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ABSTRACT

Aim The ecological effects of biological invasions are well documented, but lit-

tle is known about the effects of invaders on the genetic structure of native

species. We examined the phylogeography, genetic variation and population

structuring of two galaxiid fishes, Aplochiton zebra and A. taeniatus, threatened

by non-native salmonids, and whose conservation is complicated by misidentif-

ication and limited knowledge of their genetic diversity.

Location Chile and the Falkland Islands.

Methods We combined microsatellite and mitochondrial DNA (16S rDNA

and COI) markers to compare genetic diversity, effective population size and

gene flow of Aplochiton spp. populations differentially affected by salmonid

presence.

Results We identified two 16S rDNA haplotypes among A. zebra – one domi-

nant in coastal populations and another dominant in inland populations. Pop-

ulations living on the island of Chilo�e displayed a mixture of coastal and

inland haplotypes, as well as high microsatellite diversity, as one would expect

if the island had been a refugium during the Last Glacial Maximum, or a con-

tact zone among populations. Microsatellite data revealed strong population

structuring, indicative of current isolation patterns, and a negative correlation

between the genetic diversity of A. zebra and the relative abundance of invasive

salmonids.

Main conclusions Our study indicates that population structuring of

A. zebra reflects the influence of historical patterns of migration, but also the

current levels of reduced gene flow among watersheds. Invasive salmonids,

known to compete with and prey on native galaxiids, may have had negative

impacts on the genetic diversity of Aplochiton spp. The low genetic variation

found in some populations, coupled with potential biases in abundance esti-

mates due to species misidentification, highlight the urgent need for more

research into the conservation status of the two species of Aplochiton.

Keywords

Aplochiton, biological invasions, gene flow, microsatellites, mtDNA, phyloge-

ography, post-glacial colonization, salmonids.

INTRODUCTION

Biological invasions represent a major cause of biodiversity

loss (Clavero & Garc�ıa-Berthou, 2005), and although they

seldom cause wholesale extinctions (Ricciardi et al., 2011),

they can trigger ecological changes which can make native

species less resilient to subsequent stressors (Parker et al.,

1999). Surprisingly, relatively little is known about the

genetic impact of invasions (e.g. Strayer et al., 2006; Carroll,

2011), as most studies tend to focus on genetic changes

exhibited by the invaders (Monz�on-Arg€uello et al., 2013,

2014a,b), rather than genetic responses of native species
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(Vanhaecke et al., 2012a). This is unfortunate because with-

out genetic data, it may be difficult to get accurate assess-

ments of the conservation status of threatened populations

(Traill et al., 2010) or to quantify the impact of biological

invasions. For example, genetic data can be applied to detect

changes in effective population size, estimate gene flow, or

detect range contractions of native species in relation to the

presence of invaders (Arenas et al., 2012). Estimates of

genetic diversity are also essential for understanding the

long-term evolutionary consequences of biological invasions

(Strauss et al., 2006), and could perhaps also be used as an

early warning of impending impacts, before range shifts or

local extirpations take place.

In this study we employed molecular markers to under-

stand how non-native salmonids may have impacted native

galaxiid fishes, taking into account historical biogeographical

patterns. We focused on two closely related species, Aplochi-

ton zebra Jenyns, 1842 and Aplochiton taeniatus Jenyns, 1842,

inhabiting rivers of Chilean Patagonia and the Falkland

Islands: two areas where native galaxiids are threatened by

the introduction of non-native salmonids since the 19th cen-

tury (Garcia de Leaniz et al., 2010; Schr€oder & Garcia de

Leaniz, 2011; Arismendi et al., 2014). Aplochiton zebra is

considered to be endangered over its entire range (Lattuca

et al., 2008; Arismendi et al., 2009) due to its ecological

overlap with non-native salmonids (McDowall, 2006, 2010).

However, the conservation status of A. taeniatus remains

unclear (McDowall, 2006) and until recently its range did

not include the Falkland Islands, where it had been misiden-

tified as A. zebra (Vanhaecke et al., 2012b). This is not sur-

prising because the two species are morphologically very

similar, and the limited information available on their ecol-

ogy and genetic structure makes prioritization of populations

for conservation difficult (Vanhaecke et al., 2012b; Al�o et al.,

2013). Aplochiton taeniatus appears to attain larger sizes than

A. zebra and is considered a specialist that preys mostly on

fish, in contrast to A. zebra which is considered a generalist

that feeds mainly on aquatic invertebrates. The existence of a

third species, A. marinus, has been suggested, but its taxo-

nomic status remains unclear (Al�o et al., 2013).

