
ORIGINAL ARTICLE

Contrasting patterns of genetic and phenotypic
differentiation in two invasive salmonids in the southern
hemisphere
Catalina Monz�on-Arg€uello,1 Sofia Consuegra,1 Gonzalo Gajardo,2 Francisco Marco-Rius,1

Daniel M. Fowler,1 Jacquelin DeFaveri3 and Carlos Garcia de Leaniz1

1 Department of Biosciences, Swansea University, Swansea, UK

2 Laboratorio de Gen�etica, Acuicultura y Biodiversidad, Universidad de Los Lagos, Osorno, Chile

3 Ecological Genetics Research Unit, Department of Biosciences, University of Helsinki, Helsinki, Finland

Keywords

microsatellites, naturalization, Oncorhynchus

mykiss, phenotypic divergence, PST/FST, rapid

evolution, Salmo trutta, selection.

Correspondence

Carlos Garcia de Leaniz, Department of

Biosciences, Swansea University, Swansea SA2

8PP, UK.

Tel.: +44 (0)1792 295383;

fax: +44 (0)1792 295447;

e-mail: c.garciadeleaniz@swansea.ac.uk

Received: 14 March 2014

Accepted: 15 June 2014

doi:10.1111/eva.12188

Abstract

Invasion success may be expected to increase with residence time (i.e., time since

first introduction) and secondary releases (i.e., those that follow the original

introduction), but this has rarely been tested in natural fish populations. We

compared genetic and phenotypic divergence in rainbow trout and brown trout

in Chile and the Falkland Islands to test the prediction that adaptive divergence,

measured as PST/FST, would increase with residence time and secondary releases.

We also explored whether interspecific competition between invaders could drive

phenotypic divergence. Residence time had no significant effect on genetic diver-

sity, phenotypic divergence, effective population size, or signatures of expansion

of invasive trout. In contrast, secondary releases had a major effect on trout inva-

sions, and rainbow trout populations mostly affected by aquaculture escapees

showed significant divergence from less affected populations. Coexistence with

brown trout had a positive effect on phenotypic divergence of rainbow trout.

Our results highlight an important role of secondary releases in shaping fish inva-

sions, but do not support the contention that older invaders are more differenti-

ated than younger ones. They also suggest that exotic trout may not have yet

developed local adaptations in these recently invaded habitats, at least with

respect to growth-related traits.

Introduction

Understanding the tempo and mode of biological invasions

is important for minimizing the potential impacts of inva-

sive species (Kolar and Lodge 2001, 2002; Marchetti et al.

2004). Theory predicts that invasion success will often

depend on three main factors: (i) propagule pressure, that

is, the number of dispersing individuals and the number of

discrete release events, as these determine standing genetic

variation and provide adaptive potential (Barrett and

Schluter 2008); (ii) species invasiveness, that is, those traits

that enable a species to invade novel habitats; and (iii) in-

vasibility of the recipient community, that is, the suscepti-

bility of communities to be invaded (Lonsdale 1999; Alpert

et al. 2000; Lockwood et al. 2005). Consensus is also grow-

ing on the importance of residence time (i.e., time since a

population became established) and secondary releases (i.e.,

those that follow the original introduction, usually at dif-

ferent locations) in determining invasion success. Among

invasive plants, residence time and secondary releases often

promote naturalization and population expansion (Ko-

warik 2003; Wilson et al. 2007; Dlugosch and Parker 2008;

Dainese and Poldini 2012), yet their role on animal inva-

sions remains largely unexplored.

Residence time represents another dimension of propa-

gule pressure; in general, the longer the time has passed

since the initial introduction, the more propagules will

spread, thereby increasing the probability of founding new

populations (Py�sek and Jaro�s�ık 2005). Secondary releases,

on the other hand, often facilitate invasions by increasing

the genetic variation in introduced populations (Kowarik

2003; Perrings et al. 2005), which would otherwise be
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expected to exhibit reduced genetic diversity as a conse-

quence of a typically low number of founders (Nei et al.

1975). The effect of secondary releases on invasion success

is particularly strong when these involve different source

populations released at different geographical locations

(Ellstrand and Schierenbeck 2000; Bossdorf et al. 2005) as

these will have more chances of becoming established

(Novak and Mack 2005; Crawford and Whitney 2010), and

subsequent admixture and hybridization among multiple

independent introductions may increase the level of stand-

ing genetic variation (Lee 2002; Kolbe et al. 2004; Lavergne

and Molofsky 2007; Prentis et al. 2008), extending the win-

dow of opportunity for invasions to occur (Dlugosch and

Parker 2008).

Introduced species are expected to be poorly adapted to

novel environments and will likely encounter novel selec-

tion pressures during invasions (Facon et al. 2006). While

phenotypic plasticity may facilitate initial establishment

(Richards et al. 2006), the effects of selection might be

expected to become more important during the subsequent

invasion stages (Keller and Taylor 2008), when selection

can drive the evolution of phenotypic plasticity (Lande

2009) and generate potential for rapid evolution – that is

changes in adaptive traits occurring within 20 or fewer gen-

erations (Thompson 1998; Reznick and Ghalambor 2001;

Prentis et al. 2008). Hence, phenotypic changes are a likely

outcome of the invasion process (Bossdorf et al. 2005) with

phenotypic divergence between ancestral and invasive lin-

eages thought to be determined by prior evolutionary his-

tory, chance events, and response to selection (Keller and

Taylor 2008). Measuring how invasive species respond to

new selection pressures remains challenging, and examin-

ing adaptive divergence might be a step forward. Adaptive

divergence can be inferred by comparing phenotypic (PST;

Spitze 1993) and neutral genotypic (FST) differentiation

(Meril€a and Crnokrak 2001). In theory, when PST 6¼ FST,

drift alone would be insufficient to explain observed phe-

notypic divergence, and divergent (PST > FST) or conver-

gent (PST < FST) selection on the trait of interest may be

invoked (Leinonen et al. 2008). However, one of the poten-

tial limitations of using PST to estimate additive genetic

variance is that it can be confounded by environmental and

nonadditive genetic effects (Pujol et al. 2008; Brommer

2011), so caution is needed on its interpretation.

