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Abstract The common raccoon (Procyon lotor) is

endemic to Central and North America, although non-

native populations have become established around

the world. In Spain, growing evidence of the intro-

duction of raccoons has been reported across the

country in the last decade, especially in Central Spain

where the largest population is thought to occur. We

used mitochondrial and microsatellite DNA data to

investigate the genetics of invasive raccoons in

Central Spain and to infer: the number of introduction

events, the number of founders and the genetic

variability of the introduced populations compared

to a native population. We found that at least two

introduction events have occurred along the Jarama

and Henares Rivers in Central Spain, which currently

constitute two genetically differentiated subpopula-

tions. In both localities the number of effective

founders from a native population was estimated as

2–4 individuals. These newly founded populations

have expanded and show evidence of incipient contact

and reproduction between them. This may allow for an

increase in the genetic variability and adaptive

potential of the population(s), possibly increasing the

difficulty of controlling this invasive species. Our

results reveal the ability to longitudinally monitor the

genetics of the raccoon range expansion and empha-

size the urgent need to control the pet trade of

potentially invasive species.

Keywords Raccoon � Procyon lotor � Spain �
Founder population size � Invasion � Genetic variation

Introduction

Most long-distance introductions of nonnative species

to new areas are the direct or indirect result of human

activities (Sakai et al. 2001). Historically, exotic

vertebrate species were deliberately introduced for

hunting, fishing, fur farming or biological control

(Fenner and Fantini 1999). More recently, the intro-

duction of species as an indirect consequence of the

pet trade has become a concern (Westphal et al. 2008;

Smith et al. 2009), with some pet releases or escapes
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such as monk parakeets (Myipositta monachus)

(Russello et al. 2008) and red-eared terrapins

(Trachemys scripta) (Warwick 1991) resulting in

well-known colonizations of cities. The incidence of

these exotic species introductions has been positively

related to the economic activity of each region, such as

per capita income or population density (Dalmazzone

2002; Westphal et al. 2008), as well as to activities

such as agriculture, logging, grazing and urbanization

that enhance the establishment of exotics by creating

disturbed sites for colonization (Sakai et al. 2001).

While such correlations are not specific to species kept

as pets, urban and highly populated areas are likely to

hold a large number and diversity of pets which, if

released, might become invasive species.

In Spain, the last decade has seen increased

evidence of raccoons (Procyon lotor), a species native

to North and Central America, primarily in or near

large cities. The largest raccoon population is thought

to occur in central Spain, around Madrid, although the

species has already been reported in at least 28

localities across the country (Garcı́a et al. 2012).

Raccoons were first reported in 2003 from tracks, later

confirmed by photo-trapping, within Parque Regional

del Sureste (PRS; Fig. 1) (Barona and Garcı́a-Román

2005). Since then raccoons have spread beyond the

bounds of the park and are reproducing along more

than 28 km of nearby riparian areas (see Materials and

Methods). Thus, the species has proven capable of

colonization and range expansion, reaching locally

high densities and constituting a reproductive popu-

lation \10 years after introduction (Garcı́a 2007).

This introduction thus presents a threat to the many

protected native species upon which raccoons may

predate (Bartoszewicz 2006; Garcı́a et al. 2012), as

well as an important health issue for animals and

humans because of pathogens raccoons may host (Park

et al. 2000; Hohmann et al. 2002).

How many animals have been introduced in Spain,

how many times, and their origin is unknown,

although evidence suggests that they derive from

escapees or deliberate releases of pets (Garcı́a et al.

2012). The latter is common for these animals, which

become aggressive at sexual maturity (Kauhala 1996;

Ikeda et al. 2004). The number of introductions and

founders, as well as the genetic diversity of the source

population, will influence the genetic diversity of the

newly founded population, in turn affecting its ability

to establish and spread, as high levels of additive

genetic variation are assumed to increase the potential

of adaptation of an introduced species (Sakai et al.

