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Abstract.

Reproductive characteristics of the native fish Galaxias platei were studied in Lake Moreno, an ultra-

oligotrophic deep lake in North Patagonia. According to histological analysis of ovaries, G. platei presents synchronous
oocyte development typical of a group-synchronous spawner. Mature oocyte diameter ranged from 1031 to 1419 pm.
Based on the gonadosomatic index, annual spawning occurs between April and June (austral autumn) and is directly
related to the water temperature of deeper strata (below 30 m) where this species lives, but not with photoperiod. Female
G. platei acquire sexual maturity at a length of 105 mm, whereas males acquire sexual maturity at a length of 177 mm.
Delaying maturity to obtain higher fecundity, as well as maximum body size and longevity, indicates that G. platei is more
specialised than the other South American Galaxias, G. maculatus, in terms of lifestyle. These specialised features are
related to the stable environment G. platei lives in and indicate that it could eventually become a vulnerable species in
unstable environments, such as the Patagonian lakes dominated by salmonids.
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Introduction

Reproductive strategies in fish are extraordinarily diverse
(Balon 1981). The reproductive success of a species depends
primarily on a strategy that maximises the contribution of off-
spring to the next generation (Wootton 1990). A reproductive
strategy is a suite of traits, such as size and age at first repro-
duction, spawning seasonality and frequency and size- or age-
specific fecundity, correlated with and presumably optimised
by natural selection (Wootton and Smith 2002). Thereby,
reproductive success is determined by multiple ontogenetic and
reproductive traits that set up a life history strategy (Stearns
2000). Thus, ‘life history’ deals with constraints and traits
associated with reproduction and the manner in which these
constraints or trade-offs form strategies to deal with different
environmental factors (Stearns 2000; Hutchings 2008).
Galaxiids exhibit a considerable variety of life history styles
(Cussac et al. 2004; McDowall 2008). They have indirect
ontogeny, characterised by the presence of a larval period
(McDowall 2008). Free embryos hatch and move to the breeding
area, where they grow for several months before returning as
juveniles to adult habitats (McDowall 1998). In South America,
examples of this diversity are found in Galaxias maculatus and
Aplochiton sp., which are present as diadromous and landlocked
populations (McDowall 1971; Cussac et al. 2004). Their migra-
tory movements occur between salt and fresh water (Campos
1969; Boy et al. 2007, 2009; Carrea et al. 2013), as well as
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between freshwater habitats (e.g. intralacustrine movements, or
from lentic to lotic environments; Cussac et al. 1992; Barriga
et al. 2002, 2007; Lattuca et al. 2008). In G. platei and
Brachigalaxias bullocki, only landlocked populations have been
recorded (McDowall 1971; Cussac et al. 2004). Another plastic
trait in galaxiids is spawning season phenology (McDowall
1971). G. maculatus has a spring—summer spawning season in
Argentina (Cussac ef al. 1992; Barriga et al. 2002, 2007; Boy
et al. 2007), but in Chile populations spawn in late winter
(Campos 1970). Other galaxiids, such as Aplochiton zebra,
spawn in winter (Lattuca et al. 2008), whereas Aplochiton
taeniatus spawns from late autumn to mid-winter (Campos
1969) and B. bullocki spawns during summer (McDowall 1971).

Galaxias platei is an endemic freshwater fish from the
Patagonian and Chilean ichthyogeographic provinces (Ring-
uelet 1975) of southern South America. Southern Andean
orogeny and Pleistocene glacial cycles appear to have played
important roles in shaping the current distribution and intraspe-
cific genetic diversity of G. platei (Ruzzante et al. 2008; Zemlak
et al. 2008). G. platei is the most widely distributed native
species in Patagonia and inhabits a variety of habitats in lotic and
lentic environments (Cussac et al. 2004; Habit et al. 2010,
2012). Nevertheless, its distribution has been strongly affected
by exotic salmonids (Milano ez al. 2002, 2006; Habit et al. 2010,
2012) because its abundance is inversely proportional to that of
salmonids (Habit ez al. 2010; Correa and Hendry 2012). In this
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context, predation and competition for habitat could induce
displacement of G. platei from optimal habitats (Sobenes et al.
2013). Microhabitats with shelter are often used by G. platei,
where density-dependent selection, such as the tendency for
gregariousness, suggests antipredatory behaviour (Sobenes
et al. 2013). In addition, in deep lakes in which salmonids are
present, juvenile and adult G. platei are very uncommon in the
littoral zone and occur almost exclusively in deeper benthic
habitats (i.e. at depths below 30 m; Milano and Vigliano 1997;
Milano et al. 2002).