The distribution of native galaxiids in South America is

related to historical pathways of dispersal (Habit et al.,

2012). To understand these historical pathways for Aplochi-

ton spp. we applied molecular markers with different modes

of inheritance, mitochondrial DNA (mtDNA; maternally

inherited) and microsatellites (biparentally inherited). This

combination of markers allowed us to reconstruct the

phylogeography of Aplochiton spp. and also to provide

insights into the historical and current drivers of genetic

structure in relation to the presence of non-native salmo-

nids. We hypothesized that ecological impacts of non-native

salmonids (e.g. predation, competition or other processes)

could decrease population sizes that would be reflected by

reduced microsatellite genetic diversity of Aplochiton in riv-

ers and lakes invaded by salmonids, whereas mtDNA genetic

variation should reflect the extent of the Last Glacial Maxi-

mum (LGM) showing the influence of historical routes of

dispersal.

MATERIALS AND METHODS

Sampling

We collected tissue samples from 456 individuals of Aplochi-

ton spp. from 20 streams in Chile and 15 streams in the

Falkland Islands (Fig. 1; see Appendix S1 in Supporting

Information). Given the morphological similarity between

A. zebra and A. taeniatus, molecular analysis was needed to

discriminate between both species and their hybrids (Van-

haecke et al., 2012b; Al�o et al., 2013). After DNA extraction

and genetic barcoding using the Cytochrome c oxidase I

gene (COI), samples were classified by species as in Van-

haecke et al. (2012b). 341 samples were classified as A. zebra

(317 from Chile and 24 from the Falklands) and 115 as

A. taeniatus (61 from Chile and 54 from the Falklands). As a

result, sample sizes were unbalanced and reduced in some

populations. We analysed the genetic structure of 13 A. zebra

populations from Chile which had at least 16 individuals per

sampling site (Table 1). We used data on catch per unit

effort (CPUE, fish min�1 m�2) from single-pass electrofish-

ing to derive indices of the relative abundance of Aplochiton

and salmonids (as in Vanhaecke et al., 2012a), and employed

the nonparametric Spearman’s rank correlation coefficient

(spss 19; Armonk, NY, USA) to examine the relationship

between CPUE and elevation. Although CPUE from electro-

fishing surveys is typically a poor indicator of absolute fish

abundance, it can be used as a proxy to compare relative

species abundance among sites (Bergman et al., 2011), and

use of rank-based methods are more appropriate in these

cases.

DNA extraction and genotyping

DNA was extracted using the Wizard� SV 96 DNA Purifica-

tion. All samples were amplified for 13 microsatellite loci

(Aggarwal et al., 2011) and mtDNA COI (Vanhaecke et al.,

2012b), and those individuals identified as hybrids (Van-

haecke et al., 2012b) were removed from the dataset. To esti-

mate the repeatability of scoring, between 11 and 71

individuals were rescored for each marker and allele sizes

were compared. Potential errors in genotyping were esti-

mated using micro-checker (van Oosterhout et al., 2004),

with the exception of microsatellites Aze2, Aze4 and Aze5

that have a complex motif.

A region of 479 bp of the 16S rDNA gene of the mtDNA

was amplified in 96 A. zebra samples using the universal

primers 16S rRNAr and 16S rRNAbr (Palumbi et al., 1991).

Both strands were sequenced on an ABI 3100 DNA Analyzer

(Applied Biosystems, Foster City, CA, USA) and sequences

were aligned using BioEdit 7.0.9 (Hall, 1999).
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Microsatellite analyses: genetic variation

Linkage disequilibrium between microsatellite loci was com-

puted using genepop (Raymond & Rousset, 1995) and all

markers were tested for FST deviation from neutral expecta-

tions using fdist in Arlequin 3.5.1.2 (Excoffier & Lischer,

2010). Observed and expected heterozygosity (Ho, He) esti-

mates and tests for Hardy–Weinberg equilibrium were con-

ducted in tfpga 1.3 (Miller, 1997) and the significance

was adjusted by Bonferroni correction for multiple tests

(Rice, 1989). Allelic richness (Ar) was calculated by fstat

2.9.3.2 (Goudet, 1995). Comparisons of genetic diversity

(Ar, He, Ho) among populations and geographical groups

were also performed in fstat using 10,000 permutations.

All populations were tested for recent bottlenecks using

bottleneck 1.2.02 (Piry et al., 1999) under two models;

infinite alleles (IAM) and two-phase (TPM), using a Wilco-

xon sign-rank test based on a 1000 iterations. For TPM, ps

(frequency of single step mutations) was set to 0.90 with a

10% variance of multistep mutations (Piry et al., 1999).