We compared patterns of invasion and divergence of two

exotic salmonids, rainbow trout (Oncorhynchus mykiss)

and brown trout (Salmo trutta), in two locations in the

southern hemisphere, Chilean Patagonia and the Falkland

Islands (Fig. 1). The two species rank among the most suc-

cessful aquatic invaders in the world (Lowe et al. 2000;

Garcia de Leaniz et al. 2010) and occupy similar niches in

different continents (rainbow trout in the Pacific coast of

North America, brown trout in Europe). They have now

converged in novel geographical ranges in South America

(Crawford and Muir 2008; Garcia de Leaniz et al. 2010;

Young et al. 2010), where they tend to dominate the fish

communities of numerous streams and lakes across Pata-

gonia, having become fully naturalized (i.e., self-sustained)

in most cases (Young et al. 2010; Habit et al. 2012). Of the

two species, brown trout tends to display lower invasive-

ness (i.e., narrower geographic range) but a stronger

impact on native fishes (Young et al. 2010; Correa and

Hendry 2012). In addition, brown trout has been dispersed

mostly through stocking and natural colonization, whereas

the spread of rainbow trout has been facilitated by the

escape of farmed fish since the 1990s following the rapid

expansion of the Chilean salmon industry (Gajardo and

(A)

(B)

(C)

Figure 1 Study populations of brown trout (closed circles) and rainbow

trout (open circles) in (A) Chile and (B) the Falkland Islands. Stars repre-

sent rivers sampled for both species.

922 © 2014 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 7 (2014) 921–936

Adaptive divergence of invasive salmonids Monz�on-Arg€uello et al.



Laikre 2003; Arismendi et al. 2009). Rainbow trout origi-

nating from such secondary releases survives and inter-

breeds with naturalized populations, and this may have

helped to spread the species across much of Patagonia

(Consuegra et al. 2011).

We used data on phenotypic and molecular variation in

two salmonid invaders to test two predictions, namely that

(i) older populations with longer residence time would dis-

play stronger genetic and phenotypic differentiation than

younger, more recent populations of each species and (ii)

that populations aided by secondary releases would be

more differentiated than those that have dispersed mostly

through natural colonization.

Material and methods

Origin of study populations

Brown trout is native to Eurasia and rainbow trout to the

West coast of North America, but both species were reared

in hatcheries and propagated for sport fishing and aquacul-

ture to many countries elsewhere (MacCrimmon and

Marshall 1968; Crawford and Muir 2008). Rainbow trout

and brown trout were first introduced successfully into

Chile in 1905, probably from Hamburg in Germany

(MacCrimmon and Marshall 1968; MacCrimmon 1971;

Garcia de Leaniz et al. 2010). The success of earlier intro-

ductions (1883–1888) cannot be ascertained (Basulto 2003).

Rainbow trout had been imported from the USA to German

hatcheries on several different occasions during 1882–1928
(MacCrimmon 1971) and these included migratory steel-

head from California, which may have been the strain later

shipped to Chile. From Chile, both species were then

shipped to the Falkland Islands during 1936–1947, but only
brown trout survived (Arrowsmith and Pentelow 1965).

In contrast to brown trout, which in Chile seems to be

dominated by strains of German origin (MacCrimmon and

Marshall 1968; Faundez et al. 1997), rainbow trout has a

much more varied origin (Colihueque et al. 2001), as in

addition to the original US shipments via Germany, at least

17 additional commercial strains from four different coun-

tries have been introduced in more recent times (Table S1):

Denmark (57% of imported eggs), USA (25% of eggs),

Norway (17% of imported eggs), and Finland (1% of

imported eggs). These include freshwater strains (e.g.,

Troutex Trachsel, AquaSearch Fresh, AquaSearch Late,

Troutlodge Kamloops) as well as strains selected for high

salinity tolerance adapted for life in seawater (e.g., Aqua-

Search Salt, Troutlodge Silver Steelhead, SalmoBreed).

Although we were not able to identify the original North

American locations of these European rainbow trout

stocks, they likely came from different sources, making the

origin of rainbow trout in Chile potentially more varied

than brown trout.

Brown trout introduced in the Falklands is thought to

have originated from the same two broad origins as in

Chile, from a German origin shipped via Chile and the

United States (McDowall et al. 2001) and from a British

origin, including English (Surrey, Lancashire) and Scottish

sources (Pentlands, Table S1). Until 2013, when c. 10 000

sea trout smolts derived from local broodstock were trans-

ferred to sea cages at Fitzroy Sound, there had not been any

trout farming or intentional releases of trout in the Falk-

land Islands; hence, all brown trouts are thought to have

been the result of natural colonization following the initial

1936–1962 stocking (Stewart 1973). As with rainbow trout,

brown trout stocked into Chile and the Falkland Islands

includes the progeny of both resident and anadromous (sea

trout) parents. Thus, rainbow trout in Chile has been

affected by secondary releases much more than brown

trout, and brown trout in Chile has had much longer resi-

dence time than in the Falkland Islands, despite sharing the

same two broad origins (Germany and Britain).

Sampling

We analyzed 314 wild (i.e., free-living) rainbow trout col-

lected from 15 streams in Chile and 187 wild brown trout

collected from six stream Chile and three streams in the

Falkland Islands during 2007–2009 (Fig. 1). Details of the

first to third-order study streams are given in Vanhaecke

et al. (2012a) for Chile and Vanhaecke et al. (2012b) for

the Falkland Islands. Fish were collected by a combination

of single-pass electrofishing (LR-24; Smith-Root Corpora-

tion, Vancouver, WA, USA) and angling (one stream) close

to the river mouths, as these represent the main invasion

routes for exotic trout in the area (Consuegra et al. 2011).

Scale samples, fork length (measured from the tip of the

snout to the fork of the tail; FL, mm), and wet weight (W,

g) were available for a subsample of 136 rainbow trout and

107 brown trout from seven and five populations, respec-

tively (Table 1). Fish age was determined by counting the

number of annuli.

DNA extraction and microsatellite amplification

Rainbow trout

All rainbow trout had previously been genotyped for seven

microsatellite loci, and the extent of admixture with sec-

ondary releases from farmed escapees had been estimated

for each study river (details in Consuegra et al. 2011).

Brown trout

Total genomic DNA was extracted from brown trout sam-

ples with the Wizard� SV96 Genomic DNA purification kit

(Promega, Madison, WI, USA) following the manufac-

turer’s instructions and 14 di- and tetranucleotide
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microsatellites were PCR amplified (details deposited in

Figshare doi:10.6084/m9.figshare.953191). These included

12 putatively neutral markers – Str15, Str60, Str73 (Estoup

et al. 1993), Ssa408, Ssa410UoS (Cairney et al. 2000),

BG935488 (Vasemagi et al. 2005), SsoSL417 (Slettan et al.

1995), SsaF43 (Olafsson et al. 2010), SsaD71 (King et al.

2005), Ssa171, Ssa197 (O’Reilly et al. 1996), ppStr3

(Prod€ohl pers. comm.) – and two markers (MHCI and

TAP2A) tightly linked to the MHC class I and TAP genes,

respectively (Grimholt et al. 1993, 2002). As there were no

differences in summary statistics whether the markers were

analyzed together (n = 14) or separately (neutral: n = 12;

gene-linked: n = 2; Table S3a,b), all analyses were per-

formed with the total set of 14 markers.