Galaxias platei shows physiological and morphological
traits that could be associated with a life spent in the deep
benthos, such as high endurance to anoxia, low metabolic rate
and high thermal tolerance to extreme conditions (Milano 2003;
Barrantes ef al. 2017). In addition, it has a cephalic lateral line, a
protective structure to reduce abrasion in gills (Milano 2003),
and retinal cones with high mitochondrial complexity
(Schoebitz et al. 1973), suggesting adaptation to high-energy
requirements for vision in the dark (Ali ef al. 1990; Jobling
1995). Conversely, G. platei exhibits considerable morphomet-
ric variation throughout its distribution range, explained, in part,
by variations in predation intensity (Milano ez al. 2006) and food
resource use among lakes (Milano et al. 2002). The morphology
of G. platei is also related to its vertebral variation with latitude
and altitude (Barriga et al. 2013).

Recent studies have contributed to the understanding of the
ecology and natural history of G. platei as it occurs now, in
systems with other native and non-native fish species (Cussac
et al. 2004; McDowall 2006; Habit e al. 2010), but the ecology
and biology of G. platei are poorly documented (Milano 2003;
Sobenes et al. 2013; Belk et al. 2014). The scarcity of data
available on G. platei ecology prompted an investigation into its
life history, including reproductive parameters. The main aim
of the present study was to analyse different aspects of the
reproductive biology of G. platei in order to identify its repro-
ductive strategy. To this end, we described gonad development
based on microscopic and macroscopic examination, estimated
the gonadosomatic index (GSI) to determine spawning season
and its relationship with temperature and photoperiod, and
established size at first maturity, sex ratio and the length—weight
relationship.

Materials and methods
Study site and fish collection

Fish were collected from Moreno Lake (41°80'50"S,
71°83/20”W), a large (area 10.6 km?, perimeter 14.6 km), deep
(Znmax = 106 m, Zyjeq = 51 m) glacial lake located in the Andean
temperate rainforest within Nahuel Huapi National Park. Mor-
eno Lake has a warm monomictic thermal regime (Modenutti
et al. 2000) with thermal stratification during late spring and
summer (Pérez et al. 2002). The conditions at Moreno Lake are
ultra-oligotrophic with highly transparent waters (average
Secchi disc = 16 m and diffuse attenuation coefficient of pho-
tosynthetically active radiation Kgpar = 0.16 m~!, Morris et al.
1995) and a euphotic zone that extends to a depth of 36.4 m
(Pérez et al. 2002).

The fish assemblage in Moreno Lake is composed mostly of
exotic salmonids: Oncorhynchus mykiss (38%), Salvelinus
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fontinalis (12%) and Salmo trutta (1.2%). The most abundant
native fish is Percichthys trucha (43%). In contrast, G. platei
(4%), Odontesthes hatcheri (1.2%) and Olivaichthys viedmensis
(0.2%) are rare in gill net captures (Vigliano et al. 2009).
Another abundant native fish is G. maculatus, which, due to
its small size (~7 cm), is captured only when using seine or fyke
nets or baited traps.

In the present study, G. platei were captured using gill-nets
placed (on the lake bottom) at depths of 10, 20, 30, 50 and 100 m.
The nets were 60 m in length and 2 m in height and made up of
panels that were 10 m in length, each with a different bar mesh
size (15, 20, 30, 50, 60 and 70 mm; Vigliano ef al. 1999). These
nets were left for ~12 h overnight. Sampling was performed
during 1999 and 2000. Individual fish caught in the nets were
killed using an overdose of benzocaine and fixed in 4%
formaldehyde.

Lake temperature profiles were generated using a digital
thermometer with a 100-m wire. During the sampling period,
water temperature was registered monthly for each depth
stratum. Daylight data for the sampling period were downloaded
from an automated weather monitor (Davis Vantage Pro, Hay-
ward, CA, USA) from the meteorological station located at
Laboratorio de Fotobiologia (Instituto de Investigaciones en
Biodiversidad y Medioambiente, Consejo Nacional de Investi-
gaciones Cientificas y Técnicas, Universidad Nacional del
Comahue) close to Moreno Lake.

