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Head morphometry of Orestias (Cyprinodontiformes).
Response to extreme Southern Altiplano systems?
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Abstract The distribution of Orestias (Cypriniforms)
species in the southern western Altiplano (17°S-22°S) is
allopatric; the seven species described inhabit different
freshwater systems with extreme climatic characteristics
and different ecological conditions, factors that would
have enhanced interspecific differentiation. To analyze
their head differences we compared jaw morphology of
eight species of Orestias, seven southern ones and one
from Puno Peru, using linear and geometric morpho-
metrics. We found differences among the species with
both methods. Nevertheless, none of the external mea-
surements by themselves allows classification of any of
the species or populations. The geometric analysis
showed differences related to feeding structures such
as a protractile jaw, separating the western species in
two groups: a northern group with O. chungarensis, O.
parinacotensis, O. piacotensis, O. laucaensis, O. puni
and O. cf. agassii and a southern group, O. gloriae and
0. ascotanensis. The results from this methodology
reaffirmed the importance of the extreme environmental
conditions of the Altiplano systems to explain the pro-
cess of adaptation described for the specious genus
Orestias.
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Introduction

Orestias (Cypriniforms), the endemic high Andean
South American genus, is distributed from Lacsha Lake
Pert, (9°S) to the Ascotan Salt pan in Chile (21° S°)
(Parenti 1984a, b). Cyprinodontids fish are reported as
tolerant to a wide range of temperature and salinity
(Davenport and Sayer 1993); their small size is postu-
lated as allowing them to tolerate extreme and unstable
environments, permitting the survival of relict popula-
tions (Parker and Kornfield 1995; Cruz-Jofré et al.
2016). The evolution of lacustrine systems in the Alti-
plano to the present Titicaca and Chungara lakes has
been strongly controlled by climate, geology and the
size of paleo-lakes (Placzek et al. 2006). Their effluents
and shallow associated freshwater systems would have
contributed to the diversity of physical and chemical
characteristics, promoting isolation, diversification and
speciation through radiation of Orestias in Titicaca Lake
and numerous wetlands (bofedales) and salt pans in the
southwest Chilean Altiplano (SWA; 17°S to 22°S)
(Parenti 1984b; Maldonado et al. 2009; Vila et al.
2010, 2013; Arratia et al. 2017). Diversification of
Orestias in the SWA may be linked to historical vicar-
iant events and contemporary and historical variation in
water levels that could have affected the populations
from the Plio-Pleistocene until the present (Arratia
et al. 2017).
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In the Holocene and late Pleistocene, repeated cli-
matic changes and water levels, intense volcanic activity
and major tectonic movements affected the Altiplano
freshwater systems (Placzek et al. 2006). As a result of
these geological events, large, closed basins were devel-
oped on the southwestern side of the Altiplano; with a
more arid climate these basins have remained small and
unconnected (i.e., Chungara, Cotacotani, Piacota,
Lauca, Isluga, Carcote and Ascotan) where Orestias
maintains small populations that have remained isolat-
ed. During all the Quaternary the Altiplano alternated
between cold, wet glacial and dry interglacial periods.
Due to the repetitive expansions and contractions of the
freshwater systems, the populations of Orestias would
have been subjected to drastic environmental variations,
which last until today (Parker and Kornfield 1995;
Marquez-Garcia et al. 2009; Vila et al. 2010, 2013;
Cruz-Jofré et al. 2016). These systems present high total
irradiance above 300 W m™ 2 (Rondanelli et al. 2015),
high salinity, reaching conductivities of more than 100
umhos/cm, pH range between 8.0 and 9.5 and signifi-
cant diurnal temperature changes (Marquez-Garcia et al.
2009). Consequently, the different populations experi-
enced a wide variety of ecological conditions in their
distribution range, probably with local adaptations and
particular phenotypic expression as it has been de-
scribed for Orestias from Titicaca Lake (Lauzanne
1982; Maldonado et al. 2009).

