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Simple Summary: Galaxias maculatus plays an important ecological and socioeconomic role in Chile.
We determine the sex ratio, sexual maturity stages, gonadosomatic index, spawning period, type and
frequency of spawning, and fecundity under experimental culture. The sex ratio was close to 1:1.
First sexual maturity was reached at one year of age in 50% of the population. The highest GSI in
both females and males was found in August. Nevertheless, females have a long spawning period,
divided into two subperiods; the highest reproductive peak occurs between September and October,
and the minor peak occurs between December and February. The females spawned between 3 and
10 times over a period of two months. The number of embryos per female per day varied from 1 to
429, while the total number of embryos per female during the entire season varied from 163 to 1044.
This knowledge will be useful to establish future reproductive programs in captivity as a strategy for
sustainable fishery and aquaculture management.

Abstract: This study determines the reproductive patterns of puye (Galaxias maculatus) under culture
conditions. A population of 567 wild fish was caught in the Cautin River, Chile, and held in captivity
for four years. Mortality, sex ratio, gonadosomatic index (GSI), sexual maturity stages, spawning
period, type and frequency of spawning, and fecundity were measured. The fish grew throughout
the experimental period, with the fastest rate during the first half of the first year of life. The
highest mortality occurred during the first three months of the experiment and during the spawning
season. The sex ratio was almost 1:1 (female:male). First sexual maturity was reached at one year
of age, with an average weight of 0.85 & 0.01 g, total length of 4.85 & 0.16 cm, and condition factor
0.0074. The highest GSI in both females (12.14 £ 0.74) and males (17.7 & 2.70) was recorded in
August. Nevertheless, the females spawned 3 to 10 times between September and February, with
the highest reproductive peak between September and October. The number of embryos per female
per day varied from 1 to 429, while the total number of embryos per female during the entire season
evaluated varied from 163 to 1044. There was a high correlation (r = 0.82) between absolute fecundity
and body weight. Although further studies are needed in this field, these results are basic for
establishing future reproductive programs in captivity as a strategy for sustainable fisheries and
aquaculture management.

Keywords: fecundity; reproduction; sexual maturity; spawning period

1. Introduction

The puye, Galaxias maculatus (Jenyns, 1842), is a small fish with diadromous and
landlocked populations distributed throughout circum-Antarctic countries [1-3]. In South
America, the species is distributed throughout southern Argentina and Chile [4], where it
is characterised as freshwater or marginally catadromous [5,6].
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G. maculatus has socioeconomic and ecological importance in some regions, especially
rural areas where it is captured and consumed [7]. In recent decades, populations and catch
volumes in Chile have experienced a marked variation due to overfishing and predation,
mainly by introduced salmonids. At the end of the 1960s, the catch volume of this species in
Chile varied between 1.5 and 4 tonnes per year; after 1990, its fishing was expanded to other
regions of the country, reaching thus 14 tonnes per year [8]. Nevertheless, the subsequent
high pressure exerted by artisanal fishing, together with predation and the disturbances
of habitat, led to the species being classified as vulnerable in the 1990s, making necessary
the protection of the species by the Aquaculture and Fisheries Agency [9]. Although
the populations have been recently recovered, and a catch volume of three tonnes was
reported in 2022 [10], it is important to study the reproductive cycle captivity to promote
commercial sustainability.

The high commercial value of the species is due to its similarity to the crystalline stage
of the European eel. The body is transparent in the juvenile stage, and the fish is caught
and marketed as a culinary substitute for the crystalline eel [11]. In ecological terms, G.
maculatus is key to the functioning of the region’s aquatic systems. It is the most abundant
forage fish consumed by other fish species, and thus reduces the pressure on other native
species [12]. The small size of G. maculatus, together with its great life history plasticity,
makes the species a good model fish for both laboratory and field research. Some biological
aspects, such as habitat [6,13,14], reproductive cycle in the natural habitat [2,3,15], and
potential for culture [8,16,17], have been well studied. Responses to parasites [18] and toxic
substances [16,19] have also been researched.

In reproductive terms, G. maculatus displays a specialised reproductive strategy, which
consists of spawning on riparian vegetation that is inundated during winter and by high
spring tides [20]. The adhesive eggs remain stuck to the lower part of terrestrial vegetation
and aerial roots until the water level rises to transport the hatched larvae to the river, lake,
or sea [3,21]. In New Zealand, gonad maturation begins in the summer, with the subsequent
spawning season in autumn and early winter [5]. The spawning period specifically occurs
from March to May, with peak movement between late April and mid-May [22]. In South
Anmerica, particularly in Tierra del Fuego, Argentina, the reproductive season extends from
October to February.

Nevertheless, most of the efforts to assess the reproductive biology of this species have
been carried out in wild conditions [15], but their reproductive parameters in captivity have
not been described in detail. Understanding the life cycle and reproductive parameters such
as longevity, spawning season, type and frequency of spawning, and fecundity (number
of oocytes produced) are crucial to determining the reproductive potential of an species
with commercial proposes [23]. Given the ongoing interest in this species due to their high
commercial value, this information will be useful to establish reproductive management in
aquaculture, contributing thus to sustainable fishery.

On the other hand, for several years, there has been a great controversy regarding if
this species is semelparous or not [24,25]. McDowall et al. [24] classifies G. maculatus as
predominantly a semelparous, annual species, while Stevens et al. [25] demonstrated using
histological studies that some individuals can survive post-spawning, but the percentage
of survival is unknown. In addition, it has been described that the final sexual maturation
of this species is not reached until the fish migrate short distances upstream [5]. In this
context, we hypothesised that G. maculatus was not able to mature sexually or spawn
spontaneously in captivity. Secondary, we also hypothesised that most of the individuals
would die after the first reproductive event. For these reasons, and because sustainable
aquaculture practices require independence from the natural environment, the objective of
this study is to identify the reproductive pattern parameters of G. maculatus under culture
conditions in southern Chile.
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2. Materials and Methods
2.1. Fish Maintenance and Handling

Five hundred and sixty-seven wild G. maculatus juveniles with an average body weight
of 0.12 £ 0.01 and body length of 3.06 £ 0.13 were caught in the Cautin River (30° S:72° W)
using a trawl net. The fish were then transported to a research unit at the Universidad
Catolica de Temuco, Chile, where they were acclimatised to the experimental feeding
regimen for 2 weeks before starting the experiment. Throughout the research period, the
individuals were held at a stock density of 2.7 kg/m? in two 100 L fiberglass tanks, with a
1.5% daily freshwater exchange and constant aeration. The fish were fed ad libitum four
times a day, with brine shrimp artemia (Crustacea, Anostraca) as a first feed. Juveniles
and adults were fed with a salmonid diet (56% crude protein, 18% crude lipids, 8.4%
carbohydrates, and 12% ash; Skretting, Osorno, Chile). The dissolved oxygen, temperature
(YSI, 550A, USA, EcoSense DO200A, YSI, Yellow Spring, OH, USA) and pH of the water
were registered daily prior to cleaning and extraction of dead fish.

