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SUMMARY

1. D irect ecological effects of biological invasions have  been  w idely  d ocum en ted , b u t ind irec t 
genetic effects on  native  species are poorly  know n. In m an y  cases, th is is because of the  lack of 
in fo rm ation  on  the  genetic s truc tu re  of species affected by  invasions.
2. W e u sed  m icrosatellite  D N A  loci to  estim ate  the  genetic s tru c tu re  an d  gene flow  p a tte rn s  of 
Galaxias m aculatus, a galaxiid  fish endem ic to  the  so u th e rn  hem isphere , w hich  is increasing ly  being  
th rea ten ed  by  sa lm onid  invasions.
3. A nalysis of n ine d iad ro m o u s pop u la tio n s of G. m aculatus in  C hilean  Patagonia  (an area heavily  
im pacted  by  farm ing  of non-native salm onids) ind icates th a t d ispersa l is m ostly  a passive  process, 
seem ingly  d riv en  by  w in d  an d  cu rren ts an d  resu lting  in  h ig h  gene flow  an d  w eak  p o p u la tio n  
structu ring .
4. G ene flow  w as asym m etrical, w ith  th ree  po p u la tio n s acting  as sources an d  six popu la tio n s 
acting as sinks. Sinks h ad  low er h ab ita t quality  an d  h ad  a greater incidence of adu lts  th an  sources, 
w hich  consisted  m ostly  of juveniles.
5. R ivers in v ad ed  by  sa lm onid  escapees experienced  significantly  h igher aq u acu ltu re  p ressu re  
th an  rivers w here  sa lm onid  escapees w ere ap p aren tly  absent, b u t no effect on  genetic d iversity  of 
G. m aculatus could  be detected .
6. W e discuss w h e th e r sa lm onid  aq u acu ltu re  m igh t affect the d em o g rap h y  an d  connectiv ity  of 
galaxiid  m etapopu la tions: ind irectly  th ro u g h  h ab ita t alteration  an d  d irectly  th ro u g h  escapes of 
p red a to ry  fish.
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Introduction

Biological invasions represent one of the m ost im portant 
threats to aquatic biodiversity, particularly for freshwater 
fish that are the second-most endangered vertebrates after 
am phibians (Cambray, 2003). Aquatic invaders can alter 
ecological conditions through predation, competition or 
introduction of new  pathogens (Lodge, 1993), and these 
can have im portant evolutionary consequences for native 
species (Sakai et al., 2001; Sax et al., 2007).

H ybridisation and genetic introgression are the m ost 
commonly reported genetic consequences of invasions 
(Rhymer & Simberloff, 1996; Echelle & Echelle, 1997), and 
the ability of native fish to survive in the face of biological

invasions m ay depend strongly on dem ography, genetic 
structure and population diversity.

Galaxiids tend to dom inate the relatively im poverished 
fish fauna of the cool-temperate freshw ater systems of the 
southern hem isphere (McDowall, 2006). However, they 
are increasingly endangered by the introduction of exotic 
salm onids (McDowall, 2006; Garcia de Leaniz, Gajardo & 
Consuegra, 2010), which in Chile have become w idespread 
owing to the escape of an estim ated 4 million salm on and 
trou t from  fish farms each year (Arismendi et al., 2009). In 
Chilean Patagonia, exotic salm onids now  represent 95% of 
the total biomass in m any lakes and rivers (Soto et al., 
2006). The absence of large native predatory fish has 
resulted in low biotic resistance of native fish communities
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to salm onid invaders (Young et al., 2009, 2010). However, 
there is little or no inform ation on the conservation status 
of native galaxiids prior to salm onid introductions, and 
current know ledge is largely based on the abundance and 
distribution of species that are still poorly know n (Habit 
et al., 2010; Vanhaecke et al., 2012).

Galaxias maculatus (Jenyns, 1842) is a w idespread galax­
iid that has suffered major local declines in abundance in 
response to the spread of non-native poeciliids (Habit et al., 
2010), as well as salm onids (McDowall, 2006). Most 
populations of G. maculatus are diadrom ous and semelp- 
arous, m aking them  particularly sensitive to alterations in 
accessibility to spaw ning grounds and  perturbations of 
connectivity betw een populations (McDowall, 1996, 1998,
2006). As the larvae of G. maculatus disperse out to sea soon 
after hatching in estuarine banks (McDowall, Robertson & 
Saito, 1975; McDowall, 2006), ocean currents can be 
expected to affect the gene flow (Knutsen et al., 2007), 
either facilitating or ham pering population connectivity 
depending on hydrography and  spatial scale (Waters, 
Dijkstra & Wallis, 2000; Zemlak et al., 2010). In addition, 
because diadrom ous fishes are affected by m ultiple dis­
turbances across different spatial scales (McDowall, 1992), 
local differences in birth and  m ortality rates can give rise to 
source-sink dynam ics, w here negative population grow th 
at sinks is com pensated by im m igration from sources, 
either by active or by passive dispersal (Pulliam, 1988).

