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Based on geometric morphometrics and discriminant analysis, the percentage of silverside Odon-
testhes hatcheri and Odontesthes bonariensis individuals identified by a taxonomic key and mis-
classified by discriminant analysis was obtained and a negative correlation between the percentage
of misclassified individuals of O. hatcheri and the distance to the nearest hatchery stocking sil-
versides was found, suggesting a genetic introgression. Morphological analyses between species,
between populations and within populations pointed to the same anatomical structures, suggesting a
nested variation related to environmental cues such as availability of littoral shelter. The dependence
between the cephalic morphology of O. hatcheri and body size would be in agreement with the
trophic niche shifts of the species. Introgression adds a new threat to the already observed decline of
populations of O. hatcheri and suggests that this species deserves particular consideration in terms
of conservation guidelines.
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INTRODUCTION

The present status of freshwater silversides in Patagonia (Pascual et al., 2007)
involves an ensemble of geological and historical causes: the temperature decrease
linked to the establishment of the Antarctic Circumpolar Current (Cione et al., 2007),
the consequent decline of the Neotropical fish fauna (Cione & Bdéez, 2007), the
succession of Pleistocene glacial events leading to extirpation and re-colonization
(Ruzzante et al., 2008), fish species translocation, exotic fish introduction (Aigo
et al., 2008) and global warming (Cussac et al., 2009).

It is not surprising that colonization of postglacial lakes (Ruzzante et al., 2006,
2008) has led to conspicuous oropharyngeal morphological variation in other Patago-
nian fishes in relation to the usage of different feeding resources (Cussac et al., 1998;
Ruzzante et al., 1998, 2003; Logan et al., 2000). The silversides of the genus Odon-
testhes present in Patagonia, however, show a different situation. Both species, the
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native Patagonian pejerrey Odontesthes hatcheri (Eigenmann 1909) and the trans-
located Bonaerensean pejerrey Odontesthes bonariensis (Valenciennes 1835), do not
have conspicuous morphological variations. The references to oropharyngeal vari-
ation are limited to the observation of Dyer (2000a, 2006), regarding the slight
prognathism of the lower jaw in O. bonariensis and upper jaw prognathism in O.
hatcheri. Crichigno et al. (2012) were able to induce phenotypic plasticity in juve-
niles of O. hatcheri, adding new morphological variation to wild juveniles by means
of controlled feeding experiments.

The genus Odontesthes (family Atherinopsidae) can be found in southern South
America and includes freshwater silversides such as O. hatcheri and O. bonariensis
(Dyer, 2006), with the most ancient records on the genus reaching the early Miocene
(Cione & Béez, 2007). Both species (O. hatcheri and O. bonariensis) have disjunct
original distributions: O. hatcheri in the south-west (the Andean Cuyan and Patag-
onian Provinces; Dyer, 2000b, 2006; Aigo et al., 2008; Lépez et al., 2008) and O.
bonariensis in the north-east (the Pampean Province; Marrero, 1950; Dyer, 20005,
2006; Baigin & Ferriz, 2003).

Odontesthes hatcheri shows a strong preference for animal prey (Ferriz, 1987;
Grosman & Rudzik, 1990; Bello ef al., 1991; Macchi et al., 1999), and large-sized
individuals can be piscivorous (Bello et al., 1991; Macchi et al., 1999). Early life-
history studies identified largely zooplanktivorous larvae in the littoral zone of lakes
during the summer (Ferriz, 1987; Battini et al., 1995) and ontogenetic shifts in diet
have been documented in relation to habitat shifts from littoral to limnetic and from
limnetic to benthic zones (Cussac et al., 1992; Cervellini ef al., 1993).

Odontesthes bonariensis is a very popular freshwater fish among commercial and
sport fishermen, with a long history of domestic and international introductions,
which attests to the high quality and market value of its flesh, as well as its attrac-
tiveness as a game fish (Somoza et al., 2008). Odontesthes bonariensis is a dominant
species in the limnetic zone of the Pampean lagunas. It is a limnetic swimmer (Freyre
& Protogino, 1993) with a high metabolic rate (Gémez & Ferriz, 2001).

The first man-made translocations of O. bonariensis occurred in the last century,
between 1938 and 1941, from the Pampean Province to the Andean-Cuyan and
Patagonian Provinces, the original distribution of O. hatcheri (Dyer, 2006; Somoza
et al., 2008; Amalfi, 2009). Both species hybridize in captivity (Striissmann et al.,
1997a) and in natural habitat (Dyer, 20005). Reciprocal hybrids between both species
matured and F2 are viable, suggesting that complex degrees of hybridization might
occur in natural habitats (Striissmann et al., 1997a). In addition, both species show
a different degree of sexual determination by temperature (Striissmann et al., 1996,
1997b). Hybrids reveal strong interactions between genotype and temperature for sex
determination and fertility (Inazawa et al., 2011), and the mean summer air temper-
ature (MSAT) in the distribution areas of both species shows that O. bonariensis is
absent when MSAT is <19° C (Liotta, 2006; Aigo et al., 2008; Cussac et al., 2009;
Table I). Multidimensional morphology (Crespin & Berrebi, 1999) and geometric
morphometrics (Valentin et al., 2002) have proven to be useful tools to study the
morphological transition across hybrid zones between species. The aim of this work is
to analyse the cephalic morphological variations of O. hatcheri and O. bonariensis in
Patagonia, in order to (1) explore traits with taxonomical meaning and presumptively
related with resource polymorphism and (2) enhance the comprehension of the mor-
phological variation of both species across a hybrid zone that is, thus far, undefined.