2.2. Fish Performance

During the four years of the experiment, twenty-five fish were sampled at monthly
intervals to determine their weight (W in g) and total length (L in cm). From this informa-
tion, Fulton’s condition factor (K-factor = W/L3 x 100) and the instantaneous growth rate
or gain in weight (GW = (InW¢ — InW;)/T, where GW = gain in weight, InW¢ = natural
logarithm of final weight, InW; = natural logarithm of initial weight, and T = number of
days between sampling) and length (GL = (InL¢ — InL;)/T, where GL = gain in length,
InL¢ = natural logarithm of final length, InL; = natural logarithm of initial length, and
T = number of days between sampling) were estimated. Additionally, survival and lifespan
were recorded. These and additional determined parameters are shown in Figure 1.
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Figure 1. Diagram showing the main growth and reproductive parameters in an experimental culture
of G. maculatus in southern Chile.

2.3. Gonadosomatic Index (GSI)

To determine the GSI variation throughout the year, a group of 240 fish offspring from the
second spawning of the caught population were selected. A total of 20 individuals—10 males
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and 10 females—whose sex could be determined macroscopically were sacrificed monthly.
The GSI was calculated for each fish as GSI = [gonad weight (g)/total weight fish (g)] x 100.

2.4. Sexual Maturity Stages

The sexual maturity stage was estimated based on GSI index and a macroscopic
analyses carried out by visual inspection according to Mardones et al. [8]. This is possible
because the species shows a transparent abdomen and sexual dimorphism during the adult
phase. Briefly, twenty-five fish were examined macroscopically each month. First, the fish
were anaesthetised in small groups using 0.3 mL /L% of BZ-20 (benzoate salt solution at
20%). Afterwards, the abdomen and genital pore were examined carefully by the same
person. For immaturity stage, it was not possible to differentiate males from females
since the abdominal regions of both females and males are silver. From initial maturity to
maximum maturity, the females are recognised because the eggs are visible close to genital
pore, and the abdomen increases more, while the genital pore seems protruded. In males,
the testicles are observed since the initial maturity to resorption; the abdomen increases
also in volume, and in the maximum maturity stage, milt is easily released after gentle
abdominal massage. Nevertheless, the resorption stage in males was not easy to identify
because the abdomen seemed a little bulging and milt were not released. Sex and maturity
stages were designated following the scale described in Supplementary Table S1 (adapted
from Mardones et al. [8]).

Furthermore, the sex ratio was determined in 165 fish from the first filial generation (F1)
in captivity through sexual dimorphism. The maturity stages were defined as immaturity
(virginal), initial maturity, advanced maturity, maximum maturity, and resorption, as
proposed by Peredo and Sobarzo [4].

2.5. Spawning Period and Spawning Frequency Determination

To determine the spawning period, the culture tanks were conditioned with a natural
substrate throughout the year. These materials (roots, juncus, and rocks) were extracted
from the same area where the fish were caught. The tanks were visually inspected each day
to identify the presence of oocytes on the substrate. The number of embryos and the date
were recorded.

To determine spawning frequency, 6 female and 12 male G. maculatus with signs of
full maturity were selected and distributed in a 1:2 ratio (1 female:2 males) in six 30 L
tanks, conditioned as above. The tanks were monitored each day to detect the presence of
embryos. Each date was recorded to determine seasonality.

2.6. Fecundity Estimation

The batch fecundity (number of oocytes released female in each spawning event) was
determined in 80 sexually mature females, which were weighed before oocyte extraction.
The oocytes were extracted by applying slight abdominal pressure, placed individually in
a Petri dish, and finally, counted under a stereomicroscope (Olympus SMZ-2T; Olympus
Co., Tokyo, Japan).

2.7. Statistical Analysis

Data are shown as mean =+ standard deviation (X =+ SD). Normality and homogeneity
of the data of weight (g), length (cm), K-factor, GSI, and total number of embryos were
verified by the Shapiro-Wilk and Bartlett tests, respectively. Those parameters were anal-
ysed using nonparametric T-test (Kruskal-Wallis test) with Holm adjustment. The level of
significance was set at p < 0.05. The Spearman method was used to analyse the correlation
between total length, weight, and batch fecundity. All statistical analyses were performed
using R 4.2.2 (R Core Development Team). Photoperiod frequencies, temperature, GSI,
K-factor, and gain were plotted using the SigmaPlot Version 15 programme.
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3. Results

Figure 2A shows the temperature and photoperiod over the four years of evalua-
tion. The temperature ranged between 6.9 °C (lowest temperature in winter) and 18.6 °C
(highest temperature in summer). A natural photoperiod regime of 9 and 15 h light was
registered in winter and summer, respectively. Dissolved oxygen and pH in the water was
8.3 £ 1.12mg/L. pH 6.85 £ 0.52, respectively.
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Figure 2. (A) Water temperature and natural photoperiod of an experimental culture of G. maculatus
in southern Chile. (B-E) Results of survival and growth of G. maculatus throughout the experiment
period. Solid and dashed lines in (A) indicate temperature and photoperiod, respectively. Arrows
marked in (B) indicate periods of maximum mortality. The square brackets in (C,D) are used to
indicate the years and the lower case letters above them indicate significant differences (p < 0.05)

between the years.
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3.1. Fish Performance

The survival rate (Figure 2B) was mainly affected at the beginning of the experiment,
with higher mortality during the first three months in captivity (34.4%), probably because
of the stress generated by routine management. After this period, mortality was lower and
mainly associated with the spawning season; mortality rates of close to 10% were regularly
recorded after maximum gonad maturation or marked gonadal development, while the
mortality between the autumn-winter months of the four years was close to 0.0%. At the
end of the experimental period, the survival of the wild population was 2.3%.

In relation to growth, the present study demonstrates that G. maculatus increases in
length throughout its lifespan (Figure 2C). The highest mean values of weight (3.52 £ 0.17 g)
and total length (8.01 £ 0.42 cm) were recorded in the fourth year, with significant dif-
ferences between years. The K-factor for this species in captivity increased significantly
during the first year of the experiment, with maximum values between January and July.
Then, this parameter decreased significantly, remaining stable for two years. In the fourth
year of experiment, there was a new increase, but less than the first year (Figure 2D).

