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ABSTRACT: The implementation of fluidized (F) bed systems for cultivating Crassostrea
gigas seeds is gaining importance for nursing oysters in densely packed stocks. This allows

Moluscos Marinhos, R. dos Coroas, 503 — 88061-600 for easier handling and visual assessment. Ho wever, its production performance compared
—Florianépolis, SC — Brasil. to traditional downweller (D) systems needs further characterization. The experiment
*Corresponding author <joaopauloramosf@gmail.com> involved three replicates of each treatment, with 1,100,000 oyster seeds retained on 500

um sieves. Data were collected over 21 days, with seeds separated using 500, 710, and
1000 pm sieves every week. Results indicated that the final yield in system F is likely
higher than in D, with a probability of 3.46:1 and an average yield increase of up to 45.3 %
in F. The F-test revealed that system F had a narrower variance in final yield averages,
suggesting more consistent oyster production. Moreover, survival rates for seeds in F were
also superior, showing a probability of 7.33:1 and a mean final survival rate of up to 37.96 %
higher than D. In terms of size, F cultivated a higher proportion of oyster seeds retained
at 1000 ym sieves with a preferred standard quality shell shape for the half-shell market.
Additionally, the microalgal consumption rate in F was faster, with food nearly depleted 6
h post-feeding compared to only 25 % in D. Consequently, the F system demonstrates
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Introduction

Global oyster production has notably increased,
primarily due to China's dominance in oyster culture,
alongside other major producers such as South Korea,
Japan, the United States, and France (FAO, 2024).
Emerging producers, however, face supply challenges
as escalating demand for cultivated oysters drives up
prices and constrains production capacity (Botta et
al., 2020).

Hatcheries are vital in oyster aquaculture,
as they ensure a stable seed supply where natural
settlement is unreliable or overexploited (Ilitembu
et al., 2023). The practice of single-seed production
allows for individual manipulation and phenotype
characterization, which are essential for establishing
breeding programs and ensuring a reliable supply
of valuable species (Haworth, 2001; Gjedrem and
Baranski, 2009).

The production of Crassostrea gigas (Thunberg)
in key oyster-producing nations relies heavily on
hatchery larvae that settle on cultch or are harvested
by artificial collectors (European Union, 2022;
Abarca et al., 2025). Single-seed oysters contribute
significantly to hatchery activities, comprising 20-
30 % in the USA (Sturmer et al., 2022) and over 90 %
in Brazil (Lima et al., 2023). They are ideal for export
to regions to alleviate production shortages (Dodd,
2015; Koike and Komatsu, 2024).

The increasing popularity of oyster bars has
driven up market demand for "half-shell” oysters,
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enhanced and more reliable production, yielding better quality seeds for grow-out farms.
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prompting farmers to focus on shell shape through
the selection of single-seed oysters (Davis et al., 2021).
Traditionally, single-seed acquisition is done using
mesh containers in a D system, which helps enhance
spat survival (Helm et al., 2004; Wallace et al., 2008).
The D system uses downflow mechanics to push settled
oyster seeds to the mesh, promoting early growth to
3-4 mm in shell height (Abarca et al., 2025). However,
this method is resource-intensive, with significant
demands for water and space (Laing and Earl, 1998).
Overstocking concerns complicate nursery operations,
creating occupational challenges due to increased
manual handling (Guertler et al., 2016).

Toaddress theseissues, more efficient production
methods have been deemed necessary (Anderson,
2002; Bush et al., 2019). The F bed system offers an
alternative, enabling uniform food distribution and
improved waste removal, demonstrating optimization
for high-density cultivation across various bivalve
species (Campbell and Hall, 2019; Ver and Wang,
1995; Hwai et al., 2023). The differences between the
D and F systems are clear, especially in their impact
on bivalve seed growth (Pfeiffer and Rusch, 2001).

