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Abstract

The monk parakeet (Myiopsitta monachus) is a successful invasive species that does not

exhibit life history traits typically associated with colonizing species (e.g., high

reproductive rate or long-distance dispersal capacity). To investigate this apparent

paradox, we examined individual and population genetic patterns of microsatellite loci at

one native and two invasive sites. More specifically, we aimed at evaluating the role of

propagule pressure, sexual monogamy and long-distance dispersal in monk parakeet

invasion success. Our results indicate little loss of genetic variation at invasive sites

relative to the native site. We also found strong evidence for sexual monogamy from

patterns of relatedness within sites, and no definite cases of extra-pair paternity in either

the native site sample or the examined invasive site. Taken together, these patterns

directly and indirectly suggest that high propagule pressure has contributed to monk

parakeet invasion success. In addition, we found evidence for frequent long-distance

dispersal at an invasive site (�100 km) that sharply contrasted with previous estimates of

smaller dispersal distance made in the native range (�2 km), suggesting long-range

dispersal also contributes to the species’ spread within the United States. Overall, these

results add to a growing body of literature pointing to the important role of propagule

pressure in determining, and thus predicting, invasion success, especially for species

whose life history traits are not typically associated with invasiveness.
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Introduction

A central goal of invasion biology has been to identify

life history traits (intrinsic factors) that could be useful

in determining species that are potential invaders (Sim-

berloff 2009). In birds, three categories of traits are rec-

ognized that affect introduction and establishment

success: (i) pre-adaptive traits; (ii) traits that favour
nce: Anders Gonçalves da Silva, Fax:

84; E-mail: anders.goncalvesdasilva@csiro.au
population growth; and (iii) traits that limit establish-

ment success (Duncan et al. 2003). Pre-adaptive traits

include the ability to disperse over large distances,

which is particularly useful in reaching and identifying

suitable areas for colonization (Mayr 1965), behavioural

flexibility, which allows for the exploration of novel

resources (Duncan et al. 2003; Wright et al. in press),

and having a broad niche, which is expected to increase

the chances of finding suitable resources in the novel

environment (Blackburn et al. 2009a; Duncan et al.

2003). Traits that favour rapid population growth, such
� 2010 Blackwell Publishing Ltd
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as high fecundity, reduce extinction risk associated with

demographic stochasticity in small, newly introduced

populations (Allendorf & Lundquist 2003; Lande 1988;

Sakai et al. 2001). Finally, a number of traits may limit

establishment success; the two most commonly

observed among flying birds are migratory behaviour

and sexual dichromatism (Blackburn et al. 2009a,b;

Duncan et al. 2003). This limitation is thought to arise

from the highly specific habitat and physiological needs

of migratory species, and the energy costs associated

with sexual selection (Blackburn et al. 2009a,b; Cassey

2002; Duncan et al. 2003).

The monk parakeet (Myiopsitta monachus) is a success-

ful invasive species with a native distribution restricted

to southern South America and established invasive

populations occurring in the United States, Europe, the

Caribbean and Japan (BirdLife International 2009; Carr-

ete & Tella 2008). It was first introduced to the United

States in the 1960s by the international pet trade and

has since become established and exhibited exponential

growth in a number of sites, with populations reported

along the Atlantic coast from Florida to Connecticut,

along the Gulf coast in Louisiana and Texas, and in

Colorado, Illinois, and Oregon (Pruett-Jones et al. 2005;

Van Bael & Pruett-Jones 1996). A similar pattern is

observed in Europe, where the species has a broad but

patchy distribution (Strubbe & Matthysen 2009). The

success in the invasive range is mirrored in the native

distribution, where the species has recently colonized

new areas made available through the introduction of

Eucalyptus trees (Forshaw & Cooper 1989). Understand-

ing the factors that have facilitated these introductions

and population expansions will greatly improve our

knowledge of the determinants of species invasion suc-

cess.

The monk parakeet is neither migratory nor sexually

dichromatic, thus it does not exhibit either of the traits

commonly thought to limit establishment success in fly-

ing birds (Duncan et al. 2003). However, based on stud-

ies in the native range, the monk parakeet is considered

a monogamous species that exhibits some cooperative

breeding characteristics (e.g., incidental helping behav-

iour and colonial nesting), has one breeding season per

year (often only one clutch), relatively large clutches (5–

6 eggs) but low fledging rates (1–2 per nest), high vari-

ance in reproductive success across individuals, and

delayed first reproduction (Eberhard 1998; Emlen 1990;

Navarro & Bucher 1990, 1992; Navarro et al. 1992,

1995). Observational studies in the native range have

also reported that dispersal is restricted to relatively

short distances of 2 km or less (Martı́n & Bucher 1993).

These traits suggest slow population growth and

reduced ability to search for suitable habitat, both of

which are inconsistent with the reproductive and dis-
� 2010 Blackwell Publishing Ltd
persal capacities considered essential for successful

invasion in birds (Blackburn et al. 2009b; Mayr 1965).

These contrasting traits represent an apparent paradox

when considering the broad success of the monk para-

keet in invading areas outside of their native range.

A number of hypotheses may explain the monk para-

keet’s invasion success in spite of possessing traits

thought to limit invasiveness. First, it has become

increasingly apparent that, independent of life history

traits, invasion success is strongly influenced by the

number of individuals introduced and the number of

independent introductions, an extrinsic factor termed

propagule pressure (Cassey et al. 2004; Duncan 1997;

Green 1997; Hayes & Barry 2008; Lockwood et al. 2005;

Marchetti et al. 2004; Simberloff 2009; Veltman et al.