U nderstanding the connectivity patterns of native fishes 
is essential for predicting the likely genetic impacts of 
salm onid invasions in Patagonia and other areas of the 
southern hem isphere, as the effects of invasive salm onids 
may extend beyond individual waterbodies (Pilliod et al.,
2010) and  differ depending on propagule pressure and 
location of aquaculture facilities (Arism endi et al., 2009; 
Consuegra et al., 2011). We em ployed microsatellite m ark­
ers to analyse the genetic structure and  connectivity of nine 
diadrom ous populations of G. maculatus in the Gulf of 
Ancud, off Chiloé Island. Chiloé sustains the highest 
densities of open-net salm onid cages and  salm onid escap­
ees in Chile and possibly anyw here in the w orld (Muñoz, 
2006; Soto et al., 2006; Buschmann et al., 2009). C urrent 
declines in native fish fauna have been causally linked to 
the spread of invasive salm onids because of predation and 
resource com petition (McDowall, Allibone & C hadderton, 
2001; Glova, 2003; Townsend, 2003; Macchi, Pascual & 
Vigliano, 2007; Arism endi et al., 2009; Penaluna, Arism en­
di & Soto, 2009; Young et al., 2010), and we have recently 
show n that m any of these invaders originate from salm o­
nid farms nearby (Consuegra et al., 2011).

At the spatial scale of our study, tw o general dispersal 
scenarios were envisaged: (i) random  dispersal of G. mac­

ulatus w ith no hom ing, w hich w ould result in panm ixia 
and little or no genetic differentiation am ong rivers, and 
(ii) population structuring resulting from isolation by 
distance and genetic differentiation. We therefore ex­
pected different possible impacts of invasive salm onids, 
depending on the m ode of dispersal of G. maculatus. In 
particular, we predicted that if G. maculatus populations 
w ere strongly structured and show ed restricted dispersal, 
then (i) populations located closest to salm onid farms 
w ould have the lowest genetic diversity and effective 
population sizes as a consequence of direct impacts by 
salm onid escapees (predation an d /o r displacement) and 
(ii) gene flow w ould be restricted in those rivers most 
affected by salm onid farming. On the other hand, if 
G. maculatus d isplayed panm ixia and extensive dispersal, 
any im pact of fish farms as localised stressors w ould  be 
m uch reduced, as populations w ould exchange m igrants 
from affected and unaffected areas.

Methods

S tu d y  area and fish sam pling

W e em ployed single-pass electro-fishing (Smith-Root, Inc 
LR-24 Electrofisher, Vancouver, WA, USA) or fly fishing 
(one river) to sam ple G. maculatus in nine streams on the 
north-east of the Island of Chiloé and the Reloncavi inner 
sea during 2007-2009 (Fig. 1). We concentrated our 
sam pling in the lower 30- to 350-m reaches of the study 
stream s, as these will often represent the m ain invasion 
routes for aquaculture escapees (Young et al., 2010; Con­
suegra et al., 2011). All fish were identified to species, total 
length (mm) and weight (g) were recorded, and  fin clips 
w ere collected for at least 28 G. maculatus per site and 
kept in 95% ethanol for subsequent analyses. Galaxias 
maculatus were classified as juveniles or adults according 
to pigm entation (translucent for juveniles, pigm ented for 
adults) and the m odes of a size frequency distribution of 
1418 fish; these results confirmed the 50- to 55-mm-size 
cut-off for juvenile-to-adult transition found in other 
regions (McDowall, 2006). At each sam pling site, we 
estim ated the relative abundance of fines in the stream  
substratum  and the percentage of substratum  covered by 
subm erged vegetation (Young et al., 2010), as these have 
been show n to be im portant determ inants of habitat 
quality and survival of G. maculatus and  other galaxiids 
(Young et al., 2010; Hickford & Schiel, 2011). Differences 
in silt and  subm erged vegetation am ong rivers were 
tested by M ann-W hitney tests, and  fish abundance and 
tem poral changes in size were com pared using Fisher's 
exact tests and a n o v a ,  respectively. All statistical tests
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Fig. 1 M ap of the Gulf of A ncud (Chiloé Interior Sea) show ing the 
location of salm onid farm s (dots) and Galaxias maculatus populations 
acting as genetic sources (river codes underlined, n  = 3) and genetic 
sinks (river codes in norm al typeface, n = 6) according to the direc­
tion and m agnitude of gene flow.

w ere carried out in s y s t a t  v .l l  (Systat Software Inc., 
London, UK).

M icrosatellite genotyping

Genomic DNA was isolated using the W izard SV96 
Genomic Purification kit (Promega, Southam pton, UK). 
All sam ples were am plified for ten microsatellite loci in 
tw o m ultiplex reactions of five microsatellites each: (i) 
Gmac4, Gmac6, Gmac8, Gmac9, GmaclO and (ii) G m acl, 
Gmac2, Gmac3, Gmac5, Gmac7 (Carrea et al., 2009) using 
the Qiagen M ultiplex Kit (Qiagen, Crawley, W est Sussex, 
UK). PCR products were resolved on an ABI3130xI 
sequencer (Applied Biosystems, Paisley, UK) and analy­
sed using G e n e M a p p e r  v  4.0 (Applied Biosystems). A 
m inim um  of 44 individuals were rescored for all loci in 
order to estim ate the repeatability of scoring. All micro- 
satellite loci w ere exam ined for potential errors in geno­
typing (null alleles, allele dropout and false alleles) using 
MICRO-CHECKER (Van Oosterhout et a l ,  2004).

