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Genetic and phenotypic differentiation among
Galaxias maculatus populations in a Patagonian
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Understanding the influence of landscape features on population differentiation is fundamental to evolutionary
biology studies. We examined spatial patterns of genetic and phenotypic variability among Galaxias maculatus
populations in a complex of four postglacial lakes in northwestern Patagonia differing in size and connectivity
among them. A hierarchical Bayesian analysis grouped the individuals collected from eleven localities into three
genetic clusters, first defining the populations of the two large lakes and separating the two small lakes in
subsequent analysis. Genetic structuring was restricted within large lakes. It is known that the larval stage of
Galaxias maculatus migrate to the limnetic zone of Patagonian lakes, possibly exerting an homogenizing effect
on gene flow within lakes. Gene flow asymmetry and divergences among lakes can be explained by a combination
of landscape characteristics and the presence of predators in the short streams that connect them. Individuals
from the small lakes are the most divergent morphologically and genetically. The population in the isolated
Redonda Lake, exhibits meristic differences as well, suggesting strong drift and environmental effects. This
population is likely to have been isolated following the decline in water level of a paleolake that existed in this
region approximately 13.2 kya BP. © 2012 The Linnean Society of London, Biological Journal of the Linnean
Society, 2012, oo eeo_oeo,
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INTRODUCTION they are confined to lakes and streams where the
combined effects of geography, life history, and habitat
fragmentation in limiting dispersal can be assessed
(Gomez-Uchida, Knight & Ruzzante, 2009).

Several studies of northern hemisphere postglacial
lakes indicate that these environments promote
divergence and intraspecific ecotypic diversity within
freshwater fish populations (Taylor, 1999; McPhee,
Noakes & Allendorf, 2012). Similar evidence for
Southern Hemisphere fishes is scarce. In South
America, recent studies on Patagonian fishes have
addressed broad scale phylogeographical patterns
(Ruzzante et al., 2006, 2008, 2011; Zemlak et al.,
2008, 2010), although very few have thus far focused
on their small-scale structuring patterns. In the
present study, we examined the genetic and pheno-
*Corresponding author. E-mail: cecilia.carrea@gmail.com typic structure among populations of the small puyen,

A fundamental goal in evolutionary biology is to
understand what processes are responsible for the
genetic and phenotypic differentiation among popula-
tions during intraspecific diversification. The roles of
microevolutionary processes (e.g. selection, genetic
drift and gene flow) and their interactions with land-
scape features can be examined with the tools of
Landscape Genetics, a discipline which focuses on
shorter temporal and smaller geographical scales
than other genetic approaches (e.g. phylogeography;
Manel et al., 2003). Freshwater fish offer a good
opportunity for landscape genetics studies because
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Galaxias maculatus (Jenyns, 1842), in a complex of
postglacial lakes in northwestern Patagonia.

Galaxias maculatus is widely distributed through-
out the southern hemisphere (Australia, New
Zealand, and southern South America). In South
America, it is found poleward of 32° S, reaching the
southernmost limit of its distribution range at 55° S
(Cussac et al., 2004). The species has a remarkable
plasticity in its life history, in part reflected by the
existence of migratory (diadromous) and freshwater
resident populations (McDowall, 1968). Although a
few populations in southern Patagonia (54° S) have
been reported as diadromous (Boy, Morriconi & Calvo,
2007; Boy et al., 2009), most G. maculatus popula-
tions in Patagonia exhibit a resident life history
(Cussac et al., 2004; Zattara & Premoli, 2004). These
populations have shown evidence of an annual
generation time (Barriga et al., 2002) as has been
reported for Australian and New Zealand populations
(Pollard, 1971; Chapman et al., 2006). Adult females
in resident populations attain smaller sizes than their
diadromous counterparts in Patagonia (32-80 mm
versus 48—-160 mm, respectively), nevertheless retain-
ing a relative high fecundity (107-2825 eggs/female;
Cussac et al., 2004).

The larvae of resident G. maculatus populations
are known to migrate from the shallow vegetated
areas in the littoral zone of lakes to the deeper
waters in the limnetic zone (Cussac, Cervellini &
Battini, 1992; Rowe & Chisnall, 1996; Barriga et al.,
2002; Rechencq et al., 2011). Under this scenario, the
detection of a pattern of isolation by distance (IBD;
a positive correlation of geographical versus neutral
genetic distances) among shoreline sampling loca-
tions within lakes would suggest the existence of
homing behaviour of juveniles returning to their
natal sites in the littoral zones. An IBD pattern
could also result from the influence of breaks (e.g.
geographic, physical, chemical) in the landscape, pro-
viding barriers to gene flow (Guillot et al., 2009).
Alternatively, the absence of an IBD pattern among
sampling locations within lakes would suggest that
movement of the adults within the lake is not
restricted and/or that the limnetic G. maculatus
larvae experience significant mixing. Larvae could be
transported away by currents resulting in the set-
tling on locations along the littoral zone different
from their natal site, thus exerting a homogenizing
effect on gene flow within lakes.

