are significantly colder than
their native range. This scenario meets expectations that
endotherms are more likely to tolerate colder conditions
in contrast to high temperatures (Sunday ef al. 2012;
Araujo ef al. 2013).

As one of Europe’s top 100 worst alien species (DAI-
SIE, 2008), breeding populations of ring-necked para-
keets have become established in a number of
European countries since the late 1960s, including the
UK, Germany, the Netherlands, France, Spain, Italy,
Greece and Belgium (Lever 2005), as well as numerous
other countries outside of Europe such as Mauritius
and the Seychelles. Such widespread populations of
invasive parrots have often been traded extensively due
to their popularity as pets (Cassey et al. 2004). The
rapid spread of this species along with evidence of
explosive population growth of parakeets in Europe
(Butler et al. 2013) presents a cause for agro-economic
and environmental concern. These birds are a severe
crop pest across their native ranges and are known to
decimate maize and fruit crops in India (Ramzan &
Toor 1973; Forshaw 2010; Ahmad et al. 2012). They have
also been shown to compete with native species for nest
cavities (Strubbe & Matthysen 2007, 2009a; Hernandez-
Brito et al. 2014) and may have a detrimental impact
upon the foraging behaviour of native birds (Peck et al.
2014).

This study aims to establish ancestral sources and
pathways of invasion for populations of ring-necked
parakeets, which have invaded across Europe and the
western Indian Ocean. We use mitochondrial (mtDNA)
sequence data and a suite of 10 microsatellite DNA
markers to examine patterns of genetic structure in the
native distribution, and identify the genetic composition
of invasive populations across Europe, Mauritius and
the Seychelles in relation to their native sources. We
then examine the observed genetic patterns to address
the following questions: (i) is the genetic composition of
the invasive populations a random mix of native genes
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Fig. 1 Native range distribution of Psittacula krameri [black outlined area across Sub-Saharan Africa and Southern Asia IUCN 2013)].
Locations of all museum specimens and sampled invasive populations are plotted; where necessary overlapping symbols have been
displaced around the true co-ordinate point to display all sample information. Sample locations; diamonds = historical specimens
from the native range. Colours refer to the subspecies designation given on the label of each museum specimen; Psittacula krameri
borealis, orange, P. k. manillensis, blue, P. k. krameri, red, P. k. parvirostris, green; black dots = invasive populations sampled for this

study from the invasive range.

originating across their Asian and African native range,
or (ii) given that during invasion, parakeets have
expanded their native climatic niche into colder areas,
are genetic patterns associated with temperature differ-
ences between native and invasive ranges?, and (iii) can
propagule pressure (as measured by records of parakeet
imports for the bird pet trade) explain patterns of
genetic composition of invasive populations?

Methods

Sample collection

Feather and blood samples from ring-necked parakeets
were collected from invasive populations in Brussels
(n=69), Heidelberg (n =185), Wiesbaden (1 = 80),

Bonn (n =29), Dusseldorf (n=9), Seville (n=57),
Madrid (n =2), Greater London (n =195), Tuscany
(n=1), Marseille (n=2), Rotterdam (n =75), The
Hague (n =13), Amsterdam (n =19), Utrecht (n = 2),
Mauritius (n = 115) and Seychelles (n =2; Table SI,
Supporting information). In response to a media cam-
paign, volunteers across Europe collected naturally shed
feathers from known roost sites or local parks and gar-
dens. Experienced researchers acquired blood samples
from Seychelles and Mauritius. To study ring-necked
parakeets from across their ancestral native range, toe-
pad samples were collected from 96 museum specimens
at the Natural History Museum in Tring, UK (Table S2,
Supporting information). Museum specimens were cho-
sen on the basis of their geographic collection location
to maximize geographical coverage of samples from
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across the species’ ancestral native range (Fig. 1), and
contained representatives of each of the four subspecies
(subspecies designations were assigned according to
each specimens museum label): Psittacula krameri borealis
(n = 45), P. k. manillensis (n = 13), P. k. krameri (n = 31)
and P. k. parvirostris (n = 7).

DNA isolation, amplification and sequencing

Processing of the museum specimens, including DNA
extraction and PCR amplification, was carried out in a
separate laboratory dedicated to ancient DNA work to
prevent contamination. All equipment and surfaces were
sterilized before and after each use by irradiation with
UV light and application of 10% bleach. Negative con-
trols (where template DNA was replaced with ultrapure
ddH,0) were included during the DNA extraction and
PCR process. A selection of negative extractions PCRs
were sequenced to ensure there was no traces of contami-
nation in negative controls. DNA was extracted from
both contemporary feather samples and historical toe-
pad samples using a Bioline ISOLATE Genomic DNA
extraction kit (Bioline, UK). Samples were suspended in
400 pL lysis buffer plus 25 puL proteinase K and incu-
bated at 55 °C overnight (or until the material had com-
pleted digested). DNA was washed through a spin
column and historical samples were suspended in 50 pL
of elution buffer, whilst contemporary samples were sus-
pended in 100 pL of elution buffer. Genomic DNA was
extracted from blood using an ammonium acetate precip-
itation method following Nicholls et al. (2000).
Amplification from contemporary DNA samples was
conducted for two mtDNA regions: control region using
CR19f and CR19r; cytochrome b using PKCBf and
PKCBr (Table 1). PCR cycling conditions were 94 °C for
1 min followed by 35 cycles of 95 °C for 15 s, 55 °C for
15 s and 72 °C for 10 s and a final elongation step of
72 °C for 10 min. For historical samples, amplification
of control region and cytochrome b was conducted
using a specifically designed suite of overlapping short
fragment primers (each between 150-250 bp in length)
to provide sequence replication from independent PCRs
and detect potential artefacts or contamination
(Table 1). Cycle parameters comprised an initial hot
start of 95 °C for 1 min followed by 35 cycles of 95 °C/
15 s, 52 °C/15 s and 72 °C/10 s followed by a final 10-
min 72 °C incubation period. All amplicons were exam-
ined by agarose gel electrophoresis to check amplifica-
tion success and no evidence of contamination in the
extraction and PCR negative controls. Amplification
volumes of 25 pL contained 2 pL of template DNA,
12.5 pL MyTaq HS Redmix (Bioline, UK), 0.5 pL of each
primer and 9.5 pL of ddH,0. PCR product was purified
and amplified using a 3730 xL DNA analyser (Macro-

Table 1 Suite of mtDNA PCR primers used to amplify
cytochrome b and control region fragments in historical and
contemporary Psittacula krameri specimens

Primer name Sequence (5'-3')

Historical specimen primers

Cb1f CTA CCA TTC ATA ATC ACC AGC C
Cblr GTG AGG GAG AGG AGT ATG ATA G
Cb2f CTA TCA TAC TCC TCT CCC TCA C
Cb2r TAG GAT CAG TAC GGA GGC AG
Cb3f AAC AAC TCC CCC ACA CATC
Cb3r CGG CGA GTG TTC AGA ATA G
CR1f CGT TCG TGT TTG CTT ACA TTT C
CR1r GGT CCG TGT TGT TTG TTT TG
CR2f CAC TGA TGC ACT TTT TCT GAC
CR2r GGT GAA ATG TAA GCA AAC ACG
MCR2f GAT GCA CTT TTT CTG ACA TCT G
MCR2r GTT TCT TGA AAT GAA TCA CAG
CR3f GAA CAA ACA AAC GTC TCC TTC
CR3r GGA TAT TTG AGT GCG AGT GAC
Contemporary specimen primers
PKCBf CGGCCTACTCCTAGCCGCCC
PKCBr GGGAAGCAGGCCGGAAGGC
CR19f CACAGGCTCATTTGGTTCGC
CR19r TAAGCTACAGGGACATTCGGGG

gen Inc.). Sequences were edited in four Peaks (Griek-
spoor & Groothuis 2005) and aligned in Clustal (Larkin
et al. 2007). Manual edits were made in Jalview (Water-
house et al. 2009). The two genes were concatenated
using Sequence Matrix (Vaidya et al. 2011).

