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ARTICLE INFO ABSTRACT
Keywords: The feeding behaviour of the Indian backwater oyster (Crassostrea madrasensis), a key estuarine filter-feeding
Crassostrea madrasensis bivalve native to the dynamic coastal waters of the Bay of Bengal, is intricately linked to a complex interplay

Estuarine bivalve
Selective feeding behaviors
Plankton assemblage

of external environmental conditions and internal physiological processes. This study investigated the selective
feeding behaviour of C. madrasensis over a complete annual cycle (July 2023-June 2024) along the southeast
Eco-physiological drivers coast of Bangladesh, employing an integrated multivariate approach to elucidate how seasonal variations in
Gametogenic cycle plankton assemblages and environmental conditions influence feeding selectivity and the reproductive cycle of
Bay of Bengal C. madrasensis. Various multivariate analyses revealed that water quality parameters, plankton abundance, and
ingested gut plankton exhibited significant seasonal variability, driven by monsoonal hydrodynamics and
nutrient influx. Environmental parameters such as temperature and turbidity were negatively associated, while
chlorophyll-a and dissolved nutrients were positively correlated with both plankton availability and ingestion.
Analysis of gut contents revealed that C. madrasensis selectively ingested specific plankton genera/groups, with
clear seasonal positive selection for 17 genera/groups, including Amphidinium (17.5 % of total ingestion),
Skeletonema (15.1 % of total ingestion), Coscinodiscus (12.0 % of total ingestion), and Cyclotella (10.8 % of total
ingestion) comprised the highest proportions. Cluster analyses showed peak ingestion during the post-monsoon
and late autumn months, coinciding with elevated chlorophyll-a concentrations and nutrient levels in the water
column. The seasonal shifts in feeding selectivity corresponded with environmental changes and gonadal
development phases, indicating an adaptive response to both external ecological factors and internal physio-
logical cues. During the post-monsoon gametogenic phase, multivariate patterns suggest greater reliance on
ingested food to support gamete maturation. In contrast, patterns observed during the pre-monsoon period are
consistent with increased use of stored reserves, although continued feeding on smaller planktonic cells cannot
be ruled out. These findings from these broad datasets provide valuable insights into the ecological adaptability
of C. madrasensis, informing sustainable oyster farming strategies and enhancing resilience in coastal aquaculture
systems in monsoon-influenced tropical environments like the Bay of Bengal.

1. Introduction to meet the growing global demand for protein (Costello et al., 2020;
Free et al., 2022). Bivalve farming has gained global prominence due to
Marine food production has increasingly emerged as a critical sector its simplicity, cost-effectiveness, and ecological sustainability, requiring
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minimal infrastructure and no supplemental feed (O’Shea et al., 2019).
Global mollusc aquaculture, including oysters, clams, cockles, scallops,
mussels, and others, produced approximately 18.9 million tonnes in
2022 (FAO, 2024) and continues to expand owing to increasing demand
for sustainable, low-trophic seafood and ecosystem services such as
carbon sequestration, habitat provision, and water purification (Cabre
et al., 2021; Theuerkauf et al., 2021; Willer et al., 2021). In Asia, where
mariculture sustains coastal livelihoods and food security (Ahmed and
Thompson, 2019; Krause et al., 2019; Smaal et al., 2019), bivalve
farming offers a sustainable means to enhance seafood production
without depleting wild stocks (Jacquet, 2017; Willer et al., 2021).
Consequently, a thorough understanding of the feeding biology of ma-
rine bivalves is essential to provide scientifically sound recommenda-
tions for the sustainable management and commercial farming of
marine bivalves.

Bangladesh’s coastal and maritime waters host diverse oyster species
(Siddiqui et al., 2007). Among the various species of oysters, Crassostrea
madrasensis, commonly known as the Indian backwater oyster, stands
out as a prominent bivalve found primarily in the estuarine and coastal
waters along the Bay of Bengal, Bangladesh (Asaduzzaman et al., 2025).
Like other marine bivalves, C. madrasensis is a filter feeder that ingests
organic particles, with plankton as its main food source (Meitei et al.,
2025; Thangavelu, 1988). Thus, its feeding biology is closely linked to
coastal hydrodynamics and seasonal plankton dynamics, both driven by
the monsoonal climate. The Bay of Bengal experiences marked shifts
between wet (June-September) and dry (October-May) periods, regu-
lated by the southwest monsoon (Sarker et al., 2021; Singh et al., 2014),
which alters salinity, turbidity, nutrients, and temperature (Achary
et al., 2014; Madhupratap et al., 2003). During the wet monsoon, heavy
rainfall, about 80 % of the annual 3740 mm, causes strong riverine
discharge, reducing salinity and water transparency but enriching sur-
face waters with nutrients, influencing plankton abundance and
composition (BMD, 2017; Das et al., 2017; Mukhopadhyay et al., 2006).
Furthermore, stratification of the surface water layer during the
monsoon months often limits the upward movement of nutrient-rich
waters from the deeper ocean to the surface (Kumar et al., 2001).
Conversely, the dry season stabilizes salinity and nutrients, promoting
post-monsoon plankton growth (Choudhury and Pal, 2010; Singh and
Kumar, 2021). These seasonal fluctuations in plankton communities
strongly influence C. madrasensis feeding strategies, underscoring the
need to examine how plankton dynamics shape oyster feeding
behaviors.

Marine bivalves can adjust selective ingestion by modulating filtra-
tion rates in response to changing environmental conditions (Cranford
et al.,, 2016; Rosa et al., 2018). Selective feeding is a complex eco-
physiological trait, enables oysters to regulate food intake based on
particle size and quality to support growth, reproduction, and health
(Dupuy et al., 2000; Prasetiya et al., 2017). This ability is especially
advantageous in estuarine systems associated with the Bay of Bengal,
where suspended particulates include both organic nutrients (e.g.,
phytoplankton) and non-nutrient (e.g., inorganic silt) components. In
C. madrasensis, feeding selectivity is mediated by labial palps and cili-
ated gills that sort particles by size and biochemical quality, ingesting
nutritious particles and rejecting others as pseudofeces (Ward and
Shumway, 2004). However, selection efficiency varies among species
due to structural and behavioral differences (Hawkins et al., 1988; Ward
et al., 1998). Oysters also adjust selection in response to environmental
factors, including plankton quality and availability (Pales Espinosa
et al., 2007). During high turbidity in the wet season, selective feeding
minimizes low-quality ingestion and supports growth and reproduction.
Thus, studying this behaviour under varying seasonal conditions is
critical for improving oyster farming and understanding their ecological
roles in the Bay of Bengal.

Eco-physiological drivers such as gametogenic cycles, metabolic
rates, and stress tolerance also influence feeding behaviour (Enriquez-
Diaz et al.,, 2009; Karray et al., 2015; Ubertini et al., 2017). The
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gametogenic cycle of C. madrasensis is energy-intensive and tightly
linked to ecological cues like temperature, salinity, and phytoplankton
availability (Gosling, 2003; Ojea et al., 2004). Depending on conditions,
oysters may adopt opportunistic or conservative strategies for energy
allocation (Bayne, 1976; Berthelin et al., 2000; Kang et al., 2000; Lopes-
Lima et al., 2014; Asaduzzaman et al., 2019). It is essential to determine
whether C. madrasensis derives energy directly from food during
favourable conditions or mobilizes stored reserves during stress (Hassan
et al., 2018; Pouvreau, 2000). Energy demand peaks during pre-
spawning and spawning, elevating filtration rates (Li et al., 2009;
Mendo et al., 2016), while post-spawning phases emphasize somatic
maintenance with reduced feeding. Thus, feeding intensity and selec-
tivity in oysters are influenced by both external food availability and
internal physiological priorities throughout the reproductive season
(Barr et al., 2024; Bourles et al., 2009). Yet, the interrelations among
feeding selectivity, seasonal plankton dynamics, and eco-physiological
factors remain poorly understood in C. madrasensis and other marine
bivalves (Asaduzzaman et al., 2020; Geetha et al., 2007; Noor et al.,
2021; Saurel et al., 2007).

This study aimed to elucidate how seasonal variations in plankton
assemblages and environmental conditions influence feeding selectivity
and the reproductive cycle of C. madrasensis along the southeast coast of
the Bay of Bengal. Year-round data were analyzed to evaluate seasonal
variability in taxonomic assemblages of water and gut plankton. Selec-
tivity indices were calculated to determine selective ingestion patterns
and adaptive feeding strategies during key reproductive stages. Finally,
comprehensive multivariate analyses were performed to explore the
linkages among eco-physiological factors, plankton dynamics, and se-
lective feeding behaviour. Understanding these relationships is crucial
for predicting oyster responses to environmental variability and
improving productivity and resilience in coastal aquaculture systems.

2. Materials and methods
2.1. Sampling strategies of C. madrasensis

Mature specimens of the Indian backwater oyster (C. madrasensis)
were collected from two designated sampling sites within the Mohesh-
khali Channel, located in Cox’s Bazar, Bangladesh (Fig. 1). This estua-
rine channel, situated along the southeastern coastline, is directly
connected to the Bay of Bengal and is recognized as a natural breeding
ground for C. madrasensis. From July 2023 to June 2024, approximately
25-30 adult oysters (shell length > 80 mm) were randomly sampled
each month by local tribal fishers. The collected specimens were
immediately transferred to the field laboratory with sufficient seawater
at the Coastal Biodiversity, Marine Fisheries, and Wildlife Research
Centre, Chattogram Veterinary and Animal Sciences University
(CVASU), located at Dorianagar, Cox’s Bazar. Upon arrival, the oysters
were thoroughly cleaned using stiff brushes to remove biofouling or-
ganisms, sediment, and other debris, followed by rinsing with clean
water. For monthly gut plankton analysis, 10 individuals were randomly
selected from each monthly sample. To correlate gut content with
reproductive phases, the corresponding oysters were macroscopically
examined to assess gonadal development. Individuals showing visible
signs of gametogenesis, excluding those in resting or undifferentiated
stages, were assigned unique identification codes. A small portion of
gonadal tissue from each coded oyster was preserved in fixative (Bouin’s
solution) in labelled vials for histological examination to confirm the
maturity stage. Once the maturity stage was verified, the corresponding
gut plankton data for each coded individual were linked to its confirmed
gonadal development stage.

2.2. Observation of environmental parameters

All water samples were collected in the morning during low tide
conditions. Temperature (°C), salinity (ppt), pH, and dissolved oxygen
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Fig. 1. Map showing the collection sites for Crassostrea madrasensis along the southeastern coast of the Bay of Bengal, Bangladesh.

(DO, mg/L) were recorded monthly in triplicate at each sampling site
using a multifunctional environmental sensor (YSI, Loveland, CO, USA).
For nutrient analysis (NOs-N, NO2-N, NHs-N, and POs-P), triplicate water
samples were collected in 500 mL plastic bottles and transported to the
laboratory under ice-storage conditions. Subsamples of 10 mL were used
to analyze NOz-N, NHs-N, and POs-P, while 1 mL subsamples were used
for NOs-N analysis using spectrophotometry (PhotoFlex STD, WTW,
Weilheim, Germany), following APHA (1992) guidelines. Turbidity was
measured in triplicate using 10 mL subsamples and a digital turbidity
meter (Turb 430 IR, WTW, Weilheim, Germany). Additional water
quality parameters were assessed using 1-1 composite samples (collected
in triplicate) obtained with a vertical water sampler (1200-E Kemmerer,
WildCo, FL, USA) from each site. Total suspended solids (TSS, mg/L)
were determined from 500 mL of these samples using the gravimetric
method described by Wahab et al. (2018). For chlorophyll-a analysis,
the remaining 500 mL of each water sample was filtered through a
Whatman GF/C glass microfiber filter paper using a vacuum pressure air
pump. Chlorophyll-a concentrations were then measured spectropho-
tometrically at wavelengths of 664, 647, and 630 nm using a calibrated
spectrometer (Optizen Pop 2102, Daejeon, Republic of Korea), following
the method outlined by Boyd (1979).

2.3. Qualitative and quantitative estimation of water plankton
To characterize the plankton assemblage within the particle size

spectrum relevant to oyster feeding, 20 L of pooled subsurface water
samples were collected monthly in triplicate from both sampling sites

using a vertical water sampler (1200-E Kemmerer, WildCo, FL, USA).
The collected water was filtered through a 20-pm mesh plankton net,
and the resulting filtrate concentrate was collected and preserved in 150
mL plastic bottles containing 5 % buffered formalin. Samples were then
transported to the Oceanography Laboratory at Chattogram Veterinary
and Animal Sciences University (CVASU) for qualitative and quantita-
tive analysis. Plankton quantification was performed using a Sedgewick-
Rafter (S-R) cell containing 1000 grids, each with a volume of 1 mma,
following the method described by Asaduzzaman et al. (2020). For each
water sample, 1 mL aliquot of the sample in triplicate was loaded into
the S-R cell, and plankton present in 10 randomly selected grids were
counted under a binocular microscope (Optica B-190 TB, Ponteranica,
Italy) equipped with a 10x ocular lens and 10 x — 40x objectives,
providing total magnifications of 100x — 400x. Phytoplankton were
identified to the genus level using taxonomic keys by Botes (2001) and
Mitra et al. (2013). Zooplankton were further classified into major
taxonomic groups according to Al-Kandari et al. (2009). The plankton
abundance in water was determined using the formula: N = (P x C x
100)/L, where, N is the number of plankton cells (phytoplankton) or
individual (zooplankton) per liter of original water, P is the average
number of plankton measured in 10 fields, C is the volume (ml) of the
final concentrate, and L is the volume (liter) of the water sample utilized.
Larger meso- and macrozooplankton (> 500 pm) that could not be
accommodated in the S-R cells were rare and were excluded from
quantitative analyses.
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2.4. Gonadal histological analyses

Gonadal tissues preserved in Bouin’s solution were subjected to a
graded ethanol-xylene dehydration series (ranging from 80 % to 100 %
ethanol), followed by paraffin embedding using Paraplast®. The
embedded tissues were then sectioned transversely at a thickness of 7
pm and mounted onto glass slides. To prepare the tissue sections for
staining, a progressive alcohol dehydration protocol was applied. Slides
were subsequently stained with Harris” hematoxylin and eosin following
the method outlined by Pearse (1985). The stained sections were
examined and photographed under a digital microscope (Optika B-190
TB, Ponteranica, Italy) at objective magnifications ranging from 10 to
40 x to assess gonadal development stages. Based on histological fea-
tures, gonadal development was categorized into five distinct stages:
resting, developing, mature, spawning, and spent, as described by Asa-
duzzaman et al. (2019).

2.5. Qualitative and quantitative estimation of gut plankton abundance

After dissection, stomach contents were collected using a glass pas-
teur pipette through a small slit beneath the crystalline style and diluted
with a specific amount of distilled water. A 1-ml subsample was trans-
ferred to a Sedgewick Rafter Counting Cell (S-R cell), and all plankton in
10 randomly selected squares were identified up to the genus level and
counted using a binocular microscope (Optica B-190 TB with digital
facilities) equipped with a 10x ocular lens and 10 x — 40x objectives,
providing total magnifications of 100x — 400x. Three subsamples from
each gut sample were studied in the same way. Like water plankton,
ingested phytoplankton in the gastrointestinal tract were also identified
up to the genus level using keys by Botes (2001) and Mitra et al. (2013).
Zooplankton were classified into different taxonomic groups according
to Al-Kandari et al. (2009). The plankton abundance in the gut was
determined using the following formula: N = (P x C x 100), where N is
the number of plankton cells (phytoplankton) or individuals
(zooplankton) in the entire gut, P is the total number of plankton
collected in 10 fields, and C is the volume of the sample’s final
concentrate in milliliters.

2.6. Determination of selective feeding indices

The feeding selectivity of oysters was assessed using the equation
(Ivlev, 1961): E’ = (ag-aw)/(ag + aw), where E’ = Ivlev’s selectivity
indices, ag = relative abundance (% of total plankton composition) of a
plankton genus/group in the stomach content, and aw = relative
abundance (% of total plankton composition) of the same plankton
genus/group in the water column. The index values range from —1 (total
avoidance) to +1 (complete preference), where 0 indicates random
feeding.

