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Abstract: South American galaxiids occupy both Patagonia and the ichthyogeographic Chilean
Province, encompassing glacial Andean deep lakes, shallow plateau lakes, reservoirs, short Pacific
rivers and long Atlantic rivers. The total fish fauna includes 29 species, comprising Neotropical
fishes (siluriforms and characids), galaxiids, percichthyids, atherinopsids and mugilids, two lamprey
species, and several exotic fishes (salmonids, Gambusia spp. and common carp). The family Galaxiidae
shares a common ancestry with the Gondwanan temperate fish fauna, played a major role in the
post-glacial colonization of Andean lakes and streams, and contributes key species to the food
webs. Galaxiid species occupy an enormous latitudinal gradient, show a wide variety of life history
patterns and are the southernmost native freshwater fishes of the world. Knowledge of South
American galaxiids has improved notably, but new challenges arise due to climate change, biological
invasions, damming, aquaculture and contamination. In this changing environment, the future of
South American galaxiids should be carefully considered as a legacy of the old Gondwana and a
unique attribute of the freshwaters of southern South America.
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1. Introduction

South American galaxiid fishes occupy most of Patagonia [1] and the south of the icthyogeographic
Chilean Province [2], between 33°08” S and 55°35’ S, on both sides of the Andean Range [3,4] (Figure 1,
Table S1). The southern South American freshwaters were shaped by the Andean Range and by
the plateau. The Andes runs in a north-south direction, while the plateau extends towards the
east. Freshwaters include many glacial deep and shallow lakes, reservoirs, and Pacific and Atlantic
drainage rivers.
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Figure 1. Lakes, reservoirs and rivers with the presence of galaxiids and alien fishes. Focus is on the
Nahuel Huapi National Park (A, Argentina) and Aysén Region (B, Chile). The pie charts indicate the

proportion of native and alien fishes.

Early references about Patagonian fish fauna [5] clearly recognized “Primary and secondary fishes:
Trichomycteridae and other catfishes, Characidae, Poeciliidae” as having a South American origin or
having entered South America from other land areas, and “Peripheral fishes: Atherinidae, Serranidae,

Galaxiidae, Aplochitonidae, Geotriinae” that colonized fresh waters from marine habitats [6]. Today,
this unique fish fauna comprises 29 fish species: neotropical siluriforms and characids, galaxiids, local
oceanic families (percichthyids, atherinopsids and mugilids), two South American lampreys, a few

species of non-native salmonids, poecilids and one cyprinid [6,7].

Previous revisions [3,5,8] have established a solid baseline for the study of South American
galaxiids and an enormous amount of information has been produced since then. Among South
American fishes, the Galaxiidae has some distinctive characteristics; it shares a common ancestry with
Gondwanan temperate fish fauna [9,10], it played a major role in the post-glacial colonization of Andean
lakes and streams [11-13]), and it now contributes key species to the food webs [14-16]. Moreover,
as well as being the world’s southernmost native freshwater fishes [17], galaxiid species occupy
an enormous latitudinal gradient and show a varied range of different life history patterns [18,19],
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presenting a unique opportunity for the study of local adaptation. Even before ichthyologists in the
past began to understand Patagonian freshwater ecosystems, the introduction of salmonid species [20]
created a new framework, which even today is still in constant change due to a number of anthropic
actions. In this new paradigm, galaxiids have remained as the main forage fishes for native and exotic
predators. In this scenario, the present work reviews information on the distribution, physiology and
life histories of galaxiids in South America, including the variation in life history characters of their
different populations.

2. Taxonomical Update

New information on the South American Galaxiidae [3] Aplochiton marinus Eigenmann,
Aplochiton taeniatus Jenyns, Aplochiton zebra Jenyns, Brachygalaxias bullocki (Regan), Brachygalaxias
gothei Busse, Galaxias globiceps Eigenmann, Galaxias maculatus (Jenyns) and Galaxias platei
(Steindachner) is limited to (a) the taxonomic resurrection of A. marinus [21] and (b) genetic evidence
that has allocated landlocked G. platei [22] far from G. maculatus. In agreement with the particular
biological traits of G. platei [3] and depending on the different authors, genetic results placed G. platei
close to the mostly landlocked Neochana species [9] and two landlocked New Zealand Galaxiidae:
Galaxias sp. and Galaxias gollumoides McDowall & Chadderton [23].