We used a suite of 21 microsatellite markers available
for Psittacula parakeets that have been shown to cross-
amplify in ring-necked parakeets (Raisin et al. 2009).
PCR protocols followed Raisin et al. (2009), optimized at
a total volume of 2 pL. Each PCR contained 1 pL
(blood) or 3 pL (feathers) ~ 10 ng/pL of DNA that was
air-dried, 1 uL of primer mix (fluorescently labelled for-
ward) at 0.2 um and 1 pL QIAGEN Multiplex PCR Mas-
ter Mix (QIAGEN Inc). PCRs were conducted using
differently fluorolabelled forward primers (HEX and 6-
FAM; Raisin et al. 2009). PCR cycling conditions were
95 °C for 10 min followed by 35 cycles of 93 °C/30 s,
52 °C/90 s and 72 °C/90 s, with a final incubation at
72 °C for 10 min. PCR was performed with a low
annealing temperature (52 °C) to increase the likelihood
of amplification (Primmer et al. 2005). Individuals were
sex-typed using the Z-002B marker (Dawson 2007) to
check for loci that were sex-linked. PCR products were
separated using an Applied Biosystems 3730 DNA
Analyser with ROX™ 500 as a size standard. Alleles
were identified and scored using GENEMAPPER 3.7 (Ap-
plied Biosystems, UK). Three loci were ambiguous to
score and therefore were excluded from the analysis
(Peq06, Peq08 and Peq09). Loci identified as sex-linked
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in echo parakeets (Psittacula echo) by Raisin et al. (2009)
were confirmed to be sex-linked in ring-necked para-
keets based on a complete lack of heterozygotes in
females and therefore also excluded (Peq16 and Peq21),
resulting in a total of 16 loci. Due to the degraded nat-
ure and low volume of the DNA extracted from histori-
cal museum specimens, only 10 of the 16 loci amplified
(those with the largest allele size failed to amplify).
Each sample was genotyped twice to ensure consistent
scoring of alleles (genotypes which could not be scored
consistently were removed), and to identify potential
genotype errors. Such degraded samples are known to
be susceptible to genotyping errors due to allelic drop-
out (Taberlet et al. 1996; Hoffman & Amos 2005; Wan-
deler et al. 2007). For comparative analysis between
museum and contemporary microsatellite genotype
data sets, the contemporary data set was condensed to
the same 10 loci that were genotyped in the museum
specimens. Deviations from Hardy-Weinberg equilib-
rium and null allele frequencies at each locus were esti-
mated using cervus. Evidence of genotyping errors
(allelic dropout and stuttering) was assessed using
MICROCHECKER 2.2.3 (Van Oosterhout et al. 2004).

Characterization of population origin using Bayesian
methods

First, a median joining haplotype network (Bandelt et al.
1999) was constructed in poPART (Leigh et al. 2015; soft-
ware available at: www.popart.otago.ac.nz), to infer
relationships between haplotypes from the ancestral
native and invasive ranges. Haplotype frequencies and
distributions in the ancestral native and invasive range
were then plotted on a map using Qcis (QGIS Develop-
ment Team 2014).

A Bayesian clustering approach was utilized using
the program STRUCTURE v2.3.4 (Pritchard et al. 2000) to
determine the most likely number of clusters (K) across
the ancestral native range using the microsatellite data
from the 10 selected loci. Ten repeated runs were con-
ducted with K ranging from one to 10 for 500 000 itera-
tions with a burn-in of 100 000, under the admixture
model and specifying correlated allele frequencies
(Falush et al. 2003), with prior information included to
assist clustering (The analysis was conducted twice
including either subspecies or location as prior informa-
tion; Hubisz ef al. 2009). The assignment values, log
likelihood scores and AK were evaluated using
STRUCTURE HARVESTER (Earl & von Holt 2011) to infer the
most likely number of genetic clusters. cLumpp (Jakob-
ssen & Rosenberg 2007) was used to obtain proportion
averages across the multiple runs, and these assignment
probabilities were mapped using qcis. To infer propor-
tions of genetic ancestry from each ancestral native

source, a further Bayesian clustering approach was
utilized to assign individuals in invasive populations to
reference ancestral native source populations, using the
program STRUCTURE v2.3.4 (Pritchard et al. 2000). Once
the most likely number of clusters in the ancestral
native range was identified (K = 2; Asia and Africa), a
further admixture analysis was performed assuming the
same two putative ancestral native source populations
for the assignment of invasive populations. Here, the
ancestral native clusters were set as ‘known’ by activat-
ing the ‘usepopinfo’ flag, and the invasive populations
were included as unknown. This approach requires the
analysis to cluster the invasive populations with their
ancestral native source populations (Pritchard et al.
2000) and was conducted separately for each invasive
population. cLumpp (Jakobssen & Rosenberg 2007) was
used to obtain proportion averages across the multiple
runs, and these assignment probabilities were plotted
using DISTRUCT (Rosenberg 2004) and mapped using QGIs.

We used approximate Bayesian computation meth-
ods, executed in piyasc v2.04 (Cornuet et al. 2014), to
infer the most likely ancestral source for each of the
invasive populations of ring-necked parakeets. Popula-
tions with very small sample sizes (n <2) were
excluded (Madrid, Marseille, Utrecht, Seychelles and
Tuscany), leaving 11 populations in the final prvabc
analysis (Brussels, Heidelberg, Wiesbaden, Bonn, Dus-
seldorf, Seville, Greater London, Rotterdam, The Hague,
Amsterdam and Mauritius). Three competing scenarios
were designed where samples from the ancestral native
range data were clustered into two main ancestral
sources according to our STRUCTURE results (K =2) and
geographic location, Asia and Africa. Our scenarios
tested whether invasive populations of ring-necked
parakeet originate solely from Asia (scenario 1), solely
from Africa (scenario 2) or are an admixture, originat-
ing from both the Asian and African ancestral native
range (scenario 3) (Fig. 2). Each scenario was character-
ized by a number of historical and demographic param-
eters that were expressed as the number of generations
back in time. We assumed a generation time of
5.6 years based on a genetically confirmed social pedi-
gree from more than 20 years of individual-based life
history data of the ring-necked parakeets’ closest extant
relative, the Mauritius parakeet, Psittacula echo (Tolling-
ton ef al. 2013). Invasive populations were founded
‘tinv’ generations ago [based on the first recorded
breeding populations of ring-necked parakeets across
Europe in the late 1960s (Butler et al. 2013) and on Mau-
ritius in the 1880s (Cheke & Hume 2008)], with a bottle-
neck duration of ‘db’ generations, before achieving a
larger established effective population size within 1-10
generations, and had an effective number of founders
‘N;b” between 1 and 100. Priors for bottleneck duration
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Fig. 2 Graphical representation of the three scenarios of ancestral origin examined using approximate Bayesian computation imple-
mented in DIYABC. Scenario 1 corresponds to a direct ancestral origin from Asia, scenario 2 corresponds to a direct ancestral origin
from Africa, and scenario 3 corresponds to an admixed origin from both Asia and Africa. In each case the black arrow indicates
backwards steps in time in generations to when invasive populations were founded (tlinv generations ago), and then back in time to
when the native populations diverged (t2anc). Duration of bottlenecks from founding events are included at t1 db. In scenario 3, the
admixture rate (ar) represents the genetic contribution of the native populations.

Table 2 Prior distributions of historical and demographic
parameters for scenarios modelled using DrYABC

Parameter Min-Max
name Distribution values
Invasive population N1 Uniform 1-10 000
Ancestral Asia N2 Uniform 10-10 000
Ancestral Africa N3 Uniform 10-10 000
Time of invasion tlinv Uniform 1-15
(*Mauritius
= 1-40)
Duration of db Uniform 1-10
bottleneck (*Mauritius
=1-30)
Effective number N1b Uniform 1-100
of founders
Ancestral divergence t2anc Uniform 200 000—
300 000
Rate of admixture ar Uniform 0.001-0.999

Each parameter is expressed as the number of generations back
in time assuming a generation time of 5.6 years. Invasive pop-
ulations were founded ‘tlinv’ generations ago, with a bottle-
neck duration of ‘db’ generations and an effective number of
founds ‘N1b’. The native African population diverged from the
Asian population ‘t2anc” generations ago. Scenario 3 includes
an admixture event where ‘ar’ represents the genetic contribu-
tion of each native population.

and the effective number of founders were broad as no
prior information is available. The ancestral native Afri-
can population diverged from the Asian population
‘tranc’ generations ago (based on molecular dating by
H. Jackson, D. Strubbe, R. Pryce-Jones, E. Matthysen, &
J. J. Groombridge, in prep). Scenario three includes an
admixture event where the admixture rates ‘ar’ and ‘1-
ar’ represent the genetic contribution of each ancestral
native population (see Table 2 for details).