2.7. Statistical analysis

All statistical analyses were conducted using R software, version
3.5.2 (R Core Team, 2024). Proportional data were initially expressed as
percentages and subsequently transformed using the arcsine square root
method to meet statistical assumptions. Normality of the data distribu-
tions was evaluated using the Shapiro-Wilk test, while homogeneity of
variances was assessed through Levene’s test, implemented via the
‘onewaytests’ package (Dag et al., 2017). To examine monthly varia-
tions across datasets, a univariate analysis of variance (ANOVA) was
performed using the “car” package (Fox and Weisberg, 2019). Where
significant differences were detected, Tukey’s post hoc test was applied
using the “multcomp” package (Hothorn et al., 2010) for multiple
comparisons. All statistical inferences were made at a 95 % confidence
level. Before conducting multivariate analyses, one-way ANOVA was
applied specifically to the water quality data. Monthly trends in water
and gut plankton composition were explored using hierarchical cluster
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analysis, employing Euclidean distance as the dissimilarity metric and
the UPGMA (unweighted pair group method with arithmetic mean) al-
gorithm for clustering. These analyses were performed using the ‘den-
dextend’ package (Galili, 2015). Relationships among the studied
variables were assessed and visualized using correlation plots generated
through the ‘PerformanceAnalytics’ package (Peterson and Carl, 2024).
Principal component analysis (PCA) was conducted on all datasets using
the ‘FactoMineR’ package (Le et al., 2008), with interpretation based on
the first two principal components, which accounted for the majority of
the variance observed. A second PCA was applied to plankton relative
abundance data to explore natural (unconstrained) patterns and sea-
sonal overlap among communities. Canonical Variance Analysis (CVA)
was carried out using the ‘MASS’ package (Venables and Ripley, 2002)
to statistically assess and visualize group separation based on actual
seasonal categories (summer, rainy, autumn, late-autumn, winter, and
spring) or predefined seasonal monsoon categories (pre-monsoon,
monsoon, post-monsoon). This analysis maximizes between-group
variance relative to within-group variance, providing a quantitative
test of distinct seasonal assemblages. All visualizations and graphical
outputs were created using the ‘ggplot2’ package (Wickham, 2016).

3. Results

3.1. Seasonal variation in water quality parameters and plankton
community dynamics

Water quality parameters at the oyster sampling sites exhibited
pronounced seasonal fluctuations throughout the study period (Table 1).
Temperature remained highest from July to September and gradually
declined to the lowest values in December. Salinity showed an opposite
pattern, increasing progressively from 12.7 ppt in July (monsoon) to
peak values of 33.6 ppt during February-March (late winter to early pre-
monsoon). Turbidity was extremely high during the monsoon months
(July-September) and dropped sharply during post-monsoon and winter
(October—January). Dissolved oxygen ranged from 6.0 to 7.4 ppm, with
relatively higher levels during winter (December-February), whereas
pH fluctuated moderately (7.1-8.3) without clear seasonal trends.
Nutrient concentrations also showed strong seasonality; nitrate and
phosphate were elevated during the monsoon and early post-monsoon.
Chlorophyll-a levels followed a similar pattern, peaking during
nutrient-rich post-monsoon and early winter and reaching a minimum
during late pre-monsoon.

A total of 69 plankton genera/groups were identified from the
coastal waters of the southeastern Bay of Bengal, comprising 61
phytoplankton and 8 zooplankton genera/groups (Fig. 2A). The phyto-
plankton community belonged to several taxonomic groups, including
Coscinodiscophyceae (17 genera), Fragilariophyceae (5), Bacillar-
iophyceae (21), Chlorophyceae (3), Cyanophyceae (6), and Dinophy-
ceae (9). The zooplankton component included 8 genera/groups. Among
these plankton, several genera/groups were consistently dominant
across the study period, including Bellerochea, Coscinodiscus, Cyclotella,
Ditylium, Leptocylindricus, Melosira, Asterionellopsis, Fragilaria, Lioloma,
Thalassionema, Chaetoceros, Lithodesmium, Nitzschia, Pleurosigma,
Pseudo-nitzschia, Skeletonema, Anabaena, Oscillatoria, Ceratium, Proto-
peridinium, Pyrophacus, Amphipoda, Copepoda, Daphnia, and Moina
(Fig. 2A).

Multivariate analyses of plankton abundance along the southeast
coast of the Bay of Bengal revealed strong seasonal dynamics in com-
munity composition (Fig. 2A). Analysis through hierarchical clustering,
using Euclidean distance to assess dissimilarity, indicated January and
February formed a distinct cluster with minimal diversity and domi-
nance of a few plankton taxa. As the year progressed, especially from
March to July, the community composition diversified, with increased
contributions from a wider range of plankton taxa. The months from
August to December displayed additional shifts, with October and
December showing distinct planktonic structures, suggesting seasonal
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Table 1

Monthly fluctuations in water quality parameters at sampling locations for Crassostrea madrasensis along the southeastern coast of the Bay of Bengal, Bangladesh. Data represent mean =+ standard deviation (top row for

each parameter) and observed ranges (bottom row) based on measurements from two sites. Statistical significance of one-way ANOVA is indicated by p-values, with asterisks denoting significance levels (

< 0.001).

P

Sig. level
P-Value

Annual variation

Water

Parameters

Jun

May

Apr

Mar

Feb

Jan

Dec

Nov

Oct

Sep

Aug

Jul

0.000%**

29.5 + 0.34
29.2-29.8
283.16 +
26.7

29.41 +0.27
29.3-29.6
215 + 40.9

27.27 £0.33
26.8-27.2

26.35+0.25
26.2-26.5

25.53+0.38
25.3-25.8

24.56 + 0.24
24.3-24.7
197.03 +

77.6

22.3 +£0.26
22.1-22.5
11.6 £ 4.6

23.53+0.38
23.2-23.8

28.38 £0.16

28.2-28.5

31.75+ 0.1
31.6-31.9

32.53 £ 0.22

32.4-32.8

30.75+0.11
30.7-30.9

Temp. (°C)

0.000%**

89.03 +16.8

37.08 + 32.3

119.73 £ 5.6

13.29 + 6.1

71.76 + 26.5

367.16 £ 5.5

334.83 +
0.28.4

269.16 + 5.4

Turbidity

(NTU)

243-320

182-258
6.68 + 0.3
6.14-6.90

298-365 358-372 39.5-105 8.45-20.9 6.9-16.6 83.2-275 114-126 10.7-86 68.3-110

262-275

0.000%**

6.25 + 0.2
5.98-6.42

8.06 + 0.1
8.0-8.2

6.53 + 0.4
6.12-7.00

6.79 £ 0.4
6.28-6.94

7.42 £ 0.3
7.02-7.81

7.29 + 0.4
6.94-7.78

6.77 £ 0.3
6.4-7.12

7.28 £ 0.3
6.8-7.48

6.51 + 0.3

6.14-6.90

6.10 £ 0.2
5.88-6.24

6.07 £ 0.2 6.54 + 0.1
6.04-6.72

5.84-6.33

DO (ppm)

0.000%**

7.166 + 0.3
7.0-7.5

7.416 + 0.37

7.0-8.0

7.9 +0.1
7.8-8

7.7 £0.3
7.0-8.0

7.983 £ 0.1
7.9-8.2

8.05 + 0.1
8-8

7.633 £ 0.2
7.5-7.8

7.733 £0.2
7.5-8

8.15+0.1

8.35 £ 0.1
8-

8.2-8.5

7.633 £ 0.3
7.3-7.9

pH

.1

8.3

0.000%**

28.63 £ 0.0
28.2-28.8

31.81 £ 0.3
31.4-32.3

32.15+0.23
31.8-32.4

33.08 £ 0.2
32.8-33.5

33.66 + 0.2
33.4-33.8

33.35+£0.1
32.8-33.9

32.85+ 0.1

32.5-33.2

30.8 £ 0.7
29.8-31.4

26.8 + 0.3

26.4-27.2

22.8 + 0.4
22.4-23.4

18.53 + 0.2
18.2-18.8

12.68 + 0.2

11.6-13.1

Salinity (ppt)

0.936NS

417 +1.7
39.4-44.4

28.7 + 1.8
26.5-30.8

50.5 + 4.8
44.8-55.4
0.29 + 01
0.22-0.34

70.5 + 3.8

66.2-74.8

55.8 + 6.4
49.6-62.7
0.4+ 0.0

85.8 +4.5 71.4+5.4 73.8+3.9 30.3+2.8
65.6-77.2 68.9-77.4 26.9-33.5

80.4-90.3

152.7 £ 6.1

161.4 + 4.4

1445+ 5.4

TSS (ppm)

145.4-159.7
0.48 + 0.1
0.42-0.54

156.8-166.5

138.8-150.5
0.46 + 0.1
0.32-0.58

0.20 + 0.1 0.000%**

0.12-0.28

0.24 + 0.0
0.18-0.28

0.33+0.1
0.28-0.42

0.49 £ 0.1
0.46-0.56

0.65 + 0.1 0.52 + 0.1
0.48-0.64

0.58-0.74

0.55 +0.1
0.44-0.62

0.49 £ 0.1

0.34-0.64

NO3-N (ppm)

0.36-0.44
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turnover associated with environmental transitions. (Fig. 2A). The PCA
analyses supported this seasonal separation, with the first two di-
mensions explaining 58.8 % of the total variance in the dataset (Dim1:
37.7 %, Dim2: 21.1 %) (Fig. 2B). A clear separation was evident along
the PCA axes for October, November, and December, setting them apart
from the closely grouped remaining months. The PCA biplot further
displayed the monthly shift of the dominant taxonomic group of water
plankton (Fig. 2B). Coscinodiscophyceae, Bacillariophyceae, Chlor-
ophyceae, and Cyanophyceae were more prevalent from October to
December. In contrast, Fragilariophyceae peaked in August, while
Dinophyceae showed the highest abundance in March. Notably,
zooplankton reached their maximum abundance in August (Fig. 2B).
The CVA analyses further clarified the seasonal clustering pattern,
showing distinct month-wise groupings, with minimal overlap between
certain periods such as March, August, and October (Fig. 2C). In
contrast, the compact grouping of samples in some months (e.g., March,
August) suggests more stable community composition during those pe-
riods (Fig. 2C).

A density plot analysis was also employed to examine seasonal trends
in the abundance of various plankton groups in the water column
(Fig. 3). During winter, Fragilariophyceae and zooplankton were
dominant, indicating a mixed planktonic community with both diatom
and zooplankton peaks. Summer exhibited an increased abundance of
Chlorophyceae and Dinophyceae, with high densities of zooplankton,
reflecting a nutrient-rich environment. The rainy season was charac-
terized by the low to moderate densities of all groups of plankton.
Autumn showed a diverse assemblage with an increase of Bacillar-
iophyceae and overall total phytoplankton. Late autumn had a sharp
dominance of total phytoplankton, accompanied by a resurgence in
water Dinophyceae and zooplankton. These seasonal shifts highlight the
dynamic nature of plankton communities, influenced by monsoonal
patterns, nutrient fluxes, and hydrological conditions.

To assess how environmental factors influenced water plankton
abundance, correlation analyses were conducted between ecological
parameters and water plankton composition (Fig. 4). Temperature
exhibited a significant negative correlation with several phytoplankton
groups, including Coscinodiscophyceae (r = —0.32; p < 0.001), Chlor-
ophyceae (r = —0.53; p < 0.001), Cyanophyceae (r = —0.24; p < 0.01),
and Dinophyceae (r = —0.19; p < 0.05). Overall, phytoplankton abun-
dance also showed inverse relationships with temperature (r = —0.24; p
< 0.01). Turbidity was another factor that negatively impacted several
plankton groups. Significant inverse correlations were observed for
Coscinodiscophyceae (r = —0.26; p < 0.01), Bacillariophyceae (r =
—0.30; p < 0.001), Chlorophyceae (r = —0.47; p < 0.001), Cyanophy-
ceae (r = —0.21; p < 0.05), Dinophyceae (r = —0.28; p < 0.01), as well
as total phytoplankton abundance (r = —0.41; p < 0.001). Conversely,
salinity and dissolved oxygen (DO) showed no significant correlations
with the majority of the plankton groups, except for a significant posi-
tive correlation with Chlorophyceae (r = 0.25; p < 0.01 and r = 0.34; p
< 0.001, respectively). Chlorophyll-a concentration was also positively
associated with the abundance of several plankton groups, including
Bacillariophyceae (r = 0.24; p < 0.01), Chlorophyceae (r = 0.37; p <
0.001), Cyanophyceae (r = 0.17; p < 0.05), overall phytoplankton (r =
0.33; p < 0.001). Furthermore, concentrations of key nutrients such as
nitrate (NOs-N), nitrite (NO2-N), and phosphate (POs-P) were positively
correlated with the abundance of most plankton taxa, except Dinophy-
ceae which did not exhibit significant responses to nutrient levels
(Fig. 4).

A PCA analysis was further conducted to explore how environmental
factors shape the plankton abundance and composition associated with
the seasonal changes along the southeast coast of the Bay of Bengal,
Bangladesh (Fig. 5). The analysis revealed that the first two principal
components (PC1 and PC2) together accounted for 53.4 % of the total
variance in the dataset. PC1 alone explained 33.9 % of the variation and
was positively associated with most plankton taxa. This axis showed
strong positive correlations with dissolved nutrients (NOs, NO2, and
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Fig. 2. Cluster and multivariate analyses depicting the monthly fluctuations in plankton abundance (cells or individuals/L) and composition in the water column at
Crassostrea madrasensis collection sites along the southeastern coast of the Bay of Bengal, Bangladesh. (A) Dendrogram constructed using squared Euclidean distance
to show dissimilarities in monthly water plankton composition (%). The sequential arrangement of groups within each stacked bar precisely mirrors their rank order
as presented in the legend. (B) Principal Component Analysis (PCA) biplot illustrating variation in water plankton abundance across months. (C) Canonical Variate
Analysis (CVA) biplot demonstrating monthly differences in water plankton abundance. Analyses are based on six replicates per month (3 replicates from each of 2

sampling sites) of water plankton data (n = 72).

PO.), salinity, dissolved oxygen (DO), and chlorophyll-a concentrations,
while being negatively correlated with temperature, turbidity, and total
suspended solids (TSS). The PCA results suggested that elevated nutrient
levels, particularly during October and November, were key drivers of
high plankton abundance (Fig. 5). In contrast, distinct ecological con-
ditions shaped plankton dynamics during other seasons. From April to
June, species distributions were influenced by different environmental
processes, while from July to August and September, elevated temper-
atures and turbidity levels were the dominant factors shaping plankton
community structure and abundance along the Moheshkhali channel of

the Bay of Bengal, Bangladesh.

3.2. Seasonal variation of ecological factors and plankton ingestion

Throughout the study period, a total of 53 plankton genera/groups
were identified within the gastrointestinal tracts of C. madrasensis,
comprising 47 phytoplankton and 6 zooplankton genera/groups (Fig. 6).
These included representatives from several phytoplankton groups:
Coscinodiscophyceae (14 genera), Fragilariophyceae (5), Bacillar-
iophyceae (16), Chlorophyceae (3), Cyanophyceae (4), and
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Dinophyceae (5), along with 6 genera/groups of zooplankton. The most
frequently consumed genus was Amphidinium, which made up 17.51 %
of the total ingested plankton, followed by Skeletonema (15.11 %),
Coscinodiscus (11.95 %), and Cyclotella (10.76 %). Other notable genera/
groups included Lioloma, Thalassionema, Pleurosigma, Pseudo-nitzschia,
Anabaena, Oscillatoria, and members of Copepoda.

Various multivariate analyses of monthly plankton ingestion by
C. madrasensis revealed marked temporal variations, indicating seasonal
shifts in dietary composition (Fig. 6). Hierarchical clustering analysis
demonstrated that January and February formed separate clusters,
reflecting the dominance of a few taxa such as Amphidinium, Nitzschia,
and Skeletonema (Fig. 6A). The spring and early summer months (March
to May) exhibited a transitional phase, with more diverse plankton
composition in the C. madrasensis gut, while a noticeable increase in
taxonomic richness was observed from July to November. Notably, the
gut content in November and December showed higher proportions of
Fragilaria, Skeletonema, and larval forms such as copepods and mollusks
(Fig. 6A).

