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Abstract Orestias is an endemic fish genus of lacustrine
and lotic systems distributed on theAndes highland region
(Altiplano) of Peru, Bolivia and Chile (9°S to 22°S).
Based on morphological characters, taxonomic studies
have recognized seven species on the Chilean western
southern Altiplano region (17°S - 22°S). The current
geographical distribution of Orestias would be associated
with historical vicariant events and fluctuations in water
levels since the Pleistocene. In this context, this group
arises as an interesting model to assess Orestias morpho-
logical adaptations in Altiplano systems. Morphological
and meristic analyses were performed on ten populations
of Orestias in the southern Altiplano. The results showed
significant differences among populations. The meristic
and morphometric characters were related to physical and
chemical properties of their habitat. We considered the
systematic validation of the Orestias species and the pos-
sible future determination of new species of the popula-
tions ofO. cf. agassii of Huasco saltpan, Isluga River and
Chuviri wetland, which should be tested with trophic,
genetic and karyotype analyses.

Keywords Andean high plateau . Freshwater fish .

Morphology

Introduction

Traditionally, taxonomic studies for the identification of
species members have been carried out using morpho-
logical andmeristic characteristics (Cadrin 2000), where
specimens or their populations may present overlaps
when characters are invariant. (Swain and Foote 1999;
Murta 2000). When fish are exposed to different envi-
ronmental conditions, they can adjust their morphology
and evolve with adaptations that allow them to survive
the new conditions (Webb 1984). The environment is a
powerful force that models the morphology of organ-
isms during their ontogeny (Costa and Cataudella
2007). Hence, morphology is not only a result of their
genetics but also of their environment and behavior
(Guill et al. 2003).

Ecosystem dynamism and geographic isolation may
enable specimens to experience a wide range of ecological
conditions, leading to morphological differences and local
adaptations (Schluter 1993, 1996, 2000; Losos et al. 1998;
Kocher 2004; Maldonado et al. 2009). For this reason, it is
suggested that natural selection may lead species into
occupying similar ecological niches with certain morpho-
logical and meristic characteristics, in response to equiva-
lent selective pressures (Wainwright 1991, 1996; Hugueny
and Pouilly 1999; Cardin and Friedland 1999; Pouilly et al.
2003; Poulet et al. 2005;Merona 2005). The quantification
of specific characteristics of a specimen or group of
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specimens may demonstrate the degree of speciation in-
duced by biotic and abiotic conditions, contributing to the
definition of different groups of species (Bailey 1997;
Nacua et al. 2010).

To understand the morphological responses of organ-
isms to environmental conditions, patterns of morpho-
logical variation have been compared with patterns of
variation in ecological characteristics (Norton et al.
1995; Maldonado et al. 2009). These analyses have
helped to determine whether there is phenotypic diver-
gence among different species or populations of the
same species, and which could have an impact on them,
shedding light on the interaction that species have had
with their environment since their separation from their
dispersal center. A habitat freshwater heterogeneity (lo-
tic and lentic) could potentially create a spatial variation
or facilitate morphological plasticity (Franssen 2011).
For example, the lotic environments select a body fusi-
form shape by reducing the resistance of the water
stream, obtaining lower energy costs (Webb 1984;
Langerhans and Reznick 2010; Foster et al. 2015).

The genus Orestias described in the southern Alti-
plano (17° to 22° S) inhabits aquatic systems as diverse
as high lakes, rivers, saltpans and wetlands (locally
called bofedales) of the Andes. Most systematic studies
have emphasized the use of meristic and morphological
characters for Orestias species characterization. Up to
now, species descriptions have mainly considered rela-
tionships of body proportions, number and distribution
of scales, fin rays and gills characteristics (Arratia 1982;
Lauzanne 1982; Parenti 1984a; Costa 1997; Vila et al.
2011, 2013), yet lacking an analysis which would cor-
relate the set of characters with the environmental var-
iations where the species live.