1996; Von Holle & Simberloff 2005). As a general rule,

the higher the propagule pressure, the greater the likeli-

hood that a species will become a successful invader

(Duncan 1997; Green 1997; Hayes & Barry 2008; Von

Holle & Simberloff 2005). Introduction of large numbers

of individuals has been shown to buffer against genetic

bottlenecks (Simberloff 2009), with some introduced

populations having similar or higher levels of genetic

variation than native populations (Kolbe et al. 2004). As

a result, propagule pressure may help buffer the effects

of demographic stochasticity (Lockwood et al. 2005). In

the case of monk parakeets in the United States, such a

hypothesis is plausible given the international pet trade

of wild-caught individuals, estimated to have brought

thousands of monk parakeets into the country in the

mid- to late-20th century alone (Lever & Gillmor 1987;

Spreyer & Bucher 1998). The international pet trade, in

general, has contributed positively to an increase in the

number of successful invasive bird species (Carrete &

Tella 2008); genetic evidence in concordance with trap-

ping records also implicates its role in facilitating monk

parakeet invasions (Russello et al. 2008; Van Bael &

Pruett-Jones 1996). If propagule pressure has been high,

then levels of genetic variation as measured by

expected heterozygosity and allelic richness are

expected to be comparable between native and invasive

populations (Dlugosch & Parker 2008; Suarez et al.

2008; Wares et al. 2005).

Second, intraspecific reproductive strategies in birds

can vary in response to environmental change or popu-

lation density (Rossmanith et al. 2006). Monk parakeets

are described as socially monogamous; however, it has

not been established whether the species is also sexu-

ally monogamous, as is expected for most socially

monogamous parrots (e.g., Masello et al. 2002; Spoon

2006), or whether it displays some level of extra-pair

paternity (EPP) or intra-specific brood parasitism (IBP)

as in many other bird species (Arnold & Owens 2002;

Griffith et al. 2002; Petrie & Kempenaers 1998).
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Variation across populations in levels of EPP can be

associated with differences in population density, avail-

ability of food and nesting sites and genetic variation,

while lack of EPP can be a strong indication that male

parental care is crucial for successful reproduction

(Griffith et al. 2002). Behavioural observations of monk

parakeets in the native range show significant male

involvement in rearing young, with males foraging for

both incubating and brooding females, and for nestlings

(Eberhard 1998). This level of involvement suggests that

monk parakeets are probably sexually monogamous

and should display minimal levels of EPP (Griffith et al.

2002). If monk parakeets are indeed sexually monoga-

mous, such a trait is expected to increase extinction risk

in small populations because of reduced mating oppor-

tunities and a consequent increase in demographic sto-

chasticity (Bessa-Gomes et al. 2003; Legendre et al.

1999), thus reducing establishment success rate. In a

scenario of high propagule pressure, however, monog-

amy would not present a challenge to establishment,

lending support to the hypothesis that the release of a

large number of individuals is one of the principal driv-

ers of monk parakeet establishment success. Alterna-

tively, differences in the level of EPP between native

and invasive ranges could lead to the identification of

novel factors not previously considered for this species

(e.g., mating system flexibility contributing to reduced

extinction risk in small populations, Rossmanith et al.

2006).

Finally, a meta-analysis assessing the effects of spe-

cies-level traits on the establishment success of exotic

birds indicates that the breadth of habitats used by a

species has a particularly strong positive effect, presum-

ably because habitat generalists are better able to cope

with novel environments (Blackburn et al. 2009a). This

finding is likely to be relevant to the establishment suc-

cess of introduced monk parakeets. In their native

range, monk parakeets inhabit a range of lowland habi-

tats, including open forest, savannah woodland and

agricultural areas, often near or within urban areas

(Forshaw & Cooper 1989). Furthermore, their native dis-

tribution encompasses both tropical and subtropical cli-

matic zones, so they regularly encounter hot summers

as well as winters with subfreezing temperatures.

Addressing the above-mentioned hypotheses may

help clarify why monk parakeets have become success-

fully established, but they do not explain how the spe-

cies has expanded across the United States.

Understanding spread is just as important as under-

standing establishment in combating invasive species

(Sakai et al. 2001). The short dispersal distances

observed in the native range and the number of indi-

viduals transported during the pet trade suggests that

monk parakeets mainly spread through human assis-
tance, much like the brown anole (Anolis sangrei, Camp-

bell 1996). However, an examination of Christmas bird

counts (CBC) suggests that geographical expansion may

be a result of population growth and dispersal rather

than additional releases (Van Bael & Pruett-Jones 1996).

Two hypotheses can explain this inconsistency, either

(i) Van Bael & Pruett-Jones (1996) assessment about the

drivers of monk parakeet population growth is wrong

and, in fact, human-mediated spread through continu-

ous releases has enabled colonization of new localities,

or (ii) the species’ dispersal capacity is larger than what

has previously been reported. The current estimate of

monk parakeet maximum dispersal capacity (�2 km) is

based on observations over a relatively small spatial

scale (12 000 m, Martı́n & Bucher 1993) when compared

to observed maximal dispersal distances in birds of

similar size to monk parakeets (�350 km, Paradis et al.

1998). Thus, current estimates of dispersal capacity in

monk parakeets may be significantly underestimated,

with potentially important implications for their ability

to spread in the invasive range.

In this study, we compared genetic variation at spe-

cies-specific microsatellite loci in parakeets from a

native site in Argentina and two invasive sites in the

United States (Florida and Connecticut) to explore the

factors contributing to monk parakeet invasion success.

In particular, we addressed the following questions: (i)

Is there evidence for high propagule pressure based on

comparisons of patterns of genetic variation within and

between native and invasive sites? (ii) Is there evidence

for sexual monogamy in both native and invasive sites?

and (iii) Is there genetic evidence for dispersal over lar-

ger scales in an invasive site than previously reported

in the native range?
Materials and methods

Sampling sites

Samples were collected at three sites, one in the species’

native range and two in the invasive range within the

United States (Fig. 1). The native range site is located

in the Entre Rı́os province, Argentina (AR), a region

identified as being a likely source for individuals for

the United States pet trade (Russello et al. 2008). Sam-

ples in the invasive range were collected from the

greater Miami metropolitan area in Florida (FL) and in

southern Connecticut (CT) (Fig. 1).
Data

Monk parakeets often breed in multi-chambered

nests that may contain more than one breeding pair,

with each pair and its offspring occupying a separate
� 2010 Blackwell Publishing Ltd
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Fig. 1 Sampled monk parakeets (Myiopsitta monachus) nests across three sites. (a) In Florida, 149 individuals were sampled from 52

nests in the greater Miami metropolitan area. (b) In southern Connecticut, 46 individuals were sampled from 14 nests. (c) In Argen-

tina, 60 individuals were sampled from 12 nests in Entre Rı́os province, considered to be one of the main sources of individuals for

the United States pet trade (Russello et al. 2008).
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chamber (Eberhard 1998). In addition to being used for

breeding, nests are used year-round by the parakeets

for roosting (Forshaw & Cooper 1989). In AR and FL,

sampling occurred during the breeding season, and our

sampling unit consisted of a breeding pair and juvenile

offspring; three of the AR nests included a third adult

who assisted the breeding pair (Eberhard 1998). In CT,

sampling occurred late in the breeding season, and

while samples were grouped according to chambers, it

was not possible to determine whether the grouping

consisted of a breeding pair and juvenile offspring.