Figure 2E shows the instantaneous growth rate or gain in weight (GW) and length (GL)
of the species. GL increased considerably until March, when an average of 4.12 4= 0.15 cm
was recorded, while GW increased substantially until May (0.35 g). In the second and
third year, the growth rate was noticeably lower than the first year, but with a similar
trend that showed an increase during the autumn months (March to June) and a marked
decrease during the spring and summer months. Between August and October of the first
year, and in October of the following three years, the instantaneous growth rate registered
negative values.

The sex ratio did not differ from 1:1 (male:female), for either the wild population
(48.9% and 51.1%, respectively) or the F1 (54.4% and 45.5%, respectively).

3.2. Gonadosomatic Index (GSI)

The periods of lower temperature and hours of light (Figure 3A) coincided with the
period of higher GSI in both female and male G. maculatus. GSI in males increased markedly
from March (4.03 & 0.20%), until reaching the maximum value (12.14 £ 0.74%) in August.
Females maintained a GSI of close to 4.0% until June; and then increased rapidly, surpassing
the males in July (10.24 & 0.93%) and reaching the maximum value (17.7 & 2.70%) in August.
From August, GSI in both females and males began to markedly decrease, until registering
values in January of 3.52 £ 0.93% and 3.8 £ 1.12%, respectively (Figure 3B).
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Figure 3. Monthly variations in GSI (mean =+ SD), hours of light, and water temperature registered in
an experimental culture of G. maculatus in southern Chile. (A) Hours of light and water temperature

registered in an experimental culture of G. maculatus in southern Chile. (B) Monthly variations in GSI
of males and females of G. maculatus measured through one year of experimental culture.
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3.3. Sexual Maturity Stages

The wild population of G. maculatus reached first sexual maturity before spring
(August-September) during their first year of life, with an average weight of 0.85 £ 0.01 g,
a total length of 4.85 & 0.16 cm, and a condition index of 0.0074. The progeny (F1) of
the wild population reached first sexual maturity after one year of age. Thus, 69.04% of
the F1 population reached first sexual maturity between August and September; prior
to spring. 30.12% of this population were males at maximum maturity with a condition
index of 0.0056, while 21.75% were females at maximum maturity with a condition index
of 0.0072. Individuals that did not reach sexual maturity in the first year (identified as
immature) had lower weight (0.60 & 0.19 g), length (4.69 £ 1.10 cm), and condition factor
(k = 0.0048). Initial maturity in males was recorded between April and June, and then
from October to February, with a high percentage of fish in this state during December and
January (65%) (Figure 4). Throughout the year, males were found in a state of advanced
maturity, with higher percentages between May and July (62.0 & 4.0%). Finally, maximum
maturity occurred between April (5%) and December (7%), with a higher percentage of
males between August and October (58 &+ 6.0%). In regard to resorption, it was not possible
to macroscopically differentiate the individuals in this state.

A
100
80
S o0
"
2
©
§
L 407
20
I Immature
o0 3 Initial maturity
Advanced maturity
g Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec B Maximum maturity

[ Resorption

Males (%)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 4. Percentage of (A) females and (B) males of G. maculatus in different stages of sexual maturity
over a year under experimental culture conditions in southern Chile.

Unlike the males, the females presented immaturity and initial maturity throughout
the year. Additionally, females in advanced maturity were found during 11 months of the
year, with a higher percentage in July (69%). Maximum maturity occurred between August
and November, with a greater population of females in this state in August (73%) and
September (54%). Resorption began in August with 3% of the population, and extended
until November, a period in which 45% of immature females were found (Figure 4A).
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The GSI values for each stage of maturity are described in Table 1. Immature (virginal)
individuals were analysed as a single group, as sex could not be differentiated macroscopi-
cally; therefore, the GSI values shown are the same for both groups. In general, females
presented a higher GSI in all stages of maturity compared to males.

Table 1. Gonadosomatic index (GSI) determined in male and female G. maculatus in different stages
of sexual maturity.

GSI (%)
Sexual Maturity Stage " Males " Females
Mean £+ SD Minimum Maximum Mean £+ SD Minimum Maximum
Virginal 50 0.91 £0.46 0.09 1.83 50 0.91 £ 0.46 0.09 1.83
Initial maturity 40 1.10 £ 1.62 1.12 5.42 50 4.00 +1.40 2.07 6.86
Advanced maturity 40 3.00 = 1.03 3.21 7.23 30 9.90 £+ 1.60 722 12.56
Maximum maturity 32 9.70 £ 2.12 422 10.56 46 17.70 £2.92 13.03 25.16

Data are shown as mean =+ SD.

3.4. Spawning Period and Frequency

The population of G. maculatus held in captivity spawned between July 19 of the first
year and February 7 of the following. During this period, two spawning subperiods were
identified: one of greater intensity that extended throughout September and the first week
of October; and another of lower intensity in the first half of summer. In the first subperiod,
a total of 1978 embryos were obtained, while at the end of the second subperiod in February,
only 38 embryos were obtained (Figure 5A).

A
800
L 600 B Tank 1
2 E Tank 2
£
3
c
@ 400
o
=
=}
£
W 200 ‘
o .I]-I” HD.DHIHJ '
F. L.

FTEIESELALL S S LSS EFSE LSS
Month/Weeks

B

500

A Femalel
A o Female2

400 ® Female3
5 ® Female4
E-} = ® Female5
E 300 U Female6
c
8 o
E‘ 200 i a B
£ A
w =]

100 e o o " 5]

° @
L/ 8 oy o s}
0 4 pe o R — - -
0 10 20 30 40 50 60 70
Days

Figure 5. (A) Number of embryos collected per tank after spontaneous spawning of G. maculatus
specimens held in captivity. The numbers that appear next to the month correspond to the week of
that month. (B) Number of embryos collected per day after spontaneous spawning of females held in
individual tanks.

The individuals of G. maculatus caught in the river spawned spontaneously after the
first year of age (between September and November). During this period, the females
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presented between 3 and 10 spawns; consequently, small groups of embryos were found in
the substrate. The number of embryos per female and per spawning was highly variable.
Thus, the minimum number of embryos collected per female in a day was 1, while the
maximum was 429. The total number of embryos per female during the entire season
evaluated varied between 163 and 1044, with an average of 467 + 347 embryos.

The spawning period recorded for the six females held in individual tanks coincided
with that of the females held in groups. The average fecundity of these females was
91.2 & 12.45% throughout the period, which indicates that the two males that shared the
tank with each female had a much longer period of maximum maturity than the females.
The above could also be corroborated in fish held in groups in other tanks, where it was
observed that some males maintained fluid milt for much of the year (Figure 5B).