Gene flow has a constraining effect on local adap-
tation (Moore et al., 2007), and therefore reductions
on gene flow can allow adaptive phenotypic diver-
gences among populations. Larvae of G. maculatus
have been shown to exhibit morphological differentia-
tion involving body slenderness and the length of the
caudal peduncle as a function of differences in food

availability and predation risk (Barriga et al., 2012).
In addition, variation in vertebral counts within
G. maculatus is influenced by diverse factors such as
life history and latitude (McDowall, 2003a). These
variations could be adaptive, the result of phenotypic
plasticity, or likely a mixture of both (McDowall,
2007). In theory, populations with a high degree of
isolation have a high potential for divergence.

In the present study, we focused on a system of four
postglacial lakes in north-western Patagonia differing
in size and connectivity: Lake Nahuel Huapi, which is
a large lake (583 km?) with a winding shoreline, many
bays, and peninsulas that favour the existence of
different microhabitats, as well as three smaller lakes
that connect to it: Correntoso, Redonda, and Larga
lakes. Galaxias maculatus within the Nahuel Huapi
Lake have been inferred to exhibit fine scale spatial
structure on the basis of qualitative (taxonomic)
and quantitative differences in the parasite content
among adult specimens collected from sites at
most 40 km apart (Revenga & Scheinert, 1999). The
present study aimed to examine how G. maculatus
genetic and phenotypic variability is distributed geo-
graphically within and among the lakes in this
system. In addition, we estimated migration patterns
among populations. We hypothesized that restrictions
in gene flow could lead to population divergence and
an IBD pattern. We predicted that populations in
smaller lakes and with a higher degree of isolation
would exhibit higher phenotypic divergences than
those in larger lakes.

MATERIAL AND METHODS
STUDY AREA

We focused on a system of four lakes in the Nahuel
Huapi National Park in North-western Patagonia
(Fig. 1). A large central lake, Nahuel Huapi Lake
(583 km? and three smaller lakes: Correntoso
Lake (20 km?), Larga Lake (0.5 km?), and Redonda
Lake (0.01 km?). Larga and Redonda lakes are located
on Victoria Island within the Nahuel Huapi Lake
itself. Victoria Island is the largest (37 km?) of a
number of islands dotting Nahuel Huapi Lake. The
Nahuel Huapi Lake has a long and irregular shore-
line (approximately 400 km) resulting from its seven
arms of different sizes, bays, peninsulas, and isth-
muses (Diaz, Pedrozo & Temporetti, 1998). Corren-
toso Lake drains into the Nahuel Huapi Lake through
a short river (approximately 120 m long). Larga Lake
drains into Nahuel Huapi Lake via a short intermit-
tent stream (M. Nufiez, pers. comm.) and Redonda
Lake has no present day connection to other lakes.
The Nahuel Huapi system drains into the Atlantic
Ocean through the Limay River. These lakes are
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DIFFERENTIATION AMONG G. MACULATUS POPULATIONS 3

likely remnants of a paleolake in the area (Tatur
et al., 2002) formed by the melting of the ice after the
last glaciation, which reached its maximum approxi-
mately 25 kya BP (Rabassa, Coronato & Martinez,
2011). As the glaciers receded and the water level
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Figure 1. Map of the studied system depicting sampling
locations for Galaxias maculatus. Locations 1-7 in Nahuel
Huapi Lake: 1-Rineén Arm, 2-Quetrihue, 3-Anchorena,
4-Blest arm close to tributary draining Céntaros Lake,
5-Blest arm close to tributary draining Frias Lake,
6-Huemul Arm, and 7-Bahia Lopez. Locations 8 and 9 are
in Correntoso Lake. Locations 10 and 11 correspond to two
small lakes within Victoria Island: 10-Larga Lake and
11-Redonda Lake.

decreased, the paleolake became fragmented, approxi-
mately 13.2 kya BP (Tatur et al., 2002).

We collected individuals from eleven sites (Fig. 1).
Seven were located within Nahuel Huapi Lake, and
two within Correntoso Lake. The remaining two
samples originated from each of the two small lakes
on Victoria Island. Samples of adult individuals
were collected from a mixture of several seine nets-
catches between March and April 2008. Fish were
sacrificed with an overdose of benzocaine upon col-
lection. Tissue samples were conserved in 96%
ethanol. Information on sample size per location is
provided in Table 1.

DATA COLLECTION

Genomic DNA was extracted from 704 samples
of tissue following the glass milk method described
by Elphinstone et al. (2003). Approximately 5-10 mg
of each sample tissue was first digested in 300 pl
of buffer (100 mM NaCl, 50 mM Tris—HC] pH 8,
10 mM  ethylenediaminetetraacetic acid, pH 8,
0.5 mM sodium dodecyl sulphate) and 2 pul of protei-
nase K overnight at 55 °C and 200 r.p.m. The extrac-
tions were performed in 96-well filter plates using a
liquid handling robot (Multiprobe II; Perkin-Elmer).