Laboratory analyses

In the laboratory, standard length (SL) and total weight (TW)
were measured for all fish. Sex was determined, and the gonads
were then removed, weighed fresh (GW) to the nearest 0.0001 g
and then fixed in Bouin solution (Martoja and Martoja-Pierson
1970) before being preserved in 70% ethanol. Ovaries were then
stained with Masson’s trichrome using conventional histologi-
cal techniques (Martoja and Martoja-Pierson 1970). Histologi-
cal characterisation of the ovarian cycle was based on the
affinity of the dye for the cytoplasm and nucleus, and by the
presence or absence of different cell structures. The diameter of
each oocyte type was measured on digital images of the histo-
logical preparations at magnifications of 10x and 20x. Photo-
graphs were taken using a Sony SSC-DC50A (Park Ridge, NJ,
USA) digital interface camera attached to an Olympus BX40
(Tokyo, Japan) optical microscope, and oocyte diameters were
measured using Image-Pro Plus version 4.0 for Windows
(Media Cybernetics, Inc., Silver Spring, MD, USA).

Reproductive parameters

The sex ratio was assessed seasonally using mature individuals
and then contrasted with the hypothetical 1: 1 proportion using
Chi-Square distribution. The GSI was calculated as follows:

GSI = GW =TW x 100

The GSI was analysed monthly to determine the exact period
and amplitude of the spawning season. Relationships between
GSI and water temperature at capture depth (as a proxy of
temperature at which fish live), depth stratum and daylight time
(i.e., photoperiod) were evaluated with Spearman correlation
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tests. In addition, relationships between mean GSI and mean
water temperature from depths below 30 m (where fish live) and
mean water temperature from depths above 30 m (where fish do
not live) were evaluated with Spearman correlation tests. The
relationship between TW and SL was assessed separately for
males and females, as well as in adults and juveniles, using the
following equation:

TW =a x SL"

where a and b are the intercept and the slope of the function
respectively. Linear regression analysis was performed with
logo-transformed data. The significance of each regression
coefficient was tested using an analysis of variance (ANOVA).
Slope equality between sexes and between adults and juveniles
was then tested using one-way analysis of covariance
(ANCOVA) where TW was the dependent variable, sex or
juvenile or adult were the factors and SL was the covariable.
This equality was tested by verifying non-interaction between
the factors and covariable. Size at first maturation was estimated
using a binary logistic regression model (Norusis 1986). In this
model, sexual maturity was the dependent variable with binary
values (0, immature; 1, mature individuals). Fish size (SL) was
used as the independent variable. The logistic equation was used
as follows:

pP= (1 +ef(a+bSL))f1

where P is the proportion of mature individuals and a and b are
parameters estimated by the model. The point where P = 0.5
represents the transition size where 50% of individuals reach
sexual maturity.

Results
Gonad description

The sexual organs of G. platei are paired structures of saccular
form, lying dorsal to the digestive tract. As they develop, they
occupy a large part of the abdominal cavity. In the case of female
structures, the ovary lamellae are open to the abdominal cavity
(Fig. la). Macroscopic descriptions of testes and ovaries are
given in Table 1.