3.5. Fecundity

The batch fecundity recorded in the individually held females was highly and pos-
itively correlated (0.87) with the total weight (Figure 6). Thus, the mean value of batch
fecundity varied between 382.6 and 1132.6 in females with the lowest (0.7-1.0 g) and highest
body weight (1.9 and 2.2 g), respectively. Total length and batch fecundity presented a
medium correlation (r = 0.4).

o
)
2

Length

B.Fecundity 0.32
Weight 0.3
|

-1 08 06 -04 02 0 02 04 06 08 1

Figure 6. Correlation between the variables total weight (g), total length (cm), and batch fecundity
(B.Fecundity) of female G. maculatus.

4. Discussion

This study describes the main growth and reproductive parameters of a population
of G. maculatus held under experimental conditions in southern Chile. Some specimens
of the G. maculatus population recorded a lifespan of four years in captivity, while the rest
of the population died during the experiment. It is important to highlight that the high
mortality rate recorded during the first three months of the experiment can be explained
by the process of adaptation to conditions of captivity which implied changes of habitat,
culture density, feeding, and environmental factors, resulting ultimately in alterations of
the physiological functions [26,27]. However, a small percentage (2.3%) of the population
recorded a lifespan of four years. This coincides with the recent findings of Rojo and
Boy [28] in Tierra del Fuego, Argentina, where otolith analysis was used to estimate an
age of between 1 and 4.5 years for diadromous and landlocked G. maculatus populations.
The present study also agrees with that described by Pollard [5], who estimated an age of
three years using otolith analysis on a landlocked G. maculatus population in New Zealand.
Together, these studies demonstrate that some individuals of this species can live up to
4.5 years.
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Taking into account initial mortality and mortality associated with the first reproduc-
tive event, the survival percentage in captivity after the first year of life was 55%. These
results demonstrate that G. maculaus is an iteroparous species. This differs from what
has been suggested by other authors who categorise the species as semelparous, either
because individuals die following reproduction after the first year of life [24] or only a few
individuals survive more than a year [1].

Mortality associated with reproduction in this study was two to five times lower than
that recorded in the same species in a pioneering study on experimental cultivation [29].
Therefore, our results are positive, considering that we worked with undomesticated
specimens. Normally, domestication processes, such as the one carried out in this study,
involve the catching, transport, and acclimatisation of individuals to captive conditions.
This, in turn, results in endocrine and physiological alterations, and immunosuppres-
sion [27,30]. Furthermore, post-reproduction mortality is associated with high energy and
nutritional investment in gonadal growth, migration, spawning, and display and mating
behaviours [31,32]. In fish from cold water, it is also related to low food availability and,
therefore, low energy intake [33]. The mortality identified in this study was mainly influ-
enced by (i) stress factors caused by routine management, such as cleaning, feeding, growth
control practices, and sampling to determine the state of sexual maturity and (ii) marked
gonadal development.

In relation to growth, the present study demonstrates that, like most fish, G. maculatus
continues to grow throughout its life cycle, and at a higher rate in length and weight during
the first six to seven months. These results also agree with those reported by Pollard [5]
for wild populations using otolith techniques. However, the growth rate and length at
end of life differ between studies. Pollard [5] reports length values of 9 cm in the first
year, 14 cm in the second, and 17 cm in the third; in the present study, the fish reached
a length of 4.12 cm after approximately six months, and only 8.01 &+ 0.42 cm at the end
of four years. In general, the mature adult individuals in this study had a smaller body
size compared to those found in previous studies [1,2,15,25,34]. These differences could
be related to several factors such as genetic variations influenced by the life history of the
species [35-37], as well as differences in environmental conditions [28,38]. The differences
between wild populations are probably associated with the availability of food, as well
as the possibilities of migration. Migratory fish are able to find better food, which is
reflected in better growth [39]. For example, morphological differences have been found
between populations of wild fish that feed in pelagic and coastal areas [40]. The smaller
size of the fish in this study compared to the size recorded in wild populations can be
attributed to stress conditions due to handling, as well as the change in diet. Nutrients and
diet composition are environmental factors that influence the somatic growth of teleost
fish [41]. Most of the studies mentioned above used adult fish captured directly from the
natural environment. Therefore, the diets of these fish are based on aquatic and terrestrial
vertebrates to cover their nutritional requirements [38]. On the contrary, the fish in this
study only received live food during the first phases of life. In the adult phase, salmonid
food was used, which may not necessarily have covered the nutritional requirements of the
individuals. Therefore, future studies are needed to investigate the nutritional requirements
of this species during the different stages of development to ensure the sizes required for
the market.

In the present study, we found a low growth rate during autumn. This finding
corroborates that described by Pollard [5], who assumed, based on observations of wild
G. maculatus populations, that the growth rate of this species decreases during autumn.
The decrease in growth rate in this study coincides with the maximum sexual maturity
of the species and spawning. In fact, the instantaneous growth rate presented negative
values during the reproductive peak. Such changes were also detected in the same species
after sexual maturity by Mitchell [29]. Interestingly, Boy [14] found that G. maculatus
experimentally exposed to “winter” conditions did not reduce their energy demands (as
expected by temperature) and, although there were not changes in the basal metabolism
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during the experiment, they did identify lower gross conversion efficiency, a total absence
of growth in length and weight, and a decrease in energy reserves. Furthermore, Chapman
et al. [38] mentioned that diadromous populations that return to freshwater from the
sea present a reduction in total length, without changes in head length. According to
previous studies, these changes could be associated with a greater mobilisation of energy
reserves towards reproduction. In particular, fish use energy reserves and calcium during
gametogenesis, which, in some circumstances, affects the growth of body tissue [15,42].

The maximum GSI values recorded in this study, especially among males, are two to
three times lower than those described in individuals caught in the wild in the extreme
south of South America and a river in Otago, New Zealand. In females, the difference is
less pronounced compared with previous studies, which have reported maximum values
of between 22 and 26% [1,34]. According to Boy [34], the highest GSIs were obtained in
individuals aged two and three years. Therefore, our hypothesis is that such differences are
related to the age of the individuals, which is not only reflected in a larger body size, but
also gonad size. Additionally, differences could also be influenced by a better and greater
availability of food in wild conditions, as well as genetic variations. In temporal terms,
these results do not completely agree with those found in the three studies mentioned
above. In fact, Wansbrough [1] found that the GSI peak in the species differs between two
rivers in the same region. Consequently, these results demonstrate that there are not only
temporal differences, but also spatial differences in the growth and sexual maturity of G.
maculatus, which is part of the phenotypic plasticity of the species.