The current species distribution in SWA includes
O. chungarensis (Vila and Pinto 1986) in Chungara
Lake (18°15” S, 69°07° W), Orestias piacotensis (Vila
2006) in Piacota (18°11’S, 69°15°W), O. laucaensis
(Arratia 1982) in the Lauca River (18°11° S, 69°16’
W) and Cotacotani Lake (18°12 S, 69°14> W) and O.
parinacotensis (Arratia 1982), in the Parinacota Wet-
land, (18°10” S, 69°20° W); southern species cited as O.
agassii (Mann 1954) currently are considered genetical-
ly as two different populations, one of these populations
is located in Isluga River (19°15°S, 68°42°W) and the
other one is in Huasco Salt pan (20°15°S, 68°52°W)
(Scott 2010; Vila et al. 2013). The southernmost species
are those that live associated with the springs that feed
the southern salt pans, O. gloriae Vila et al. 2011 in
Carcote (21°16°S, 68°19°W) and O. ascotanensis
Parenti, 1984 in Ascotan Salt pan (21°29°S, 68°19°W).
Interestingly, all southern species are allopatric (Vila
et al. 2010), adapted to physical and chemical condi-
tions, probably the volume and salinity of presently
unconnected different systems such as deeper and
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shallow lakes rivers and wetlands locally called
“bofedales”, systems that would have developed differ-
ent aquatic biodiversity. Lakes sustain abundant zoo-
plankton while rivers and wetlands with abundant mac-
rophytes present diverse aquatic insects, snails and am-
phipods, characteristics that would have stimulated dif-
ferent adaptations for feeding (Riveros et al. 2012). In
general, analyses of the Orestias diet have determined
their preference for benthonic macroinvertebrates,
which are associated with the different substrates and
macrophytes of the different Altiplano systems
(Guerrero et al. 2015). It still is no consensus on the
degree of diet specialization of species (Vila et al. 2006;
Guerrero et al. 2015).

Orestias morphology measurements and meristic
specific characteristics overlap (Parenti 1984a; Vila
et al. 2010). To improve morphological information,
complementary methods have been developed such as
landmark geometric morphometrics, allowing quantita-
tive comparisons (Rohlf and Marcus 1993; Adams et al.
2004). Morphological studies of populations would
show possible feeding strategies and morphological ad-
aptations since these represent an important relationship
between phenotype and environment (Wainwright
1991; Winemiller 1991; Douglas and Matthews 1992;
Motta and Kortsckal 1992; Skalason and Smith 1995;
Winemiller et al. 1995; Svanbick and EkI6 2002;
Langerhans et al. 2003; Higham et al. 2006; Parsons
and Robinson 2006, 2007; Maldonado et al. 2009). In
fact, the mouth structure especially jaw protraction is an
important factor in feeding habits and diversification of
Teleostomi (Schaeffer and Rosen 1961; Westneat 2004,
2005; Westneat and Wainwright 1989; Waltzek and
Wainwright 2003).

In this study, we compared linear and geometric
morphometric of associated head structures, mainly
mouth structures. We expected to find differences at
the interspecific level within the genus Orestias, proba-
bly due to historical isolation and particular environ-
mental conditions of each ecosystem in the southern
western Altiplano. This information will enhance con-
servation and allow future comparisons among popula-
tions of the species of the genus Orestias.

Materials and methods

Specimens from the Limnology Laboratory University
of Chile collection (LCUCHILE), included 108 adults
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Orestias from eight SWA localities, 13 specimens each
of Lauca, Isluga Rivers, Piacota and Chungard Lakes,
Parinacota wetland and Huasco, Carcote and Ascotan
Salt pans and four specimens of O. puni from Titicaca
Lake (Fig. 1; Table 1). The detailed collection of spec-
imens were analyzed using linear and geometric mor-
phometrics, firstly with the closed mouth and after that
with the opened mouth. We opened the specimens’
mouth to the maximum jaw protrusion for the purposes
of this study.

Linear morphometric measurements

The following linear measurements were obtained with
a digital Vernier (Fig. 2): Specimens with closed mouth:
(1) Head length, (2) Snout length, (3) Tip of the snout to
pectoral fin ventral insertion. Measurements with open
mouth: (4) Snout length, (5) Tip of the snout to pectoral
fin ventral insertion, (6) Mouth height, (7) Maxillary
length. The morphometric data of the specimens was
related to the standard length using the regression of
Elliott et al. (1995).