Seven Orestias species have been described for the
southern Altiplano (Fig. 1); Orestias piacotensis (Vila
2006), O. laucaensis (Arratia 1982), O. parinacotensis
(Arratia 1982), O. chungarensis (Vila and Pinto 1986),
O. cf. agassii (Mann, 1954),O. gloriae (Vila et al. 2011)
and O. ascotanensis (Parenti, 1984). The validity of the
species described for the agassii complex of the south-
ern Altiplano has been questioned by Villwock and
Sienknecht (1995, 1996), postulating that they represent
ontogenetic stages and that they could also represent
geographical variations of the same species. The likely
source of discrepancy is that the original descriptions
were based on the analyses of a limited number of
specimens of the same ontogenetic stage (Villwock
and Sienknecht 1995, 1996).

The objective of this study has been to analyze the
morphological and meristic differences between the
species of Orestias of the southern Altiplano. We hy-
pothesized differences among the populations of
Orestias, principally due to historical isolation and par-
ticular environmental conditions of each ecosystem of
the southern Altiplano. For this, a higher number of
individuals have been considered for the morphological
and meristic analyses, incorporating adults of different
sizes and considering all the species described for this
zone, as well as new populations under study.

Material and methods

The study included 258 Orestias specimens collected
between 2013 and 2016 (Table 1) in 10 different sys-
tems of the southern Altiplano (Fig. 1). The fish were
captured using hand nets, as well as electrofishing
(SAMUS -725) at deeper places. Fish were fixed with
95% alcohol after being euthanized with Tricaine
methanesulfonate (MS222). Posteriorly, at the laborato-
ry, the alcohol was removed and fish were fixed with
new 95% alcohol. Finally, the specimens were included
to the collection of the Limnology Laboratory of the
University of Chile (Table 1).

The species included in this s tudy were
O. parinacotensis (Arratia 1982) from Parinacota wetland
(18°12’ S; 69°16’ W), O. laucaensis (Arratia 1982) from
Lauca River (18°11’ S; 68°16’ W) and Cotacotani lake
(18°12’ S; 69°14’ W), O. chungarensis (Vila and Pinto
1986) of Lake Chungará (18°15’ S; 69°07’ W),
O. ascotanensis (Parenti 1984a) of Ascotán saltpan (21°
S; 68° W), O. piacotensis (Vila 2006) of Piacota lake
(18°12’ S; 69°158’ W); O. cf. agassii (Valenciennes,
1846) of Huasco saltpan (20°16’ S; 68°41’ W) O. cf.
agassii of IslugaRiver (19°01’S; 68°42’W),O. cf. agassii
of Chuviri wetland (18°10’ S; 69°20’ W) and O. gloriae
(Vila et al. 2011) of Carcote saltpan (21°17’ S; 68°19’W).
The descriptions of Arratia (1982); Parenti (1984a); Vila
and Pinto (1986), Vila (2006) and Vila et al. (2011) were
used to determine the species.

For the morphological analyses of the species studied,
the following measurements were standardized for each
specimen size: eye diameter, head length, pre dorsal length,
standard length, total length, pre orbital length, caudal
peduncle length, pre anal length, body height, caudal
peduncle height, and head height (Fig. 2). For the meristic
analyses, the same specimens were used, counting the
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number of scales of the lateral line, the number of rays of
the dorsa l , ana l , pec to ra l and caudal f ins
(Appendix Table 5). Data were analyzed by a MANOVA
(Multivariate variance analysis) using all morphometric
measurements, grouping specimens by sampled localities,
and grouped also by type of environment classifying them

into fluvial O. laucaensis, and O. cf. agassii of Isluga; O.
cf. agassii fromHuasco,O. ascotanensis andO. gloriae in
saltpans; O. chungarensis O. piacotensis as lacustrines;
O. laucaensis of Cotacotani, O. parinacotensis and O. cf.
agassii of Chuviri from wetlands. A Principal Component
analysis (PCA) and Linear discriminant analysis (LDA)

Fig. 1 Distribution map of the
Orestias species used in this study

Table 1 Locality of the populations of Orestias collected

Populations Locality Latitude/ Longitude N° Ind

O. parinacotensis Parinacota wetland 18°12’S/ 69°16’W 29

O. laucaensis Lauca river 18°22’S/ 69°20’W 27

O. laucaensis Cotacotani lake 18°12’S/ 69°14’W 28

O. chungarensis Chungara Lake 18°15’S/ 69°10’W 16

O. ascotanensis Ascotan salt pan 21°29’S/ 68°15’W 22

O. gloriae Carcote salt pan 21°16’S/ 68°19’W 28

O. piacotensis Piacota lake 18°12’S/69°16’W 27

O. cf. agassii Isluga river 19°15’S/68°42’W 28

O. cf. agassii Huasco salt pan 20°15’S/ 68°52’W 26

O. cf. agassii Chuviri wetland 18°10’S/69°20’ W 27
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were performed using Statistica 6.0 (Statsoft) software,
with each species as a classifying variable. The discrimi-
nant function was evaluated in a classificationmatrix using
the Jacknife option. Subsequently, a Mantel analysis was
done to evaluate the correlation between themorphological
distances analyzed and the geographic distance between
the sampled localities usingMantel 2.0 (Liedloff) software.

