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Understanding the effects of environmental parameters on the reproductive cycle of shellfish is an essential tool for successful
hatchery conditioning management and, consequently, for seed supply to the industry. For the tropical oyster, Crassostrea tulipa,
little is known about the factors affecting the maturation process and reproduction, but there are indications that salinity may be of
importance. Two experiments were carried out to evaluate the effects of salinity on the reproductive cycle of broodstock of
C. tulipa. In the first experiment, oysters were reared in five salinities (40, 35, 30, 25, and 20) for 40 days and gonad histological
samples were collected regularly. In a follow up experiment, oysters were reared in variable salinity conditions changing from 40 to
30 or from 20 to 30 over a period of 40 days. Salinity was found to affect the reproductive cycle of C. tulipa. Oysters kept in constant
salinity of 30 showed a higher condition index compared to animals in other salinities, with most of the animals in the pre-
spawning stage. Salinity variation was also shown to affect C. tulipa maturation. The prespawning stage was the most observed
reproductive stage in low salinity, and high salinity induced a resting stage in the female animals. The results are considered the
first step towards developing a protocol for the conditioning of C. tulipa in hatchery conditions.

1. Introduction

Low trophic-level mariculture, including culture of filter
feeding bivalves, is recognised as a sustainable means of
increasing ocean-based food production for the growing
world population [1, 2]. Global aquaculture has shown an
increasing production in the last years, with a growth of
38.5% from 2009 to 2019 [3]. Presently (2020), marine bi-
valve molluscs represent 14.2% of the global aquaculture
production at 17.4 million tons, and oysters, the most
farmed molluscan species, represent 35.9% of the total bi-
valve production [3].

In Brazil, there are increasing efforts directed towards the
production of low trophic mariculture species. Brazilian
oyster production is currently based on farming three oyster
species, two of which are native, the mangrove oyster Cras-
sostrea tulipa (accepted name by the World Register of
Marine Species for Crassostrea gasar (Adanson 1757); syn-
= Crassostrea brasiliana) and Crassostrea rhizophorae [4], and
the Pacific oyster Crassostrea gigas (Thunberg 1793) [5]. The
total production of oysters in Brazil has remained stable
between 2,100 and 4,800 tons per year over the past 20 years,
with an average yearly production over the last 10 years of
approximately 3,200 tons [3]. The cultivation of Pacific oysters
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is restricted to a few regions in Brazil with colder seawater
temperatures (i.e., southern Brazil), since higher temperatures
throughout the year can compromise the growth and survival
of this species. Consequently, the expansion of the oyster
sector in the tropical regions is tightly liked to the develop-
ment of a technological basis for culture of the native species.
The mangrove oyster (C. gasar), also known as the bottom
oyster and black oyster, occurs along the Brazilian coast from
Para to Santa Catarina [6] and is a promising candidate
among the potential native species for oyster culture due to its
larger size compared to C. rhizophorae [4]. Mangrove oyster
(C. gasar), a tropical oyster species, is produced at a lower rate,
when compared to the Pacific oyster, in nine states of Brazil
[7] including Santa Catarina.

Seed supply is essential to any bivalve production, and
for the mangrove oyster, it is no exception; seeds are tra-
ditionally sourced using sea-based collectors targeting set-
tlement of naturally produced larvae from wild populations
[8]. During sea-based collection, a mix of native species is
obtained, including the target species (mangrove oyster) and
the slow growing C. rhizophorae. The two species are difficult
to distinguish and can only be distinguished because of their
differentiated growth rate, which reduces the economic
return to farmers when a part of the production is based on
the nontarget species. Alternatively, seeds of the mangrove
oyster can be produced using land base hatchery facilities.
The key components in any oyster hatchery procedure are
the control over the maturation process (conditioning),
spawning, larval rearing, and settlement stages, followed by
the nursery stages of the produced oyster seed [9]. Presently,
there is information about the optimal rearing conditions for
larvae in terms of temperature and salinity [10] for this
species, but other aspects have been less well explored, and
many studies are ongoing to develop eflicient hatchery
protocols for the mangrove oyster.

The reproductive cycle of bivalves is affected by en-
dogenous and exogenous factors, e.g., temperature, photo-
period, salinity, and food availability [11-15], and,
consequently, varies on both spatial and temporal scales
[16, 17]. There is evidence that the onset of gametogenesis in
temperate environments is largely controlled by temperature
[11, 14, 18, 19]. All temperate Pacific oyster populations
demonstrate rapid gonadal proliferation when temperatures
begin to rise after a cold period, inducing a resting stage
[20-22]. In tropical regions, however, temperatures remain
constant throughout the year, spawning normally occurs
year-round [23], and little is known about the controlling
factors that affects spawning. Studies have suggested that
salinity acts as an exogenous factor affecting the re-
productive cycle [14], especially in tropical regions where
salinity shows a large variation (for example, from 0 to 45),
but information about its influence on gamete development
is scarce. According to Antonio et al. [24], in regions where
there is low temperature variation, the relationship between
precipitation, salinity, and primary productivity is the de-
termining factor for the production and release of gametes.