Hence forward, we refer to nests as a single chamber

within a compound nest.

In AR, blood samples (Nind = 60, Nnests = 12) from

wild individuals were collected and preserved as

described by Eberhard (1998). In FL (Nind = 149,

Nnests = 52) and CT (Nind = 46, Nnests = 14), tissue sam-

ples were collected by local electric utility companies

and preserved at )20 �C until processed in the labora-

tory. Geographical coordinates were registered for each
� 2010 Blackwell Publishing Ltd
sampling unit with a GPS unit in FL and CT. In AR,

geographical coordinates were recovered from aerial

photographs superimposed on geo-referenced satellite

images (Fig. 1).

Genomic DNA was isolated using the QIAGEN

DNeasy tissue kit following the manufacturer’s protocol

(Qiagen, Inc.). Individuals were typed at 10 species-spe-

cific microsatellite loci using PCR conditions described

by Russello et al. (2007), Table 1. Automated fluorescent

genotyping was conducted on an ABI 3730xl DNA Ana-

lyzer (Applied Biosystems, Inc.), and chromatograms

were scored using GENEMAPPER
� Software v4.0 (Applied

Biosystems, Inc.).

All individuals were sexed using the P2 ⁄ P8 primer

system (Griffiths et al. 1998) following the parrot-opti-

mized protocol described by Russello & Amato (2001).

For the AR and FL sites, we classified individuals into

two age classes (adult and juveniles) either by direct

observation of banded individuals at nests (AR) or by

plumage (FL). In CT, unambiguous age classification
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was not possible because sampling was carried out late

in the season after juveniles had moulted. Putative

adults were identified because either it was the only

individual sampled in a nest (Nind = 3) or because they

were the male–female pair with the smallest Queller &

Goodnight (1989) index among the individuals in the

nest (i.e., the putative breeding pair; Nind = 16,

Nnests = 8). Finally, in two nests only two individuals

were sampled, with pairwise relatedness indices of 0.51

and 0.20, which we considered to be related enough to

skew estimates of allele frequency distribution, and

thus classified as juveniles. Therefore, we considered 19

of the 46 individuals sampled to be adults for the pur-

pose of estimating basic genetic diversity parameters,

and the remaining 27 to be juveniles. Nevertheless,

because of the uncertainty surrounding the classification

of adults within CT, we did not use this site to address

questions related to mating or dispersal behaviour.
Analysis

Population data sets were screened for null alleles using

MICRO-CHECKER (Van Oosterhout et al. 2004). Calcula-

tions of observed and expected heterozygosity, number

of alleles per locus, and tests for Hardy–Weinberg Equi-

librium (HWE) and linkage disequilibrium (LD) were

carried out in ARLEQUIN v.3.11 (Excoffier et al. 2005)

using default settings, adult individuals and loci with

no signatures of null alleles.

Propagule pressure was inferred by comparing

genetic variation between native and invasive sites,

examining the partitioning of genetic variation among

sites, and by testing for bottleneck signatures. First, we

counted the number of alleles present at each site. To

remove the effect of differing sample sizes among sites,

we bootstrapped individuals within each sampling site

to the smaller sample size of each comparison and

recalculated the number of alleles in each site. For

example, in the AR ⁄ FL comparison for example, we

re-sampled 26 individuals with replacement from each

site (Nadults = 26 in AR and Nadults = 91 in FL). For each

comparison between source and invasive site, we gener-

ated 1000 subsamples. Second, we screened for the

presence of private alleles and rare alleles across sites

(alleles with inferred population allele frequency <0.05),

which permits a rough indication of genetic differentia-

tion between source and invasive sites. Third, we calcu-

lated the proportional loss of expected and observed

heterozygosity, and allelic richness in invasive sites rel-

ative to the native site (Dlugosch & Parker 2008; Suarez

et al. 2008; Wares et al. 2005). To test the significance of

the observed losses, we generated expected distribu-

tions of the loss of genetic diversity for each pairwise

comparison by permuting individuals 1000 times and
re-calculating the loss of genetic diversity. Significance

was assessed at a = 0.05 and was calculated as the pro-

portions of simulated values that were equal to or lar-

ger than the observed value. We also partitioned the

genetic variation among and within native and invasive

sites, and inferred fixation indices using an analysis of

molecular variance (AMOVA, Excoffier et al. 1992) as

implemented in ARLEQUIN 3.11. To test whether inferred

fixation indices were significantly different from zero,

individuals and loci were permuted as appropriate for

the hierarchical level under consideration (Excoffier

et al. 2005). Finally, genetic signatures of population

bottlenecks were assessed for all three sites using the

heterozygote excess and mode-shift tests, both imple-

mented in the software package BOTTLENECK 1.2.02 (Piry

et al. 1999).

Sexual monogamy was inferred from patterns of

relatedness and allele sharing among individuals, and

from tests for EPP and IBP. Sexual monogamy predicts

that adult–juvenile pairs within nests should have a

relatedness value of 0.5 and adult-offspring pairs

among nests should have a relatedness value of 0.0

(Blouin et al. 1996). In AR and FL, we calculated mean

relatedness between individuals within and among

nests. We also calculated mean relatedness between

male ⁄ female adults and juveniles both within and

among nests. Tests of significance were performed by

comparing 95% confidence intervals (95% CI) around

the mean. Because the species is generally considered to

be socially monogamous with high parental investment

from both females and males (Eberhard 1998; Martı́n &

Bucher 1993), we expected to find significantly higher

relatedness within nests than among nests. Queller &

Goodnight’s (1989) relatedness index was calculated for

all possible pairwise combinations of individuals within

each population using iREL (Gonçalves da Silva & Rus-

sello 2010). Population allele frequencies for the calcula-

tion of relatedness values were estimated from

individuals classified as adults.