Contemporary effective population size (Ne) was estimated

using colony 2 (Wang, 2009) from the frequencies of full

or half siblings in each population calculated by sibship

assignment analysis. Ne was calculated by three runs of

medium length with the full likelihood option, only for

populations with a minimum sample size of 20. We also

used a new implementation of the LD method included in

NeEstimator 2 (Do et al., 2014), using allele frequencies

> 0.02 to minimize potential bias caused by rare alleles

(Waples & Do, 2008).

Microsatellite analyses: population structuring

Pairwise genetic differentiation (FST) between populations

was computed in tfpga and significance values were

obtained by 10,000 permutations. Pairwise genetic distances

(Dest) (Jost, 2008) were also calculated in smogd (Crawford,

2010). Population genetic structuring was examined using

analysis of molecular variance (AMOVA) implemented in

Arlequin (10,000 permutations). To identify the most
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Figure 1 Representation of genetic barriers

(left) between galaxiid fish populations
(Aplochiton zebra) in Chile identified using

barrier 2.2, based on 11 microsatellites
using Monmonier’s algorithm. Blue lines

represent the main barriers to gene flow,
ranked from 1st to 4th (number of loci

supporting the barrier is indicated in
brackets next to ranking), thickness of the

line represents bootstrapping support. Plot
of individual assignment (right) based on 11

microsatellites using tess with K = 4,

averaged from 100 runs using clumpp and
represented using distruct. Each bar

constitutes an individual fish with colours
representing the probability of membership

to each cluster.
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plausible spatial driver of genetic variation, two analyses

were carried out, grouping the populations by (1) region:

West Chilo�e Island, North East Chilo�e Island (including

Reloncavi), Lake Ranco and Valdivia (Fig. 1), or (2) origin:

freshwater (Lake Ranco and Valdivia populations) versus

coastal (Chilo�e and Reloncavi populations).

Population structuring was further analysed taking into

account the spatial distribution of genotyped individuals

using tess 2.3.1 (Chen et al., 2007). We ran 100 replicates

per K (2–15) using an admixture model, 500 sweeps of

burn-in, and a running period of 2100 sweeps with the inter-

action parameter (Ψ) fixed at 0.6. The maximum number of

clusters (Kmax) was inferred from changes in the deviance

information criterion (DIC) (Spiegelhalter et al., 2002). The

results from the replicates were averaged using the software

clump (Jackobsson & Rosenberg, 2007) and the output was

represented using distruct 1.1 (Rosenberg, 2004).

Isolation by distance (IBD) among all populations, and

between coastal and freshwater groups, was estimated with a

Mantel test (10,000 permutations) on genetic distance mea-

sured by FST/(1�FST) and geographical distance (km) using

the zt software (Bonnet & Van de Peer, 2002). To identify

barriers to gene flow among A. zebra populations, we used

the Monmonier’s (1973) maximum difference algorithm

implemented in barrier 2.2 (Manni et al., 2004). Geograph-

ical coordinates for each sampling location were connected

by Delaunay triangulation and the analysis was conducted

using two matrices of genetic distance (Dest and FST,

described above). To assess the robustness of the barriers,

analyses were also run for 100 bootstrapped FST matrices and

for each microsatellite locus separately (Hemmer-Hansen

et al., 2007). Barriers supported by high bootstrap values

(> 65%) were ranked (I–IV) according to the number of loci

supporting them, strong support being inferred when more

than 10 loci supported the presence of a barrier.

We used approximate Bayesian computation (ABC)

implemented in diyabc 2.0.3 (Cornuet et al., 2008) to

reconstruct the potential colonization routes of A. zebra

using microsatellite data. We compared three simple coloni-

zation scenarios based on the mtDNA groupings (Chilo�e,

Lake Ranco, Valdivia and the Falklands). The potential sce-

narios involved a two-step colonization of Lake Ranco/Val-

divia and Chilo�e/Falklands (Scenario 1), a sequential

colonization of Lake Ranco, Valdivia and the Falklands (Sce-

nario 2) and the possibility of admixture between Valdivia

and Chilo�e (Scenario 3). Priors were considered to be uni-

formly distributed and we used the default settings for

mutation rates. We simulated 300,000 data sets per scenario

and considered the following summary statistics: mean num-

ber of alleles per locus, mean gene diversity, mean size vari-

ance, mean M ratio (the ratio between the number of alleles

and the range of allele sizes) within each population and

pairwise FST values between populations. Effective popula-

tion sizes were considered to vary between 10 and 100,000

for three Chilean populations and between 10 and 50,000

for the Falklands. Confidence in the scenario with the high-

est posterior probability was estimated by comparing simu-

lated and observed summary statistics, and by calculating

type I and II error rates (Cornuet et al., 2008).