The PCA analysis further supported these temporal shifts, with Dim1
and Dim2 explaining 24.1 % and 20 % of the variation, respectively
(Fig. 6B). The PCA and CVA analyses revealed that the multivariate
spaces of most of the months showed partial overlap, indicating varying
degrees of similarity in ingested plankton, but with notable seasonal
gradients (Fig. 6B-C). The multivariate spaces of February were
completely separated from the other months (Fig. 6B) due to the
excessive ingestions we noticed for the Amphidinium plankton. The
ingestion of specific plankton groups also varied seasonally, as revealed
by the visualization of CVA density plots (Fig. 7). During winter,

ingestion was dominated by Dinophyceae and total phytoplankton,
indicating a preference for phytoplankton groups likely driven by higher
availability and nutritional content (Fig. 7). Spring showed continued
dominance of total phytoplankton, accompanied by a notable presence
of Chlorophyceae and Bacillariophyceae. In summer, ingestion is
dominated by Coscinodiscophyceae and zooplankton. The rainy season
exhibited elevated ingestion of Coscinodiscophyceae. Late autumn dis-
played an increased intake of Chlorophyceae and Dinophyceae. These
seasonal patterns emphasize oysters’ dietary plasticity, aligning
plankton ingestion with temporal resource availability and physiolog-
ical requirements (Fig. 7).

A correlation analyses were carried out linking ecological factors
with the composition of plankton consumed to evaluate the impact of
environmental variables on dietary intake (Fig. 8). Temperature
exhibited significant negative correlations with the ingestion of Chlor-
ophyceae (r = —0.37, p < 0.001) and Dinophyceae (r = —0.26, p < 0.01).
Dissolved oxygen and chlorophyll-a concentrations were inversely
correlated with zooplankton intake (r = —0.26, p < 0.01 and r = —0.43,
p < 0.001, respectively). Additionally, salinity and turbidity negatively
influenced the ingestion of Bacillariophyceae (r = —0.60, p < 0.001) and
Chlorophyceae (r = —0.36, p < 0.001). Conversely, chlorophyll-a con-
centrations were positively correlated with the ingestion of all phyto-
plankton groups, reflecting higher feeding activity in response to greater
primary productivity. Nutrient levels (NOs-N, NO2-N, PO4P) also
showed positive associations with the ingestion of most phytoplankton
groups. However, Fragilariophyceae and Dinophyceae showed negative
correlations with nitrate (r = —0.30, p < 0.001) and nitrite (r= —0.20, p
< 0.05), respectively. Zooplankton consumption was negatively
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Fig. 4. Relationships between the annual fluctuations in water quality parameters and the monthly dynamics of plankton abundance (cells or individuals/L) found in
the water column of Crassostrea madrasensis collection sites located across the southeast coast of the Bay of Bengal, Bangladesh. Here, the variables’ full names are:
Temp- water temperature (°C); DO- dissolved oxygen (ppm); Salt- salinity (ppt), Turbid- turbidity (NTU); TSS- total suspended solids (ppm); Chl.a- chlorophyll a (ug/
L); NO3- nitrate-nitrogen (ppm); NO2- nitrite-nitrogen (ppm); PO4- phosphate-phosphorus (ppm); W.Cos — Coscinodiscophyceae in water; W.Fra — Fragilariophyceae
in water; W.Baci — Bacillariophyceae in water; W.Chlo — Chlorophyceae in water; W.Cya — Cyanophyceae in water; W.Dino — Dinophyceae in water; W.Phyto — total
water phytoplankton; W.Zoo — water zooplankton. The scale is log10 of the actual abundance values (cells or individuals/L). The values given around all the axes are
the range of each individual parameter’s measured unit values. Correlation coefficients (r) are indicated with numeric values, where the font size of r gets bigger as

the correlation gets stronger. The significance levels (p) are denoted by asterisks (* < 0.05, ** < 0.01, *** < 0.001).

correlated with all three major nutrients: nitrate (r = —0.53, p < 0.001),
nitrite (r = —0.27, p < 0.01), and phosphate (r = —0.35, p < 0.001).

To further examine the interaction between ecological factors, sea-
sonality, and gut plankton composition, a multivariate PCA was per-
formed (Fig. 9). The first two principal components (PC1 and PC2)
accounted for 48.2 % of the total variance. PC1 (29.3 %) was positively
associated with the ingestion of Coscinodiscophyceae, Chlorophyceae,
Cyanophyceae, Dinophyceae, and total phytoplankton, and correlated
positively with chlorophyll-a, DO, salinity, TSS, and nutrient levels
(NOs-N, NO2-N, PO4-P), while showing negative correlations with tem-
perature and turbidity. PC2 (18.9 %) was primarily driven by Coscino-
discophyceae,  Bacillariophyceae, = Cyanophyceae, and total
phytoplankton. It showed positive correlations with temperature,
turbidity, chlorophyll-a, and nutrient concentrations, and negative as-
sociations with DO, salinity, and TSS. These results highlight that
plankton ingestion by oysters between October and February was
distinct from other months, likely reflecting the influence of seasonal
ecological conditions on feeding behaviour (Fig. 9).

3.3. Selective ingestion of plankton by the oyster

Analysis of Ivlev’s electivity indices revealed clear patterns of se-
lective feeding behaviour by C. madrasensis, indicating that oysters did

not ingest all available plankton taxa equally (Fig. 10). Out of the 69
plankton genera/groups identified in the surrounding water column,
oysters showed positive selection for 17 genera/groups. These included
two genera from Coscinodiscophyceae, one from Fragilariophyceae, six
from Bacillariophyceae, two from Chlorophyceae, one from Cyanophy-
ceae, one from Dinophyceae, and four zooplankton genera/groups
(Fig. 10). Specifically, the oyster displayed positive electivity for
Coscinodiscus and Cyclotella (within Coscinodiscophyceae), Lioloma
(Fragilariophyceae), Cylindrotheca, Lampriscus, Lauderia, Navicula, Nitz-
schia, and Pleurosigma (Bacillariophyceae), Chlorella and Pediastrum
(Chlorophyceae), Anabaena (Cyanophyceae), and Amphidinium (Dino-
phyceae). Among zooplankton, preferential consumption was observed
for Acetes, Amphipoda, Copepoda, and mollusc larvae (Fig. 10). Of all
groups, Bacillariophyceae emerged as the most selectively consumed
group across the study period (Fig. 10B). Notably, the genus Amphidi-
nium under the Dinophyceae group exhibited the highest electivity index
(EI 0.8), particularly during the months January and February
(Fig. 10C). To assess seasonal trends in feeding selectivity, electivity
indices of different groups of plankton were further analyzed by season
using a bar graph (Fig. 11). The results indicated that oysters showed
seasonal shifts in their plankton preferences. Genera/groups from
Coscinodiscophyceae were most actively selected during the autumn
months (October-November), while Fragilariophyceae were favoured in
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the summer (June). Oysters showed the highest selectivity for Bacillar-
iophyceae during the monsoon season (July—August), and for Chlor-
ophyceae immediately before and after the monsoon period (May and
September). Cyanophyceae were preferentially consumed in autumn
(October), Dinophyceae during winter (December to February), and
zooplankton taxa during the summer months (May-June).

3.4. Plankton ingestion associated with the reproductive cycle

CVA was employed to evaluate the influence of plankton ingestion
on the reproductive stages of C. madrasensis during pre-monsoon
(March-June) and post-monsoon (October-February) gametogenic
cycle. The analysis revealed distinct clustering patterns, particularly
during the post-monsoon gametogenic cycle, that corresponded to
different gonadal stages, indicating a strong relationship between
gonadal development and dietary intake. During the pre-monsoon
spawning phase (Fig. 12A), CV1 (61.26 %) and CV2 (28.60 %)
explained 89.86 % of the total variation. While the multivariate spaces
of gonadal stages showed marked overlap, mature and spawning stages
formed partially distinct clusters, suggesting stage-specific plankton
preferences or ingestion rates. Density plots (Fig. 12C) further supported
these patterns, with mature and spawning stages exhibiting broader
distributions across CV dimensions, indicative of selective and intensi-
fied plankton uptake during gametogenesis. Notably, the early devel-
oping stage showed relatively narrow distributions, suggesting lower
dietary intake. In contrast, during the post-monsoon season, the first
canonical axis (CV1) explained 59.76 % of the total variation, while the
second axis (CV2) accounted for 35.54 % (Fig. 12B). The clustering
showed clear segregation between spawning, mature, and other gonadal

stages, suggesting dietary shifts associated with the post-monsoon
gametogenic cycle (Fig. 12B).

The PCA analysis was further employed to investigate the patterns of
plankton ingestion across different gonadal development stages of
C. madrasensis during pre-monsoon (March-June) and post-monsoon
(October-February) gametogenic cycle (Fig. 12E-F). In the pre-
monsoon season (Fig. 12E), Dim1 and Dim2 accounted for 34.1 % and
27.7 % of the variance, respectively. The distribution of gonadal stages
during pre-monsoon was more overlapping compared to the post-
monsoon season, though some separation was still evident (Fig. 12E).
During the post-monsoon season (Fig. 12F), Dim1 and Dim2 explained
47.5 % and 16.1 % of the total variation, respectively. Clear clustering of
gonadal stages was observed in the post-monsoon gametogenic cycle,
particularly with spent individuals separating from early developmental
stages. Mature and spawning oysters were more closely associated with
higher ingestion of overall total zooplankton and phytoplankton. In
contrast, early and late developing stages were more associated with the
higher ingestion of Cyanophyceae, Chlorophyceae, and Dinophyceae
(Fig. 12 F). Overall, both the CVA and PCA analyses suggest that the
C. madrasensis followed opportunistic schemes on plankton ingestion
during the post-monsoon gametogenic cycle.

3.5. Interlinkages among seasonal plankton dynamics, the eco-
physiology factor, and feeding behaviour.

A comprehensive PCA was conducted to better understand the
complex interactions among feeding patterns, seasonal changes, envi-
ronmental variables, plankton availability in the water column, and the
reproductive phases of C. madrasensis (Fig. 13). This approach allowed
for the integration and synthesis of insights derived from multiple pre-
viously described datasets, providing a holistic view of these
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Fig. 6. Cluster and multivariate analyses illustrating the monthly variation in plankton communities (cells or individuals/oyster) within the gastrointestinal tract of
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for each month (n = 120).

interconnected extrinsic ecological factors and intrinsic physiological
processes. The first two principal components explain 36.6 % of the
variance, with Dim1 (23.2 %) and Dim2 (13.4 %) distinctly segregating
the pre-monsoon (March-June), monsoon (July-September), and post-
monsoon (October-January) periods. Pre-monsoon months (March to
June) are grouped in the negative space of Diml and Dim2, closely
associated with higher water temperature and turbidity, aligning with
gut contents somewhat enriched in zooplankton and Fragilariophyceae.
Although the embedded bar chart of condition index values in Fig. 13

10

indicates that C. madrasensis follows a pre-monsoon gametogenic cycle
primarily driven by elevated temperatures, this reproductive activity
appears not to depend on the increased availability and ingestion of
plankton. In contrast, post-monsoon months (October to January)
occupy the positive space of Dim1, closely linked to increased salinity,
dissolved oxygen, chlorophyll a, and nutrients, which correlate strongly
with the elevated abundance of phytoplankton groups such as Cosci-
nodiscophyceae, Cyanophyceae, and Dinophyceae in the water column.
These months also exhibit higher concentrations of corresponding gut
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contents.
4. Discussion

The present study elucidates the intricate interactions between
environmental variability, plankton dynamics, and the feeding behav-
iour of Crassostrea madrasensis along the southeast coast of the Bay of
Bengal. Seasonal fluctuations in hydrographic conditions and plankton
availability exerted pronounced influences on oyster dietary composi-
tion, selective feeding patterns, and trophic adjustments across game-
togenic cycles. The following discussion interprets these patterns in
relation to environmental modulation, plankton community structure,
and reproductive physiology, contextualizing them within broader
ecological frameworks and previous studies from similar monsoon-
driven coastal systems. However, before interpreting the feeding pat-
terns, it is important to recognize that this study quantified only
plankton larger than 20 pm. Smaller cells, which can be abundant in
estuarine systems, were not included in the analysis due to methodo-
logical limitations. Their potential contribution to oyster feeding cannot
be evaluated here, so the patterns reported in this study reflect only the
identifiable fraction of the available food.

4.1. Seasonal rhythms and environmental modulations of plankton
dynamics

Plankton communities are highly responsive to temporal fluctuations
in physicochemical parameters, serving as key indicators of coastal
water quality and ecosystem dynamics (Inyang and Wang, 2020;
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Srichandan et al., 2019; Asaduzzaman et al., 2020). The present study
highlights pronounced seasonal shifts in plankton communities and
water quality parameters in the southeastern Bay of Bengal, consistent
with oceanographic processes in tropical monsoon-driven systems (see
Figs. 2-5). Similar to other monsoon-influenced coasts, hydrographic
variability and nutrient loading shaped plankton turnover (Manuri
et al., 2020; Panigrahi et al., 2009). Freshwater inflow during the
southwest monsoon reduced salinity and increased turbidity, suppress-
ing light-dependent taxa (Noor et al., 2021; Khan et al., 2023), while
nutrient dilution during peak monsoon months further constrained
phytoplankton productivity (Asaduzzaman et al., 2020). In contrast,
post-monsoon regeneration of nutrients and clearer waters promoted
phytoplankton proliferation (Jewel et al., 2002; Asaduzzaman et al.,
2025), producing algal maxima linked to nutrient enrichment as re-
ported in earlier Bangladeshi coastal studies (Gopakumar et al., 2009;
Khan et al., 2019; Asaduzzaman et al., 2020).

Seasonal structuring of the plankton community conforms to
ecological succession theory, where environmental filters shape taxo-
nomic composition (Gogoi et al., 2021; Vajravelu et al., 2022). The
detection of 69 genera/groups (61 phytoplankton, 8 zooplankton) aligns
with earlier reports (Asaduzzaman et al., 2019, 2020), though variations
in dominance underscore regional specificity (Baho et al., 2020; Van-
derploeg et al., 2023). Diversity peaked between March and July, likely
due to optimal light and moderate nutrient conditions (Sarmento et al.,
2010; D’Silva et al., 2012; Noor et al., 2021). PCA and cluster analyses
identified post-monsoon to late autumn (October-December) as distinct,
showing resurgence of Bacillariophyceae, Coscinodiscophyceae, and
Dinophyceae (see Fig. 2B), groups commonly linked to upwelling or
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Fig. 8. Relationships between the annual fluctuations in water quality parameters and the monthly dynamics of plankton composition (cells or individuals/oyster)
found in the gastrointestinal tract of Crassostrea madrasensis, sampled from the southeastern Bay of Bengal, Bangladesh. The variables are denoted as follows: Temp —
water temperature (°C); DO — dissolved oxygen (ppm); Salt — salinity (ppt); Turbid — turbidity (NTU); TSS - total suspended solids (mg/L); Chl.a — chlorophyll a (ug/
L); NOs — nitrate-nitrogen (ppm); NO: — nitrite-nitrogen (ppm); PO4 — phosphate-phosphorus (ppm); G.Cos — gut Coscinodiscophyceae; G.Fra — gut Fragilariophyceae;
G.Baci — gut Bacillariophyceae; G.Chlo — gut Chlorophyceae; G.Cya — gut Cyanophyceae; G.Dino — gut Dinophyceae; G.Phyto — gut phytoplankton; G.Zoo - gut
zooplankton; G.Plank - total gut plankton. The axes display the measurement ranges for each parameter. Correlation coefficients (r) are presented numerically, with
font size increasing proportionally to correlation strength. Asterisks indicate statistical significance levels: p < 0.05, p < 0.01, p < 0.001.

vertical mixing during monsoon retreat (Asaduzzaman et al., 2020;
Islam et al., 2021). This period likely benefited from nutrient replen-
ishment via monsoonal flushing, supporting the “flushing-and-
blooming” model of tropical coasts (Jyothibabu et al., 2015; Patel et al.,
2020). Density plots (Fig. 3) further illustrated succession patterns;
summer’s co-dominance of Chlorophyceae and Dinophyceae alongside
elevated zooplankton densities suggests close trophic coupling
(Gabaldon et al., 2019; Pershing et al., 2015). Such synchrony indicates
strong bottom-up control in Bay of Bengal waters (Shin-ichiro et al.,
2018; Susana et al., 2023). The transient Fragilariophyceae peak in
August reflects nutrient pulses from monsoonal inflow (Madhu et al.,
2007; Cloern and Jassby, 2010), while reduced densities in the rainy
season confirm dilution effects and instability (Parakkandi et al., 2021;
Patil and Anil, 2015). The spring dominance of Dinophyceae suggests
nutrient stratification or local upwelling fostering dinoflagellate blooms
(Sathish et al., 2022).