Genetic diversity and effective population size analyses

Linkage disequilibrium  betw een microsatellite loci was 
com puted using g e n e p o p  (Raymond & Rousset, 1995),
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and all m arkers were tested for neutrality using the Fdist2 
m ethod im plem ented in l o s i t a n  (Antao et al., 2008) 
under the stepwise m utation m odel (SMM) (Valdes, Slatkin 
& Freimer, 1993). Tests for H ardy-W einberg equilibrium  
were conducted using t f p g a  v . 1.3 (Miller, 1997), and 
levels of significance w ere adjusted by sequential Bonfer- 
roni correction for m ultiple tests (Rice, 1989). We also used 
t f p g a  to estimate the allele diversity, as well as observed 
and expected heterozygosities (H0, H e). Allelic richness 
(Ar ) was calculated by f s t a t  v .2 .9 .3 .2  (Goudet, 1995), with 
a m inim um  sam ple size of five individuals per locus. 
Pairwise genetic distances FST and  Dest (Jost, 2008) were 
calculated in f s t a t  (10 000 perm utations) and s m o g d  

(Crawford, 2010), respectively. Pairwise allelic differences 
betw een populations were calculated by g e n e p o p  using 
10 000 iterations. Differences in heterozygosity, allelic 
richness and N e betw een groups were estim ated w ith a 
two-sam ple f-test, and the probability was estim ated using 
1000 bootstrapping iterations in s y s t a t  11.

We used two different m ethods to estimate the effective 
population size (Ne) of G. maculatus populations, as our 
data w ere based on a single tem poral sam ple per 
population. O ur first N e estimate was based on the full- 
likelihood sibship m odel im plem ented in C O L O N Y 2 ,  

which assum es a polygam ous breeding system  w ithout 
prior inform ation (Wang, 2009). A second estimate of N e 
was obtained w ith an approxim ate Bayesian approach 
im plem ented in ONeSAMP (Tallmon et al., 2008) w ith a 
prior of N e max = 500. The tw o approaches ( c o l o n y 2 

and ONeSAMP) had been show n to produce the most 
reliable results in a com parison of different m ethods using 
similar sam ple sizes and num ber of m arkers as in our 
study  (Beebee, 2009).

N um ber of m igrants per generation (Nem) were 
estim ated betw een all pairs of populations using micro­
satellites by the m axim um -likelihood approach im ple­
m ented in m i g r a t e  v.3.0.3 (Beerli & Felsenstein, 1999) 
w ith 20 short chains, two long chains and four chains 
under a heating scheme w ith tem peratures 1.00,1.20,1.50, 
3.00 (Hem m er-Hansen et al., 2007). The results of two 
independent runs of the data set were congruent. M igra­
tion rates were also estim ated betw een the regions (Chiloé 
Island and Seno Reloncaví), pooling the populations 
w ithin each region in order to reduce the num ber of 
param eters estim ated in the model.

Populations w ere tested for recent bottlenecks using 
b o t t l e n e c k  v .l.2.02 (Piry, Luikart & Cornuet, 1999) and 
for recent expansion using the k  test (within locus) (Reich 
& Goldstein, 1998) im plem ented in k g t e s t s  (Bilgil, 2007). 
Significances of the k  test values were determ ined by the 
proportion of loci giving a positive k  value using a
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one-tailed binom ial distribution (Reich, Feldm an & Gold­
stein, 1999).

Population structuring

We used p o w s i m  (Ryman & Palm, 2006) to assess the 
statistical pow er of our tests for genetic homogeneity. 
Genetic structuring was exam ined using the hierarchical 
analysis of m olecular variance ( a m o v a )  im plem ented in 
a r l e q u i n ,  using Seno Reloncaví versus Chiloé as 
regional groups and significance derived from 10 000 
perm utations. To examine the extent of isolation by 
distance (IBD) am ong study  populations, we regressed 
genetic distance -  m easured as FST/(1  -  PST) -  on geo­
graphical distance using i b d w s  v .3 .16  and  conducted 
10 000 iterations to derive significance values.

W e also estim ated the m ost likely num ber of genetically 
hom ogeneous groups or genetic clusters (K) using t e s s  

2.3.1 (François, Ancelet & Guillot, 2006). We used the 
adm ixture m odel and  ran  100 replicates for each K  
betw een 2 and 9. The m axim um  num ber of clusters (K 
max) was inferred from the Deviance Information Crite­
rion (DIC) (Spiegelhalter et al., 2002). Results from the 20 
lowest DIC replicates were averaged and represented 
using D i S T R U C T  1.1 (Rosenberg, 2004).