Parentage assignment programs such as CERVUS (Field

Genetics Ltd.) (Marshall et al. 1998) require extensive

demographic and observational data, in particular, esti-

mates of number of putative parents per offspring as

well as the proportion of putative parents sampled

(Kalinowski et al. 2007). As these were unavailable in

the present study, particularly in Florida, we investi-

gated the possibility of EPP and IBP (Arnold & Owens

2002; Griffith et al. 2002; Petrie & Kempenaers 1998)

using a multi-step approach. First, we identified all

adult–juvenile pairs that shared at least one allele at

every locus. Because there is a larger than zero probabil-

ity that any two individuals will share at least one allele

at every locus by chance, we implemented a Bayesian

method developed by Christie (2010) to calculate the
� 2010 Blackwell Publishing Ltd
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probability that an adult–juvenile pair that shares at

least one allele at every locus is not a true parent–

offspring pair given the observed allele frequency

(P(F|k)). This measure is a function of the probability

of not being a parent–offspring pair (P(F)), and the

probability of sharing at least one allele at every locus

given that the pair is not a parent–offspring (P(k|F)).

Thus, to obtain a high degree of certainty that identified

pairs are true parent–offspring in any particular sample,

P(F) or P(k|F), or both, need to be low (Fig. 3 in Chris-

tie 2010). Factors that influence these parameters include

the number of loci and alleles in the data set, as well as

the genotyping error rate (Christie 2010). Therefore, to

further decrease the chance of falsely identifying an

adult–juvenile pair as a true parent–offspring pair, we

used five criteria: (i) individuals with incomplete geno-

types were not included in the analysis; (ii) putative

pairs have a P(F|k) £0.15, which strikes a good balance

between minimizing both P(F) and P(k|F) as inferred

from Fig. 3 of Christie (2010); (iii) putative pairs have a

Queller & Goodnight (1989) relatedness index equal to

or larger than the empirical cut-off value for first-order

relationships described later for measuring dispersal

distances; (iv) putative parents could not be at distances

larger than 100 m from the nest of the putative off-

spring, the maximum observed distance between nests

considered to be of the same colony in the native habitat

(Eberhard 1998); and (v) inferred extra-pair parents

could not have a relatedness value equal to or larger

than the empirically determined cut-off value for first-

order relationship to any of the adults in the nest of the

putative offspring. This latter criterion minimizes the

possibility that high allele sharing is caused by first-

order adult relationship between nests. To ascertain that

there was no redundancy in the second and third crite-

ria, we regressed P(F|k) onto the relatedness index. A

nonsignificant relationship implies that these two crite-

ria are complementary and useful for identifying true

parent–offspring pairs.

We inferred dispersal distances in AR and FL by

examining the distance between nests of first-order

adult relatives. First, we simulated and calculated the

relatedness index of 1000 pairs at each of four related-

ness categories (unrelated, half-sibs, full-sibs and par-

ent–offspring) following the procedure described by

Russello & Amato (2004) and implemented in iREL

(Gonçalves da Silva & Russello 2010). The distribution

of relatedness values in each category was used to

empirically determine cut-off values that would mini-

mize the chance of incorrectly assigning a first-order

relationship to a dyad (Russello & Amato 2004). Previ-

ous studies have set the cut-off as the mid-point

between the means of relatedness values from simu-

lated half-sib and full-sib dyads (�0.375, Blouin et al.
� 2010 Blackwell Publishing Ltd
1996; Van de Casteele et al. 2001). However, this cut-off

can result in false positives at levels that we deemed

too high for the purposes of this study. Consequently,

we set the cut-off value so that there would be <1%

chance of an unrelated pair, and less than 10% chance

a half-sib pair being falsely identified as a first-order

pair. We then plotted the distribution of distances

between all adult pairs classified as having a first-order

relationship. This strategy has been recommended for

the detection of long-distance dispersal (Koenig et al.

1996), and because we focused on first-order relatives, it

allows us to directly measure how far genes can travel

within one generation.
Results

Comparative genetic variation

Ten loci were genotyped for 255 individuals across the

three sampling sites (Fig. 1). Specifically, we sampled

12 nests in AR, with 26 adults (mean ⁄ nest = 2.16 ± 0.57)

and 34 juveniles (mean ⁄ nest = 2.72 ± 2.21) for a total of

60 individuals; 52 nests in FL, with 91 adults (mean ⁄ n-

est = 1.75 ± 0.83) and 58 juveniles (mean ⁄ nest = 1.11 ±

1.67) for a total of 149 individuals; and 14 nests in CT,

with 19 putative adults (mean ⁄ nest = 1.36 ± 0.84) and

27 putative juveniles (mean ⁄ nest = 1.93 ± 2.13) for a

total of 46 individuals. Tests for homozygote excess in

MICRO-CHECKER (Van Oosterhout et al. 2004) detected

signatures for null alleles at one locus in AR (Mm054)

and at two loci in FL (Mm054 and Mm098). These loci

were removed from subsequent analyses. Tests for

HWE and LD at individual loci within each site found

no significant deviation from HWE in AR and FL, and

no significant LD in AR. Significant LD was detected

for loci Mm012 and Mm057 in CT, and Mm012 and

Mm090 in FL. Mean expected heterozygosity was rela-

tively high in both native and invasive sites (AR: 0.70;

FL: 0.64; CT: 0.60; Table 1), as was mean observed het-

erozygosity (AR: 0.67, FL: 0.62, CT: 0.65; Table 1). The

mean number of alleles across all loci was highest in

AR and FL, while CT has considerably fewer alleles

(AR: 6.50; FL: 6.00; CT: 4.00; Table 1).