Analyses for each invasive population were per-
formed using a combined data set of both mtDNA
sequences and microsatellite genotypes. A total of
3 x 10° simulated data sets were used with uniform
prior distributions of N, and bottleneck durations
(Table 2). A stepwise-mutation model was assumed for
microsatellites with default parameters (Estoup et al.
2002), and a HKY model of evolution was applied for
mitochondrial markers as identified in PartitionFinder
(Lanfear ef al. 2012). We used summary statistics for
each population and each population pair including the
mean number of alleles, mean expected heterozygosity
(Nei 1987) and mean size variance for both one and
two sample summary statistics for microsatellites. For
mtDNA sequences, we used Tajima’s D (Tajima 1989)
as a one sample summary statistic and Fsy (Hudson
et al. 1992) as a two sample summary statistic. Pre-eval-
uation of each scenario was performed by PCA (Princi-
pal Component Analysis) within pivasc, and to identify
the best scenario, we used DIYABC's logistic regression to
compare posterior probabilities across 500 simulated
pseudo-observed data sets. Performance of the scenario
parameters was assessed by using DIvABC’s functions for
estimating type I (false positives) and type II (false nega-
tive) errors, and by computing the relative bias across
the 500 pseudo-observed simulated data sets. Finally, to
verify the goodness of fit for each scenario, model check-
ing was implemented in DIYABC to compare summary
statistics between observed and simulated data sets.

Drivers of contemporary genetic composition within
invasive populations

To place in context the resulting genetic data and pat-
terns of invasion by ring-necked parakeets alongside
the potential contribution to these patterns by releases
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or escapes of pet parakeets, all import records of ring-
necked parakeets between 1975 and 2007 from the
ancestral native ranges (Asia and Africa) were obtained
for Spain, Italy, UK, Germany, Netherlands, Belgium
and France from the cites Trade Database (CITES 2014).
No equivalent trade information was available for the
genetically sampled populations on Mauritius or Sey-
chelles. The limited available cites data only allowed for
a simplistic measure of propagule pressure based on
number of imports per European country from Asia
and Africa. Chi-square tests were used to verify
whether the distribution of Asian vs. African mtDNA
haplotypes detected across Europe differed from that
expected by propagule pressure, whereby distributions
in the invasive range ought to reflect relative quantities
of parakeet imports from Asia and Africa (ciTes trade
data). To compare the observed genetic composition of
European  parakeet populations derived from
microsatellite data with expectations based on propag-
ule pressure, the genetic composition of all populations
within a country was averaged, as cites trade data are
only available at the country level. Using the proportion
of Asian/African birds documented as having been
imported into each European country, and the propor-
tion of Asian/African genes observed from the genetic
data for each country, a binomial GLM was applied to
test for differences between the proportions of imported
and observed Asian/African genes.

Genetic patterns and temperature differences between
ancestral native and invasive ranges

During the invasion of Europe, ring-necked parakeets
have shifted their climatic niche towards colder areas
(Strubbe et al. 2015). As sample sizes are too limited to
carry out haplotype-level tests of niche conservatism
(sensu Broennimann et al. 2012), we apply two alterna-
tive tests to verify whether the distribution of haplo-
types between and within invasive European parakeet
populations is associated with temperature differences
between ancestral native and invasive ranges. Given the
species-level niche shift along a temperature gradient,
haplotypes characterized by a lower cold niche limit in
the ancestral native range can be expected to be more
successful at invading colder parts of Europe. Using the
maximum latitude at which haplotypes occur in the
ancestral native range as a proxy for tolerance of cold
temperatures, and focusing on the predominant Asian
haplotypes, the following tests were performed. First,
the maximum native-range latitude of haplotypes was
correlated with their prevalence across European popu-
lations (Table S3, Supporting information). Second, a
weighted average maximum native-range latitude for
each European population was calculated (i.e. weighing

the maximum native-range latitude of each haplotype
present in a European population according to its
prevalence in that population). This weighted average
latitude was then correlated with the latitude of the
European population, to test the hypothesis that haplo-
types associated with colder temperatures in the ances-
tral native range will be more prevalent in northern
European parakeet populations.

Results

Ancestral origins of invasive populations

A total of 868 bp of DNA sequences were obtained
from the mtDNA control region spanning the hyper-
variable domain I and conserved domain II (522 bp),
and cytochrome b (346 bp) gene for 696 specimens from
the invasive ranges (Table S1, Supporting information)
and 96 museum native range specimens (58 from Asia
and 38 from Africa). Owing to the fragile nature of the
DNA derived from museum samples, partial sequences
(196-868 bp) were obtained for some specimens. A total
of 819 specimens from the invasive range were geno-
typed at 10 microsatellite loci (Table S1, Supporting
information), and 92 specimens from the native range
(56 from Asia and 36 from Africa). No linkage disequi-
librium was detected between pairs of microsatellite
loci following Bonferroni corrections (Rice 1989). Devia-
tions from Hardy—Weinberg equilibrium were detected
at two of the 10 loci across all populations combined
(Peq02 and Peq15). Estimated frequencies of null alleles
ranged between 0.003- and 0.084% per locus. The
museum specimen genotyping error rates were 3.89%,
and the estimated frequencies of null alleles per locus
ranged between 0.003 and 0.460%.

In total, 44 unique haplotypes were identified from
the 96 museum samples representing ring-necked para-
keets across their ancestral native range. When the
mtDNA sequence data derived from the ancestral
native and invasive populations were combined, a total
of 74 haplotypes were identified (Table S4, Supporting
information). A total of 14 haplotypes were shared
between both the ancestral native and invasive ranges.
However, 30 haplotypes were found only in the inva-
sive populations and were not detected in the ancestral
native range. These haplotypes mainly clustered with
haplotypes found in the Asian ancestral native range
(Fig. 3). The majority of haplotypes shared between the
ancestral native and invasive range were of Asian ori-
gin, predominately from Pakistan and northern regions
of India (Fig. 4). Of the 14 invasive haplotypes identi-
fied from the ancestral native range, 12 were of Asian
origin (comprising 602 sequenced parakeet individuals),
whereas only two were of African origin (comprising
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1 sample
® Pk.krameri
® Pk.parvirostris
® Pk.manillensis
® Pk.borealis
Invasive

four sequenced parakeet individuals); a haplotype from
Ethiopia was detected in an individual from the Greater
London population, and a haplotype from Sudan (Dar-
fur) was detected in two Greater London individuals
and in an individual from the Heidelberg population in
Germany. In contrast, a single common haplotype
detected in numerous locations in Asia was frequently
detected across the invasive range. This haplotype was
found in high frequencies in Bonn (37.9%), Brussels
(58.4%), Seychelles (100%), Heidelberg (95.8%), Wies-
baden (67.5%), Amsterdam (84.2%), Utrecht (100%),
Rotterdam (51.3%), The Hague (46.1%) and Greater
London (59.9%). Invasive populations in Seville,
Madrid and on Mauritius all predominately shared a
second haplotype from Asia (Asia_Punjab_5), which
was also detected in the Greater London population
(14.9%).

A STRUCTURE analysis using ancestral native range
microsatellite data only revealed a AK statistic suggest-
ing two distinct population clusters, one in Asia and
one in Africa (K =2; Evanno et al. 2005). Assignment
probabilities indicated that all individuals from the
ancestral range (apart from a single African specimen
which was assigned to the Asian cluster) were unam-
biguously assigned to one of the two clusters (cluster 1;
g = 0.816-0.982, cluster 2; g = 0.857-0.990), with each
cluster corresponding to these two continental ranges
(K=2, wusing subspecies prior; InK=12.65 and
AK =836, wusing location prior; InK=50.54 and

Fig. 3 Median joining haplotype network
comprising 44 mitochondrial (mtDNA)
haplotypes shared between the native
and invasive ranges, and an additional
30 haplotypes observed from the invasive
range. Haplotypes from the invasive dis-
tributions are in grey. Native haplotypes
are coloured according to the subspecies
designation given on the label of each
museum specimen; Asian sub-
species = Psittacula ~ krameri  borealis,
orange, and P. k. manillensis, blue; Afri-
can subspecies = P. k. krameri, red, and
P. k. parvirostris, green. Circles are pro-
portional to haplotype frequency.