Propagule pressure from  salm onid aquaculture

Coordinates of each sam pling site w ere obtained using a 
GPS (GARMIN Colorado™ Series), while coordinates of 
each of the registered salm onid farms in the study area 
were obtained from official sources (Departm ent of 
Aquaculture, SUBPESCA, September 2008), from the 
Chilean A quaculture Farm G uide (4th Edition 2001, La

Tene M aps, h ttp ://w w w .la tenem aps.com ) and  from Go­
ogle Earth (Fig. 1). Salmonid escapees cannot always be 
distinguished visually from naturalised salm onids in 
Chile (Schröder & Garcia de Leaniz, 2011; Consuegra 
et al., 2011), as some fish m ay escape at a young age or 
m ay display plastic phenotypes. We used therefore an 
index of aquaculture propagule pressure to estimate the 
likely im pact of salm onid escapees on G. maculatus pop­
ulations. We assum ed that rivers closer to salm onid farms 
w ere m ore likely to be im pacted than those further away, 
bu t the form of this spatial relationship was unknow n. 
Consequently, we calculated two indices of salm onid 
propagule pressure based on the cum ulative w eighted 
distance (if) from each sam pling site to every salm onid 
farm  w ithin a 50-km radius using m a t l a b  (The Math- 
W orks, Natick, MA, U.S.A.): one w ith a weighting that 
declined linearly w ith distance (ElAt) and  one w ith a 
w eighting that declined w ith distance squared (Xl/rf2), 
thus relating aquaculture propagule pressure to an area of 
influence around each salm onid farm.

There are no data on the movem ents of salm onid 
escapees in Chile, bu t results from N orw ay indicate that 
salm onids can travel up  to 25-40 km  w ithin a week after 
escaping from fish farms (Skilbrei & W ennevik, 2006); 
hence, our choice of a 50-km radius seems justified. The 
influence of salm onid fish farms on genetic diversity and 
population structuring of G. maculatus was then assessed 
by exam ining the strength of the nonparam etric Spear­
m an 's rank correlation coefficient (rho) betw een genetic 
diversity, num ber of m igrants per generation (H0, Ar, N e 
and Nem) and  aquaculture propagule pressure, as calcu­
lated above.

Salmonid CPUE (catch per unit effort) was estim ated as 
a m easure of relative abundance, taking into account

Table 1 The study  rivers and their sam ple sizes of Galaxias maculatus (N), salm onid catch per un it effort (fish/m in) and estim ated salm onid 
aquaculture propagule pressure based on linear (21/d) or random  diffusion (Z l/d 2) distance m odels to each salm onid farm  w ithin a 50-km 
radius

River A rea Code Latitude Longitude N
Salmonid
CPUE

Propagule pressure

Z (l/d ) 21(1/ d 2)

Pte. Metri Seno Reloncaví RCA -41.588 -72.701 30 0.96 4.67 1.09
R. Lenca Seno Reloncaví RL -41.606 -72.683 30 0.85* 4.30 0.40
R. Chaica Seno Reloncaví RCZ -41.616 -72.658 33 0.17f 4.19 0.29
R. A ucar Chiloé Island RAU -42.167 -73.483 28 2.14 5.67 0.58
R. U nnam ed 9 Chiloé Island U9 -41.832 -73.508 35 0.00 3.17 0.31
Pte. M aquina Chiloé Island RUM -41.883 -73.532 29 0.00 4.14 1.61
Pte. Huenopoicohue Chiloé Island RUA -41.900 -73.542 50 0.00 3.40 0.42
Pte. H uelden Chiloé Island RUH -41.899 -73.536 50 0.00 3.52 0.46
Pte. M etrenquen Chiloé Island U56A -41.974 -73.518 50 0.00 3.93 0.68

*Fly fishing. 
fM inim um  estimate.
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effective fishing effort (minutes). Salmonids were not 
detected in five rivers on the north-east coast of Chiloé 
Island (Table 1; Young et al., 2010). H 0, Ar and  N e were 
com pared betw een populations w ith and  w ithout salm o­
nids using M ann-W hitney nonparam etric tests im ple­
m ented in s y s t a t  v. 1 1 .

Results

Genetic diversity

Repeatability of allele scoring was high for all loci 
(average 94.8%). Eight populations show ed evidence of 
significant deviations from  H ardy-W einberg (HW) equi­
librium  at one to three loci after Bonferroni correction 
(Supplem entary inform ation, Table SI), in all cases 
because of the deficiency of heterozygotes. We found no 
evidence of allele dropouts or scoring errors owing to 
stu tter peaks. H owever, results from m i c r o c h e c k e r  

indicated that one of the microsatellites show ed evidence 
of null alleles in six of nine populations (Gmac 7). 
Evidence of null alleles was also found for Gmac 5, Gmac 
6 and Gmac 2, albeit only in one population (Gmac 6, Van 
O osterhout value = 0.21; Gmac 2, Van Oosterhout va­
lue = 0.20) and tw o populations (Gmac 5 Van Oosterhout 
values = 0.22-0.24). Evidence of selection was found for 
tw o microsatellites (Gmac 4 and Gmac 7), and  these were 
excluded from further analyses. Analyses of genetic 
differentiation, genetic variation and m igration estimates 
w ere carried w ith and w ithout loci that presented HW  
deviations in some of the populations (Gmac 3, Gmac 5 
and  Gmac 6), bu t as the results d id  not change the 
direction or significance of the results, we included them.

Analysis of linkage disequilibrium  was significant in 
only 6% of a total of 424 pairw ise com parisons (between 
loci and populations, data not shown). O ur sim ulations 
using POWSIM estim ated that we had  pow er of at least 
0.99 to reject the null hypothesis of no differentiation w ith 
an Fsx = 0.0025 under different scenarios of N e and 
num ber of generations of drift (f). Com parisons between 
populations from Seno Reloncaví and  populations from 
Chiloé show ed no significant difference in either allelic 
richness (range = 6.37-6.86, P = 0.61) or heterozygosity 
(range = 0.66-0.73, P = 0.19).