To explore the role of propagule pressure, we exam-

ined patterns of genetic diversity between native and

invasive sites. Among the adult individuals, we found a

total of 52, 48 and 32 alleles in AR, FL and CT, respec-

tively. Sample size-corrected comparisons of the extent

of variation within sites revealed a mean number of

alleles of 47.78 (95% CI 44–51) and 40.16 (95% CI 36–

44) in AR and FL, respectively; while for the AR ⁄ CT

pair, we observed a mean number of alleles of 45.38

(95% CI 41–49) and 29.65 (95% CI 27–32), respectively.

The overlap in the 95% CI in the AR ⁄ FL comparison
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suggests a similar number of alleles between these two

sites, while in the AR ⁄ CT comparison, CT has signifi-

cantly fewer alleles.

Among the observed alleles, only a handful of private

alleles were identified in the invasive sites. In total, 26

of the 32 alleles observed in CT were present in AR,

and 38 of the 48 alleles observed in FL were present in

AR. When taking into account sample size as described

earlier, we found a mean of 7.36 (95% CI 6–10) private

alleles in CT and 8.96 (95% CI 7–12) private alleles in

FL, when compared to AR. Comparison of allele fre-

quencies across sites revealed high congruence between

native and invasive sites. Of the 22 rare alleles found in

AR, 14 and 15 of them were also rare in FL and CT,

respectively. However, two and one of the rare alleles

in AR occurred at relative frequencies higher than 0.5

in FL and CT, respectively (Data S1, Supporting infor-

mation).

In terms of allelic richness and expected heterozygos-

ity, we observed little loss of genetic diversity in FL rel-

ative to AR, while CT displayed larger losses (Table 1).

For the AR ⁄ FL pair, we observed a mean loss of 5.5%

in allelic richness (P £ 0.144), a mean loss of 8.9% in

expected heterozygosity (P £ 0.34) and a mean loss of

9.0% in observed heterozygosity (P < 0.05). For the

AR ⁄ CT pair, we observed a mean loss of 32.5% in alle-

lic richness (P < 0.05), a mean loss of 13.0% in expected

heterozygosity (P < 0.05) and mean loss of 3.9% in

observed heterozygosity (P £ 0.21).

The AMOVA indicated that most of the genetic varia-

tion occurred within individuals (�82%); however, a

statistically significant portion was explained by the dif-

ference between the native (AR) and invasive (FL + CT)

sites (�13%) and among sites within ranges (�3%;

Table 2). Pairwise comparisons suggest that these dif-

ferences were mostly because of differentiation between

AR and the invasive sites (FL and CT), rather than

between the two invasive sites (Table 2). Finally, het-

erozygote excess and mode-shift tests failed to detect

signatures of a genetic bottleneck in all of the three

sites. However, the smaller proportional loss of hetero-

zygosity (13%) relative to allelic richness (32.5%) in CT

when compared to AR suggests that CT might have

undergone a bottleneck event (Wares et al. 2005).
Population distribution of relatedness values and tests
for EPP and IBP

AR and FL sites showed similar distributions of related-

ness values within (mean relatedness: AR: 0.39; FL:

0.40) and among nests (mean relatedness: AR: )0.04;

FL: )0.01; Table 3). The same pattern was observed

when comparing adult females or males to juveniles

within and among nests (Table 3). In both sites, there
� 2010 Blackwell Publishing Ltd



Table 2 Summary results for native and invasive range popu-

lation structure analysis. (a) AMOVA table; (b) estimate of fixa-

tion indices based on AMOVA results – values significantly

different from zero are in bold; and (c) pairwise genetic differ-

entiation – above diagonal: FST; below diagonal: P-values

(a)

Source

Sum of

squares

Variance

components

Percentage

variation

Between native and

invasive ranges

44.264 0.425 13.712

Among sites within

ranges

8.299 0.091 2.944

Among individuals

within sites

343.868 0.050 1.614

Within individuals 338.500 2.533 81.730

Total 734.932 3.099

(b)

Fixation index Estimated value

FIS 0.019

FSC 0.034

FCT 0.137

FIT 0.183

(c)

Population AR FL CT

AR – 0.16 0.17

FL £0.01 – 0.03

CT £0.01 £0.01 –

AR, Argentina; FL, Florida; CT, Connecticut.
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were no significant differences in mean relatedness of

either adult males or females with respect to juveniles

(putative offspring) within nests as evidenced by the
Table 3 Population structure of pairwise relatedness values. Mean

comparisons of individuals in different relatedness categories across A

Pairwise comparisons

Expected

value

under

sexual

monogamy

Site

AR

N

Individuals within nests 0.50 146

Individuals among nests 0.00 1624

Adult females to juveniles within nests 0.50 33

Adult females to juveniles among nests 0.00 409

Adult males to juvenile within nests 0.50 38

Adult males to juveniles among nests 0.00 404

AR, Argentina; FL, Florida.

� 2010 Blackwell Publishing Ltd
overlap in 95% CI (Table 3). In AR, however, mean

relatedness of both adult females and males to juveniles

was significantly <0.5 (P < 0.05 as indicated by the 95%

CI; Table 3), while in FL this was not the case.

To identify first-order relatives, we first established

the minimum cut-off relatedness value for which we

had reasonable confidence that a pair were indeed true

first-order relatives. This step was fundamental for

examining EPP, IBP and long-distance dispersal. Quel-

ler & Goodnight’s (1989) index cut-off values for deter-

mining first-order relationships were ‡ 0.5 in AR and

‡0.55 in FL. These values have a 7.4% probability of

being half-sibs and a 0.6% probability of being unre-

lated based on the empirical distribution of relatedness

values obtained through simulating 1000 dyads for each

of four relatedness categories (Data S2, Supporting

information). These values minimize the chance of a

false positive, but also significantly increase the chance

of a false negative as the cut-off values include �50%

of the distribution of relatedness values observed for

simulated full-sibs and parent–offspring pairs. Never-

theless, we believe that conservative levels should be

applied to identify EPP and dispersal distance in the

absence of corroborating observational data.