Mitochondrial DNA (mtDNA) analysis: genetic

diversity and population structuring

For mtDNA, the number of haplotypes (h), haplotype diver-

sity (HD) and nucleotide diversity (p) were calculated in

DnaSP 5 (Librado & Rozas, 2009). AMOVA was conducted

in Arlequin to estimate population structuring, using the

same groups as for the microsatellite analyses.

Nonparametric Spearman’s rank correlations between

genetic diversity (microsatellite heterozygosity and allelic

Table 1 Characteristics and location of study rivers, sample size of Aplochiton zebra (n) in Chile, presence of different species and

relative abundance (CPUE, fish min�1 m�2) of native A. zebra and salmonids(*).

Watershed Code

River

name n Latitude Longitude

Elevation

(m) Origin Species present

CPUE

A. zebra Salmonids

West Chilo�e U28 N/A 22 �41.95 �74.02 10 Coastal AZ, AT 0.00151 0

U29 N/A 21 �41.96 �74.04 18 Coastal AZ 0.05786 0

East Chilo�e U17 N/A 20 �42.12 �73.48 10 Coastal AZ, GM, OM* 0.00040 0.0002

U20 N/A 26 �42.21 �73.40 9 Coastal AZ, GM, OM* 0.00108 0.0005

U33 N/A 25 �42.17 �73.48 4 Coastal AZ, AT, GM, OM*, SS* 0.00140 0.0022

U34 N/A 16 �42.11 �73.48 11 Coastal AZ, AT, BB, GM, OM* 0.00800 0.0010

Reloncav�ı RL Lenca 17 �41.61 �72.68 13 Pre-Andean AZ, GM, OM*, ST* 0.00110 0.0014

Valdivia REN Blanco 30 �39.91 �72.15 139 Andean AZ, OM*, ST* 0.00646 0.0068

RPU Punahue 21 �39.83 �72.04 195 Andean AZ, OM*, ST* 0.00137 0.0075

L. Ranco RPI Pitre~no 30 �40.33 �72.32 82 Central Valley AZ, GP, PT, TA, BA, CA, OM* 0.00774 0.0062

RQU Quiman 27 �40.11 �72.34 118 Central Valley AZ, GP, OM*, SS*, ST* 0.00135 0.0068

RFU Futangue 30 �40.33 �72.27 71 Central Valley AZ, GP, PT, OM* 0.00767 0.0007

RIC Iculpe 30 �40.32 �72.44 89 Central Valley AZ, GP, TA, PT, OM*, OT*, ST* 0.00933 0.0049

AZ, Aplochiton zebra; AT, Aplochiton taeniatus; GM, Galaxias maculatus; BB, Brachygalaxias bullocki; BA, Basilichthys australis; CA, Cheirodon

australe; TA, Trichomycterus areolatus; PT, Percichtys trucha; GP, Galaxias platei; OM, Oncorhynchus mykiss; ST, Salmo trutta; SS, Salmo salar;

OT, Oncorhynchus tshawytscha.
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richness, mtDNA haplotype and nucleotide diversity) of

A. zebra populations and salmonid abundance (as estimated

by CPUE) were carried out using spss 19 to test for potential

effects of salmonid presence on A. zebra genetic diversity.

RESULTS

Relative abundance (CPUE) of A. zebra and

salmonids

We found salmonids in all but two of the study rivers (U28

and U29; Table 1). The relative abundance of salmonids

(estimated by CPUE, fish min�1 m�2) ranged from 0 (West

Chilo�e) to 0.0075 (R. Punahue, Valdivia) and, as expected

for cold-water fishes, CPUE increased significantly with ele-

vation (Spearman’s rs = 0.718; P = 0.003). The relative abun-

dance of A. zebra was not correlated with elevation and was

highest in site U29, on the west coast of the island of Chilo�e,

an area free from fish farming and not yet invaded by salmo-

nids (Young et al., 2010).

Microsatellite genetic diversity and population

genetic structuring of A. zebra

Scoring repeatability was 94 � 6% on average (per allele).

No large allele drop outs were identified, although null alleles

were detected in two populations for markers Aze3 and

Aze11, and in five populations for Aze14. Aze14 was there-

fore excluded from further analyses. Microsatellites Aze6 and

Aze13 were in linkage disequilibrium in one of the 13 popu-

lations analysed (RPU, P = 0.00045). None of the markers

displayed evidence of being under selection. Significant devi-

ations from Hardy–Weinberg equilibrium were found for

microsatellite Aze9 in one population (U29, P = 0.0002) and

Aze14 in two populations (REN, RPU P = 0.0001), in both

cases due to an excess of homozygotes (see Appendix S1).