The reproductive cycle of the mangrove oyster in
natural environments has been studied in Santa Catarina
[25, 26], Parand [27], Maranhdo [26], and Par4 [28] states.
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In the Maranhio state (tropical climate), Legat et al. [26]
reported constant seawater temperatures between 27 and
30°C but significant fluctuations in salinity, ranging be-
tween 5 and 32 throughout the year; all sexual stages, i.e.,
gametogenesis, prespawning, spawning, and resting (rarer
in the north), were observed in adults of the mangrove
oyster during the study period. Similar patterns of ma-
turity (occurrence of viable gametes) and resting stages
have also been observed in another tropical part of Brazil
(Rio Grande do Norte state), where seawater parameters
are similar to those described by Legat et al. [26] although
with salinities reaching 44 during the dry season (M.
Kafensztok, personal communication). In the state of Pard
(humid tropical climate), Paixéo et al. [28] observed that
the decrease in salinity in the rainy season promoted an
increase in the number of sexually mature oysters and
that, in the months of low rainfall, there is an increase in
salinity and the presence of animals in the spawning
phase. However, it is not clear how salinity affects oyster
gamete development and its interaction (sexual stages and
salinity) in conditioning.

The salinity tolerance of adult mangrove oysters has been
explored in terms of survival [29, 30], growth [29], and
filtration rate [31]. Long-term survival of adult oyster was
observed in salinities between 4 and 40, and for short pe-
riods, survival was observed in salinities between 2.1-4 and
40-50 [30]. Optimal salinity for fertilisation and larval de-
velopment of mangrove oyster was 28 in a study developed
by Legat et al. [10] which tested the salinities 7, 14, 21, 28, and
35. However, reproductive stages are sensitive to changes in
abiotic conditions, and the effects of salinity on the re-
productive conditioning and in the maturation and
spawning processes of the mangrove oyster in controlled
conditions are yet to be determined. This is crucial for the
development of efficient hatchery protocols including suc-
cessful conditioning, especially for regions where salinity is
the main exogenous factor changing throughout the year. To
explore the effects of salinity on the reproductive cycle of the
mangrove oyster in controlled conditions, two experiments
were performed, including (i) different salinity values kept at
a constant level and (ii) two treatments of increasing and
decreasing salinity, respectively. The second experiment was
designed to evaluate the effect of changing salinity on the
maturation processes. The present study was essential to
determinate the effects of constant salinity and salinity
variation in the reproductive conditioning of the mangrove
oyster and to better understand the effects of salinity in the
environmental reproductive cycle.

2. Materials and Methods

2.1. Study Organisms and Acclimation. Adult mangrove
oyster (C. tulipa; 1-year-old, already producing viable
gametes) from the broodstock of the Laboratory of Marine
Molluscs, Federal University of Santa Catarina (LMM-
UFSC), was used. The oysters from the experimental grow-
out area of the LMM-UFSC at Sambaqui beach (27°29'20"S;
48°32'26"W) were transported (cooler box) to the LMM
hatchery at Barra da Lagoa (27°35'0"S; 48°26'28"W).



Aquaculture Research

Seawater temperature on the day of oyster collection for
experiments I and II was 24.5°C and 23.6°C, respectively,
with a salinity of 35 at both occasions.

In the hatchery, the oysters were cleaned (fouling re-
moved manually), induced to spawning with air exposure
for two hours (stress stimulus for spawning induction), and
then placed in suspended lantern nets in an aerated holding
tank (15,000 L) filled with treated seawater (filtered to 1 ym
and sterilised with UV light) with a temperature of 28°C and
a salinity of 35. Gamete suspension obtained by striping one
male of the same group of oysters was added to the tank to
induce spawning, and after that, the oysters were left un-
disturbed overnight. Initial inducement of spawning was
carried out to reduce nontreatment effects on gonadal
maturation and to avoid any unexpected spawning during
the experiment. Spawning was verified the following day by
visual inspection of the tank and by draining it through
a 20 ym screen to retain any larvae or embryos present in the
water column; sample analyses were performed in a Sedge-
wick-Rafter chamber and with a light microscope. Spawning
animals were also evaluated in terms of gonadal develop-
ment by comparing the condition index (CI) of pre- and
postspawning-induced oysters and by histological analysis of
a subsample of the oysters.

For acclimation to each salinity level after spawning
(AS), oysters were placed in experimental units (described
below) for three days. The salinity was increased or de-
creased by 50% from the ambient salinity (35) in relation to
the target salinity during the first day and by the remaining
50% during the second day (50% day '). Adjustment of
salinity was carried out by increasing or decreasing the
salinity level by one salinity unit every hour to reduce os-
motic stress. High salinities were achieved by adding a re-
fined salt (Romani S/A), free of anti-humectant and iodine,
to the sump tanks, where the salt was dissolved and dis-
tributed to the experimental units for each salinity treat-
ment. Low salinities were achieved by adding freshwater to
the sump tanks. Once reaching the desired salinity, animals
were acclimated to the system for an additional 24 hours
(third day) before each experiment was started. Chlorine
from freshwater was neutralised using sodium thiosulfate at
a concentration of 5g 1000 L.