For the analyses of geometric morphology, images
taken on the left side of the 258 specimens were used,
with a high-resolution digital camera (Canon SX 530,
16 Mega Pixel, with 1x optical zoom). Eleven land-
marks were established and located on each individual
(Fig. 3) using the TPSDig2 program (Rohlf 1990; Rohlf
and Slice 1990). To eliminate the external variation of
the shape, a General Procrust analysis (GPA) was per-
formed, where the coordinates of the specimens were
aligned (moved, rotated, and scaled to fit each other)
using the Generalized least-squares Procrustes superim-
position (GLS). This method adjusts one configuration
over another by minimizing the sum of the squares of
the distances among landmarks (Rohlf 1990; Rohlf and
Slice 1990). The Relative Warp results were then ob-
tained as the main components of the variation between
specimens in the multivariate space. The Relative Warp
data were used for the consensus configuration of each
locality, and the Euclidean distance ordering analysis
was performed using the UPGMA algorithm (Sneath
and Sokal 1973). A correlation analysis was performed
between the first three Relative Warp components and
the chemical and physical water variables of the fresh-
water systems analyzed (Appendix Table 6). Finally, a
MANOVA analysis and a paired analysis were done
using the software Morpheus (Slice 2000).

Results

The examined characters in meristic analyses overlap,
and they do not differ among the different sizes of each
species studied. These results are similar to the obtained
by Parenti (1984a). The Principal Component analysis
indicated that the first two axes account for 84.96% of
the variance. On the first axis, the pre orbital length and
head length accounts for most of the variance, while on
the second axis corresponds to the eye diameter, the
dorsal and caudal fin. This analysis showed unclear
patterns, such as that O. ascotanensis is grouped in
negative values in the morphometric space for both
axes, while, for O. chungarensis, it did not display a

clear differentiation among the rest of the species in the
morphometric space (Fig. 4). The MANOVA revealed
significant differences between localities for the charac-
ters analyzed (Wilks’ Lambda = 0.0026 F = 12.32, df =
135, p < 0.01). There are also significant differences for
each of the characters measured in the ANOVA carried
out among the analyzed localities (p < 0.01). Besides,
differences among species were observed in Tukey’s a
posteriori test (Table 2).

The morphometric measurements showed differ-
ences among some species groups. Orestias
ascotanensis showed higher values in the predorsal
length and the caudal peduncle length. O. laucaensis
of the Lauca River and Cotacotani wetland showed the
higher values for head length and O. chungarensis and
O. gloriae presented higher values in the head height
compared to the rest of the species. On the other hand,
the pre orbital distance showed the lowest values in
O. ascotanensis, O. chungarensis and O. gloriae.

The exploration of MANOVA about the differentia-
tion of meristic characters and morphometric measure-
ments in different types of environments, showed sig-
nificant differences (Wilks’ Lambda = 0.39378, F = 7.6,
df = 30, p < 0.01). The ANOVA also determined signif-
icant differences (p < 0.05) as did Tukey’s a posteriori
test for all characters except for the pre anal length, eye
diameter and the number of rays on the pectoral and
caudal fin, among the different type of environments.

The LDA, showed significant differences among spe-
cies (Wilks’ Lambda: 0.00265, F = 12.32, df = 135,
p < 0.01), with 100% correct classification for
O. chungarensis of Lake Chungará and O. ascotanensis
of the Ascotán saltpan, and 90% correct classification for
O. gloriae of the Carcote saltpan, O. cf. agassii from the
Isluga River and the Huasco saltpan and O. laucaensis
from the Lauca River. The species O. cf. agassii of the
Chuviri wetland, O. parinacotensis of the Parinacota wet-
land and O. laucaensis from the Cotacotani wetland had
values above 80%, and only O. piacotensis from the
Piacota lake resulted in lower correct classification (68%)
(Table 3). The Mantel analysis showed a non-significant
correlation between geographic distance and morphologi-
cal differentiation (r = 0.42, p = 0.089).