To determine species differences a multivariate anal-
ysis of variance (one-way MANOVA) and a posteriori
Tukey test for unequal samples were performed. With
the measurements and matrix obtained, a canonical var-
iation analysis was performed (CVA). A linear discrim-
inant analysis (LDA) was also performed, using locality
as the dependent variable. As independent variables
each of the standardized variables of the measured spec-
imens were used. This analysis allows to obtain the
discriminant level of the set of characters used, as well
as to identify the significant morphological variables of
populations and species. To establish the morphological
pattern among populations and the grouping of the
specimens geomorph package was used (Adams et al.
2015) with the software “R” (Team 2014).

Geometric morphometric analysis

For the geometric morphology the left side of each
specimen was photographed with the Canon SX 530
(16 Mega Pixel, with 1x optical zoom) camera in two
different positions, one with the mouth closed and the
other with it opened to maximum protrusion. For each
group of specimens, we defined 12 anatomical

landmarks corresponding to points or homologous
structures that coincide between populations (Dryden
and Mardia 2016). With closed and open mouth position
with maximum protrusion the landmarks shown in Fig.
3, were: (1) The dorsal margin of head vertical to the
center of eye, (2) Posteroventral corner of the maxilla,
(3) Antero dorsal point of mouth in fleshy lip, (4)
insertion of the operculum on the ventral profile, (5)
Opercula width, (6) Supraoccipital, posteromedial tip,
(7) Anterior middle eye border, (8) Posterior middle eye
border, (9) Middle superior eye border, (10) Beginning
of operculum, 11. Tip of the upper jaw, symphysis of
the premaxillaries, 12. Tip of lower jaw, symphysis of
the dentaries. These landmarks were digitized for all
specimens with the software tpsDig2 and tpsRelW
(Rohlf 2012).

The software Morpheus was used to analyze the
anatomical configurations defined by the landmarks
(Slice 1998). As a first step, landmark data from the
108 specimens were superposed with GPA (General
Procrustes Analysis) (Rohlf 1990). This method scales
all the specimens to one size, moving them to a common
location and rotating them so the corresponding land-
marks are best aligned, standardizing the landmark con-
figurations for position, orientation, and size
(Mitteroecker and Gunz 2009; Rohlf 1990). The analy-
sis considered closed mouth and maximum protrusion
independently for each group.

To determine differences among populations or spe-
cies a PERMANOVA with adjustment of Euclidean
distance (Anderson 2005) was developed, with 10000
permutation test using software Primer 6-Permanova 2
(Clarke and Gorley 2006).

To evaluate the influence of allometry on shape varia-
tion, a linear regression analysis was performed in
Morphol (Klingenberg 2011). This regression included
the Log of centroid and the scores of principal compo-
nents. Centroid was obtained as the square root of the
summed squared distances from each landmark to the
centroid (Bookstein 1991). A canonical variation analysis
(CVA) was performed to establish the morphological var-
iation among species and populations, were grouped using
the software Morpho J. (Klingenberg 2011).

We also integrated the matrices obtained from the
superposition of the specimens and performed a cluster
analysis with Euclidian distances. This summarized the
similarities/differences among the analyzed groups. Ad-
ditionally, we analyzed the partial distortions of the
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Fig. 1 Location of the Southern Altiplano systems and geograph-

ic distribution of Orestias in the Southwestern Altiplano (Chile).
O. piacotensis in Piacota lake, O. laucaensis in Lauca River and
Cotacotani, O. parinacotensis in the Parinacota Wetland, O.

shape variables using Morpheus software, using the
function TPS (thin-plate spline, Bookstein 1991). The
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chungarensis in Chungara Lake, O. cf. agassii in Isluga River

and Huasco Salt pan, O. ascotanensis in Ascotan Salt pan, O.
gloriae in Carcote Salt pan

specimens were compared using deformation grids as a
graphic methodology.
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Table 1 Locality of the species of Orestias collected and catalog number

Species Locality Latitude/ Longitude Catalog number Ne Habitat
Ind.