Ten species-specific microsatellite markers (Carrea
et al., 2009) were amplified by polymerase chain reac-
tions (PCR) in 384-well plates. PCR mixture (5 ul
volume) contained 10-50 ng of DNA, 20 mM Tris—
HCl, 10 mM (NH4).SO;, 10 mM KCl, 0.1% Triton
X-100, 2 mM MgCl,, 0.2 mM dNTPs, 0.5 U of Tsg
DNA polymerase (BioBasic D0081) and 0.1-0.2 uM of
each primer. Microsatellite fragment lengths were
visualized in polyacrylamide gels using a LICOR

Table 1. Allelic patterns across populations overall loci (N = individuals sampled for each location)

Mean + SE Number
Mean + SE Mean + SE number Polymorphic of private
Sampling location N Hy, Ho AR of alleles loci alleles
NHL Huemul 88 0.492 + 0.22 0.495 + 0.078 5.026 6.5+1.18 100% 2
NHL Blest_Frias 38 0.475 + 0.25 0.504 + 0.068 4.637 5.375 + 0.86 100% 0
NHL Rincén 50 0.490 + 0.19 0.527 + 0.058 4.576 5.5+ 1.04 100% 1
NHL Anchorena 62 0.522 + 0.24 0.509 + 0.065 5.021 6.5 +1.32 100% 3
NHL Blest_Céantaros 44 0.464 + 0.23 0.506 + 0.065 4.444 5.5 +1.02 100% 0
NHL Bahia Lopez 88 0.485 + 0.22 0.487 + 0.075 4.778 6.875 + 1.37 100% 1
NHL Quetrihue 47 0.509 + 0.25 0.536 + 0.69 4.704 5.375 £ 1.15 100% 0
Redonda Lake 88 0.191 £ 0.21 0.242 + 0.077 2.243 3.25 £ 0.59 75% 0
Larga Lake 47 0.238 + 0.25 0.261 + 0.082 2.789 3.125 £ 0.69 75% 3
Correntoso Lake 1 88 0.351 + 0.25 0.385 + 0.077 3.941 5.625 + 1.03 100% 0
Correntoso Lake 2 64 0.322 + 0.21 0.303 + 0.083 3.875 5+0.85 100% 1

Hy, expected heterozygosity; Ho, observed heterozygosity; AR, Allelic richness (based on a minimum sample size of 21
diploid individuals); NHL, localities in Nahuel Hupapi Lake.
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Figure 2. (A) Landmark configuration used to study body shape of Galaxias maculatus populations. Large circles (1-12)
represent landmarks, whereas small circles are semilandmarks placed to detect body depth (13) and for the unbending
of individuals (14 and 15). (B) Relative warp (RW)1 versus RW2. Close symbols represent the 11 localities. Open symbols
represent the means for each of the four genetic groups. (C) The panels on the right show the consensus body shape for

each of the four genetic groups.

sequencer (Biosciences). Genotypes were examined
with MICROCHECKER (van Oosterhout et al., 2004)
to detect potential genotyping errors or technical arte-
facts, including null alleles, large allele drop out and
stuttering. Two loci (Gmac2 and Gmac10) out of the
ten examined showed evidence of potential null
alleles for multiple samples and were therefore
omitted from further analysis. All genotypes included
in the analysis can be downloaded from the Dryad
database (Carrea et al., 2012).

Body shape variation was examined using geo-
metric morphometrics (Bookstein, 1991; Dryden &
Mardia, 1998). Images of the lateral view (left side) of
a subset of 514 individuals were captured using a
digital camera and a ruler for later scaling. On the
images, fifteen landmarks were digitalized using
TPSDIG (Rohlf, 2005), two of which were semiland-
marks used for the unbending of specimens and one of
which was a slider used to detect body depth (Fig. 2A)
using TPSUTIL (Rohlf, 2004). Vertebral number, and
number of anal and dorsal fin rays were counted from
a subset of 125 individuals over X-ray images sensu
McDowall (1971).

GENETIC DATA ANALYSIS

Linkage disequilibrium and Hardy-Weinberg exact
tests were performed per locus and population using
the Markov chain randomization test (Guo & Thomp-
son, 1992) as implemented in GENEPOP, version 1.2
(Raymond & Rousset, 1995). A sequential Bonferroni
correction for 88 tests was applied sensu Rice (1989).
Mean observed and expected heterozygosities, mean
number of alleles, number of private alleles, and
polymorphism percentage were calculated using
GENEALEX, version 6 (Peakall & Smouse, 2006).
Allelic richness per locus and population were calcu-
lated using FSTAT, version 2.9.3 (Goudet, 2001),
which implements a rarefaction method to correct the
estimation for sample size effects sensu Petit, Mou-
sadik & Pons (1998).

POPULATION STRUCTURE

To estimate the number of genetic groups we used
the Bayesian clustering approach implemented in
STRUCTURE, version 2.2 (Pritchard, Stephens &
Donnelly, 2000). The analysis was set to a burn-in
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DIFFERENTIATION AMONG G. MACULATUS POPULATIONS 5

length of 50 000 replicates and a Markov chain
Monte Carlo (MCMC) run of 250 000 replicates. We
assumed a model of admixture and correlated allele
frequencies (Falush, Stephens & Pritchard, 2003).
This analysis was conducted hierarchically. We first
examined the entire data set involving collections
from all 11 sites. Ten iterations were run for each
K-value in the range 1-11. The second round of
STRUCTURE analysis was carried out separately
on each of the groups identified in the first run. To
determine the most appropriate K, we used the
highest posterior probability method (Pritchard et al.,
2000) and examined the individual membership coef-
ficients (Q plots) for the different values of K.