2001; Lee 2002; Lavergne and Molofsky 2007;

Dlugosch and Parker 2008). In general, invasive

populations founded by a small number of individuals

from a single source population show low genetic

variation and small effective population sizes, whereas

invasions derived from multiple introductions have

high genetic variation and large effective population

sizes. Indeed, when individuals from multiple source

populations found a population the ensuing genetic

variability can be higher than a typical native source

population (Kolbe et al. 2004; Simberloff 2009; Funk

et al. 2011). Such links between genetic variation,

multiple introductions, and invasion success may

influence management strategies for invasive species

(Dlugosch and Parker 2008).

Genetic approaches provide the tools to gain

information about the history of a population, and

allow detection, tracking, and predictions about the

future of populations (Alda et al. 2008; Dlugosch and

Parker 2008; Kalinowski et al. 2010; Fitzpatrick et al.

2011). Thus, the main objective of this study was to

understand the recent invasion history of the raccoon

in Central Spain using a genetic approach that

combines information from mitochondrial and nuclear

DNA markers. Specifically, we assessed: (1) the

minimum number of raccoon introduction events in

central Spain, (2) the genetic variation and effective

population size remaining after introduction compared

to a North American native raccoon population, and

(3) the relative effective founder size.

Materials and methods

Study area and sampling methods

The study area is located in the central Spanish Plateau

within the well-developed drainage network of the

Tajo river basin (Fig. 1). The majority of this area is

composed of floodplain, characterized by marshy

meadows, irrigated crops (Zea mays, Triticum spp.)

and wooded riparian areas of willows (Salix spp.) and

poplars (Populus spp.), which are used by an abundant

community of aquatic birds, including some threa-

tened species (Garcı́a et al. 2012). Sampling was

performed along the Jarama and Henares rivers which

cross the Parque del Sureste (40�170000N, 3�300000W),
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part of the European Union’s Natura 2000 network of

protected areas, in the southeastern part of the

province of Madrid, ca. 20 km from the city of

Madrid, up to the locality of Azuqueca de Henares in

the province of Guadalajara, ca. 60 km northeast of

Madrid (40�3305300N, 3�1600500W) (Fig. 1).

Raccoons were captured using home-made box

traps baited with peanut butter. Trapping was con-

ducted during intensive trapping sessions conducted

between 2007 and 2010 as part of a broader effort to

remove individuals, assess their parasite community

and diet, and study the movements of animals using

radio-telemetry (Aramburu et al. 2010; Garcı́a et al.

2012). A sample of ear tissue was obtained from each

animal captured following euthanasia by veterinarians

from the regional administration (Spanish Wildlife

Recovery Centres, CRAS). Tissue was preserved at

-20 �C until DNA extraction.

The origin of the raccoons introduced in Spain is

unknown. Thus, to compare the genetic diversity and

relative effective population size of the introduced

populations with that observed in a native population,

we obtained data from a large raccoon population

inhabiting the central United States, for which genetic

diversity values are within the range of other studies in

raccoon native populations (see Discussion and Cull-

ingham et al. 2009; Dharmarajan et al. 2009; Côté et al.

2012). Raccoons were sampled between 2005 and

2007 near Columbia, Missouri, USA, from populations

that have been the basis of a series of studies examining

the molecular, population and disease ecology of

raccoons in the region. We selected n = 77 unrelated

individuals from 2 contiguous sites located ca.