Four oocyte stages were determined, based on microscopic
observations of the ovaries. The oocyte, at the beginning of its
primary growth phase (Stage I), consists of scant cytoplasm and a
centrally located nucleus containing a single, large basophilic
nucleolus. This oocyte period is called the ‘chromatin nucleolus
stage’. The oocyte itself is entirely surrounded by a few
squamous follicle cells. Concurrent with oocyte growth, the
nucleus (or germinal vesicle (GV)) increases in size and multiple
nucleoli appear (‘perinucleolus stage’; Fig. 15). These nucleoli
are arranged at the periphery of the GV and their presence
throughout oocyte growth becomes ubiquitous. The cytoplasm
is strongly basophilic at this stage. In G. platei, the oocyte during
this phase has a diameter ranging from 37 to 150 pm. Two thin
layers surround the oocyte: a layer of follicular cells (granulosa
cell layer) and another layer of thecal cells (thecal layer)
constitute the follicle. The first structures to then appear within
the oocyte cytoplasm during its growth are the ‘yolk vesicles’
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(Stage II). During this period the nuclear membrane appears to be
folded and the cytoplasm has a foamy appearance as a result of
the chromophobe vesicles (Fig. 1¢). Oocytes have diameters
ranging between 113 and 223 um (Fig. 1¢). The granulose layer is
formed by a single row of evident cuboidal cells. Outside this
structure, a layer of flat cells constitutes the thecal layer. At
this point the process of vitellogenesis begins, characterised by
the uptake and packaging of vitellogenin stored inside the oocyte
as yolk protein. The beginning of vitellogenesis is called ‘early
vitellogenesis’ (Stage III) and is characterised by small orange
granules that occupy the entire cytoplasm. Chromophobe vesi-
cles are displaced towards the periphery of the cytoplasm
(Fig. 1d). The vitelline membrane appears well defined and its
thickness increases throughout oocyte growth. The granulose
cell layer (follicular cells) becomes columnar, whereas the thecal
layer remains unchanged (Fig. 1e). Oocyte diameters range from
208 to 449 um. At this moment, ovaries are macroscopically
cylindrical, slightly flattened and yellowish. The oocytes are
visible to the naked eye, being easier to identify as vitellogenesis
progresses. In accordance with the process of vitellogenesis,
ovaries become larger, occupying much of the abdominal cavity
and changing from pale yellow to bright yellow. As vitellogene-
sis progresses, the yolk granules gradually form a homogeneous
mass, occupying almost all the oocyte cytoplasm (‘advanced
vitellogenesis’ or Stage IV). Cortical vesicles are located on the
periphery, and the nucleus migrates to the oocyte periphery.
Oocytes have diameters ranging between 1031 and 1419 um. The
ovaries at this point have abundant oocytes in Stage IV, which are
released (i.e. ovulated) into the abdominal cavity to be released
through the oviduct during spawning. At this time, oocytes can
be released with slight abdominal pressure. The ovaries are
bright yellow, cylindrical and turgid, occupying almost the entire
abdominal cavity. After the spawning event, ovaries enter a
resting phase (Stage V). Oocytes that are mainly in the perinu-
cleolus and chromatin nucleolus stages are frequently observed,
with a low number of cortical alveoli and postovulatory follicles
(POFs), as well as atretic oocytes that failed to spawn. POFs are
recognisable because they have only a retracted layer of granu-
lose cells, because the oocyte has been released into the lumen of
the ovary. In atretic oocytes, the cytoplasm is invaded by
granulose cells that have digested the yolk. Macroscopically,
ovaries become small and reddish in colour (haemorrhagic
appearance).

Fish catch and sex ratio

In Moreno Lake, all G. platei individuals were caught at or
below a depth of 30 m, with a slight tendency for abundance to
increase with depth (Fig. 2). In all, 78 G. platei individuals were
caught: 46 females (61.4-285.0 mm SL; 3.3-285.0 g), 25 males
(60.6-265.0 mm SL; 2.4-245.0 g) and 7 immature specimens
(31.3-103.7mm SL; 0.2-12.9 g) whose sex was not determined.
Of the total capture, 59 individuals were mature: 42 females
(105-285 mm SL; 15-285 g) and 17 males (180-265 mm SL;
75-245 g). The overall female:male sex ratio was 1:0.29,
which deviated from the hypothetical distribution of 1:1 (x%,
z = 6.83, P = 0.009). Given the low number of individuals in
some months, the sex ratio was analysed by season and was
found to deviate from 1:1 in summer (1:0.20; Xz, z = 6.06;
P =0.007) and autumn (1 :0.25; x% z = 3.46; P = 0.046), but
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Fig. 1. Ovary of Galaxias platei. (a) General aspect of the ovarian lamellae, (b) oocyte in the perinucleolus stage
(Stage I), (¢) “yolk vesicles’ in the oocyte (Stage 1I), () vitellogenic oocyte (Stage I1I) and (e) detail of the follicle.
Te, thecal cells; Fo, follicular cells.

not during winter (1:0.33; x% z = 0.92, P = 0.317) or spring
(1:0.43; X% z = 0.25; P = 0.593).