FIS was high for locus Aze4 in all populations (Appendix

S1), and was also excluded from analyses.

Inland and coastal populations did not differ in genetic

diversity (see Appendix S2; coastal: Ar = 9.03; Ho = 0.65;

Hs = 0.74 and inland: Ar = 8.93; Ho = 0.72; Hs = 0.76;

P = 0.393). Effective population size (Ne) estimated using

colony was generally low for A. zebra and ranged between

47 (RPU) and 127 (U29). Confidence intervals were very

wide, particularly those obtained by the LD method probably

due to small sample sizes (Table 2); we therefore only con-

sidered those confidence intervals obtained from colony for

further analyses. Neither genetic diversity, nor effective popu-

lation size (Ne), were significantly associated with elevation

(Spearman rank correlation P = 0.237). We found a negative

correlation between microsatellite genetic diversity of

A. zebra and the relative abundance of salmonids (He:

r = �0.48, P = 0.048; Ar: r = �0.52, P = 0.030). Only the

population with the lowest effective population size (RPU)

showed significant evidence of genetic bottleneck after strict

Bonferroni correction under the IAM model (P = 0.0012).

The genetic diversity of A. zebra in the Falkland Islands, esti-

mated by pooling samples from all populations (due to

limited numbers of individuals in local collections) was simi-

lar to that in Chile (n = 22, Ar = 7.5, He = 0.72,

Ho = 0.61).

Pairwise FST comparisons of population differentiation

ranged between 0 and 0.066 (see Appendix S3), and FST val-

ues showed a highly significant pattern of differentiation

(P < 0.001) among geographical regions (West Chilo�e, East

Chilo�e, Reloncavi, Valdivia and Lake Ranco) but non-signifi-

cant differences within them (Appendix S3). The only signifi-

cant FST within a region was between coastal populations

U33 and U20 on the East Coast of Chilo�e. Dest values ranged

between 0 and 0.264 and generally showed similar patterns

as FST, with low to zero values within regions and high dif-

ferentiation among regions (Appendix S1b).

AMOVA revealed that 4.6% of genetic variation could be

explained by differences among the four geographical regions

considered (FCT = 0.046; P < 0.001), 0.8% of variation was

explained by differences among populations within locations

(FSC = 0.008; P < 0.001) and 94.7% of variation was distrib-

uted within populations (FST = 0.054; P < 0.001). In con-

trast, dividing the populations into inland or coastal groups

only explained 1.97% of genetic variation between groups

(P = 0.01).

Individual assignment analysis (using tess) supported

regional genetic clusters with a most likely K = 4 (Fig. 1).

All populations displayed very uniform genotype clustering

except for sites U28 and U29 on the west coast of Chilo�e,

which were the populations with the highest degree of

admixture (average Q membership coefficients ranged

between 16% and 59%). The Mantel test revealed significant

patterns of isolation by distance (IBD) among all 13 A. zebra

populations in Chile (r = 0.490; P = 0.001; Fig. 2), and also

in coastal (r = 0.680; P = 0.002) and inland populations

(r = 0.860; P = 0.044) considered separately. Results from

Table 2 Effective population size (Ne) and 95% confidence

intervals estimated with colony (full likelihood score method)
and NeEstimator (linkage disequilibrium, LD method) for

populations with sample size (n) of at least 20 individuals and
based on 11 microsatellites.

colony NeEstimator

n Ne 0.05 0.95 Ne CI (Jackknife method)

U28 22 66 35 205 40.6 (22.7, 122.0)

U29 21 127 44 ∞ ∞ (78.6, ∞)

U17 20 84 37 ∞ ∞ (88.5, ∞)

U20 26 71 39 190 31.3 (19.3, 63.2)

U33 25 54 31 115 608.4 (68.5, ∞)

REN 30 83 47 173 172.2 (47.0, ∞)

RPU 21 47 25 129 49.3 (25.5, 223.5)

RPI 30 58 34 101 332.6 (85.3, ∞)

RQU 27 71 41 136 ∞ (102.0, ∞)

RFU 30 64 39 115 226.5 (60.7, ∞)

RIC 30 72 40 137 194.2 (64.5, ∞)
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barrier supported the population structuring identified by

tess. Two strong barriers were identified based on matrices

of pairwise FST and Dest differentiation: barrier I, which sepa-

rated inland from coastal populations and was supported by

10 of the 11 loci; and barrier II, which separated the two

freshwater drainages of Lake Ranco and Valdivia and was

supported by 9 of the 11 loci (Fig. 1, Appendix S2). Two

weaker barriers included barrier III, which separated East-

and West Chilo�e (supported by seven loci), and barrier IV

which separated River Lenca (coastal mainland) and Chilo�e

Island (supported by five loci), but these were not strongly

supported by pairwise FST values based on all loci combined.