20–30 km from the city of Columbia: the University

of Missouri’s Thomas S. Baskett Research and Edu-

cation Center (38� 46020.65900N, 92�1106.17900W) and

United States Forest Service Mark Twain National

Forest lands near County Road 354 (38�49022.26400N,

92�8014.33100W). Blood samples were collected from

individuals via femoral venipuncture and used in

Fig. 1 Geographic distribution and frequency of haplotypes

observed in raccoons sampled in Central Spain. The size of the

pie charts is proportional to the number of individuals sampled

per locality (from 2 to 11). Haplotype PLO2 is indicated in

orange and PLO66 in blue. Grey lines are the borders of Spanish

provinces and light blue lines represent main rivers. Urban areas

are indicated in grey and natural protected areas within the

province of Madrid in green. PRS indicates Regional Natural

Park Parque del Sureste. (Color figure online)
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ensuing genetic analyses. Details of the Missouri

raccoon population and on field methodologies are

given elsewhere (Monello and Gompper 2007, 2009,

2010; Gompper et al. 2011; Monello and Gompper

2011; Wehtje and Gompper 2011).

DNA isolation and data collection

Genomic DNA was extracted from tissue or blood

samples using a standard ammonium acetate precip-

itation protocol and DNeasy tissue kits (QIAGEN),

respectively. A fragment of the mitochondrial control

region of 467 bp was amplified in all Spanish raccoon

samples using primers L15997 (50-CAC

CATTAGCACCCAAAGCT-30, Ward et al. 1991)

and PLO_CRL1 (50-CGCTTAAACTTATGTCCTG

TAACC-30, Cullingham et al. 2008). PCR amplifica-

tions were carried out in 20 ll reactions containing:

1X PCR buffer (Biotools), 0.3 lM of each primer,

0.2 mM of each dNTP, 2 mM MgCl2, 1U Taq

polymerase (Biotools) and 1 ll DNA (ca. 25 ng/ll).

Cycling profile consisted of an initial denaturation step

of 5 min at 94 �C, 30 cycles of 30 s at 94 �C, 30 s at

60 �C, and 30 s at 72 �C, followed by a final extension

step of 5 min at 72 �C. PCR-products were purified

with Exonuclease I and Shrimp Alkaline Phosphatase

enzymatic reactions (United States Biochemical).

Purified reactions were sequenced in an ABI3130xl

automated sequencer (Applied Biosystems) using the

BigDye terminator v.3.1 kit (Applied Biosystems)

with the same primers used for PCR.

All samples from Spain and the USA were geno-

typed for fourteen microsatellite loci: PLM03,

PLM05, PLM06, PLM07, PLM08, PLM09, PLM10,

PLM11, PLM12, PLM13, PLM14, PLM15, PLM16

and PLM17 (Siripunkaw et al. 2008). The microsat-

ellites were co-amplified in two multiplex PCRs

(Mix1: PLM05, PLM09, PLM10, PLM11, PLM15,

PLM16; Mix2: PLM03, PLM06, PLM07, PLM08,

PLM12, PLM13, PLM14, PLM17) following the

QIAGEN Multiplex PCR kit protocol for 40 cycles

and 58 �C of annealing temperature. Reactions were

prepared in a final volume of 10 ll including: 5 ll of

Qiagen 2X PCR Master Mix, 0.325 ll of 10X primer

mix (2 lM each), 1 ll DNA (ca. 25 ng/ll), 0.8 mg/ml

BSA and 2.875 ll of RNase-free H2O. For the

Spanish samples, fluorescently labeled PCR products

were analyzed on an ABI3130xl DNA Analyzer

(Applied Biosystems) and allele sizes were

determined using GeneMapper 3.7 software (Applied

Biosystems). For the Missouri samples, fluorescently

labeled PCR products were analyzed on an ABI 3730

DNA Analyzer (Applied Biosystems), and alleles

were scored using GeneMarker 1.5 software (SoftGe-

netics, State College, PA, USA).

Genetic analysis

All control region sequences were checked and

manually aligned using MacClade 4.08 (Maddison

and Maddison 2000). DnaSP 5.0 (Librado and Rozas

2009) was used to determine the number of haplotypes

(h) and variable sites (S), and to calculate haplotype

(Hd) and nucleotide diversity (p).