Spawning season

Through monthly GSI analysis, it was observed that the gonadal
size of G. platei increased from March and decreased in June.
The lowest gonadal size was detected between August and
December. The GSI distribution throughout the year showed a
similar pattern in both sexes. The highest GSI values were in
April and June for females and in June for males (Fig. 3). In

addition, gonadal stage distribution allowed the spawning sea-
son to be defined, and it was found to be more clearly demar-
cated in females than males. Between March and June, the high
proportion of individuals observed in transition from Stage III to
Stage IV denotes the spawning event. After this period, the large
number of individuals in Stage V shows that spawning had
ended, and individuals in Stage II indicate the beginning of the
next reproductive cycle (Fig. 4). Both approaches enabled the
reproductive season for G. platei in Lake Moreno to be estab-
lished as being between April and June (austral autumn).
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Table 1. Macroscopic descriptions of testes and ovary stages, with detailed microscopic descriptions of the ovaries, diameter of oocyte-dominant
cohort, and their seasonal occurrence in Galaxias platei
AT, atretic oocytes; AV, advanced vitellogenesis; CA, cortical alveoli; CN, chromatin nucleolus; EV, early vitellogenesis; PN, perinucleolus; POF,

postovulatory follicles

Gonad stage Testes macroscopic Ovaries Oocyte diameter ~ Season
description Macroscopic description Microscopic description (wm)
I: immature Translucent of small size; no  Small, cylindrical and trans- ~ Oocytes mostly in CN stage, 37-150 All year
apparent irrigation lucent no apparent irrigation ~ but some in PN stage
II: maturing Medium sized and whitish Medium sized, cylindrical, Oocytes in CN, PN and CA 113-223 Summer
with apparent irrigation whitish—yellow colour with stages; follicular cells begin
evident irrigation; oocytes to differentiate during CA
may be visible
I1I: mature Medium, cylindrical, whitish ~ Large, pale yellow with very ~ Oocytes in CN and EV stages; 208-449 Summer to early
colour; very apparent evident irrigation; oocytes follicular cells well autumn
irrigation very visible developed
IV: spawning Largest size and very turgid;  Flaccid, bright yellow; very ~ Oocyte in CN and AV; 1031-1419 Autumn to early
very evident irrigation evident irrigation; yellow follicular cells well winter
and hyaline oocytes developed
V: resting Small to medium sized, Small ovaries; reddish Oocytes mainly in CN Spring
flaccid and bloody with colour due to evident stage, POFs and low
very evident irrigation irrigation number of AT
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Fig.2. Galaxias platei abundance according to depth stratum and thermal (b) 12 18
profile of Lake Moreno throughout the year. .
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The GSI was positively correlated with water temperature at S ol lp 2
capture depth (Spearman, p = 0.361, n = 63, P = 0.04), but no g 8
correlation was found between GSI and daylight time (i.e. o 8T T
photoperiod) or between GSI and depth (Spearman, P > 0.05; 7 — 8
Fig. 3). Moreover, mean GSI was positively correlated with Jan. Feb. Mar. Apr. May Jun. Jul. Aug.Sep. Oct. Nov.Dec. Jan.
mean water temperature at depths below 30 m, where these fish S o .
live (Spearman, p = 0.880, n = 8, P = 0.004). However, no Fig.3. (a) Variations in the gonadosomatic index (GSI) in Galaxias platei

correlation was found between mean GSI and mean water
temperatures at depths above 30 m (Spearman, p = 0.619,
n =238, P=0.102; Fig. 2).

Length-weight relationship

The length—weight relationship for females was
TW = 0.009 x SL *°° (ANOVA, R* = 0.99, F, 43 = 3622.40,
P < 0.001), whereas for males it was TW = 0.005 x SL*>'7
(ANOVA, R’= 0.98, F'y 24 = 1247.40, P < 0.001). There was no
significant difference between females and males regarding
slopes, (i.e., b values; ANCOVA, F 55 =0.08, P=0.782). Both
models proved to be isometric, with » values of 2.90 (95%

over 1 year in Lake Moreno. (b) Mean water temperature (dotted line) at
depths between 30 and 60 m and daylight variation (solid line) throughout
the year.