O. puni Puno, Pert 15°50°S/ 70° 01°'W LCUCHILE 145-148 4 Lake

O. laucaensis Lauca, Chile 18°05°S/ 69°15°W” LCUCHILE 27-39 13 River/Lake

O. piacotensis Piacota, Chile 18°11°S/ 69°15°W LCUCHILE 14-26 13 Lake

O. parinacotensis Parinacota, Chile 18°10’S/ 69°20°'W LCUCHILE 40-52 13 Wetland

O. chungarensis Chungara, Chile 18° 15’/ 69°07"W LCUCHILE 1-13 13 Lake

O. cf. agassii Isluga, Chile 19°15’S/ 68°10°'W LCUCHILE 53-65 13 River

O. cf. agassii Huasco, Chile 20°05°S/ 68° 15°W LCUCHILE 66-78 13 Salt pan

0. gloriae Carcote, Chile 21°16'S/ 68° 19°W LCUCHILE 79-92 13 Salt pan

O. ascotanensis Ascotan, Chile 21°29’S/ 68° 15°W LCUCHILE 93-106 13 Salt pan

Fig. 2 Measurements of Orestias specimens. 1 to 3 closed mouth
and 4 to 7 opened mouth

Results

Table 2, shows the linear morphometric measurements
and their standard deviations means. The multivariate
analysis (MANOVA) indicated significant differences
among the species (Wilk’s lambda=0.038; F=7.52; p
<0.05). The a posteriori analysis with the selected
variables showed significant differences among groups
(p<0.05). The variables that had the greatest differ-
ences among species for both closed and open mouth
specimens were snout length (2/4) and distance of the tip
of the snout to the pectoral fin ventral insertion (3/5).

The CVA analysis showed that the first two axes
explained 85.7% of the variance of the original data,
75.8% for the first axis and 9.9% for the second. For the
first axis the variables with most weight among species
for both closed and open mouth specimens were the tip
ofthe snout to the pectoral fin ventral insertion (3/5). For

Fig.3 Landmark locations of Orestias collected in the southwest-
e Altiplano
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the second axis, the variables with highest weight for
both closed and open mouth were length of head and
maxillary (1/7). The grouping of the specimens deter-
mined by the two first axes of the CVA analysis showed
a separation of the O. gloriae (Carcote) specimens from
all other specimens throughout the axis 1 and little gaps
in the axis 2 (Fig. 4).

The discriminant analysis (LDA) showed differences
among the studied species with the characters analyzed
(Wilk’s A: 0.03833, p < 0.05), correctly assigning a high
percentage of the specimens in the classification matrix
(Table 3). O. puni, O. chungarensis, O. laucaensis and
O. cf. agassii (Huasco Salt pan) had more than 75%
correct assignment and O. gloriae from Carcote Salt pan
showed 100% correct assignment. Only O.
parinacotensis showed less than 50% correct assign-
ment; the specimens were assigned to five different
groups although the majority was assigned to three
species (Table 3).

According to the linear discriminant analysis, the
significant variables among species for both open and
closed mouth specimens were the snout length (4/2),
mouth height (6) and maxillary length (7) with the head
length (1).

Geometric morphometric analyses found significant
difference among species morphology for the closed
mouth group (PERMANOVA Pseudo-F =5.5458, p=
0.001). The a posteriori analysis showed differences
among all pairs (p <0.05), with exception of the O.
chungarensis — O. puni pair (p =0.095).

The open mouth group showed significant differ-
ences among species (PERMANOVA pseudo-F =
6.872; p=0.001). The a posteriori analysis showed
differences among all populations (p < 0.05) except for
four pairs: O. ascotanensis - O. gloriae (p=0.077), O.
chungarensis - O. laucaensis (p=0.354), O.
chungarensis - O. puni (p=0.139) and O. cf. agassii
(Huasco) - O. parinacotensis (p =0.062).

The CVA analysis was performed with the coordi-
nates obtained after the superimposition by GPA. As a
result, the two first axes explained 52.5% of the original
data variance for the group with closed mouth, 28.2%
for the first axis and 24.3% for the second axis. The
variables with most weight in the first axis were; inser-
tion of the operculum on the ventral profile (4), Oper-
cula width (5) and for the second axis were; anterior
middle eye border (7) and posterior middle eye border
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(8). For the group open mouth, the first two axes ex-
plained 65.4% of the original data variance. The first
axis explained 43.7% and the second 21.7%. The vari-
ables with most weight in the first axis were; tip of the
upper jaw, symphysis of the premaxillaries (11) and tip
of lower jaw, symphysis of the dentaries (12), instead of
the second axis were; posterior middle eye border (9)
and middle superior eye border (10).