The present study demonstrates that G. maculatus reaches puberty in the first year of
life. According to macroscopic analyses, about 50% of the individuals reached maximum
maturity during the first year of age. The males underwent a marked gonad development
from around six months (in March), while it occurred intensely in the females from June,
with a GSI peak in both sexes in August. This indicates that females make a rapid and high
reproductive effort that concludes with the first spawning period between September and
November, at the first year of age. A second spawning period was also recorded between
December and February. This supports the idea that G. maculatus can reach full sexual
maturity in freshwater, and thus complete its entire life cycle in this environment [3,4].

Although macroscopic analyses only demonstrate maximum maturity between April
and December for males and between September and November for females, the presence
of embryos in the tanks between December and early February indicates that a small
number of individuals presented maximum maturity in that period. The reason why
these individuals were not identified could be because only 50 fish from a population of
567 individuals were macroscopically sampled in a single monthly sampling. According to
Love [43], many fish become sexually mature when they reach a critical size, rather than a
certain age. Consequently, this could explain why the fish of smaller size and condition
index in the present study did not reach sexual maturity in the first year of life, with only
those that were approximately 5.5 cm in length doing so. The embryos found in the second
sub-period were probably the product of the spawning of fish that did not reach sexual
maturity in the first subperiod.

In terms of length, the spawning period recorded in this study is in agreement with
that registered in some populations occurring in Australia. Nevertheless, it seems that both
maturity and spawning period vary among populations, even in the same geographic area.
In landlocked populations, the spawning period varied between 6 to 7 months depending
on the lake, while the shortest reproductive season was recorded in a hypersaline lake [6].
Similarly, the reproductive season of G. maculatus in Chile is similar to those populations
distributed in Tierra del Fuego, Argentina [15]. This could be due the similarities in the
season, and environmental conditions, especially photoperiod. The large reproductive
season registered in this species is a great advantage compared with other species, even
with those well established in the Chilean aquaculture, like coho salmon (Oncorhynchus
kisutch), who show a short spawning period (May to June). In this regard, this species has
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potential to be included in culture and breeding programs, and therefore to diversify the
Chilean aquaculture.

With regard to the first hypothesis, the results of this study demonstrate that G. mac-
ulatus is able to spawn spontaneously in the tanks. That means that migration is not a
prerequisite for the spawning of landlocked populations of this species. Furthermore, hor-
monal induction was not necessary as indicated for some migratory fish [44,45]. Probably,
the spawning in this species is mainly mediated by environmental conditions, such as
photoperiod, water temperature, and substrate.

On the other hand, for several decades, there have been disagreements about whether
or not G. maculatus is a semelparous species [15,24,34]. Based on the survival of some
reproducers and the size frequency, Stevens et al. (2016) [25] proposed the iteroparity of
the species. However, it is still unknown how many females actually manage to spawn
again, under natural and captive conditions. Spawning monitoring carried out for 70 days
on the six females showed that G. maculatus presents synchronous maturation in groups,
which is in agreement with Mitchell [29]. Furthermore, the six females managed to survive
after this period, showing iteroparous behaviour, while the post-reproduction mortality
in the two main tanks was only around 10%. This results are in disagreement with our
second hypothesis raised from several previous studies that estimated that the majority of
individuals die after spawning [6,25]. On the contrary, this study demonstrates that most
of the individuals of this species are able to survive after first reproduction, and have a
lifespan greater of one year. Therefore, we now hypothesise that the semelparity pattern in
this species can be characteristic of diadromous populations; consequently, future studies
should be conducted in that population.

The fecundity of females held in captivity in this study varied between 164 and 1578,
depending on the weight. Firstly, it is important to highlight that the total fecundity in
this species depends on the type of populations; consequently, diadromous populations
show higher fecundity (up to 13,500 oocytes per female) than landlocked ones (up to
7400 oocytes per female) [15]. For this reason, and despite the different methodology used,
the comparisons are only performed with landlocked populations. In general, our results
are lower than those reported by other studies for wild females, but taking into account
the type of spawning exhibited by this species and the methodology used in the different
studies, it is likely that our results are within the range reported in previous studies. In
fact, the batch fecundity of the heaviest females in this study is slighter lower than those
of Fuegian G. maculatus in Argentina, where an average fecundity of 1422 + 422 hydrated
oocytes per ovary was described [15]. Another study in a landlocked population of the
same species reported a fecundity of 107 to 2825 oocytes per female [46]. Recently, for
the southernmost landlocked female populations, an average value of 1042 + 598 was
found with a range of between 162 and 3004 hydrated oocytes per ovary [34]. The highest
fecundity in landlocked populations was informed in an early study in the Calle-Calle and
Valdivia rivers in southern Chile, with a fecundity of between 390 and 7400 oocytes per
female [3]. As pointed out above, this difference is mainly explained by the difference in
the methodologies used to quantify the fecundity. In the present study, the fecundity was
calculated as the total number of eggs collected by abdominal massage (batch fecundity)
while in the aforementioned studies, it was quantified as the total number of oocytes present
in whole formalin-fixed ripe ovaries (total fecundity). As this species exhibits synchronous
maturation by groups, it is assumed that only mature oocytes were counted in this study.
Secondly, the variation in fecundity could also be explained by the size and age of the
females, where larger females present greater fecundity. Several studies have reported
that the number of eggs produced by a female increases with size [3,47-49]. In the present
study, a high correlation was found between fecundity and weight among females, but not
length; thus, heavier females produced more eggs compared to lighter females. On the
contrary, Boy et al. [15] reported no correlation between fecundity, weight, and length for
this species. Fecundity can also be affected by several factors, including environmental
sources, nutrition, genetic differences, or a combination of them [50-53].
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On the other hand, the variable number of embryos found in the tanks can be explained
by the fact that this species exhibits egg cannibalism. Similarly, to other galaxiids, G.
maculatus prey on their own eggs immediately after spawning, when the eggs are still
submerged. It could be deemed that captivity conditions facilitated the prolongation of this
behaviour until the moment the embryos were removed from the tanks. Therefore, special
care must be taken in future experiments, and especially when commercial exploitation
will be considered.

5. Conclusions

The present study demonstrates that G. maculatus can be cultured successfully in
captivity without compromising the reproductive cycle; in fact, 50% of the population
achieved its first reproductive event at one year of age, while the rest of the population
progressively made the same, showing thus a spawning period of about seven months. The
length of the spawning period is a positive factor for the use of this species in aquaculture,
as well as in laboratory studies. Nevertheless, the growth, and therefore the body size,
of the individuals was smaller than those found in previous studies in wild populations,
which could limit or delay its inclusion in aquaculture. This information will be useful
to continue the search for strategies for the reproductive management of the species in
captivity and thus ensure high fertilisation rates, larvae, and fry production, as well as
high-quality broodstock for future production cycles of the species. Finally, it is important
to highlight that in reproductive and growth terms, our results could be affected by the
origin of the population, diet, and stress factors. Therefore, further experiments should be
carried out to determine similar parameters in the best-adapted populations and to assess
the nutritional requirements of the species.
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Author Contributions: 1.V, EEV. and J.Z., conceived and designed the conceptual framework and
the empirical study; L.V.,, M.P-A. and L.S.-V. collected and analysed the data; L.5-V.,, M.P-A., E.EV. and
L.V. wrote the paper. All authors have read and agreed to the published version of the manuscript.