confidence interval (CI) 2.81-3.00) for females and 3.17 (95%
CI2.98-3.36) for males. Thus, a common relationship could be
estimated including both sexes, namely TW = 0.007 x SL>%*
(R*=0.99, F\ 75 = 6346.30, P < 0.001) with a b value of 3.02
(95% CI 2.92-3.11). For juveniles the length—weight relation-
ship was TW = 0.003 x SL>* (R* = 0.95, Fy ;3 = 259.80,
P < 0.001; Fig. 5). Differences were found in the slope of the
relationship between adults and juveniles (ANCOVA,
F74=88.63; P <0.001).
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Size at first maturity

Size at first maturity was higher for males than females. The size
at which 50% of males are mature was 177.5 mm SL, compared

(@00

80 1

60 -

40 -

20 1

80 +

Relative frequency (%)

60 T

40 +

20 T

0 - + T + ? T T T
Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov.

[IStage Il [ Stage IlI

[JStage IV KX] Stage V

Fig. 4. Monthly variations in the relative frequency of different gonadal
stages in adult («) female and (b) male Galaxias platei (for descriptions of
the different stages, see Table 1) throughout the year in Lake Moreno.
Numbers above the columns indicate the number of samples.

(@ 300
250 —
200 — o

150 — /

W (g)
x

100 —

50 —

I I I I I
50 100 150 200 250 300

SL (mm)

Fig. 5.

D. Milano and J. P. Barriga

with 105.6 mm SL for females (Fig. 6). The equations for
females and males were respectively:

P=(1+ o(—13.05+124 SL))—l

and

P=(1+ o(—52:66+297 SL))—l

Discussion

Ovaries of G. platei are paired structures, saccular in form, like
those of most teleosts (Nagahama 1983). They lie dorsal to the
digestive tract and can occupy the entire abdominal cavity.
Ovarian lamellae are open to the abdominal cavity, being of the
gymnovarian type (sensu Nagahama 1983), where oocytes are
ovulated into the coelomic cavity and then released through the
oviduct to the environment. Histological observation indicates
that two populations of oocytes can be recognised in ovaries of
G. platei: a synchronous population of larger oocytes and a
more heterogeneous population of smaller oocytes. Specifi-
cally, the cohort of most developed oocytes is spawned first,
during the next spawning season, whereas the cohort of less
developed oocytes is retained and spawned in future spawning
seasons. The former group developed, matured and ovulated in
unison; this condition defines G. platei as a group-synchronous
spawner (sensu Murua and Saborido-Rey 2003). This type of
ovary occurs in those species that generally spawn once per
year, have a relatively short spawning season (Wootton 1990)
and spawn several times during their lifespan (i.e. iteroparous
species; Murua and Saborido-Rey 2003). A single annual
spawning is typical of species living at high latitudes, where
there are wide annual variations in temperatures and photo-
period (Matthews 1998).
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(a) Weight-length relationships and (b) double-logarithmic plot for adult and juvenile Galaxias platei. Fitted curves are shown for

adults (dashed lines) and juveniles (solid lines). SL, standard length; TW, total weight.
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Moreno. The solid lines show the binary logistic regression model curve; the
dotted lines show the length at which 50% of individuals are mature.

The GSI of G. platei in Lake Moreno starts to increase in
summer and reaches a maximum during autumn, when spawn-
ing occurs, indicating that this species has an annual spawning
period. This spawning season coincides with the findings from
Lake Rosario (43°23'S; Ortubay and Wegrzyn 1991) and Lake
Gutiérrez (41°11'S; Barriga et al. 2002). However, Zama
(1986) suggested that spawning of G. platei occurs in summer
in Lake Poli (46°15’S), as with some other southern Patagonian
lakes, such as Pueyrredon (47°18'S), Belgrano (47°50’S) and
Yehuin (54°19'S) lakes, where specimens in spawning or post-
spawning stages were collected in summer (D. Milano, pers.
comm.). This information about the reproductive season of
G. platei is scarce, but suggests that the spawning season in this
species is very variable (Zama 1986; Ortubay and Wegrzyn
1991; Barriga et al. 2002).