Understanding the interplay between feeding
dynamics, growth rates, and survival is crucial to
enhancing seed-rearing efficiency. The study aimed
to evaluate whether the growth patterns, yields, and
survival of C. gigas oyster seeds, and their microalgal
consumption rates in the F system, reflect greater
production efficiency than the D system during the
early post-settlement stages of the oyster nursery.
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Materials and Methods
Oyster seed acquisition

C. gigas seeds were obtained at the Laboratério de
Moluscos Marinhos (LMM) of the Universidade
Federal de Santa Catarina (UFSC), Florianépolis, in the
state of Santa Catarina, Brazil (27°35'04" S, 48°26'29"
W, altitude 3 m) via strip spawning, larviculture,
and settlement in culthless downwellers. They were
nursed and sieved in these systems until reaching
proper experimental size, as described by Wallace
et al. (2008). Before cultivation, seeds were sieved
(710 pm pass, 500 pm retained) to select individuals.
Average shell height and length were 726.95 + 70.86
pm and 676.01 + 86.78 pm, respectively.

Systems characterization

The functional dynamics of each system operated
with the same amount of oyster seeds per cultivation
unit, food, and total volume. This aimed to verify the
feasibility of substituting and operationalizing the
oyster seed nursery in an alternative F system.

Downweller (D) system

The cultivation system commonly used at LMM is
a weller tank with a maximum volume of 1450 L
(600 L in the food compartment (Figure 1) and 850
L in the portion intended for cultivation units and a
capacity for three downweller cylinders with meshes
(experimental units (EU)). Each downweller EU

Figure 1 — Downweller static tanks containing three cultivation
units with a useful volume of 200 L. a1 =downweller food
compartment (600 L); a2 =downweller cultivation portion
intended for cultivation units (850 L); b = cultivation units
composed of cylinders with meshes (experimental units). Blue
arrows = water directional flow from the food compartment to
the experimental units; Red arrows = water directional flow after
the output from the experimental units to the food compartment.
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contains meshes with a diagonal opening of 200 um
and an approximate useful volume of 200 L, with a
circular area of 2826 cm?. The dynamics of the system
operation occur through the movement of water by
airlift, generated by air blowers, from the cultivation
units to the portion containing the food (Helm et al.,
2004). The excess volume in the food compartment of
the tank led the water to a direct outlet in the EU at a
flow velocity of 4000 L h™* (with a flow rate per the EU
area of 1.41 L (h cm?)™), in a cyclical movement. The
percentage of input volume in the EU per hour from
the total system volume corresponds to 275.86 %.

Fluidized (F) bed system

The fluidized bed system adapted to the operation
analogous to McDonald bottles was composed of
three 3.93 L bottles, with 78.5 cm? circular area (EU)
(Figure 2), a supply tank with a volume of 2000 L (in
which we used only 1450 L for pairwise comparison),
a submerged pump in the supply tank (with a
maximum capacity of 8000 L h™') that streamlines the
fluidized system, and a wooden supporter for the EUs
containing a small reservoir tank of 20 L at the top.
The EUs were hung laterally on a wooden support
with a middle discharge channel for the return of
water and food, which had not yet been filtered to
the supply tank. Water containing the microalgae was
pumped from the supply tank to a small reservoir
tank. The reservoir tank had a basal opening, and
water flowed through the conducting pipes to the
base parallel to the EU via gravity. The water flow to
the EU was regulated at 200 L h™* (with a flow rate per
EU area of 2.55 L (h cm?) ™) using a smaller hydraulic
register and a flowmeter to guarantee the uniformity
of the water effects in each EU, as well as allowing the
conditioning of the oyster seeds. Water exited the EU
from the apical part to the middle discharge channel
of the wooden support and was recirculated to the
supply tank. The percentage of input volume in the
EU per hour of the total system volume is 13.79 %.