© 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013 , doi:10.1111/jfb.12191
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MATERIALS AND METHODS

Fishes were captured from eight lakes, three reservoirs and one river in the Pampean,
Andean-Cuyan, and Patagonian provinces (Lopez et al., 2008), from 2006 to 2008. Individuals
were captured by angling in Lake San Lorenzo, within the native range of O. bonariensis,
with gillnets and seine in Carrilafquen, Morenito, Pellegrini, Rosario, Muster, Rivadavia and
Buenos Aires lakes and with seine in Carrizal, Ullum and Florentino Ameguino reservoirs and
in Chubut River, which are within the original area of distribution of O. hatcheri (Marrero,
1950; Table I).

All fishes (n =415) were killed with an overdose of benzocaine (solution 1:10000). Digital
images of the left side of the head were captured (Nikon D70; www.nikon.com), taking
care to minimize parallax error. Fishes were identified using the dichotomous key of Dyer
(2006). In Lake Pellegrini, several individuals could not be assigned to one or another species
(intermediate individuals) and were considered as a separate group. These fishes exhibit dorsal
scale size (number of rows) typical of O. hatcheri, but dorsal fin position as expected for O.
bonariensis.

Images were selected in order to obtain usable lateral views of the head. Geometric mor-
phometrics analysis (GMA) of the head was performed using 11 homologous landmarks
(Bookstein, 1991). The landmarks, digitized on digital images with the TpsDig 2.10 software
(www.life.bio.sunysb.edu/morph/index.html), were: (1) dentary anterior tip, (2) premaxilla
anterior ventral tip, (3) premaxilla anterior dorsal tip, (4) premaxilla posterior ventral tip, (5)
centre of the anterior nostril, (6) maxilla posterior ventral tip (7, 8, 9 and 10), anterior, poste-
rior, dorsal and ventral edge of the eye and (11) external tip of the angle between the vertical
and horizontal shafts of the preopercle (Fig. 1). Morphometric characteristics were scored and
analysed to quantify anatomical differences between species and to explore variation within
species, testing for correlation with physical and chemical variables of their habitat.

Landmark configurations for each specimen were aligned, rotated, translated and scaled by
a generalized Procrustes analysis (GPA; Rohlf & Slice, 1990) using a consensus configuration
as a reference (Rohlf & Marcus, 1993). Partial (PW) and relative warps (RW) were calculated
using TpsRelw v1.35 (Rohlf, 2003a). RWs allowed for the visualization of mean head shape
of each population by means of deformation grids relative to the consensus shape. Cluster
analysis (CA, centroid clustering and average linkage between groups) and discriminant anal-
ysis (DA) were performed with SPSS software (www-01.ibm.com/software/analytics/spss)
employing the PW and uniform co-ordinates (weight matrix) in order to group fishes on the

FiG. 1. Homologous landmarks on the left lateral view of the head of a just captured individual Odontesthes sp.:
dentary anterior tip (1); premaxilla anterior ventral tip (2); premaxilla anterior dorsal tip (3); premaxilla
posterior ventral tip (4); centre of the anterior nostril (5); maxilla posterior ventral tip (6); anterior (7),
posterior (8), dorsal and ventral (9) edge of eye; external tip of the angle between the vertical and
horizontal shafts of the preopercle (11). Bar =10 mm.
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HEAD SHAPE VARIATION IN ODONTESTHES 5

basis of overall head shape and test differences between species and presumptive hybrids,
and within species among capture sites, respectively.

TPSRegr 1.28 (Rohlf, 20030) and polynomial regressions between discriminant functions
(DF) among sampling sites and standard length (Ls) were assayed in order to assess size
effects within each species. The grade of the polynomial regression was assessed on the basis
of r? and the significance of the polynomial coefficients.

Assuming that morphology can give a good indication about genetic introgression (Crespin
& Berrebi, 1999; Valentin et al., 2002), quantifying the extent to which the original area of
distribution of O. hatcheri was converted into a hybrid zone was attempted. Thus, individuals
of O. hatcheri and O. bonariensis were identified by a taxonomic key, the predicted taxonomic
group for each individual was obtained by applying DA on the PW and uniform co-ordinates,
and the percentage of individuals misclassified by DA was calculated for each sampling
site. Three hatcheries (Estacién Hidrobiolégica de Chascomts, Estacion de Piscicultura de
Embalse and Piscicultura Rio Limay) have participated since 1930 in stocking programmes of
O. hatcheri and O. bonariensis along the Andean Cuyan and Patagonian Provinces (Gonzilez
& Mastrarrigo, 1954; Amalfi, 2009). The hypothesis that morphological misclassification is
the evidence of genetic introgression was tested using the correlation of the percentage of
individuals of each species misclassified by DA v. the Euclidean distance from each of the
three hatcheries, under the assumption that consequences of stocking programmes should be
more conspicuous in locations closer to the hatchery.

Conversely, the existence of a morphometric pattern that could be contrasted with taxonom-
ical classification was explored. Landmark information was separated for each sampling site
and subjected to GMA. RW and consensus co-ordinates for each population were extracted,
and CA (centroid clustering and squared Euclidean distance) was performed using the shape
matrix.

Intraspecific morphological variation can result from natural genetic variation, different
degrees of introgression and environmental effects. Differences between populations and
intrapopulation variations within two lakes with enough individuals (Carrilafquen and Moren-
ito Lakes) were analysed using the same landmarks. DAs were performed to test differences
among populations using the shape matrix provided by GMA. In all cases, the description of
shape variation in the first two RWs was performed visualizing the deformation grids in the
extreme of each axis from left to right and from bottom to top. Environmental information for
sampling sites was obtained from the available literature and from Servicio Meteoroldgico
Nacional (www.smn.gov.ar). Ten environmental variables (Table II) were used in order to
search for environmental dependence (in lakes and reservoirs) of the cephalic shape. The
significance of these relationships was considered after Bonferroni correction.