AK =9.62). These results were used to infer genetic
clustering for use in our bpivaBc modelling. Using
approximate Bayesian modelling, implemented with
DIYABC, scenario 3 was the best-supported model under
a logistic regression (posterior probability >0.9) in all
populations (Table 3), indicating these invasive popula-
tions most likely derive from an admixture of both
ancestral Asian and African sources. The type I error
from scenario three across all invasive populations was
0%, whilst combining all simulations across the two
alternative scenarios resulted in a type II error varying
between 0 and 2.8% (Table 3). In support of scenario 3,
the observed summary statistics were generally concor-
dant with the simulated data set (Table S5, Supporting
information), and the priors were not biased (Table S6,
Supporting information).

Our additional analysis of the microsatellite data
for each invasive population using STRUCTURE [i.e.
the analysis whereby we assumed two putative ances-
tral source populations (Asia, Africa)] also supports
the approximate Bayesian computation scenario, and
these results were used to infer the proportions of
ancestry from each ancestral native source population
for each of the invasive populations. All invasive
populations demonstrated a higher assignment proba-
bility to the Asian cluster, suggesting a stronger
Asian (rather than African) contribution to the genetic
make-up of the invasive populations (Brussels = 68%,
Heidelberg = 71%,  Wiesbaden = 66%, Bonn = 66%,
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Predominant haplotypes
@ Haplotype 5

Haplotype 18

Fig. 4 Distribution of 74 haplotypes across the native and invasive range of Psittacula krameri, based on 868 bp of mitochondrial
DNA (mtDNA). (a) pie charts represent the approximate location of each museum specimen. Different colours relate to different hap-
lotypes. (b and c) pie charts represent the frequency of native mtDNA haplotypes detected within each invasive population across
Europe, Mauritius and Seychelles (for observed frequencies for each population, see Table 54, Supporting information). Black propor-
tions indicate mtDNA haplotypes detected in invasive populations that were not detected in the native range. Locations of pie charts
represent the approximate geographical location of the samples (exact coordinates/location details are given Table S2, Supporting

information).

Table 3 Posterior probabilities (confidence intervals) and type
I and type II errors in support of scenario 3, modelled in
DIYABC, for each invasive population of ring-necked parakeet

Invasive Posterior probability Typel  Typell
population (Cn error error
Brussels 1.0000 (1.0000, 1.0000)  0.00 0.002
Heidelberg 0.9999 (0.9998, 1.0000) 0.00 0.01
Wiesbaden 0.9997 (0.9991, 1.0000) ~ 0.00 0.01
Bonn 0.9998 (0.9989, 1.0000)  0.00 0.008
Dusseldorf 0.9934 (0.9824, 1.0000)  0.00 0.028
Seville 0.9998 (0.9992, 1.0000)  0.00 0.006
Greater London 0.9998 (0.9989, 1.0000) 0.00 0.004
Rotterdam 1.0000 (1.0000, 1.0000 0.00 0.01
The Hague 0.9447 (0.8273, 1.0000)  0.00 0.006
Amsterdam 0.9997 (0.9989, 1.0000)  0.00 0.014
Mauritius 0.9948 (0.8945, 1.0000)  0.00 0.014

Dusseldorf = 64%, Seville = 67%, Madrid = 60%,
Greater London = 60%, Tuscany = 94%, Mar-
seille = 86%, Rotterdam = 63%, The Hague =71%,

Amsterdam = 69%, Utrecht = 78%, Mauritius = 68%
and Seychelles = 83%; Fig. 5).

Genetic patterns and information from the bird pet
trade

Between 1984 (the earliest ring-necked parakeet trade
record available from citEs) and 2007, before the EU ban
on the trade of wild birds was implemented (Commis-
sion Regulation (EC) No.318/2007), a total of 109 467
ring-necked parakeets were imported from the Asian
ancestral native range and 37 072 from the African
ancestral native range (Table 4) into the EU countries
included in this study (the proportions equate to 74.7%
from Asia and 25.3% from Africa). Imports from Africa
into Europe were only received from Senegal, whereas
imports from Asia were received from a wider geo-
graphic source including India, Pakistan, Sri Lanka and
Bangladesh. The source composition of imported para-
keets also varied considerably between countries; for
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Fig. 5 (a) Genetic clustering of ring-necked parakeet from their native range using a Bayesian clustering approach in STRUCTURE and
10 microsatellite loci, to determine the optimal number of native range clusters (K = 2). (b) Assignment of invasive ring-necked para-
keets to their putative native ancestral sources using ‘popflaginfo’ option in STRUCTURE. (c) STRUCTURE output, groups labelled 1-16 are
from invasive ranges, groups labelled 17 and 18 are from the native range. From left to right; 1. Amsterdam, 2. Bonn, 3. Brussels, 4.
Dusseldorf, 5. Marseille, 6. The Hague, 7. Heidelberg, 8. Madrid, 9. Mauritius, 10. Rotterdam, 11. Seville, 12. Seychelles, 13. Tuscany,
14. Greater London, 15. Utrecht, 16. Wiesbaden, 17. Asia, 18. Africa.

Table 4 Total number of ring-neck parakeets imported into countries in the invasive range between 1984-2007 (CITES 2014)

Total imports Total imports from

Importer Total global imports  India  Pakistan  Sri Lanka  Bangladesh  from Asian range  African range (Senegal)
UK 16 520 4607 18 0 2 4627 10 396
Netherlands 7206 4277 1500 4 0 5781 201
Germany 11 967 2479 753 0 0 3232 7682
Belgium 5639 2469 2 0 0 2471 2020
France 1620 0 0 0 0 0 1053
Italy 53 167 0 45316 0 4 45 320 3556
Spain 62 334 0 48036 0 0 48 036 12 164

Imports from the African range are all from Senegal. No import data is available for Mauritius or Seychelles.

example, all imports into France were from Senegal
(1053 parakeets), whilst all Asian imports to Spain and
Italy were from Pakistan (48 036 and 45 316 parakeets,
respectively). Greater London, Germany and France
received larger numbers of ring-necked parakeets from
Senegal than from Asia.

A comparison of the observed distribution of haplo-
types detected across Europe (12 Asian and 2 African
haplotypes) against an equal expectation (seven Asian,
seven African) suggests that Asian haplotypes are more
common across Europe than expected (7 =7.14,
P < 0.01). However, accounting for the known skew in
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propagule pressure (from Asia: 109 467 birds imported
(75%) vs. from Africa: 37 072 birds (25%), Table 4) indi-
cates (after rounding) that the corrected expected pro-
portion is 10 Asian vs. four African haplotypes, and
against this null expectation, the observed difference
fails to reach significance (X% =1.40, P = 0.24). No rela-
tionships were observed between microsatellite-based
estimates of the proportion of Asian/African genes
observed in European countries and the proportion of
Asian/African birds imported into each country (GLM
coefficient = 0.121, SE = 0.764, t = 0.159, P = 0.880).

Compared to expectations based on propagule pres-
sure, Asian genes made up a larger than expected per-
centage of the population in Italy (propagule pressure:
93% Asian imports vs. 94% Asian genes observed in the
population), the UK (31% imports vs. 60% genes), Ger-
many (30% imports vs. 67% genes), Belgium (55%
imports vs. 68% genes and France (0% imports vs. 86%
genes). The proportion of Asian genes detected was
lower than expected in Spain (80% imports vs. 64%
genes) and the Netherlands (97% imports vs. 70%
genes).