Experimental design

The experimental design was completely randomized,
with two treatments (D and F bed systems) and three
repetitions per treatment. Each EU in D (cylinder,
~200 L) and F (bottle, ~3.93 L) contained 1,100,000
C. gigas seeds (100 mL), corresponding to a density
of 5,000 and 324,484 oyster seeds L', respectively.
The 21-day cultivation involved weekly performance
evaluations via sieving, providing a three-week
nursery run and grading events, a standard hatchery
procedure (Reynaga-Franco et al., 2020). Daily, a
monospecific Isochrysis galbana Parke (ISO) diet
was supplied at 40 x 10* cells mL™. Performance
was assessed by oyster seed growth (height/length),
survival, yield, and microalgae consumption.
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Figure 2 — General view of the fluidized bed system containing
bottles (3,930 mL) with individual flow and registers for oyster
seed cultivation (Up). Detailed view of an experimental unit from
the fluidized bed system (Down). a = supply tank; b = submerged
pump; ¢ = small reservoir tank of 20 L; d = wooden supporter for
the experimental units; d1 = pipe canalization with a basal water
register for flow input in experimental unit; d2 = experimental
unit; e =water channel output from experimental unit;
f = cylinder wish basal meshes positioned inside on supply tank
to collect dead oyster shells carried out from the experimental
unit. Blue arrows = water directional flow from the supply tank to
the experimental units; Red arrows = water directional flow after
the output from the experimental unit to the supply tank.

Cultivation conditions

The evaluated systems have a daily renewal of filtered
seawater using a 1 pm mesh filter, and the seawater
is sterilized with ultraviolet light. The supply tanks
were cleaned between water renewals. The daily
ISO diet was provided from static 4000 L algal
tanks cultivated using the F/2 production protocol
of Guillard (1975). Cultivation conditions in D and
F systems for 21 days were uniform, presenting an
average temperature of 22.14 + 1.96 °C and an
average salinity of 35.57 + 0.73.

Data collection
Data were collected every seven days over a 21-

day cultivation period. Seeds were separated using
500, 710, and 1000 pum sieves to evaluate growth
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performance, following the method of Gomes et al.
(2024). Oyster seeds retained by the 1000 pm sieve on
days seven and 14 were counted and removed.

The survival rate was calculated as the
difference between initial and final seed counts,
considering living seeds retained on the 1000 pm
mesh. Total seed count was estimated by multiplying
the total seed volume (mL) by the average of three
seed samples (0.2 mL for 500 and 710 pm, 0.5 mL for
1000 pm), as analyzed with CountThings in Photos
software. Dead seeds were counted visually under an
optical microscope.

To assess growth patterns, a random sample
of 30 seeds from each size class was taken, and
shell height (SH) (from umbo to shell mouth) and
shell length (SL) (laterolateral line] were measured
according to Galtsoff (1964). Measurements were
conducted using ZEISS Axiocam 280 color and Zen
Image Blue 3.2 software.

Microalgal cell consumption by C. gigas seeds
was measured on the second day after acclimatization.
Remaining microalgal cells were counted using a
microscope across several time points (1, 2, 4, and 6
h post-feeding) to calculate the average consumption
rate using linear regression.

Statistical analysis

Survival and yield data were analyzed for normality
(Shapiro-Wilk) and homoscedasticity (F-test) before
analysis of variance (ANOVA) (p < 0.05), with a
Welch-test used for heteroscedastic final yield. We
calculated confidence intervals for variances of
final yield, shell height, and length for each system,
using an F-test to assess whether system F showed
significantly more concentrated variances (indicating
consistent production). A rate of F to D confidence
intervals < 1 would confirm greater consistency in F.

To evaluate management-relevant consistency in
nursery seed yield and survival, a Bayesian estimate
test determined the probability of system F (proposed)
outperforming D (traditional). The Markov Chain
Monte Carlo algorithm generated credible values for
effect size and mean differences (Kruschke, 2013).
The Relative Mean Effect Size (RMES) quantifies the
scientific significance of mean differences between
systems, as defined by Huang (2022).
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Final oyster seed height and length were

subjected to a pairwise permutation t-test. A non-
parametric X square test assessed the proportion of
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oysters in different size classes (500, 710, 1000 pm)
and format classes (>1.4 for elongate, > 1.2 for
ellipse or elliptical, >1 for standard or oboelliptical,
and < 1 for round in Carter et al. (2012) with height/
length ratio adaptations according to Radford et al.
(1976) as shown in Figure 6-13-2). All these analyses
used a 5 % probability.

The microalgal consumption rate was
calculated in each system based on the total amount
of microalgae remaining in the system after 2, 4, and
6 h had passed since feeding, also computing the
amount of microalgae consumption by the function of
flow input in each EU, recalculated each time by the
amount of remaining microalgae. Both analyses were
constructed by applying a linear model (LM). All
analyses were carried out using the RStudio software
v. 2025.05.1 +513.