RESULTS

INTERSPECIFIC DIFFERENCES

The first two RWs of the GMA (n =415) explain 48% of the variance (RW1 =
31.68% and RW2 = 16-15%). The head shape variation explained by RW1 ranges
between individuals with a longer maxilla and premaxilla, smaller eyes in an anterior
position, tall and short heads and prognathism of the lower jaw in the negative semi-
axis, and individuals with a shorter maxilla and premaxilla, larger eyes, longer heads
and prognathism of the upper jaw in the positive semi-axis. The head shape variation
explained by RW2, ranges between individuals with short heads and prognathism of
the upper jaw in the negative semi-axis, and individuals with longer heads and
prognathism of the lower jaw in the positive semi-axis.

When the taxonomic status (O. hatcheri, O. bonariensis and intermedi-
ate individuals) was considered, both species were mostly separated by RW2

© 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013 , doi:10.1111/jfb.12191
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HEAD SHAPE VARIATION IN ODONTESTHES 7

(Fig. 2). DA differentiates O. hatcheri, O. bonariensis and intermediate indi-
viduals with 83-6% of cases correctly classified into the taxonomically assigned
category, explaining 100% of the total variance. DF1 (Wilks’ A =0-353,
n =415, P <0-001) separates both species and DF2 (Wilks” A =0-917, n =415,
P <0-01) separates the intermediate individuals from both O. hatcheri and
O. bonariensis (Fig. 2).

Notwithstanding the excellent discrimination among taxonomic groups, the taxo-
nomic categories of O. hatcheri and O. bonariensis include a non-negligible number
of individuals considered in other categories by the DA, i.e. misclassified cases.
Each sampling site shows a different proportion of misclassified cases (Table I). In
particular, the number of individuals taxonomically predicted as O. hatcheri and
misclassified by the DA for each sampling site [Fig. 3(a)] shows a negative and
significant correlation with the Euclidean distance from Limay hatchery (Pearson
r= —0-674, n =10, P <0-05) and Embalse hatchery (Pearson r = —0-722, n = 10,
P <0-05), and a marginal correlation regarding Chascomus hatchery (Pearson r =
—0-627, n =10, P > 0-05). The number of individuals taxonomically predicted as
O. bonariensis and misclassified by the DA for each sampling site [Fig. 3(b)] shows
only a marginal correlation with the distance from the Limay hatchery (Pearson r =
—0-867, n =5, P > 0.-05).

The dendrogram based on CA applied on the consensus shape of each sampling
site shows that the grouping of each species is mostly correct, with O. hatcheri
and O. bonariensis being the two main groups (Fig. 4). The O. bonariensis group,
however, includes the individuals of Lake Pellegrini (both species and intermediate
individuals) while individuals of Lake Buenos Aires (O. hatcheri) are separate from
the others.

INTRASPECIFIC MORPHOLOGICAL VARIATION OF
O. BONARIENSIS

The first two RWs, considering 106 individuals in three lakes and two reservoirs,
explain 54% of the variance (RW1 = 40% and RW2 = 14%). The head shape
variation explained by RW1 ranges between individuals with a longer maxilla and
premaxilla, smaller eyes, a shorter head and prognathism of the upper jaw in the
negative semi-axis, and individuals with shorter maxilla and premaxilla, larger eyes,
longer heads, a thicker anterior portion of the premaxilla and a slight prognathism
of the lower jaw in the positive semi-axis. The head shape variation explained by
RW?2 ranges between individuals with a shorter maxilla and premaxilla, a shorter
head and more anteriorly positioned eyes in the negative semi-axis, and individuals
with a longer maxilla and premaxilla, longer head and more posteriorly positioned
eyes in the positive semi-axis.

DA among the five capture sites produces three significant DFs that correctly
classify 89-6% of the cases into the original lake or reservoir, and explain 97-2%
of the variance. DF1 (Wilks” A =0-022, n =106, P <0-001) shows a significant
relationship with Lg (Pearson correlation coefficient =0-874, n = 106, P < 0-01) and
does not differentiate any of the populations from the overall size-related trend (Fig.
5). DF2 and DF3 do allow differentiation of individuals from Ullum and Carrizal
Reservoirs, Lake San Lorenzo and the group formed by Pellegrini and Urre Lauquen
Lakes (Fig. 5).

© 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013 , doi:10.1111/jfb.12191
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FiG. 2. Interspecific differences (geometric morphometrics): (a) RW1 v. RW2 [V, Odontesthes bonariensis;
@, Odontesthes hatchery; B, intermediate individuals (of Lake Pellegrini)] and (b) discriminant analysis
among species and presumptive hybrids, discriminant function (DF) 2 v. DF1. Group centroids and 95%
c.1. are indicated.
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FiG. 3. Percentage of individuals taxonomically predicted as (a) Odontesthes hatcheri and (b) Odontesthes
bonariensis and misclassified by the discriminant analysis (diameter of the circles), by capture site
(crosses). A, the geographic position of stocking hatcheries (1, Limay, 38° 59’ S; 68° 14' W; 2, Embalse,
32° 13" S; 64° 29’ W; 3, Chascomiis, 35° 36" S; 58° 01’ W).