In the same way, the genetic estimation of divergence times indicates the historical presence of
G. platei in South America not just before the rise of the Andes mountains, in Miocene [9], but even in
the Oligocene, before the detachment of Australia and South America [9,23]. Further work is required
to properly address the position of G. platei within Galaxiidae [6], including an ecomorphological and
ecophysiological comparison with Neochana species.

3. Changes in Distribution

Zoogeographic Integrity Coefficient (ZIC) data has shown that Patagonian rivers currently show
a lower ZIC than lakes [17]. The negative effects of non-native fish species have caused a reduction of
the distribution ranges of Galaxiidae. Furthermore, the magnitude of these effects varies significantly
with latitude, altitude and water temperature. Particularly, the non-native Gambusia causes the most
severe effects in warm-water systems. Furthermore, warmer northern and coastal systems, as well as
high-altitude cold-water systems, seem to offer temperature refugia for native fish that protect them
from salmonids [24].

Aplochiton taeniatus, see Table S2 for the recent southernmost locality [25] and B. bullocki suffered
8-17% reductions of distributional ranges, and they have disappeared from areas of high population
densities, urban growth and economic activity at latitudes 36° S to 41° S [24].

In the recent past, Galaxias platei was one of the most widespread native species [17].
Their distribution has increased considerably, but this may be due to a “better sampling effect”.
As an adult, G. platei is captured almost exclusively in the benthic habitat at >30 m depth, below
the thermocline and the euphotic zone [26]. The absence of adult G. platei in the littoral zone could
be caused by the predation pressure posed by native Percichthys trucha (Cuvier & Valenciennes)
and introduced salmonids [26,27]. This is in contrast with the situation of juvenile G. platei, closely
resembling G. maculatus and present in shallow littoral areas [28].

Stream records with significant captures of G. maculatus seldom occur nowadays [18]; in Chile in
particular, the latitudinal range of G. maculatus has diminished by 26%, mainly in the northern part of
the range. Within the same basin, native galaxiids remain abundant where exotic salmonids are scarce.
Galaxias maculatus has apparently been replaced by the exotic poeciliids Gambusia spp. in northern
basins. High-elevation waters are still dominated by G. platei, whereas at intermediate elevations
rivers are now dominated by introduced salmonids. Galaxias maculatus is also severely impacted by
river fragmentation due to hydropower development in the Andean rivers of Central Chile (33° S to
38° 5) [29]. In highly fragmented rivers (Rapel and Maule rivers), where the species was reported
up to 2010 [24], it is currently absent. Furthermore, it shows a very low abundance in the highly
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fragmented Biobio River, where G. maculatus individuals most probably come from a non-migratory
population [30]. On the other hand, G. maculatus is still present in two river networks characterized by
a low or null level of fragmentation (Itata and Imperial). Populations from the Imperial River network
are reported to be diadromous [31].

4. Biological Traits and Environmental Constraints

4.1. Feeding

Knowledge of the feeding patterns of South American galaxiids is still fragmentary. Aplochiton zebra
is an invertebrate predator [32] whose feeding habits have shown a shift from zooplankton to littoral
macroinvertebrates [33]. Anincrease in the prey size with anincreasing fish size was noted, and piscivory
of individuals greater than 115 mm SL (Lake Puelo, Table S1) broadens the trophic preferences of
A. zebra [34]. A diet overlap between A. zebra and A. taeniatus, but with differences in diet between
lakes, was reported in Chilean Patagonia [35]. The presence of invasive trout significantly affected
A. zebra and A. taeniatus, and caused a reduction in the consumption of adult Diptera, through changes
in the feeding behavior. Furthermore, these dietary changes in the presence of invasive trout caused a
reduction in the trophic position of both Aplochiton species [35].

Larval feeding of G. maculatus is based on zooplankton, while juvenile and adult feeding is based
on littoral prey [36-38]. Furthermore, G. maculatus exhibits a complex trade-off between feeding and
predation avoidance during the larval period that affects its phenotype. The number of food categories
and number of prey ingested by G. maculatus larvae were strongly related with the zooplankton density
in Patagonian oligotrophic lakes (Morenito, Ezquerra, Moreno West, Moreno East and Gutiérrez lakes,
Table S1). Furthermore, the growth rate of larvae depended on the zooplankton densities and water
temperature [39].