The results of the geometric morphometric analysis
indicated differences among groups for localities. The
MANOVA indicated significant differences among lo-
calities (p = 0.001). The ANOVA results on the data
grouped by species indicated that there are significant
differences among the groups (p < 0.01). The a
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posteriori t test also showed significant differences
among species (p < 0.001) for all cases, except O.
piacotensis with O. laucaensis from Cotacotani
(Table 4).

The analysis of morphometric differences can also be
approached graphically using the Thin Plate Splines
(TPS), which allows observing the degree of deforma-
tion of the morphometric conformation of one species
concerning another (Bookstein 1991; Toro et al. 2010).
As for the Relative Warps, the first two axes accounted
for 22.73% and 20.76% of the variance of the shape
data, respectively. The landmarks that most contributed
to the interspecific differences were the middle point
eye, insertion of the operculum on the ventral profile, tip
of snout, the superior insertion of the pectoral and infe-
rior insertion of the pectoral fin (Fig. 5).

The analysis of multiple correlations incorporating
the chemical composition of the studied systems
showed a significant correlation of the first axis to
sulfates (p < 0.05), calcium (p < 0.05) and pH

(p < 0.05). The UPGMA diagram showed morphologi-
cal differences between two groups, with a cluster of
individuals fromAscotán, Carcote and Parinacota (chlo-
rate systems) and a second cluster from Piacota – Lauca
and Isluga – Cotacotani and Huasco (sulfate systems).
These results were related to the environmental charac-
teristics of the watersheds (Fig. 6).

Discussion

As it has been extensively reported and discussed,
Orestias is a specious genus distributed from northern
Peru to southern Chile (Parenti 1984a: Lüssen et al.
2003; Maldonado et al. 2009; Esquer Garrigos 2013;
Vila et al. 2011; Arratia et al. 2017). The analyses of
meristic and morphometric characteristics showed a
high degree of overlap of the ranges among species,
making it difficult to describe species using external
morphology and meristics. However, new approaches

Fig. 2 Morphometric measurements and meristic used in this
study. 1 eye diameter. 2 head length. 3 pre dorsal length. 4 standard
length. 5 total length. 6 dorsal fin rays. 7 preorbital length. 8 body

height. 9 lateral line scales. 10 caudal peduncle height. 11 pectoral
fin rays. 12 caudal peduncle length. 13 anal fin rays. 14 caudal fin
rays. 15 preanal length. 16 head height

Fig. 3 Landmarks used in this study. 1 Tip of snout. 2 Middle
point of eyes. 3 insertion of the operculum on the ventral profile. 4
beginning of operculum. 5 superior insertion of the pectoral fin. 6
inferior insertion of the pectoral fin. 7 anterior insertion of the anal

fin. 8 posterior insertion of the anal fin. 9 inferior insertion of the
caudal fin. 10 superior insertion of the caudal fin. 11 anterior
insertion of the dorsal fin
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such as both univariate and multivariate analysis, allow
differentiating species with the total character set. The
morphometric analyses have a discriminatory power for
the different species of Orestias, demonstrating that
each species presents a combination of values of the
analyzed characters that allows to discriminate them
correctly from each other, according to what was report-
ed in the original descriptions of Arratia (1982), Parenti
(1984a), Vila and Pinto (1986), Vila (2006) and Vila
et al. (2011).Orestias piacotensis is the only species not
to be classified correctly in the discriminant analysis.
This can be explained by geographical proximity to
other species, and the lack of correlation between mor-
phometric differentiation and geographical distances
when performing the Mantel test. Nevertheless, specific
karyotypes study allows confirming the species validity
(Vila et al. 2010).