Funding;: This research was funded by FONDECYT/REGULAR N° 1211246 and FONDECYT/INICIACION:
N°11230690.

Institutional Review Board Statement: This study was approved by the Research Ethics Committee
of the Catholic University of Temuco (Document Code: CEIUCT1211001/23).

Informed Consent Statement: Not applicable.
Data Availability Statement: Data are available upon request from the authors.

Acknowledgments: The authors are grateful to Universidad Catdlica de Temuco for providing the
hatchery facilities.

Conflicts of Interest: Author José Zamorano was founder of the company Faro Verde. The remaining
authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

1. Wansbrough, J.; Lokman, PM.; Closs, G.P. Local Variation in the Timing of Reproduction and Recruitment in a Widely Distributed
Diadromous Fish. N. Z. J. Mar. Freshw. Res. 2023, 1-17. [CrossRef]

2. Boy, C.C,; Morriconi, E.; Calvo, J. Reproduction in Puyen, Galaxias Maculatus (Pisces: Galaxiidae), in the Southernmost Extreme of
Distribution. J. Appl. Ichthyol. 2007, 23, 547-554. [CrossRef]

3.  Campos, H. Galaxias maculatus (Jenys) En Chile, Con Especial Referencia a Su Reproduccién. Bol. Mus. Nac. Hist. Nat. Santiago

1970, 31, 5-20.

4. Peredo, S.; Sobarzo, C. Ciclo Reproductivo Del Puye. Bol. Soc. Biol. Concepcion 1994, 65, 65-70.
5. Pollard, D. The Biology of a Landlocked Form of the Normally Catadromous Salmoniform Fish Galaxias maculatus (Jenyns). Mar.
Freshw. Res. 1971, 22,91-123. [CrossRef]


https://www.mdpi.com/article/10.3390/ani14020320/s1
https://www.mdpi.com/article/10.3390/ani14020320/s1
https://doi.org/10.1080/00288330.2023.2212912
https://doi.org/10.1111/j.1439-0426.2007.00842.x
https://doi.org/10.1071/MF9710091

Animals 2024, 14, 320 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Laurenson, L.J.B.; French, R.P; Jones, P,; Ierodiaconou, D.; Gray, S.; Versace, V.L.; Rattray, A.; Brown, S.; Monk, J. Aspects of the
Biology of Galaxias maculatus. ]. Fish Biol. 2012, 81, 1085-1100. [CrossRef]

Fierro, P.; Valdovinos, C.; Arismendi, I.; Diaz, G.; Ruiz De Gamboa, M.; Arriagada, L. Assessment of Anthropogenic Threats to
Chilean Mediterranean Freshwater Ecosystems: Literature Review and Expert Opinions. Environ. Impact Assess. Rev. 2019, 77,
114-121. [CrossRef]

Mardones, A.; Vega, R.; Encina, F. Cultivation of Whitebait (Galaxias maculatus) in Chile. Aquac. Res. 2008, 39, 731-737. [CrossRef]
Campos, H.; Dazarola, G.; Dyer, B.; Fuentes, L.; Gavilalan, J.; Huaquin, L.; Martinez, G.; Meléndez, R.; Pequefo, G.; Ponce, F;
et al. Categorias de Conservacion de Peces Nativos de Aguas Continentales de Chile. Bol. Mus. Nac. Hist. Nat. 1998, 47, 101-122.
[CrossRef]

Sernapesca. Available online: http://www.sernapesca.cl/informacion-utilidad /anuarios-estadisticos-de-pesca-y-acuicultura
(accessed on 1 November 2023).

Vega, R. Contribucion Al Cultivo de Los Peces Chilenos Galaxias maculatus (Jenyns, 1842) y Genypterus chilensis (Guichenot, 1848).
Doctoral Dissertation, Universidad de Las Palmas de Gran Canaria, Las Palmas, Spain, December 2013.

Milano, D.; Rechencq, M.; Lippolt, G.E.; Vigliano, P.H. The Effect of Climate Change on Galaxias maculatus Thermal Habitat
Availability in Northern Andean Patagonian Lakes. Freshw. Biol. 2021, 66, 2210-2222. [CrossRef]

Hickford, M.J.H.; Schiel, D.R. Population Sinks Resulting from Degraded Habitats of an Obligate Life-History Pathway. Oecologia
2011, 166, 131-140. [CrossRef] [PubMed]

Boy, C.C.; Pérez, A.F.; Tagliaferro, M.; Lattuca, M.E.; Gutiérrez, M.; Vanella, F.A. Exploring Bioenergetics of Diadromous Galaxias
maculatus in the Southernmost Extreme of Its Distribution: Summer Is Not Always the Better Season. J. Exp. Mar. Bio. Ecol. 2017,
488,102-110. [CrossRef]

Boy, C.C.; Pérez, A.F,; Lattuca, M.E.; Calvo, ]J.; Morriconi, E. Reproductive Biology of Galaxias maculatus (Jenyns 1842) in the Rio
Ovando, a High-Latitude Environment in Southernmost Patagonia, Argentina. J. Appl. Ichthyol. 2009, 25, 661-668. [CrossRef]
Encina-Montoya, F.; Vega-Aguayo, R.; Mardones-Lazcano, A.; Rueda, T.; Tello, A. Characterization of Whitebait (Galaxias
maculatus) Respiratory Rates to Optimize Intensive Culture Carrying Capacities. Aquac. Res. 2011, 42, 835-843. [CrossRef]
Barile, J.; Escudero, M.; Carreno, E. Combined Effect of Temperature and Salinity on Embryonic Survival of Galaxias maculatus.
Rev. Biol. Mar. Oceanogr. 2013, 48, 641-645. [CrossRef]

Marin, S.L.; Carvajal, J.; Manriquez, A.; Mancilla, M. Effects of Experimental Infection by Caligus rogercresseyi (Copepoda:
Caligidae) on the Common Jollytail, Galaxias maculatus (Osmeriforme: Galaxiidae) (Jenyns, 1842) in Chile. Aquaculture 2009, 295,
138-141. [CrossRef]

McRae, N.K,; Gaw, S.; Glover, C.N. Mechanisms of Zinc Toxicity in the Galaxiid Fish, Galaxias maculatus. Comp. Biochem. Physiol.
Part C Toxicol. Pharmacol. 2016, 179, 184-190. [CrossRef]

Benzie, V. Some Ecological Aspects of the Spawning Behaviour and Early Development of the Common Whitebait. Proc. N. Z.
Ecol. Soc. 1968, 15, 31-39.