Galaxias platei is a benthic carnivore that as an adult feeds mostly on amphipods, chironomid
larvae, fishes, mollusks, hirudinids, insect larvae and terrestrial insects. It exhibits cannibalistic habits
and size variation in dietary composition [40,41]. As the G. platei body size increased, their proportion
of littoral carbon increased, due to increased littoral feeding, in several lakes. It has been shown that
the presence of invasive trout leads to the slower ontogenetic scaling of G. platei juveniles and the
expansion of their trophic niche toward allochthonous prey [42]. Furthermore, a reciprocal relationship
of the trophic height of large G. platei with large Salmo trutta was shown, whereby increasing densities
of one caused a significant decline (shift equivalent to one trophic level) of the other [43].

4.2. Physiological Ecology

The largest individuals of G. maculatus were found at the southernmost limits of its distribution
(54° S), locations with fewest daylight hours and the lowest temperatures [44,45]. Furthermore,
for individuals collected from the population inhabiting this location, the same levels of food
consumption were observed during both most energy-demanding seasons (summer and winter).
However, the allocation of energy differed between seasons: a higher proportion of energy was
allocated to reproduction and somatic growth in summer, whereas activity support was the main
energy expenditure in winter [44]. Contrary to what was expected due to low temperatures, individuals
forming this population would not have lower energy demands in winter. Furthermore, no change in
the metabolic rate or the postprandial increase in oxygen consumption (SDA) was observed, but there
was an absence of growth in length, mass and muscle, and the depletion of energy reserves, which were
allocated to fuel the metabolic costs of winter [44,46]. In addition, interestingly, the exposition of
G. maculatus to a range of salinities did not affect its oxygen consumption [47]. It did, however, affect
their nitrogen excretion, suggesting a switch in the substrate use [47]. Therefore, G. maculatus seems to
have the capacity to sustain its metabolic rate in a broad range of environmental conditions, and it is
able to adjust its metabolism and obtain energy from somatic reserves when needed.
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The metabolic activity of G. maculatus starts to increase after sunrise and reaches the highest levels
between noon and sunset. It feeds mostly in the afternoon and until several hours after dusk. As such,
G. maculatus occupies the littoral zone during the day, leaves the zone after dusk and returns at dawn.
Galaxias maculatus commonly preys on littoral prey species, but pelagic prey are also present and
preyed upon by smaller individuals (<50 mm) during twilight and night hours. During feeding outside
of the littoral zone, G. maculatus runs a high predation risk. This risk is amended by the protection of a
low light intensity. These diel movement of G. maculatus create a flow of energy and matter between
habitats that may have significant effects on the entire food web and energy dynamics of the lake [48].
The oxygen consumption assessment of post-larval G. maculatus at a range of thermal conditions
(5-21 °C) and fish body sizes (0.1 g to >1.5 g) showed that specific respiration rates declined as a
power function of the body mass and increased exponentially with the temperature [49]. The absence
of hemoglobin in the metamorphic larvae (whitebait) of G. maculatus should be noted, and also the
presence of a serum green pigment [50].

Climate change also currently poses a major threat to the native biodiversity [51], and its effects can
be noted earlier at high southern latitudes compared to lower latitudes [52]. The thermal tolerance and
preference of juvenile G. platei and diadromous G. maculatus were analyzed at the edge of their southern
range, Tierra del Fuego, across their entire thermal acclimation range (diadromous G. maculatus: 0.5 to
29.8 °C; G. platei: 0.5 t0 29.5 °C) [53,54]. The results indicate that G. platei and diadromous G. maculatus
(in freshwater) have broad acclimation and thermal tolerance ranges. The relationships between
the Critical Thermal Maximum (Ctmax) or Critical Thermal Minimum (CTmin) and the acclimation
temperatures indicate that, in comparison with G. platei, diadromous G. maculatus gains more heat
and cold tolerance for every Celsius degree of increase in their acclimation temperature (Figure 2).
Both species exhibit intermediate to large thermal tolerancepolygons, centrally positioned, indicating
their eurythermal character. The moderately large tolerances, which are independent of a previous
thermal acclimation history, enable these species to be active across a considerable temperature range,
having in addition a moderate ability to acquire an additional heat /cold tolerance through acclimation.
The larger upper acclimation-dependent zones also indicate that acclimation plays a major role in high
rather than in low thermal tolerance. However, these fishes have high levels of cold tolerance (Figure 2).
Tolerance to low temperature is a distinctive trait of G. platei and diadromous G. maculatus, with CTmin
values below 0 °C, which allows them to survive in waters that are ice-covered. Not surprisingly,
they are two of the few native freshwater species found in Tierra del Fuego, where small lakes freeze in
winter and/or the water temperature remains just above 0 °C [7,54].