The most likely colonization scenario identified by diyabc

was one where there was population mixture between Chilo�e

and Valdivia, followed by a more recent split of the

Falklands populations from Chilo�e (see Appendix S3,

scenario 3).

mtDNA diversity and population structuring of

A. zebra

The sequencing of 479 bp of the mtDNA 16S rDNA region

in 98 A. zebra revealed three parsimoniously informative

sites, one of which was a non-synonymous substitution

(A/G). Based on this difference, we identified four haplotypes

that could be included in either haplogroup 1 (base site

148 = G; H1 with n = 51 and H2 with n = 2) or haplogroup

2 (base site 148 = A; H3 with n = 2 and H4 with n = 43;

GenBank accession numbers: JF437635–JF437642). Haplo-

group 1 tended to be more common in inland populations

(Valdivia, L. Ranco) than haplogroup 2, which characterized

most of the coastal fish in Chilo�e and the Falklands individu-

als (Fig. 3, Table 3). Grouping populations according to

regional location indicated that West Chilo�e had the highest

genetic diversity (HD = 0.56, p = 0.001) and Valdivia the

lowest (HD = 0, p = 0; Table 3). For COI we had previously

identified six unique haplotypes defined by five mutations

amongst A. zebra (Vanhaecke et al., 2012b), the highest vari-

ability corresponding to East Chilo�e.

AMOVA by geographical region (West Chilo�e, East Chilo�e

and Reloncavi, Lake Ranco and Valdivia) using 16S rDNA

revealed that most (56.7%) of the genetic variation could be

explained by differences among regions (ΦCT = 0.567;

P < 0.001), 44.3% was explained by differences within popu-

lations (ΦST = 0.557; P < 0.001), while the amount of varia-

tion explained by differences among populations within

groups was negligible (i.e. high genetic uniformity within

regions; ΦSC = �0.023; P = 0.746). When populations were

divided into coastal and inland groups, genetic variation

between groups accounted for 54% (ΦCT = 0.539; P = 0.001),

differences within populations accounted for 35.9%

(ΦST = 0.641; P < 0.001) and 8% was explained by differences

among populations within groups (ΦSC = 0.219; P = 0.002).

For COI, 5.4% of genetic variation could be explained by

differences among groups (P = 0.04), 89% by differences

within populations (P < 0.001), and 5.5% by differences

among populations within groups (P = 0.102). When popu-

lations were divided into coastal and inland groups, genetic

variation between groups accounted for 6.2% (P = 0.001),

differences within populations accounted for 87%

(P < 0.001) and differences among populations within

groups accounted for 6.3% (P = 0.039).

In contrast to microsatellite diversity, we did not find a

significant correlation between relative salmonid abundance

and measures of A. zebra mtDNA diversity (haplotype diver-

sity: r = �0.54, P = 0.055; nucleotide diversity: r = �0.45,

P = 0.127).

Genetic diversity of Aplochiton taeniatus

Analysis of genetic diversity was carried out in those popula-

tions of A. taeniatus with sufficient sample size following

DNA barcoding and species identification: River Huicha

from Chilo�e (n = 28) and North Arms from East Falklands

(n = 30). Comparisons were performed using those nine mi-

crosatellites that were variable for both species (Vanhaecke

et al., 2012b). Allelic richness (Ar) of A. taeniatus in North

Arms (Ar = 2.8) was significantly lower than in Chilo�e

(Ar = 9.2, P = 0.016) although they did not differ signifi-

cantly in Ho (0.27 vs. 0.46, P = 0.11). In addition, A. taenia-

tus in the Falklands (but not in Chilo�e) displayed evidence

of a recent population bottleneck under the two mutation

models considered (IAM, P = 0.004; TPM, P = 0.019) and a

shifted allelic frequency distribution compared to the

expected L-shaped distribution as well as deviation from

Hardy–Weinberg equilibrium (P < 0.001). Estimates of effec-

tive population size of A. taeniatus were very low in the

Falklands (Ne = 26; 95% CI = 19–47) and low in Chilo�e

(Ne = 49; 95% CI = 29–100).
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Figure 2 Relationship between geographical distance (km) and

genetic distance (FST/1�FST) for 13 fish populations of
Aplochiton zebra in Chile (y = 0.0157 ln(x) � 0.0164,

