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Current patterns of genetic and morphological diversity are the product of historical climatic and geomorphological
events, and of contemporary selection processes acting upon this diversity. Here we examine the phylogeographic
and phenotypic patterns of diversity within Percichthys trucha, a widely distributed Patagonian fish species
complex that inhabits Andean and steppe freshwater environments. Molecular analysis (mtDNA control region) of
21 populations distributed throughout its latitudinal range revealed little evidence of phylogeographic structure
and no evidence of species-level genetic divergence east of the Andes. The complex, however, exhibits high levels
of intra- and interpopulation phenotypic variation. Patterns of among-population divergence in morphology were
most easily explained by differences in predation pressure among populations; dorsal fin spines (commonly a
defensive characteristic) were longer in environments with greater densities of potentially piscivorous fish. Trophic
characters were highly variable within populations, suggesting an important role for resources in generating
within-population morphological variation. The very shallow levels of divergence shown by the molecular data most
likely reflect the historical mixing of populations as a result of the climatic and landscape changes that affected
Patagonia throughout the Quaternary. The phenotypic divergences, in contrast, are probably the result of differing
contemporary selection regimes acting on currently disjoint populations. © 2011 The Linnean Society of London,
Biological Journal of the Linnean Society, 2011, 103, 514-529.

ADDITIONAL KEYWORDS: adaptive radiation — Patagonia — predation — resource competition —
Salmonidae.

Los patrones de diversidad genética y morfolégica que pueden observarse en poblaciones existentes son el producto
de la influencia conjunta de procesos histéricos (climéaticos, geomorfolégicos) y de la seleccién natural. En este
trabajo examinamos los patrones de diversidad filogeografica y fenotipica en Percichthys trucha, una especie o
complejo de especies de amplia distribucién en Patagonia andina y esteparia. Analisis molecular (Region de Control
ADN mitocondrial) de 21 poblaciones a lo largo y ancho del rango distribucional del grupo revel6 poca evidencia
de estructura filogeografica (estructura poco profunda) y ninguna evidencia de divergencia genética a nivel de
especie al este de los Andes. El complejo exhibe sin embargo, altos niveles de variacién fenotipica tanto intra-, como
interpoblacional. Los patrones de divergencia morfolégica entre poblaciones se correlacionan con diferencias
interpoblacionales en la intensidad de predacion; las espinas dorsales (comtinmente una caracteristica defensiva)
son mas largas en ambientes con mayor densidad de peces potencialmente piscivoros. Los caracteres troficos
exhiben alta variacién intrapoblacional sugiriendo que los recursos tréficos cumplen un rol importante en
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la generacion de variacién morfolégica dentro de poblaciones. Los bajos niveles de divergencia molecular
y de estructura filogeografica son probablemente el resultado de la mezcla histérica de individuos y
poblaciones como consecuencia de los cambios climaticos y geograficos (paisaje) que afectaron la region
Patagénica durante el Cuaternario. Las divergencias fenotipicas por el contrario, son el resultado de
diferencias en los regimenes de seleccion natural operantes en poblaciones de Percichthys trucha

actualmente disjuntas.

PALABRAS CLAVE: competencia por recursos — Cuaternario — filogeografia — predacion — radiacién adapta-
tiva — Patagonia — Salménidos — trucha criolla (Percichthys) — variacién fenotipica.

INTRODUCTION

Current patterns of genetic and morphological diver-
sity are the product of historical processes that have
constrained, moulded and dispersed that diversity,
and of the selection processes (biotic and abiotic) that
are currently acting upon it. The Quaternary glacial
cycles are among the most important of the major
natural historical processes known to have influenced
diversity patterns worldwide, and their effects on
phylogeographic patterns have been well documented
for the biota of the northern hemisphere (Avise, 2000;
Hewitt, 2000). Comparable information for the south-
ern hemisphere is sparser (Beheregaray, 2008), but
has recently been accumulating, particularly for the
fauna and flora of Patagonia (Ruzzante et al., 2008;
Zemlak et al., 2010; Pardinas et al., 2011, Sérsic et al.,
2011).

It is critical to recognize that, concomitant with
shifts in climate during the Quaternary, the biota of
Patagonia experienced large-scale and important
changes in geography and landscape. First, and most
obviously, as the glaciers advanced, some existing
habitat was eliminated or rendered uninhabitable,
leading to the elimination of local populations and
shifts in the distribution of most species. Icefields
were mostly restricted to the Andes through much
of their latitudinal range, but glaciers calved into
the Pacific Ocean south of 39°S, and reached the
Atlantic Ocean in southernmost Patagonia and Tierra
del Fuego during the most extensive glaciations
(Clapperton, 1993; Sugden etal., 2005; Rabassa,
Coronato & Martinez, 2011). However, the total area
of exposed and potentially habitable land actually
increased dramatically during glacial periods, as
the sea level fell. In fact, Patagonia doubled its
current surface area during the most recent glacial
cycle (Cavallotto, Violante & Hernandez-Molina,
2011; Ponce et al., 2011). Thus, there was consider-
able potential for terrestrial refugia, and perhaps
even the potential for the expansion of some popula-
tions during glacial periods. Glaciers largely elimi-
nated the current headwater lakes and upper reaches

of the major river systems of Patagonia (Rabassa
et al., 2011). However, the exposure of much of the
continental shelf to the east would have also allowed
for the extension and perhaps expansion of aquatic
habitats. The changing size of these aquatic envi-
ronments and the routes of the now-submerged
river systems would have had major effects on the
distribution of diversity within the aquatic biota of
Patagonia.