Microsatellite genotype frequencies were tested for

deviations from Hardy–Weinberg equilibrium using

Genodive 2.0b20 (Meirmans and Van Tienderen 2004).

Genetic diversity parameters: number of alleles (NA),

allelic richness (AR), observed and expected heterozy-

gosity (Ho and HE) and inbreeding coefficient (FIS) were

estimated using FSTAT 2.9.3 (Goudet 1995).

Genetic differentiation among samples was first

visualized with a Factorial Correspondence Analysis

(FCA) using the program Genetix 4.02 (Belkhir et al.

2004). We then analyzed population genetic structure

using the Bayesian model-based clustering method

implemented in STRUCTURE 2.3.3 (Pritchard et al.

2000) under the admixture model and correlated allele

frequencies (Falush et al. 2003). We performed 10

independent runs for each K value from K = 1 to

K = 6. Each run had 5 9 105 iterations with a burn-in

of 1 9 105 iterations. For each value of K, we

averaged the log-likelihood values and calculated

their associated posterior probabilities according to

Bayes’ Rule (Pritchard et al. 2009).

In addition, we estimated relatedness within and

among the raccoon populations identified by STRUC-

TURE 2.3.3 in the previous analyses. The average

pairwise relatedness coefficients (rxy, Queller and

Goodnight 1989) was calculated among all individuals

in each of the raccoon populations utilizing the

program GenAlEx 6.41 (Peakall and Smouse 2006).

Given the low sample size, we calculated the average

relatedness coefficient and 95 % confidence intervals

(CI) using 1,000 permutations and 1,000 bootstraps.

Means were reported ± standard deviation.

The size of the founding population was estimated

by comparing the expected heterozygosity of the
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Missouri native population with the expected hetero-

zygosity in the Spanish population. If we assume that

the introduced population in Spain was founded from

N individuals from a native population like the one

from Missouri, and the population in Spain grew

rapidly after it was introduced, we can estimate the

effective number of founding individuals Nf as

Hspain ¼ HUSA 1� 1

2Nf

� �

where HUSA is the heterozygosity in the native

population of Missouri and HSpain is the post-intro-

duction heterozygosity in Spain (Eq. 6.3a, Hedrick

2005). A 95 % confidence interval for Nf was

constructed by bootstrapping across loci 1,000 times.

The effects of a founder event on genetic variability

were simulated using BottleSim 2.6 (Kuo and Janzen

2003), thereby estimating how many colonizers from a

native population would be needed to explain the

variability observed in the Spanish introduced popu-

lation. We ran the model for 1,000 iterations with non-

constant population size, random mating, generations

overlapping by 80 %, reproductive maturity at 1 year

of age, age of senescence at 15 years, and a sex ratio of

1:1. We constructed an initial population with the

genetic characteristics of the Missouri population and

subjected it to a bottleneck of 2–8 animals which grew

exponentially for 7 years, corresponding to the time

elapsed since the first detection of raccoons in Central

Spain (Barona and Garcı́a-Román 2005; Garcı́a et al.

2012). Values of average NA and HE were plotted and

compared with corresponding values observed in the

Spanish populations. Statistically significant differ-

ences in the observed genetic diversity values among

the simulated and the introduced populations were

assessed by means of ANOVA and post hoc Tukey

tests in STATISTICA 8.0 (StatSoft-Inc. 2007).

Also, current effective population sizes (Ne) were

compared between native and introduced populations,

since this is a crucial parameter in wildlife management

because of its influence on population viability (Luikart

et al. 2010). Two different one-point estimates methods

(i.e. one sample per population, Hill 1981) were used to

estimate Ne: the program ONeSAMP 1.2 (Tallmon et al.

2008), which uses an approximate Bayesian computa-

tion method, and the program LDNe (Waples and Do

2008), which estimates Ne based on linkage disequilib-

rium arising from genetic drift. A random mating system

was assumed, and all alleles with frequencies \ 0.05

were excluded (Waples 2006).