Hickford, M.J.H.; Cagnon, M.; Schiel, D.R. Predation, Vegetation and Habitat-Specific Survival of Terrestrial Eggs of a Diadromous
Fish, Galaxias maculatus (Jenyns, 1842). J. Exp. Mar. Bio. Ecol. 2010, 385, 66-72. [CrossRef]

Koster, W.M.; Dawson, D.; Pomorin, K.; Morrongiello, J.R. Downstream Migration of Telemetry-Tagged Adult Common Galaxias.
Mar. Freshw. Res. 2023, 74, 164-171. [CrossRef]

Pacicco, A.E.; Brown-peterson, N.J.; Murie, D.J.; Allman, R.J.; Snodgrass, D.; Franks, J.S. Reproductive Biology of Yellowfin Tuna
(Thunnus albacares) in the Northcentral U.S. Gulf of Mexico. Fish. Res. 2023, 261, 106620. [CrossRef]

McDowall, RM.; Mitchell, C.P,; Brothers, E.B. Age at Migration from the Sea of Juvenile Galaxias in New Zealand (Pisces:
Galaxiidae). Bull. Mar. Sci. 1994, 54, 385-402.

Stevens, J.C.B.; Hickford, M.].H.; Schiel, D.R. Evidence of Iteroparity in the Widely Distributed Diadromous Fish Inanga Galaxias
maculatus and Potential Implications for Reproductive Output. . Fish Biol. 2016, 89, 1931-1946. [CrossRef] [PubMed]

Ruzzante, D.E. Domestication Effects on Aggressive and Schooling Behavior in Fish. Aquaculture 1994, 120, 1-24. [CrossRef]
Paliniska-Zarska, K.; Krél, J.; Wozny, M.; Kamaszewski, M.; Szudrowicz, H.; Wiechetek, W.; Brzuzan, P.; Fopp-Bayat, D.; Zarski, D.
Domestication Affected Stress and Immune Response Markers in Perca fluviatilis in the Early Larval Stage. Fish Shellfish Immunol.
2021, 114, 184-198. [CrossRef]

Rojo, ].H.; Boy, C.C. Life-History Traits in the Southernmost Landlocked Population of the Fish Galaxias maculatus. Polar Biol.
2022, 45, 1093-1103. [CrossRef]

Mitchell, C.P. Laboratory Culture of Galaxias maculatus and Potential Applications. N. Z. J. Mar. Freshw. Res. 1989, 23, 325-336.
[CrossRef]

Milla, S.; Pasquet, A.; El Mohajer, L.; Fontaine, P. How Domestication Alters Fish Phenotypes. Rev. Aquac. 2021, 13, 388—405.
[CrossRef]

Jorgensen, C.; Holt, R.E. Natural Mortality: Its Ecology, How It Shapes Fish Life Histories, and Why It May Be Increased by
Fishing. J. Sea Res. 2013, 75, 8-18. [CrossRef]

Jorgensen, C.; Fiksen, @. Modelling Fishing-Induced Adaptations and Consequences for Natural Mortality. Can. J. Fish. Aquat.
Sci. 2010, 67, 1086-1097. [CrossRef]

Finstad, A.G.; Ugedal, O.; Forseth, T.; Naesje, T.F. Energy-Related Juvenile Winter Mortality in a Northern Population of Atlantic
Salmon (Salmo salar). Can. ]. Fish. Aquat. Sci. 2004, 61, 2358-2368. [CrossRef]


https://doi.org/10.1111/j.1095-8649.2012.03383.x
https://doi.org/10.1016/j.eiar.2019.02.010
https://doi.org/10.1111/j.1365-2109.2008.01925.x
https://doi.org/10.54830/bmnhn.v47.1998.370
http://www.sernapesca.cl/informacion-utilidad/anuarios-estadisticos-de-pesca-y-acuicultura
https://doi.org/10.1111/fwb.13826
https://doi.org/10.1007/s00442-010-1834-7
https://www.ncbi.nlm.nih.gov/pubmed/21076966
https://doi.org/10.1016/j.jembe.2016.11.008
https://doi.org/10.1111/j.1439-0426.2009.01309.x
https://doi.org/10.1111/j.1365-2109.2010.02692.x
https://doi.org/10.4067/S0718-19572013000300021
https://doi.org/10.1016/j.aquaculture.2009.06.028
https://doi.org/10.1016/j.cbpc.2015.10.010
https://doi.org/10.1016/j.jembe.2010.01.010
https://doi.org/10.1071/MF22213
https://doi.org/10.1016/j.fishres.2023.106620
https://doi.org/10.1111/jfb.13083
https://www.ncbi.nlm.nih.gov/pubmed/27470074
https://doi.org/10.1016/0044-8486(94)90217-8
https://doi.org/10.1016/j.fsi.2021.04.028
https://doi.org/10.1007/s00300-022-03064-x
https://doi.org/10.1080/00288330.1989.9516369
https://doi.org/10.1111/raq.12480
https://doi.org/10.1016/j.seares.2012.04.003
https://doi.org/10.1139/F10-049
https://doi.org/10.1139/f04-213

Animals 2024, 14, 320 15 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Boy, C.C.; Rojo, J.H.; Fraysse, C.P.; Odetto, A.; Aureliano, D.R.; Pérez, A.F. Reproductive Traits in the Southernmost Landlocked
Population of the Fish Galaxias maculatus. Hydrobiologia 2023, 25, 1-12. [CrossRef]

Zattara, E.E.; Premoli, A.C. Genetic Structuring in Andean Landlocked Populations of Galaxias maculatus: Effects of Biogeographic
History. J. Biogeogr. 2005, 32, 5-14. [CrossRef]

Carrea, C.; Cussac, V.E.; Ruzzante, D.E. Genetic and Phenotypic Variation among Galaxias maculatus Populations Reflects
Contrasting Landscape Effects between Northern and Southern Patagonia. Freshw. Biol. 2013, 58, 36—49. [CrossRef]

Rojo, ]. H.; Fernandez, D.A; Figueroa, D.E.; Boy, C.C. Phenotypic and Genetic Differentiation between Diadromous and Land-
locked Puyen Galaxias maculatus. ]. Fish Biol. 2020, 96, 956-967. [CrossRef] [PubMed]