a 40 b 40 :
G. platei G. maculatus
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Figure 2. Thermal tolerance polygons for (a) G. platei and (b) diadromous G. maculatus from Tierra
del Fuego. Polygons were constructed using Critical Thermal Maximum/Critical Thermal Minimum
values (CTmax/CTmin, white circles, mean + SD) measured at four acclimation temperatures (AT, 2,
4,10 and 16 °C) within their total thermal acclimation range. Extreme CTmax/CTmin values (black
circles), extrapolated from regression analyses of CTmax/CTmin values on AT, are indicated. The total
polygonal area (TPA) is composed of the intrinsic tolerance zone (ITZ) and the upper and lower acquired
tolerance zones (UAZ, LAZ).
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Within their thermal tolerance ranges, G. platei and diadromous G. maculatus prefer certain
temperatures, which increase with increasing acclimation temperatures [54]. These findings reinforce
the eurythermal nature of both species revealed by thermal polygons [55]. Moreover, the relationship
between oxygen consumption rates and acclimation temperatures [56,57] allows for an estimation
of the optimum growth temperature for G. platei juveniles at between 10 °C and 16 °C, suggesting
that higher growth rates occur during warmer seasons in Tierra del Fuego [54]. Thus, G. platei and
diadromous G. maculatus populations at the southernmost limit of their distribution are likely to
be influenced by indirect consequences of climate change rather than thermal lethality (i.e., habitat
degradation or changes in the trophic structure), since they inhabit environments that are largely cooler
than their maximum thermal tolerance.

4.3. Morphological Variation

The body shape of A. zebra was related to diet as well as water transparency and predation risk in
six Andean lakes. Specifically, the eye diameter and the length of the dorsal fin of smaller juveniles
(SL < 40 mm) differed significantly among lakes. In Lake Puelo (Table S1), with a low transparency
value, A. zebra juveniles had the largest eyes. In Lake Futalaufquen (Table S1), with high transparency
values, they had the smallest eyes. In the same way, differences in the growth trajectory of the eye
size were observed between an A. zebra population from Red Pond (Malvinas Islands) and continental
Patagonian populations, suggesting that a high turbidity and reduced light intensity have affected the
ocular development of A. zebra [58-60]. It is likely that different effects of turbidity on the feeding ability
of A. zebra, G. maculatus and G. platei could be found [3,61]. In Futalaufquen, Puelo and Rivadavia
lakes (Table S1), the relationship between the principal components of A. zebra morphology and diet
indicates, at least in part, that variation in body shape—and particularly traits related to the swimming
ability—could be explained by the diet [34].

Galaxias maculatus larvae with deeper bodies and shorter caudal peduncles were found in lakes
with high densities of zooplankton and a low predation risk, whereas slender larvae with shallower
bodies and longer caudal peduncles were found in lakes with low zooplankton densities and a high
predation risk. Then, food availability and predation risk would influence the swimming performance
of larvae through body slenderness and caudal peduncle length [39]. Morphometric differences
between lacustrine and diadromous populations of G. maculatus were observed in Isla de los Estados,
Bompland river, Filo Hua Hum lake, Limay river and Tierra del Fuego (Tables S1 and S2) using
geometric morphometrics, multivariate and conventional techniques. The results show a complete
separation between diadromous and lacustrine populations; fish from Isla de los Estados and Bompland
river partially overlap, while individuals from the Limay river and Filo Hua Hum lake are completely
different [62]. In southernmost Fuegian populations (Figure 1), the body shape was found to also
vary in relation to the life history. Studies performed on two close G. maculatus populations in the
same hydrological basin revealed that the landlocked one (Laguna Negra) exhibited bigger eyes,
a shorter and more robust body, and also a lower vertebral count than the diadromous population
(Arroyo Negro). The more hydrodynamic morphometry of diadromous individuals (thinner and
elongated) was interpreted in the context of an environmental adaptation to a high current velocity and
predation pressure [63]. Galaxias maculatus, as a visual predator, has larger eyes than other species of
Galaxias [61,64]. Moreover, the examination of eye size in five water bodies with distinct light climates
in Tierra del Fuego revealed that G. maculatus inhabiting environments with less light penetration had
larger eyes, suggesting that water color (due to the concentration of humic substances) is one of the
environmental modeling factors influencing eye size. Among these studied populations, the largest
mouths were found in the darkest waters, i.e., Laguna Negra and Laguna Cecilia, together with the
largest eyes, probably improving feeding efficiency and predator avoidance (J.H. Rojo Pers. Comm.).