2.2. Experimental Semiclosed Recirculation Aquaculture
System. Five recirculation aquaculture systems (RAS) (Fig-
ure 1) were used for experiment I and three were used for
experiment II. Each RAS consisted of one sump tank (350 L
plastic tank) with aeration and a submersible pump (Aleas
HM-608; 3000 L-h™") connected to four conditioning tanks
(experimental units (EUs); 15L plastic tank, with final ca-
pacity of 11.5L water). Each EU was supplied with aeration,
seawater inflow and outflow, and microalgae. Seawater flow in
the EU was adjusted to achieve a water exchange of three
times each EU volume per hour (i.e., 0.57 L-min""). The EU of
each RAS was randomly placed in the experimental system.
Each RAS was designed to support a maximum of 120 oysters
of 70-80mm length (i.e., 30 oysters per EU). Two inter-
connected feeding tanks (200 L fiberglass cylindrical-conical

tanks) were used to deliver algae to the oysters. In one feeding
tank, a submersible pump (Aleas HM-608; 3000 L-h’l) was
used to pressurise the microalgae in the feeding line to each
EU. The flow of microalgae to each EU was adjusted for
continuous delivery over 24h (ie., 0.01 L-min™'). Uneaten
microalgae were flushed out of each EU, returned with the
outflow water to the sump tanks, and then returned to the
EUs with the inflow water.

The RAS used in the experiment was, in fact, a semi-
closed recirculation aquaculture system (semi-RAS) with
a daily exchange of seawater in the sump tank that repre-
sented 85% of the total volume in each RAS.

2.3. Experiments and Data Analysis. 'To evaluate the effect of
salinity on oyster maturation (experiment I), 500 oysters
(animals selected from 50 to 60 mm, with 58.3 + 1.3 mm shell
height (n=12; [32])) were distributed into the EUs (25
individuals per EU). Each semi-RAS had a specific salinity of
40 (S40), 35 (S35), 30 (S30), 25 (S25), and 20 (S20), and each
salinity was consequently replicated in four EUs. The sa-
linities were selected to correspond to the natural salinity
variations in the tropical and subtropical region of Brazil.
The experiment was conducted over a 40-day period.

In the second experiment (experiment II), 300 oysters
(59.3 £ 2.9 mm shell height) were used to test the effects of
increasing (S20-30) or decreasing (S40-30) salinities on
maturation. A third treatment with a constant salinity (S30)
was used as a control. The control treatment was based on
the best results from experiment I. In the decreasing salinity
treatment (S40-30), salinity was maintained at 40 for 15
days. Then, it was reduced by one salinity unit per day during
the daily water exchange in the sump tanks for 10 days until
a salinity of 30 was reached, and after that, it was maintained
at 30 for an additional 16 days. Similarly, for the increasing
salinity treatment (S20-30), salinity was maintained at 20 for
15 days, then it was increased by one salinity unit per day
during the daily water exchange in the sump tanks until
a salinity of 30 was reached, and after that, it was maintained
at 30 for an additional 16 days.

In both experiments, microalgae Chaetoceros muelleri
(Lemmermann 1898), Isochrysis galbana (Parke 1949), and
Diacronema lutheri (Green 1975) in a 1:0.5:0.5 ratio, re-
spectively, were used for broodstock feeding. Feeding ration
of microalgae was calculated based on 3% of oyster meat dry
weight in each microalgae dry weight (DW), in each EU.
Microalgae dry weight was obtained by the gravimetric
method. For each microalgae species, the cell concentration
was counted using a Neubauer chamber, and 30 mL samples
(n=3) were filtered through pretreated fiberglass filters
(Macherey-Nagel GF-3; diameter 47 mm; pretreatment:
filters gently washed in distilled water, dried at 60°C, in-
cinerated in a muffle furnace at 450°C, and weighed), using
a vacuum pump (Prismatec, Model 132). Then, filters were
dried (60°C for 48 h) and weighed, and each microalgal cell
DW was calculated dividing the total DW by the total cell
number. The microalgae dry weight was as follows:
C. muelleri: 52+3ug 10 °cell, I galbana: 36+0.4ug
10 cell, and D. lutheri: 32+2 ug 10 ° cell.
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FIGURE 1: Semiclosed recirculation aquaculture system (semi-RAS) used in the conditioning experiments. (a) Illustration of the 5 semi-RAS
installed in a wood rack. FL: feeding line; WL: water line; CT: conditioning tank; ST: sump tank; FT: feeding tank. (b) Graphical design of feed
flow and seawater recirculation in each semi-RAS used. F: feed; T1, T2, T3, T4, and T5 each semi-RAS system. Design: Serena Siithnel Lagreze.