Results

The mean oyster seed yield in system F
(46,065.78 + 9,187.47) was higher than in D
(8,448 + 1,300.66) on day seven, with differences
subsiding thereafter (Figure 3A). Despite equal
ANOVA data distribution for final yield, Bayesian
estimation indicated F's mean yield up to 45.3 %
greater than D's, with a 3.46:1 probability (Figure
4A). Furthermore, F showed more consistent final
yield production than D (Figure 5), as evidenced by
its variance ratio (0-0.5635347).

As for the number of alive oyster seeds,
system F exhibited higher average survival after 14
(738,152 + 41,285) and 21 (759,891 + 53,248) days
compared to D (14 days: 420,143 + 98,919; 21 days:
491,413 + 107,791) (Figure 3B). Bayesian estimation
further confirmed F's superior live oyster seed count
over D, with a 7.33:1 probability on day 21, showing
an average survival in F up to 37.96 % greater than in
D (Figure 4B).

Opyster cultivation in fluidized systems

Oyster seed growth showed no statistical
differences between systems D and F. Final
mean SH and SL were 1,192.55 + 210.97 pm and
1,076.04 + 143.18 pm in F, versus 1,205.95 + 276.46
pm and 1,042.67 + 231.48 pm in D, respectively.
However, F exhibited more consistent growth across
all seed sizes, unlike D, which showed varied growth
(Figure 6A, Figure 5). No statistical differences were
found in the mean proportion of seeds retained
in sieve meshes (1000, 710, 500) (Table 1). Yet, D
had a higher proportion of elongate (Figure 6B)
and elliptical (Figure 6C) formats, while F had
more standard (Figure 6D) oysters (Table 1), and
the round (Figure 6E) format was found equally in
both systems. This standard format in F correlated

Figure 3 —A) Average number of yield performance of Crassostrea
gigas oyster seeds after 7, 14, and 21 days of cultivation in
fluidized (F) bed and downweller (D) systems (p < 0.05). B)
Average number of living C. gigas oyster seeds after 7, 14,
and 21 days of cultivation in both systems D and F systems
(p<0.05).

Figure 4 — A) Bayesian estimation for the probability of the mean oyster seeds’ yield after 21 days of cultivation in a fluidized (F) bed being
greater than that in a downweller (D). B) Bayesian estimation for the probability of a higher mean survival of cultivated oyster seeds in F
being greater than that in D. RMES = relative mean effect size; HDI = highest density interval.

Sci. Agric. v.83, 20250056, 2026
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Figure 5 — Interval of confidence values (0.95) of the rate of
variance in fluidized (F) bed by that verified on downweller (D)
related to final yield (right), oyster seed’s length (middle), and
oyster seeds height (left). A range of values < 1 indicates that
data deviation in F is significantly more closely related to its
mean than in D, attesting to a more consistent oyster production.

Opyster cultivation in fluidized systems

positively with retention in 1000 pm meshes (Table
1), indicating a higher proportion of single, well-
sized oysters.

Both the D and F systems showed negative
quadratic trends for microalgae depletion and
consumption. While system D showed less decay
(y = 40.21 - 0.31x - 0.12%% (Figure 7A), system F
exhibited a higher decay of microalgae in the supply
tank (y = 39.62 - 10.1x + 0.84x% (Figure 7B),
indicating rapid consumption. The consumption rate in
system D demonstrated a nearly constant consumption
activity of less than 1 % (y = 0 + 0.001x) (Figure 7C).
In comparison, system F remained near 50 % until
microalgae concentration dropped below 15 x 10*
cells mL™ after 4 h (y = 0.04 + 0.28x - 0.04x%) (Figure
7D). System F yielded higher adjusted R? values (0.889
for depletion and 0.484 for consumption) compared to
system D (0.326 and 0.153, respectively), indicating
greater data variability (Table 2).