INTRASPECIFIC MORPHOLOGICAL VARIATION OF
O. HATCHERI

The first two RWs explain 49% of the variation among eight lakes, one river and
one reservoir, with 302 individuals, using the same 11 landmarks. The head shape
variation explained by RW1 ranges between individuals with a longer maxilla and

0 5 10 15 20 25
EREEEE R S EEE LR S EEE LR +
Pueyrredon ]7
Rivadavia
Carrilafquen
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Florentino Ameghino —l
Morenito
Chubut J
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FiG. 4. Dendrogram based on cluster analysis applied on the consensus shape of each capture site. Distances
are rescaled to fall in the range of 1-25. Odontesthes hatcheri (O) and Odontesthes bonariensis (H)
are the two main groups. Note that all the individuals of Lake Pellegrini (both species and intermediate
individuals) are clustered within the O. bonariensis group. Individuals of Lake Buenos Aires (O. hatcheri)
are separated from all other groups.
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FIG. 5. Odontesthes bonariensis: (a) discriminant function (DF) 1 v. standard length (Lg) and (b) DF3 v. DF2.
[Carrizal Reservoir (@), Lake San Lorenzo (A\), Lake Pellegrini (M), Ullum Reservoir (&) and Lake
Urre Lauquen (A )]. Fitted polynomial line, centroids and 95% c.1. are indicated. Deformation grids show
the mean shape for (c) Carrizal Reservoir, (d) Lake San Lorenzo and (e) Ullum Reservoir (see Fig. 1).

premaxilla, smaller eyes and shorter head in the negative semi-axis, and individuals
with shorter maxilla and premaxilla, larger eyes, longer head and prognathism of the
upper jaw in the positive semi-axis. The RW2 shows individuals with shorter head,
more anteriorly positioned eyes and prognathism of the upper jaw in the negative
semi-axis and individuals with smaller eyes in positive semi-axis.

Regarding the size effect, a significant regression between RW1 and Lg (r=
—8-949, n =302, P <0-001; Fig. 6) can be seen, indicating a clear allometric
growth, with the small individuals (10cm Lg) presenting a shorter maxilla and
premaxilla, longer head and upper jaw prognathism, medium-sized individuals
(25 cm) presenting a long maxilla and premaxilla, small head and slight upper jaw

© 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013 , doi:10.1111/jfb.12191
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FiG. 6. Size effect in Odontesthes hatchery: RW1 v. standard length (Ls) showing fitted line, 95% c.1. and
deformation grids for small (10cm Lg), medium (25c¢m Lg) and large (40cm Lg) individuals. The Lg
range references corresponded to the diet studies of Ferriz (1987), Grosman & Rudzik (1990) and Macchi
et al. (1999) (see Fig. 1.).

prognathism, and large individuals (40cm) with a longer maxilla and premaxilla,
smaller eyes and shorter head.

The only significant correlation between RWs and environmental variables was
RW1 v. line coast development {Dp =p [2 (7 A)*3171, where p = perimeter and A
= area; regression t = —61-407, n=9, P <0-01}. DA among water bodies pro-
duces eight significant DFs that correctly classify 73-5% of the cases into the
original lake, river or reservoir, and explain 99-1% of the variance. Morphologi-
cal variation is related to Ls. DF1 (Wilks’ A =0-023, n =302, P <0-001) and DF2
(Wilks” A =0-077, n =302, P < 0-001) show a significant relationship to Lg (Pearson
r=0-594, n =302, P <0-01 and Pearson r = —0-569, n =302, P <0-01, respec-
tively). Notwithstanding the size effect, DFs show different body shapes for Chubut
River individuals and the populations of the lakes Buenos Aires, Rivadavia and
Rosario (Fig. 7).

INTRALACUSTRINE MORPHOLOGICAL VARIATION OF
O. HATCHERI

Within Lake Morenito (n =42), RW1 explains 49-77% and RW2 13-82% of the
variance. The head shape variation explained by RW1 ranges between individuals
with a longer maxilla and premaxilla, smaller eyes, shorter head and prognathism
of the lower jaw in the negative semi-axis, and individuals with shorter maxilla and
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Lake Rivadavia; ‘, Lake Rosario).

premaxilla, larger eyes and longer head in the positive semi-axis. The head shape
variation explained by RW2 ranges between individuals with a longer maxilla and
premaxilla, shorter head and more anteriorly placed eyes in the negative semi-axis,
and individuals with shorter maxilla and premaxilla and prognathism of the upper
jaw in the positive semi-axis.

Within Lake Carrilafquen (n = 58), RW1 explains 23-15% and RW2 19-67% of the
variance. The head shape variation explained by RW1 ranges between individuals
with a shorter maxilla and premaxilla, shallower head and posteriorly positioned
eyes in the negative semi-axis, and individuals with a longer maxilla and premaxilla,
more anteriorly placed eyes and deeper head in positive semi-axis. The head shape
variation explained by RW2 ranges between individuals with larger eyes in the
negative semi-axis and individuals with smaller eyes in the positive semi-axis.
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Considering both lakes in the same TPS analysis, a negative regression
(t =-3-523, n =41, P <0-001) between RW1 and Lg is obtained for individuals
of Lake Morenito (regression, F'ja40=12-428, n =41, P <0-001). In contrast, the
regression of RW1 with size is positive (t =—7-148, n =57, P <0-001) in Lake
Carrilafquen (regression, F'y 56 =51-095, n =57, P <0-001).

DISCUSSION

The present results represent the first evidence of introgression of the transplanted
O. bonariensis with the native O. hatcheri. Turner (1999) gives a detailed discussion
about hybridization and introgression in fishes. Deliberate stocking of hatchery fishes
is likely to increase the number of introgressed and hybrid individuals, increasing the
likelihood of misclassification. Head shape allows distinction between individuals of
O. hatcheri and O. bonariensis. The closer the hatcheries participating in stocking
programmes are to the sampling site, the higher the percentage of misclassified
individuals, particularly for O. hatcheri. Thus, misclassification is a likely product
of stocking, which probably occurs more frequently closer to hatcheries. Water bodies
near Estacion de Piscicultura Rio Limay appear to have been stocked more times
and with greater number of fishes than the more remote sites.