Current ecological forces, i.e. the physical envi-
ronment and biotic factors, such as competition
and predation, act upon and may modify the patterns
of morphological and/or genetic diversity produced
by historic processes. For example, previously diver-
gent populations may converge phenotypically when
exposed to a similar environment, or marked pheno-
typic differences might emerge among currently iso-
lated populations for which there is no evidence of
phylogeographic structure. Differences among habi-
tats in resources, competitive regimes, and number
and type of predators can rapidly lead to divergent
morphology through phenotypic plasticity and/or
selection, and differences in competitive and pre-
dation regimes among lakes have repeatedly been
associated with morphologically and behaviourally
distinct fish populations (Milano et al., 2002, 2006;
Vamosi, 2002; Langerhans et al., 2004; Andersson,
Johansson & Soderlund, 2006; Eklov & Svanbick,
2006; Svanbick & Persson, 2009).

In the present study we examine phylogeographic
patterns within Percichthys. Although the genus is
present on both sides of the Andes in Patagonia, here
we focus primarily on populations in Argentina,
where they are found in both Andean and steppe
freshwater environments. Our goal is to interpret the
molecular genetic and phenotypic diversity within
the group in the light of known historic and current
forces. We thus look at the effects of historic changes
in aquatic landscapes as well as the potential conse-
quences of current environments on the observed
patterns of genetic and morphological diversity. Per-
cichthys exhibits such high levels of intra- and inter-
population phenotypic variation in characters such as
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mouth structure, body depth, and dorsal fin spine,
that it has historically been divided into various
species (Ringuelet, Aramburu & Alonso de Aramburu,
1967; Lopez-Albarello, 2004). The number and iden-
tities of recognized morphological species has varied
through time. Lépez-Albarello (2004) collapsed three
of the species originally identified by Ringuelet et al.
(1967) (Percichthys trucha, Percichthys vinciguerrai,
and Percichthys altispinnis) into a single species
(P. trucha), and created a new one (Percichthys
laevis), to conclude that three species of Percichthys
are present in Patagonia east of the Andes: P. trucha,
Percichthys colhuapensis, and P. laevis. Here we
describe the available molecular genetic information
for the group along with information on morphologi-
cal diversity and its ecological correlates. Our objec-
tives were to: (1) interpret current phylogeographic
patterns in Percichthys in the light of the historic
changes in the aquatic environment in Patagonia;
and (2) determine if there is molecular support
for multiple species as described by Ringuelet et al.
(1967) or Loépez-Albarello (2004). A finding of sig-
nificant genetic divergence and concordance between
patterns of genetic and morphological diversity
would lend support to the proposal that several
species of Percichthys are present east of the Andes.
Alternatively, the absence of geographic patterning
in genetic diversity coupled with shallow phy-
logeographic structure would indicate that only a
single species of Percichthys is found in the
region.

MATERIAL AND METHODS
COLLECTION OF FISH

A total of 25 locations spanning the latitudinal
and altitudinal range of Percichthys east of the
Andes, and including four locations west of the
Andes in Chile, were sampled between 1996 and
2007 (Fig. 1). Molecular genetics and morphological
analyses were conducted on samples from 21 and 12
of these locations, respectively, with eight of them
analysed for both molecular and morphological diver-
sity. The four locations for which only morphological
data are available all belong to the Limay river
basin (Fig. 1). The eight locations for which both
genetic and morphological data were available
include populations from the six major Patagonian
river drainages with headwaters east of the Andes:
(1) Limay or Negro drainage (Lakes Quillén and
Espejo); (2) Puelo (Lake Puelo); (3) Futaleufu (Lakes
Rivadavia and Futalufquen-Kruger); (4) Chubut-
Chico-Senguerr (Lake Musters); (5) Baker (Lake
Pueyrredén); and (6) Santa Cruz (Lake Argentino).
The Puelo, Futaleufi, and Baker rivers drain into

the Pacific Ocean, whereas the rest drain into the
Atlantic. Details on sampling procedures were pre-
sented in Ruzzante et al. (1998, 2003, 2006, 2008).
Briefly, fish were collected with sets of gillnets
placed at between three and five sites per lake (2-5
nights per lake, depending on the catch). Nets were
set before dusk and hauled in after dawn the fol-
lowing morning. Fish were weighed, sexed, and
assessed for reproductive status immediately upon
retrieval. Blood or muscle tissue samples were taken
and stored in ethanol for DNA analysis. Stomachs
were removed, and stomach contents and fish were
preserved in 4% formaldehyde. Estimates of catch
per unit effort (CPUE) were based on gillnet surface
area and the number of hours of deployment.

MOLECULAR ANALYSIS

DNA extraction and mitochondrial DNA sequencing
Detailed procedural information on DNA extrac-
tion and amplification is available in Ruzzante
et al. (2006, 2008). Briefly, a fragment of the mtDNA
control region (~380bp) was amplified from all
samples using the polymerase chain reaction (PCR)
and standard methods on an MJ PTC-225 Thermocy-
cler in 25-uLL volumes using 2 uL. of DNA extract as
template. The primers L19 and MT16498H (Jerry &
Baverstock, 1998) were used under the following
conditions: an initial denaturing cycle of 94 °C for
5min, 35 cycles with denaturation at 94 °C for
1 min, annealing at 51 °C for 1 min, and extension at
72 °C for 1 min, followed by a final extension step of
5min at 72 °C. PCR products were purified using
QIAGEN MinElute 96 PCR purification plates.
For all samples, sequencing was conducted in both
directions.