To identify putative extra-pair nestlings, we applied

the five criteria outlined earlier (see Material and meth-

ods) by first identifying adult–juvenile pairs that shared

at least one allele at every locus in 22 (85%) adults and

30 (88%) juveniles (660 pairwise comparisons) in AR

and 83 (91%) adults and 56 (96%) juveniles (4648 pair-

wise comparisons) in FL that had complete genotypes

(criterion 1). The data yielded an estimate of P(F) = 0.4

for AR and P(F) = 0.8 for FL. In total, 53 adult–juvenile

pairs were identified that shared at least one allele at

every locus (8% of total comparisons) in AR and 485

(10% of total comparisons) in FL. Of these, 36 (AR) and

34 (FL) met criterion 2 of £0.15 probability that an
Queller & Goodnight’s (1989) relatedness values for pairwise

R and FL sampling sites

FL

Mean (95% CI) N Mean (95% CI)

0.39 (0.349, 0.433) 216 0.40 (0.395, 0.446)

)0.04 ()0.046, )0.026) 10810 )0.01 ()0.014, )0.005)

0.44 (0.387, 0.497) 41 0.49 (0.426, 0.554)

)0.04 ()0.058, )0.021) 2627 0.00 ()0.013, 0.004)

0.37 (0.301, 0.437) 48 0.52 (0.455, 0.592)

)0.05 ()0.069, )0.029) 2562 )0.02 ()0.025, )0.007)
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adult–juvenile pair that shares at least one allele at every

locus is not a true parent–offspring pair given the

observed allele frequency (P(F|k)); of these, 15 (AR)

and five (FL) met criterion 3 (relatedness values equal to

or larger than the cut-off value for first-order relatives)

and criterion 4 (were sampled from nests within 100m

of each other); of these, 12 (AR) and three (FL) were

adult ⁄ juvenile pairs sampled from the same nest. From

the remainder, three (AR) and two (FL) pairs, involved

adult ⁄ juvenile pairs sampled from different nests. Of

these, only one pair (AR) met criterion 5 (with the puta-

tive extra-pair parent having rxyQG = )0.26 and )0.13

with respect to the breeding adults in the sampled nest).

Although this potential instance of EPP met all criteria,

the nestling in question exhibited a pairwise relatedness

value just below the first-order relationship cut-off value

(rxyQG = 0.43) with the social male attending the nest.

Consequently, we are reluctant to reject the null hypo-

thesis that the breeding pair was in fact monogamous.

Because criteria 2 and 3 are distinct measures of relat-

edness, it was imperative to establish that they were

not redundant. Regression of P(F|k) onto relatedness

values yielded a nonsignificant relationship in AR

(P = 0.091, R2 = 0.05) and a negative relationship in FL

(P = 0.013; R2 = 0.01); however, in this case, the regres-

sion was only able to explain �1% of the observed vari-

ation. Therefore, we are confident that criteria 2 and 3

are complementary rather than redundant.
Dispersal distance

To measure long-distance dispersal events, we exam-

ined the distribution of geographical distances among

adult individuals found to be first-order relatives within

AR and FL, respectively. In AR, using the empirically

determined relatedness cut-off value, we identified

three first-order adult pairs (comprising five individu-

als) from different nests. Two pairs involved nests

�510 m apart, and the third involved nests over 9600 m

apart (Fig. 2). In FL, we found 61 first-order adult pairs

(comprising 58 individuals) from different nests, cover-

ing distances between 52 and 106 000 m. The spatial

distribution of first-order relatives in FL is highly

skewed, with a median of 22 900 m and a 75% quartile

at �48 000 m (Fig. 2).
Discussion

Evidence for high propagule pressure

In the classic model of invasion biology, introduced

populations are predicted to start with a small, and

thus genetically depauperate propagule (Allendorf &

Lundquist 2003). However, theory and empirical data
on small populations suggest that such a scenario

would be unlikely to lead to a viable population

(Caughley 1994), inhibiting successful establishment

and subsequent invasion (Sakai et al. 2001). New evi-

dence indicates that successful invasions are often asso-

ciated with high propagule pressure (Duncan 1997;

Green 1997; Hayes & Barry 2008; Lockwood et al. 2005;

Simberloff 2009; Veltman et al. 1996; Von Holle & Sim-

berloff 2005), which acts to minimize the demographic

and genetic risks associated with small populations. In

birds, the international pet trade is a potential source of

high propagule pressure, contributing to the increase in

invasive bird species (Carrete & Tella 2008). Thus, for

species introductions involving high propagule pres-

sure, the classic invasion model’s prediction of low

genetic diversity within invasive (introduced) popula-

tions when compared to native (source) populations

may be invalid (Simberloff 2009).

Three patterns at neutral loci can be found in invasive

sites with high propagule pressure: (i) comparable lev-

els of genetic diversity between native and invasive

sites and little evidence for genetic bottleneck in the

invasive sites (Wares et al. 2005); (ii) invasive sites with

a longer history of propagule pressure usually have

higher levels of genetic diversity than sites with shorter

histories (Simberloff 2009); and (iii) if propagule pres-
� 2010 Blackwell Publishing Ltd
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sure involves more then one source population, then

linkage disequilibrium would be expected in introduced

sites as a result of recent admixture (Kolbe et al. 2007).

The comparison of genetic variation at microsatellite

loci across native and invasive sites of the monk para-

keet revealed little loss in the invasive range relative to

the sampled site in the native range (Table 1), even

after corrections for sample size. In particular, mean

losses in allelic richness and in expected heterozygosity

was not statistically significant in the FL site when com-

pared to AR. Mean loss in observed heterozygosity was

statistically significant, but was not much larger than

the loss in expected heterozygosity. In CT, while losses

of genetic diversity were significant relative to AR

(except for mean loss of observed heterozygosity), this is

not unexpected under scenarios of multiple introduc-

tions, and the observed values are within the reported

range for other invasive species where high propagule

pressure has been independently documented (maxi-

mum loss of allelic richness 62%, and maximum loss of

expected heterozygosity 56%, Dlugosch & Parker 2008).

Furthermore, the failure of direct tests to detect any sig-

natures of a genetic bottleneck in the invasive sites was

consistent with the observation of little loss in expected

heterozygosity and allelic richness. These results match

the first expected pattern of comparable levels of genetic

diversity between native and invasive populations.