Genetic patterns and temperature differences between
ancestral native and invasive ranges

Haplotypes with a higher maximum native-range lati-
tude (i.e. associated with colder temperatures in the

ancestral native range) are more prevalent in invaded
Europe (rp3 = 0.58, P <0.01; haplotype prevalence
across Europe log transformed). This result holds when
comparing the maximum native-range latitude of haplo-
types detected in Europe with haplotypes not detected
(t1711 = 3.74, P < 0.01). The weighted average maximum
native-range latitude of haplotypes present in a Euro-
pean parakeet population was positively and signifi-
cantly correlated with the latitude of that population
(r12 = 0.54, P <0.05; Fig. 6). Yet, despite our efforts to
collect as much data as possible from southern Euro-
pean populations, our data set is biased towards more
northern populations (i.e. eight northern European pop-
ulations vs. four southern). Moreover, of the four south-
ern populations, all but Seville have limited sample
sizes. We therefore carried out a jackknife resampling
in which each southern European parakeet population
was omitted from the data set. Our findings that haplo-
types with higher maximum native-range latitude are
more prevalent in invaded Europe and that haplotypes
detected in Europe have higher maximum native-range
latitudes than haplotypes not detected are robust to
jackknife resampling. However, the correlation between
the weighted average maximum native-range latitude
of haplotypes present in a European parakeet popula-
tion and the latitude of that population is only robust
to the removal of the Tuscany population. The correla-
tion fails to achieve statistical significance when

Fig. 6 (a) Occurrence and frequency of native Asian mitochondrial (mtDNA) haplotypes in Europe according to their (b) native
Asian range maximum cold niche limits. Specimens belonging to mtDNA haplotypes with high maximum latitudes (i.e. cold-toler-
ance) are depicted in blue. Specimens belonging to haplotypes present in Asia but not detected in Europe are shown by smaller black
dots. The shaded background of each map indicates minimum temperature of the coldest month (darker shading represents colder

temperatures). Black stars indicate latitude gradient.
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omitting any of the other southern European parakeet
populations (Table S7 and S8, Supporting information).
Lastly, it should be noted that in our data set, latitude
is strongly correlated with temperature (correlation
between minimum temperature of the coldest month
(derived from Hijmans et al. 2005) and latitude:
r=0.94, P <0.0001). Replacing latitude with tempera-
ture consequently does not affect our results (Table S9,
Supporting information).

Discussion

By combining extensive sampling across native and
invasive geographical ranges, this study is the first to
establish the genetic ancestral origins of a global avian
invader, the ring-necked parakeet. Both mtDNA and
nuclear markers reveal the Asian native range to be the
predominant ancestral source for the invasive popula-
tions established across Europe and the Indian Ocean
islands. This observed genetic pattern in the invasive
range is consistent with propagule pressure, in the form
of parakeets imported from the ancestral native Asian
vs. African ranges for the pet trade. Our results also
indicate that, in Europe, haplotypes originating from
northern Asia occur in higher frequencies, which may
be explained by smaller differences in temperature
between the ancestral native and invasive ranges of
these haplotypes. Interestingly, 30 haplotypes were
identified in the invasive ranges but not in the ancestral
native ranges. We suspect that these haplotypes may be
present in the native ranges but were not detected by
our sampling (96 native samples vs 696 invasive sam-
ples); alternatively, they may be a result of admixture
between ring-necked parakeets originating from differ-
ent ancestral native continents. Below, we discuss the
supporting evidence for each alternative explanation
and their likely levels of influence on the observed
patterns.

Genetic patterns and temperature differences between
ancestral native and invasive ranges

Strubbe et al. (2015) found that intraspecific climatic
niche variation is present among native-range ring-
necked parakeet phylogeographic lineages and that
including this niche variation into ecological niche mod-
els (which are statistical techniques that link the occur-
rence of species to aspects of the environment; Elith
et al. 2006) improves the accuracy of predictions of
parakeet occurrence across Europe. Here, we show that
the most prevalent mtDNA haplotypes in the invasive
populations either have a wide ancestral native distri-
bution, spanning almost the entire Indian subcontinent
or originate from across Pakistan and the northern areas

of India, the native range of P. k. borealis. As parakeets
carrying these haplotypes tolerate colder parts of the
ancestral native range, our results suggest that their
higher prevalence across Europe [and the higher accu-
racy of ecological niche model forecasts accounting for
intraspecific niche variation found by Strubbe et al.
(2015)] can potentially be explained by a higher estab-
lishment success and subsequent survival of individuals
with these haplotypes in the cooler parts of the para-
keets’ invasive range. Theory predicts that because of
physiological limits, for endotherms, tolerance to cold is
more likely than tolerance to high temperatures (Sun-
day et al. 2012; Araujo et al. 2013). Indeed, given the
temperature differences between ancestral native and
invasive ranges, parakeets have not been introduced to
areas warmer than their ancestral native range. Even
parakeets with haplotypes from the coldest parts of the
ancestral native range experience, in their native range,
temperatures similar to those of the warmer parts of
the invasive range (such as Seville, Mauritius and Sey-
chelles). The fact that haplotypes associated with war-
mer parts of the ancestral native range (i.e. southern
Asia) are more frequently found in more southern and
thus warmer invasive populations (Seville) suggests
that for these haplotypes, temperature differences with
the more northerly invasive populations in Greater Lon-
don, Netherlands, Belgium and Germany may be too
large to tolerate.

Several eco-evolutionary scenarios have been pro-
posed to explain the invasiveness of populations. Evolu-
tionary changes can occur independently at each
introduction location, adaptation may take place at an
initial site of invasion with other areas subsequently
invaded from this site or alternatively, and key evolu-
tionary changes for invasion may arise in the ancestral
native range, before introduction in the invaded range
(Hufbauer et al. 2012). For example, by combining eco-
logical niche modelling techniques with common-gar-
den experiments and genetic data, Rey et al. (2012)
showed that the invasion of Mediterranean Israel by the
tropical ant Wasmannia auropunctata could be explained
by adaptation to cold at the southern limit of the ances-
tral native range before introduction to Israel. Such an
invasion scenario, termed ‘prior adaption” by Hufbauer
et al. (2012; not to be confused with pre-adaption, which
implies a change of function), may also explain the
invasion of ring-necked parakeets, as our results point
to a prior adaptation of certain haplotypes to colder
conditions in the northern parts of the parakeets’” ances-
tral native Asian range.

Yet, given our limited sampling of southern European
parakeet populations, more research is needed to
conclusively rule out alternative explanations. More
data on the distribution of parakeet haplotypes across
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Europe are needed to run meaningful ecological niche
models (sensu Hernandez et al. 2006) aimed at delineat-
ing candidate geographical source areas for haplotypes
across the ancestral native range. Such models could
provide another independent line of evidence for cli-
matic similarities between ancestral native and invaded
regions as driver of parakeet invasion success in Eur-
ope. European parakeet populations experience climates
colder than their ancestral native range, but experimen-
tal common-garden experiments for verifying whether
cold adaptation occurred during invasion are impracti-
cal with such a long-lived vertebrate species. However,
recent advances in genomic methods permit using
genomic signatures of selection to identify genes associ-
ated with adaptation during invasion and in response
to differencing climates, without requiring common-gar-
den experiments (Chown et al. 2014). Future population
sampling for genetic analyses should focus specifically
on parakeet populations established within geographi-
cal regions identified by ecological niche models. Gen-
ome-wide analyses of both contemporary and historic
(i.e. from museum specimens) ring-necked parakeet
DNA allow assessing the temporal dynamics of evolu-
tionary change during invasion (Smith ef al. 2011), as
well as elucidating demographic footprints of past
climate change in native populations (Miller ef al. 2012).
Such analyses can strongly improve the inference of
invasion history and provide a long-term perspective
for understanding how selection pressures during inva-
sion impact species invasion success (Hoffmann & Sgro
2011; Chown et al. 2014).

Evidence for an influence of bird trade

Analyses of nuclear and mtDNA evidences a predomi-
nantly Asian origin for the invasive populations of ring-
necked parakeets, which is consistent with expectations
from the bird pet trade, as about 75% of all ring-necked
parakeets imported in Europe originate from Asia. Cas-
sey et al. (2004) reported that successful colonizations of
invasive parrots are most likely to be attributed to those
species that are traded and kept as pets. Recent research
suggests that wild-caught parrots demonstrate acute
stress responses, behaviours which can make them
more adept at escaping from captivity and surviving in
novel wild environments, thus contributing to their suc-
cess as an invasive species (Carrete & Tella 2008; Cabe-
zas et al. 2012). Strubbe & Matthysen (2009b) found that
most ring-necked parakeet populations in Europe stem
from unintentional escapes of cage birds, supporting
the use of the proportion of Asian vs. African birds
imported as (an admittedly rough) proxy of propagule
pressure. Similarly, Russello ef al. (2008) and Edelaar
et al. (2015) found that geographic origins of monk

parakeets (Myiopsitta monachus) introduced across the
US were concordant with trapping records from the
native range, suggesting that propagule pressure
exerted by the international pet bird trade contributed
to the distribution of genetic diversity across the monk
parakeets’ invasive range.