Microalgae C. muelleri, 1. galbana, and D. lutheri were
cultured in separate units (100 L plastic bags) in a semi-
continuous system with 50% of the culture volume harvested
every 4 days. After each harvest, the bags were refilled with
filtered (0.22 ym) and sterilised (UV) seawater as well as
Conway media (1 mL-L™").

Daily maintenance routines for both experiments in-
cluded a daily batchwise seawater exchange of the sump tank

and feed tank. Both the sump and feeding tanks were cleaned
with a lemon solution (two lemons blended in 1L of
freshwater and diluted in 3 L of freshwater) before they were
refilled (sump tank: refilled with new seawater adjusted to
the specific salinity of each treatment and feeding tanks:
refilled with microalgae). After maintenance, the flow of
seawater and feed in each EU was adjusted to the initial
settings. Salinity was measured with a refractometer.
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The seawater temperature of each treatment was regis-
tered in the sump tanks before and after seawater exchange
and remained constant during the 40 days of experiment I
(24.1£0.5°C and 24.1 £0.3°C, respectively) and the 40 days
of experiment II (24.1 + 0.5°C and 24.1 £ 0.3°C, respectively).

To monitor oysters for physical signs of meat growth in
both experiments, the oyster condition index (CI) was
evaluated at the beginning of the experiment (TO0; after
spawning induction, AS) (n = 12) and after 40 days (T40) in
each treatment (1 =3 from each EU). For only experiment I,
an additional sample of oysters (n=12) was also collected
before the spawning induction for CI evaluation. At each
sampling occasion, total oyster live weight (g) was de-
termined. Dry tissue weight (g) and dry shell weight (g) were
measured by drying the meat and shells separately in an oven
(60°C) for 48 h. Condition index was calculated Crosby and
Gale [33]: [dry tissue weight (g)/(total live weight (g)—dry
shell weight (g))] x 100.

To evaluate the oyster maturation status by histology, 12
oysters were sampled before spawning induction, after
spawning induction (in the beginning of the experiment; T0/
AS), and for all treatments, after 10, 20, 30, and 40 days (T10,
T20, T30, and T40, respectively) in experiment I and after 7,
14, 24, 31, and 40 days (T7, T14, T24, T31, and T40, re-
spectively) in experiment II (i.e., during stable salinities of
S20 or S40: TO, T7, and T14, during the transition period
(T24), and during stable salinity of S30: T31 and T40). At
each sampling, for each treatment, the oysters were opened
and a 2 mm cut was taken, according to standard procedures
[34]. The cut was fixed in Davidson’s solution for 24 hours
and then transferred to ethanol (70%). Oyster tissues for CI
were dehydrated with a series of increasing concentration
ethanol treatments and included in paraffin. Five microm-
eter sections were cut, mounted on glass slides, and stained
with hematoxylin-eosin. Histological analysis involves the
sex identification (sex ratio analysis) and sexual stage
classification of each animal according to the method de-
scribed in Siihnel et al. [35] and Legat et al. [26] considering
four stages: gametogenesis (GA), prespawning (PS),
spawning (SP), and resting (RE). Animals in reabsorption
and/or glycogen accumulation phases were classified in the
resting stage. To better understand the effect of salinity on
the maturation process of females and males, prespawning
and spawning stages were subdivided into initial and ad-
vanced, according to the oocytes and follicle
development stage.

2.4. Statistical Analysis. For both experiments, shell height
and condition index (CI) data were tested for the basic
assumptions of analysis of variance (ANOVA), using the
Kolmogorov-Smirnov test for normality of errors and the
Brown-Forsythe test for homogeneity of variance. Height
was analysed using two-way ANOVA, with the main effects
“salinity treatment” (constant salinities: S20, S25, S30, S35,
and S40 for experiment I and constant salinity S30 and
salinity variation S20-30 and S40-30 for experiment II),
“sampling time” (T0, T10, T20, T30, and T40 for experiment
Iand TO, T7, T14, T24, T31, and T40 for experiment II), and

the interaction between “salinity treatment” x “sampling
time.” Pairwise comparisons of salinity treatments and
sampling time means were carried out using Tukey’s test
(p<0.05).

Condition index was subjected to one-way ANOVA to
analyse the effect of treatments (before spawning induction
(BS), after spawning induction (AS; T0), and salinity
treatments (520, S25, S30, S35, and S40) at T40 for exper-
iment I and AS (TO0) and salinity treatments (S20-30,
$40-30, and S30) at T40 for experiment II), followed by
comparison of treatment means using Tukey’s ¢-test
(p<0.05).