The second pattern, which focuses on the temporal

component of propagule pressure, was only weakly

observed in our data set. Christmas Bird Count data

suggest that FL has had a longer history of releases

than CT (National Audubon Society 2002), which is cor-

roborated by the smaller losses in expected and

observed heterozygosity, and allelic richness relative to

AR (Table 1). However, at the present time alternative

explanations seem equally plausible. For instance, monk

parakeets seem sensitive to number of frost-days (num-

ber of days with minimum air temperature <0 �C, Stru-

bbe & Matthysen 2009), thus harsher winters in CT

could have contributed to smaller population sizes, and

therefore increased loss of genetic variation through

genetic drift. Sampling of populations along the same

latitude (e.g., along the Gulf Coast) with different times

of establishment could assist in further evaluating the

temporal component in monk parakeet propagule pres-

sure, while controlling for potentially confounding abi-

otic factors.

Finally, we find some evidence for multiple source

populations within the established United States inva-

sive populations. First, we observed a number of pri-

vate alleles across the invasive sites relative to the

native site, some of which were found at high relative

frequencies (Data S1, Supporting information). Second,

significant structure was detected between invasive and
� 2010 Blackwell Publishing Ltd
native sites (Table 3). While these patterns may be

because of genetic drift, it is possible that admixture

among individuals from source populations with differ-

ing allele frequencies could be the underlying cause.

Finally, two pairs of loci were in linkage disequilibrium

in the invasive sites, but not in the native site, also indi-

cating possible admixture between two or more isolated

source populations (Hartl & Clark 2007). Collectively,

these results suggest that monk parakeets may have sig-

nificant structure across the native range and that inva-

sive sites may include descendants of released birds

originating from genetically differentiated parts of the

native range.

Thus, of the three patterns expected under a scenario

of high propagule pressure, we have strong evidence

for at least one and weak support for the other two.

Comparable levels of genetic variation across native

and invasive populations is possibly the clearest indica-

tion of high propagule pressure (Dlugosch & Parker

2008; Simberloff 2009), while the other two are con-

cerned with patterns arising from variation among inva-

sive sites in propagule pressure and about the sources

of propagules, respectively. Our data, in combination

with previous genetic evidence for the role of the inter-

national pet bird trade in monk parakeet invasion in

the United States (Russello et al. 2008), show strong

support for the hypothesis proposed by Van Bael &

Pruett-Jones (1996) that high propagule pressure was a

significant driver in this species’ invasion process. This

conclusion adds to the assertions by Carrete & Tella

(2008) that wild-caught species involved in international

pet trade have a high probability of becoming invasive.
Evidence for sexual monogamy

Parrot behavioural studies to date have found most spe-

cies to be socially monogamous; however, there is a

paucity of studies examining genetic parentage in this

group (Spoon 2006), despite observations of extra-pair

copulations (EPC) in some socially monogamous par-

rots (e.g., Melopsittacus undulatus, Brockway 1964; and

Eolophus roseicapillus, Rowley 1990). In the only study

that we are aware of that has explicitly investigated sex-

ual monogamy in parrots, the authors did not find any

evidence for extra-pair parentage (Masello et al. 2002),

consistent with the view that most parrots are sexually

monogamous. Like other parrots, monk parakeets have

long been considered socially monogamous (Eberhard

1998; Navarro et al. 1992, 1995), but until now there has

been no conclusive evidence to support this hypothesis.

Here, we test the prediction that adults and juveniles

within nests should have a mean relatedness of 0.5

(expected for a parent–offspring pair) and 0.0 (expected

for an unrelated pair) among nests (Blouin et al. 1996).
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Our analysis of relatedness of adult males to juveniles

and adult females to juveniles within and among nests

in both AR and FL corroborate the hypothesis of sexual

monogamy (Table 3). However, mean values in AR

were lower than expected for all categories. This result

may have occurred because our sampling in AR was

spatially limited and probably biased towards related

adults, potentially influencing our baseline for calculat-

ing population allele frequency distributions. Such a

pattern is expected to skew estimates of allele frequency

distributions leading to underestimation of relatedness

(Queller & Goodnight 1989). A larger sample of adults

across a wider geographical range would be needed to

ascertain whether this observed difference in mean

relatedness between AR and FL is indeed biologically

significant.

We also investigated the occurrence and frequency of

extra-pair fertilization by exploring allele sharing among

adults and juveniles. Our analysis found one potential

instance of EPP in AR and none in FL; in neither site

was there evidence of IBP. In the single case that met all

our criteria, the social father of the nestling in question

has a relatedness value that is close to our empirical

cut-off value (rxyQG = 0.43), and above the usual cut-off

value for first-order relationship of 0.37 (Blouin et al.

1996; Russello & Amato 2004). Thus, we are inclined to

accept the more parsimonious hypothesis that the social

father is also the true father, and therefore conclude that

there is no strong evidence for EPP in either site. In our

examination of allele sharing following the five criteria

detailed earlier, we discarded a number of adult–juve-

nile pairs that were found to share at least one allele at

every locus, raising the possibility that our approach

was too conservative and has considerably underesti-

mated the frequency of EPP. However, we have several

reasons to believe that this was not the case.

First, when simulating five loci with 10 alleles of

equal frequency each, Christie (2010) found that, in

moderate sample sizes (N = 200) of unrelated adults

plus juveniles, roughly 1000 pairs shared at least one

allele at every locus by chance alone; increasing the

number of loci to 10 with the same number of alleles

decreased the false-positive rate to approximately 100

pairs. In the current study, we analysed 52 (AR) and

139 (FL) individuals (adults plus juveniles) at eight loci

that exhibited wide variation in numbers of alleles and

allele frequency distributions. Thus, a relatively large

number of adult–juvenile pairs would be expected to

share at least one allele at every locus by chance alone,

as indicated by the relatively high P(F) observed in

both sites. Second, monk parakeet breeding behaviour

does not suggest there are significant incentives for

EPCs (Griffith et al. 2002). In particular, interspecific

analyses have predicted (Birkhead & Møller 1996) and
shown (Hoi-Leitner et al. 1999) EPP to be negatively

correlated with the degree of importance of male paren-

tal care to female breeding success (Møller 2000). In

monk parakeets, once a female has begun egg-laying,

she rarely leaves the nest, and the male assumes the

responsibility of foraging for the incubating female; and

once the young hatch, the male collaborates with the

female to feed them (Eberhard 1998). When male paren-

tal care is essential, females are expected to incur a high

fitness cost for seeking EPCs if males suspect cheating

and withhold care (Petrie & Kempenaers 1998). Males

seeking EPCs are also expected to incur costs because

of reduced protection of the female and decreased

reproductive success resulting from reduced paternal

care (Westneat et al. 1990).