Environmental correlations emphasize abiotic control of plankton
dynamics (Fig. 4). Temperature showed negative correlations with most
phytoplankton groups, indicating thermal inhibition of cell division or
increased metabolic loss (Berges et al., 2002; Low et al., 2018). Turbidity
inversely affected abundance, highlighting light limitation during
monsoon (Millette et al., 2021). Chlorophyceae alone correlated posi-
tively to salinity and DO, reflecting broad tolerance and preference for
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oxygenated, nutrient-enriched waters (Choi et al., 2010; Masmoudi
et al., 2015). Chlorophyll-a, as a proxy for phytoplankton biomass,
correlated positively with all groups (El-Shaarawi and Munawar, 1978;
Van De Poll et al., 2013). Among nutrients, phosphate, nitrate, and ni-
trite were principal drivers of plankton growth, matching nutrient-
limitation models for monsoon-driven coasts (Kamykowski et al.,
2002; Malerba et al., 2012; Gera et al., 2023; Malik et al., 2015).

4.2. Ecological rhythms and feeding responses of C. madrasensis

Seasonal dietary variation in C. madrasensis reflects its adaptive
response to changing plankton availability. The broad range of ingested
taxa (Fig. 6) indicates dietary flexibility typical of suspension feeders
inhabiting dynamic estuarine systems (Asaduzzaman et al., 2020; Hasan
et al., 2021; Noor et al., 2021). Feeding activity was strongly influenced
by environmental variables (Figs. 8-9). Negative correlations between
temperature and ingestion of Chlorophyceae and Dinophyceae (Fig. 8)
indicate thermal thresholds, particularly those exceeding 30 °C, may
suppress feeding, consistent with findings in C. virginica and Saccostrea
glomerata (Anestis et al., 2007; Pernet et al., 2007; Kinsella, 2019; Wang
and Li, 2020). This does not necessarily imply reduced overall feeding,
since oysters may still consume particles smaller than 20 pm that were
not measured here. High turbidity constrained the feeding efficiency of
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or individuals/oyster) in the gastrointestinal tract by Crassostrea madrasensis collected from the southeastern coast of the Bay of Bengal, Bangladesh. The analysis
consists of 6 observations of water quality parameters (n = 72) and 10 observations of gut plankton abundance for each month (n = 120). The variables are denoted
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Fragilariophyceae; G.Baci — gut Bacillariophyceae; G.Chlo — gut Chlorophyceae; G.Cya — gut Cyanophyceae; G.Dino — gut Dinophyceae; G.Phyto — gut phytoplankton;

G.Zoo — gut zooplankton; G.Plank — total gut plankton.

most phytoplankton groups in C. madrasensis, except Bacillariophyceae,
as suspended sediments clog gills and increase sorting costs, whereas the
larger, denser diatoms remain more easily retained and available under
such conditions (Cranford et al., 2011; Madon et al., 1998; Barillé et al.,
1997; Ward and Shumway, 2004). Reduced zooplankton ingestion
during high DO and chlorophyll-a periods suggests dietary shifts toward
abundant phytoplankton (Boltovskoy et al., 1995; Davenport et al.,
2011). Chlorophyll-a correlated positively with nearly all phytoplankton
groups ingestions, reinforcing its consistency as a proxy for plankton
availability (Hasan et al., 2021; Galimany et al., 2017; Zhang et al.,
2024). The observed link between phytoplankton ingestion and elevated
concentrations of nitrate, nitrite, and phosphate (Fig. 8) reinforces the
idea that nutrient-driven productivity enhances plankton availability,
thereby promoting increased ingestion (Weissberger and Glibert, 2021).
Inverse nutrient correlations for Fragilariophyceae and Dinophyceae
may imply competition or seasonal bloom dynamics (Bode et al., 2005;
Hambright and Zohary, 2000).

Multivariate analyses further reveal complex interactions between
environmental factors and oyster feeding, particularly between post-
and pre-monsoon periods (Figs. 6-7). Plankton composition in oyster
guts varied significantly across seasons (Fig. 7), indicating adjustments
to prevailing conditions (Villalejo-Fuerte et al., 2005; Yukihira et al.,
1999). These shifts likely reflect changing metabolic demands, repro-
ductive cycles, or optimization of energy intake under varying con-
straints (Hatzonikolakis et al., 2017; Villalejo-Fuerte et al., 2005).
Distinct gut plankton assemblages during late autumn and winter,
dominated by Dinophyceae and total phytoplankton, mirror patterns
reported in temperate and tropical bivalves that favour a diet rich in
plankton during cooler, nutrient-rich months (Kang et al., 2006; Lgnborg
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et al.,, 2021). Salinity above 30 ppt during these periods may have
enhanced feeding performance, as optimal filtration rates for
C. madrasensis occur within this range (Chang et al., 2016; Do Nasci-
mento et al., 2022). Higher DO and lower turbidity during these seasons
are likely to promote efficient filtration and particle selection (Gray and
Langdon, 2019; Perrino and Ruez Jr., 2019). During summer, increased
consumption of zooplankton and Coscinodiscophyceae suggests a shift
toward omnivory, possibly due to reduced phytoplankton biomass from
stratification and higher metabolic demand in warm waters (Levinton,
2019; Weissberger and Glibert, 2021). The ingestion of copepods and
molluscan larvae indicates exploitation of animal particles, compen-
sating for phytoplankton scarcity or reduced quality. Rainy-season peaks
in large centric diatoms (Coscinodiscophyceae) reflect nutrient-rich,
turbulent conditions following monsoonal runoff (Hernandez Almeida
et al., 2019; Mukherjee, 2025), providing high-quality food for sus-
pension feeders. Seasonal dominance of Cyanophyceae further suggests
opportunistic incorporation despite lower palatability (Avila-Poveda
et al., 2014; Poot-Delgado et al., 2018). The high abundance of Amphi-
dinium likely reflects its richness in polyunsaturated fatty acids essential
for bivalve growth and reproduction (Mendoza-Flores and Sanchez-
Saavedra, 2023; Rezanka et al., 2017).

4.3. Selective ingestion strategies of plankton in C. madrasensis

Selective feeding is a crucial ecological trait in suspension-feeding
bivalves, allowing them to optimize nutrient intake and maintain
physiological homeostasis in environments with diverse and fluctuating
food resources (Jonasdottir, 2019; Lavaud et al., 2021). The electivity
patterns (Figs. 10-11) in C. madrasensis demonstrate pronounced
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Fig. 10. Electivity indices representing the selective ingestion of various plankton under each group by Crassostrea madrasensis from the southeastern Bay of Bengal,
Bangladesh. The indices were calculated using gut plankton data from 10 oysters sampled monthly (total n = 120) and water plankton data based on six replicate
measurements per month (total n = 72). In Concinodiscophyceae (A): BL, Bellerochea; BT, Bacteriastrum; CD, Coscinodiscus; CT, Cyclotella; DN, Detonula; DT, Ditylum;
GD, Guinardia; HL, Hemiaulus; LD, Leptocylindricus; MS, Melosira; OT, Odontella; RS, Rhizosolenia; SP, Stephanopyxis; TC, Triceratium; TS, Thalassiosira; TT, Tha-
lassiothrix; TD, Tropidoneis. In Bacillariophyceae (B): AH, Amphora; AR, Asteromphalus; BL, Bacillaria; CL, Cerataulina; CT, Cheatoceros; CY, Cylindrotheca; DP, Diploneis;
GP, Grammatophora; LP, Lampriscus; LD, Lauderia; LM, Lithodesmium; LR, Lyrella; NC, Navicula; NZ, Nitzschia; PM, Palmeria; PG, Plagiodiscus; PR, Pleurosigma; PN,
Pseudo-nitzschia; SN, Skeletonema; SD, Stephanodiscus; PB, Proboscia. In Dinophyceae (C): AD, Amphidinium; DS, Dinophysis; CE, Ceratium; LG, Ligulodinium; NT,
Noctiluca; PD, Protoperidinium; PP, Pyrophacus; PT, Prorocentrum; PC, Pyrocystis. In Cyanophyceae (D): AB, Anabaena; AM, Aphanizomenon; NL, Nodularia; OL,
Oscillatoria; WN, Woronichinia; MC, Microcystis. In Fragilariophyceae (E): AN, Asterionellopsis; FL, Fragilaria; LC, Licmophora; LL, Lioloma; TN, Thalassionema. In
Chlorophyceae (F): CR, Chlorella; PS, Pediastrum; RC, Radiococcus. In Zooplankton (G): AT, Acetes; AP, Amphipoda; CP, Copepoda; CZ, Crab zoea; DN, Daphnia; MN,

Moina; MY, Mysids; ML, Mollusc larvae.

plankton selectivity, challenging the notion of indiscriminate filter
feeding often associated with bivalves (Jgrgensen, 1996; Ostroumov,
2005). Feeding behaviour appears to be a regulated process involving
particle selection based on size, nutritional content, digestibility, and
biochemical cues rather than mere availability (Cosling, 2003; Prasetiya
et al., 2017; Rahman et al., 2020). Seasonal variations in Ivlev’s elec-
tivity index (Fig. 11) reveal that selective feeding is dynamic, adjusting
to changes in plankton composition and environmental conditions
(Bayne, 1976; Jewel et al., 2002; Weissberger and Glibert, 2021). Such
dietary flexibility enables oysters to maximize energy intake and sustain
vital processes like growth and gametogenesis, which vary seasonally in
bivalves (Lopes-Lima et al., 2014; Soon and Ransangan, 2014; Akélé
et al., 2022).

Among phytoplankton groups, a strong preference for diatoms,
especially Bacillariophyceae and Coscinodiscophyceae, is notable. Di-
atoms are highly nutritious, rich in essential fatty acids such as EPA, and
their siliceous frustules enhance digestibility (Celi et al., 2022; Ghobara
et al., 2024). Their preferential selection by C. madrasensis aligns with
findings in C. gigas and Ostrea edulis (Ezgeta-Bali¢ et al., 2020; Stechele
et al., 2022). High electivity indices for genera/groups like Navicula,
Pleurosigma, Nitzschia, Coscinodiscus, and Cyclotella suggest that diatoms
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are not only nutritionally superior but also efficiently retained and
digested due to optimal size and morphology (Davenport et al., 2011;
Houki et al., 2018). Selective ingestion of Dinophyceae, despite smaller
cell size or mobility, may reflect chemical attractants or nutritional
benefits observed in other filter feeders (Cheng et al., 2020; Davenport
et al., 2011). The exceptionally high electivity of Amphidinium during
the months January and February may not necessarily indicate a true
feeding preference, as it could partly result from methodological and
analytical constraints. Specifically, the inflated EI value likely reflects
the mathematical sensitivity of Ivlev’s index to low water abundances
during these periods, the underrepresentation of smaller plankton (<20
pm) in water samples due to mesh-size limitation of the plankton net,
and possible differential digestion of other planktons that favors the
detection of Amphidinium cells high in gut analyses. Moderate ingestion
of Chlorophyceae likely reflects their limited nutritional value. These
algae, dominated by C16 and C18 fatty acids and lacking long-chain
PUFA, are generally less nutritious (Jonasdottir, 2019; Irmak and
Arzu, 2020). Their moderate selection suggests consumption when su-
perior food sources are scarce, indicating feeding preferences depend on
both absolute and relative food quality (Ren et al., 2000; Ashour et al.,
2025). In contrast, Cyanophyceae were largely avoided, likely due to
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Fig. 11. Monthly variations in Ivlev’s electivity indices (EI) for different plankton groups ingested by Crassostrea madrasensis collected from the southeastern coast of
the Bay of Bengal, Bangladesh. The EI values are derived from gut content analysis of 10C. madrasensis per month (n = 120), compared with six replicate water

column plankton samples collected monthly (total n = 72).

low nutritional quality and potential toxicity. Cyanobacteria lack
essential PUFAs and often produce microcystins harmful to aquatic or-
ganisms (Vargas et al., 1998; Jonasdottir, 2019; Rastogi et al., 2014;
Pham and Tran, 2019). This avoidance highlights the oyster’s ability to
detect and exclude low-quality or toxic food, consistent with earlier
reports (Weissberger and Glibert, 2021; Akélé et al., 2022). The selec-
tion for zooplankton taxa, particularly copepods, amphipods, and
molluscan larvae, is another notable aspect of this study. Though typi-
cally herbivorous, oysters can exhibit opportunistic omnivory, particu-
larly during periods of increased nutritional demand (Peharda et al.,
2012; Akelé et al., 2022). Zooplankton provides protein- and lipid-rich
food, supplementing phytoplankton diets during critical life stages or
resource-scarce periods (Ashaari et al., 2024; Khan and Rahman, 2025).
Preference for larval forms, such as molluscan larvae, supports previous
evidence of larviphagy and demonstrates the oyster’s capacity to exploit
drifting animal plankton in benthic-pelagic coupling zones (Griffiths
et al., 2017; Ronowicz et al., 2024).

4.4. Strategic modulation of selective feeding across annual gametogenic
cycles in C. madrasensis

The pre-monsoon and post-monsoon reproductive cycle of
C. madrasensis appears to be intricately and contrastingly linked with
variations in plankton ingestion (see Figs. 12, 13), reflecting adaptive
shifts in dietary strategies to meet the metabolic demands of gameto-
genesis. The relatively overlapping multivariate distributions observed
(see Fig. 12A) indicate a diffuse pattern of dietary differentiation among
gonadal stages, suggesting that feed availability exerted limited influ-
ence on the reproductive development of C. madrasensis during the pre-
monsoon gametogenic cycle. Pre-monsoon gametogenesis in tropical
estuaries is often triggered by elevated temperatures, which induce
spawning in oysters by accelerating the metabolic and physiological
processes involved in gametogenesis and prompting the final release of
gametes (Reed et al., 2021; Rodriguez-Jaramillo et al., 2022). The
environmental conditions during the pre-monsoon cycle in the south-
eastern Bay of Bengal are typically characterized by lowered nutrient
availability and decreased plankton abundance (Asaduzzaman et al.,
2020; Mozumder et al., 2023; Khan et al., 2023). Under such low-food
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conditions where plankton larger than 20 pm are scarce,
C. madrasensis may shift toward a conservative energy strategy, reallo-
cating stored reserves, primarily from glycogen and lipids accumulated
in somatic tissues, to fuel gonadal development. Similar energy reallo-
cation mechanisms have been documented in other bivalves, including
C. gigas, under conditions of food scarcity (Bayne, 2002; Purroy et al.,
2018). In contrast, during the post-monsoon gametogenic cycle, the
strong segregation of gonadal stages in the CVA and PCA multivariate
spaces underscores a more defined relationship between reproductive
activity and specific dietary intake. The distinct clustering of mature and
spawning stages with increased ingestion of plankton (see Fig. 12)
supports previous observations that oysters augment their energy re-
serves through intensified feeding on high-quality food sources during
reproductive peaks (Fournier et al., 2012; Ubertini et al., 2017). Pre-
monsoon waters exhibited an oligotrophic signal based on the
plankton groups quantified in this study, which helps explain the
reduced ingestion rates observed during this period. Although smaller
planktonic cells were not measured and the full structure of the pre-
monsoon food field cannot be completely resolved, the available data
still indicate a marked seasonal decline in food availability that corre-
sponds with the observed feeding patterns. The spatial separation of
spent individuals from early developing stages in post-monsoon PCA
(see Fig. 12F) further indicates a distinct shift in dietary intake post-
spawning, possibly reflecting the reduced energetic demands and
altered feeding priorities for tissue recovery and maintenance. These
observations suggest that C. madrasensis adopts an opportunistic trophic
strategy during the post-monsoon gametogenic cycle by directly
increasing the ingestion of energy-rich plankton to meet the heightened
metabolic demands of gamete maturation. This pattern is consistent
with findings from other oyster species, where enhanced food avail-
ability is closely associated with intensified reproductive effort (Le
Moullac et al., 2013; Acarli et al., 2015; Tackett et al., 2024). The
increased availability of plankton during the post-monsoon period
provides an optimal window for oysters to maximize exogenous energy
intake, which likely supports the rapid proliferation of gametes observed
during this season. Overall, the contrasting opportunistic and conser-
vative strategies exhibited by C. madrasensis across seasons highlight its
flexible energy allocation mechanisms for optimizing reproductive
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Fig. 12. Principal Component Analysis (PCA) and Canonical Variate Analysis (CVA) were conducted to examine the composition of plankton ingested by Crassostrea
madrasensis across different stages of gametogenesis, based on samples collected from the southeastern coast of the Bay of Bengal, Bangladesh. Panels A and B present
CVA biplots illustrating the variation in gut plankton composition during the pre-monsoon (A) and post-monsoon (B) phases of the gametogenic cycle. Panels C and D
depict density plots of the first (CV1) and second (CV2) canonical variates corresponding to gut plankton during the pre-monsoon (C) and post-monsoon (D) periods.
Panels E and F show PCA biplots representing the distribution patterns of ingested gut plankton during the pre-monsoon (E) and post-monsoon (F) gameto-

genic phases.