Differences in sex ratios (female and males) and re-
productive stages (gametogenesis, initial prespawning and
advanced prespawning, initial spawning, advanced spawn-
ing, and resting) of females and males were analysed using
the nonparametric permutation ¢ test by linear contrast [36]
with treatment and sampling time as explanatory factors. All
analyses were performed using Statistical Analysis System
software [37].

2.5. Ethical Approval. According to Brazilian legislation,
authorization for the use of invertebrates, including oysters,
is not required for scientific experiments.

3. Results

3.1. Growth Analysis. In experiment I, there was no dif-
ference in oyster height between treatments or sampling
times, and there was no significant interaction between
treatment and time (Table 1). The final average oyster size at
T40 was 54.1 +3.2mm (n=60).

In experiment II, no difference in oyster size was ob-
served between treatments, and there was no significant
interaction (treatment x time, Table 1). However, oysters
from treatments S40-30, S20-30, and S30 sampled at T40
(65.4+3.6 mm) were significantly (Tukey’s test; p <0.05)
larger than oysters at TO (59.3 + 3.6 mm) (Table 1).

3.2. Condition Index. In experiment I, the condition index
(Table 1 and Figure 2(a)) of the oysters was significantly
(Tukey’s test; p < 0.05) higher before the spawning induction
(BS) than after (AS/T0). In a salinity of 30, the CI at T40
(19.3 £3.9) was significantly (Tukey’s test; p <0.05) higher
than the CI at TO (AS; 7.9 + 1.1), as well as those for all other
salinity treatments at T40 (540: 7.4 + 1.2; S35: 8.5+ 1.9; S25:
10.8 +3.0; and S20: 7.1 + 1.2). The second highest CI at T40
was observed at S25, which was significantly (Tukey’s test;
P <0.05) higher compared to AS/T0 and to the CI of oysters
held at S20 and S40 but was not significantly different from
the CI of oysters at S35. The CI in treatment S35 did not
differ significantly from the CI in S20 or S40 at T40.

In experiment II, the CI (Figure 2(b) and Table 1) of
oysters at TO (AS, 13.1 +2.3) was significantly (Tukey’s test;
P <0.05) higher than at T40, for all tested salinities. There
were no differences in the CI of oysters between different
salinity treatments at T40 (S40-30: 9.8+1.3; S20-30:
9.9+ 1.7; S30: 9.7+ 1.4).
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TaBLE 1: Statistical analysis of the effects of treatment (different salinities: S40, S35, $30, S25, and S20 for experiment I and $40-30, S20-30,
and S30 for experiment II) and sampling time (TO0, T10, T20, T30, and T40 for experiment I and T0, T7, T14, T24, T31, and T40 for
experiment II) on shell height and condition index (CI) of mangrove oyster Crassostrea tulipa.

Variable

Experiment Factor F Df P
Treatment 0.91 4 0.4595
I Height Sampling time 0.65 3 0.5830
Interaction (T x S) 1.77 12 0.0525
CI Treatment 97.42 6 <0.0001
Treatment 0.08 2 0.9226
I Height Sampling time 4.83 4 0.0010
Interaction (T x S) 0.43 8 0.9027
CI Treatment 10.20 3 <0.0001

Significant results (ANOVA, p <0.05) are marked in bold.
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FiGure 2: Condition index of mangrove oyster Crassostrea tulipa. (a) Condition index of oyster before spawning (BS) and after spawning
(AS/T0) induction and after 40 days (T40) in each tested salinity (40 (S40), 35 (S35), 30 (S30), 25 (S25), and 20 (S20)) in experiment L. (b)
Condition index of oyster after spawning induction (AS/T0) and after 40 days (T40) in each tested salinity (S40-30, S20-30, and S30) in
experiment II. Boxes represent quartiles, the thick line within boxes represents the median, the whiskers show nonoutlier range, and open
circles represent outliers.

3.3.SexRatio. The sex ratio of oysters in experiments I and II
did not differ between sampling times or treatments. In
experiment I, males and females showed a sex ratio pro-
portion of 1.4:1 (M:F). Approximately 11% of the animals
displayed an indeterminate sex and 1% were identified as
hermaphrodites. In experiment II, males and females were
identified in equal proportions (1:1, M: F). Approximately

sampling times, except for treatment S40 at T30 (experiment
I), where 75% of the animals were males and 25% in-
determinate. Hemocyte infiltration associated with gamete
absorption was observed in all females in the resting stage.

3.4. Sexual Stage

1% of the animals displayed an indeterminate sex and 1%
were observed to be hermaphrodites. Equal proportions of
females and males were observed in all treatments and at all

3.4.1. Female and Male Sexual Stages before and after
Spawning Induction. In experiment I, before spawning in-
duction (BS), females were in the advanced prespawning
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stage (86%) and initial spawning stage (14%), and all males
were in the advanced prespawning stage. After spawning
induction (AS/T0), females were all in advanced spawning
stage and males were in initial spawning (75%) and in
advanced spawning (25%).