R² = 0.462).
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DISCUSSION

Non-native salmonids are known to impact native galaxiids

by displacing, out-competing, and preying upon them (Aris-

mendi et al., 2009; Young et al., 2009; Garcia de Leaniz

et al., 2010). However, the potential genetic impact of salmo-

nids on galaxiids remains largely unknown (but see Van-

haecke et al., 2012a). Our estimates of relative salmonid

abundance in Chilean streams were similar to those of previ-

ous studies that found salmonids were absent in some coastal

rivers of Chilo�e and were most abundant in areas with

greater numbers of fish farms that could serve as sources for

invaders (Young et al., 2010; Consuegra et al., 2011; Mon-

z�on-Arg€uello et al., 2014b).

We used two types of molecular markers with different

rates of evolution and modes of inheritance to investigate

the drivers of population structuring in A. zebra: maternally

inherited mtDNA to provide information on historical

phylogeographical events (e.g. post-glacial colonization) and

biparentally inherited microsatellite loci to infer more recent

demographic events influencing patterns of genetic variability

(Emerson & Hewitt, 2005). Analyses of the mitochondrial

16S rDNA gene revealed weak population structuring (i.e.

high genetic uniformity) within A. zebra populations inhabit-

ing freshwater systems, which was unrelated to salmonid

presence, and low divergence between inland and coastal

populations, including the Falkland Islands. These, along

with our analyses of microsatellite variation, suggest that the

population structuring of A. zebra reflects the signature of

historical patterns of colonization since the LGM and current

geographical barriers. We also found a negative association

between microsatellite genetic diversity of A. zebra and esti-

mates of salmonid abundance, but not between mtDNA

diversity and salmonid presence. These results suggest that

any genetic impacts of salmonids upon Aplochiton must have

been relatively recent (indicated by microsatellite diversity),

and have yet to be reflected in changes in mtDNA diversity.

Unlike the case of the more abundant Galaxias maculatus,

whose genetic diversity appears to be unaffected by salmonid

abundance (Vanhaecke et al., 2012a), our results suggest that

invasive salmonids may have caused a decrease in the nuclear

genetic diversity of the endangered A. zebra; it is important

Valdivia

Falklands

W.  Chiloé

L. Ranco

RL

E.  Chiloé

Haplogroup 1
Haplogroup 2

Figure 3 Distribution of mitochondrial 16S
rDNA haplogroups of galaxiid fish

(Aplochiton zebra) in the sampling regions:
Valdivia, L. Ranco, West Chilo�e, East Chilo�e
(including Seno Reloncavi) and Falkland
Islands.
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to note, however, that sample sizes were small for some pop-

ulations, and that results were merely correlational; genetic

inferences, therefore, need to be made with caution. An

unknown variable related to both salmonid abundance and

microsatellite diversity in Aplochiton could also explain the

associations we observed.

Intraspecific mtDNA sequence divergence can be low in

fishes (Hubert et al., 2008), but in species such as Aplochiton

spp. with diadromous and resident life histories, long-term

isolation can cause substantial divergence between popula-

tions (McCusker & Bentzen, 2010; McDowall, 2010). We

found that one non-synonymous mutation separated coastal

from inland populations, with the exception of populations

on the west coast of Chilo�e that displayed a mixture of both.

The populations on Chilo�e also displayed the highest haplo-

type diversity for COI. Population structuring based on

mtDNA may reflect the pattern of colonization following the

LGM, when freshwater populations are thought to have

derived from coastal refugia. A similar pattern of low popu-

lation structuring has been observed for other diadromous

and marine species that retreated to marine refugia during

the LGM in this region (Fraser et al., 2010; Zemlak et al.,

2010). In contrast, freshwater species occupying recently de-

glaciated habitats display stronger divergence between sepa-

rate watersheds, reflecting the recolonization from discon-

nected freshwater refugia (Ruzzante et al., 2006; Unmack

et al., 2009).