Estimates o f effective population size, bottlenecks and  
signatures o f expansion

Estimates of contem porary effective population size (Ne) of 
G. maculatus were sim ilar betw een m ethods. Effective 
population sizes com puted by ONeSAMP were in general

© 2012 Blackwell Publishing Ltd, Freshwater Biology, 57, 1241-1252

Table 2 Effective population  size (Ne) and 95% confidence intervals 
estim ated w ith ONeSAMP (Bayesian m ethod). See Table 1 for 
explanation of population codes

Population N

ONeSAMP (Ne max = 500) 

N e 0.05 0.95

RCA 30 16 14 18
RL 30 17 13 22
RCZ 33 289 192 465
RAU 28 294 170 620
U9 35 54 41 71
RUM 29 16 14 19
RUA 50 296 225 403
RUH 50 20 18 21
U56A 50 53 45 64

low for all populations, ranging from 16 to 296 (Table 2). 
Estimates of effective population size by the sibship m ethod 
im plem ented in COLONY2 also indicated low to m oderate 
effective population sizes (range 62-138, data not shown).

We did  not find a significant evidence of recent 
bottlenecks in any of the populations (results not shown). 
We found evidence of recent expansion in five popula­
tions using the k  test (RCZ, RUA, RUH and  U56, P = 0.03; 
U9 P = 0.003).

Population structuring

Exact tests of genetic differentiation betw een juveniles 
and adults from the same population were not signifi­
cantly different (P = 1.000) and  were therefore pooled for 
analyses. After Bonferroni correction, 11 of 36 pairw ise 
com parisons (31%) revealed significant differences in 
allelic frequencies am ong populations (data not shown). 
Overall population differentiation estim ated by microsat­
ellites was low (Fs t  = 0.0023) bu t significantly different 
from random  expectations (P =  0.0001). Pairwise F s t  

com parisons betw een all populations ranged between 
0.0002 and  0.007 (Table 3). Dest values were also low and 
generally show ed the sam e pattern  of population differ­
entiation as F s t  (Spearm an's rank correlation coefficient, 
p = 0.7257, n = 36, P < 0.0001; Table 3). We found a 
significant pattern of increasing genetic differentiation 
w ith geographical distance (Mantel test: z = 5.3157, 
r = 0.458, P = 0.005) and  a significant positive correlation 
betw een the num ber of im m igrants and  river latitude 
(r = 0.793, P = 0.011), bu t genetic diversity was not corre­
lated w ith latitude (He, P = 0.139; Ar, P = 0.807).

A M O V A  analyses of populations grouped geographi­
cally (Seno Reloncaví versus Chiloé) indicated that 0.15% 
of variation was attributable to differences am ong geo­
graphical groups (P = 0.003), 0.28% of variation was
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Table 3 Pairwise estim ates of genetic distances (below diagonal FST, above diagonal Dest) betw een nine populations of Galaxias maculatus in 
Chilean Patagonia, calculated using FSTAT and s m o g d  based on eight m icrosatellite loci. Value in  boldface is significant at P < 0.001

RCA RL RCZ RAU U9 RUM RUA RUH U56A

RCA - -0.0007 0.0035 0.0138 0.0355 0.0335 0.0479 0.0271 0.0370
RL 0.0000 - 0.0017 0.0459 0.0523 0.0000 0.0099 0.0317 0.0163
RCZ 0.0019 0.0000 - 0.0899 0.0491 0.0287 0.0454 0.0304 0.0504
RAU 0.0000 0.0014 0.0080 - 0.0259 0.0043 0.0454 0.0457 0.0083
U9 0.0041 0.0025 0.0048 0.0007 - 0.0106 0.0299 0.0079 0.0027
RUM 0.0036 0.0026 0.0007 0.0008 0.0005 - 0.0026 0.0070 0.0117
RUA 0.0044 0.0011 0.0067 0.0025 0.0004 0.0000 - 0.0075 0.0456
RUH 0.0037 0.0016 0.0039 0.0050 0.0001 0.0000 0.0001 - 0.0385
U56A 0.0041 0.0036 0.0040 0.0000 0.0015 0.0037 0.0045 0.0054 -

attributable to differences am ong populations between 
groups (P = 0.017) and  99% of genetic variation was 
attributable to differences am ong individuals w ithin 
groups. Results from TESS indicated that there was no 
population structuring. Analyses w ith K  = 2 resulted in 
adm ixture values different from 50/50 in 98% of cases, 
w ith q values ranging betw een 0.01 and  0.91 represented 
in variable proportions w ithin each sam pling group.

Gene flozu and metapopulation dynamics

The num ber of im m igrants per generation estim ated using 
microsatellites ranged from 0.4 to 23.4 betw een popula­
tions, while the num ber of em igrants ranged from 0.5 to 
41.3 (Table 4). The resulting net m igration patterns were 
therefore asymmetric, w ith six populations acting as sinks 
and  three populations acting as sources. Taken together, 
populations in the Island of Chiloé donated m ore fish than 
they received, while populations in m ainland Chile (Seno

Reloncaví) received m ore fish than they donated. These 
results were fully congruent w ith the estimates of m igra­
tion w hen populations from each geographical area were 
pooled [average m igration from Seno Reloncaví to Chil­
oé = 19 (range 30-75) and  average m igration from Chiloé 
to Seno Reloncaví = 56 (range 0-40)].