According to Parenti (1984a) Orestias genus is divided
into four monophyletic complexes species including those
of the Chilean Altiplano in the agassii complex. This is one
of the complexes with higher morphological diversity and
has been adapted to a wider variety of habitat characteristics
(Lauzanne 1982; Parenti 1984a, b; Maldonado et al. 2009;
Vila et al. 2013; Esquer Garrigos 2013). The studies carried
out considering the types of fluvial, lacustrine and wetlands
environments fish showed significant differences in both
multivariate and univariate analyses. The morphological

measurements and geometric morphometry analyses
showed possible adaptations to these different habitats.
There are various research dealing with changes in the body
shape of fish in lotic and lentic habitats. (Robinson and
Wilson 1994; Taylor et al. 1997; Hendry et al. 2000;
Pakkasmaa and Piironen 2000; Brinsmead and Fox 2002;
Gaston and Lauer 2015). Values obtained in somemeasure-
ments, for example, the predorsal length, were significantly
higher in O. ascotanensis and O. laucaensis, which live in
streams and rivers, in contrast to O. cf. agassii, which lives
in wetlands and saltpans.

It has been postulated thatOrestias speciation should be
the result of habitat fragmentation of one or more ancestral
populations during the Pleistocene (Northcote 2000;
Placzek et al. 2006). Populations would have coexisted
in the big paleo lakes the southern Altiplano regions, since
speciation data obtained are previous to the last paleolakes
and not necessarily the species interplayed keeping strong
philopatry preventing their interbreeding (Fraser et al.
2004). On the other hand, the freshwater systems could
have been influenced by the Pleistocene dry period, with
changes in the water quality, specifically, in the salinity
content. Recently researches show the importance of the
vicariant events in the Altiplano region, postulated that the
allopatric morphological variation would be the result of
adaptation to the different freshwater systems characteris-
tics (Vila et al. 2011, 2013).

Fig. 4 Analysis of Principal Components of 16 morphological and meristic characters measured inOrestias of the Southern Altiplano. The
values next to the axes correspond to the percentage of variance explained by each one of them

944 Environ Biol Fish (2020) 103:939–951



Table 2 Tukey a posteriori tests for morphological differences
among the studied localities. They detail the characters which
showed significant differences between s pair of species. 1 eye
diameter. 2 head length. 3 pre dorsal length. 4 standard length. 5

total length. 6 dorsal fin rays. 7 pre orbital length. 8 body height. 9
lateral line scales. 10 caudal peduncle height. 11 pectoral fin rays.
12 caudal peduncle length. 13 anal fin rays. 14 caudal fin rays. 15
pre anal length. 16 head height

O.
gloriae

O.
chungarensis

O.
ascotanensis

O. cf.
agassii
(Chuviri)

O.
parinacotensis

O. cf.
agassii
(Isluga)

O.
piacotensis

O.
laucaensis

O. cf.
agassii
(Huasco)

O.
chungaren-
sis

2/6/9
11/13

–

O.
ascotanens-
is

7/11/14 2/3/6/9
11/12/14

–

O. cf. agassii
(Chuviri)

1/2/11
14/16

7/6/9
11/12/14
15/16

1/2/3/
7/16

–

O.
parinacote-
nsis

7/9/14
16

6/7/9/12
11/14/16

3/7/9
11/16

15 –

O. cf. agassii
(Isluga)

2/16
6/8/10
11/14

8/16
6/7/9
10/11/12
13/14

1/8/16
6/7/10

8/15
6/10

8/9/10 –

O. piacotensis 2/6/7
8/16

6/7/9
11/12/13

6/7/11
13/16

6/13/14 6/13/9 8/10/13
14

–

O. laucaensis 1/2/3
6/7/8
9/16

1/6/7
11/12/13
16

1/2/3
6/7/8
9/11/13

2/6/9
11/13
14/16

2/6/13
14/9

1/2/8
9/10/11
13/14
16

2/16/1
9

–

O. cf. agassii
(Huasco)

2/11/14
16

6/7/9
11/12/13
16

2/7/14
16

13/15 8/13/9 8/10 8/10/14 1/6/8
9/14/16

–

O. laucaensis
(Cotacotan-
i)

2/3/6
7/8/9
14/16

6/7/8
9/11/12
13/16

2/3/6
7/8/10
11/14/16

6/7/8
10/11
15/16

2/13 2/3/7
8/10/11
16

2/3/14 1/7/9
19/14

2/3/7
8/10/11

Table 3 Discriminant analysis: number of individuals correctly classified based on their morphology

% Correct Carcote Chungará Ascotan Chuviri Parinacota Isluga Piacota Lauca Huasco Cotacotani