success under varying environmental conditions. Such dual strategies 5. Conclusion

likely confer an evolutionary advantage in dynamic estuarine ecosys-

tems, allowing C. madrasensis to maintain reproductive continuity This study demonstrates that the selective feeding behaviour of
despite seasonal variability in food availability and environmental Crassostrea madrasensis is closely modulated by seasonal environmental

conditions.

variations, plankton availability, and reproductive demands along the
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Fig. 13. The principal component analysis (PCA) plot illustrates the relationships among ecological parameters, water plankton abundance (cells or individuals/L),
and plankton consumption (cells or individuals/oyster) with seasonal patterns, particularly during the pre-monsoon (March-July) and post-monsoon (Octo-
ber-January) phases of the gametogenic cycle of Crassostrea madrasensis, sampled from the southeastern coastline of the Bay of Bengal in Bangladesh. The bar chart
within the figure displays the month-to-month fluctuations in the condition index (CI) of C. madrasensis. The abbreviations used represent the following variables:
Temp — water temperature (°C); Salt — salinity (ppt); Turbid — turbidity (NTU); DO - dissolved oxygen (ppm); TSS - total suspended solids (mg/L); Chl.a — chlorophyll
a concentration (pg/L); NO3 — nitrate-nitrogen (ppm); PO4 — phosphate-phosphorus (ppm); W.Cos — water Coscinodiscophyceae; W.Fra — water Fragillariophyceae;
W.Baci — water Bacillariophyceae; W.Chlo — water Chlorophyceae; W.Cya — water Cyanophyceae; W.Dino —water Dinophyceae; W.Zoo —~water Zooplankton; G.Cos —
gut Coscinodiscophyceae; G.Fra — gut Fragilariophyceae; G.Baci — gut Bacillariophyceae; G.Chlo — gut Chlorophyceae; G.Cya — gut Cyanophyceae; G.Dino - gut

Dinophyceae; G.Zoo — gut Zooplankton.

southeast coast of the Bay of Bengal. Within the size range examined
(>20 pm), the species displayed patterns consistent with an opportu-
nistic strategy during the post-monsoon gametogenic cycle, marked by
increased ingestion of energy-rich plankton. During the pre-monsoon
period, when plankton above 20 pm were less abundant, the observed
patterns suggest a possible shift toward greater reliance on stored re-
serves. These insights advance our understanding of the eco-
physiological mechanisms linking feeding plasticity with reproductive
dynamics in tropical estuarine oysters. However, several limitations
should be acknowledged. The study was spatially restricted to two
estuarine sites, which may not capture the full variability of feeding
strategies across hydrodynamic gradients. The plankton sampling
method targeted the >20 pm fraction, potentially under-representing
pico- and nanoplankton that may contribute substantially to oyster
diets. Gut content analysis, while informative, cannot account for
rapidly digested or morphologically fragile taxa such as cryptophytes
and unarmored dinoflagellates, and feeding rate measurements were not
directly quantified. Additionally, community-level selectivity indices
are constrained by the partial digestibility of some taxa, and plankton
abundance data were not reported in absolute terms. Future studies
integrating molecular or pigment-based dietary tools (e.g., eDNA met-
abarcoding, CHEMTAX) and biochemical profiling of gonad and somatic
tissues could more precisely elucidate energy allocation and nutrient
assimilation pathways. Long-term, spatially broader monitoring under
projected climate scenarios will further clarify how environmental
variability influences oyster trophic and reproductive resilience. Despite
these constraints, this study provides a robust foundation for refining
sustainable oyster aquaculture and ecosystem-based management in
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ARTICLE INFO ABSTRACT
Keywords: The Indian backwater oyster, Crassostrea madrasensis, is a keystone estuarine bivalve of ecological and economic
Indian backwater oyster importance. Despite its significance, the links between environmental variability, trophic inputs, and internal

Reproductive physiology
Gametogenesis

Fatty acid mobilization
Trophic interactions
Climate change resilience

fatty acid (FA) dynamics for their reproductive success remain poorly understood. This study investigated the
post-monsoon gametogenic strategy of C. madrasensis from raft cultivation systems along the southeast coast of
the Bay of Bengal using an integrated approach combining histological staging, FA profiling of somatic and
gonadal tissues, gut plankton analysis, and environmental monitoring. Histology confirmed five gametogenic
stages: early development, late development, mature, spawning, and spent, each exhibiting distinctive FA sig-
natures. Statistical analyses, including ANOVA, PCA, and PLS-DA, revealed significant variation in 21 of the 28
fatty acids. Early development was characterized by the enrichment of eicosatrienoic, myristic, and linolenic
acids, reflecting preparatory energy storage, whereas late development was dominated by MUFA, n-6 PUFA, and
linoleic acid. Mature gonads accumulated arachidic, erucic, and heptadecanoic acids, whereas spawning dis-
played a pronounced increase in octanoic acid, eicosenoic acid, behenic acid, and long-chain PUFA, particularly
DHA and EPA, highlighting their role in gamete maturation and membrane formation. The spent stage exhibited
elevated arachidonic acid but depleted DHA and EPA, indicating transfer into gametes. Somatic tissues displayed
complementary but offset patterns, and strong positive correlations between body and gonad pools confirmed
active lipid mobilization. Gut content analysis revealed that essential FAs were acquired both directly from
ingested plankton, particularly Bacillariophyceae, Dinophyceae, and Zooplankton, and indirectly via somatic
reserves. Environmental drivers strongly influenced these dynamics; rising salinity, nutrient enrichment, and
high phytoplankton abundance coincided with maturation and spawning, whereas elevated temperature and
turbidity corresponded to resting stages. Overall, reproductive output in C. madrasensis is governed by a finely
tuned synergy between environmental factors, trophic coupling, and somato-gonadal fatty acid mobilizations.
This study provides mechanistic insights into estuarine bivalve reproduction, establishes a framework for eval-
uating climate-linked reproductive shifts, and informs aquaculture strategies for broodstock conditioning under
dietary regimes that mimic natural cues.

1. Introduction vital question in marine ecology, particularly in the context of repro-
ductive physiology (Gosling, 2015; Maneiro et al., 2017). Marine bi-
The dynamic interaction of organisms with their environments is a valves, specifically species belonging to the genus Crassostrea, serve as
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an excellent model organism due to their ecological and economic
importance (Kasmini and Batubara, 2022). Among them, C. madrasensis
is a significant bivalve that occurs in the estuarine and coastal waters of
the Indian subcontinent, as well as in other tropical regions. Ecologi-
cally, C. madrasensis has a substantial role in maintaining water quality
through filtration of an enormous amount of water, nutrient recycling,
and assimilating excess anthropogenic nutrients from the aquatic envi-
ronment (Meitei et al., 2025; Bricker et al., 2020; Asha et al., 2014).
Natural and/or aquaculture analogues to oyster reefs have complex
structure and provide multiple habitat services, such as (i) increased
foraging space for juvenile fish and invertebrates, (ii) better breeding
habitats, (iii) refuge from predators, and so forth (O’Shea et al., 2019;
Theuerkauf et al., 2022). Moreover, these reefs can act as natural
breakwaters that attenuate wave energy and shoreline erosion in
intertidal and subtidal areas (van der Schatte Olivier et al., 2020). In
addition to its ecological value, C. madrasensis is a commercially
important aquaculture species with a rapid growth rate and high market
demand, contributing economically toward the livelihood support of
many coastal communities (Yosuva et al., 2019; Sanjeevaraj, 2008). Its
ecological and economic significance underscores the importance of
understanding its reproductive physiology in relation to environmental
drivers.

The timing and extent of bivalve reproduction in marine environ-
ments are vital for population dynamics, survival rates, health, and the
resilience of aquatic ecosystems (Carson et al., 2010; Asaduzzaman
et al., 2019). Generally, gametogenesis is a coordinated sequence of
sequential and synchronized changes in gonadal development, ending
with the release of mature gametes into the environment for fertiliza-
tion. The gametogenic phenology of C. madrasensis is a physiological
process influenced by various external factors (such as environmental
conditions, seasonality, and food availability) and internal stimuli
(including physiological state, energy reserves, and nutritional quality)
(Gosling, 2003; Kim et al., 2010; Uddin et al., 2013). The reproductive
cycle of C. madrasensis has been examined histologically across different
regions of the Indian subcontinent (Park and Choi, 2004; Uddin et al.,
2013; Uddin et al., 2024). Previous research indicated a prolonged pe-
riodic single spawning for C. madrasensis (Pakhmode et al., 2022;
Ezgeta-Bali¢ et al., 2020), yet this species also shows two distinct
spawning seasons (Toyokawa et al., 2023; Uddin et al., 2024),
depending on habitat type, physiological condition, and environmental
stimuli.

Gametogenesis in marine bivalves is an energy-demanding process,
requiring the mobilization of energy stores, particularly lipids and fatty
acids from various tissues, to support physiological functions and
reproduction (Fernandez-Reiriz et al., 2007; Bridier et al., 2023). Stored
triglycerides in the hepatopancreas and other tissues serve as key energy
reserves (Wenne and Polak, 1989), which are accumulated during the
pre-spawning period in response to favorable environmental conditions.
These reserves are later mobilized to support gamete development, with
timing often synchronized to seasonal changes and periods of abundant
food, allowing oysters to replenish energy stores post-spawning
(Camacho et al., 2003; Su et al., 2006; Joaquim et al., 2011; Nguyen
et al., 2024). The transfer of nutrients from somatic to gonadal tissues is
essential for sustaining gamete quality and reproductive success in
C. madrasensis. Depending on environmental conditions, this species
may employ either an opportunistic strategy, relying on energy from
external food sources (Garrido and Barber, 2001; Enriquez-Diaz et al.,
2009), or a conservative strategy, drawing on previously stored somatic
energy reserves (Hassan et al., 2018; Pouvreau, 2000; Kang et al., 2000;
Lopes-Lima et al., 2014; Asaduzzaman et al., 2019). Understanding
whether C. madrasensis predominantly uses stored reserves, externally
acquired energy, or a combination during gametogenesis, which re-
mains limited.

Fatty acids, the primary components of lipids, are crucial in the
reproductive biology of marine bivalves, functioning as essential ele-
ments of cellular membranes, energy reserves, and signalling molecules,
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and are vital for gamete development and maturation (Ventrella et al.,
2008; Liu and Kong, 2013). Alterations in fatty acid composition directly
influence gamete quality, fertilization success, and overall reproductive
output in oysters, underscoring the significance of dietary fatty acids
during critical reproductive phases (Cho et al., 2023). Saturated fatty
acids (SFAs) are predominantly oxidized to produce ATP, the cellular
energy currency, facilitating the energy-demanding processes of game-
togenesis and spawning. Although oysters cannot often synthesize
polyunsaturated fatty acids (PUFAs), some saturated fatty acids (SFAs)
may act as precursors in the biosynthesis of long-chain unsaturated fatty
acids (Renaud et al., 2002). Polyunsaturated fatty acids (PUFAs), espe-
cially omega-3 and omega-6 fatty acids, are essential for preserving
cellular membrane integrity and fluidity, which is critical for fertiliza-
tion and the initial stages of embryonic or larval development (De
Moreno et al., 1980; Asaduzzaman et al., 2019). Furthermore, poly-
unsaturated fatty acids (PUFAs) serve as precursors for eicosanoids,
including prostaglandins and leukotrienes, which modulate reproduc-
tive processes such as gamete maturation, spawning timing, and fertil-
ization, thereby synchronizing gamete release in response to
environmental stimuli to enhance reproductive success (Whyte et al.,
1992; Caers et al., 2003).

Fatty acid composition in bivalves reflects both their feeding regimen
and surrounding environmental conditions, serving as a key indicator of
physiological status and reproductive potential (Freites et al., 2002;
Gatenby et al., 2003; Kim et al., 2019). Similar to other marine bivalves,
C. madrasensis is a filter feeder that depends on phytoplankton and
particulate organic matter (POC) as primary sources of nutrition and
energy during gametogenesis (Meitei et al., 2025; Thangavelu, 1988).
Seasonal fluctuations and environmental variability strongly influence
plankton abundance in the Bay of Bengal and other coastal regions of the
Indian subcontinent (Asaduzzaman et al., 2020; Noor et al., 2021).
Furthermore, C. madrasensis exhibits selective feeding behaviour,
adjusting its ingestion patterns according to both reproductive stage and
environmental conditions (Hossain et al., 2025; Soon and Ransangan,
2014; Navarro and Iglesias, 1995). Therefore, a comprehensive analysis
of fatty acid mobilization, trophic relationships, and environmental
variability is essential for elucidating the reproductive strategies and
ecological resilience of C. madrasensis.

Although numerous studies have investigated fatty acid composition
throughout the gametogenic stages in oysters (Cho et al., 2023; Dridi
and Romdhane, 2017; Vahirua-Lechat et al., 2008), substantial knowl-
edge gaps persist concerning the mechanisms by which C. madrasensis
and other marine bivalves transfer fatty acids between somatic and
gonadal tissues during various stages of gonadal maturation. Here, we
hypothesize that reproductive output in C. madrasensis is governed by a
synergistic interaction among environmental cues, dietary inputs, and
somato-gonadal fatty acid reallocation. We analyzed fatty acid profiles
at various stages of gonadal maturity and investigated their transfer
between somatic and gonadal tissues throughout the reproductive cycle.
Furthermore, we investigated the impact of ambient environmental
conditions and consumed plankton on fatty acid mobilization to clarify
energy allocation mechanisms during gametogenesis. Comprehending
these mechanisms is essential for enhancing knowledge of reproductive
biology and for guiding conservation and management strategies,
especially regarding climate change, which can interfere with life cycles
and jeopardize the reproductive health of C. madrasensis populations.

2. Materials and methods
2.1. Study area and sampling strategies

The Indian backwater oysters (C. madrasensis) were collected from
the raft cultivation systems in Moheshkhali Channel on the west coast of
Moheshkhali, Cox’s Bazar, Bangladesh (Fig. 1). This channel connects
directly to the Bay of Bengal and represents a dynamic estuarine habitat
on the southeast coast of Bangladesh. From September to February
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Fig. 1. Map showing the sampling sites of the oysters (Crassostrea madrasensis) from the southeastern coastal water of the Bay of Bengal, Bangladesh. The oysters
were collected from the attached ropes or cages in the raft cultivation systems.