Analysis of molecular variance (AMOVA) was per-
formed using a locus by locus procedure with ARLE-
QUIN, version 3.1 (Excoffier, Laval & Schneider,
2005). This procedure adjusts for sample size differ-
ences when there are missing data. A total of 16 000
permutations was used to assess the significance of
the genetic variation components. The AMOVA was
first conducted using all data and grouping individu-
als according to the three populations inferred in
the first round of STRUCTURE analysis. We then
repeated this analysis but grouping individuals into
four pools, each corresponding to a lake as inferred in
the second round of STRUCTURE analysis. The third
AMOVA was conducted on the subset of individuals
from lakes Nahuel Huapi and Correntoso (i.e. after
excluding individuals from the small lakes). The final
AMOVA used only the individuals from Nahuel Huapi
Lake.

Bayesian inference of recent migration events
among inferred populations was estimated using a
MCMC method based on multilocus genotypes imple-
mented in BIMr, version 1.0 (Faubet & Gaggiotti,
2008). To minimize convergence problems, ten runs of
MCMC were carried out and results are shown for the
run with the lowest Bayesian deviance sensu Faubet,
Waples & Gaggiotti (2007). For each run, 100 000
iterations were used for sampling, 50 000 were burn-
in, and the sampling frequency was 50 iterations
(thinning interval).

IBD

To test for a statistical correlation between geographi-
cal and genetic distances, a Mantel test was per-
formed between pairwise genetic distances, using the
linearized Slatkin’s Fsr transformation [Fsi/(1 — Fgr)]
(Rousset, 1997) and geographical distances (in km),
as implemented in GENEALEX, version 6 (Peakall &
Smouse, 2006). The geographical distances between
localities were measured using Google Earth to obtain
‘real distances’ for fish that move along the shoreline.
To explore the relative importance of IBD-related

ecological processes versus the effect of geographical
barriers to gene flow, genetic versus geographical
distances were plotted distinguishing pairs of popu-
lations coming from the same/different genetic clus-
ters (Guillot et al., 2009) inferred by STRUCTURE. A
resulting cline of genetic differentiation among sites
across space would indicate an IBD pattern, whereas
the clustering of genetic distances according to sites
across space indicates the presence of barriers to gene
flow (Fontaine et al., 2007). The same procedure of
matrix correspondence was applied between morpho-
logical (Mahalanobis distances) and geographical dis-
tances, as well as between genetic and morphological
distances.

Testing an overall IBD pattern by the correlation of
genetic and geographical distances in complex popu-
lation systems can mask individual collection sites
that differ from the rest by some important environ-
mental or geographical barrier (Koizumi, Yamamoto
& Maekawa, 2006). To examine this possibility, we
performed a decomposed pairwise regression analysis
(Koizumi et al., 2006). This analysis involves examin-
ing the mean and 95% confidence intervals of the
residuals obtained from the regression of all pairwise
genetic and geographical distances to identify outlier
populations (i.e. those for which the 95% confidence
intervals do not include 0).

MORPHOLOGICAL AND MERISTIC DATA ANALYSIS

The first step in the analysis of landmark data is to
perform a superimposition method to remove non-
shape variation by a general Procrustes analysis,
which essentially calculates an average shape and
aligns specimens to this average (Rohlf & Slice, 1990).
To examine the distribution of shape variation, a
relative warp (RW) analysis, which is equivalent to a
principal component analysis, was then performed
with the TPSRELW (Rohlf, 2003). A thin-plate spline
technique was then conducted to visualize graphically
the statistical results in terms of the configuration of
landmarks. Body shape differences are presented in
transformation grids where the mean shape is
deformed depending on the specimens (Bookstein,
1991).

To compare morphological divergences within
and between genetic populations, two classification
criteria were applied: sampling localities within
Nahuel Huapi Lake (seven groups) and genetic clus-
ters obtained using STRUCTURE (four groups).
To test for the existence of significant shape dif-
ferences between groups, a canonical variate analysis
(CVA) was performed on the Procrustes coordinates
using MORPHOJ (Klingenberg, 2008). In addition, a
matrix of pairwise Mahalanobis distances between
the 11 sampling localities was obtained with this
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procedure for comparison of morphological distances
with genetic and geographical distances. Polyno-
mial regressions of the CVs on centroid size were
performed to assess allometry. Subsequently, the
unstandardized residuals obtained from these regres-
sions were utilized to visualize shape differences
(corrected for size effects) among groups.

Meristic counts were compared using a nonpara-
metric test after normality and homocedasticity tests
failed. Under these conditions, we used Kruskal—
Wallis one-way analysis of variance on ranks and all
pairwise multiple comparisons by Dunn’s method
applied using SIGMASTAT, version 3.5 (Systat Soft-
ware). The total 123 individuals corresponded to
Redonda (N =25) and Larga (IN=20) from Victoria
Island, and to Anchorena (N =19), Bahia Lopez
(N =19), Blest (N =20), and Quetrihue (N = 20) from
Nahuel Huapi Lake.

RESULTS
GENETIC DIVERSITY

No evidence of linkage disequilibrium was detected
between loci (P > 0.05 for all comparisons). The null
hypothesis of Hardy—Weinberg equilibrium could not
be rejected for 78 out of 88 exact tests, although only
two tests remained significant after sequential Bon-
ferroni correction. These results, as well as details on
sample size and allele frequencies by locus and sam-
pling location, are shown in the Supporting informa-
tion (Table S1).