VISUALIZATION OF MOLECULAR DATA: GENGIS

The pattern of phylogeographic structure was visual-
ized with GenGIS v1.08, a free downloadable bioin-
formatics application that provides a 3D graphical
interface for the merging of information on molecular
diversity (DNA sequences) with the geographic loca-
tion from which the sequences were collected (http:/
kiwi.cs.dal.ca/GenGIS/Main_Page; Parks et al., 2009).
A permutation test implemented in the application is
designed for the testing of phylogeographic structure.
In the present study we tested whether the lati-
tudinal position of different haplotypes is correlated
with their phylogenetic relatedness according to the
maximum likelihood phylogram constructed with
MEGA v5 (Tamura et al., 2011), and assuming default
settings of uniform rates among sites and a nearest-
neighbour interchange (NNI) as the tree inference
option. Disagreement between the geographic gra-
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Figure 1. Sampling locations (25) for Percichthys trucha. The species is found throughout Patagonia in Andean as well
as steppe freshwater environments. Collections span the altitudinal and latitudinal distributional range for this species
east of the Andes, and took place between 1996 and 2007. Molecular genetic variation (Control Region (CR) haplotypes)
was examined in individuals collected from 21 sites, phenotypic variation was examined in individuals collected from 12
sites, with overlapping molecular and phenotypic information available for eight sites. Key: @, sites with molecular
information (13); +, sites with molecular and morphological information (8); A, sites with morphological but no molecular
information (4). The figure associates the phylogenetic relationship among Percichtys mtDNA CR haplotypes with the
geographic distribution of those haplotypes. Colours reflect latitude, going from red in the north to dark blue in the south.
There is no relationship between the latitude (or population) at which haplotypes were found and the phylogenetic
relationships among haplotypes (permutation test between latitude and genetics: P > 0.333). The results suggest thorough
mixing among ancestral Percichthys populations throughout Patagonia east of the Andes. Mixing among populations from
different drainages is likely to have taken place at times of high meltwater discharge during glacial stabilization and/or
termination periods (Martinez & Kutschker, 2011) on the current Patagonian steppe, and/or the exposed continental shelf
(Ponce et al., 2011). Locations: 1, River Tunuyan (El Carrizal Reservoir); 2, River Atuel (El Nihuil Reservoir); 3, River
Colorado; 4, River Negro; 5, River Itata (Chile); 6, River Andalién (Chile); 7, River Bio-Bio (Chile); 8, Lake Blanca; 9, Lake
Ruca Choroi; 10, Lake Quillén; 11, Lake Falkner—Villarino; 12, Lake Espejo; 13, Lake Correntoso; 14, Lake Morenito; 15,
Lake Puelo; 16, Lake Rivadavia; 17, Lake Futalaufquen-Kruger; 18, Lake Musters; 19, Lake La Plata; 20, Lake Silvia
(Chile); 21, Lake Pueyrredén (Argentine)/Cochrane (Chile); 22, Rio Chico (near highway 3); 23, River Chalia (in Tres
Lagos); 24, Lake Viedma (Lake de los Toros); 25, Lake Argentino.

dient and the ordering of haplotypes in the tree
is assessed by counting the number of crossings
(a reflection of rank-order differences) that occur
between the two orderings, and comparing this count
with the counts obtained from 1000 random per-
mutations of the leaf labels of the tree. The result-
ing P value reflects the number of replicates that
have equal or fewer crossings than the true tree, and
P =0.05 was taken as an indication of phylogeo-
graphic structure.

MORPHOLOGICAL AND DIET ANALYSIS
Morphological measurements were carried out on a
total of N = 1067 individuals, from 12 populations, all
inhabiting lakes. All measurements were performed
on formalin-preserved material by the same person.
We measured standard length (SL), head length (HL),
length of the upper jaw (UJ), depth of the caudal
peduncle (CP), and length of the longest (usually
the second) spine of the first dorsal fin (DF) (Fig. 2).
Characters were selected based on their likely
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Figure 2. External measurements of

morphological
Percichthys trucha; CP, caudal peduncle depth; DF, length
of dorsal spine; HL, head length; SL, standard length;
Ud, length of upper jaw.

relationship with feeding and/or swimming ability
(HL, UdJ, CP), as well as predator avoidance (DF), and
represent the most repeatable of the phenotypic traits
used in previous studies (Ruzzante et al., 1998, 2003).
These traits have also been used as diagnostic vari-
ables for species identification within the Percichty-
idae (Ringuelet et al., 1967). In addition, we measured
the length of the four longest gill rakers on the first
left branchial arch. In early collections (1996, 1998),
gill rakers were drawn with a camera lucida attached
to a stereomicroscope and then measured. Later col-
lections (2000, 2001, and 2005) were digitally photo-
graphed under a stereomicroscope and measured
using image analysis software. Prior to analysis, all
variables were standardized to a common fish size
using the relationship:

y; =log(x;) — b{log(SL;) — mean[log (SL)]}, (1)

where y; and x; are the adjusted and original values
for the character in individualsi G =1, ..., N), SL; is
the individual standard length, and & is the regres-
sion coefficient of the logarithm of x on the logarithm
of SL. Allometric relationships did not differ between
sexes for any lake, but they differed slightly among
lakes for some of the variables. Variables were there-
fore standardized with sexes pooled, using individual
lake allometric relationships. For the comparisons
among populations we conducted a principal compo-
nent analysis on standardized variables and ANOVA.