Results

A total of 58 introduced raccoons were captured in

Spain. These include 37 individuals captured across 9

sites along the Jarama River and 21 individuals

captured at two sites along the Henares River. Two

mitochondrial haplotypes differing in one single

nucleotide were found in the introduced Spanish

population (PLO2 and PLO66, GeneBank Accession

numbers: EF030393 and EF030409, respectively,

Cullingham et al. 2008; Cullingham et al. unpub-

lished), each of which was nearly fixed in the two main

rivers that were sampled. Haplotype PLO2 was found

in all individuals sampled along the Jarama River

system, except for one individual captured at the

conjunction of both rivers in the northern part of

the PRS. In contrast, all individuals captured along the

Henares River carried haplotype PLO66, with the

exception of one individual (Fig. 1). Thus, both rivers

showed low haplotype and nucleotide diversity

(Hd = 0.054 ± 0.050 and 0.095 ± 0.084, and

p = 0.0001 ± 0.0001 and 0.0002 ± 0.0002 in the

Jarama and Henares populations, respectively).

Analyses of nuclear microsatellite markers indi-

cated that the Spanish raccoon population was clearly

differentiated into two genetic groups. In the FCA two

non-overlapping groups were observed corresponding

to individuals sampled along the Jarama and Henares

Rivers (Fig. 2a), which showed a high genetic differ-

entiation (FST = 0.150, P \ 0.001). Furthermore, the

analysis performed in STRUCTURE revealed that the

most likely number of genetic clusters was K = 2

(posterior probability % 1). Individuals within each

river were assigned with high probability to one of the

genetic clusters (Q [ 0.96) and only one individual

from the Jarama population was assigned with a higher

probability (q = 0.64) to the genetic cluster from

Henares population (Fig. 2b).

Genetic diversity at the nuclear level for all the

Spanish samples was low (Table 1). Overall, the

number of alleles per locus ranged from NA = 2 to 6

(mean NA = 4.071 ± 1.328), whereas in the native

population allele numbers ranged from NA = 6 to 16

(mean NA = 9.929 ± 2.673) (Table 1). Allelic rich-

ness, permuted by the lowest number of individuals

Genetic evidence for multiple introduction events 691
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genotyped in a population (n = 21 in Henares) and

observed and expected heterozygosities were signif-

icantly lower in the two introduced populations than in

the native population (Table 1, all ANOVA tests

F2,39 [ 22.340, P \ 0.001, and post hoc Tukey Test:

P \ 0.001 for Jarama-Missouri and Henares-Mis-

souri). Within the Spanish populations, genetic diver-

sity was lower in Jarama, although the difference was

non-significant (post hoc Tukey Test: P [ 0.235 for

all Jarama-Henares comparisons). Overall, all popu-

lations showed non-significant deviations from

Hardy–Weinberg proportions (Table 1).

Average pairwise relatedness (rxy) among individuals

within each of the two introduced raccoon populations

(Jarama rxy = 0.145 ± 0.221, 95 % CI: 0.162–0.127;

Henares rxy = 0.152 ± 0.229, 95 % CI: 0.184-0.119)

was higher than zero (i.e. than panmixia) and than the

whole Spanish population average (rxy = -0.019 ±

0.280, 95 % CI: -0.005 to -0.032) suggesting that

raccoons were not clustered randomly. Additionally, the

two introduced population showed higher relatedness

than the native population from which the 77 unrelated

individuals were taken, which was close to panmixia

(rxy = -0.004 ± 0.132, 95 % CI: -0.003 to -0.006)

(Ruiz-Lopez et al. unpublished).