Spatial patterns of phenotypic variability among G. maculatus populations were examined in a
complex of four postglacial lakes in northwestern Patagonia (Nahuel Huapi, Correntoso, Redonda and
Larga lakes, Table S1) which differ in size and connectivity. Individuals from two small lakes on an
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island in Nahuel Huapi lake (Table S1) were the most morphologically divergent. The population in
the isolated Redonda Lake (Table S1) also exhibited meristic differences, suggesting a strong drift and
environmental effects. This population has most probably been isolated after the decline in the water
level of a paleolake that existed in this region circa 13.2 ky BP [65].

The vertebral number of G. maculatus showed significant variations in relation to the latitude and
life history expressed by the fish [19]. Specifically, an increase in the vertebral count was observed
with the latitude, and a similar pattern was previously described for diadromous populations [66].
All individuals in the Santa Cruz basin (except for one individual in Roca Lake, Table S1) had vertebral
numbers corresponding to the range observed for diadromous populations of G. maculatus [66].
However, individuals from the mouth of the Santa Cruz river (Piedra Buena, Table S2) had higher
counts than individuals at a similar latitude, pointing to a relationship between the vertebral number
and the presence or absence of diadromy [19]. Thus, the vertebral count is higher in diadromous
compared to landlocked Fuegian populations (Arroyo Negro, Laguna Negra, Tables S1 and S2) [63].
At the southern extreme of the species distribution (Tierra del Fuego, 54° S), four size cohorts were
established, 3+ being determined as the maximum age class in the diadromous population from
Arroyo Negro, and 4+ for a landlocked one from Laguna Negra, which is probably the maximum
estimated age for G. maculatus. The relationship between the mean TL and latitude was positive for
South American populations [45].

The predator-associated morphology was observed [27] in G. platei individuals collected from nine
deep Andean lakes and one shallow lake on the Patagonian plateau (Espejo, Gutiérrez, Moreno, Coyte,
Fonck, Los Moscos, Martin, Mascardi, Steffen and Rivadavia, Table S1). The length of the caudal fin was
negatively correlated with the incidence of piscivory in each lake. As such, G. platei individuals from
lakes with high piscivory rates were characterized by relatively short caudal fins, and those from lakes
with low piscivory were characterized by long caudal fins. The population from lake Espejo (Table S1),
with an intermediate piscivory level, was inhabited by individuals with both long and short caudal
fins. Furthermore, the morphological variation within this lake was explained by the exploitation of
food resources and habitat use. Specifically, individuals with shorter tails were characterized by a high
frequency of amphipods in their diet and inhabited shallow habitats. Therefore, the between-lake
morphological variation was significantly influenced by differences in predation intensity, whereas the
within-lake morphological variation appeared to be affected by both predation and differences in the
exploitation of food resources. Moreover, a morphological variability in 23 morphometric traits was
recorded in G. platei individuals collected from 20 postglacial lakes covering the latitudinal range of
the species. Significant differences in body shape among populations were recorded. These differences
were most strongly expressed in the shape and dimensions of the head, as well as the morphology and
length of the caudal fin. Pelvic measures were negatively correlated with amphipod consumption,
indicating at least partial effects of the diet on the morphology. Finally, these multiple sources of
evidence indicate that morphology significantly varies across latitudes and that it is associated with
the risk of predation and diet [67].

The variation in the vertebral number was assessed in G. platei specimens from 22 locations between
40° and 55° latitude S. The mean vertebral number followed Jordan’s rule and was characterized by an
increase towards higher latitudes. Temperature variation explained a large proportion of variations of
the vertebral number of G. platei, as expected due to its high latitudinal and altitudinal geographic
variation. Specifically, the mean winter air temperature was negatively correlated with the mean
vertebral number. The increment in the vertebral number seems to occur primarily in the pre-pelvic
region of the trunk and in the caudal region, but not in the segment between the pelvic-fin insertion
and the origin of the anal fin, and it is expected to have significant consequences for hydrodynamics
and the swimming performance [68].
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4.4. Reproduction and Life History Patterns

Based on the analyses of Sr: Ca ratios in otoliths, a diadromous life history was suggested for
populations of A. taeniatus, A. marinus and G. maculatus. Lifetime residency in freshwater was suggested
for A. zebra and G. platei populations [22]; however, A. zebra individuals were also captured in the
Beagle Channel (Lattuca, pers. com.).

The spawning and development of landlocked A. zebra in Argentine Patagonia were analyzed
through the presence of eggs, gonadal development, otolith daily increments and length frequencies.
Among Patagonian galaxiids, an intermediate size and age at first maturity is shown by A. zebra,
together with vitellogenic oocytes covered with short chorionic filaments. Furthermore, larger free
embryos were found in A. zebra than in G. maculatus and G. platei [69].