Chapman, A.; Morgan, D.L.; Gill, H.S. Description of the Larval Development of Galaxias Maculates in Landlocked Lentic and
Lotic Systems in Western Australia. N. Z. ]. Mar. Freshw. Res. 2009, 43, 563-569. [CrossRef]

Gillanders, B.; I1zzo, C.; Doubleday, Z.A.; Ye, Q. Partial Migration: Growth Varies between Resident and Migratory Fish. Biol. Lett.
2015, 11, 20140850. [CrossRef] [PubMed]

Svanbéck, R.; Eklov, P. Effects of Habitat and Food Resources on Morphology and Ontogenetic Growth Trajectories in Perch.
Oecologia 2002, 131, 61-70. [CrossRef]

Ndandala, C.B.; Dai, M.; Mustapha, U.E; Li, X,; Liu, J.; Huang, H.; Li, G.; Chen, H. Current Research and Future Perspectives of
GH and IGFs Family Genes in Somatic Growth and Reproduction of Teleost Fish. Aquac. Rep. 2022, 26, 101289. [CrossRef]
Massou, A.M.; Panfili, J.; Le Bail, P.Y.; Lag, R.; Mikolasek, O.; Fontenelle, G.; Baroiller, J.F. Evidence of Perturbations Induced by
Reproduction on Somatic Growth and Microincrement Deposition in Oreochromis niloticus Otoliths. J. Fish Biol. 2004, 64, 380-398.
[CrossRef]

Love, M. (Ed.) The Chemical Biology of Fishes; Academic Press: London, UK; New York, NY, USA, 1970; ISBN 12-455850-X.
Mylonas, C.C.; Fostier, A.; Zanuy, S. Broodstock Management and Hormonal Manipulations of Fish Reproduction. Gen. Comp.
Endocrinol. 2010, 165, 516-534. [CrossRef] [PubMed]

Medina-Robles, V.M.; Sandoval-Vargas, L.Y.; Guaje-Ramirez, D.; Marin-Cossio, L.C.; Valdebenito Isler, I.; Cruz-Casallas, P.E.
Cryopreservation of Coporo (Prochilodus mariae) Milt Using Three Permeating Cryoprotectant Agents and Two Freezing Systems.
Aquac. Res. 2021, 52, 6760-6769. [CrossRef]

Ferriz, R.A. Biologia Del Puyen “Galaxias maculatus” (Jenyns) (Teleostomi, Galaxiidae) en un embalse norpatagonico. Lat. Am. ].
Aquat. Res. 1987, 6, 29-38.

Smalas, A.; Amundsen, P.A.; Knudsen, R. The Trade-off between Fecundity and Egg Size in a Polymorphic Population of Arctic
Charr (Salvelinus alpinus (L.)) in Skogsfjordvatn, Subarctic Norway. Ecol. Evol. 2017, 7, 2018-2024. [CrossRef] [PubMed]

Reid, J.E.; Chaput, G. Spawning History Influence on Fecundity, Egg Size, and Egg Survival of Atlantic Salmon (Salmo salar) from
the Miramichi River, New Brunswick, Canada. ICES |. Mar. Sci. 2012, 69, 1678-1685. [CrossRef]

Torsabo, D.; Ishak, S.D.; Noordin, N.M.; Koh, I.C.C.; Abduh, M.Y,; Iber, B.T.; Kuah, M.K.; Abol-Munafi, A.B. Enhancing
Reproductive Performance of Freshwater Finfish Species through Dietary Lipids. Aquac. Nutr. 2022, 2022, 7138012. [CrossRef]
El-Sayed, S.E.; Taeleb, A.A.; Arafa, S.Z.; Ali, S.S.; Abou Shafeey, H.E. Ultrastructural Study of the Ovary and Oogenesis of
Polyonchobothrium Clarias Woodland, 1925 (Cestoda: Bothriocephalidea) Infecting Clarias Gariepinus from Egypt. Eqypt. J.
Aquat. Biol. Fish. 2019, 23, 313-325. [CrossRef]

Hernandez de-Dios, M.A.; Tovar-Ramirez, D.; Maldonado Garcia, D.; Galaviz-Espinoza, M.A.; Spanopoulos Zarco, M.;
Maldonado-Garcia, M.C. Functional Additives as a Boost to Reproductive Performance in Marine Fish: A Review. Fishes
2022, 7, 262. [CrossRef]

Watson, A.S.; Hickford, M.].H.; Schiel, D.R. Closing the Life-History Loop: Density Effects on Fecundity and Egg Size of an
Exploited, Amphidromous Fish (Galaxias maculatus) in Freshwater Protected Areas. Freshw. Biol. 2023, 68, 1136-1147. [CrossRef]
Izquierdo, M.S. Effect of Broodstock Nutrition on Reproductive Performance of Fish. Aquaculture 2001, 197, 25-42. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s10750-023-05345-w
https://doi.org/10.1111/j.1365-2699.2004.01164.x
https://doi.org/10.1111/fwb.12036
https://doi.org/10.1111/jfb.14285
https://www.ncbi.nlm.nih.gov/pubmed/32048294
https://doi.org/10.1080/00288330909510022
https://doi.org/10.1098/rsbl.2014.0850
https://www.ncbi.nlm.nih.gov/pubmed/25788490
https://doi.org/10.1007/s00442-001-0861-9
https://doi.org/10.1016/j.aqrep.2022.101289
https://doi.org/10.1111/j.0022-1112.2004.00298.x
https://doi.org/10.1016/j.ygcen.2009.03.007
https://www.ncbi.nlm.nih.gov/pubmed/19318108
https://doi.org/10.1111/are.15546
https://doi.org/10.1002/ece3.2669
https://www.ncbi.nlm.nih.gov/pubmed/28405269
https://doi.org/10.1093/icesjms/fss091
https://doi.org/10.1155/2022/7138012
https://doi.org/10.21608/ejabf.2019.66154
https://doi.org/10.3390/fishes7050262
https://doi.org/10.1111/fwb.14091
https://doi.org/10.1016/S0044-8486(01)00581-6

	Introduction 
	Materials and Methods 
	Fish Maintenance and Handling 
	Fish Performance 
	Gonadosomatic Index (GSI) 
	Sexual Maturity Stages 
	Spawning Period and Spawning Frequency Determination 
	Fecundity Estimation 
	Statistical Analysis 

	Results 
	Fish Performance 
	Gonadosomatic Index (GSI) 
	Sexual Maturity Stages 
	Spawning Period and Frequency 
	Fecundity 

	Discussion 
	Conclusions 
	References