PCR amplifications were carried out in two multiplex

reactions (eight and six microsatellites, respectively) of

11 lL, using the QIAGEN Multiplex PCR kit (Qiagen, Sus-

sex, UK) and 3 lL of extracted DNA (~20 ng), following

the manufacturer’s recommendations. PCR products were

diluted 1:10 in water and resolved on an Applied Biosys-

tems ABI3130xl Genetic Analyser (Applied Biosystems,

Sussex, UK). Fragment length was determined using the

GeneScan 500-LIZ size standard and scored using GENEMAP-

PER 4.0 (Applied Biosystems, Paisley, UK).

Genetic diversity

Allelic data for brown trout were screened for genotyping

errors using MICRO-CHECKER 2.2.3 (Van Oosterhout et al.

2004) and full genotypes deposited in figshare (doi: 10.

6084/m9.figshare.953191). Deviations from Hardy–Wein-

berg equilibrium (HWE), for each study site and locus, as

well as linkage disequilibrium for each pair of loci, were

estimated using GENEPOP 3.4, and significance values were

Table 1. Genetic diversity of brown trout (n = 9 populations) and rainbow trout (n = 15 populations) in Chilean Patagonia and the Falkland Islands.

Species Population Ng Np NA AR10/AR9 Ho He FIS Ne (95CI) J’ Age

Brown trout

Chile Golgol* 21 – 5.57 4.80/4.67 0.66 0.66 �0.005 38 (22,75) – Old

Butalcura 22 22 4.64 4.19/4.11 0.61 0.63 0.027 36 (21,73) – Old

Blanco-Enco 19 19 5.07 4.46/4.35 0.66 0.65 �0.015 23 (13,47) – New

Pangal* 23 23 4.14 3.78/3.72 0.62 0.62 �0.006 34 (20,66) – Old

Encanto* 21 21 5.21 4.56/4.44 0.62 0.65 0.050 35 (19,81) – Old

Bonito* 20 – 5.21 4.69/4.59 0.68 0.67 �0.015 32 (18,64) – New

Falklands Estancia Brook 23 11 7.93 6.44/6.21 0.72 0.76 0.055 46 (26,91) – Old

Finlay Creek 23 – 2.79 2.57/2.54 0.41 0.41 0.007 17 (9,38) – New

Sarnys Creek 15 – 3.14 2.91/2.84 0.41 0.41 �0.001 16 (8,39) – New

Rainbow trout

Chile Blanco-Correntoso 20 20 6.86 NA/5.64 0.63 0.73 0.144 20 (10,48) 0.67 Old

Pescadero 30 23 8.57 NA/5.96 0.66 0.76 0.132 23 (13,48) 0.82 Old

Nilque 30 22 7.14 NA/5.56 0.63 0.74 0.163 25 (13,52) 0.22 Old

Pangal* 18 16 7.00 NA/5.78 0.73 0.74 0.008 35 (16,133) 0.99 New

Encanto* 26 23 8.29 NA/6.12 0.70 0.76 0.106 20 (11,41) 0.47 Old

Lleguiman 14 – 7.71 NA|/6.59 0.82 0.78 �0.021 25 (13,54) 0.76 New

Blanco-Arenales 15 – 6.71 NA/5.65 0.63 0.71 0.128 22 (10,68) 0.57 New

U17 18 – 6.43 NA/5.08 0.68 0.69 0.047 29 (15,74) 0.76 Old

U23 17 17 7.29 NA/6.37 0.74 0.77 0.073 29 (15,88) 0.98 New

U37 13 – 5.00 NA/4.57 0.58 0.63 0.092 25 (10,45) 0.76 New

Aitoy 16 16 7.71 NA/6.79 0.77 0.80 0.068 52 (20,130) 0.88 New

U55 9 – 5.00 NA/5.00 0.78 0.72 �0.028 23 (10,182) 0.62 New

Golgol* 29 – 7.29 NA/5.29 0.70 0.72 0.038 22 (12,42) 0.21 Old

Bonito* 29 – 8.43 NA/6.17 0.68 0.77 0.140 22 (12,43) 0.36 Old

Cendoya 30 – 4.86 NA/3.79 0.55 0.57 0.041 16 (8,34) 0.00 Old

Estimates of effective population size (Ne) and their 95% confidence intervals using the full likelihood method implemented in COLONY (Jones and

Wang 2010) are included, as well as inferred age of the populations. Pielou’s evenness index (J’) represents the extent of admixture of individuals

belonging to each genetic cluster as detected by STRUCTURE. Rainbow trout populations with high (J’ = 0.82–0.99) or moderate (J’ = 0.22–0.67) levels

of admixture with farmed fish are denoted in bold or italics, respectively.

Ng, sample size for genetic analysis; Np, sample size for phenotypic analysis NA, number of observed alleles; AR10 allelic richness based on 10 diploid

individuals for comparisons among brown trout populations; AR9 allelic richness based on nine diploid individuals for comparisons between rainbow

trout and brown trout; Ho, observed heterozygosity; He, expected heterozygosity; FIS, inbreeding coefficient.

Streams where brown trout and rainbow trout coexist are denoted with an asterisk (*).
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adjusted by a sequential Bonferroni correction. As two of

the microsatellites were linked to the MHCI and TAP2A

genes, respectively (both related to the immune response,

Grimholt et al. 1993, 2002), we investigated signatures of

selection using LOSITAN (Antao et al. 2008). For all runs,

10 000 simulations were generated both under the infi-

nite alleles and stepwise mutation model with ‘neutral

mean FST’ and ‘forced mean FST’. We also used BAYESCAN

2.0 (Foll and Gaggiotti 2008) to estimate the posterior

probability that each locus was subject to selection. Pop-

ulation genetic diversity was evaluated by number of

alleles (NA), allelic richness based on 10 diploid individu-

als (AR10; FSTAT 2.9.3; Goudet 1995), observed heterozy-

gosity (Ho), and unbiased expected heterozygosity (He;

Genetix 4.0; Belkhir et al. 2001 Nei 1987). Differences in

diversity, relatedness, and FIS values between locations

were assessed in FSTAT using 1000 permutations. For com-

parisons with rainbow trout, AR was recalculated based

on nine diploid individuals (AR9).