In experiment II, before (BS) and after (AS/TO)
spawning induction, females were all in the gametogenesis
stage, while males were primarily in the gametogenesis and
initial prespawning stages (BS: 86% in gametogenesis and
14% in initial prespawning; AS/T0: 83% in gametogenesis
and 17% in initial prespawning).

3.4.2. Female Sexual Stages during the Experiments. In ex-
periment I, all maturation stages except spawning (i.e.,
gametogenesis, prespawning, and resting) were observed in
females (Figure 3(a)). After 10 days (T10) of conditioning, all
females were in the resting stage in all treatments. After this
time, females in treatment S40 remained in the resting stage
until T40. In treatment S35, females transitioned from
a dominance of resting stage (75% at T20) to gametogenesis
(100% at T40) over time. Females in treatment S30 displayed
a classical maturation pattern, transitioning from the resting
stage (100% in T10) to gametogenesis at T20, T30, and T40
(60, 100, and 50%, respectively) and to the initial pre-
spawning stage at T40 (50%). In S25 and S20, females
displayed different proportions of resting and gametogenesis
over time, except for S20 at T20, where 20% of the females
were in advanced prespawning.

In experiment I, statistical analysis of female sexual
stages showed significant differences (p < 0.05) in maturity
related to treatment (independent of time, permutation
t test) and to sampling time (independent of treatment,
permutation f test). Specifically, treatment S40 was different
(p <0.05) from S30 and S20, as were TO from T10, T30, and
T40 and T10 from T20, T30, and T40 (Figure 3(a)).

Similarly, in experiment II, gametogenesis, prespawning,
and resting stages were observed in females (Figure 4(a)). In
S40-30, the proportion of females in gametogenesis de-
creased with time from T7 to T31 (67, 50, 25, and 25%,
respectively). The proportion of females in the resting stage
increased from 17% at T14 to 75% at T24 and T31 and
decreased to 50% at T40. The initial prespawning stage was
observed at T7 (33%) and T14 (33%), but it decreased to 25%
at T40. The advanced prespawning stage was only observed
at T40 (25%). In S20-30, the maturation process was rapid,
with a dominance of advanced prespawning at T14 (100%),
T24 (67%), T31 (80%), and T40 (100%), except for T7, when
the initial prespawning was the only stage found. For S30,
a similar pattern to S20-30 was observed but with some
variations: initial prespawning stage at T7 (88%), T14 (13%),
T24 (29%), T31 (25%); advanced prespawning stage at T7
(13%), T14 (75%), T24 (57%), T31 (63%), and T40 (100%);
resting at T14 and T24 (13 and 14%, respectively); and
gametogenesis at T31 (13%).

Statistical analysis of the female sexual stages showed
significant differences (p <0.05) in maturity related to time
(independent of treatment, permutation ¢ test) but not
between treatments. For time, maturation stages at TO and

T7 did not differ, but both differed (p < 0.05) from T24, T31,
and T40.

3.4.3. Male Sexual Stages. In experiment I, all maturation
stages (gametogenesis, prespawning, spawning, and resting)
were observed in males (Figure 3(b)). In treatment S40,
males transitioned into the advanced spawning stage at T10
(60%), followed by a peak in the initial prespawning stage at
T20 (67%), then resting at T30 (56%), and subsequently
a peak at the prespawning stage at T40 (60%). In treatment
S35, males remained in the spawning stage at T10 (72%
initial and 14% in advanced spawning). After this, the
prespawning stage developed and ranged from 51% (38%
initial and 13% in advanced) at T20 to 63% (38% initial and
25% in advanced) at T30 and to 43% (29% initial and 14% in
advanced) at T40. The resting stage increased from 25% at
T20 to 43% at T40. In treatment S30, all males were in
gametogenesis at T10 and then the prespawning stage be-
came dominant from T20 (71%; 14% initial and 57% in
advanced) to T40 (63%; 13% initial and 50% in advanced).
The resting stage was only observed at T20 and T30 in a low
proportion of males, 29 and 20%, respectively. In treatment
S25, males transitioned from high proportions in gameto-
genesis at T10 (88%) to high proportions in the initial
prespawning stage at T40 (75%). The resting stage was only
observed at T20 and T40 in low proportions (29 and 25%,
respectively). Males in S20 displayed a varied pattern of
maturation and transitioned between gametogenesis, initial
prespawning, and resting at various times, with elevated
proportions in gametogenesis at T10 (50%) and T30 (67%),
initial prespawning and resting stages (each 40%) at T20, and
gametogenesis again at T40 (50%).

Statistical analysis of the male sexual stages in experi-
ment I showed no significant differences over time or be-
tween treatments (permutation ¢ test).