Assuming that raccoons in Central Spain population

expanded to a large size in the generation immediately

after introduction, the estimated effective size of the

founding population was Nf = 1.944 (95 % confi-

dence interval 1.857–2.031) for Jarama and

Nf = 4.370 (95 % confidence interval 4.027–4.712)

for Henares. Similar values were obtained when

considering other native raccoon populations as

sources (Cullingham et al. 2009; Root et al. 2009;

Côté et al. 2012), ranging from Nf = 1.61–1.96 in

Jarama to Nf = 2.77–4.38 in Henares. Results of

analyses using BottleSim to estimate the minimum

number of founders that could have been introduced in

Spain, conditional to the average number of alleles per

locus and the expected heterozygosity in the Spanish

and Missouri populations, indicated that the average

number of alleles and the expected heterozygosity

Fig. 2 a Factorial

component analysis

performed for the raccoons

sampled in Spain based on

14 microsatellite loci.

Symbols represent

individuals sampled in the

Henares (triangles) and

Jarama (circles) Rivers and

colors indicate

mitochondrial control

region haplotypes PLO2

(orange) and PLO66 (blue).

b Graphical summary of

clustering analysis

performed in STRUCTURE

for the Spanish raccoons.

Each individual is

represented by a vertical line
broken into two segments

representing the estimated

proportion of the individual

assignment to each cluster.

Blue corresponds to the

Henares River cluster and

orange to the Jarama River

cluster. Asterisks denote

those individuals sampled in

the Henares and Jarama

Rivers carrying

mitochondrial haplotypes

characteristic from the other

river. (Color figure online)
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values were significantly different among populations

with increasing number of founders (ANOVA

F6,91 = 64.272, P \ 0.001 and F6,91 = 16.864,

P \ 0.001 for NA and HE, respectively; post hoc Tukey

Test: P \ 0.001 for all comparisons). The average

number of alleles per locus NA = 3.143 ± 0.864

observed for the Jarama population would have needed

only 2 effective founders from a native raccoon

population (post hoc Tukey Test: P \ 0.001 for

Nf = 3-Jarama), while at least 3 effective founders

would have been needed to render the average number

of alleles per locus (NA = 3.571 ± 0.938) observed in

the Henares population (post hoc Tukey Test:

P \ 0.001 for Nf = 4-Henares) (Fig. 3). Considering

the expected heterozygosity values, the simulations

performed indicated that 2 effective founders were

needed for the Jarama population (post hoc Tukey

Test: P = 0.042 for Nf = 3-Jarama) and 4 for the

Henares population (post hoc Tukey Test: P \ 0.010

for Nf = 5-Henares) to explain their expected hetero-

zygosity values (HE = 0.542 ± 0.144 and 0.608 ±

0.075, respectively) (Fig. 3).

Current effective population size estimates were

slightly different between methods, but congruent and

with largely overlapping confidence intervals

(Table 2). In all cases the invasive populations showed

similar and much lower Ne values (mean val-

ues = 12.10–18.20) than the native population (mean

values = 370.07–854.00), for which the LDNe

method failed to detect any evidence of genetic drift

between generations, thus rendering an infinite upper

95 % confidence interval.

Discussion

Our data supports the existence of two geographically

and genetically differentiated populations of raccoons

in central Spain that can be attributed to at least two

independent introduction events (Funk et al. 2011).

The two population nuclei are respectively distributed

along two rivers to the east of the city of Madrid (the

Jarama and Henares Rivers) and, at present, can be

distinguished both by mitochondrial and nuclear allele

frequencies.

Only two mitochondrial haplotypes were found in

the introduced raccoons of Central Spain, which were

nearly fixed in the two populations. PLO2 was found in

36 of 37 individuals (97 %) along the Jarama River and

PLO66 was found in 20 of 21 individuals (95 %)

sampled along the Henares River. As would be

expected, these haplotypes represent a very small

fraction of the genetic diversity observed in native

populations. For instance, Cullingham et al. (2008)

reported values of Hd = 0.841–0.969 and

p = 0.007–0.136, although at a much larger geograph-

ical scale. Similarly, the nuclear genetic diversity of the

introduced population was significantly lower than in

native populations, here represented by the Missouri

population which showed diversity values consistent

with studies from other regions in mainland North

Fig. 3 Founder event simulations obtained using BottleSim.