The two populations on Victoria Island exhibited
the lowest genetic diversity values (heterozygosity,
allelic richness, percentage of polymorphic loci, and
mean number of alleles). The samples from Corren-
toso and Nahuel Huapi lakes exhibited intermediate
and the highest diversity values, respectively
(Table 1).

POPULATION GENETIC STRUCTURE

Posterior probability values obtained in the first
round of STRUCTURE analysis (involving the com-
plete data set) indicated K=3 as the most likely
estimate for the number of gene pools: P, (K=1) =3.0.
107, P, (K=2)=2.5.1073, and P, (K=3)=0.9. These
clusters correspond to the group of locations in: (1)
Nahuel Huapi Lake, (2) Correntoso Lake, and (3) the
two small lakes on Victoria Island (Fig. 3). The second
round of finer-scale STRUCTURE analysis, using
each of the clusters identified in the first round, failed
to identify further subdivision within the Nahuel
Huapi and Correntoso lakes. Two groups (K = 2) were
instead identified separating the two small lake popu-
lations from Victoria Island (Fig. 3).

A hierarchical AMOVA involving the three clusters
identified in the first round of STRUCTURE analysis
indicated 9.9% of the total genetic variation is a result
nof differences among clusters and 2% to the varia-
tion within clusters (Table 2). When samples were
grouped into the four clusters inferred in the second
round of STRUCTURE analysis, the percentage of the
genetic variance explained by differences among clus-
ters increased to 11.3% and the variation within clus-
ters decreased to 0.85% (Table 2). When the two lake
populations from Victoria Island were excluded from
the AMOVA, the fraction of the total variation
explained by differences between the remaining two
groups (Nahuel Huapi and Correntoso lake popula-
tions) dropped to 6.8% (Table 2). Finally, when only
the seven locations within Nahuel Huapi Lake were
considered, only 0.8% of the total variation was
explained by differences among locations (Table 2). In
all cases, the results were significant (P < 0.001). In
addition, the pairwise Fgr between the 11 sample
localities is shown in Table 3.

MIGRATION RATES AMONG INFERRED POPULATIONS

The population with highest proportion of migrant
genes is the one in Nahuel Huapi Lake, with most of
the genes originating from Correntoso Lake (Table 4).
Both small lakes on Victoria Island showed a 100% of
resident genes and no migration into these lakes was
detected. This was expected in the case of Redonda
Lake, which is not currently connected to the other
water bodies, and is consistent with the existence of
gene flow barriers observed for Larga Lake (see
below). On the other hand, migration was detected
from Redonda Lake towards Correntoso and Nahuel
Huapi Lakes, which might be explained by the
region’s glacial history. A great proglacial lake in the
area (Tatur et al., 2002) connecting these water bodies
likely harboured an ancestral population that became
fragmented after the water level descended.

IBD

Genetic (Fs1/1 — Fsr) and geographical distances were
not correlated (Mantel test, r = 0.239, P =0.09, N = 10
localities; i.e. the isolated Redonda lake is not
included in this analysis) indicating the dispersal
process is not affected by geographical distances. Geo-
graphical barriers to gene flow (rather than an IBD)
is suggested by the fact that, for a given distance
class, genetic distances are much larger for pairs of
sites from different lakes than for pairs of sites in the
same lake (Fig.4). The gene flow barrier between
lakes Larga and Nahuel Huapi appears to be more
effective than the one between lakes Correntoso and
Nahuel Huapi (Fig. 4).
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Table 2. Analysis of molecular variance results as a weighted average over all loci, including the three genetic
groups inferred in the first round of STRUCTURE analysis (complete data set, N =704 individuals); the four genetic
groups inferred in the second round of STRUCTURE analysis (complete data set, N =704 individuals); a subset of
569 individuals from Nahuel Huapi and Correntoso lakes; and a subset of 417 individuals from the seven localities within

Nahuel Huapi Lake

Percentage

Source of variation variation F-statistic (P-value)*
Three genetic groups inferred in the first round of STRUCTURE analysis

Among the three genetic clusters 9.91 Fsr=0.12 (< 0.001)

Among locations within clusters 1.96 Fsc=0.02 (<0.001)

Within locations 88.13 For=0.09 (<0.001)
Four genetic groups inferred in the second round of STRUCTURE analysis

Among the four genetic clusters 11.28 Fsr=0.12 (< 0.001)

Among locations within clusters
Within locations

0.85 Fs¢=0.01 (<0.001)

Subset of 569 individuals from Nahuel Huapi and Correntoso lakes

Among Nahuel Huapi and Correntoso Lakes
Among locations within Lakes
Within locations

417 individuals from the seven localities within Nahuel Huapi Lake

Among locations within Nahuel Huapi Lake
Within locations

87.86 Fer=0.11 (< 0.001)
6.784 Fsr=0.07 (<0.001)
0.703 Fs:=0.01 (<0.001)

92.511 For=0.07 (<0.001)
0.772 Fs1=0.01(< 0.001)

99.227

*The significance of fixation indices is tested using a nonparametric permutation approach (Excoffier et al., 1992),
consisting of permuting individual genotypes among localities and among groups (Fsr), individual genotypes among
locations but within groups (Fsc) and whole locations among groups (Fcr).
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Figure 4. Plot of genetic versus geographical distances
for pairs of sampled localities indicating gene flow barriers
between lakes. White coloured symbols indicate localities
within the same lake and black coloured symbols indicate
pairs of localities from different lakes. The symbols’ shapes
indicate group membership.