Source and  sink populations of G. maculatus differed 
greatly in average body size and  in the juvenile-to-adult 
ratio. During M arch-A pril (just before the onset of the 
spaw ning season of the species in this part of Chile, 
M ardones, Vega & Encina, 2008), sink populations had an 
average size of 70.3 m m  (SE = 0.62) and  were com posed 
m ostly of adults (96%). In contrast, source populations 
had an average size of 55.9 m m  (SE = 0.47) and  were 
com posed mostly of juveniles (55%, Fig. 2). Thus, the 
relative abundance of juveniles and  adults differed 
significantly betw een sinks and  sources (Fisher's exact 
test P < 0.001). Body size was significantly greater in sink 
than in source populations (fi,56o = 213.74, P < 0.001) and

Table 4 N um ber of m igrants per generation am ong the nine study  populations of Galaxias maculatus estim ated using  MIGRATE. Sources and 
sinks were estim ated according to the net exchange of m igrants for each population. Taken together, Chiloé populations acted as a net source 
(average em igrants-im m igrants = 2.35) and populations in m ainland Chile (Seno Reloncavii acted as a net sink (average em igrants-im m i- 
grants = -4.7)

Seno Reloncaví Chiloé

Donor RCA RL RCZ RAU U9 RUM RUA RUH U56A Total

Recipient
RCA * 1.3 1.6 3.3 3.5 5.8 19.7 25.2 12.1 72.50
RL 0.74 * 0.78 4.72 4.32 19.35 17.41 13.57 25.90 86.79
RCZ 0.92 1.08 * 8.91 13.31 5.42 24.32 41.33 5.31 100.60
RAU 13.43 8.10 1.07 * 3.74 1.60 13.13 7.42 2.26 50.75
U9 11.99 15.13 12.03 3.09 * 1.10 4.31 2.19 5.91 55.75
RUM 15.63 5.00 18.95 0.89 2.56 * 1.22 1.03 1.86 47.14
RUA 9.41 11.89 11.09 8.34 1.14 0.94 * 0.52 2.57 45.90
RUH 15.69 16.75 23.35 8.26 3.01 0.60 0.45 * 2.60 70.71
U56A 12.22 16.68 20.97 4.71 3.31 1.98 2.59 3.99 * 66.45
Total 80.03 75.93 89.84 42.22 34.89 36.79 83.13 95.25 58.51
Type Source Sink Sink Sink Sink Sink Source Source Sink
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100

40

Sink Source

Fig.  2 Differences in body size (total length, mm) of source (n = 3) 
and sink (n = 6) populations of Galaxias maculatus in the s tudy  region. 
Dotted line indicates 55-mm size threshold for juvenile-to-adult 
transition.

increased significantly over time in sources, while it 
decreased significantly over time in sinks (m onth X type 
interaction Fii56o = 61.06, P < 0.001), consistent w ith an 
em igration of young-of-the-year from sources to sinks.

Silt was m uch more abundant in the substratum  of 
rivers that acted as genetic sinks (mean = 46.8%, 
SE = 15.33) than in the substratum  of rivers that acted as 
genetic sources (mean = 1.7%, SE = 1.67; M ann-W hitney 
P = 0.035), while the extent of subm erged vegetation did  
not differ significantly betw een sites (source = 16.7%, 
SE = 7.27; sink = 12.5%, SE = 5.74%; M ann-W hitney 
P = 0.500).

A quaculture propagule pressure

Data on salm onid production of individual farms are 
confidential and not readily available, bu t m ean farm  area 
(a surrogate for production) was found to be 5052 m 2 
(SE = 630.6) and  not different am ong sites ( f 2,15 = 0.368, 
P = 0.686). We used the w eighted distance to salm onid 
fish farms as a proxy for aquaculture pressure, since all 
study  rivers were potentially accessible to salm onid 
escapees. In total, we found 378 registered salm onid 
farms in the Chiloé Interior Sea. Salmonids were captured 
in relatively high abundances in four of the study  rivers 
(Table 1). These included 117- to 480-mm rainbow  trout 
(Oncorhynchyns mykiss W albaum , four rivers) and  41- to 
126-mm Atlantic salm on (Salmo salar Linnaeus; two 
rivers), w hich had  phenotypes consistent w ith escapes 
from aquaculture facilities, as well as 72- to 280-mm 
resident (naturalised) brow n trout (Salmo trutta Linnaeus;

© 2012 Blackwell Publishing Ltd, Freshwater Biology, 57, 1241-1252

three rivers). The three salm onid species therefore 
included individuals well above the m inim um  100-mm 
size threshold for piscivory in this part of Chile (Aris­
m endi et al., 2009) and  therefore represented a predation 
threat for G. maculatus, particularly in the case of anad- 
rom ous rainbow trout escapees, w hich were present in all 
four rivers.