We obtained information on diet for the 12 popula-
tions where morphological variation was measured.
For each prey category present in the fish stomachs i
(i.e. family, genus, or species), we calculated an index
of relative importance, RI, based on prey number
and size (Pinkas, Oliphant & Iverson, 1971): Rl =
(N; + V)F;, where N, is the percentage of total prey
items that were prey of type i, V; is the percentage of
total prey volume occupied by prey of type i, and F;
is the percentage of non-empty guts that contained
at least one prey of type i. For each population,
RI indices were then expressed as a proportion of

the sum of all RI indices (proportional RI) for that
population (Appendix). Diet analyses for the lakes
that were visited twice were conducted separately for
each year of collection, and then the proportional
RI values were averaged across the years. Diet data
were analysed using principal component analysis.

RESULTS

PHYLOGEOGRAPHIC PATTERN OF PERCICHTHYS
TRUCHA IN PATAGONIA

Analysis of N =107 haplotypes from the mtDNA
control region for the individuals collected from 21
lakes and rivers shows no evidence of geographic
patterning in the distribution of genetic diversity
within Percichthys east of the Andes (Fig.1). In
Figure 1, the haplotypes are linked to the population
(lake or river) the individuals were collected from.
Haplotypes found in more than one location are indi-
cated by the presence of multifurcating nodes as
terminals. Haplotype colour in this figure reflects
latitude, with the northernmost locations shown in
red and the southernmost locations shown in dark
blue. Related haplotypes are widely distributed across
latitude, as can be seen in the crossing of the lines
connecting sampling location, and the terminal nodes
in the maximume-likelihood haplotype tree. No latitu-
dinal or geographical pattern emerges among hap-
lotypes collected from locations east of the Andes
(Fig. 1). Three closely related haplotypes collected
from a single Chilean location (location 5, River Itata;
Fig. 1) are slightly more divergent, as reflected by
their relatively long branches in the maximum like-
lihood haplotype tree (see also Ruzzante et al., 2006),
although the permutation test designed to examine
the relationship between latitudinal position and
genetic relationship overall indicated no significant
evidence of structure (P >0.333). The relationship
between mitochondrial control region haplotypes and
the location from which they were sampled therefore
provides no evidence of phylogeographic structure
or of species-level differentiation among populations
of Percichthys east of the Andes in Patagonia.

MORPHOLOGICAL DIFFERENCES AMONG POPULATIONS
AMONG AND WITHIN DRAINAGES

As stated above, previous authors identified several
morphological distinct groups within Percichthys east
of the Andes, with characters different enough to be
designated as distinct species (Ringuelet et al., 1967,
Lopez-Albarello, 2004). Here we address the question
of morphological variability in the light of the little
genetic variation described above.

A principal components analysis, using the five
standardized traits, suggests that morphologically,
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the 12 populations fall into three groups (Fig. 3). The
separation is primarily along the first component,
which accounted for 61% of the total variance, and
was most strongly influenced by differences in dorsal
fin spine length (DFiaaing=0.907), and to a lesser
extent by gill raker and upper jaw lengths (Table 1).
The first group (shortest dorsal spines, and relatively
long gill rakers and upper jaw) consisted of the north-
ern populations (Limay and Futalaufquen basins),
the second group (intermediate dorsal fin spine, gill
rakers, and upper jaw) contained the two southern
and one central lake populations (Argentino, Puey-
rredén, and Puelo), and the third group (longest
dorsal fin spines) comprised the only lake located on
the Patagonian steppe (Musters).

The second principal component (23.4% of the vari-
ance) was influenced most strongly by gill raker
length (MGRIoading = —0.875) and, to a lesser extent, by
dorsal spine length and upper jaw length (Table 1).
Most of the variation along this axis was among
the northern lakes (Fig. 3). The most northerly popu-
lation, from Lake Ruca Choroi, had the shortest
gill rakers, but otherwise there seemed to be no
geographic pattern. If the dorsal fin spine is excluded
from the principal component analysis, there are no
distinct population groupings along either PC1 or
PC2 (result not shown).

FISH COMMUNITY COMPOSITION, DENSITY, AND
MORPHOLOGICAL DIFFERENCES AMONG PERCICHTHYS
SP. POPULATIONS FROM 12 LAKES

The composition of the fish community differed sig-
nificantly among the 12 lakes. Galaxias platei (puyen)
were present in eight lakes, silverside (pejerrey)
Odontesthes hatcheri were present in five lakes, and
catfish (bagre) Diplomystes viedmensis were present
in one lake (Table 2). All twelve lakes contained intro-
duced salmonids, but differed in abundance and
species composition (Table 2). Rainbow trout (Onco-
rhynchus mykiss) were present in 11 of the 12 lakes,
and were usually the most abundant salmonid
(Table 2). Brook trout (Salvelinus fontinalis) were

present in eight of the 12 lakes, and were often
abundant, and brown trout (Salmo trutta), although
collected from nine of the 12 lakes, were usually
found in small numbers. Lake trout, Salvelinus
namaycush, were found only in Lake Argentino.