The cluster analysis with the matrix of the integrated
superposition of the distance data from both the closed
mouth and opened mouth individuals (Fig. 5), showed a
basal separation between O. puni from Lake Titicaca
and the rest of the Orestias species studied. Among the
SWA species, the separation was similar to that ob-
served geographically (Fig. 1). The first division sepa-
rated northern and southern groups: O. ascotanensis
(Ascotan), O. gloriae (Carcote) and O. cf. agassii
(Huasco); in the northern region, the most basal division
separated O. piacotensis (Piacota), O. parinacotensis
(Parinacota) and O. cf. agassii (Isluga) with O.
laucaensis (Lauca) and O. chungarensis (Chungara)
together.

The analysis of geometric morphometric differences
may also be seen graphically with the thin plate spine
function (TPS). This technique shows the change that
the shape of a species must undergo to resemble the
morphological shape of another species (Bookstein
1991; Toro et al. 2010). The greater differences were
found among the more geographically distant groups.
For the group closed mouth were O. gloriae - O. puni,
0. gloriae - O. piacotensis and maximum protrusion
were O. ascotanensis - O. chungarensis, O.
chungarensis - O. piacotensis (Fig. 6). The evaluation
of the Procrustes analysis of variance (ANOVA)
showed that errors were negligible for the Orestias (p
was always < 0.001).

Discussion

Orestias has been described as a specious genus (Parenti
1984a, b; Parker and Kornfield 1995), a characteristic
that could have been enhanced by the climatic and
volcanic variability occurring in central southern Alti-
plano (SWA) since the Pliocene. The fluctuations of the
hydrological levels of basins due to a succession of dry
and wet periods, in addition to the change in geology for



959

Environ Biol Fish (2020) 103:953-964

PLOFILS LSOFE0E STIF¥8'6C 6S°0F+99 T6'0F95°8C LSOF1¥9 68°0F61°LC P1'6F 8916 0Ll 33 tund 0
8L0F96C YLOF8Y'C Ol F6¢°61 PITF96°¢C ISEFTOVI L80OF80E 8CCF09VI 90°€1 F8L8Y 145 94 sisua10ovuLind Q)
SSOFOLE WoF¥b'e ETF0T91 8'0FSTE STTF8SSI 08°0F8I'¢E WTFrovl 0 TTF68°SS 09 44 SISuaDIND] "
69°0F0S°¢ POFLIT YLTF8Y'LI €S0FYLE LSTF0991 9S'0F8S°¢ IV CF95°6I 198FE9YS 9 9T (eSnysyp) ussp3v §o°Q
ESOFSLE PSOFETE eIy FEC8I O'TF9¢Y POEFIOLI 601 F9L°E O'EFLIOI 811 FE]IS 09 6¢ SISUaUDI0I8D "0
I7'0FS8C IS0FTI'C PO TFSLYI I80F9IY SYTFI0VI 69°0FTH'E 8 1F6011 EEBF VLY 8¢ 8¢ (ooseny) 15sv3p 1§00
YToFo6l'E 9T0F8Y'C 90 CTFEYSI PSOF8I'E L6TFP8 VI 9S'0FSLT 8I'1F8S¢l WY FESor 99 £3 sisu210201d ()
ESOFIVY 9¢0F€9°C Iy F6L81 eCIFILE 0CYF96°L1 TCIFI9°¢ 08°€F60°LI 6EV1 FYLC9 ¥9 8¢ SISUDADSUNYD" ()
LLOFI0°E 66'0F T8¢ PIEFO0E91 VIFILY S6'CTFBYCI 16°0F6C¢ IscFloel LI'8FC99Y IS ¥C anLio[3 "0
HS F UBSN HS F U\ HS FUBN HS FUBN HS F UBSN HS F U\ HS FUBSN HS F UBSN XVIN NIN
TN L HINO 9 IADd -SL S TS ¥ IADd - SL ¢ TIS°C TH'I 18
pnow uadQ yInow pasor)
(wun) uonrodoid Apoq pue juswrainseswr oLjWOYdION soroadg
(TIN) W3ua[ Arefrxej [enuaA uy [e10302d 0 Jnous oy Jo dif, ‘¢ (T 1S) W3ud[ mous ¢ ‘(TH) PSuS] pesH' [