This complex landscape agrees with the genetic introgression predicted by
Striissmann et al. (1997a), and could be one of the causes for the observed
morphological variation of O. hatcheri and O. bonariensis populations in the hybrid
zone. Particularly, the presence of individuals with intermediate morphological and
meristic characteristics only in Lake Pellegrini appears to rely on the existence of
an artisan fishery in this lake, where artificial fertilization using captured fishes is a
common practice among fishermen (Ringuelet, 1943), carried on up to the present.
This practice might be constantly introducing hybrids in the system, probably
preventing the isolating action of natural barriers. In the same way, considering
the lateral view of the head as featured in this work, all the individuals of Lake
Pellegrini (O. hatcheri, O. bonariensis and intermediate individuals) are found
nested within the O. bonariensis group, and the individuals of the remote Lake
Buenos Aires (O. hatcheri) are separated from all the others (Figs 3 and 8).

Cephalic shape is related to size in both species. In agreement with Dyer (2006),
large-sized individuals of O. hatcheri have lower jaw prognathism and a shorter
head in relation to small-sized individuals, within Lake Morenito. This might be
related to ontogenetic feeding changes, specifically involving a shift to piscivory
in individuals of Lt 300 mm or more (Macchi et al., 1999). In contrast, in Lake
Carrilafquen, where there are no data about piscivory (M. Alonso, pers. comm.),
upper jaw prognathism for large individuals of O. hatcheri could be observed. All
morphological analyses from this study (interspecific and intraspecific, between and
within populations) show that variation affects the same anatomical structures: size of
head, prognathism, size of upper and lower jaws and size and positions of eyes. This
morphological variation, which is repeated within populations, between populations
and between species has been named nested variation (Foster et al., 1998). Nested
variations might be generated by genetic or environmental causes. Many authors have
documented body shape divergences involving fishes that inhabit shallow littoral v.
deeper limnetic zones of temperate postglacial lakes (Schluter & McPhail, 1992;
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Lake Rivadavia, (c) Lake Rosario and (d) Chubut River (see Fig. 1).

Robinson & Wilson, 1994; Ruzzante et al., 1998; Riopel et al., 2008). In addition
to Aigo et al. (2008), who positively relate abundance of O. hatcheri with the area
of the lake, the dependence of cephalic shape of O. hatcheri with D1 suggests an
effect of the development of the littoral zone, nutrient input, macrophyte abundance
and shelter availability on the head shape, probably mediated by food availability
(Crichigno et al., 2012).

Odontesthes hatcheri occupies almost all the Andean region (i.e. from 35° 04’
S in El Nihuil reservoir to 47° 18’ S in Lake Pueyrredon; Aigo ef al., 2008) and
Shuter & Post (1990) propose that winter starvation constrains fish distribution at
high latitudes. The ability of fishes to successfully face a given food availability could
be understood in terms of the fit between morphology and function (prey capture
and food processing). Two closely related types of prey capture mechanisms have
been described for the atherinopsid genera Cauque, Austromenidia, Basilichthys and
Odontesthes: premaxillary protrusion and premaxillary bite (Osse, 1989; De la Hoz,
1994; De la Hoz & Aldunate, 1994; De la Hoz et al., 1994). In this way, the observed
dependence between the cephalic morphology of O. hatcheri and body size agrees
with the trophic niche shifts observed for the species (Cervellini et al., 1993; Macchi
et al., 1999). The presumptive euriphagous characteristic of O. hatcheri (Ferriz,
1987; Grosman & Rudzik, 1990; Bello et al., 1991; Macchi et al., 1999) requires
more consideration. The diet of the species changes greatly between lakes but not
within them, with most of the intralacustrine variation ascribed to the ontogenetic
shift of the diet (Ferriz, 1987; Grosman & Rudzik, 1990; Cervellini et al., 1993,
Battini et al., 1995; Macchi et al., 1999; Menni, 2004; Fig. 5). In consequence, the
species shows a succession of more or less stenophagous ontogenetic periods: larva,
juvenile and adult, that appear to be correlated with the trade-off between limnetic
abundance of small-sized prey for larvae and shelter availability in the littoral area
for larger fish (Werner & Hall, 1988; Cussac et al., 1992; Barriga et al., 2002, 2012).

Odontesthes hatcheri has diminished throughout Patagonia, probably due to diet
overlap, competitive exclusion and active predation by salmonids, despite its previous
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exposure to the native perch Percichthys trucha (Valenciennes 1833) (Macchi et al.,
2007; Lindegren et al., 2012). Introgression thus adds a new threat to this species
and deserves particular consideration in terms of local conservation management.

We wish to thank G. Orti for the critical reading of the manuscript, G. Somoza for sam-
ples from Lake San Lorenzo and F. Gémez for samples provided from Lake Pellegrini. We
would like to acknowledge the following institutions for granting the present project: Univer-
sidad Nacional del Comahue (04B147), CONICET (PIP 112-200801-00282) and FONCYT
(PICT2005-35241) of Argentina, and the NSF-PIRE award (OISE 0530267, U.S.A.) for sup-
port of collaborative research on Patagonian Biodiversity granted to the following institutions
(listed alphabetically): Brigham Young University, Centro Nacional Patagénico, Dalhousie
University, Darwinion Botanical Institute, Universidad Austral de Chile, Universidad Nacional
del Comahue, Universidad de Concepcién and University of Nebraska.