Of all the populations examined, A. zebra displayed the

highest genetic diversity on the island of Chilo�e, suggesting

that this could have been a refugium for the species during

the LGM (approximately 20,000 to 10,000 yr bp), as it has

also been suggested for other diadromous and marine spe-

cies (Fraser et al., 2010; Zemlak et al., 2010). Recolonization

from coastal refugia and founder effects could explain the

lack of diversity in the most isolated population, such as the

Valdivian populations and the Falkland Islands. During the

LGM, the Patagonian Ice Sheet spread northwards from the

southern tip of Patagonia (54° S) to 38° S, and westwards

from the Andes mountains to the Pacific coastline (Cussac

et al., 2004); therefore, freshwater species could have

migrated from the Andes to the coast and from the south

to unglaciated coastal regions in the north, resulting in

A. zebra from coastal rivers in Chile and the Falkland

Islands sharing the same 16S rDNA haplotype. Surface mar-

ine currents in the southern coast of Chile move southwards

with the Cape Horn Current, around Tierra del Fuego and

reach the Atlantic Ocean where the Antarctic Circumpolar

Current and the Malvinas Current circumvent the Falkland

Islands (Kaiser et al., 2005). Such currents have been found

to be important dispersal pathways for Chilean seaweed

(Fraser et al., 2010), diadromous G. maculatus (Zemlak

et al., 2010) and Chinook salmon escaping from Chilean net

pens and entering the South Atlantic around Cape Horn

(Correa & Gross, 2008). Based on these lines of evidence, a

common origin for A. zebra in Chile and the Falkland

Islands is therefore plausible.

The low mtDNA diversity detected in Aplochiton spp. is

common among many freshwater fish, which typically dis-

play much lower diversity than marine fish (McCusker &

Bentzen, 2010). This would explain the genotypic uniformity

observed between the River Lenca (mainland Chile) and East

Chilo�e, connected by the Chilo�e Interior Sea, and also the

low genetic diversity observed at West Chilo�e. In contrast,

the strong genetic differentiation observed among landlocked

populations suggests that inland populations are less likely to

migrate to sea following their recolonization from marine

refugia, as observed in other species (Waters et al., 2010).

Microsatellite data also indicated highly significant popula-

tion structuring with four distinct clusters: (1) Valdivia, (2)

Lake Ranco, (3) East Chilo�e with the River Lenca (i.e. popu-

lations inhabiting coastal rivers draining into the Chilo�e Inte-

rior Sea), and (4) West Chilo�e (i.e. populations inhabiting

coastal rivers draining into the Pacific Ocean). This level of

regional genetic differentiation at microsatellite loci may

reflect currently limited gene flow among watersheds and is

supported by genetic barriers identified by barrier and IBD

patterns.

In summary, our study of A. zebra in Chile and the Falk-

lands indicates that the mtDNA diversity of this species

probably reflects the legacy of historical routes of recoloniza-

tion and migration, whereas the pattern of structuring found

at microsatellite loci probably reflects the influence of more

recent demographic and isolation processes in the region.

Our analysis also indicates that the genetic diversity of Aplo-

chiton may have decreased in those populations most affected

Table 3 Molecular diversity indices per population based on

mitochondrial 16S rDNA and COI genes calculated in Arlequin
[sample size (n), number of haplotypes (h), haplotype diversity

(HD) and nucleotide diversity (p)] for each river separately and
pooled by region.

River

16S rDNA COI

n h HD p n H HD p

U28 11 3 0.56 0.0013 10 1 0 0

U29 8 2 0.57 0.0012 9 1 0 0

U17 6 3 0.6 0.0014 15 5 0.79 0.0024

U20 5 1 0 0 14 3 0.39 0.0009

U33 5 2 0.4 0.0008 11 4 0.69 0.0018

U34 4 2 0.5 0.0010 7 2 0.29 0.0006

RL 10 2 0.36 0.0007 16 1 0 0

REN 10 1 0 0 30 3 0.25 0.0006

RPU 10 1 0 0 21 1 0 0

RPI 5 2 0.4 0.0008 24 1 0 0

RQU 5 2 0.4 0.0008 18 1 0 0

RFU 4 1 0 0 27 2 0.21

RIC 5 2 0.4 0.0008 19 1 0 0

Regions

West Chilo�e 19 3 0.56 0.0013 19 1 0 0

East Chilo�e

and RL

30 3 0.35 0.0008 63 5 0.49 0.0012

Valdivia 20 1 0 0 50 3 0.15 0.0003

Lake Ranco 19 3 0.29 0.0006 88 2 0.07 0.0001

Falkland Islands 10 1 0 0 23 1 0 0
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by salmonid encroachment, particularly in the case of A. tae-

niatus. Although the possibility of ascertainment bias cannot

be totally ruled out with current molecular markers used to

study Aplochiton spp., the observed low genetic diversity, and

the limited information available on their abundance and

distribution calls for a more detailed analysis of the conser-

vation status of A. zebra and A. taeniatus in the face of sal-

monid invasions.
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