2023-2024, 25-30 mature oysters (shell length > 80 mm) were sampled
fortnightly from the hanging ropes or cages (Fig. 1) in floating raft
systems to ensure adequate representation of all gonadal maturity stages
during the post-monsoon gametogenic cycle. To ensure adequate rep-
resentation of all gonadal maturity stages at each sampling event, 25-30
oysters were collected per sampling date, which aligns with established
sample sizes commonly used for reproductive histology and fatty acid
studies in bivalves (Kripa and Mohamed, 2008; Lango-Reynoso et al.,
2000). Collected specimens were transported live in ambient seawater to
the Oceanography Laboratory at Chattogram Veterinary and Animal
Sciences University. In the laboratory, shells were brushed clean to
remove fouling organisms, sediments, and debris, followed by rinsing
with clean water. Biometric traits, including shell length, width, and
height, were measured using vernier callipers (+0.01 mm), while whole-
body weight was recorded on an electronic balance (PS 1200.R2, Rad-
wag, Poland) to the nearest 0.1 g after draining intervalval fluids. During
dissection, individuals exhibiting visible gonadal development
(excluding resting/undifferentiated stages) were assigned unique

identification codes for fatty acid (FA) and gut plankton analyses. Sub-
samples of gonadal tissue were preserved in fixatives for histological
confirmation of sex and maturity stage. Remaining gonadal and somatic
tissues were stored in pre-labeled vials at —20 °C for FA profiling. Each
coded oyster was also processed for gut plankton analysis. Based on
histological confirmation of gonadal maturity, 30 individuals in the
early developmental stage, 24 in the late developmental stage, 30 in the
mature stage, 25 in the spawning stage, and 25 in the spent stage were
obtained for FA profiling. Subsequently, body and gonad tissues from
the above individuals were selected to form three independent repli-
cates, while maintaining a balanced male: female ratio (1:1) at each
developmental stage for FA profiling. Following the exclusion of unused
samples, gut plankton data from the same individuals per maturity stage
were analyzed in this study.

2.2. Histological analyses of the gonad tissues

Histological examinations of C. madrasensis gonads were conducted
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following the protocol of Hamli et al. (2015). Gonadal tissues were
carefully separated from the mantle and immediately fixed in Bouin’s
solution for 24 h. After fixation, tissues were dehydrated through a
graded ethanol series (80-100 %) and cleared with xylene before being
embedded in paraplast blocks. Transverse sections (7 pm) were prepared
using a rotary microtome and mounted on glass slides. Slides were
further dehydrated through ascending ethanol concentrations and
stained with haematoxylin and eosin, following Pearse (1985), to
differentiate cellular structures. Microscopic observations were per-
formed under a digital microscope (Optika B-190 TB, Ponteranica, Italy)
using 10 x —40x magnification objectives, enabling sex determination
and staging of gonadal development. Gonadal condition was classified
into different categories according to Uddin et al. (2024): resting, early
development (ED), late development (LD), mature (Mat), spawning
(Spn), and spent (Spt). Sex was identified based on the presence of oo-
cytes in females and spermatogenic cells in males. Multiple sections
from each individual were examined to ensure diagnostic accuracy, and
representative micrographs were captured for documentation and
further analysis.

2.3. Measurement of water quality parameters

Sampling was conducted monthly throughout the study period.
Because the oysters were cultivated on floating raft systems suspended
within the surface-subsurface layer (0-30 cm), water sampling was
designed to capture the physicochemical conditions directly experi-
enced by the cultured individuals. Although the study site is an estuarine
channel, the Moheshkhali Channel is tidally energetic and vertically
well-mixed during the post-monsoon period, resulting in minimal
stratification; thus, surface-subsurface water reliably represents the
water column across the culture depth. In situ measurements of surface
water temperature, dissolved oxygen (DO), pH, and salinity were ob-
tained using a multifunctional water quality probe (YSI, Loveland, USA),
while current velocity was recorded with a digital flow meter (Flow
Probe FP311, Global Water, USA). Turbidity was measured using a
portable turbidity meter (Turb 430 IR, WTW, Germany). During each
sampling event, composite surface water samples were collected using a
depth-integrated Kemmerer sampler (1200-E, USA). Physical parame-
ters were measured immediately on board to minimize handling errors.
Approximately 800 mL of water was then transported to the laboratory
under controlled conditions for further analysis. Before chemical and
biological assessments, samples were filtered through Whatman GF/C
glass microfiber filters using a vacuum pump. Nutrient concentrations
(NO3, NOs, PO4) were quantified spectrophotometrically with a Photo-
Flex STD (WTW, Germany), following APHA (1992) standard protocols.
Chlorophyll a content was determined spectrophotometrically at 664,
647, 630, and 750 nm (Optizen Pop 2102, Korea) according to Boyd
(1979).

2.4. Fatty acid analysis

Gonadal and somatic tissues (see Section 2.1) were first homoge-
nized and freeze-dried with a FreeZone 4.5 unit (LABCONCO, Kansas
City, MO, USA) until a constant dry weight was reached. Lipids were
isolated from the dried material using a Soxhlet extractor with diethyl
ether maintained at 60 °C as the solvent. The recovered lipid fraction
served as the substrate for fatty acid methyl ester (FAME) preparation.
For transesterification, 1.5 mL of methanolic NaOH was added to the
lipid extract, and the mixture was heated in an ultrasonic bath at 80 °C
for 5 min. After cooling, 2 mL of methanolic boron trifluoride was
introduced and incubated for 30 min at the same temperature. The re-
action was terminated by adding 1 mL of isooctane, followed by 5 mL of
saturated NaCl solution to facilitate phase separation. The organic layer
was carefully withdrawn and transferred into 1 mL GC vials for analysis.
FAMEs were analyzed using gas chromatography-mass spectrometry
(GC-MS; GCMS-QP2020, Shimadzu, Japan) for compound
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identification, and gas chromatography with flame ionization detection
(GC-FID; Hewlett Packard 6890 Series) for quantification. Separations
were achieved on an Omegawax 250 capillary column (30 m x 0.25 mm
i.d., 0.25 pm film thickness), with helium as the carrier gas at a flow rate
of 1 mL/min. The oven temperature program was initiated at 150 °C,
increased to 250 °C at 4 °C/min, and held isothermally at 250 °C. Fatty
acids were identified by comparison with retention times from a certi-
fied standard mixture (Supelco 37 Component FAME Mix). The quan-
tification was performed by peak area integration relative to an internal
standard, and results were expressed as percentages of total identified
fatty acids.

2.5. Gut plankton analyses

The encoded specimens of C. madrasensis were examined to evaluate
the qualitative composition and quantitative abundance of gut plankton.
Since the oysters were collected directly from their natural habitats, it
was not possible to obtain pseudofeces samples for a detailed assessment
of feeding behaviour. Consequently, we circumvented this possibility
and employed a conventional technique for transferring the maximum
volume of gut contents utilizing a disposable Pasteur pipette. The
collected gut was diluted in 30 mL of filtered, autoclaved seawater
within a glass Petri dish. To quantify gut plankton (cells/individual) in a
specimen, a Sedgewick-Rafter (S-R) counting chamber, including 1000
squares with a volume of 1 mm®, was employed as delineated by Asa-
duzzaman et al. (2025). Following thorough agitation, a 1-mL subsam-
ple was transferred into the chamber, and planktonic cells in 10
randomly selected grids were enumerated using a binocular microscope
(Optika B-190 TB; Ponteranica, Italy). The estimated number of gut
plankton is calculated as N = (P x C x 100), where N denotes the
estimated number of plankton cells per gut, P signifies the number of
cells counted in 10 S-R chamber fields, and C indicates the total volume
(ml) of the diluted material. The taxonomic identification was con-
ducted at the genus level, after which the plankton was categorized into
major taxonomic groups according to established guidelines from prior
studies (Asaduzzaman et al., 2020). Non-planktonic particles and
detrital organic materials were excluded from the analysis.

2.6. Statistical analysis

The dataset consisted of 28 fatty acids and their aggregated classes
within tissues and reproductive stages. The data were log-transformed
(natural-log) and auto-scaled to remove analytical noise as well as ar-
tefacts. Normality was tested with the Shapiro-Wilk test, and variance
homogeneity by Levene’s test, both performed using R version 4.4.2
with the car package (Fox and Weisberg, 2019; R Core Team, 2024).
Comparison of fatty acid composition among tissues and maturity stages
was first analyzed by ANOVA, and then pairwise comparisons were
carried out by independent-sample t-tests to compare gonadal and so-
matic tissues within each stage. To account for potential Type I errors
associated with multiple comparisons, p-values have been adjusted with
the false discovery rate (FDR) correction procedure (Benjamini and
Hochberg, 1995). Volcano plots were obtained for visualization pur-
poses and used to indicate statistically significant differences according
to FDR-adjusted p-values and fold change +1. The structure of the data
and its stage-specific variability were also examined by PCA. The
discrimination of fatty acid profiles among the gonadal maturity stages
was conducted using partial least squares discriminant analysis (PLS-
DA) with R?, Q2 and permutation tests performed for model validation.
Variables with a VIP score > 1 were considered to be important con-
tributors. Tissue- and stage-specific fatty acid distributions were depic-
ted with clustered heatmaps (Euclidean distance, Ward’s linkage). For
analysis of trophic linkages, Spearman rank correlation was performed
with fatty acid concentrations (in gonad or body) and relative abun-
dance of gut plankton group (correlation matrices visualized by the
ggeorrplot package in R) (Kassambara, 2023). In the end, an integrative
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PCA was performed on the merged dataset made of water quality pa-
rameters, fatty acid profiles, and gut plankton abundance (variables
scaled) with the FactoMineR package (Le et al., 2008). Further meth-
odological information and supporting results can be found in the sup-
plementary information files.

3. Results
3.1. Microscopic confirmation of gonad development stages

Based on oogenic and spermatogenic traits, five main gonadal phases
were found in C. madrasensis (Fig. 2). Storage cells were present during
the resting phase (Fig. 2A). Males displayed spermatogenic cell aggre-
gations along the basal follicular wall during the early developmental
stage (Fig. 2B), whereas females displayed small early (EO) and growing
oocytes (GO) attached to the follicle wall (Fig. 2C). Male follicles showed
centripetally arranged spermatocytes, spermatids, and spermatozoa
with few spermatogonia during the late developmental stage (Fig. 2D).
Female follicles had a central nucleus and vitelline membrane, and
about half of the oocytes were attached to the wall (Fig. 2E). These
follicles also contained EO and GO. Gamete-filled, fully enlarged follicles
were a feature of the mature phase. Females had free mature ova with
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prominent central nuclei (Fig. 2G), while males had spermatozoa that
were densely packed and orientated concentrically (Fig. 2F). The
spawning stage was characterized by partially emptied follicles; females
had ruptured germinal vesicles and partially released ova (ES) (Fig. 21),
while males displayed spiral-arranged spermatozoa and vacant spaces
(Fig. 2H). In the spent stage, females showed fragmented follicle walls
with scattered, unreleased oocytes (Fig. 2K-L), while males retained few
residual spermatozoa in degenerative follicles (Fig. 2J).

3.2. Influence of gonadal stages and tissues on fatty acid profile in
C. madrasensis

There was a significant effect of the gonadal maturity stage, tissue
type, and their interaction on the fatty acid profile of C. madrasensis, as
examined by a two-way ANOVA (Fig. 3). Across reproductive stages,
nearly all fatty acids, including arachidic, arachidonic, behenic, dec-
anoic, docosahexaenoic (DHA), eicosapentaenoic (EPA), eicosatrienoic,
eicosenoic, heneicosanoic, lauric, linoleic, linolenic, myristic, nervonic,
oleic, palmitic, palmitoleic, stearic, and tridecanoic acids, along with
grouped fractions such as MUFA, PUFA, n-3 PUFA, n-6 PUFA, and SAFA,
were found to be highly significant across reproductive stages (FDR <
0.001). The tissue types of effects were also robust. Arachidic, DHA,

Fig. 2. Photomicrograph depicting the developmental stage of gonads during the post-monsoon gametogenesis cycle (September to February) of the oyster
(Crassostrea madrasensis) sourced from the southeastern shore of the Bay of Bengal, Bangladesh. The photomicrograph depicted (A) Resting state, (B-C) Early
developmental stage (B: male, C: female), (D-E) Late developmental stage (D: male, E: female), (F-G) Mature stage (F: male, G: female), (H-I) Spawning phase (H:
male, I: female), (J-L) Spent stage (J: male; K, L: female). In this context, FW denotes follicular wall; SCT refers to storage connective tissue; SPG signifies sper-
matogonia; SPC indicates spermatocyte; SPZ represents spermatozoa; EO stands for early oocyte; GO denotes growing oocyte; FO refers to free oocyte inside the
lumen; MO signifies mature oocyte; N represents nucleus; FFW indicates fragmented follicle wall; ES denotes empty space; RS refers to residual spermatozoa and RO

refers to residual oocyte. The scale bar represents 100 pm.
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Compounds

Significance Level ® FDR <0.001 ® FDR <0.01

FDR < 0.05 Not significant

Fig. 3. Two-way ANOVA (Stage x Tissue) results for fatty acid composition in Crassostrea madrasensis. The plot shows the significance levels of individual fatty acids
and fatty acid groups under three model terms: stage, tissue, and their interaction (stage x tissue). Each point represents a fatty acid or group, with the y-axis
indicating statistical significance as —-log10 (FDR-adjusted p-value). Colors denote the false discovery rate thresholds: blue for highly significant differences (FDR <
0.001), green for significant differences (FDR < 0.01), yellow for moderate significance (FDR < 0.05), and grey for nonsignificant effects. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

EPA, eicosatrienoic, erucic, heneicosanoic, heptadecanoic, lauric, lino-
lenic, palmitoleic, and stearic acids and the composite group (MUFA,
PUFA, n-3 PUFA, n-6 PUFA, SAFA) were significantly different between
gonadal and somatic tissues at FDR < 0.001. Additional significant tis-
sue effects were observed for arachidic, EPA, and heptadecanoic acids
(FDR < 0.01), with only a few fatty acids being nonsignificant. The
gametogenic stage-tissue type interaction further emphasized the
complexity of fatty acid dynamics, where almost all compounds
exhibited highly significant differences (FDR < 0.001). These findings
validate that reproductive stage and tissue-specific processes function
coordinately in the regulation of fatty acid mobilization in
C. madrasensis.

3.3. Fatty acid dynamics within gonad tissues across different
gametogenic stages

The heatmap (Fig. 4A) demonstrated that fatty acid profiles from the
more advanced gametogenic stages (late development, mature, and
spawning) were distinctly clustered apart from those of the early
development and spent stages. The heatmap and PCA (Fig. 4A-B)
consistently indicated that the early development stage was marked by
increased concentrations of eicosatrienoic acid, myristic acid, and
linolenic acid, whereas the late development stage was linked to
heightened levels of docosapentaenoic acid, linoleic acid, MUFA, PUFA,

and n-6 PUFA. The mature stage was characterized by elevated levels of
lauric acid, decanoic acid, arachidic acid, erucic acid, and heptadeca-
noic acid, whereas the spawning stage exhibited increased concentra-
tions of eicosapentaenoic acid, docosahexaenoic acid, octanoic acid,
eicosenoic acid, behenic acid, and nervonic acid. The spent stage was
predominantly characterized by the presence of arachidonic acid,
accompanied by relatively diminished levels of DHA and EPA. PCA
differentiated the five stages according to fatty acid composition, with
PC1 accounting for 31 % and PC2 for 25.6 % of the variation, under-
scoring unique correlations of fatty acids with each gametogenic phase.
The PLS-DA and variable importance in projection (VIP) analysis
(Fig. 4C) found 14 fatty acids with VIP values over 1.0 as significant
discriminators of gametogenic phases. Docosahexaenoic acid, behenic
acid, and MUFA demonstrated the greatest VIP ratings (VIP > 1.5), with
heneicosanoic acid, eicosatrienoic acid, palmitic acid, oleic acid,
arachidonic acid, erucic acid, n-3 PUFA, n-6 PUFA, linoleic acid, and
PUFA as further contributors. The heatmap associated with the VIP
analysis validated these stage-specific distributions: the two (docosa-
hexaenoic acid and behenic acid) highest-ranking fatty acids (VIP > 1.5)
were predominantly concentrated in spent and spawning tissues, while
being least abundant in early and late development tissues. Among other
discriminating fatty acids (VIP > 1.0), eicosatrienoic acid was pre-
dominantly concentrated in the early development stage; heneicosanoic
acid, oleic acid, n-6 PUFA, PUFA; and linoleic acid in the late
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Fig. 4. Dynamics of fatty acids in gonadal tissues related to the post-monsoon gametogenesis cycle of oysters (Crassostrea madrasensis). (A) The heatmap depicts the
fatty acid composition throughout five distinct stages of gonadal development. The map was created using clustering data derived from the fatty acid profiles of
gonadal tissues at five developmental stages. The heatmap displays the twenty-eight fatty acids and their respective groups found using t-test analysis (FDR-adjusted
p < 0.05). Distance is quantified by Pearson correlation, while grouping is established via the Ward algorithm. Each colored cell in the heat map represents a
concentration of fatty acids or their respective groups on the right side. In the colored cells, red signifies a high concentration, while blue denotes a low concentration.
(B) Principal component analysis (PCA) biplots depicting five distinct stages of gonad development with fatty acids as explanatory variables. (C) The Variable
Importance in Projection (VIP) figure illustrates the variations in fatty acid profiles linked to several stages of gametogenesis in gonadal tissues, as determined by
Partial Least Squares Discriminant Analysis (PLS-DA). The colourful boxes on the right represent the relative concentrations of the relevant fatty acids during five
phases of gametogenesis in gonadal tissues.VIP is a weighted summation of the squares of the PLS-DA loadings, considering the proportion of the explained Y-variable
in each dimension. ED denotes early development stage; LD signifies late development stage; Mat represents mature stage; Spn indicates spawning stage; and spt
refers to spent stages. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

development stage, erucic acid and palmitic acid in the mature stages.