Our CPUE estimates are only rough approxi-
mations of population density; much more inten-
sive sampling, including temporal replication, would
be required to get accurate abundance estimates.
However, they do provide an index of the variation
among lakes in densities of Percichthys and other
species. There was almost a 20-fold difference among
lakes in CPUE for Percichthys, from a low of 1.0 fish
per unit effort in Lake Espejo to a high of 19 fish per
unit effort in Lake Musters (Table 3). Salmonid den-
sities also varied among lakes, with CPUEs ranging
from 0.6 to 4.3. Single estimates were averaged for
lakes with temporal replication (Espejo, Quillén, and
Rivadavia). Lake Morenito is a shallow lake, used as
the breeding area for fish from Lake Moreno, to which
it is connected through a short passage (Buria et al.,
2007). Individuals spend most of their time in the
larger Lake Moreno, and thus we used a CPUE esti-
mate for Lake Moreno (CPUE =1.92), obtained for
collections not used in the present study.

Variation among populations in morphology (PC1
scores) was highly correlated with the variation
in density of Percichthys (CPUEp,cicnmnys) (r=-0.90,
d.f.=9, P<0.0001), and of salmonids (CPUEumonide)
(r=-0.90, d.f.=9, P =0.0002; Fig. 3C). Thus, indi-
viduals from populations of Percichthys in lakes with
high densities of conspecifics or of introduced salmo-
nids tended to have longer dorsal spines than indi-
viduals from lakes with low densities of conspecifics
and/or salmonids.

DIET AND MORPHOLOGICAL DIFFERENCES
AMONG POPULATIONS
A principal component analysis of diet (based on

the proportional RI of prey types) indicated that
variation in the importance of three prey types

(Odonata,

Amphipoda,

and Chironomidae)

was

Table 1. Principal component loading for five phenotypic traits measured across all 12 Percichthys trucha populations

and percentage of the total variance explained by each of the principal components

Phenotypic trait PC1 PC 2 PC 3 PC 4 PC 5

Head length (HL) 0.113 -0.110 —0.422 0.051 0.891
Upper jaw length (UJ) 0.231 -0.231 -0.797 0.240 —0.449
Caudal peduncle length (CP) 0.004 -0.116 -0.222 -0.967 -0.064
Dorsal fin Spine length (DF) -0.907 —-0.395 -0.128 0.071 0.002
Mean gill raker length (MGR) 0.334 -0.875 0.349 0.020 0.014
% of total variance explained 61.4 23.4 8.3 5.2 1.8
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Figure 3. A, among-lake variation in morphology. Principal component analysis based on five phenotypic traits: length
of dorsal fin spine (DF); length of upper jaw (UdJ); length of the head (HL); depth of caudal peduncle (CP); and length of
gill rakers (average of four longest rakers; MGR). Scatterplot of PC1 versus PC2 (together these two PCs explain ~85%
of the total phenotypic variation). Length of the dorsal fin spine (DF) and mean gill raker length (MGR) are the traits
with the highest loading on PC1 (-0.907) and PC2 (-0.875), respectively. Lake abbreviations are as listed in Table 2. B,
length of the dorsal fin spine (DF) plotted against standard length of the fish. C, scatterplot of catch per unit effort (CPUE)
in numbers of individuals [@, P. trucha; +, Salmonids) versus morphology (principal component 1)]. Fish density correlates
with PC1 scores (morphology), for which the length of the dorsal fin spine (DF) has the highest loading. D, among-lake
variation in the diet of P. trucha. The principal component analysis is based on the relative index (%) of prey items listed
in Table 4. Scatterplot of PC1 versus PC2. Together these two principal components explain 74% of the total variance in
the diet of P. trucha among lakes. The two diet items with the highest loading on PC1 are Odonata (—0.888) and
Chironomid larvae and pupae (0.376), and on PC2 are Amphipoda (0.746) and Chironomid larvae and pupae (-0.555). See
Table 4. Key for panels A, B and C: black, Percichthys trucha from Limay and Futalaufquen systems pooled (Limay — lakes
Ruca Choroi, Quillén, Falkner—Villarino, Espejo, Correntoso, and Morenito; Futalaufquen — lakes Rivadavia and
Futalaufquen); brown, P. trucha from Lakes Puelo, Pueyrredén, and Argentino; blue, P. trucha from Lake Musters. In
panel C, no CPUE was available for Lake Argentino where P. trucha were caught by seine netting.
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primarily responsible for distinguishing diets of the
different populations (Fig. 3D). Populations in the
Limay river basin were distinguishable from southern
or steppe populations along PC1 (51% of total vari-
ance). Odonata were the prey item with the highest
loading on PC1 (PC1 Odonataisaging = —0.888; Table 4):
Limay river basin populations tended to rely more
heavily on Odonata. The second principal component
(23% of total variation) mostly reflected differences in
the importance of Chironomidae versus Amphipoda in
the diet (Table 4). For example, Percichthys from
Lake Musters fed mostly on Amphipoda and to a
lesser extent also on Cladocera, with little contribu-
tion from Chironomidae, whereas individuals from
Lake Puelo relied mostly on Chironomidae (Fig. 3D;
Table 4).