In experiment II, gametogenesis, prespawning, and
resting were observed in males (Figure 4(b)). In S40-30,
males transitioned from a predominance in the initial
prespawning stage at T7 (100%) to the advanced pre-
spawning stage at T40 (75%). In S20-30, the initial pre-
spawning stage dominated at T7 after which the advanced
prespawning stage dominated during the rest of the sam-
pling periods and reached 100% at T40. At S30, a similar
pattern was observed with a dominance of the initial pre-
spawning stage at T7 (100%), after which this stage decreased
while the advanced prespawning increased until T31 (75%),
after which the initial prespawning stage increased again
(60%).

Statistical analysis of the male sexual stages in experi-
ment II showed significant differences (p <0.05) in matu-
ration stages between sampling times (permutation ¢ test),
where sexual stage at TO was different from T31 and T40, and
that at T7 was different from T31.

4. Discussion

In this study, it was demonstrated that salinity affects the
maturation process of the mangrove oyster (C. tulipa),
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FIGURE 3: Sexual stage of mangrove oyster Crassostrea tulipa females (a) and males (b) matured in laboratory in experiment I with constant
salinities of 40 (S40), 35 (S35), 30 (S30), 25 (S25), and 20 (S20) after 10 (T10), 20 (T20), 30 (T30), and 40 (T40) days. Ga = gametogenesis;
PS1 =initial prespawning; PS2 = advanced prespawning; SP1 = initial spawning; SP2 = advanced spawning; Re = resting. Lower letters show
differences (p <0.05) between times in each treatment; capital letters show differences (p <0.05) between treatments in each time by
permutation f test.
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FIGURE 4: Sexual stage of mangrove oyster Crassostrea tulipa females (a) and males (b) matured in laboratory in experiment II, with salinity
(¢) variation from 40 to 30 (S40-30) and from 20 to 30 (S20-30) and constant at 30 (S30), after 7 (T7), 14 (T14), 24 (T24), 31 (T31), and 40
(T40) days. Ga=gametogenesis; PS1 =initial prespawning; PS2= advanced prespawning; Re =resting. Lower letters show differences
(p <0.05) between times in each treatment; capital letters show differences (p < 0.05) between treatments in each time by permutation f test.

where constant salinity of 30 and 25 or increasing salinity
from 20 to 30 resulted in the best maturation of the oysters.
Salinities higher than 35 had a significant detrimental effect
on gonadal development. This pattern was especially pro-
nounced in female oysters who were induced to a resting
stage by high salinities (S40).

The salinities tested in the present study were within the
tolerance range (4-40) of mangrove oyster as described by
Horodesky et al. [30] and in accordance with the natural
range observed in the culture areas of this species [26, 38].
Although bivalves tend to close their valves at stressful
salinity levels [39, 40], oysters in the present study did not
demonstrate valve closing when exposed to high (S40) or low
(520) salinities, suggesting that animals acclimated to tested
salinities. Visual evaluation of the presence of pseudofaeces
and faeces in all experimental units indicated that the an-
imals were filtering particles and they were ingesting the diet
offered during the experimental period. Also, the increase in
shell height in experiment II indicates that water provides
conditions for the animals to grow in shell. However, more
studies are needed to evaluate if (and if so how) the tested
salinities affect C. tulipa feeding and energy requirements.

Salinity affects different physiological processes in bi-
valves, such as heart rate [41, 42], excretion rate [43, 44],
respiration rate, clearance rate, and absorption efficiency
[44]; however, salinity tolerance limits are species-
dependent [14]. As osmoconformers [45, 46], marine and
estuarine bivalves have little or no osmotic regulation ca-
pacity in their hemolymph. Instead, these species regulate

cell volume and maintain isosmotic cells by adjusting the
concentrations of intracellular free amino acids and other
small organic molecules [14]. Regulation of intracellular and
extracellular jonic concentrations requires energy, which is
acquired from the hydrolysis of the phosphoanhydride
bonds in adenosine triphosphate (ATP) and adenosine di-
phosphate (ADP) [47]. This energy demand for osmotic
regulation may explain the induction to a resting stage of
female oysters at high salinities (i.e., salinity 40) that were
observed in the present study and also the slow maturation
process in salinity treatment S35, where 100% of oysters
reached the gametogenesis stage after only 40 days of
conditioning.

In the experiment of constant salinity exposure, the
highest percentage of both females and males in pre-
spawning stage was observed in salinity 30, suggesting that,
at this salinity, animals can expend energy into maturation
processes. In accordance, the condition indices of oysters
after 40 days of conditioning were higher in salinity treat-
ments S30 and S25 than in the lower (S20) or higher (S35 and
S40) salinity treatments. Thus, salinities of 30 and 25 are
suggested as the optimal salinities for conditioning C. tulipa
under hatchery conditions. In addition, a salinity of 20 also
affected the maturation process of C. tulipa positively, with
gametogenesis initiating after 30 days of conditioning;
however, the maturation response in this salinity (520) was
slower, compared to S25 and S30. At a salinity of 24, after
78 days of mangrove oyster conditioning, Gomes et al. [25]
observed more individuals in spawning stages than in
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a salinity of 34; this finding also suggested that average
salinities (between 20 to 30) are preferred for this species.