At the European level, genetic patterns are thus in line
with expectations based on propagule pressure, but inter-
estingly, some countries, such as the UK, received much
larger numbers of imports from Africa compared to other
countries, yet this difference is not reflected in their
mtDNA and nuclear composition. Conversely, Seville,
the warmest European parakeet population, exhibits a
larger amount of African genes than expected based on
trade patterns. Such mismatches may be due to the fact
that populations such as Greater London were estab-
lished prior to the earliest available trade records (ring-
necked parakeets were recorded as breeding in 1971; Bal-
mer et al. 2013), to stochastic genetic processes such as
founder effects or genetic drift, or may alternatively be
caused by Asian and African ring-necked parakeets dif-
fering in their prior adaptation to one or more aspects of
the environment (e.g. climate, association with human
disturbance, breeding phenology).

Whilst our findings demonstrate that the total num-
ber of parakeets imported into European countries
influences the current genetic makeup of European
parakeet populations, recent studies employing trans-
port network topology analyses (i.e. which account for
factors such as yearly fluctuations in number of species
imported) have shown that trade can also influence bio-
logical invasions in more subtle manners (e.g. see Banks
et al. 2015). To facilitate such further analyses, we pro-
vide more detailed cires data used in this study in
Tables 510 and S11 (Supporting information). Lastly, it
should be noted that to fully unravel how eco-evolu-
tionary scenarios lead to the emergence of invasive pop-
ulations, higher resolution data on the origin of source
populations and propagule pressure may be needed.
For example, although we have no evidence to assume
this, theoretically speaking, it could be possible that the
higher prevalence of north Asian haplotypes in Europe
is not due to a prior adaptation to colder environments,
but to larger amounts of northern vs. southern Indian
parakeets introduced and escaped in Europe. cITEs trade
data are only available at the country level, and this
crude proxy for propagule pressure thus does not allow
testing for such a scenario.

Conclusions

Our study has provided the first substantial insights
into the ancestral origins of ring-necked parakeets
across their widespread invasive range. Our findings
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provide strong evidence that the invasive populations
predominately comprise birds of Asian ancestry, in par-
ticular from the northern areas of the ring-necked para-
keets” range in Asia. Our data also suggest that a
combination of nonrandom effects from prior adapta-
tion to cold in the northern parts of the ancestral native
Asian range, along with high levels of trade in birds,
has influenced the signatures of ancestral origin within
the invasive populations of ring-necked parakeets. This
proposed eco-evolutionary scenario, shaped by a large
number of importations from Asia and subsequently
influenced by prior adaptation to cold climates in the
ancestral native range, represents an important first step
in reconstructing pathways of invasion. Our identifica-
tion of the ancestral origins of invasive ring-necked
parakeets provides crucial information that can be
applied to further studies such as ecological niche mod-
els aimed at predicting areas at risk of invasion by this
species, and ultimately to inform decision-makers
tasked with developing future policy of invasive alien
species. Based on our findings, such policy should, in
addition to controlling global trade of wild birds, also
incorporate measures to control or prohibit the commer-
cial breeding and keeping of parrots as pets in regions
outside of their native ranges. Our findings provide an
important contribution for understanding the evolution-
ary adaptation of a globally invasive species in a novel
environment.

Acknowledgements

We thank members of the public for collecting ring-necked
parakeet feathers. Many thanks to Pim Edelaar, Michael Braun,
Detlev Franz and the Seychelles Island Foundation (SIF) for
providing contemporary feather and DNA samples. Our
thanks also go to Yann Bourgeois and Peter Shum for provid-
ing invaluable help with pivasc analysis. Microsatellite geno-
typing was performed at the NERC Biomolecular Analysis
Facility at the University of Sheffield, UK. D.A.Dawson kindly
provided support and guidance on genotyping. During this
research, D.S was employed by the FWO Vlaanderen and the
University of Antwerp. Laboratory work on the historical sam-
ples was funded by a ‘BOF-Kleine Projecten (KP)’ grant of the
University of Antwerp, and a ‘Krediet aan Navorsers’ grant of
the FWO Vlaanderen awarded to D.S. We would also like to
thank the reviewers for their comments, which helped to
improve this manuscript. The authors would like to acknowl-
edge the support provided by the European Cooperation in
Science and Technology COST Action ParrotNet (ES1304),
‘European network on invasive parakeets: Understanding inva-
sion dynamics and risks to agriculture and society’.

References

Ahmad S, Khan HA, Javed M (2012) An estimation of rose-
ringed parakeet (Psittacula krameri) depredations on citrus,

guava and mango in orchard fruit farm. International Journal
of Agriculture and Biology, 14, 149-152.

Allendorf FW, Lundquist L (2003) Introduction: population
biology, evolution and control of invasive species. Conserva-
tion Biology, 17, 24-30.

Aratjo MB, Ferri-Yadnez F, Bozinovic F, Marquet PA, Val-
ladares F, Chown SL (2013) Heat freezes niche evolution.
Ecology Letters, 16, 1206-1219.

Ascunce MS, Yang CC, Oakey ] et al. (2011) Global invasion
history of the fire ant Solenopsis invicta. Science, 331, 1066—
1068.

Balmer D, Gillings S, Caffrey B, Swann B, Downie I, Fuller R
(2013) Bird Atlas 2007-11: The Breeding and Wintering of Birds
in Britain and Ireland. British Trust for Ornithology Books,
Thetford, UK.

Bandelt H, Forster P, Rohl A (1999) Median-joining networks
for inferring intraspecific phylogenies. Molecular Biology and
Evolution, 16, 37—48.

Banks NC, Paini DR, Bayliss KL, Hodda M (2015) The role of glo-
bal trade and transport network topology in the human-medi-
ated dispersal of alien species. Ecology Letters, 18, 188-199.

Blackburn T, Cassey P, Lockwood ] (2009) The role of species
traits in the establishment success of exotic birds. Global
Change Biology, 15, 2852-2860.

Blackburn TM, Lockwood JL, Cassey P (2015) The influence of
numbers on invasion success. Molecular Ecology, 24, 1942—
1953.

Broennimann O, Fitzpatrick MC, Pearman PB et al. (2012) Mea-
suring ecological niche overlap from occurrence and spatial
environmental data. Global Ecology and Biogeography, 21, 481—
497.

Butler C (2003) Population Biology of the Introduced Rose-Ringed
Parakeet Psittacula krameri in the UK. PhD Thesis, University
of Oxford, Oxford, UK.

Butler C, Creswell W, Gosler A, Perrins C (2013) The breeding
biology of Rose-ringed parakeets Psittacula krameri in Eng-
land during a period of rapid population expansion. Bird
Study, 60, 527-532.

Cabezas S, Carrete M, Tella JL, Marchant TA, Bortolotti GR
(2012) Differences in acute stress responses between wild-
caught and captive bred birds: a physiological mechanism
contributing to current avian invasions? Biological Invasions,
15, 521-527.

Caplat P, Coutts S, Buckley YM (2012) Modelling population
dynamics, landscape structure, and management decisions
for controlling the spread of invasive plants. Annals of the
New York Academy of Sciences, 1249, 72-83.

Carrete M, Tella J (2008) Wild-bird trade and exotic invasions:
a new link of conservation concern? Frontiers in Ecology and
the Environment, 6, 207-211.

Cassey P, Blackburn T, Russell GJ, Jones KT, Lockwood ]
(2004) Influences on the transport and establishment of exo-
tic bird species: an analysis of the parrots (Psittaciformes) of
the world. Global Change Biology, 10, 417-426.

Chapin F, Zavaleta ES, Eviner V et al. (2000) Consequences of
changing biodiversity. Nature, 405, 234-242.