We estimated correlations between diet and mor-
phology after the exclusion of the length of the dorsal
fin spine from the suite of morphological traits, as
this trait is unlikely to be related to resource use.
In this analysis PC1 (45% of total variation) for
morphology chiefly reflected variation in gill raker
length and, to a lesser extent, upper jaw length
(loadingygr = 0.902; loadingy; = 0.382). There was a

Table 3. Catch per unit of effort (CPUE) in numbers of
individuals

CPUE
Ruca Choroi 1.44
Quillén 2.07
Falkner—Villarino 1.00
Espejo 1.35
Correntoso 1.25
Morenito (Moreno) 1.92
Puelo 8.5
Rivadavia 3.38
Futalaufquen—Kruger 2.68
Musters 19.00
Pueyrredon 3.00
Argentino Not available

negative correlation between morphology (PC1lyopn)
and diet (PClge) (r =-0.61, d.f. = 10, P < 0.036), indi-
cating that populations that relied more heavily on
Odonata tended to have shorter gill rakers and
shorter jaws. Diet varies seasonally, but differences
in sampling time among lakes were minor (all in
summer — January and February).

MORPHOLOGICAL DIVERSITY WITHIN VERSUS
DIVERGENCE AMONG POPULATIONS

We used ANOVA to partition the variance for each
morphological trait between the among- and within-
population levels. Only the dorsal fin spine (DF) was
more variable among populations than within popu-
lations, with 72% of the total variance for this trait
explained by differences among populations (Table 5).
Two traits are much more variable within than
among populations: gill raker length and caudal
peduncle depth (Table 5).

DISCUSSION

In this study, we show what might be considered a
paradox: a high level of morphological variability
among and within Percichthys populations, sufficiently
high that variants from different drainages have been

Table 5. Percentage of total variance explained by differ-
ences among and variation within populations in an
ANOVA framework for each of the five measured morpho-
logical characters

Within
populations
(% variance)

Among
populations

Morphological character (% variance)

Dorsal fin (DF) 72 28

Head length (HL) 41 59

Upper jaw (Ud) 35 65

Mean gill raker length 19 81
(MGR)

Caudal peduncle (CP) 12 88

Table 4. Principal component loading for the six most important prey items in the diet of Percichthys trucha in 12 lakes
distributed throughout the range for the species in Patagonia

Prey type Compl Comp2 Comp3 Comp4 Compb
Odonata —0.888 -0.145 0.132 —-0.052 0.061
Amphipoda 0.117 0.746 0.168 -0.214 0.437
Chironomid Larvae & pupae 0.376 -0.555 0.343 -0.472 0.116
Chilina 0.116 -0.137 -0.780 0.124 0.144
Tricoptera 0.184 -0.070 0.389 0.824 0.004
Cladocera 0.078 0.289 -0.009 -0.139 -0.842
Percentage of Total Variance explained 50.7 23.2 13.6 9.6 2.2
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deemed to be different species, yet we find no evidence
of deep divergence in the entire haplotype tree for
Percichthys east of the Andes, and only a very shallow
phylogeographic structure for the region. We argue
here that this pattern has been produced by two very
different processes, operating on different time scales.

The morphological trait identified as best distin-
guishing groups of populations, and the only trait
that differed more among than within populations,
was the length of the dorsal fin spine. Long dorsal
spines have been associated with predator avoidance
in fish (Januszkiewicz & Robinson, 2007), and we
found that variation among populations in spine
length correlates with the density of conspecifics and
introduced salmonids. Small Percichthys are vulner-
able to predation by larger conspecifics, and perhaps
also by some salmonids. Longer spines could be a
defensive trait that has evolved in populations sub-
ject to high predation pressure, or could be a develop-
mental response to predators, as has been shown
for sunfish (Januszkiewicz & Robinson, 2007).
Superimposed on the phenotypic differences among
populations, there was strong evidence of marked
intrapopulation phenotypic diversity involving mainly
gill raker length, a trait often linked to resource
acquisition in fish. Thus, it appears that the relative
importance of the various processes responsible for
the generation of within-population diversity may
differ from those involved in allopatric differentiation
among populations (see also Calsbeek & Cox, 2010).
Regardless of which processes have produced pheno-
typic diversification within and among Percichthys
populations east of the Andes, our molecular analysis
indicates that the phenotypic differences do not
correlate with genetic differentiation (as assessed
from variation at the mitochondrial control region)
(Fig. 1). Below we discuss the potential reasons for,
and implications of, our results.

ABSENCE OF PHYLOGEOGRAPHIC STRUCTURE WITHIN
THE PERCICHTHYS TRUCHA COMPLEX

As we found previously with a smaller data set
(Ruzzante et al., 2006), analysis of 21 populations of
Percichthys, encompassing their full distributional
range east of the Andes as well as some western
populations, demonstrates little to no phylogeo-
graphic structure. The very shallow structure east of
the Andes suggests that there must have been rela-
tively recent mixing of populations throughout the
region. We suspect that this mixing took place via two
non-exclusive mechanisms. Firstly, there may have
been exchange among now disjunct lakes that were
part of larger proglacial lakes formed in front of the
ice during the retreat of the glaciers. Secondly, and
probably more importantly, individuals were probably

able to move between current drainages via the many
braided and deltaic connections that formed on
the exposed continental shelf during glacial periods
(Martinez & Kutschker, 2011; Ponce et al., 2011).