Estimates of effective population sizes (Ne) of brown

trout were obtained by two different methods, using a full

likelihood method based on sibship assignments and ran-

dom mating implemented in COLONY 2.0 (Jones and Wang

2010) and using an approximate Bayesian computation

implemented in ONESAMP (Tallmon et al. 2008). To investi-

gate potential demographic changes associated with varia-

tion in residence time and secondary releases, we examined

evidence of genetic signatures of population contraction

(bottlenecks) or expansion. Evidence for recent population

bottlenecks was assessed by one-tailed Wilcoxon tests of

heterozygosity excess in Bottleneck 1.2 (Cornuet and Luikart

1996), using 10 000 iterations and a two-phase model of

mutation (TPM). Evidence for population expansion was

assessed by examining deviations from the mutation-drift

equilibrium using the intralocus k-test and the interlocus

g-test (Reich et al. 1999) in KGTESTS (Bilgin 2007). The sta-

tistical significance of the g value in the KGTESTS was assessed

at a = 0.05 for a given number of loci and sample sizes

according to Reich et al. (1999).

Genetic differentiation

Genetic differentiation between samples was calculated for

each species using pairwise FST in FSTAT and the unbiased

estimator Dest (Jost 2008) in SMOGD 1.2.5 (Crawford 2010).

Significance was assessed with 10 000 permutations. We

tested for isolation by distance (IBD) using a Mantel test

implemented in ARLEQUIN 3.5 (Excoffier and Lischer 2010)

and 100 000 permutations. To further investigate popula-

tion structure, we used the model-based clustering method

implemented in STRUCTURE 2.3.3 (Pritchard et al. 2000). For

each K (ranging from K = 2 to K = 10), we computed 100

iterations with a burn-in of 25 000 and 75 000 MCMC rep-

licates using the admixture model with allele frequencies

correlated. To assess the most likely number of clusters, we

calculated DK following Evanno et al. (2005). We also used

TESS 2.3 (Chen et al. 2007), which includes spatial informa-

tion, to determine the most likely number of cluster

considering the deviance information criterion (lowest DIC

value; Spiegelhalter et al. 2002).

A hierarchical analysis of molecular variation (AMOVA)

was used to partition variation among- and within-popula-

tion components using the program ARLEQUIN v3.5 (Excof-

fier and Lischer 2010). Hierarchies considered for brown

trout were (i) broad geographical location (i.e., Chile ver-

sus Falkland Islands), (ii) clusters identified by STRUCTURE

and TESS, and (iii) relative residence time (i.e., population

age) inferred from the presence/absence of native galaxiid

fishes. Given that brown trout tends to drive native galaxi-

ids to extinction (reviewed in McDowall 2006), we

assumed that the absence of the native galaxiids Aplochiton

sp. and Galaxias sp. would be associated with older trout

invasions. Very little is known about the extinction process

of galaxiids invaded by salmonids, as accurate information

on the date and precise locations of first introduction is

rare; however, studies indicate that local extirpations fol-

lowing salmonid invasions can be rapid. For example, in

the Falkland Islands, Aplochiton sp. have become extinct in

some rivers within 50–60 years of the first introduction of

brown trout (McDowall et al. 2001; McDowall 2006), and

we used this figure as a rough cutoff point to classify brown

trout populations as ‘old’ (>60 years) or ‘new’ (<60 years).

In the case of rainbow trout, hierarchies considered in

the AMOVA included (i) level of admixture with farm fish

(moderate versus high according to Pielou’s J’ evenness

index – Consuegra et al. (2011): high, n = 4; J’ = 0.82–
0.99; moderate, n = 3; J’ = 0.22–0.67; Table 1), (ii) clusters

identified by STRUCTURE and TESS, (iii) coexistence with

brown trout (present versus absent), and (iv) relative resi-

dence time (age of each population). Residence time was

inferred from the relative abundance of ‘aquaculture alleles’

in the population using a median cutoff point of 0.6 to

classify populations as ‘recent’ (q > 0.6) or ‘old’ (q ≤ 0.6;

see Consuegra et al. 2011). We assumed that recent rain-

bow populations would show more introgression from

aquaculture escapees than older ones, given that large-scale

farming of rainbow trout is a relative recent activity in

Chile (Gajardo and Laikre 2003) and that the genetic diver-

sity of trout escapees tends to decrease with time spent in

the wild (Monz�on-Arg€uello et al. 2013).

Phenotypic differentiation

We estimated phenotypic differentiation (PST) between

seven populations of rainbow trout and five populations of

brown trout at four size-related phenotypic traits that are
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likely to show divergence during the colonization of novel

geographical ranges with different growing conditions: (i)

condition factor (Blackwell et al. 2000), (ii) number of

scale growth circuli during the first winter, (iii) scale inter-

circuli spacing during the first winter, and (iv) scale radius

at the end of the first winter, as detailed in Marco-Rius

et al. (2012, 2013). Analysis of scale growth circuli can be

used to reconstruct and compare growth profiles of indi-

viduals of different ages and has previously been used to

assess variation in growth performance of invasive trout in

the area (Schr€oder and Garcia de Leaniz 2011). Size- and

growth-related traits tend to be heritable in salmonids

(mean h2 = 0.25 for size and growth rate, mean h2 = 0.23

for condition factor; Garcia de Leaniz et al. 2007; Carlson

and Seamons 2008) and are thus likely to respond quickly

to novel selection pressures during fish invasions.

Repeatability in scale measurements was assessed by

comparing the measurements of the first winter scale radius

of 30 trouts of each species measured by two observers

working independently after discarding the first two circuli

to minimize bias due to scale erosion (Marco-Rius et al.

2012). Repeatability in scale length at the end of the first

year was calculated as the agreement intraclass correlation

coefficient (ICC) with the ‘psy’ R package, defined as the

ratio of the subject variance divided by the sum of the sub-

ject variance, the observer variance, and the residual vari-

ance (Wolak et al. 2012). Repeatability for this trait was

high for both species (brown trout = 0.77; rainbow

trout = 0.92). Repeatabilities for the other scale traits were

not calculated as we had previously found that these were

similarly high in brown trout (Marco-Rius et al. 2012,

2013).

Statistical analysis

Differences in genetic diversity and phenotypic traits

among populations were calculated for each species using

one-way ANOVA. We employed REML linear mixed-effects

model implemented in ‘nlme 3.1-86’ package (Pinheiro

and Bates 2009) in R 2.14 language (R Development Core

Team, 2008) and the Akaike information criteria (AIC) to

model variation in intercirculi spacing using population of

origin, fork length, and age as fixed factors, and fish ID and

circulus number as random factors, as described in Marco-

Rius et al. (2013). These were assumed to be independent

among individuals, and to follow a normal distribution

with mean zero and variances r2a and r2b, respectively, the
observation error ei,j was also assumed to be independent

and normally distributed. We tested for random effects in

the model and allowed for autocorrelation in intercirculi

spacing by considering an autoregressive term of order one,

as this provided a better fit than a model without autocor-

relation.