Cheke A, Hume JP (2008) Lost Land of the Dodo. T & AD Poy-
ser, London, UK.

Chown SL, Hodgins KA, Griffin PC, Oakeshott JG, Byrne M,
Hoffmann AA (2014) Biological invasions, climate change
and genomics. Evolutionary Applications, 8, 23-46.

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.



ANCESTRAL ORIGINS OF INVASIVE PARAKEETS 4283

CITES (2014) Trade Statistics Derived From the CITES Trade Data-
base. UNEP World Conservation Monitoring Centre, Cam-
bridge, UK.

Cornuet J-M, Pudlo P, Veyssier | et al. (2014) DIYABC v2.0: a
software to make Approximate Bayesian Computation infer-
ences about population history using Single Nucleotide Poly-
morphism, DNA sequence and microsatellite data.
Bioinformatics, 30, 1187-1189.

DAISIE European Invasive Alien Species Gateway (2008) Psit-
tacula  krameri. Available from: www.europe-aliens.org/
speciesFactsheet.do?speciesld=50460 [Accessed 1st February
2013].

Dawson DA (2007) Genomic analysis of passerine birds using con-
served microsatellite loci. PhD Thesis, University of Sheffield,
Sheffield, UK.

Doody JS, Green B, Rhind D, Castellano CM, Sims R, Robinson T
(2009) Population level declines in Australian predators
caused by an invasive species. Animal Conservation, 12, 46-53.

Earl DA, von Holt BM (2011) Structure Harvester: a website
and program for visualizing STRUCTURE output and imple-
menting the Evanno method. Conservation Genetics Resources,
4, 261-359.

Edelaar P, Roques S, Hobson EA et al. (2015) Shared genetic
diversity across the global invasive range of the monk para-
keet suggests a common restricted geographic origin and the
possibility of convergent selection. Molecular Ecology, 24,
2164-2176.

Elith J, Graham C, Anderson R et al. (2006) Novel methods
improve prediction of species’ distributions from occurrence
data. Ecography, 29, 129-151.

Estoup A, Guillemaud T (2010) Reconstructing the routes of
invasion: what for, how and so what? Molecular Ecology, 19,
4113-4130.

Estoup A, Jarne P, Cornuet JM (2002) Homoplasy and mutation
model at microsatellite loci and their consequences for popula-
tion genetics analysis. Molecular Ecology, 11, 1591-1604.

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of
clusters of individuals using the software STRUCTURE: a
simulation study. Molecular Ecology, 14, 2611-2620.

Falush D, Stephens M, Pritchard JK (2003) Inference of popula-
tion structure using Multilocus genotypes data: linked loci
and correlated allele frequencies. Genetics, 164, 1567-1587.

Forshaw ] (2010) Parrots of the World: An Identification Guide.
Princeton University Press, Princeton, New Jersey.

Griekspoor A, Groothuis T (2005) ‘4Peaks: a program that helps
molecular biologists to visualize and edit their DNA sequence files
vl. 7’. Available at http://nucleobytes.com/index.php/4-
peaks.

Guisan A, Petitpierre B, Broennimann O, Daehler C, Kueffer C
(2014) Unifying niche shift studies: insights from biological
invasions. Trends in Ecology & Evolution, 29, 260-269.

Gurevitch ], Padilla D (2004) Are invasive species a major
cause of extinctions? Trends in Ecology and Evolution, 19, 470—
474.

Hernandez PA, Graham CH, Master LL, Albert DL (2006)
The effect of sample size and species characteristics on
performance of different species distribution modeling
methods. Ecography, 29, 773-785.

Hernandez-Brito D, Carrete M, Popa-Lisseanu AG, Ibdnez C,
Tella JL (2014) Crowding in the city: losing and winning
competitors of an invasive bird. PLoS ONE, 9, 1-11.

Hijmans R], Cameron SE, Parra JL, Jones PG, Jarvis A (2005)
Very high resolution interpolated climate surfaces for
global land areas. International Journal of Climatology, 25,
1965-1978.

Hoffman JI, Amos W (2005) Microsatellite genotyping errors:
detection approaches, common sources and consequences for
paternal exclusion. Molecular Ecology, 14, 599-612.

Hoffmann AA, Sgro CM (2011) Climate change and evolution-
ary adaptation. Nature, 470, 479-485.

Holmes J, Simons I (1996) The Introduction and Naturalization of
Birds. London HMSO, London, UK.

Hubisz M]J, Falush D, Stephens M, Pritchard JK (2009) Inferring
weak population structure with the assistance of sample
group information. Molecular Ecology Resources, 9, 1322-1332.

Hudson RR, Slatkin M, Maddison WP (1992) Estimation of
levels of gene flow from DNA sequence data. Genetics, 132,
583-589.

Hufbauer RA, Facon B, Ravigne V ef al. (2012) Anthropogeni-
cally induced adaptation to invade (AIAI): contemporary
adaptation to human-altered habitats within the native range
can promote invasions. Evolutionary Applications, 5, 89-101.

IUCN (2013) The IUCN Red List of Threatened Species, Version
2013.2. Available at http:/ /www.iucnredlist.org [accessed 10
March 2014].

Jakobssen M, Rosenberg NA (2007) CLUMPP: a cluster match-
ing and permutation program for dealing with label switch-
ing and multi modality in analysis of population structure.
Bioinformatics, 23, 1801-1806.

Jeschke JM, Bacher S, Blackburn T ef al. (2014) Defining the
impact of non-native species. Conservation Biology, 28, 1188—
1194.

Juniper T, Parr M (1998) Parrots: a Guide to the Parrots of the
World. Pica Press, East Sussex, UK.

Keller RP, Geist ], Jeschke JM, Kithn I (2011) Invasive species
in Europe: ecology, status, and policy. Environmental Sciences,
23, 1-17.

Kelley AL, de Rivera CE, Buckley BA (2013) Cold tolerance of
the invasive Carinus maenas in the East Pacific: molecular
mechanisms and implications for range expansion in chang-
ing climate. Biological Invasions, 15, 2299-2309.

Khan HA (2002) Breeding habitats of the Rose-Ringed Parakeet
(Psittacula krameri) in the cultivations of Central Punjab. Inter-
national Journal of Agricultural Biology, 4, 401-403.

Kirk H, Dorn S, Mazzi D (2013) Worldwide population genetic
structure of the oriental fruit moth (Grapholita molesta), a
globally invasive pest. BMC Ecology, 13, 1-12.

Lanfear R, Calcott B, Ho SYW, Guindon S (2012) PartitionFin-
der: combined selection of partitioning schemes and substi-
tution models for phylogenetic analysis. Molecular Biology
and Evolution, 29, 1695-1701.

Larkin MA, Blackshields G, Brown NP et al. (2007) Clustal W
and Clustal X version 2.0. Bioinformatics, 23, 2947-2948.

Leigh ], Bryant D, Steel M (2015) PopART. Available at
www.popart.otago.ac.nz.

Lever C (2005) Naturalised Birds of the World. T & A D Poyser,
London, UK.

Lockwood ], Cassey P, Blackburn T (2005) The role of propag-
ule pressure in explaining species invasions. Trends in Ecol-
ogy and Evolution, 20, 223-228.

Lombaert E, Guillemaud T, Thomas CE et al. (2011) Inferring
the origin of populations introduced from a genetically struc-

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.


http://www.europe-aliens.org/speciesFactsheet.do?speciesId=50460
http://www.europe-aliens.org/speciesFactsheet.do?speciesId=50460
http://nucleobytes.com/index.php/4peaks
http://nucleobytes.com/index.php/4peaks
http://www.iucnredlist.org
http://www.popart.otago.ac.nz

4284 H. JACKSON ET AL.

tured native range by approximate Bayesian computation:
case study of the invasive ladybird Harmonia axyridis. Molec-
ular Ecology, 20, 4654—4670.

Miller W, Schuster SC, Welch AJ et al. (2012) Polar and brown
bear genomes reveal ancient admixture and demographic
footprints of past climate change. Proceedings of the National
Academy of Sciences, 109, E2382-E2390.

Nei M (1987) Genetic distance between two populations. Amer-
ican Naturalist, 106, 283-292.