Figure 6 — A) Scatterplot of growth aspects of Crassostrea gigas oyster seeds after 21 days of cultivation in each system (downweller and
fluidized bed) concerning their shell height and shell length, as well as their proportion in each shell format (elongate, ellipse, standard and
round), and also the mean proportion of oyster seed retained in each size of sieve meshes (1000, 710, 500); B) Example of an elongate
shell format in C. gigas oyster seeds; C) ellipse shell format; D) standard shell format; E) round shell format.

Table 1 — X square analysis between the proportion of shell format of C. gigas’ oyster seeds per cultivation system, mean proportion of total
oyster seeds retained in each sieve mesh per cultivation system, and the interaction of both properties per cultivation system.

Positive correlations (Pearson’s residual

Group interaction X squared value value > + 1.96) p-value
standard + F system — + 2.884; elongate + D

Shell format + system 11.505 system — + 2.022; ellipse + D system — + 2,359 0.009287

Sieve mesh + system 3.4548 - 0.1777

Shell format + mesh sieve + system 21.921 standard + 1000 + F system — + 2.961 0.02499

df = degrees of freedom; F = fluidized; D = downweller.

Sci. Agric. v.83, 20250056, 2026
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Table 2 — Statistical properties of microalgae consumption regressions verified by each cultivation system.

Quad and Linear regression statistics F-statistic Adjusted R? p-value
Remain concentration of microalgae in F system 189.2 0.889 <0.001
Remain concentration of microalgae in D system 12.37 0.3262 <0.001
Microalgae consumption rate in EU by the Flow input in F system 231 0.4847 <0.001
Microalgae consumption rate in EU by the Flow input in D system 9.542 0.1538 0.003

EU = experimental units; F = fluidized; D = downweller.

Figure 7 — Characteristic of average microalgae consumption of downweller (D) and fluidized (F) bed systems through 6 h of evaluation. Quad
regression of microalgae depletion dynamics in A) D system and B) F system. C) Regression of the total rate of microalgae consumption by
the total flow input in the experimental units of D system and D) F system after 2 h, recalculated by the remaining microalgae cells available

after 2 h and then after 4 h. EU = experimental units.

Discussion

The nursery of oyster seeds in the F system
demonstrated superior performance compared to the
D system across several critical traits. Notably, seeds
cultivated in the F system exhibited higher survival
rates, a greater probability of achieving a better oyster
yield, and a more significant proportion of seeds
belonging to the desirable larger size class (1000 pm).
This enhanced performance is further supported by
the F system's higher microalgae consumption and
its capacity for more consistent production of high-
quality seeds. As the nursery phase is a cornerstone of
ensuring excellent cultivation outcomes and meeting
stringent quality standards (Anderson, 2002), the F
system's ability to produce high-quality oyster seeds
with lower mortality rates directly translates into
improved oyster productivity, growth, and survival
until harvest (Ferreira et al., 2011).

Culturing bivalve seeds in fluidized-bed systems
is often considered a promising method for producing
high-quality animals. A higher growth and survival
rate of oyster seeds nursed in fluidized bed systems
than “weller” systems was seen for Crassostrea
bilineata (Roéding) (Hwai et al.,, 2023), Mercenaria
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mercenaria (Linneaus) (Pfeiffer and Rusch, 2000), as
well as for Crassostrea gasar (Dillwyn) and C. gigas
(Sthnel et al., 2024). The performance of the F system
was also verified for Crassostrea virginica (Gmelin)
juveniles, which exhibited an exponential growth
rate surpassing that of other up-flow systems, and
the capability to provide marketable-sized oysters
within 6-12 months (Ver and Wang, 1995; Wang,
2003). Bayesian estimation indicated that oysters
in F systems consistently achieve superior growth,
surpassing D system yields by up to 45.3 % in over
75 % of cases. This consistency, with fewer deviations
in final yield, is a valuable advantage in aquaculture
when aligning with sustainable market demands
(Little et al., 2018).