3.4. Fatty acid dynamics within somatic tissues across different
gametogenic stages

The heatmap (Fig. 5A) demonstrated that fatty acid profiles in so-
matic tissues throughout late developmental and mature stages of the
gonad were differently grouped from those of early developmental,
spawning, and spent stages. During the initial developmental phase,
both the heatmap and PCA (Fig. 5B) consistently indicated elevated

concentrations of eicosenoic acid, eicosatrienoic acid, myristic acid,
stearic acid, heptadecanoic acid, and erucic acid in somatic tissues,
while the later developmental phase correlated with increased levels of
docosapentaenoic acid, eicosapentaenoic acid, arachidonic acid, and
octanoic acid. The mature stage was marked by elevated levels of
arachidic acid, linolenic acid, lauric acid, decanoic acid, n-6 PUFA,
PUFA, linoleic acid, and n-3 PUFA, whereas the spawning stage was
defined by heightened concentrations of MUFA, SAFA, palmitoleic acid,
and nervonic acid. Conversely, the spent stage was characterized by
elevated concentrations of behenic acid, heneicosanoic acid,



A. Ferdous et al.

Aquaculture 614 (2026) 743576

0.50
... Lauric acid
Linolenic acid Octanoic acid
DecangfCAcid
Arachidic acid
. R
n-6 PUFA RYFA
Eicosatrienoic aci Padgleic acid
s SAFA
Eicosenoic acid
Stearic acid
Myristic acid ;\?
) o
MUFA o %% paimitic acid DocoSape >
Heptadecanoic acid g Heptadecanoic acid
Palmitic acid ®
Erucic acid Stearic acd
Behenic acid 05
Myristic geAd
Heneicosanoic acid Nervonicid ®] ED-Body
|®| LD-Body
Docosahexanoic aci Elcosenoic acid Oleid acid '®| Mat-Body
Trideggnoic acid '®| Spn-Body
- Nervonic acid o080 Eicosatrienoic acid ®] spt-Body
Oleic acid " 050 0.25 0.00 0.25
PC1 (37.7%)
Tridecanoic acid d%"&@# Q&*
] Linolenic acid Heneicosanoic °
[ n-3 PUFA °
- - s .
Docosahexanoic °
n-6 PUFA PUFA >
Palmitoleic ac °
. . " Linoleic acid o
Linoleic acid n6 PUFA Py '9"
PUFA Nervonic acid °
Erucic acid °
a . " Arachidonic ac °
Palmitoleic acid SAFA °
— e Linolenic acid °
Arachidic acid Arachidic acid °
Docosapentaeno °
n-3 PUFA Eicosenoic aci °
. Oleic acid °
Docosapentaenoic 3  pecanoic acid °
) . Palmitic acid °
Eicosapentaenoic a Tridecanoic ac o
Octanoic acid °
- Arachidonic acid Eicosapentaeno °
Stearic acid °
Decanoic acid Heptadecanoic °
Myristic acid o
Octanoic acid Eicosatrienoic °
MUFA °
Lauric acid Lauricacd | @
> > > > > T T T
3 3 3 3 3
@ @ "3 P @ 05 1.0 15
Q ] o] < o
- aQ
s w a () VIP scores

Fig. 5. The dynamics of fatty acids in body tissues correlate with the post-monsoon gametogenesis cycle of oysters (Crassostrea madrasensis). (A) The heatmap depicts
the fatty acid profile of bodily tissues linked to five distinct stages of gametogenic development. The map was created using clustering outcomes derived from fatty
acid profiles. The heatmap displays the twenty-eight fatty acids and their respective groups found using t-test analysis (FDR-adjusted p < 0.05). Distance is quantified

by Pearson correlation, while grouping is established via the Ward algorithm.

Each colored cell in the heat map represents a concentration of fatty acids or their

groupings, indicated on the right side. In the colored cells, red signifies a high concentration, while blue denotes a low concentration. (B) Principal component
analysis (PCA) biplots of fatty acid profiles from bodily tissues linked to five stages of gonadal development and their explanatory variables. (C) The Variable
Importance in Projection (VIP) figure illustrates the variations in the fatty acid profiles of bodily tissues linked to five recognized gametogenesis stages, as determined

by partial least squares discriminant analysis (PLS-DA). The colourful boxes on

the right represent the relative concentrations of the relevant fatty acids during five

phases of gametogenesis in gonadal tissues. VIP is a weighted summation of the squares of the PLS-DA loadings, taking into account the proportion of the explained Y-
variable in each dimension. ED denotes early development stage; LD signifies late development stage; Mat represents mature stage; Spn indicates spawning stage; and
spt refers to spent stages. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

docosahexaenoic acid, and arachidonic acid. PCA significantly delin-
eated the five stages of somatic tissues, with PC1 (37.7 %) and PC2 (31.6
%) collectively accounting for 69.3 % of the variance, underscoring
unique correlations of fatty acid content with each gametogenic phase.
PLS-DA and VIP score analysis (Fig. 5C) found ten fatty acids with VIP
scores exceeding 1.0 as principal discriminators of somatic tissue pro-
files across stages. Heneicosanoic acid, n-3 PUFA, behenic acid, and
docosahexaenoic acid exhibited the greatest VIP ratings (VIP > 1.5), but
PUFA, palmitoleic acid, linoleic acid, n-6 PUFA, nervonic acid, and

erucic acid were also significant (VIP > 1.0). The heatmap associated
with the VIP analysis validated these stage-specific distributions: the
four highest-ranking fatty acids (VIP > 1.5) were predominantly
concentrated in spent and spawning tissues, while being least abundant
in early development tissues. Other discriminating fatty acids (VIP >
1.0) were predominantly concentrated in mature and spawning tissues,
exhibiting relatively diminished amounts in the early and late devel-
opmental phases.
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3.5. Discriminant analysis of fatty acids between somatic and gonadal
tissues

The variations in fatty acid profiles among the five gametogenic
stages of C. madrasensis were illustrated by paired comparisons of body
and gonad tissues utilizing VIP score plots (Fig. 6) and volcano plots
(Fig. 7). In the ED gametogenic stage, 25 fatty acids/groups were
identified, with 14 fatty acids demonstrating a significant increase (FDR-
adjusted p < 0.05), 3 fatty acids showing a significant decrease (FDR <
0.05), and 8 fatty acids exhibiting no significant change (FDR-adjusted p
< 0.05) in gonad tissue relative to body tissue (Fig. 7A). The volcano and
VIP score plots demonstrated that palmitoleic acid, oleic acid, n-6 PUFA,
PUFA, linoleic acid, and saturated fatty acids (SAFA) were markedly
increased in gonadal tissue, whereas erucic acid and eicosenoic acid
were significantly diminished, elucidating the disparities between
gonadal and somatic tissues during the ED phase of the gametogenic
cycle. During the LD gametogenic stage, the gonad tissue had consid-
erably elevated (FDR-adjusted p < 0.05) levels of 14 fatty acids/groups
and significantly reduced (FDR-adjusted p < 0.05) levels of 3 fatty acids/
groups in comparison to body tissue, while 11 fatty acids/groups
revealed no significant difference (Fig. 7B). During this stage, there was
a large rise in MUFA, PUFA, linoleic acid, n-6 PUFA, and oleic acid in
gonad tissue compared to body tissue. In contrast, octanoic acid, dec-
anoic acid, eicosapentaenoic acid, and lauric acid were considerably
decreased.

During the Mat gametogenic phase, 26 fatty acids were identified in
both gonadal and somatic tissues. Among these, 22 fatty acids/groups
had significantly elevated levels, whereas 3 fatty acids were decreased in
gonad tissue relative to body tissue, with 3 fatty acids demonstrating no
significant variance. At this time, behenic acid, oleic acid, and trideca-
noic acid were markedly increased, whereas palmitoleic acid, decanoic
acid, and octanoic acid were dramatically diminished in gonad tissue,
underscoring the disparities between the two tissues at the Mat stage.
The Spn gametogenic stage revealed a total of 28 fatty acids detected in
both tissues. The gonad tissue exhibited considerably elevated levels of
15 fatty acids/groups and diminished levels of 6 fatty acids/groups, but
7 fatty acids showed no significant difference between the tissues. Both
volcano and VIP score plots indicate that octanoic acid, heneicosanoic
acid, saturated fatty acids (SAFA), behenic acid, n-3 polyunsaturated
fatty acids (PUFA), and stearic acid were significantly elevated in
gonadal tissue, whereas oleic acid, myristic acid, and monounsaturated
fatty acids (MUFA) were significantly diminished, elucidating the dis-
parities between gonadal and somatic tissues during the Spn stage. Ul-
timately, in the Spt gametogenic phase, 27 fatty acids were detected in
the gonadal and somatic tissues. Gonad tissue demonstrated markedly
elevated quantities of 3 fatty acids/groups and diminished levels of 8
fatty acids, whereas 16 fatty acids displayed no significant variation. In
the Spt stage, myristic acid, palmitoleic acid, and linolenic acid were
markedly elevated in gonadal tissue, while palmitic acid, lauric acid,
tridecanoic acid, linoleic acid, and polyunsaturated fatty acids (PUFAs)
were significantly diminished, elucidating the disparities between
gonadal and somatic tissues during this phase of the gametogenic cycle.

3.6. Correlation analysis of somato-gonadal lipid dynamics

A correlation heatmap plot was generated to examine the relation-
ships between individual fatty acids (FAs) and their groups in gonadal
and body tissues during the energy-demanding gametogenesis cycle of
C. madrasensis (Fig. 8). The heatmap revealed a total of 15 fatty acids, or
FA groups, that exhibited statistically significant positive correlations
between gonadal and body tissues, as indicated by the “+” sign. These
included n-3 PUFA, eicosatrienoic acid, decanoic acid, stearic acid, tri-
decanoic acid, SAFA, nervonic acid, myristic acid, linolenic acid, lauric
acid, heneicosanoic acid, docosapentaenoic acid, arachidonic acid,
arachidic acid, and erucic acid. These positive correlations reflect
consistent patterns in the relative abundance of these fatty acids across
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both tissue types. In addition, five fatty acids displayed significant
negative correlations between gonadal and body tissues, denoted by the
“—” sign. These included PUFA, palmitoleic acid, linoleic acid, octanoic
acid, and monounsaturated fatty acids (MUFAs).

3.7. Fatty acid dynamics associated with trophic coupling

To evaluate the dietary origin and physiological allocation of fatty
acids during the gametogenic cycle of C. madrasensis, a correlation
matrix (Fig. 9) was constructed between dominant ingested plankton
groups and key FA or FA groups in gonadal and body tissues. The plot
revealed both positive and negative associations. Eight fatty acids, or FA
groups, exhibited significant positive correlations (solid rectangular
boxes) with plankton, supporting the hypothesis that these fatty acids
are directly derived from dietary intake. Notably, strong positive asso-
ciations were observed between Bacillariophyceae (diatoms) and
gonadal n-3 PUFA, SAFA, and stearic acid, indicating that diatoms are a
major trophic source of essential polyunsaturated fatty acids critical for
gametogenesis. Likewise, Dinophyceae were positively associated with
gonadal n-3 PUFA, further emphasizing the role of diverse phyto-
plankton taxa in supporting reproductive lipid pools. Additionally,
zooplankton ingestion positively correlated with body tridecanoic acid,
heneicosanic acid, and n-3 PUFA. In contrast, five FAs or FA groups
showed significant negative correlations with gonadal tissues but posi-
tive correlations with body tissues (dotted rectangular boxes). This
pattern, most evident in MUFA, linoleic acid, palmitoleic acid, and
PUFA, suggests a physiological trade-off wherein these FAs, although
initially accumulated in somatic tissues through dietary assimilation, are
selectively mobilized or depleted in gonadal tissues. Such a negative
correlation with gonads despite a positive correlation with diet indicates
a translocation mechanism, whereby body lipids are redirected to sup-
port gamete synthesis, particularly during the late development and
maturation stages. The absence of direct positive correlations between
certain plankton groups and gonadal fatty acids (despite positive body
correlations) may also reflect stage-specific metabolic partitioning or
selective lipid remodeling before reproductive assimilation. Overall, the
data suggest that essential fatty acids in gonadal tissues originate either
directly from ingested plankton or via somatic reserves.

3.8. Multifaceted linkages among environmental synchrony, trophic
linkage and fatty acid dynamics

The principal component analysis (PCA) revealed clear associations
between environmental variables, ingested plankton, and FA composi-
tion in both body (Fig. 10A) and gonad tissues (Fig. 10B) of
C. madrasensis across different gonadal stages. In body tissues (Fig. 10A),
the first two principal components explained 55.2 % of the total varia-
tion (PC1: 32.5 %, PC2: 22.7 %). Early development and spent stages
were positioned in the positive region of PC2 and associated with tem-
perature, turbidity, and total suspended solids. Late development was
grouped separately along the negative axis of PC2 with limited overlap,
showing weaker associations with the major fatty acid vectors. The
mature stage clustered strongly along PC1 and was positively related to
PUFA, linoleic acid, n-3 PUFA, and linolenic acid, whereas the spawning
stage is characterized by MUFA, tridecanoic acid, Bacillariophyceae,
phytoplankton, and zooplankton, as well as salinity as an environmental
inducer. In gonad tissues (Fig. 10B), PC1 and PC2 together accounted for
51.1 % of the total variation (PC1: 28.4 %, PC2: 22.7 %). Early devel-
opment and spent stages were aligned with turbidity, TSS, and eicosa-
trienoic acid along the negative axis of PC1. The mature stage clustered
positively with salinity, Bacillariophyceae, phytoplankton, zooplankton,
n-3 PUFA, and decanoic acid, whereas the spawning stage showed a
strong association with SAFA, octanoic acid, stearic acid, and pH. Late
development was positioned along PC2 and grouped with PUFA, MUFA,
palmitoleic acid, and linoleic acid.
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Fig. 6. The ranking of various fatty acids and their classifications determined by partial least squares discriminant analysis (PLS-DA) based on the VIP score on the x-
axis, contrasting body tissues and gonad tissues across five stages of gonadal development linked to the post-monsoon gametogenesis cycle of oysters (Crassostrea
madrasensis). The disparities in fatty acid profiles between somatic tissues and gonadal tissues are illustrated during the early development (ED) stage (A), late
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the PLS-DA loadings, considering the proportion of the explained Y-variable in each dimension.
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Fig. 7. Volcano plots illustrated alterations in fatty acid profiles between body tissues and gonadal tissues across five stages of gonadal development linked to the
post-monsoon gametogenesis cycle of oysters (Crassostrea madrasensis). The volcano plots illustrated variations in fatty acid profiles between body tissues and
gonadal tissues during the early development (ED) stage (A); late development (LD) stage (B); mature (Mat) stage (C); spawning (spn) stage (D); and spent (spt) stages
(E). In the volcano plots (A-E), the X-axis denotes the fold change of the fatty acids and their respective groups (log2 scale), while the Y-axis indicates the p-values on
a — logl0 scale. The horizontal line within the plot denotes a threshold for statistical significance (FDR-adjusted p < 0.05). Two vertical lines within the plot

indicated the thresholds of log2 fold-change >1 and < —1.