No outlier localities were detected within Nahuel
Huapi Lake by decomposed pairwise regression
analysis, indicating that no local divergences are
being masked (see Supporting information, Fig. S1).
Consistent with the absence of an IBD pattern
obtained from the genetic analysis, morphological dif-
ferences and geographical distances were also not
correlated (r=-0.042, P=0.370, seven localities
within Nahuel Huapi Lake).

MORPHOLOGICAL AND MERISTIC VARIATION

The small and isolated Redonda Lake on Victoria
Island harbours the morphologically most divergent
G. maculatus population in this system; its mean
along the RW1 axis (16.27% variance) differs most
from those of the other populations (Fig. 2B). To a
lesser extent, this is also true for G. maculatus from
Larga Lake, as well as on Victoria Island (Fig. 2B). A
relatively short caudal peduncle for individuals in
Redonda Lake and a higher body depth for both Larga
and Redonda lakes can be observed on the transfor-
mation grids obtained by TPS (Fig. 2C). However, the
relatively low percentage of variance explained (RW1,
16.27%; RW2, 13.58%; RW3, 12.52%) suggests that
the morphological differences are only moderate.
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% Body shape differences could be set apart between
= the four genetic groups (P < 0.001) by the CVA. CV1
g S explained 63.8% of the total morphological variation.
82‘ 2 The percentage of variation explained by CV1 was
reduced to a 40.5% of the total morphological varia-
o tion when locations within Nahuel Huapi Lake were
g - consider, rather than genetic clusters (or different
g 2SS lakes). The previous three functions depended sig-
SH S < nificantly on centroid size indicating allometry
(see Supporting information, Fig. S2A). However, an
< appreciable fraction of the differences among groups
"g o i & remained unexplained within a common size range
=S 238 (see Supporting information, Fig. S2A), as could also
T SEERs be observed through the plotting of nonstandardized
regression residuals (correction for size effects; see
8 S é % *E Supporting information, Fig. S2B).
Es% g ;. g ; Meristic counts were lower for individuals in
Redonda Lake (KW and Dunn tests, P < 0,001) than
o . for those in any of the other sampling locations,
= 8 including vertebral number, fin ray number and
B T TR dorsal fin ray number (Table 5).
:um S r~-M~ O [} . . .
5% g =2 g = =] Genetic (Fsr/1 — Fsr) and morphological distances
§ (calculated from body shape variables) were corre-
« E lated (Mantel test, » = 0.847, P < 0.01). Pairs of locali-
g ‘éﬂA oty | o ties within the same genetic cluster are more similar
2 A% E8E883IS | = morphologically than pairs of localities from different
= | R< °ececeeee | 8 genetic clusters. Redonda Lake stands out as the
3, 2 most divergent in both genetic and body shape struc-
] 1) *O¥ %% <] ol . .
m:*» O SZeIRIE g, ture compared to localities in the thre'e other genetic
- E% g g g R g g & groups (Fig. 5). The correlation coefficient dropped to
Z me ' g r=0.739 (P <0.01) when the Redonda Lake popula-
2‘ A tion was removed from the analysis, although it
2 g g remained significant. Removing also Larga Lake
: ,::Sf-\ s o *S = ?.:3 *{a "% & § virtually eliminated the correlation (Mantel test,
i S 229~ acS (g r=0.329, P=0.09), suggesting that the genetic—
2 <42 °eTeIeeee | = morphological correlation holds mostly when indi-
o g viduals from these two small lakes (one isolated the
:8) \EA Sm¥sa *:.8 *8 *E i@ § other nearly so) are included in the analysis.
LI EEELE I
g ot DISCUSSION
[
— g S v w % In the present study, we examined the genetic and
§ N SZ=E2dTIZRIT IS Z phenotypic patterns of differentiation among G. macu-
B EE g 2 2 8 2 2 g 2 2 2 E latus populations in a complex of Patagonian postgla-
2 me b gn cial lakes. Gene flow restrictions among populations
= Z were expected to lead to divergences and an IBD
kl‘ EA sSag *g N oL :cg *S *ﬁ % *g ) pattern. Our results show that populations within
J| gH | 2ececececedtac |~ 8 the larger lakes (i.e. Nahuel Huapi and Correntoso)
F|lzg | °FF°°9F°°°° §.3 exhibit restricted tic structuring. H -
o 2 genetic structuring. However, popu
2 _ f§ '% lations appear to be structured by reductions in gene
E P = R - R, g E: flow among lakes. Genetic distances between localities
g =T o Z ) % Z a8k Z g = are correlated with morphological differences and the
Q'.‘ - % & Z gz < g g ’i § § o 2 populations in the smaller lakes are the most diver-
o g é E, g B 9 éﬁ j g “é ‘g S 2 gent both genetically and morphologically. It is worth
% § S22 S 2.3 § %'3—(% EE| Vg noting that the divergences found for these popula-
= S| ErEdrmdIESS | &2 tions on Victoria Island make them biologically inter-
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Table 4. Estimated migration rates between genetic populations