References

Aigo, J. C., Cussac, V. E., Peris, S., Ortubay, S., Gémez, S., Lopez, H., Gross, M., Bar-
riga, J. & Battini, M. (2008). Distribution of introduced and native fish in Patagonia
(Argentina): patterns and changes in fish assemblages. Reviews in Fish Biology and
Fisheries 14, 387-408. doi: 10.1007/s11160-007-9080-8

Amalfi, M. (2009). Lago Pellegrini caracteristicas limnolégicas. ProBiota. Serie documentos
No. 07. La Plata: FCNyM, UNLP.

Baigtn, C. & Ferriz, R. (2003). Distribution patterns of native freshwater fishes in Patagonia
(Argentina). Organisms, Diversity and Evolution 3, 151-159.

Barriga, J. P., Battini, M. A., Macchi, P., Milano, D. & Cussac, V. E. (2002). Spatial
and temporal distribution of landlocked Galaxias maculatus and Galaxias platei
(Pisces,Galaxiidae) in a lake in the South American Andes. New Zealand Journal of
Marine and Freshwater Research 36, 345-359.

Barriga, J., Battini, M., Garcia-Asorey, M., Carrea, C., Macchi, P. & Cussac, V. (2012).
Intraspecific variation in growth and morphology of landlocked Galaxias macula-
tus during the limnetic period of its life history. Hydrobiologia 679, 27—-41. doi:
10.1007/s10750-011-0849-3

Battini, M. A., Alonso, M. F. & Cussac, V. E. (1995). Growth and nutritional condition
of the larvae of Odontesthes microlepidotus (Atherinidae): an experimental approach.
Environmental Biology of Fishes 42, 391-399. doi: 10.1007/BF00001469

Bello, M. T., Bunge, M. M. & Baiz, M. (1991). Alimentacion natural del pejerrey (Patagonina
hatcheri) introducido en la laguna Ne Luan, Rio Negro. Biologia Pesquera 20, 13—19.

Bookstein, F. L. (1991). Morphometric Tools for Landmark Data. Cambridge: Cambridge
University Press.

Cervellini, P. M., Battini, M. A. & Cussac, V. E. (1993). Ontogenetic shifts in the diet of
Galaxias maculatus (Galaxiidae) and Odontesthes microlepidotus (Atherinidae). Envi-
ronmental Biology of Fishes 36, 283—-290. doi: 10.1007/BF00001724

Cione, A. L. & Bédez, A. M. (2007). Peces continentales y anfibios cenozoicos de Argentina:
los ultimos cincuenta afios. Ameghiniana, Publicacion Especial 11, 195-220.

Cione, A. L., Reguero, M. A. & Acosta Hospitaleche, C. (2007). Did the continent and
sea have different temperatures in the northern Antarctic Peninsula during the middle
Eocene? Revista de la Asociacion Geoldgica Argentina 62, 586—596.

Crespin, L. & Berrebi, P. (1999). Asymmetrical introgression in a freshwater fish hybrid
zone as revealed by a morphological index of hybridization. Biological Journal of the
Linnean Society 67, 57—72. doi: 10.1111/j.1095-8312.1999.tb01929.x

Crichigno, S. A., Battini, M. A. & Cussac, V. E. (2012). Early morphological variation and
induction of phenotypic plasticity in Patagonian pejerrey. Neotropical Ichthyology 10,
341-348.

Cussac, V. E., Cervellini, P. M. & Battini, M. A. (1992). Intralacustrine movements of
Galaxias maculatus (Galaxiidae) and Odontesthes microlepidotus (Atherinidae)
during their early life history. Environmental Biology of Fishes 35, 141-148. doi:
10.1007/BF00002189

© 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013 , doi:10.1111/jfb.12191



16 S. CRICHIGNO ET AL.

Cussac, V. E., Ruzzante, D., Walde, S., Macchi, P. J., Ojeda, V., Alonso, M. F. & Denegri,
M. A. (1998). Body shape variation of three species of Percichthys in relation to their
coexistence in the Limay river basin, in Northern Patagonia. Environmental Biology of
Fishes 53, 143—153. doi: 10.1023/A:1007492101376

Cussac, V. E., Fernandéz, D. A., Gémez, S. E. & Lépez, H. L. (2009). Fishes of southern
South America: a story driven by temperature. Fish Physiology and Biochemistry 35,
29-42. doi: 10.1007/s10695-008-9217-2

De la Hoz, E. (1994). Aspectos cinemdticos del mecanismo de mordida premaxilar en
los géneros Cauque, Basilichthys, y Austromenidia (Teleostei: Atherinidae). Investi-
gaciones Marinas, Valparaiso 22, 31-37.

De la Hoz, E. & Aldunate, R. (1994). El sistema hioideomandibular de Cheirodon (Ostario-
physi, Characidae): una innovacién funcional. Anales del Museo de Historia Natural
Valparaiso 22, 83-90.

De La Hoz, E. U., Cancino, C. A. & Ojeda, E. C. (1994). Capacidades de modulacién
y plasticidad funcional de los mecanismos de captura de alimento en Atherinopsi-
nae sudamericanos (Teleostei, Atherinidae). Investigaciones Marinas, Valparaiso 22,
45-65.

Diaz, M. M. & Pedrozo, F. L. (1996). Nutrient limitation in Andean—Patagonian lakes at
latitude 40—-41 °S. Archiv fiir Hydrobiologie 138, 123—143.

Diaz, M., Pedrozo, F. & Baccald, N. (2000). Summer classification of Southern Hemisphere
temperate lakes (Patagonia, Argentina). Lakes and Reservoirs: Research and Manage-
ment 5, 213-229. doi: 10.1046/j.1440-1770.2000.00118.x

Dyer, B. S. (2000a). Revisién sistemadtica de los pejerreyes de Chile (Teleostei, Atherini-
formes). Estudios Oceanoldgicos 19, 99—-127.