Galaxias maculatus presents both diadromous and landlocked populations [22,30,31]. Both were
reported in the eastern sites of the Andes in river basins of southern Chile [31]. The majority of Andean
rivers below 41° S characterized by predictable seasonal flow regimes and productive floodplains
(Biobio, Valdivia, Bueno and Petrohu€) were dominated by freshwater resident populations, and
diadromous populations were found only in lower reaches and estuaries [31]. This pattern changed
at higher latitudes, and the populations inhabiting Puelo, Aysén, Cisnes and Baker river basins
were characterized by a higher frequency of diadromous life histories [31]. This latitudinal pattern
of frequency of diadromy is clearly reflected in the genetic diversity and structure of G. maculatus
populations in these rivers [30]. Diadromous populations experienced a high gene flow between
basins and a high genetic diversity, whereas freshwater resident populations are highly structured and
differ significantly between river basins. Furthermore, in comparison with diadromous populations,
freshwater resident populations in the northern river basins, as well as at the southernmost extreme
of the species distribution (Tierra del Fuego), experienced a low to non-existent gene flow and were
characterized by lower effective population sizes [30,63].

The facultative diadromy was also documented for G. maculatus in the Santa Cruz River basin,
while no evidence of diadromy was found in individuals from the Negro River basin (Table S2) [19].
Only some individuals of G. maculatus populations found at the mouth of Santa Cruz River (that
discharges to the Atlantic Ocean) were characterized by high Sr concentrations in the otolith. It was
concluded that different life histories can be found in sympatry, and no genetic structuring between
individuals from the sampling site was detected, suggesting that similar genotypes have different
phenotypes. In agreement with other results [18,70,71], the estimates of recent migration rates between
genetic clusters suggest that migration occurs predominantly in an upstream direction (larvae), both in
the Negro river and in Santa Cruz river basins. The high genetic diversity observed among Piedra
Buena (Table S2) individuals suggests that this is a large population, and the possibility of a genetic
exchange with other diadromous populations should not be discarded [72]; for example, populations
in Tierra del Fuego [63,73,74] and along the Chilean coast [13].

On Tierra del Fuego island, G. maculatus populations were characterized by an extended
reproductive season, with differences in the timing and duration of spawning compared to other
populations of continental Patagonia, New Zealand and Australia [18,70,71,73,75-79]. Females here
reach larger sizes compared to those of other South American populations. In the diadromous
Negro stream population, individual fecundity is lower than in other populations, but egg production
increases through individual repetitive spawning during the protracted spawning period (from October
to February). Mature males abound in the spawning grounds during the reproductive season. The size
of mature females decreases throughout the breeding season. There is an extremely high investment in
reproduction for both sexes, with a maximum gonadosomatic index of about 35%. At the beginning of
the reproductive season, the maximum hepatosomatic index is reached by females and the minimum
by males, suggesting differences in the allocation of energy reserves during sexual maturation. In the
Negro stream diadromous population, the 1+ age class was the most numerous and contributed most
to the population’s reproduction for both sexes [45], while the 2+ class did the same for the landlocked



Diversity 2020, 12, 178 9of 16

population from Laguna Negra. Variation in the peri-visceral fat index suggests that fat reserves were
used to survive winter [46,73,74].

Diadromous populations of G. maculatus exhibit an upstream migration of metamorphic larvae
from the sea to freshwater habitats, but an upstream migration of those that are landlocked has
also been reported in one particular riverine population that presents an upstream migration from
the Piedra del Aguila Reservoir to Caleufu River (Tables S1 and S2) at the larva-juvenile transition.
There, the spawning season, from September to November, and the arrival of shoals of metamorphic
larvae and juveniles to adult habitats, from February to April, coincide with lacustrine landlocked
populations, but not with diadromous populations. Furthermore, the growth rate and age at migration
(147 + 22.6 days) of this population were similar to other landlocked and diadromous populations.
A 20-fold increase in the fish density and overlapping of the two cohorts was observed at the arrival of
these shoals of G. maculatus. The morphology and vertebrae numbers were similar in riverine and
reservoir adults [18].