Migration rate into population: mean/mode/95% HPDI

Population Redonda Larga Nahuel Huapi Correntoso
Redonda (N =88) 1 0.000 0.0747 0.193

1 0.000 0.0704 0.192

(1-1) (107%-0.0001) (0.0173-0.153) (0.052-0.373)
Larga (N =47) 0.000 1 0.0103 0.046

0.000 1 0.0028 0.038

(10712-107% (0.994-1) (0.0021-0.071) (0.009-0.19)
Nahuel Huapi (N =417) 0.000 0.000 0.585 0.0369

0.000 0.000 0.581 0.0213

(107°-107%) (107%-0.001) (0.478-0.69) (0.0069-0.159)
Correntoso (N = 152) 0.000 0.000 0.33 0.724

0.000 0.000 0.333 0.727

(10°%-10%)

(0.0001-0.003)

(0.192-0.452)

(0.551-0.858)

The posterior mean, mode, and the highest posterior density interval (HPDI) at the 95% level are presented.
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Figure 5. Genetic versus morphological distances for
pairs of sampled localities. Comparisons between two
sampling sites belonging to the same genetic group
are shown in white, and those belonging to different
genetics groups are shown in black. The shape of
the symbols indicates the genetic group identity of the
pair.

esting. Efforts towards ensuring their persistence are
therefore recommended, especially considering that
their low genetic diversity and lack of connectivity
indicate they are highly vulnerable.

The lack of IBD pattern within Nahuel Huapi Lake
suggests that larvae coming from different spawning
sites mix in the limnetic zone and no homing behav-
iour occurs among the juveniles. The movement of
G. maculatus adult individuals within this lake does
not appear to be restricted, as previously suggested
by parasitological evidence (Revenga & Scheinert,
1999; Revenga, 2003). Interestingly, if adults in
Nahuel Huapi Lake are assumed sedentary (Revenga
& Scheinert, 1999), our results suggest that the lim-
netic larvae might have an important dispersive role
for resident G. maculatus populations. Under this
scenario, larval movements thus exert a homogeniz-
ing effect on the distribution of genetic variance
in G. maculatus within Nahuel Huapi Lake that,
ultimately, can constrain the potential for local adap-

& NahuelH-NahuelH ! - ’ )

O  Correntoso-Correntose tation. Accordingly, a remarkably high density of gal-
®  Correntoso-NahuelH axiid larvae performing diel movements was observed
¢ Larga-NahuelH . . . . .

¥ Larga-Cormentoso using hydroacoustic methods in the limnetic zone of a
< Larga-Redonda similar lake in the region (Rechencq et al., 2011). In
> Redonda-Correntoso iys . . . .
s ok addition, picocyanobacteria in the Nahuel Huapi

Lake also exhibit very limited spatial structuring
(Caravati et al., 2010), suggesting this lake can be
characterized as having a well mixed limnetic zone
where larvae can mix.

The short rivers connecting lakes Larga and Cor-
rentoso respectively with Nahuel Huapi Lake were, a
priori, not expected to reduce gene flow between them
because upstream migration is known for diadromous
and freshwater resident G. maculatus populations
(Barriga, Battini & Cussac, 2007). However, the
genetic exchange between Larga and Nahuel Huapi
lakes is reduced and the exchange between Corren-
toso and Nahuel Huapi lakes was found to be asym-
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Table 5. Galaxias maculatus individuals from Redonda Lake showed lower meristic counts, including vertebral counts,

anal fin ray counts, and dorsal fin ray counts

Number of individuals with the following vertebral count: Dunn’s

Locality N 50 51 52 53 54 55 Median 25% 75% method
Redonda Lake 25 25 50 50 50 A
Anchorena (NH) 19 3 12 3 1 53.1 0.7 53 B
Bahia Lopez (NH) 19 4 10 5 53 0.7 53 B
Larga Lake 20 2 12 6 53.2 0.5 53 B
Quetrihue (NH) 20 6 10 4 52.9 0.7 53 B
Blest (NH) 20 6 9 5 53 0.7 53 B

Anal fin ray count: Dunn’s

Locality 12 13 14 15 16 Median 25% 75% method
Redonda Lake 25 11 13 1 13 12 13 A
Anchorena (NH) 19 2 10 6 1 14 14 15 B
Bahia Lopez (NH) 19 2 11 6 14 14 15 B
Larga Lake 20 1 10 9 14 14 15 B
Quetrihue (NH) 20 2 15 3 14 14 14 B
Blest (NH) 20 2 10 5 3 14 14 15 B

Dorsal fin ray count: Dunn’s

Locality 9 10 11 Median 25% 75% method
Redonda Lake 25 18 7 9 9 10 A
Anchorena (NH) 19 13 6 10 10 11 B
Bahia Lopez (NH) 19 14 5 10 10 11 B
Larga Lake 20 1 12 7 10 10 11 B
Quetrihue (NH) 20 2 15 3 10 10 10 B
Blest (NH) 20 1 12 7 10 10 11 B

NH, Nahuel Huapi Lake.

metric: it is one order of magnitude higher in the
downstream than in the upstream direction (Table 4).
This asymmetry could be explained by ecological bar-
riers counteracted by the transportation of larvae
by the water current in the downstream direction.
Native (Percichthys trucha) and introduced (salmonid
fishes) predators are especially abundant in the short
river connecting Correntoso and Nahuel Huapi lakes
(L. Buria pers. comm.). Both are known to prey vora-
ciously on G. maculatus (Macchi et al., 1999; Macchi,
Pascual & Vigliano, 2007; Vigliano et al., 2009).
Moreover, introduced salmonid fishes have been
shown to exert a relatively large impact on the native
species in rivers in Patagonia (Soto et al., 2006; Habit
et al., 2010), as well as in New Zealand (Townsend &
Crowl, 1991).