Divergence was inferred by comparing phenotypic differ-

entiation (PST) with neutral molecular differentiation (FST;

Meril€a and Crnokrak 2001) following the method of

Whitlock and Guillaume (2009), which uses the distribu-

tion of differentiation at neutral loci to simulate the distri-

bution of PST expected under neutrality. Random values of

FST, h
2, r2B, and r2W were used to simulate the null distribu-

tion of PST/FST (obtained from 10 000 iterations; see below

for details on how values were obtained). The observed

value of PST/FST was then compared with the simulated

PST/FST to determine whether it fell outside the simulated

distribution. Computations were performed in R following

the codes provided by Holand et al. (2011), which incorpo-

rate additive genetic variance within (h2) and between (c)

populations (Brommer 2011). Briefly, as the traits under

investigation were measured from wild-caught individuals,

it is impossible to determine how much of the observed

phenotypic variation is due to environmental or genetic

effects (Brommer 2011). Therefore, a scalar (c) was

included to allow for environmental between-population

variance, whereby small values of c (e.g., close to 0) indicate

that the phenotypic variation is mostly influenced by envi-

ronmental effects, and large values of c (e.g., close to 1)

indicate that only genetic variation has contributed to phe-

notypic differences. We estimated PST according to Brom-

mer (2011), as PST ¼ cr2B cr2B þ 2h2 r2W
� �� ��1

, where h2

represents the trait-specific heritability, c represents the

additive gene proportion among populations, and r2B and

r2W represent the among- and within-population variance,

respectively.

Simulated values of FST were obtained by randomly

sampling from the bootstrap distribution of mean FST,

generated from bootstrapping loci 10 000 times with the

R package HIERFSTAT (Goudet 2005). Simulated values of

among- and within-population variations were obtained

by multiplying r2B (a–1)�1 with a random number drawn

from the chi distribution having (a–1) degrees of free-

dom (a being the number of populations). Samples of

FST, h
2, r2B , and r2W were randomly drawn and used to

calculate a simulated PST/FST. This was repeated 1000

times to generate a sampling distribution of PST/FST
under neutrality, which was then used to compare

observed PST/FST for different values of c, ranging from 0

to 1. The critical value for c (where observed PST/FST was

larger than 95% confidence interval) was determined,

and if this was less than h2, PST was deemed to be signifi-

cantly higher than expected under neutrality (Brommer

2011). The critical value of c was then used in the PST
equation given above to calculate pairwise PST values,

which were then used to explore the effects of admixture,

residence time, and coexistence with brown trout on

phenotypic divergence. They were also used to test

whether PST or PST/FST were associated with geographical
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distance. For brown trout, PST/FST was calculated among

Chilean populations (n = 4) as well as between Chilean

and Falkland populations (n = 5). For rainbow trout

(which is absent in the Falklands), PST/FST was calculated

among all populations (n = 7; Table 1).

Results

Brown trout

Quality of genetic data

Three microsatellite loci (Str73, SsoSL417 and SsaD71) had

some missing data in the Falklands populations and one

tetra-nucleotide marker (Ssa171) presented some alleles

that differed only in two base pairs, probably due to the

compound motif GTGA + GT. The exclusion of these

markers did not change our results; hence, we retained

them in the analyses. No evidence of null alleles, stuttering,

or allele dropout was detected for any microsatellite, and

no marker deviated significantly from HWE after sequen-

tial Bonferroni correction in more than one population

(data not shown). Analysis of linkage disequilibrium was

significant in only three of 819 pairwise comparisons

(between loci and populations). There was no evidence for

outliers under divergent selection with either LOSITAN or

BAYESCAN (Table S3a).

Genetic diversity

Diversity estimates (NA, AR, Ho, He) were varied among

populations, with a tendency to be lower in the Falkland

Islands than in Chile (with the exception of Estancia Brook;

Table 1). Allelic richness (AR10) and observed heterozygos-

ity (Ho) were significantly different between all brown trout

populations (AR10: ANOVA F8,117 = 6.517, P < 0.001; Ho:

ANOVA F8,117 = 4.848, P < 0.001; Table 1, Fig. 2), but these

were unrelated to broad geographical location, and no dif-

ferences were found between Chile (mean AR10 = 4.41;

mean Ho = 0.644) and the Falkland Islands (mean

AR10 = 3.97; mean Ho = 0.526) considered as a whole

(P = 0.660 and P = 0.120, respectively). Similarly, we

found no significant differences in relatedness (Chile

r = 0.159; Falklands r = 0.373; P = 0.302), FIS (Chile

FIS = 0.006; Falklands FIS = 0.034; P = 0.243) or global FST
among populations (Chile FST = 0.087; Falklands

FST = 0.235; P = 0.289), although Dest values were lower in

Chile (Dest = 0.237, 95% CI = 0.169–0.310) than in the

Falklands (Dest = 0.355, 95% CI = 0.239–0.472; Table S4).
However, it should be noted that the low number of popu-

lations analyzed in the Falklands, combined with their dif-

ferent origins (see Results from STRUCTURE below), could

limit our ability to detect significant differentiation

between Chile and the Falklands.

Our two estimates of effective population size (Ne) using

COLONY and ONESAMP were highly correlated (r = 0.82,

P = 0.007) and yielded small sizes (Ne < 50) for all brown

trout populations in all cases (Table 1). The program Bot-

tleneck showed a heterozygosity excess in one of the Chil-

ean populations (R. Bonito, P = 0.025), characterized by

negative FIS values (FIS = �0.015), while population

expansion was only detected in one Falkland population

(Sarnys Creek, P = 0.022).

Pairwise FST values ranged from 0.044 (among Chilean

populations) to 0.390 (between Chilean and Falkland

Island populations; Table S4a). Pairwise Dest values were

positively correlated with FST values (r = 0.391, P = 0.02;

Table S4a). Pairwise FST values estimated with neutral and

gene-linked markers were strongly correlated with pairwise

differentiation estimated with all markers combined

(r = 0.997, P < 0.001; r = 0.659, P < 0.001, respectively;

Table S4b). There was no evidence of IBD (z = 162130.02,

(A)

(B)

Figure 2 Microsatellite genetic diversity measure as (A) allelic richness

based on nine diploid individuals (AR9) and (B) observed heterozygosity

(Ho) in brown trout and rainbow trout populations. Bars represent 95%

confidence intervals and populations are represented, from left to right,

in the same order as in Table 1.
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r = 0.090, P = 0.398). STRUCTURE showed two genetic clus-

ters (K = 2), but these did not exactly match with the two

broad geographical areas analyzed. The first cluster

included all Chilean populations and Estancia Brook (in

the Falklands), while the second cluster comprised the two

other Falkland populations (Fig. 3). Differentiation within

each cluster was similar (Fig. 4). These results were sup-

ported by AMOVA, which revealed a significant proportion

of variation among groups (27.09%; Table 2). Results from

TESS suggested a finer pattern of structuring (K = 6), split-

ting the first cluster identified by STRUCTURE into five

independent clusters (Fig. 3). Individual assignments based

on K = 6 indicated that, in general, each population had a

very uniform genetic background except for two Chilean

(A)

(B)

Figure 3 Bayesian clustering analyses of (A) brown trout and (B) rainbow trout populations according to STRUCTURE and TESS assuming two and six

inferred clusters for brown trout (K = 2 and K = 6) and four inferred cluster for rainbow trout (K = 4). Each vertical bar represents an individual, with

colours representing the probability of membership to each of the clusters. Asterisks show rivers sampled for both species.