£ ‘(HNO) Wsoy ynow uadQ 9 (IADd — SI) UOnIasul [enuoa ul [eroyoed o3 jnous
oy Jo dir°g (T 1S) y3ug[ ynous ‘4 1ypnowr uado yym uowdads (JADd — SI) uontesur

pnow pasofo ypim suawrdadg “(TS) YSueT prepue)s (W) UOIIRIASD pIepue)s pue j3ud|
PIZIpIEpUE)S UBIJA "PIIJ[[0D svisa4() JO sjusudInsedw dowoydiow uejy g dqe]

pringer

A's



960 Environ Biol Fish (2020) 103:953-964
Fig. 4 Canonical variation 0
analysis of Orestias
™
o} A o
o~ © A -
© o FIAVY
° PP ©
&
;\‘?o— 8°OO°<>§<> Q?)‘:A... dg oo "o
= %‘ %: % c o
<)) Q u]
& o u° A 3o
P = v v v ® 0. ascotanensis
5 N A o v © 0. chungarensis
v Ve, v 0. cf. agassii (Huasco)
- A 0. piacotensis
= O.puni
o o | © O gloriae
' % 0. cf. agassii (Isluga)
& 0. laucaensis
a O. parinacotensis
© . . . .
6 -4 2 0 2 4 6 8

volcanic activity have generated fractionated freshwater
systems, which vary from shallow lakes to rivers and
wetlands (Placzek et al. 2006) with different ionic con-
tents varying from Ca-Mg-HCO3 to Na-Cl (Risacher
et al. 2003a, b).

Studies have described the speciation of Orestias as
the result of a process of fragmentation of one or more
ancestral populations (Vila et al. 2013). The presence of

Axis 1 (75.8%)

Orestias in the isolated aquatic systems of the SWA
region could be explained by the dispersion of the fish,
which could have occurred with the formation of
Paleolakes (Keller and Soto 1998). In this case, the
morphological diversification of the groups could occur
through allopatric speciation caused by habitat instabil-
ity and very heterogeneous environmental conditions
described for these systems, where the structure and

Table 3 Matrix from linear discriminant analysis (LDA) obtained from the results of linear morphometric measurements

Species % 0. O. 0. 0. 0. O. cf. O. cf. 0. 0.
Correct puni laucaensis piacotensis parinacotensis chungarensis agassii agassii gloriae ascotanensis
(Isluga) (Huasco)

O. puni 75.00 3 1 0 0 0 0 0 0 0

O. laucaensis 7692 0 10 2 0 1 0 0 0 0

O. piacotensis 69.23 0 0 9 1 0 2 0 0 1

0. 30.77 1 0 1 4 0 4 3 0 0
parinacote-
nsis

0. 7692 0 3 0 0 10 0 0 0 0
chungaren-
SIS

O. cf. agassii 6923 0 1 1 0 2 9 0 0 0
(Isluga)

O. cf. agassii  84.62 0 0 0 1 0 1 11 0 0
(Huasco)

0. gloriae 100 0 0 0 0 0 0 0 13

0. 5385 0 0 1 2 0 1 1
ascotanens-

is
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O. puni

O. piacotensis

O. parinacotensis

O. laucaensis

[ O. chungarensis

O. cf. agassii (Isluga)

O. cf. agassii (Huasco)

O. gloriae
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O. ascotanensis

r T T
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Euclidian distance

Fig. 5 Cluster analysis Superimposed of the integrated matrix

a)

Fig. 6 Deformation grids of species showing the greatest differ-
entiation between consensus individuals, for the two study groups.
Closed mouth; (a) O. gloriae - O. puni and (b) O. gloriae - O.

0.05 0

b)

d)

.

e

piacotensis. Maximum protrusion; (c) O. ascotanensis - O.
chungarnsis and O. chungarensis - O. piacotensis
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composition of the aquatic biota would be determined
by the physical and chemical variables of the water
(Northcote 2000; Marquez-Garcia et al. 2009).

In this context, linear morphometric analysis got a
high assignment rate for the SWA specimens compared
to the original description of these species showing that
the measurements used have had good discriminant
taxonomy for Orestias. The geometric morphometry
analysis showed significant differences among the stud-
ied species. The interspecific and inter-population dif-
ferences were supported by the linear classification,
which designated a high percentage of the specimens
to their corresponding species. The Tukey tests and the
CVA analysis coincided in that the measurements eval-
uated that best described the interspecific differences
were tip of the snout to pectoral fin ventral insertion
closed mouth and open mouth height at maximum pro-
trusion; Snout length and the height of the oral region.
The importance of these characteristics would explain
the different foraging strategies described for the genus
(Maldonado et al. 2009; Riveros et al. 2012; Guerrero
et al. 2015).