The genetic, morphological, and meristic divergence
observed for the Redonda Lake population suggest

that this population has long been isolated and is likely
under the strong influence of drift and of differential
environmental effects. The absence of private alleles in
Redonda Lake (Table 1) is not expected after long
isolation; however, rare alleles would be rapidly lost
under the strong effects of genetic drift affecting small-
sized populations. The first level of genetic structure
detected by the Bayesian analysis (Fig. 3) separated
the small lakes in Isla Victoria from the larger lakes.
The implication could be that these two populations
originated from repeated founder events from Nahuel
Huapi Lake. Alternatively, any connection between the
Redonda and Nahuel Huapi lakes was probably lost
following the post-glacial drop in the water level of the
paleolake originating these water bodies over 10 kya
BP (Tatur et al., 2002). The pairwise Fy (Table 3) show
that the two small lakes in Victoria Island are cur-
rently highly differentiated.
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The morphological differences exhibited by the two
small populations on the Victoria Island lakes can be
explained by a lower predatory pressure on these
populations. Predation is known to be a source of
evolutionary divergence in fishes by generating selec-
tion favoring escape performance (DeWitt & Langer-
hans, 2003). For example, caudal morphology in
another galaxiid fish endemic to Patagonia (Galaxias
platei) has been correlated with the ability to avoid
predators (Milano et al., 2002, 2006). In addition,
Barriga et al. (2012) found G. maculatus larvae have
deeper bodies and shorter caudal peduncles in lakes
with lower predation risk and higher food availability
compared to lakes where this relation is reversed.
Similarly, no predator species have been reported in
Redonda Lake where individuals have shorter caudal
peduncles, and individuals from Nahuel Huapi and
Correntoso have larger peduncles and more elongate
bodies, where predators such as P. trucha or intro-
duced salmonids exert a notably high predation
pressure on the species (Vigliano et al., 2009). Alterna-
tively, the different body shapes could be the result of
phenotypic plasticity in response to environmental
differences among lakes (e.g. small lakes in Victoria
Island are shallower than Nahuel Huapi and Corren-
toso lakes).

Finally, the mean vertebral count observed for the
Redonda Lake population (50) is the lowest recorded
for freshwater resident populations of G. maculatus
in Patagonia (Table 5). The mean vertebral count
reported by McDowall (2003a) for lacustrine popula-
tions in South America was in the range 51.5-59.9, and
a count of 50 was reported only in one locality (Aus-
tralia) out of 28 sampled lakes across Australia, New
Zealand and South America. It has been proposed that
the complex variation patterns of vertebral number in
Galaxiidae fishes are influenced by an amalgam of
factors such as fish size, life history, and other envi-
ronmental components (e.g. temperature or salinity)
(McDowall, 2003a). However, unravelling environmen-
tal and inherited causalities is not simple and the
adaptive and functional value of vertebral variation in
fishes is not well elucidated (McDowall, 2003b, 2007).
The system investigateed in the present study, where
vertebral variation is observed among populations in
postglacial lakes likely sharing an ancestral popu-
lation, offers a good opportunity for investigations
aiming to disentangle the causes of meristic variation
at the intraspecific level. For example, future studies
could explore developmental rate heterogeneity
because it is a mechanism proposed to facilitate
intraspecific ecotypic divergence (including body shape
and meristic counts) in postglacial fishes (McPhee
etal., 2012).

In conclusion, we suggest that a number of
processes could be involved in the differentiation

among G. maculatus populations in this lacustrine
system. A significant genetic exchange takes place
among locations within lakes (i.e. within Nahuel
Huapi Lake and within Correntoso Lake), suggest-
ing an important dispersive role of the lim-
netic larvae. Geographical isolation has allowed
the genetic and phenotypic divergences observed
in Redonda Lake population. Potential ecological
factors could be causing gene flow reductions/
assymetries between Larga/Correntoso and Nahuel
Huapi lakes, respectively.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article:

Figure S1. No outlier locality was detected by decomposed pairwise regression method within Nahuel Huapi
Lake. Mean and 95% confidence interval for the residuals obtained from the regression of all pairs of localities
within are shown, all confidence intervals include 0.

Figure S2. (A) Regression and 95% confidence intervals of canonical variates (CVs) versus centroid size. CV1
adjusted to a quadratic function (left panel), whereas CV2 and CV3 (middle and right panel, respectively)
adjusted to a cubic function. Each genetic group is shown with media and 95% confidence interval. Centroid size
range of each genetic group is shown to the lower right of the left panel. (B) Mean canonical variates after
removing size effect from shape variables.

Table S1. Allele frequencies and sample size by locus and location. Private alleles are bold. P-values for the
Hardy—Weinberg equilibrium exact tests are shown.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials
supplied by the authors. Any queries (other than missing material) should be directed to the corresponding
author for the article.
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