Dyer, B. S. (2000b). Systematic review and biogeography of the freshwater fishes of Chile.
Estudios Oceanoldgicos 19, 77-98.

Dyer, B. S. (2006). Systematic revision of the South American silversides (Teleostei, Atherini-
formes). Biocell 30, 69-88.

Ferriz, R. A. (1987). Alimentacién del pejerrey patagénico Patagonina hatcheri (Eigenmann,
1909) en el embalse Ramos Mexia, Neuquén, Argentina. Hidrobiologia 6, 61—66.

Foster, S. A., Scott, R. J. & Cresko, W. A. (1998). Nested biological variation and speciation.
Philosophical Transactions of the Royal Society B 53, 207-218.

Freyre, L. R. & Protogino, L. C. (1993). Dos modelos de metabolismo energético de peces
de agua dulce de Argentina. Gayana, Zooldgica 57, 47-55.

Gomez, S. E. & Ferriz, R. A. (2001). Algunos aspectos de la ecofisiologia del pejerrey. In
Fundamentos biologicos, economicos y sociales para una correcta gestion del recurso
pejerrey (Grosman, F., ed), pp. 46—52. Buenos Aires: Astyanax.

Gonzélez, T. & Mastrarrigo, V. (1954). Piscicultura. El pejerrey. Publicaciones Misceldnea
268 . Buenos Aries: Ministerio de Agricultura y Ganaderia. Direccion General de Pesca
y Conservacién de la Fauna, Direccion de Piscicultura y Pesca Interior.

Grosman, F. & Rudzik, G. (1990). Andlisis de la dieta del pejerrey patagénico Patagonina
hatcheri Eigenmann, 1909, de la Laguna Terraplén, Chubut, Argentina. Biota (Chile)
6, 71-88.

Inazawa, J., Hattori, R. S., Oura, M., Yokota, M. & Striissmann, C. A. (2011). Temperature
effects on sex differentiation of the reciprocal hybrids of Odontesthes bonariensis and
Odontesthes hatcheri (Atherinopsidae). Aquaculture Research 42, 746—753.

Lindegren, M., Vigliano, P. & Anders Nilsson, P. (2012). Alien invasions and the game of
hide and seek in Patagonia. PLoS One 7, e44350.

Liotta, J. (2006). Distribucién geogréfica de los peces de aguas continentales de la Republica
Argentina. ProBiota Serie Documentos No. 3. La Plata: FCNyM, UNLP.

Logan, M. S., Iverson, S. J., Ruzzante, D. E., Walde, S. J., Macchi, P. J., Alonso, M. F.
& Cussac, V. E. (2000). Long term diet differences between morphs in trophically
polymorphic Percichthys trucha (Pisces: Percichthyidae) populations from the southern
Andes. Biological Journal of the Linnean Society 69, 599—-616. doi: 10.1111/j.1095-
8312.2000.tb01225.x

Loépez, H. L., Menni, R. C., Donato, M. & Miquelarena, A. M. (2008). Biogeograph-
ical revision of Argentina (Andean and Neotropical Regions): an analysis using

© 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013 , doi:10.1111/jfb.12191



HEAD SHAPE VARIATION IN ODONTESTHES 17

freshwater fishes. Journal of Biogeography 35, 1564—1579. doi: 10.1111/j.1365-
2699.2008.01904.x

Macchi, P. J., Cussac, V. E., Alonso, M. F. & Denegri, M. A. (1999). Predation relationships
between introduced salmonids and the native fish fauna in lakes and reservoirs in
Northern Patagonia. Ecology of Freshwater Fish 8, 227-236. doi: 10.1111/j.1600-
0633.1999.tb00074.x

Macchi, P. J., Pascual, M. A. & Vigliano, P. H. (2007). Differential piscivory of the native
Percichthys trucha and exotic salmonids upon the native forage fish Galaxias maculatus
in Patagonian Andean lakes. Limnologica 37, 76—87. doi: 10.1016/j.1imno.2006.09.004

Menni, R. C. (2004). Peces y ambientes en la Argentina continental, Parte VIII La ictiofauna
patagonica. Buenos Aires: Monografias del Museo Argentino de Ciencias Naturales.

Modenutti, B. E., Balseiro, E. G. & Queimalifios, C. P. (2000). Ciliate community structure in
two South Andean lakes: the effect of lake water on Ophrydium naumanni distribution.
Agquatic Microbial Ecology 21, 299-307. doi: 10.3354/ame021299

Osse, J. W. M. (1989). Form changes in fish larvae in relation to changing demands of
function. Netherlands Journal of Zoology 40, 362-385.

Pascual, M. A., Cussac, V., Dyer, B., Soto, D., Vigliano, P., Ortubay, S. & Macchi, P.
(2007). Freshwater fishes of Patagonia in the 21st century after a hundred years of
human settlement, species introductions, and environmental change. Aquatic Ecosystem
Health and Management 10, 212-227. doi: 10.1080/14634980701351361

Riopel, C., Robinson, B. R. & Parson, K. J. (2008). Analyzing nested variation in the
body form of lepomid sunfishes. Environmental Biology of Fishes 82, 409—420. doi:
10.1007/s10641-007-9303-9

Robinson, B. W. & Wilson, D. S. (1994). Character release and displacement in fishes: a
neglected literature. American Naturalist 144, 596—627.

Rohlf, F. J. & Marcus, L. F. (1993). A revolution in morphometrics. Trends in Ecology and
Evolution 8, 129-132.

Rohlf, F. J. & Slice, D. (1990). Extension of the Procrustes method for the optimal superim-
position of landmarks. Systematic Zoology 39, 40—59.