O. gloriae 96.1 25 0 1 0 0 0 0 0 0 0

O. chungarensis 100 0 17 0 0 0 0 0 0 0 0

O. ascotanenesis 100 0 0 20 0 0 0 0 0 0 0

O. cf. agassii (Chuviri) 87.5 0 0 0 14 0 1 0 0 1 0

O. parinacota 84.6 2 0 0 0 11 0 0 0 0 0

O. cf. agassiI (Isluga) 90.4 1 0 0 0 1 19 0 0 0 0

O. piacotensis 68 1 0 0 1 0 0 17 3 2 1

O. laucaensis 92.5 0 0 0 1 0 0 1 25 0 0

O. cf. agassii (Huasco) 90 0 0 0 0 0 0 1 0 18 1

O. laucaensis (Cotacotani) 87.5 0 0 0 1 1 0 1 0 0 21

Total 89.5 29 17 21 17 13 20 20 28 21 23
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Table 4 Paired comparison of the multivariate forms; alpha values were corrected for multiple comparisons

Chuviri Carcote Ascotan Isluga Huasco Lauca Chungara Piacota Cotacotani

O. gloriae 0.001 –

O. ascotanensis 0.001 0.004 –

O. cf. agassii (Isluga) 0.001 0.001 0.001 –

O. cf. agassii (Huasco) 0.001 0.001 0.001 0.001 –

O. laucaensis 0.001 0.001 0.001 0.001 0.001 –

O. chungarensis 0.001 0.001 0.001 0.001 0.001 0.001 –

O. piacotensis 0.001 0.001 0.001 0.001 0.001 0.001 0.001 –

O. laucaensis (Cotacotani) 0.001 0.003 0.001 0.001 0.001 0.002 0.001 0.143 –

O. parinacotensis 0.016 0.001 0.002 0.001 0.001 0.001 0.001 0.001 0.032

Fig. 5 Consensus configuration deformation grids of each of the analyzed species, where the greatest deformations to the grid are observed
in the head area
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The morphological diversification of the genus
was probably also caused by the differences struc-
ture and composit ion of the aquatic biota
(Northcote 2000; Márquez-García et al. 2009). De-
spite the scarce information related to the behavior
and diet of the Orestias populations in the southern
Altiplano, studies have described the Orestias as
generalist predators of zooplankton and benthic
macro invertebrates (Riveros et al. 2012; Guerrero
et al. 2015). Although there are no significant dif-
ferences of Orestias diets, the proportion and loca-
tion of prey differ among species. On the other
hand, studies about the composition and structure
of the aquatic biota of the river, wetlands and lake
systems of the southern Altiplano, present differ-
ences in the composition and structure of their
aquatic biodiversity (Márquez-García et al. 2009).

The differences observed in the position of the
mouth (snout tip) among habitats may reflect dif-
ferences in the diet. Mid-water feeding fish have
terminal mouths, benthic fish have sub terminal
mouths, and surface fish have superior mouths
(Keast and Webb 1966; Winemiller 1992;
Lauzanne 1982; Moyle and Cech 2000; Northcote
2000; Maldonado et al. 2009). Many authors have
suggested that Orestias differentiate in feeding
from small plankton to larger prey, such as insects
and mollusks. Accordingly, their morphology
would have evolved according to its feeding habits

(Lauzanne 1982; Pinto and Vila 1987; Parker and
Kornfield 1995; Maldonado et al. 2009; Riveros
et al. 2012; Guerrero et al. 2015). A complete
morphological work done by Arratia et al. (2017)
has described a new genus and species of killifish
at Chancacolla river basin of the southern Altipla-
no, reconfirming the importance of the morpholog-
ical adaptations of these specious fish through
million years of evolution.

In conclusion, significant differences among species
and populations were found, which have not yet been
described in relation to their complete meristic and
morphometric characters, in disagreement with the re-
ports of some authors, who have claimed that the
Orestias species would be geographical variations of
the same species (Villwock and Sienknecht 1995,
1996; Lüssen et al. 2003). The systematic validation of
the genus Orestias and the possible determination of
new species for the populations in southern Altiplano
systems is considered.

Acknowledgments Comisión Nacional Científica y
Tecnológica Project 1140543.
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Fig. 6 UPGMA analysis using
Euclidean distance, performed
with the first three relativewarp of
the geometric morphometry
analysis
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