Nicholls JA, Double MC, Rowell DM, Magrath RD (2000) The
evolution of cooperative and pair breeding in thornbills
Acanthiza (Pardalotidae). Journal of Avian Biology, 31, 165-
176.

Peck H, Pringle HE, Marshall HH, Owens IPF, Lord AM (2014)
Experimental evidence of impacts of an invasive parakeet on
foraging behavior of native birds. Behavioural Ecology, 25,
582-590.

Perdereau E, Bagneres AG, Bankhead-Dronnet S ef al. (2013)
Global genetic analysis reveals the putative native source of
the invasive termite, Reticulus flavipes, in France. Molecular
Ecology, 22, 1105-1119.

Petitpierre B, Kueffer C, Broennimann O, Randin C, Daehler C,
Guisan A (2012) Climatic niche shifts are rare among terres-
trial plant invaders. Science, 335, 1344-1348.

Primmer CR, Painter JN, Koskinen MT, Palo JU, Merila ] (2005)
Factors affecting avian cross-species microsatellite amplifica-
tion. Journal of Avian Biology, 36, 348-360.

Pritchard JK, Stephens M, Donnelly P (2000) Inference of popu-
lation structure using multilocus genotype data. Genetics,
155, 945-959.

QGIS Development Team (2014) QGIS Geographic Information
System. Open Source Geospatial Foundation Project. Avail-
able at http://qgis.osgeo.org.

Raisin C, Dawson DA, Greenwood AG, Jones CG, Groom-
bridge JJ (2009) Characterisation of Mauritius parakeet (Psit-
tacula eques) microsatellite loci and their cross-utility in other
parrots (Psittacidae, AVES). Molecular Ecology Resources, 9,
1231-1235.

Ramzan M, Toor HS (1973) Damage to maize crop by roser-
inged parakeet, Psittacula krameri (Scopoli) in the Punjab.
Journal of Bombay Natural History Society, 70, 201-204.

Rey O, Estoup A, Vonshak M et al. (2012) Where do adaptive
shifts occur during invasion? A multidisciplinary approach
to unraveling cold adaptation in a tropical ant species
invading the Mediterranean area. Ecology Letters, 15, 1266—
1275.

Rice WR (1989) Analyzing tables of statistical tests. Evolution,
43, 223-225.

Rosenberg NA (2004) DISTRUCT: a program for the graphical
display of population structure. Molecular Ecology Notes, 4,
137-138.

Russello MA, Avery ML, Wright TF (2008) Genetic evidence
links invasive monk parakeet populations in the United
States to the international pet trade. BMC Evolutionary Biol-
ogy, 8, 217.

Sakai AK, Allendorf FW, Holt JS ef al. (2001) The population
biology of invasive species. Annual Review of Ecology and Sys-
tematics, 32, 305-332.

Sax DF, Stachowicz JJ, Gains SD (2005) Species Invasions:
Insights into Ecology, Evolution and Biogeography. Sinauer, Sun-
derland, Massachusetts.

Sexton JP, McKay JK, Sala A (2002) Plasticity and genetic
diversity may allow salt cedar to invade cold climates in
North America. Ecological Applications, 12, 1652-1660.

Simberloff D (2009) The role of propagule pressure in biologi-
cal invasions. Annual Review of Ecology, Evolution and System-
atics, 40, 81-102.

Smith CD, Zimin A, Holt C et al. (2011) Draft genome of the
globally widespread and invasive Argentine ant (Linepithema
humile). Proceedings of the National Academy of Sciences, 108,
5673-5678.

Strubbe D, Matthysen E (2007) Invasive ring-necked parakeets
Psittacula krameri in Belgium: habitat selection and impact on
native birds. Ecography, 30, 578-588.

Strubbe D, Matthysen E (2009a) Experimental evidence for
nest-site competition between invasive ring-necked parakeets
(Psittacula krameri) and native nuthatches (Sitta europaea). Bio-
logical Conservation, 142, 1588-1594.

Strubbe D, Matthysen E (2009b) Establishment success of inva-
sive ring-necked and monk parakeets in Europe. Journal of
Biogeography, 36, 2264-2278.

Strubbe D, Jackson H, Groombridge ], Matthysen E (2015)
Invasion success of a global avian invader is explained
by within-taxon niche structure and association with
humans in the native range. Diversity and Distributions, 21,
675-685.

Sunday JM, Bates AE, Dulvy NK (2012) Thermal tolerance and
the global redistribution of animals. Nature Climate Change, 2,
686-690.

Taberlet P, Griffin S, Goossens B et al. (1996) Reliable genotyp-
ing of samples with very low DNA quantities using PCR.
Nucleic Acids Research, 24, 3189-3194.

Tajima F (1989) Statistical method for testing the neutral muta-
tion hypothesis by DNA polymorphism. Genetics, 123, 585-595.

Thuiller W, Richardson DM, Pysek P, Midgley GF, Hughes
GO, Rouget M (2005) Niche-based modelling as a tool for
predicting the risk of alien plant invasions at a global scale.
Global Change Biology, 11, 2234-2250.

Tollington S, Jones CG, Greenwood A et al. (2013) Long-term,
fine-scale temporal patterns of genetic diversity in the
restored Mauritius parakeet reveal genetic impacts of man-
agement and associated demographic effects on reintroduc-
tion programmes. Biological Conservation, 161, 28-38.

Vaidya G, Lohman DJ, Meier R (2011) SequenceMatrix: con-
catenation software for the fast assembly of multi-gene data-
sets with character set and codon information. Cladistics, 27,
171-180.

Van Oosterhout C, Hutchinson WF, Wills DP, Shipley P (2004)
MICRO-CHECKER: software for identifying and correcting
genotyping errors in microsatellite data. Molecular Ecology
Notes, 4, 535-538.

Wandeler P, Hoeck PEA, Keller LF (2007) Back to the future:
museum specimens in population genetics. Trends in Ecology
and Evolution, 22, 634-642.

Waterhouse AM, Procter JB, Martin DMA, Clamp M, Barton
GJ (2009) Jalview Version 2 — a multiple sequence alignment
editor and analysis workbench. Bioinformatics, 25, 1189-1191.

Wikelski M, Foufopoulos ], Vargas H, Snell H (2010) Galapagos
birds and diseases — invasive pathogens as threats for island
species. Ecology and Society, 9, 5-15.

Williamson M (1996) Biological Invasions. Chapman & Hall,
London, UK.

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.


http://qgis.osgeo.org

ANCESTRAL ORIGINS OF INVASIVE PARAKEETS 4285

Ziska LH, Blumenthal DM, Runion GB, Hunt R Jr, Diaz-Soltero
H (2011) Invasive species and climate change: an agronomic
perspective. Climate Change, 105, 13—42.

HJ., D.S. and ]J.G. conceived the project. H.J. and S.T.
conducted the lab work. H.J. and D.S. analysed the data
and created graphical illustrations. H.J. led the writing
and all authors contributed (especially D.S.) to the final
manuscript.

Data accessibility

Mitochondrial and microsatellite data: Dryad entry
doi:10.5061/dryad.c8t42.

Supporting information

Additional supporting information may be found in the online ver-
sion of this article.

Table S1 Sample size and location information for invasive
populations included in this study.

Table S2 Sample and location information for historical speci-
mens from the Natural History Museum in Tring, UK.

Table S3 Latitudes for native range Asian haplotypes and their
frequency in invasive European populations.

Table S4 Haplotype frequencies for each of the 74 mtDNA
haplotypes discovered across the native and invasive ranges.

Table S5 Model checking for scenario 3 in pivasc based upon
10° simulated data sets.

Table S6 Measures of performance; mean bias and RRMISE in
support of scenario three in pivasc based upon 10° simulated
data sets.

Table S7 Concerning the analysis of proportion of haplotypes,
the low sample size of southern populations makes our results
dependent on the Seville population.

Table S8 Sensitivity” tests on our analyses of haplotypes preva-
lence or presence-absence in invaded Europe.

Table S9 About the use of latitude as a proxy for temperature.
Table S10 ciTes data; imports from Asia per year.

Table S11 ciTes data; imports from Africa per year.

© 2015 The Authors. Molecular Ecology Published by John Wiley & Sons Ltd.


http://dx.doi.org/10.5061/dryad.c8t42