Ruzzante, D. E., Walde, S. J., Cussac, V. E., Macchi, P. J. & Alonso, M. F. (1998). Trophic
polymorphism, habitat and diet segregation in Percichthys trucha (Pisces: Percichthyi-
dae) in the Andes. Biological Journal of the Linnean Society 65, 191-214.

Ruzzante, D. E., Walde, S. J., Cussac, V. E., Macchi, P. J., Alonso, M. F. & Battini, M.
(2003). Resource polymorphism in a Patagonian fish Percichthys trucha (Percichthyi-
dae): phenotypic evidence for interlake pattern variation. Biological Journal of the
Linnean Society 78, 497-515.

Ruzzante, D. E., Walde, S. J., Cussac, V. E., Dalebout, M. L., Seibert, J., Ortubay, S.
& Habit, E. (2006). Phylogeography of the Percichthyidae (Pisces) in Patagonia:
roles of orogeny, glaciation, and volcanism. Molecular Ecology 15, 2949-2968. doi:
10.1111/j.1365-294X.2006.03010.x

Ruzzante, D. E., Walde, S. J., Gosse, J. C., Cussac, V. E., Habit, E., Zemlak, T. S. & Adams,
E. D. M. (2008). Climate control on ancestral population dynamics: insight from patag-
onian fish phylogeography. Molecular Ecology 17, 2234—2244. doi: 10.1111/§.1365-
294X.2008.03738.x

Schluter, D. & McPhail, J. D. (1992). Ecological character displacement and speciation in
sticklebacks. American Naturalist 140, 85—108.

Shuter, B. J. & Post, J. R. (1990). Climate, population viability, and the zoogeography of
temperate fishes. Transactions of the American Fisheries Society 119, 314-336.
Somoza, G. M., Miranda, L. A., Berasain, G. E., Colautti, D., Remes Lenicov, M.
& Striissman, C. A. (2008). Historical aspects, current status and prospects of
pejerrey aquaculture in South America. Aquaculture Research 39, 784—793. doi:

10.1111/5.1365-2109.2008.01930.x

Striissmann, C. A., Calsina Cota, J. C., Phonlor, G., Higuchi, H. & Takashima, F. (1996).
Temperature effects on sex differentiation of two South American atherinids, Odon-
testhes argentinensis and Patagonina hatcheri. Environmental Biology of Fishes 47,
143-154.

© 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013 , doi:10.1111/jfb.12191



18 S. CRICHIGNO ET AL.

Striissmann, C. A., Akaba, T., [jima, K., Yamaguchi, K., Yoshizaki, G. & Takashima, F.
(1997a). Spontaneous hybridization in the laboratory and genetic markers for the iden-
tification of hybrids between two atherinid species, Odontesthes bonariensis (Valenci-
ennes, 1835) and Patagonina hatcheri (Eigenmann, 1909). Aquaculture Research 28,
291-300.

Striissmann, C. A., Saito, T., Usui, M., Yamada, H. & Takashima, F. (1997b). Thermal
thresholds and critical period of thermolabile sex determination in two atherinid fishes,
Odontesthes bonariensis and Patagonina hatcheri. Journal of Experimental Zoology
278, 167-177.

Turner, G. F. (1999). What is a fish species? Reviews in Fish Biology and Fisheries 9,
281-297. doi: 10.1023/A:1008903228512

Valentin, A., Sévigny, J. M. & Chanut, J. P. (2002). Geometric morphometrics reveals body
shape differences between sympatric redfish Sebastes mentella, Sebastes fasciatus and
their hybrids in the Gulf of St Lawrence. Journal of Fish Biology 60, 857—-875. doi:
10.1006/jfbi.2002.1889

Werner, E. E. & Hall, D. J. (1988). Ontogenetic habitat shift in bluegill: the foraging rate-
predation risk trade-off. Ecology 69, 1352—1366.

Wetzel, R. (1981). Limnologt “a. Barcelona: Omega.

Electronic References

TARH-INCYTH (1995). Catédlogo de los lagos y embalses de la Argentina. .Proyecto Catdlogo
Nacional de Lagos y Lagunas Argentinas y su Medio Ambiente (Calcagno, A., Fioritti,
M., Pedrozo, F., Vigliano, P.H., Lopez, H., Rey, C., Razquin, M.E. & Quiros, R.,
eds) Ministerio de Economia y Obras Servicios Piiblicos. Secretaria de Obras y Ser-
vicios Publicos. Available at http://www.hidricosargentina.gov.ar/catalogo_lagos.php/
(accessed 12 June 2013).

Marrero, A. (1950). Flechas de Plata, Atherinidos Argentinos. Pejerreyes y Lat-
erinos (Breitman, M., ed.). Buenos Aires: Grabados La Plata. Available at
http://www.efn.uncor.edu/otros/bibliocentro/index_archivos/80-Marrero.pdf/

Ringuelet, R. A., (1943) Piscicultura del Pejerrey o Aterinicultura. Coleccion Agro, Vol.
6. Buenos Aires: Editorial Suelo Argentino. Available at http://www.produccion-
animal.com.ar/produccion_peces/piscicultura/94-Ringuelet-Atherinicultura.pdf/

Rohlf, F. J. (2003a). TPS Relw v. 1.35. Stony Brook, NY: Department of Ecology and Evo-
lution. State University of New York. Available at http:/life.bio.sunysb.edu/morph/

Rohlf, F. J. (2003b). TPS Regr v. 1.28. Stony Brook, NY: Department of Ecology and Evo-
lution. State University of New York. Available at http:/life.bio.sunysb.edu/morph/

© 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013 , doi:10.1111/jfb.12191