Species respond in different ways to repeated
glacial advances and retreats, depending, in part, on
characteristics such as cold tolerance and dispersal
ability. Recent studies suggest that the wvarious
terrestrial Patagonian taxa did show distinctive
responses, with some species surviving glacial periods
in one to a few southern refugia, whereas others
survived in and subsequently recolonized from north-
ern areas (Sersic et al., 2011, Pardinas et al., 2011).
Likewise, there is evidence that some aquatic species
appear to have survived in southern refugia (Zemlak
et al., 2008, 2010), but it is likely that others were
driven extinct locally. Percichthys is a relatively warm
water-adapted Patagonian fish that reaches very high
densities in warmer steppe lakes and reservoirs. If it
survived in southern drainages through the glacial
cycles, the refugia must have been on the expanded
Patagonian surface that included exposed areas of the
currently submerged continental shelf (Cavallotto
et al., 2011; Ponce et al., 2011).

Several lines of evidence suggest that the exposed
continental shelf may have provided refugial habitat
as well as opportunities for the movement of Percich-
thys and other freshwater fauna among river drain-
ages, from the Colorado River in the north to the
Santa Cruz and Gallegos Rivers in the south. Bathy-
metric images provide evidence for the presence of
endorheic basins with a circular morphology and a
deeper centre than periphery in the present-day San
Jorge, San Matias, and San José gulfs (Ponce et al.,
2011). These areas would have been exposed during
glacial periods, and were probably filled with shallow,
relatively warm water. Shallow, productive basins are
an ideal habitat for Percichthys. The exposed shelf is
relatively homogeneous and flat, with a west—east
gradient of generally < 1%, and is thus conducive
to channel shifts and overflow during wetter periods.
In addition, there is sedimentary evidence for the
formation of braided river systems (which typically
have unstable, shifting channels) and deltaic fronts
(e.g. the Colorado and Negro systems; Martinez &
Kutschker, 2011). Thus, there was considerable poten-
tial for the large, currently disjoint, Patagonian river
systems on the continental shelf to have merged con-
tinually or intermittently during the extended full
glacial periods that lasted tens of thousands of years,
and probably also during the relatively short glacial
termination periods, when river flows were high, up
to ten times greater than today (Cavallotto et al.,
2011; Martinez & Kutschker, 2011). The shallow phy-
logeographic structure that we see in Percichthys is
thus likely to have been maintained through periodic
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mixing, produced by large-scale landscape changes
that occurred as a function of changing climate
through the Quaternary (Rabassa, Coronato &
Salemme, 2005; Rabassa, 2008). The extent of mixing
probably varied among freshwater species, and we
speculate that species that inhabited the Patagonian
steppe and/or the shallow lake and river environ-
ments on the now submerged continental shelf were
most susceptible.

PHENOTYPIC VARIATION

The remaining question, then, is what processes were
likely to have produced such divergent morphology
among and within populations. The lakes we sur-
veyed span the latitudinal and elevational range of
Percichthys in Patagonia east of the Andes, and differ
greatly in the abiotic conditions that are associated
with productivity. Deep Andean lakes of glacial ori-
gin are ultraoligotrophic—oligotrophic, with nitrogen
levels sufficiently low so as to limit productivity (Soto
et al., 1994; Diaz et al., 2007). Steppe lakes, on the
other hand, tend to be warmer, to have higher levels
of dissolved nutrients, and to be much more pro-
ductive (Quirés & Drago, 1999; Diaz et al., 2007).
Differences in productivity are likely to lead to differ-
ences in both resource/competitive and predation
regimes.

By far the most important morphological character
differentiating populations was the length of the
dorsal fin spine, suggesting that predation (predator
defence or predator avoidance) may underpin much
of the among-population morphological diversity
(see also Reimchen 1983 and Reimchen & Nosil 2002,
and references therein). Percids typically erect their
dorsal spine in response to piscivorous fish (Ylonen
et al., 2007): longer spines presumably reduce preda-
tion risk, perhaps in part through increases in appar-
ent size to gape-limited predators. Predators have
been shown to induce morphological changes in fish
through water-born chemicals, including the induc-
tion of longer dorsal spines in sunfish (Januszkiewicz
& Robinson, 2007), and greater body depth in sunfish
and other species (Bronmark & Miner, 1992; Langer-
hans et al., 2004; Januszkiewicz & Robinson, 2007).
Body depth can also be related to predation risk
through its effects on swimming performance and
escape success (Domenici et al., 2008). The principal
predation threats to young Percichthys in the study
lakes are conspecifics (large Percichthys are partially
piscivorous) and, perhaps, introduced salmonids
(Macchi et al., 1999). The much longer spines in high-
density populations of Percichthys, such as the steppe
Lake Musters, probably result from an induced or
evolutionary response to high predation intensity. The
lack of genetic differentiation of this population,

together with a plausible ecological explanation for its
morphological divergence argues that the Percichthys
species described for this lake, P. colhuapensis, is no
more than a morphotype of P. trucha that develops
under particular environmental conditions, i.e. high
densities of conspecific and salmonid predators and/or
competitors.