The great plasticity of G. maculatus life history could be the key to explaining the wide distribution
of this species in the Southern Hemisphere [71]. Likewise, this juvenile potamodromous behavior in
a landlocked population will provide a new perspective for the analysis of this species’ dispersion
in continental waters [18]. In this way, the spatial patterns of the genetic and phenotypic variability
observed in G. maculatus populations in a complex of four postglacial lakes in northwestern Patagonia,
which differ in size and the level of connectivity between them, indicated restricted genetic structuring
within large lakes, probably because G. maculatus larvae migrate to the limnetic zone of Patagonian
lakes and may exert a homogenizing effect on the gene flow within lakes [65].

The reproductive characteristics of G. platei were studied in Lake Moreno (Table S1). Histological
analyses of G. platei ovaries have shown a synchronous oocyte development typical of a
group-synchronous spawner. The diameter of mature oocytes ranged from 1031 to 1419 um. Based
on the gonadosomatic index, it was shown that annual spawning occurs during austral autumn
(between April and June) and is strongly associated with a deeper strata water temperature (below
30 m) and not with the photo-period. Female G. platei acquire a mature sexuality at a standard length
of approximately 105 mm, whereas males at a length of approximately 177 mm. The delayed maturity
that results in a higher fecundity, as well as a maximum body size and longevity, indicate that G. platei
is more specialized in terms of its life history compared to G. maculatus. These specialized features are
related to the stable environment inhabited by G. platei, and indicate the vulnerability of this species to
more instable environments. Such a higher instability is expected in Patagonian lakes dominated by
salmonids [74]. In Thompson Lake, a small, high-elevation lake located in the Aysen River basin (Chile),
G. platei occurs essentially in isolation. In the absence of other native and introduced fishes, G. platei
is long-lived and reaches a maximum age of 18 years and a maximum total length of 348 mm [43].
Comparing life histories within Galaxias, G. platei invests more energy in growth while delaying
sexual maturity. Galaxias platei is the largest and longest-lived species of the Patagonian Galaxiidae
species [41,74]. In Thompson Lake, the ecology of G. platei is dominated by a strong ontogenetic niche
shift. Small, young G. platei inhabit the shallow littoral zone, feed on macroinvertebrates and grow
rapidly. As they grow to a larger size and become reproductively mature, individuals shift to the
deeper benthic habitat, their diet shifts towards piscivory and the growth rates decline. As a result,
large and small G. platei occupy two distinct niches in this system, and they interact primarily as
predator and prey [43].

4.5. Predation Risk

Reduced abundances and the loss of different prey species due to predation by rainbow trout
Oncorhynchus mykiss (Walbaum) in Lake Moreno (Table S1) were estimated through a bioenergetic
model with input data on distribution, thermal experience, growth and seasonal diet. Pelagic galaxiid
larvae and benthic juvenile and adult G. maculatus were the most important components of the trout
diet. Bioenergetic simulations indicated that 20% of the food consumed by rainbow trout consisted
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of galaxiid larvae and that 16% consisted of adult G. maculatus [80]. The triggering of anti-predator
responses in G. maculatus was experimentally studied, with visual and chemical cues of the predator
O. mykiss, and a reduction of the swimming activity and changes in the respiratory rate of G. maculatus
were found [81].

5. Climate Change, Invasions and Translocations

Temperature [6,82] and the concept of thermal niche [83] are at the very basis of the ongoing
interplay between the confluence of different fish groups and the environment in Patagonia. During
the period 1961-2018, the temperature increase in Patagonia (annual mean temperature) reached up to
1.5 °C [84]. Models (base CMIP5) for the 21st century predict an increase of the mean temperature,
greater in the far future (RCP8.5 scenery, 1 °C) than in the near future (RCP4.5 scenery, 0.5 °C).
Regarding rainfall, the RCP8.5 scenery projects a decrease (10% to 20%) in northwestern and central
Patagonia (SRES A2 and B2 sceneries). The projected impacts include the replacement of species and
changes in distribution [85].

Simultaneously with climate change [17], two situations can be summarized to be occurring
in the region: (a) The southward expansion of species limited by low temperatures: characins
(Astyanax eigenmanniorum Cope, Cheirodon interruptus (Jenyns), Oligosarcus jenynsii Giinther),
catfishes (Corydoras paleatus (Jenyns)), cyprinodontiforms (Cnesterodon decemmaculatus (Jenyns),
Jenynsia multidentata (Jenyns)), the atherinopsid Odontesthes bonariensis (Valenciennes) and the exotic
Cyprinus carpio Linnaeus; and (b) north extirpations of galaxiids (G. maculatus and G. platei) and exotic
Salmonidae, both groups limited in their northward distribution by high temperatures [17].