Effects of founder events of variable size, from 2 to 6 founders

(Nf), on the average number of alleles per locus (NA) and the

expected heterozygosity (HE) in newly founded populations

growing for 7 years. Box plots represent median and 25th and 75th

percentiles, and whiskers above and below the boxes indicate 90th

and 10th percentiles of the observed values in raccoons from the

Jarama (J) and Henares (H) Rivers and in each of the simulated

scenarios. Horizontal lines represent observed mean values in the

Jarama (orange) and Henares (blue) Rivers. Asterisks denote

statistically significant differences between the observed values in

each river and each simulation scenario (Post hoc Tukey Test:

* P \ 0.05; and ** P \ 0.01). (Color figure online)
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America, albeit as assessed using different sets of

marker (Ho from 0.79 to 0.85, Cullingham et al. 2009;

Root et al. 2009; Côté et al. 2012).

In the native range, haplotype PLO2 is the most

common haplotype in the wild and it is widespread

across all the raccoon subspecies in North America

(Cullingham et al. 2008). PLO66 is less frequent but is

nonetheless widely distributed across the northeastern

USA (Cullingham pers. comm.). Based on this

evidence we cannot identify the origin of these

raccoons in the wild, since both haplotypes are

widespread and may even occur in sympatry. How-

ever, the striking difference in haplotype frequencies

observed between rivers and the high level of genetic

differentiation revealed by the microsatellite markers,

without an evident geographic barrier, and compared

to the low level of differentiation observed in the

species native range (FST = 0.0019–0.022, Culling-

ham et al. 2008, 2009; Dharmarajan et al. 2009; Root

et al. 2009; Côté et al. 2012), strongly supports the

existence of at least two independent introduction

events and likely two source populations (Funk et al.

2011). Thus, no less than two introduction events have

occurred in the study region of Central Spain. Each

founder event consisted of either a single independent

maternal lineage, or multiple lineages that were

subsequently lost through drift until fixation. Cur-

rently, only one individual in each river subpopulation

carried the mitochondrial haplotype characteristic

from the other. In the case of the Jarama population,

this individual was found in the northern part of the

river (Fig. 1) and was assigned with a 0.62 probability

to the Henares genetic cluster (Fig. 2). Therefore, we

could deduce that this individual is a first generation

descendant from a migrant of the Henares population.

On the other hand, the individual found along the

Henares with haplotype PLO2, characteristic of the

Jarama population, showed no shared ancestry in its

nuclear genome with the individuals from Jarama

population (Fig. 2). This could mean that this indi-

vidual comes from the Henares maternal lineage but

has been subject to many generations of backcrossing

in Jarama population. However, given the high genetic

differentiation between the two populations it is

unlikely that a sufficient number of generations have

elapsed since the introduction of the raccoon in Spain

to have erased all genetic signals from its nuclear

genome ancestry. Thus, it is more likely that more than

one mitochondrial haplotype was found in the founder

population of Henares; one being the most common in

the native range PLO2 and the other PLO66.

The existence of two introduction events currently

conforming two genetically differentiated nuclei, both

at nuclear and mitochondrial level, is consistent with

our estimates of relatedness, which indicate that these

nuclei might represent two closely related groups of

individuals or family groups. This nonrandom spatial

distribution of related individuals might be affected,

among other factors, by the spatial distribution of

resources (Dharmarajan et al. 2009; Wehtje and

Gompper 2011). In urban and disturbed areas, raccoons

can utilize small home ranges owing to the presence of

highly aggregated anthropogenic resources (Prange

et al. 2004; Dharmarajan et al. 2009; Wehtje and

Gompper 2011) such as corn crops, which can be a

major resource for the species (Rivest and Bergeron

1981) and which are abundant in the study region of

Central Spain (Garcı́a et al. 2012). This situation might

have facilitated the use of small home ranges in the

newly founded populations that together with a strong

founder effect could explain both the high relatedness

and the genetic structure observed at such low scale.