The inferior performance of the D system stems
from its aggregated oyster seed disposition, leading
to increased individual impacts, lower survival, and
reduced growth (Alunno-Bruscia et al., 2001; Roncarati
et al., 2017; Abarca et al., 2025). Despite higher flow
input per unit, the limited water permeability within
crowded oysters results in uneven resource access
and accumulation of uneaten food and fecal particles
in lower culture areas (El-Hashash et al., 2023),
disadvantaging a portion of the population.
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The F system's consistent growth pattern is
attributed to superior water quality maintenance
through higher renewal rates and the free suspension
of oyster seeds, which minimize the adverse effects of
high stocking densities and water deterioration (Ver
and Wang, 1995). The continuous rotation of oysters
further ensures uniform food distribution (Hwai et
al., 2023), virtually eliminating positional effects on
growth. Consequently, growth differences in the F
system are primarily linked to endogenous individual
physiological characteristics (Tamayo et al., 2014).

The F system's high water flow creates friction,
shaping oysters into a rounder form and promoting a
more proportional SH and SL (Ver and Wang, 1995).
This tumbling action, where oysters scrape against
culture unit surfaces, thickens and cups their shells,
enhancing shell strength and optimizing width and
length relative to height (Mizuta and Wikfors, 2019). A
balanced SH/SL ratio is vital for commercial value, as it
indicates a desirable shell shape and potentially higher
meat content (Jiang et al., 2024).

Our observations during cultivation revealed
that many oysters experience growth in both SH and
SL during a brief period. However, as stocking density
increases and oyster seeds grow, SL growth tends to
diminish. This might be due to lateral pressure from
neighboring individuals, which encourages them to
grow primarily in height (Seed, 1968). As oysters grow
taller, the longest dimension of the shell increasingly
shifts from being closer to the oyster's mouth, where
shell growth occurs, to being near the umbo.

Suppose the SL approaches the size of the SH
(up to a SH/SL ratio of 1.2, as reported in the present
study). In that case, it suggests that oysters may have
experienced loose spaced growth, and the SL tends to be
measured nearer the oyster's mouth, which somewhat
relates with intended “teardrop” oyster shape provided
by Heath and Wilson (1999). Regarding the higher SH/SL
ratio, which relates to the elongate and elliptical shapes,
the main difference between these shapes pertains
to when stocking density occurs during cultivation:
either in the early days (elongate) or during the later
stages (elliptical), when increased oyster volume in the
cultivation units creates lateral pressure.

Stocking density typically negatively impacts
oyster shell growth and survival (Marshalland Dunham,
2013; Roncarati et al., 2017). Despite F systems having
over 50 times higher stocking density than D systems,
oysters in D systems exhibit more irregular, elongated
shapes. Conversely, F systems are positively associated
with a significant proportion of standard and higher-
quality oysters, suggesting that increased density in
fluidized beds does not necessarily lead to the typical
negative effects observed in D systems.

Oyster seed growth correlates with food
availability, is influenced by flow and concentration
(Héral and Deslous-Paoli, 1991), and filtration rate
(Walne, 1972). F-system oysters consumed microalgae
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significantly faster, near-completely depleting food
within 6 h, mirroring observations for M. mercenaria
(Pfeiffer and Rusch, 2000). Despite both systems
receiving 40 x 10* cells mL™?, D-system oysters
likely reduced feeding and filtration due to the high
concentration (Tamayo et al.,, 2014). Conversely,
F-system oysters benefited from frequent microalgae
refills (3-6 h), enhancing growth by extending food
access (Langton and McKay, 1974; Langton and McKay,
1976). While C. gigas can be sufficiently supported by
I. galbana (Walne, 1979; Siihnel et al., 2024), oysters in
F systems might experience stress responses to particle
concentration fluctuations or food depletion (Hawkins
et al., 2001; Troost et al., 2009), thereby potentially
hindering performance if energy conditions regress
(Vélez and Epifanio, 1981).

Cultivation conditions in the F system are
favorable for the cultivation of Crassostrea gigas' oyster
seeds, especially after the oyster settlement phase. The
cultivation in this system enabled consistent growth in
SH and SL, and yield performance, while maintaining a
higher survival rate, and attaining a higher probability
(over 75 %) of better yield performance than oysters
cultivated in the D system. In addition, oyster seeds in
F systems also acquire a higher proportion of standard
shape, especially for the individuals retained at a 1000
pm sieve, which also corroborates the implementation
of this system for greater single-seed oyster production.
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