Rivers invaded by salm onids experienced significantly 
higher aquaculture propagule pressure than rivers w here 
salm onids were absent (M ann-W hitney test, P = 0.015; 
Table 1) according to a linear distance m odel (E l/d ), but 
had sim ilar values w hen the square distance model 
(E l/d 2) was used (P = 0.624; Table 1). These results 
indicate that our approxim ation of salm onid propagule 
pressure under the linear distance m odel (d) is a good 
predictor of the presence of salm onid escapees in streams 
inhabited by G. maculatus in the region. We found no 
significant effect of propagule pressure on any of the 
m easurem ents of genetic diversity (Ar: p = -0.005,
P = 0.989; H 0: p = -0.341, P = 0.368; N e: p = -0.199, 
P = 0.608). In addition, there w ere no differences in 
genetic diversity or num ber of m igrants betw een rivers 
w ith and w ithout salm onids (Ar: M ann-W hitney
U = 15.000, P = 0.221; H 0: U  = 12.000, P = 0.624; N e: 
U = 10.500, P = 0.902; M: U = 7.000, P = 0.462). Salmonids 
were absent in four of the five populations of G. maculatus, 
which gave a signal of expansion, and w ere present in 
three of the four non-expanding populations, bu t the 
results are not significant (Fisher's exact test, one-tailed 
P = 0.103).

Discussion

O ur results indicate that despite the existence of high 
levels of gene flow, we can reject the hypothesis of 
panm ixia in nine populations of G. maculatus in Chilean 
Patagonia. Instead, we found low but significant spatial 
genetic structuring and  isolation by distance at a regional 
scale, more consistent w ith a m etapopulation m odel and 
w ith sea currents probably playing a role in shaping the 
intensity and  direction of gene flow. Thus, the observed 
latitudinal cline in the num ber of m igrants suggests that 
larval dispersal is predom inantly northw ards, reflecting 
the prevailing w ind regimes and  tidal currents in the area 
(Cáceres, Valle-Levinson & Atkinson, 2003; Bustos, Lan- 
daeta & Balbotin, 2008). H igh gene flow can help prevent 
the loss of genetic diversity am ong diadrom ous G. mac- 
idatus in the short term  (Ruokonen et al., 2010). However, 
given the im portance that dispersal has for the evolution­
ary history of this species (Waters et al., 2000), a d isrup­
tion of connectivity could have long-term  fitness
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consequences. Population connectivity can be critical for 
the persistence of sinks, w hich rely on an adequate 
im m igration from source populations (Taylor et al., 1993), 
and  m ay contribute disproportionally to the overall 
effective size of m etapopulations am ong m igratory fish 
(Kuparinen et al., 2010).

The high levels of gene flow detected am ong diadro­
m ous populations of G. maculatus in our study  could have 
been overestim ated by the relatively small num ber of 
microsatellite loci used, bu t sim ulations indicated that the 
m arkers em ployed had enough statistical pow er to detect 
population structuring at the observed level of Fsx 
differentiation. Also, recalculation of Fst estimates w ith­
out the three loci that show ed high heterozygote defi­
ciency yielded the same results and d id  not affect the 
m agnitude and direction of gene flow estimates (data not 
shown). These results are also consistent w ith previous 
estimates for this species that have suggested m oderate to 
high levels of gene flow betw een rivers, and some 
structuring am ong populations (Barker & Lambert, 1988; 
W aters et al., 2000). O ur Fst values were also broadly 
sim ilar to those estim ated by others using isozymes and 
m tDNA for diadrom ous populations of G. maculatus 
sam pled at sim ilar geographical scales (Fst = 0.02-0.14), 
whereas higher values have been reported for landlocked 
populations (Fst = 0.188; Zattara & Premoli, 2005). The 
relatively high genetic structuring observed am ong non- 
m igratory populations of G. maculatus contrasts w ith the 
high levels of gene flow observed am ong diadrom ous 
populations and  is in agreem ent w ith levels of phenotypic 
variation for this species across the southern hem isphere 
(McDowall, 2002). It is possible that further differentiation 
of diadrom ous G. maculatus populations m ight be uncov­
ered w ith m arkers under selection (such as Gmac 4 w ith a 
global Fsx = 0.05 in our study), as long as selection 
pressures rem ain tem porally stable (Andre et al., 2010), 
because loci under selection can display high levels of 
differentiation in m arine species, even w hen neutral 
m arkers suggest very low variability (White, Stamford & 
Hoelzel, 2010).

In species w ith m arine larval dispersal, such as G. mac­
ulatus, source-sink dynam ics depend  on both dem ogra­
phy and connectivity (Figueira, 2009), bu t uncovering 
m etapopulation structure is challenging because m arking 
and  recapture of small larvae is difficult. Instead, we used 
molecular m arkers to infer the degree of connectivity 
am ong populations and  to distinguish likely sinks from 
sources. Gene flow am ong G. maculatus populations was 
asymmetrical, w ith three populations acting as genetic 
sources and  six populations acting as genetic sinks. Sinks 
had  lower habitat quality (as inferred from silt deposition)

and w ere com posed m ostly of adult fish, while sources 
had less silt and were dom inated by juveniles. We have 
show n previously that connectivity estimates of m igratory 
fish based on gene flow tend to produce results congruent 
w ith dispersal estimates based on physical m arking 
(Consuegra et al., 2005; Consuegra & Garcia de Leániz,
2007), and  we are therefore confident that our molecular 
identification of m igration patterns in diadrom ous G. mac­
ulatus is sound. Thus, although our results m ust be 
interpreted w ith caution, given that not all existing 
populations in the region could be sam pled, they provide 
a general approxim ation to the dispersal of G. maculatus in 
the area.