928 © 2014 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 7 (2014) 921–936

Adaptive divergence of invasive salmonids Monz�on-Arg€uello et al.



populations (R. Gol-Gol and R. Bonito; Fig. 3), which

showed evidence of admixture. This was also supported by

AMOVA, which revealed a significant percentage of variation

among groups (16.96%; Table 2), which was smaller than

variation observed among STRUCTURE clusters. Relative age

of the populations, a proxy for residence time inferred by

the presence or absence of native galaxiid fishes, did not

explain a significant amount of molecular variation

(3.26%; Table 2).

Phenotypic differentiation

Brown trout ranged between 47 and 556 mm in fork

length; the minimal adequate mixed-effects model that

explained variation in the spacing between consecutive

scale growth rings included population as the only signifi-

cant fixed term (F4,86 = 6.90, P < 0.001; Figure S1A). We

also found significant differentiation among populations

with respect to condition factor (F3, 78 = 34.34, P < 0.001),

number of circuli deposited in the scales during the first

freshwater year (F4, 90 = 6.78, P < 0.001), and scale size at

the end of first year (F4, 90 = 5.41, P < 0.001).

PST/FST comparisons

The contribution of environmental effects to phenotypic

variance was low only for condition factor, as evidenced

by the fact that PST/FST was significantly higher than the

neutral expectation for most values of c for this trait

(Table 3; Figure S2A). However, while the inferences of

our PST estimates are likely to be robust because c < h2

for this trait (Brommer 2011; Mobley et al. 2011), diver-

gence in condition factor does not appear to be driven

by residence time as it was significant when analyzed

without the Falkland population. For the other traits,

whether analyzed with all populations (e.g., between

Chilean and Falkland populations) or only among Chil-

ean populations, the observed PST/FST was not signifi-

cantly different from the simulated PST/FST for most

values of c (Table 3), likely indicating a strong environ-

mental component to the observed patterns. PST for the

four phenotypic traits was not correlated with either neu-

tral FST or geographical distance (Table S5). Similarly,

variation in PST/FST was unrelated to geographical dis-

tance for all traits (Table S5).

Rainbow trout

Genetic diversity

Analysis of microsatellite data for rainbow trout (reported

in Consuegra et al. 2011) indicated that there were no out-

liers with either LOSITAN or BAYESCAN that could be indicative

of divergent selection (Table S3b). In general, rainbow

trout showed similar levels of heterozygosity (Ho) and alle-

lic richness (AR) than brown trout (as evidenced by over-

lapping 95CIs, Fig. 2). Estimates of effective population

size (Ne) revealed small population sizes, similar to those

of brown trout (Ne < 50; Table 1), but rainbow trout gen-

erally exhibited more admixture and weaker differentiation

than brown trout in Chile (Fig. 3), particularly in those

0.30

0.25

All   Chile  Falklands  Cluster 1 Cluster 2    All   Moderate High
Brown trout Rainbow trout

0.20

0.15

0.10

0.05

0

F S
T

Figure 4 Level of genetic differentiation (FST) among populations classi-

fied according to geographical location or assignment to genetic cluster

(brown trout), and level of admixture (moderate or high) in rainbow

trout. Bars represent 95% confidence intervals.

Table 2. Amount of molecular variation (%) among groups of brown

trout and rainbow trout according to various hierarchies (Vg, among

groups; Vp, among populations within groups; Vw, within populations).

Figures in bold account for statistically significant variation (P < 0.05).

Species/Hierarchical comparison

Molecular variation (%)

Vg Vp Vw

Brown trout

Location

(Chile versus Falkland Islands)

14.83 11.5 73.68

STRUCTURE cluster

K = 2

27.09 6.98 65.93

TESS cluster

K = 6

16.96 4.42 78.62

Residence time (age of population)

Old versus new

3.26 18.29 78.46

Rainbow trout

Secondary releases

Moderate versus high admixture

0.02 7.29 92.69

STRUCTURE/TESS cluster

K = 4

2.72 5.22 92.06

Residence time (age of population)

Old versus new

0.79 6.90 92.31

Coexistence with brown trout (BT)

BT present versus absent

1.76 6.45 91.79
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populations most affected by secondary releases from aqua-

culture (Fig. 4, high admixture). There was no correlation

between spatial and genetic distance (z = �14 055.14,

r = 0.034, P = 0.361).

Phenotypic differentiation

Rainbow trout ranged between 50 and 245 mm in fork

length, and the minimal adequate linear mixed-effects

model that explained variation in scale intercirculi spacing

included population (F6,122 = 16.15, P < 0.001) and age

(F1,122 = 9.34, P = 0.003) as fixed factors and an interac-

tion between population and individual fork length

(F6,122 = 2.62, P = 0.02; Figure S1A). As with brown trout,

rainbow trout populations also showed significant differ-

ences in the three other growth-related traits examined,

that is, condition factor (F5, 116 = 35.81, P < 0.001), num-

ber of growth circuli deposited during the first freshwater

year (F6, 131 = 8.43, P < 0.001), and scale size at the end of

the first year (F6, 131 = 5.57, P < 0.001).

PST/FST comparisons

PST/FST was significantly higher than the neutral expectation

for all traits and for most values of c, indicating that the con-

tribution of environmental effects to phenotypic variance

was minimal (Table 3; Figure S2B). Pairwise PST/FST com-

parisons between populations with similar levels of admix-

ture were not significantly different from random

expectations at any trait except for condition factor (Fig. 5A).

Table 3. Critical c values for which the observed PST/FST values are

smaller (c ≤ 0.025) or larger (c ≥ 0.975) than expected under neutrality

for four size-related phenotypic traits in brown trout and rainbow trout

(condition factor; scale intercirculi spacing during the first winter; scale

radius at the end of the first winter; number of scale growth circuli dur-

ing the first winter). Figures in bold indicate those for which c < h2.