The timing of gametogenesis and spawning events during an
annual cycle (i.e. reproductive phenology) is mediated by
environmental cues. In cool temperate freshwater fish, the main
cues are changes in photoperiod and water temperature (Pan-
khurst and Porter 2003). These factors may act synergistically or
independently to stimulate the reproductive cycle (Acharjee
etal. 2017). For this reason, the habitat used by each species, and
specifically the thermal habitat, becomes fundamental in repro-
ductive phenology. Most Patagonian native species spawn
between spring and early summer, when photoperiod and water
temperature change with a similar pattern. Photoperiod and
temperature reach their maximum in summer and their mini-
mum in winter. This spawning pattern is found in those species
whose thermal habitat variations are very similar to the
seasonal air temperature variation throughout the year, namely
species that mostly live in the upper strata of lakes or rivers. For
example, the spawning substrate of several species consists of
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macrophyte patches in shallow zones. Examples of these
spawners are landlocked G. maculatus (Barriga et al. 2002,
2007), P. trucha (Buria et al. 2007), O. hatcheri (Domanico
and Lauce Freyre 2008) and Hatcheria macraei (Chiarello-
Sosa et al. 2016).

In the case of G. platei in Moreno Lake, reproductive
phenology is related to water temperature but not to photoperi-
od. The temperature that guides reproductive events is that of
the deeper strata, at depths below 30 m, where G. platei mostly
lives in deep lakes (Milano and Vigliano 1997). Surprisingly,
temperature variation in these deeper habitats is not as similar
to air temperature variation as it seems to be in the upper strata
of the lake. Temperate monomictic lakes are characterised
by summer stratification, where a warm surface layer is isolated
from the colder deep waters by a marked thermal discontinuity,
the thermocline. After this period, due to wind and rains, the
thermocline becomes deeper, and finally the mixing process
homogenises the water column (Wetzel 2001). The conse-
quence of this event is the warming of deeper water strata
in the April-June period (see Fig. 3). Our results show that
spawning of G. platei begins in April (the austral autumn),
towards the end of the lake stratification period, when the
water temperature in deep strata reaches its maximum values,
between 14.7°C at 30 m and 10°C at 60 m, due to the mixing
process (see Fig. 2).

Galaxias platei seems to have found refuge in benthic deep
areas as a response to predation or competition with salmonids
(Milano et al. 2002, 2006; Correa and Hendry 2012; Correa et al.
2012). In addition, G. platei shows several physiological and
morphological characteristics that enable it to live in the deep
stratum, such as a broad thermal tolerance range (eurythermic,
0-30°C), and particularly good acclimatisation and metabolic
abilities at low temperatures (Milano 2003; Barrantes et al.
2017). Furthermore, vision in the dark (Schoebitz et al. 1973;
Ali et al. 1990) and a well-developed cephalic lateral line
(Milano 2003) permit the perception of prey and predators
when visual conditions are poor, such as in the low light
intensity of the deep-water strata (Pitcher 1993). Given the
extent of its adaptations (Shuter ef al. 2012), this species may
be able to respond sufficiently to cold-water environments,
even to face a spawning season in autumn in the deep strata of
Patagonian lakes.

Spawning during autumn could have a strong effect on the
survival of the offspring. The size of eggs and free embryos
of G. platei suggest that larval size may be greater than that of
G. maculatus (Barriga et al. 2002). A robust larva minimises
specific metabolic rate and maximises stored energy, conferring
resistance during periods of scarce resources (Shuter and Post
1990). Although there are no studies on the thermal tolerance of
G. platei larvae, embryonic development until hatching occurs in
20 days at 11.5°C and in 28 days at 7.5°C (Ortubay and Wegrzyn
1991), which indicates that larvae undergo the low temperatures
of winter. Food availability and quality are other important
factors for larvae survival. The occurrence of larvae usually
coincides with a peak in the abundance of zooplankton, which
maximises larval feeding (Johnson 2000). Although Boeckella
sp. copepodites and adults are present in autumn and early winter
in Lake Moreno (Balseiro et al. 2001; Alonso et al. 2004), the
relationship between prey abundance and its benefits for larvae
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Table 2.