The biotic components of the SWA systems sustain
abundant zooplankton, coastal macrophytes and macro-
invertebrates that grow in shallower systems as aquatic
insects, snails and crustaceans. Many authors have sug-
gested that Orestias differentiated in habitat and feeding
from small planktonic to bigger prey such as insects and
mollusks, according to this their morphology would
have evolved in accordance with their feeding habits
(Lauzanne 1982; Parker and Kornfield 1995;
Maldonado et al. 2009; Riveros et al. 2012; Guerrero
et al. 2015). Along with their extreme physical and
chemical characteristics, SWA systems have been frac-
tionated through time and they have been described as
each sustaining a small population of specific Orestias
(Vilaetal. 2010; Arratia et al. 2017). Seven species have
been currently described as evolving in allopatry, how-
ever their validity has been argued, since morphological
and meristic measurements overlap (Parenti 1984a; Vila
et al. 2011). As it has been postulated, in allopatry
morphological variation would be the result of adapta-
tion to different habitat characteristics (Vila et al. 2010,
2013).

Using geometric morphometric was possible to de-
tect interspecific differences among the studied groups.
The group formed by specimens with closed mouth
showed differentiation for the majority of the pairs of
species, with the exception of O. chungarensis and O.
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puni. The landmarks that most contributed to differen-
tiation in this group according to the CVA analysis were
those related to the operculum (landmarks 10, 4 and 5).
In the group with the maximum maxillary protrusion,
there were more pairs of these species that could not be
differentiated by the PERMANOVA. However, O.
gloriae and O. chungarensis differed from the other
species and populations being the capacity of protrusion
important in the variation according to the CVA analysis
(landmarks 11, 12 and 3).

In fact, the feeding of Orestias implies sucking a
water flow generated by the operculum (Higham et al.
2006; Parsons and Robinson 2007). There is a compro-
mise between maximizing the incoming water velocity
and its volume, and this is reflected in the morphology
of the oral structures. The optimum head shape for large
and evasive prey should include a large oral region that
maximizes the water volume, while for small and non-
evasive prey the predator should have a small mouth
that allows high frequency rapid movements
(Maldonado et al. 2009). Thus, the relative head size,
the protrusion capacity and in general the mouth struc-
ture should correlate with the diet of a species. This
process has been amply described for cichlids; their
adaptive radiation in Lake Malawi is one of the most
studied and cited examples (Motta 1984; Albertson et al.
2003, 2005). There is still a lack of more detailed studies
on SWA Orestias feeding, since there is not a consensus
if they are specialists or generalists in feeding, even so,
the major mouth protractibility of O. gloriae and O.
chungarensis would show coincidence with the feeding
of macroinvertebrate benthics such as larvae of aquatic
insects, amphipods and mollusks (Vila etal. 2011). Both
species live in lacustric habitat (Vila et al. 2006). Be-
sides, springs and running water species such as O.
ascotanensis has shown a larger head. This is of interest
to mention that the detailed internal morphology de-
scription of one southern Orestias led to the recent
description of a new genus and species Pseudorestias
lirimensis (Arratia et al. 2017).

In this sense, the cluster analysis integrating the
results of the closed mouth and maximum protrusion
of specimens separated two groups of Orestias, those of
the extreme north including O. chungarensis, O.
parinacotensis, O. piacotensis and O. laucaensis from
Lauca National Park and O. puni of Puno, Peru and O.
cf. agassii from Isluga, and a group of more southern
species, O. cf. agassii from Huasco, O. gloriae and O.
ascotanensis from Carcote and Ascotan. This separation
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of northern and southern groups is similar to that de-
scribed by Liissen et al. (2003), who found a division
between Orestias species using molecular tools (mito-
chondrial markers) and to the results of Scott (2010).

The results of morphologic measurements and geo-
metric explain the particular morphological divergence
that has occurred in each of the studied localities. from
17° to 22° S in Chile, where seven species have been
described and up to now with some populations still not
specifically classified (Scott 2010; Vila et al. 2011,
2013; Arratia et al. 2017), this study has been of impor-
tance to corroborate the SWA Orestias species descrip-
tions validity. This is also of present importance in
considering that all these species are in danger of ex-
tinction according to the country regulations of the
Environmental Ministry.
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