Species/Trait comparison

Lower than

expected

(c ≤ 0.025 quantile)

Higher than

expected

(c ≥ 0.975 quantile)

Brown trout – Chile

and Falklands

Condition factor NA NA

Inter-circuli spacing at

first winter

0.087 0.999

Scale radius at the end

of first winter

0.015 0.321

No. of growth circuli

during first winter

0.023 0.489

Brown trout – Chile

Condition factor 0.002 0.084

Inter-circuli spacing

during first winter

0.041 0.999

Scale radius at the end

of first winter

0.015 0.461

No. of growth circuli

during first winter

0.011 0.517

Rainbow trout – Chile

Condition factor 0.002 0.033

Inter-circuli spacing

during first winter

0.003 0.047

Scale radius at the

end of first winter

0.018 0.230

No. of growth circuli

during first winter

0.011 0.143

(A)

(B)

(C)

Figure 5 PST/FST for rainbow trout having different (A) levels of admix-

ture (MA = moderate admixture versus HA = high admixture), (B) pop-

ulation age (residence time, old versus new) and (C) coexistence with

brown trout (present versus absent). Dashed line represents neutral

expectation (PST/FST = 1).
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In contrast, PST/FST comparisons between populations with

different levels of admixture were significantly different from

1 at all traits examined (Fig. 5A). None of the pairwise PST/

FST comparisons differed significantly from 1 when popula-

tions of the same or different relative population age were

compared (Fig. 5B), suggesting that residence time did not

have a significant effect on phenotypic divergence. When

comparisons were made between populations living in symp-

atry or in allopatry with brown trout, pairwise PST/FST values

were significantly different than 1 for all traits except intercir-

culi spacing during the first winter (Fig. 5C), suggesting that

coexistence with brown trout may have affected the adaptive

divergence of rainbow trout populations. In addition, inter-

specific competition explained a significant amount of

molecular variation (Table 2). As with brown trout, geo-

graphical distance between rainbow trout populations was

unrelated to PST, FST, or PST/FST (Table S5).

Discussion

Divergence among invaders should increase with both

residence time and secondary releases because older pop-

ulations would have had more time to adapt to novel

conditions and new alleles can extend the window of

opportunity for invasions to succeed (Dlugosch and Par-

ker 2008; Crawford and Whitney 2010; Dainese and Pol-

dini 2012). We employed PST/FST comparisons to assess

such predictions in two invasive salmonids, rainbow

trout and brown trout, screened for microsatellite DNA

variation and growth-related traits in rivers of Chilean

Patagonia and the Falkland Islands. Using PST as a phe-

notypic analogue for QST has limitations (Pujol et al.

2008) because environmental effects may introduce errors

in the estimation of variance components, underestimat-

ing the within-population variance and overestimating

the among-population variance (Leinonen et al. 2013).

Despite this caveat, a meta-analysis has shown that PST
and QST estimates do not differ systematically (Leinonen

et al. 2008), and PST still provides one of the few options

available for studying phenotypic divergence in natural

populations in the wild, when common garden experi-

ments are not normally possible (Keller and Taylor

2008). Hence, while we acknowledge the limitations of

PST, we believe that a comparative analysis of PST/FST
across species and traits might be useful and shed light

on the adaptation of invasive species to novel environ-

ments, a largely unexplored aspect of QST/FST studies

(reviewed by Leinonen et al. 2013).

We tested for the effects of residence time by examin-

ing divergence of trout populations of different ages. In

the case of brown trout, population age was inferred

from the presence or absence of native galaxiid fishes –
the absence of galaxiid being indicative of older invasions

(Young et al. 2010), and from historical records – brown

trout populations being generally older in Chile than in

the Falklands (Arrowsmith and Pentelow 1965). In the

case of rainbow trout, we inferred population age from

genetic similarity to farm fish, a high similarity being

typical of recent, aquaculture-driven invasions (Consuegra

et al. 2011). Contrary to our expectations, we did not

find significant differences in genetic diversity, effective

population size, or signatures of expansion between

brown trout populations with different residence times.

Phenotypic divergence did not increase with geographical

location, and population age did not make a significant

contribution to the extent of molecular variation in any

of the two trout species. Our results, therefore, do not

support the contention that older trout populations are

more differentiated than younger ones in this area. This

suggests that other factors, such as secondary releases (or

genetic drift), may have been more instrumental than

residence time in maintaining genetic diversity and in

generating population differentiation, as suggested for

other organisms (Ellstrand and Schierenbeck 2000;

Bossdorf et al. 2005; Crawford and Whitney 2010).

A higher level of admixture was detected in rainbow

trout than in brown trout, and unlike brown trout, where

no evidence of adaptive divergence was found with respect

to population age or broad geographical location, PST/FST
comparisons in rainbow trout were consistent with diver-

gent selection at all phenotypic traits examined, albeit only

between populations showing different levels of admixture.

Unlike brown trout, which is not commercially farmed to

any extent in the area, rainbow trout is extensively farmed

in Chilean Patagonia, and this has resulted in a large influx

of farm escapees from many different sources interbreeding

with existing, naturalized populations (Consuegra et al.

2011). Secondary releases of rainbow trout could have

facilitated invasion not only by restoring or increasing

genetic and phenotypic diversity, but also because reintro-

duced populations have often overcome the establishment

phase of the invasion process, a phase which is often

accompanied by demographic and genetic bottlenecks (Novak

and Mack 2005). In addition, it is also possible that hybrid-

ization between rainbow trout escapees and naturalized

individuals may have increased standing genetic variation

or resulted in heterosis (i.e., hybrids with superior fitness;

Fraser 2008) at least during the first generations. The

observed increase in PST/FST ratios could have resulted

from genetic introgression with farm fish, as farm fish are

likely to have been selected for fast growth.

Whatever the precise reasons for the increased PST/

FST values observed among rainbow trout, we failed to

find similar evidence in brown trout, which are not

generally affected by secondary releases in our study.

The only exception was Estancia Brook, a population in
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East Falkland which had an unusually high number of

private alleles (PA = 20), and in which our assignment

grouped with Chilean populations of presumably older

age. Such a result is consistent with what is known

about multiple origins of brown trout in the Falklands:

an initial introduction likely from German origin (Estay

et al. 2004) shipped via Chile in 1936–1947, followed by

more recent and extensive introductions from Britain

during 1948–1962 (Arrowsmith and Pentelow 1965;

Stewart 1973). Thus, it appears that brown trout in

some parts of the Falklands, as rainbow trout affected

by aquaculture escapees in Chile, may have diverged

due to secondary releases, not due to residence time. A

similar situation appears to exist in the Kerguelen

Islands where brown trout of mixed origins has shown

rapid genetic differentiation despite a very short resi-

dence time (<20 years, Ayllon et al. 2006), indicating

that divergence can occur rapidly when introductions

are aided by secondary releases. The only brown trout

population that showed clear signatures of population

expansion in our study was one of the youngest popu-

lations in the Falklands (Sarnys Creek). None of the

presumably older populations in Chile showed genetic

evidence of population expansion, suggesting that resi-

dency time may not be a good predictor of colonization

potential in this area.