D. Milano and J. P. Barriga

Comparative data for Southern American Galaxiidae

SL, standard length; L, lake; P, pond; R, river

Species Egg diameter Hatched free Size at first Fecundity Adult Spawning Location References
(mm) embryos maturity  (number of eggs  female size season
(mm) (mm SL) per female) (mm)
Galaxias platei 1.03-1.41 177.5(3), 105-285  Autumn— L. Moreno Present study
105.6 (?) winter
1.15-1.65 4.7-7.1 85000-130000  280-380 Autumn L. Rosario Ortubay and
Wegrzyn (1991)
1.7-1.9 20000 207-286  Summer L. Poli Zama (1986)
1300-30000 70-170 L. Panguipulli Campos (1984)
Galaxias maculatus
Landlocked 0.99-1.1 42-5.1 31.3(3d), 400-800 32-80  Early spring P. Ezquerra, Cussac et al.
populations 32.1(9) to early L. Gutiérrez (2004), Barriga
summer et al. (2002)
107-2825 Summer R. Limay Ferriz (1987)
Diadromous 0.9-1.6 5.6-6.9 - 390-7400 48-160  Spring— R. Valdivia Campos (1970)
populations autumn
0.70-1.00 - 470-2097 Spring— R. Ovando Boy et al. (2009)
summer
Aplochiton zebra 1.45-1.80 8.0-12.7  116.4(3d), 5700 160-240  Spring L. Lacar, Lattuca et al.
129.8 (?) L. Puelo, (2008)
L. Rivadavia
Aplochiton taeniatus 1.0-1.7 6.2-6.5 - 2500-3000 98-125 Late autumn L. Llamquihue Campos (1969)
to mid-
winter
Brachigalaxias 2 — - 61-163 38-60 Summer Data from 14 lakes McDowall (1971)

bullocki

during the winter period is not known. Thus, we do not know
whether winter starvation, exposure to low temperatures or both
could have negative effects on G. platei offspring.

In Moreno Lake, both sexes of G. platei showed isometric
growth, with an increase in body thickness proportional to size
during growth. Even though females reach sexual maturity at
smaller sizes than males, maturation occurs between the second
and the third year of life (Belk e al. 2014), which indicates that
G. platei delays maturation, prioritising somatic growth. Fur-
thermore, the number of mature females was higher than that of
mature males at the beginning of the spawning season (austral
autumn), suggesting greater female reproductive investment in
terms of egg production during the reproductive season (Kokita
and Nakazono 1998). Therefore, the energy allocated to somatic
growth to reach larger sizes, at the expense of maturation,
indicates reproductive investment to achieve greater future
egg biomass (Roff 1984).

Differences in life history traits among South American
galaxiid species are evident in terms of egg and free embryo
size at hatching (sensu Balon 1981). Landlocked G. maculatus
populations have the smallest eggs and consequently the smal-
lest free embryos, whereas Aplochiton spp. and Brachigalaxias
spp. seem to have the largest eggs and free embryos. G. platei
lies in an intermediate position among galaxiids (Table 2).
Comparing life histories within the Galaxias genus, G. macu-
latus expends a large amount of energy on early reproduction in
its first year of life (Barriga et al. 2002), whereas G. platei
invests more energy in growth while delaying sexual maturity.
Within the context of lifestyles, G. platei seems to be more

specialised than G. maculatus. In addition, G. platei is the
largest (Table 2) and longest-lived species of the Patagonian
Galaxiidae species, reaching ~350 mm TL and 18 years of age
(Belk et al. 2014). Both traits are closer to the “periodic’ lifestyle
within the space encompassed by the opportunistic—periodic—
equilibrium trichotomy (Winemiller and Rose 1992).

In conclusion, reproductive traits found in G. platei are
related to the stable environment in which it lives, namely the
deeper benthos of deep Patagonian lakes. These specialised life
history traits (sensu Winemiller and Rose 1992; Winemiller
2005) are consistent with the remarkably specialised morpho-
logical and physiological features of this species (Schoebitz
et al. 1973; Milano 2003; Milano et al. 2002, 2006; Barrantes
et al. 2017). Several traits indicate that G. platei behaves as a
winter specialist (sensu Shuter et al. 2012), exhibiting adapta-
tions to extended periods of low temperature, light and food
levels. In sum, all these specialised features indicate that
G. platei could eventually become a vulnerable species in
unstable environments (Olden et al. 2008) such as the Patago-
nian lakes dominated by salmonids.
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