Northern Hemisphere freshwater salmonids have been introduced in many river basins around
the world, and several species of salmonids were introduced in Patagonia during the 20th century.
These introductions were aimed to increase fish diversity and generate sport fishery opportunities [20,86].
Established salmonid populations resulted in the partial displacement of several native Patagonian
galaxiids species from their historical distribution ranges due to negative interactions such as
competition and predation [33,87]. Furthermore, escaped farmed rainbow trout in reservoirs have
been shown to negatively affect native populations [88-90].

Recently, C. carpio, formerly introduced in the lower Colorado river in the mid-1980s, has invaded
the Negro river (Table S2) [7]. The distribution of C. carpio in North and South America was shown to
be strongly related to the annual maximum air temperature and the concentration of chlorophyll-a [91].
These two variables were also excellent predictors of the presence of C. carpio in Argentina. Lakes
and reservoirs that were invaded by C. carpio have a mean annual air temperature higher than 10 °C.
Present capture data for the Negro River indicate the presence of C. carpio in locations with water
temperatures below the preference and optimum growth range of this species. However, a warming
climate is expected to give advantage to this successful invader, and it may spread further along the
Limay river, in the upper Negro basin [7]. Translocations have also contributed to extirpations of
native populations, as is the case with the native atherinopsid O. hatcheri [6].

A population decline and the extirpations of galaxiids were observed in Northern Patagonia.
Galaxias maculatus was found to be at low abundance in the Negro River, the northernmost limit of its
distribution in Argentina [92], and extirpations have already been observed [24] in the northernmost
populations of the species in Chile [3]. In the same area, two other galaxiid species, B. gothei and
G. globiceps, seem to be completely extinct [8,24], and though captures performed between 1930 and
1945 signalized the presence of A. zebra in the upper Negro river basin, no other record was taken
since 1945 [3].

6. Conclusions

Knowledge of South American galaxiids has improved markedly (Table S3). Biological data and
the distinct life-history patterns are interpreted as adaptations to variable environments. The broad
world distribution of Galaxiidae species in the Southern Hemisphere is understood in the context of
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its great life-history plasticity [18]. However, new challenges (Table S4) arise due to climate change,
biological invasions, damming, aquaculture and contamination. The thermal preference and tolerance
values of A. zebra, G. maculatus and G. platei [92] suggest that South American galaxiids are limited to
the north by high temperatures. In fact, some of the northernmost populations of G. maculatus [3] are
considered extirpated [24] or in decline [93]. Biological invasions are not limited to the introduction
of salmonids [94]: several Neotropical species [6,17] and the common carp Cyprinus carpio [7] have
invaded the northernmost distribution area of Patagonian galaxiids with consequences that have not yet
been studied. Damming and the creation of anthropogenic [94], but also natural, reservoirs—e.g., dams
created by the Canadian beaver Castor canadensis [95]—have provided new conditions for galaxiid
populations [18,96] and also a place for salmonid cage aquaculture. Farmed rainbow trout escapes
have been recorded in the Alicura reservoir (Table S1) [88], with consequences for habitat use and food
webs [89,90]. Contamination is a new issue for Patagonian waters, and recent results [97-99] have
sounded an alarm. In this changing environment with increasing anthropic action, the future of South
American galaxiids should be carefully considered as a legacy of the old Gondwana, which arrived
in our hands after surviving an epic journey of apocalyptic geological changes [6,100-102] and now
constitutes a wonderful, distinctive trait of the freshwaters of southern South America.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/5/178/s1,
Table S1: Lakes and reservoirs with presence of galaxiids. Basin, latitude, and fish species are indicated.
Detailed positions are shown in Figure 1, Table S2: Rivers and streams mentioned in the text. Fish species
present and corresponding river basins are indicated, Table S3: Summary of the key, distinguishing attributes
(Taxonomy, Changes in distribution, Feeding and thermal tolerance, Morphological variation, Vertebral number,
Life history) of the galaxiid species in South America; Aplochiton marinus, Aplochiton taeniatus, Aplochiton
zebra, Brachygalaxias bullocki, Brachygalaxias gothei, Galaxias globiceps, Galaxias maculatus and Galaxias platei,
Table S4: The key documented threats to the galaxiid species. The effects of threats (exotic fishes, warming, river
fragmentation and human activities) on the galaxiid species (Aplochiton marinus, Aplochiton taeniatus, Aplochiton zebra,
Brachygalaxias bullocki, Brachygalaxias gothei, Galaxias globiceps, Galaxias maculatus and Galaxias platei) are indicated.
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