In their native range, brown trout populations tend to

be highly structured and even populations in nearby

streams often show significant differentiation conductive

of local adaptations (Bernatchez 2001; Carlsson et al.

2005; Skaala 2006); recent studies suggest that genetic

and phenotypic divergence can result from environmental

variation (Keller et al. 2011, 2012; Stelkens et al. 2012).

Our results reveal the existence of high population struc-

turing with no evidence of IBD also among much youn-

ger populations in Chile and the Falkland Islands, as

indicated previously by studies of allozyme variation

(Faundez et al. 1997; Colihueque et al. 2003). Freshwater

residence would result in low gene flow and high popula-

tion structuring. We only identified 2% of our trout (all

in the Falklands) as anadromous fish (sea trout) based

on scale growth patterns, although the body size of our

samples (93% were below 300 mm fork length) must

have limited our capacity to detect migrants. Despite this

caveat, limited anadromy among brown trout is consis-

tent with recent studies in the area (Young et al. 2010)

and also with a presumed nonmigratory life history of

many of the donor trout populations introduced into

Chile (Faundez et al. 1997) and the Falkland Islands

(McDowall et al. 2001).

The capacity to grow quickly has been flagged as an

important determinant of invasion success (Townsend

2003) because prey–predator interactions in freshwater are

strongly mediated by size differences and fast growth

enables fish invaders to reproduce quickly and become

piscivorous sooner. We found significant population dif-

ferences in both brown trout and rainbow trout in three

of the four growth traits examined, suggesting that popu-

lations were growing at different rates during their first

year. Yet, none of these growth-related traits showed evi-

dence of adaptive divergence with respect to population

age in any species, perhaps because populations were too

young to have developed local adaptations or because

there was no divergent selection for the traits under study.

Size-related traits tend to have relatively high heritability

in salmonids (Garcia de Leaniz et al. 2007) and although

these may be expected to respond rapidly to novel selec-

tive pressures during invasions, they may not be tightly

correlated with fitness (Meril€a and Sheldon 1999). We

used a h2 of 0.25 for body size and growth rate in freshwa-

ter based on salmonid studies carried out mostly in cap-

tivity (Garcia de Leaniz et al. 2007; Carlson and Seamons

2008), which may not necessarily be relevant in the field

(Hoffmann 2000). However, the same or very similar heri-

tability estimates have also been obtained in salmonid field

studies (e.g., brook trout = 0.25, Letcher et al. 2011;

Atlantic salmon = 0.27, Garant et al. 2003). Given that

heritability for body size appears to be 34% of the repeat-

ability estimate in the field (Letcher et al. 2011), this

would yield a h2 of 0.31 for rainbow trout and 0.26 for

brown trout in our study, not markedly different from the

value of 0.25 used in our PST/FST simulations. Future

studies might benefit from measuring additional traits,

ideally under common garden conditions, and to compare

ancestral and invasive lineages in order to tease apart the

effects of founder effects, local adaptations, and pheno-

typic plasticity (Leinonen et al. 2008), as shown recently

for brown trout in North America (Westley et al. 2013).

Rainbow trout exhibits a wider geographical range than

brown trout in Chile (Young et al. 2010), and its expan-

sion seems to have been limited chiefly by habitat con-

nectivity and temperature (Habit et al. 2012). Brown

trout and rainbow trout do not naturally coexist in their

native ranges, and laboratory and field studies have

shown that survival and habitat selection by brown trout

is negatively affected by the presence of rainbow trout

under sympatric conditions (Blanchet et al. 2007). Pair-

wise PST/FST comparisons between rainbow trout living

in sympatry or in allopatry with brown trout were signif-

icantly higher than 1 in three of the four growth-related

traits examined, suggesting that competitive interactions

may have resulted in adaptive divergence of rainbow

trout when these two invaders were translocated together

with the southern hemisphere.

In summary, residence time did not explain well the

observed patterns of genetic and phenotypic divergence
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among invasive trout in our study, as some of the youngest

populations were also the most genetically diverse ones.

Although the conditions necessary for adaptive divergence

appear to exist (i.e., high genetic variability, high popula-

tion structure, and habitat heterogeneity at the relevant

spatial scales – see Young et al. 2010; Vanhaecke et al.

2012a), we did not find significant evidence of adaptive

divergence in growth-related traits with respect to popula-

tion age. Instead, our results highlight a potential role for

secondary releases in generating divergence of invasive sal-

monids in the area, particularly for rainbow trout. We also

found that coexistence with brown trout made a significant

contribution to molecular variation in rainbow trout,

and some evidence to suggest that phenotypic divergence

in rainbow trout may have also increased in rivers where

the two trout invaders coexist. Such knowledge is impor-

tant for understanding and predicting the effects of fish

invasions because the diversity of fish invaders could

affect their impact upon native fish fauna (Blanchet et al.

2007; but see Young et al. 2009). Previous studies have

examined adaptive differentiation in translocated fishes

(e.g., Hendry et al. 2000; Unwin et al. 2000; Koskinen

et al. 2002; Kinnison et al. 2008), but these have usually

dealt with single species and/or single systems, making it

difficult to test predictions derived from competing

hypotheses. By considering simultaneously two fish spe-

cies translocated together into a number of common and

different river systems, our study of PST/FST comparisons

provides insights into the nature of diversifying forces

acting during fish invasions.
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Supporting Information

Additional Supporting Information may be found in the online version

of this article:

Figure S1. Individual growth curves, represented as cumulative scale

growth profiles (mm) at each growth circulus, among invasive brown

trout (n: 5) and rainbow trout (n: 7) populations.

Figure S2. Relationship between observed (solid line) and neutral

(dashed line) PST/FST, for four phenotypic traits of (a) brown trout and

(b) rainbow trout.

Table S1. Strains of rainbow trout and brown trout introduced in

Chile and the Falkland Islands.

Table S2. Summary genetic statistics for brown trout considering (a)

global sample (over all populations) and (b) population-specific.

Table S3. Results of BAYESCAN and LOSITAN programs for outlier detec-

tion in (a) brown trout and (b) rainbow trout.

Table S4. (a) Differentiation of brown trout populations expressed as

(a) pairwise FST comparisons (below diagonal) and Dest (above diagonal)

among Chilean and Falklands populations and (b) as pairwise FST esti-

mated from neutral (below diagonal) and gene-linked (above diagonal)

markers.

Table S5. Correlations between PST, FST, PST/FST and geographical

distance.
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