Finally, it is possible that by setting the maximum

distance among nests at 100 m (criterion 4), we did not

detect all possible EPC events. This distance was chosen

because it accurately reflects colony boundaries at the

Argentina site (Eberhard 1998), and thus it encompasses

the individuals most likely to be involved in EPC (for

reasons described earlier). Nevertheless, colony bound-

aries in birds are not necessarily distinct and can vary

among populations of the same species (Jovani et al.

2008; Jovani & Tella 2007), and thus criterion 4 may be

too restrictive in the FL site. To explore the effect of

relaxing this criterion, we examined putative parent–

offspring pairs involving birds from nests up to 1000 m

apart in both AR and FL sites that met criteria 1

through 3 (this distance was arbitrarily chosen as one

order of magnitude larger than 100 m and does not

reflect any prior biological knowledge). In doing so, an

additional two putative parent–offspring pairs in each

site are found at distances ranging from 220 to 540 m.

However, in all four cases, the adults have relatedness

values above the cut-off values, and thus do not meet

criterion 5. Therefore, given the potential for false posi-

tives in our data set, combined with the high degree of

male parental care displayed by monk parakeets, we feel

confident that our approach reflects a conservative esti-

mate of the degree of extra-pair activity in this species.

Our results indicate that the monk parakeet is sexu-

ally monogamous across native and invasive sites.

Under a classical scenario of invasion, sexually monog-

amous species are unlikely to be successful invaders,

as they are expected to have higher extinction risk than

polygamous species when occurring in small popula-

tions (Legendre et al. 1999). It remains possible that

monk parakeets have adopted a mating strategy with

increased levels of EPP in the invasive range to buffer

against extinction risk, as has been demonstrated in the

lesser spotted woodpecker (Picoides minor, Rossmanith

et al. 2006). However, we do not have any evidence to

suggest that individuals from native and invasive sites
� 2010 Blackwell Publishing Ltd
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are employing different mating strategies. Instead, the

evidence presented in the previous section suggests

that in a situation of high propagule pressure, a sexu-

ally monogamous species can become a successful

invader.
Evidence for long-distance dispersal

Long-distance natal dispersal is common in birds (Mayr

1966; Paradis et al. 1998). Even relatively small nonmi-

gratory birds similar in size to the monk parakeet are

known to have natal dispersal distances of up to

350 km (Paradis et al. 1998). An observational study in

the monk parakeet’s native range concluded that most

natal dispersal occurs over short distances, with the

majority occurring at �500 m and no further than

2000 m from the natal site (Martı́n & Bucher 1993).

However, this study was carried out over a relatively

restricted spatial scale (with distance between censused

nests not exceeding 12 000 m). Our conservative

approach based on genetically inferred pedigree rela-

tionships found three instances of first-order adult rela-

tives among nests in AR, two of which were within the

dispersal range previously estimated, but the third was

almost five times further than the largest distance previ-

ously recorded (9600 m; Fig. 2). Over a much larger

sampling spatial scale in FL, we found 61 instances of

first-order adult relatives among nests spanning dis-

tances from 52 to 105 000 m (Fig. 2).

Two explanations may account for the significant dis-

crepancy in estimates of natal dispersal between our

study and that of Martı́n & Bucher (1993). First, it is

possible that our genetic approach is overestimating

pedigree relationships, and therefore overestimating

dispersal capacity. We do not believe this to be true for

two reasons: (i) we used a group of eight hypervariable

loci that collectively have high power to distinguish

among individuals (probability of identity across all loci

was 6.4 · 10)8 for AR and 6.3 · 10)7 for FL, Russello

et al. 2007); and (ii) we employed a conservative cut-off

value to determine first-order relatives precisely to

reduce the rate of false positives. Alternatively, it is

possible that Martı́n & Bucher (1993) underestimated

dispersal capacity by choosing an inadequate spatial

sampling scale to accurately capture maximum dis-

persal distances in monk parakeets. As shown by Para-

dis et al. (1998), avian natal dispersal distance

distributions often have long tails that usually go unde-

tected because of restricted spatial sampling scales.

Thus, we contend that the monk parakeet has the

potential to disperse over relatively large distances (on

the order of at least 100 km). This characteristic, as

observed by Mayr (1965), is common among colonizing

bird species, and probably an important factor contrib-
� 2010 Blackwell Publishing Ltd
uting to their spread in the invasive range. Further-

more, this corroborates the inferences made by Van

Bael & Pruett-Jones (1996) that the species is spreading

without human assistance.

An alternative hypothesis compatible with both our

observations and Martı́n & Bucher’s (1993) is that monk

parakeets disperse further in the invasive range in rela-

tion to the native range, a phenomenon that has been

observed in other bird species (Able & Belthoff 1998;

Cox 2004). Unfortunately, our current sampling does

not allow us to evaluate whether median dispersal dis-

tances are larger in the invasive range vs. the native

range. Additional sampling in the native range would

be required to address this fundamental question and to

further understand the processes underlying monk par-

akeet invasion success. More generally, the genetic infer-

ences obtained here could be complemented by intense

mark-recapture studies (e.g., Alcaide et al. 2009).
Conclusions

In this study, we examined intrinsic and extrinsic fac-

tors contributing to monk parakeet invasion success.

We test hypotheses relating to propagule pressure, sex-

ual monogamy and dispersal capacity in the invasive

monk parakeet. Our data and analyses provide evi-

dence of long-distance dispersal capacity and sexual

monogamy, both of which probably play a role in the

species invasive success. Perhaps more importantly, our

results provide empirical evidence in support of the

hypothesis that high propagule pressure is an important

factor in invasion success. Mounting evidence suggests

that propagule pressure is much more heterogeneous

than proposed in the classical model of invasion, and

thus a review of the model may be warranted to better

explain and understand the invasion process.
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