Both putative Spanish populations showed very

small effective founder sizes. According to our

simulations and frequency-based estimators, just two

raccoons introduced from a wild population would be

enough to represent the current genetic diversity in the

Jarama population, as would 4 founder individuals in

the Henares population. This pattern was also reflected

in a slightly higher genetic variability in Henares than

in Jarama, although the difference is statistically non-

significant. However, this pattern is remarkable con-

sidering the much larger distribution of the Jarama

Table 2 Effective population size (Ne) values estimated for

the invasive (Spain, consisting of Jarama and Henares) and

native (USA, consisting of Columbia MO) raccoon P. lotor
populations

Method Mean Lower 95 % CI Upper 95 % CI

ONeSAMP

Jarama 15.38 13.21 19.69

Henares 18.16 14.92 23.54

USA 370.07 179.19 1,093.33

LDNe

Jarama 12.10 7.80 55.40

Henares 18.20 14.50 55.40

USA 854.00 350.60 Infinite
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population, which occupies most of the PRS. Simi-

larly, current Ne values were slightly higher in the

Henares than in the Jarama population, but with highly

overlapping confidence intervals. Overall, the invasive

populations showed from 25 to 71-fold lower Ne

values than those estimated for the native population.

Considering the limitations of our sample sizes and

the nature of the invasive population, the precision of

our estimates of the founding populations should be

interpreted cautiously. However, taking into account

that the presence of raccoon in Spain is very recent and

that our study includes a large percentage (*75 %) of

the whole population in the area (Garcı́a et al. 2012),

we believe that our results offer a good representation

of the population’s true genetic diversity in the area.

Therefore, these results are consistent with the

potential for raccoons to become established and

spread rapidly despite derivation from just a few

founding individuals.

Further, it seems that the invasive potential of this

taxon is not limited by the low diversity represented by

the observed neutral genetic variability. Low genetic

variability is not incompatible with successful inva-

sion potential, because demographic bottlenecks may

not eliminate all quantitative variation (Nei et al.

1975) and consequently many fitness-related traits

could be retained as these are not lost as readily as

individual alleles (Dlugosch and Parker 2008). Addi-

tionally, the characteristics of the region where the

introduced population occurs in Spain, which is both

highly urbanized and modified by intensive agricul-

tural practices, are thought to boost rates of coloniza-

tion and spread of invasive species (Sakai et al. 2001).

The invasive capability of raccoons has already

permitted the two subpopulations to come into contact,

and at the intersection of the two rivers a possible first

generation descendant of the two subpopulations was

identified. This observation also supports the idea that

rivers may act as corridors for this species in Spain

(Garcı́a et al. 2012).

The incipient contact between the two subpopula-

tions raises a broader concern. Gene flow between

introduced populations entails concerns for the control

of invasive species as it can increase the genetic

variability and associated adaptive potential of the

individual populations (Dlugosch and Parker 2008).

However, knowledge of the origin and genetic history

of an introduced population can also serve as a

landmark for future studies that can further evaluate

changes in the invasiveness of the species (Lizarralde

et al. 2008). Such information would be crucial to

create a monitoring plan for the population and for

identifying management programs to effectively con-

trol this invasive species. If periodic introductions of

new individuals deriving from the pet trade continue,

control of raccoons in the field alone is likely to be of

limited success, as even a low number of individuals

will allow the population to rapidly recover. Thus it is

essential to strictly control the pet trade for this species

(Garcı́a et al. 2012), perhaps by limiting breeding of

captive animals and by genetically characterizing

commercial stocks to facilitate identifying and track-

ing illegal or accidental releases and subsequent range

expansions.
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