The other characters that differed somewhat
among populations (head and upper jaw lengths
and, to a lesser extent, mean gill raker length) are
usually related to feeding, and differences probably
resulted from variation in resources among the
lakes. Resource availability and type can induce
variation in trophic morphology in fish: individuals
that feed primarily on zooplankton tend to develop
more streamlined bodies, and a head morphology
that can efficiently consume small pelagic prey
(many long, closely-spaced gill rakers), whereas
those that feed on benthic prey tend to develop
deeper bodies, and sometimes longer, more robust
jaws (Adams, Woltering & Alexander, 2003; Anders-
son et al., 2005; Yonekura, Kohmatsu & Yuma, 2007;
Berner et al., 2008). In oligotrophic Andean lakes,
Percichthys feed primarily on benthic macroinverte-
brates, although small crustaceans (e.g. cyclopoid
copepods and cladocerans) are consumed by juveniles
(Ruzzante et al., 2003). Lake productivity affects the
age at which young percids begin feeding on larger
benthic invertebrates (Persson, 1987; Huss, Bystrom
& Persson, 2008), and variation in the timing of diet
shifts can lead to differences in trophic morphology.
The most productive lake in our study (Lake
Musters) was the only lake in which small Crusta-
ceans (Cladocera) were a significant part of the diet
of adult Percichthys, perhaps because of a greater
availability of plankton or perhaps because of more
intense competition for benthic resources, and the
very distinctive morphology of individuals in this
lake might therefore be resource related as well as
predation related.

Other marked differences among lakes in the type
of benthic prey consumed by Percichthys probably
also reflect variation among lakes in resource
availability/abundance. (As all fish were collected in
the summer, in January and February, differences in
diet across lakes are not likely to be greatly con-
founded by seasonal differences in composition of prey
community). Some of the variation in diet could be
associated with variation in morphology: for instance,
populations that relied heavily on Odonata tended to
have relatively short gill rakers and jaws compared
with those that did not feed on Odonata. We do not
know the nature of any links between diet and trophic
morphology for Percichthys: adult morphology is
almost certainly influenced by the diet of early devel-
opmental stages, and diet can also be affected by
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predation regime. Thus, some combination of differ-
ences in predation and resource regimes, both related
to lake productivity, are likely to be responsible for
the morphological diversity within the species. What
is very clear is that very different morphologies have
emerged in different aquatic environments without
concomitant genetic divergence.

Percichthys is also known to have variable morphol-
ogy within lakes (Ruzzante et al., 1998, 2003; Lépez-
Albarello, 2004). Our analysis showed that two
characters (gill raker length and caudal peduncle
depth) were much more variable within than among
populations. Both traits are commonly linked to
resource use. Competition for resources may promote
diversification of resource use and associated diver-
gence in phenotype (Lack, 1947; Schluter & McPhail,
1992; Schluter, 1994), although other processes
such as predation can also play a significant role
(Jablonski & Sepkoski, 1996; Rundle, Vamosi &
Schluter, 2003; Langerhans et al., 2004; Nosil &
Crespi, 2006; Meyer & Kassen, 2007). The population
with the greatest interindividual variation in trophic
morphology, the steppe Lake Musters (D. E. Ruz-
zante, unpubl. data), was also the most productive
lake with the highest density of potential predators
(Percichthys and salmonids). Thus, ecological factors
(resource competition and/or predation) are likely
to be responsible for within-population morpho-
logical variation as well as the differences among
populations.

SPECIATION WITHIN PATAGONIAN PERCICHTHYIDAE?

Several of the morphological characters examined in
this study (upper jaw length, body depth, and dorsal
spine length) have been used to define different
species within the genus Percichthys (Ringuelet et al.,
1967; Lépez-Albarello, 2004). We found similarly high
levels of within- and among-population variability in
these traits, and identified three broad morphological
groups: one encompassing all Percichthys populations
from the Limay and Futalaufquen river basins; one
encompassing Perichthys from lakes Argentino, Puey-
rredén, and Puelo; and one type from Lake Musters
(Fig. 3A). In a recent and thorough attempt to sort out
species designations within Argentine Percichthys,
Lopez-Albarello (2004) collapsed most of the previous
species into a single species, P. trucha, but designated
the Percichthys from Lake Argentino as P. laevis,
whereas those from Lake Musters were presumed to
be P. colhuapensis. We also found these populations to
be morphologically distinct. However, the molecular
differences (mtDNA and nuclear sequences) among
individuals and populations that we describe here and
in previous studies (Ruzzante et al., 2006, 2008) are
much smaller than would be expected for species, or

even subspecies, designation. All Percichthys popula-
tions in Patagonia east of the Andes thus appear to
belong to the same species: P. trucha. We argue that
different processes produced the spatial patterns
of genetic versus morphological variation. Shifting
aquatic landscapes during the Quaternary mixed the
populations, producing a very shallow phylogeo-
graphic structure east of the Andes, whereas ecologi-
cal factors (perhaps differences in predation and
competition regimes) most likely account for the
current morphological differences. We expect that
populations of P. trucha do diverge over time in
response to different ecological pressures in different
environments, and that current P. trucha populations
in Patagonia may be in some intermediate stage of
an adaptive radiation. Divergence at the molecular
level appears to be considerably short of speciation,
however, perhaps because of the relatively young
age of individual populations, or perhaps because
of inconsistency through time in the direction or
strength of selection pressures (e.g. Svanbick &
Persson, 2009). We suspect that these processes
may have been repeated multiple times in the past:
populations in different environments underwent
partial but incomplete divergence caused, at least in
part, by natural selection, but the divergence was then
lost as climate change altered the landscape, allowing
haplotypes from different populations to mix.
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