The existence of a significant interaction betw een m onth 
of capture and body size (with fish getting larger over time 
in sources, but smaller in sinks) reveals the interplay of 
different dem ographic processes in sinks and  sources and 
is consistent w ith a net em igration of juveniles from 
sources in Chiloé Island into sinks in m ainland Chile (Seno 
Reloncaví). This, along w ith results of individual assign­
m ent, adds support to the hypothesis that larval dispersal 
of G. maculatus in this area is in a northw ardly direction 
and that this gives rise to w eak structuring at the regional 
scale. Genetic differentiation of G. maculatus inhabiting 
these Patagonian rivers therefore seems to be explained 
largely by passive larval dispersal in relation to w ind and 
currents, while dem ographic data w ould seem to support 
m etapopulation inferences based on genetic connectivity 
alone. In this sense, our results are indicative of better 
grow th of G. maculatus in sources, as well as of em igration 
of juveniles into sinks, although more data are needed to 
draw  firm conclusions. Identification of sinks and  sources 
is essential for efficient conservation of populations inter­
connected by high levels of gene flow (Cooper & Mangel, 
1999), and further research w ould benefit from inform a­
tion on per capita reproductive rates of different subpop­
ulations, as well as from knowledge on tem poral stability 
of genetic and dem ographic param eters.

Predation by invasive species can result in the frag­
m entation of fish prey populations, particularly for 
m igratory fish that m ove at different spatial scales during 
ontogeny (Labbe & Fausch, 2000). Predation and  habitat 
disturbance have recently been show n to alter source-sink 
dynam ics of native galaxiids in N ew  Zealand, creating 
new  dem ographic sinks that can make galaxiid popula­
tions m ore vulnerable to extinction (W oodford & McIn­
tosh, 2010; Hickford & Schiel, 2011). An inverse 
association has been found previously betw een salm onid 
abundance and  abundance of native fishes (including 
G. maculatus) in Patagonia (Soto, Jara & M oreno, 2001; 
Soto et al., 2006; A rism endi et al., 2009) and N ew  Zealand

© 2012 Blackwell Publishing Ltd, Freshwater Biology, 57, 1241-1252
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(Townsend, 1996). As salm onid escapees cannot always 
be identified phenotypically from naturalised (estab­
lished) salm onids (Schröder & Garcia de Leaniz, 2011; 
Consuegra et al., 2011), we used the w eighted distance to 
salm onid fish farms as a proxy for salm onid propagule 
pressure. Salmonid propagule pressure was found re­
cently to be a good predictor of relative abundance of non­
native salm onids in a Patagonian lake (Arism endi et al., 
2009), and  it was also a good indicator of the presence of 
salm onid escapees in the study stream s (Consuegra et al.,
2011). However, although all the G. maculatus populations 
studied  tended to have relatively small effective popula­
tion size (Ne), we failed to detect any reductions in genetic 
diversity, effective population size or num ber of m igrants 
that could be attributed to variation in salm onid propa­
gule pressure or to the presence of salm onids in the study 
rivers.

There m ay be several reasons for this. First, it is possible 
that the im pact of salm onid escapees m ay have been too 
recent (c. 30 years) or too w eak to cause genetic changes 
upon native galaxiid species, particularly since the detec­
tion of tem poral genetic shifts is ham pered by the lack of 
baseline data before salm onids were introduced in the 
area. But it is also possible that extensive gene flow am ong 
G. maculatus may have helped buffer the potential genetic 
im pacts of non-native salm onids because, as our study 
suggests, G. maculatus can exchange m igrants from 
affected and  unaffected rivers. Indeed, our results high­
light the im portance of m arine dispersal for G. maculatus, 
not only at a continental scale, bu t also at a regional scale. 
The pattern of larval dispersal inferred from variation at 
microsatellite m akers suggests that dispersal is mostly a 
passive process, possibly driven by tidal and w ind 
currents, and that this results not only in high gene flow 
am ong populations, but also in w eak bu t significant 
genetic structuring.

In conclusion, our study  appears to represent the first 
analysis of the genetic structure of a native fish im pacted 
by invasive salm onids escaping from aquaculture facili­
ties. Yet, despite the w idespread presence of predatory 
salm onids, we d id  not find any evidence to suggest that 
non-native salm onids m ight have caused reductions in 
genetic diversity, effective population size or num ber of 
m igrants in G. maculatus. N evertheless, d isruption  of 
larval dispersal of G. maculatus, for example as a conse­
quence of salm onid predation or habitat changes although 
increased silt deposition from  uneaten food and fish waste 
from aquaculture facilities nearby (Buschmann et al., 2006, 
2009), could result in the isolation of local populations, 
threatening the long-term  persistence of sink-source 
m etapopulations. Thus, further research exam ining the

relationships betw een aquaculture propagule pressure, 
salm onid abundance and  genetic diversity of native 
galaxiids is needed to elucidate the potential long-term 
genetic effects of salm onid invasions.
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