In agreement with the results of this study, maturation
processes of mangrove oysters in the field and in tropical
environments of Brazil have also been reported to be affected
by salinity, as demonstrated by Paixdo et al. [28] and
Antonio et al. [24] in the north (Pard state) and in the
northeast (Maranhio state), respectively. Paixdo et al. [28]
observed more adult C. gasar in maturing and mature stages
during low salinity conditions (rainy and rainy-dry periods),
compared to high salinity conditions (dry periods). Simi-
larly, Antonio et al. [24] observed the highest percentage
(28.6%) of female C. rhizophorae oysters in the resting stage
at high salinities (i.e., salinity of 42).

The maturation process in different salinities also dif-
fered between males and females. At salinity treatment S40,
the 40 days of conditioning were not enough for females to
start the maturation process. In contrast, males started the
maturation process after 20 days. Similarly, at all other
salinities, gametogenesis and prespawning started earlier in
males (T10) than in females (T20), and males transitioned
further in the maturation process compared to females. This
may be explained by the lower energy demand of forming
sperm compared to oocytes, as suggested by Hayward and
Gillooly [48] who, when analysing different group of ani-
mals, observed that the cost of egg production is higher (3.5
orders of magnitude) than sperm production. The later
response of females at salinity treatment S40 could be related
to the higher energy demand for osmotic regulation and,
consequently, to the lower availability of energy and nu-
trients for gametogenesis. Nevertheless, little is known about
the physiology of molluscs in hypersaline habitats (salinity of
40 or above) [49].

In concurrence with the stable salinity treatments,
salinity variation over time also affected the maturation
process of the mangrove oyster (C. tulipa). Oysters
conditioned in low salinity (S20) followed by an increase
to salinity treatment S30 showed a rise in the prespawning
stage from T14 to T40. In contrast, the exposure to high
salinity (S40) followed by a decrease in salinity (S30)
induced oysters to change to the resting stage when sa-
linity started to decrease. These results demonstrate, for
the first time, that high salinity (S40) may negatively affect
the maturation process in the mangrove oyster (C. tulipa)
in laboratory conditions. This is an important finding for
the development of efficient hatchery protocols for the
species, especially in areas where local salinity varies
throughout the year according to the rainy season, as in
Para [38] and Maranhio [24, 26] states. In addition, sa-
linity variation supported a rapid transition from the
gametogenesis stage (at TO) to initial prespawning stage
after 7 days (S40-30, S20-30, and S30) and to the ad-
vanced stage after 7 days for S30 and 14 days for S20-30.
In comparison, maturation in a stable and optimal salinity
(S30) required 40 days in conditioning for females and
males to reach an equivalent maturation status. This is the
first report of mangrove oyster (C. tulipa) achieving the
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prespawning stage in such a short period of conditioning.
It is worth mentioning that the transitioning time into the
prespawning condition differed between the S30 treat-
ments in experiments I and II, which were performed in
March (summer end) and in November (spring end),
respectively. In a study developed with mangrove oyster
(C. gasar) cultivated in the same region where the
broodstock for the present study were obtained, Gomes
et al. [25] observed that in March, animals were in resting
stage, and in November, they were in late growth stage.
This corroborates the existence of seasonal rhythms in the
maturation process, which should be explored further.

The effects of salinity were also observed on the
condition index (CI). The condition index of animals
exposed to salinity variation was also affected by salinity
30, where after 16 days (from T24 to T40) of exposure to
salinity 30 in the treatments with salinity variation
(S40-30 and S20-30) and constant salinity (S30), there
was no difference in the condition indices of oysters,
suggesting synchronism in the oyster CI at this salinity.
After 40 days of conditioning, a decline of the CI was
observed in experiment IT and can be related to the use of
reserve material (glycogen) from gamete production. At
TO0, histological analysis showed that oysters were in
gametogenesis with a lot of connective tissue in the gonad,
and at T40, they had less connective tissue with a lot of
gametes in the prespawning stage.

In conclusion, this study illustrates, for the first time, the
effects of different salinity regimes on the maturation process
of the mangrove oyster (C. tulipa) in laboratory semiclosed
recirculation aquaculture systems. The results also show the
effects of salinity on the maturation process of the com-
mercially valuable mangrove oyster that is relevant to the
maturation processes of other oyster species in tropical
regions. The results suggest that conditioning of the man-
grove oyster at salinities of 25-30 will enhance the matu-
ration process, salinities greater than 35 may induce a resting
stage, and the effects of salinity on the maturation process
differ between males and females. Moreover, the results
constitute the first step towards developing a protocol for
reproductive conditioning of the mangrove oyster in
hatchery conditions and highlight the need to explore
seasonal variations in maturation of this species more
thoroughly. Development of reliable conditioning and
hatchery protocols may support an expansion of the oyster
industry in northern and northeastern Brazil with associated
socioeconomic and environmental benefits.
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