4. Discussion

The post-monsoon period in tropical estuaries serves as a significant
physiological catalyst, representing a biological occurrence subsequent
to the relative calm of the monsoon. Our study of the gametogenic cycle
of the Indian backwater oyster, C. madrasensis, uncovers a coordinated
interaction among environmental rejuvenation, trophic linkages, and
internal fatty acid reconfiguration. The interaction reveals strategic
resource allocation, with fatty acids serving as the foundation for
reproductive success. This analysis transcends mere cataloging of stages
and fatty acid dynamics and clarifies a fundamental synergy in which
the oyster’s internal physiological processes are directly influenced by
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the exterior environmental stimuli. The post-monsoon bloom, defined
by distinct plankton communities, supplies the essential nutrients that
the oyster assimilates, conveys, and modifies to meet the specific ener-
getic and structural requirements of gametogenesis, all regulated by
abiotic factors such as salinity and temperature.

4.1. Somato-gonadal fatty acid reallocation across the gametogenic cycle

The reproductive cycle of C. madrasensis emerges from a finely tuned
interplay between histological development, environmental seasonality,
and fatty acid biochemistry. Histological validation of the five gameto-
genic phases provides the anatomical framework upon which these
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processes unfold. The sequence from early development through
maturation, spawning, and the spent phase mirrors the reproductive
patterns reported across diverse oyster and bivalve species (Dinamani,
1987; Barber et al., 1991; Paixao et al., 2013; Aranda et al., 2014;
Asaduzzaman et al., 2019; Osada and Matsumoto, 2021; Hossain et al.,
2023). Crucially, this cycle is governed by an intricate reorganization of
fatty acid metabolism, in which both somatic and gonadal tissues
participate in a tightly coordinated exchange pattern. Therefore, the
patterns observed reflect a metabolic strategy optimized for life in
monsoon-driven estuaries, where resources fluctuate dramatically over
short temporal scales. During early development, oysters accumulated
myristic, ecosenoic acid, and eicosatrienoic acids predominantly in so-
matic tissues, indicating a preparatory phase of energy storage prior to
gonadal investment. These fatty acids are among the most readily
mobilized for f-oxidation and serve as substrates for long-chain PUFA
(LC-PUFA) biosynthesis, suggesting that somatic tissues function as
strategic reservoirs that support subsequent reproductive development
(Renaud et al., 2002; Fernandez-Reiriz et al., 2007). Similar somatic
preloading has been documented in C. gigas, Mytilus galloprovincialis, and
Ruditapes philippinarum (Carboni et al., 2013; Zarate et al., 2016) and is
often interpreted as an adaptive response to seasonally pulsed
environments.

As the gonads progressed from early to late development, a rapid and
selective enrichment of LC-PUFAs, particularly DHA, EPA, ARA, and

12

DPA, became evident. These fatty acids are essential components of
reproductive tissues, contributing to membrane fluidity, oocyte stabil-
ity, and eicosanoid-mediated physiological regulation (Soudant et al.,
1999; Alava et al., 2007; Da Costa et al., 2015). Their marked increase in
mature and spawning stages underscores their central role in optimizing
gamete viability. The high discriminatory power of DHA and nervonic
acid in the multivariate models emphasizes their importance in repro-
ductive tissue remodeling (Zhu et al., 2024; Soudant et al., 1999).
Comparable LC-PUFA-driven maturation has been reported across
diverse bivalves, including scallops, mussels, and pearl oysters (Caers
et al.,, 2002; Fournier et al., 2012; Gao et al., 2019), and is widely
considered a hallmark of successful gametogenesis. In our study, the
post-spawning depletion of LC-PUFAs, coupled with increased pro-
portions of SAFAs such as linolenic and myristic acids, indicates the
exhaustion of metabolic reserves following spawning. This shift re-
sembles post-reproductive metabolic depression documented in Mytilus
edulis and Crassostrea gigas (Berthelin et al., 2000; Liu et al., 2020),
where oysters enter a recovery phase supported largely by catabolic
maintenance metabolism.

Cross-tissue correlations in our dataset further highlight the inte-
grative nature of lipid management. Strong positive associations be-
tween somatic and gonadal pools for key fatty acids, including DPA,
ARA, stearic acid, and heneicosanoic acid, demonstrate that lipid allo-
cation is not simply a one-time transfer but rather a dynamic feedback
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system. Such metabolic coupling has been observed in C. virginica and
R. philippinarum, where somatic stores are mobilized in response to
gonadal demands (Camacho et al., 2003; Doring and Ekau, 2017).
Collectively, these findings suggest that C. madrasensis adopts a mixed
reproductive strategy that blends conservative and opportunistic
resource use. By first accumulating fats somatically and later reallocat-
ing them to the gonads, oysters can buffer against short-term environ-
mental variability while still capitalizing on seasonal peaks in food
availability. This combination of opportunistic and conservative traits,
common in species inhabiting unpredictable environments (Enriquez-
Diaz et al., 2009; Maneiro et al., 2017), appears finely tuned to the
hydrological rhythm of the Bay of Bengal.

13

4.2. Fatty acid dynamics governed by trophic coupling and dietary
assimilation

The strong correspondence between FA signatures and the compo-
sition of the gut plankton community confirms that dietary sources play
a decisive role in shaping reproductive fatty acid profiles. The post-
monsoon period in the Bay of Bengal, characterized by high phyto-
plankton productivity, especially diatoms and dinoflagellates, creates a
trophic window during which oysters can rapidly acquire essential fatty
acids. Diatoms provided substantial contributions of EPA and ALA,
while dinoflagellates offered DHA-rich biochemical resources, consis-
tent with global plankton FA profiles (Peltomaa et al., 2019; Chakra-
borty et al., 2016). The positive associations between these plankton
groups and gonadal LC-PUFAs indicate that the availability of high-
quality dietary lipids may serve as a proximal cue for the initiation
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and progression of gametogenesis (Pernet et al., 2012). Comparable
diet-lipid linkages have been demonstrated in Pinctada margaritifera,
Argopecten purpuratus, and C. virginica, where reproductive performance
strongly depends on the abundance and FA composition of planktonic
prey (Fournier et al., 2012; Caers et al., 2003; Da Costa et al., 2016).
Interestingly, several fatty acids, including MUFA, PUFA, palmitoleic
acid, and linoleic acid, exhibited positive correlations with somatic tis-
sues but negative correlations with gonads. This pattern suggests a
sequential trophic-somatic-gonadal lipid allocation pathway. In this
model, oysters first assimilate dietary lipids into somatic reserves, which
are then selectively mobilized toward reproductive tissues in response to
internal biochemical signals. Such two-step lipid routing has been pro-
posed for scallops and mussels (Freites et al., 2002; Freites et al., 2010)
and may provide metabolic flexibility under fluctuating food conditions.
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Our results indicate that C. madrasensis employs this strategy to integrate
dietary pulses into longer-term reproductive investment.

The FA signatures associated with zooplankton, particularly odd-
chain and branched-chain fatty acids, suggest that heterotrophic
microfauna also contributes to dietary lipid intake. This dietary breadth
likely enhances resilience during periods of phytoplankton scarcity,
enabling oysters to maintain fatty acid acquisition despite variable pri-
mary productivity (Mathieu et al., 2025). Similar trophic flexibility has
been observed in estuarine bivalves exposed to fluctuating turbidity and
nutrient regimes (Hofmann et al., 1992; Jardine et al., 2020). The
presence of zooplankton-derived fatty acids further underscores the
complexity of energy pathways supporting reproduction in tropical
estuarine environments.

Overall, the clear trophic-biochemical coupling revealed by our
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dataset positions FA profiling as an effective tracer of energy flow from
plankton to oyster tissues. In monsoon-influenced ecosystems, where
stable isotope baselines shift rapidly due to monsoonal freshwater in-
puts, FA biomarkers may provide more sensitive and temporally
resolved insights into trophic interactions (Galloway and Winder, 2015;
Lee et al., 2021). In the context of aquaculture, understanding these
diet-fatty acid linkages are essential for designing broodstock condi-
tioning regimes that mimic natural feeding periodicity, ensuring suffi-
cient LC-PUFA supply for optimal reproductive output.

4.3. Environmental modulation of fatty acid dynamics and adaptive
responses to estuarine variability

Environmental conditions exerted pronounced effects on FA
composition and reproductive stage clustering, revealing a tightly in-
tegrated eco-physiological system. Salinity emerged as the dominant
environmental driver structuring FA profiles, with mature and spawning
oysters closely associated with higher salinity, elevated plankton
abundance, and greater LC-PUFA and MUFA concentrations. Increasing
post-monsoon salinity likely enhances filtration efficiency, digestive
enzyme activity, and lipid assimilation capacity, thereby promoting
rapid reproductive advancement (Soudant et al., 1996; Delaporte et al.,
2005). Salinity also serves as a key phenological cue for spawning in
many estuarine bivalves (Davis, 1958; Asaduzzaman et al., 2019;
Drescher et al., 2019), helping synchronize gamete release with periods
of favorable hydrodynamic and trophic conditions. The coupling of
salinity-driven physiological changes with plankton-driven nutritional
inputs thereby creates a predictable environmental window that maxi-
mizes reproductive success.

Temperature and turbidity played equally important roles but acted
in contrasting directions. Higher temperatures were associated with
early gametogenesis, reflecting increased metabolic rates and acceler-
ated tissue turnover typical of tropical bivalves (Suarez et al., 2005;
Aranda et al., 2014). In contrast, high turbidity and TSS were linked
with early developmental and spent stages, likely due to reduced
filtration efficiency under suspended load, which limits energy acqui-
sition during critical recovery periods. These findings align with work
showing that elevated particulate matter reduces feeding efficiency in
filter feeders, thereby influencing reproductive timing and metabolic
investment (Clements et al., 2021). The combined effects of salinity,
temperature, and turbidity thus create a complex environmental matrix
that shapes lipid utilization patterns throughout the reproductive cycle.

The integration of environmental cues, trophic availability, and in-
ternal lipid dynamics suggests that C. madrasensis operates within a
narrow phenological window optimized for post-monsoon conditions.
However, the stability of this window is increasingly uncertain. Climate-
driven alterations in monsoon timing, freshwater discharge, and estua-
rine salinity dynamics pose significant risks to the synchrony between
environmental cues and reproductive processes (IPCC, 2021). Even
slight mismatches between phytoplankton blooms and the metabolic
demands of gametogenesis may reduce larval production and recruit-
ment, as observed in other marine broadcast spawners (Carson et al.,
2010; Padilla-Gamino et al., 2022). Given its rapid reproductive turn-
over and reliance on condensed productive seasons, C. madrasensis may
be particularly vulnerable to these disruptions.

From an applied perspective, our findings provide important insights
into broodstock conditioning, site selection, and adaptive aquaculture
under changing environmental conditions. Conditioning protocols
designed to mimic natural post-monsoon salinity increases and tem-
perature ranges may enhance lipid assimilation and reproductive suc-
cess. Likewise, supplying broodstock with diatom- and dinoflagellate-
rich diets can better support LC-PUFA deposition, improving gamete
quality and larval performance (Caers et al., 2002; Da Costa et al., 2016).
On a broader management scale, protecting estuarine water quality and
nutrient dynamics to sustain natural plankton cycles could help main-
tain reproductive resilience in wild populations.
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5. Conclusion

The results of this study reveal that the reproductive output of
C. madrasensis is driven synergistically by environmental drivers, dietary
inputs, and internal metabolic allocation. Post-monsoon environmental
restoration, characterized by changes in salinity, temperature, and
plankton blooms, initiates a series of gametogenic events mediated by
the mobilization of polyunsaturated fatty acids from somatic to gonadal
tissues. The preferential accumulation of long-chain polyunsaturated
fatty acids, in particular DHA, EPA, and ARA, during maturation and
spawning reflects their structural and regulatory role for the develop-
ment of gametes, fertilization, and viability of eggs/larvae. Similarly,
positive correlations with Bacillariophyceae and Dinophyceae also
indicate the importance of phytoplankton-origin lipids for reproductive
allocation, and stage-specific metabolic changes may reflect an adaptive
opportunistic—conservative pattern to energy allocation. Together, these
results provide a mechanistic basis for the association of somato-gonadal
fatty acid dynamics with environmental synchrony in monsoon-
influenced estuaries. Beyond advancing fundamental ecological under-
standing, the results carry applied significance in mariculture, particu-
larly conditioning broodstock under salinity and dietary regimes that
mimic natural cues can optimize spawning and larval performance.
Furthermore, the sensitivity of reproductive events to changes in
monsoonal patterns indicates that C. madrasensis is highly sensitive to
climate-mediated alterations and needs urgent integrated action for its
management and conservation along with the estuarine ecosystem.
While associations with plankton groups are clear evidence of trophic
transfer, the actual assimilation pathways and potential selective re-
jections are yet unknown. Future work should continue to develop this
conceptual framework by conducting analyses on diets that vary both in
spatial (among sites) and time (across seasons), with the use of stable
isotope and compound-specific results to provide a more precise means
of estimating dietary lipid assimilation.
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Understanding the interlinkages between ecological conditions and mariculture practices are vital for enhancing
growth performance and nutritional profiling of marine bivalves. However, highly productive mariculture
practices under different local ecological conditions have not been comprehensively documented to achieve
sustainable outcomes. This study investigates how depth (0.5 m, 1 m, and 1.5 m) and site-specific ecological
factors of three farming sites (Moheshkhali, Khurushkul, and Choufaldandi) influence the growth performance
and nutritional profile of green mussels (Perna viridis) in floating raft mariculture systems in the southeast coast
of the Bay of Bengal, Bangladesh. For this purpose, 20 uniform green mussel spats (2.9 + 0.08 g) were inoculated
across three cultivation depths in ten replicated mussel net socks, which were suspended vertically in the water
column from horizontal floating rafts and cultured for six months (October-March) at the above-mentioned three
farming sites. Among environmental factors, the two-way ANOVA model displayed both depth- and site-specific
significant variation of ecological parameters (DO, salinity, turbidity, NO3-N, PO4-P, Chlorophyll-a) and food
availability (Coscinodiscophyceae, Bacillariophyceae, Chlorophyceae, and Dinophyceae) in the studied areas.
Our findings based on the two-way ANOVA model also revealed that both the depth and site-specific ecological
settings significantly impact (p < 0.05) growth performance, shell morphometry and nutritional profiles of green
mussels. Various univariate and multivariate analyses further revealed that the above ecological factors are
closely interlinked with the observed differences in growth performance and nutritional profiles of mussels. By
integrating these ecological and environmental variables, our study provides actionable insights for optimizing
green mussel farming practices, potentially leading to improved yield and nutritional quality in floating raft
systems.

1. Introduction

The Perna viridis, also known as the green mussel, is a notably
valuable filter-feeding bivalve species that is native to the tropical and
subtropical regions of the Indo-Pacific, encompassing China, Singapore,
Thailand, India, and the Philippines (Sivalingam, 1977; Rajagopal et al.,
2006). Additional distributions of this species include Japan, Malaysia,
Papua New Guinea, the South Pacific Islands, and the Persian Gulf
(Sivalingam, 1977; Rajagopal et al., 2006). Specifically, the Cox’s Bazar
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coast of the Bay of Bengal in Bangladesh is rich in green mussels, with
notable concentrations found in locations including St. Martin Island,
Shahporir Dwip, Naf River, and the Moheshkhali Channel (Shahabuddin
et al., 2010). P. viridis is regarded as a valuable food source for human
consumption because of its abundant protein content and well-balanced
nutritional makeup (Espana et al., 2007; Chakraborty et al., 2014; Sar-
itha et al., 2015; Chakraborty et al., 2016). Owing to its exceptional
nutritional content, green mussels have become a vital element of
worldwide aquaculture, making significant contributions to both food
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security and economic progress (Duarte et al., 2020; FAO, 2022; Huang
et al., 2021). The adaptability of P. viridis to different climatic circum-
stances renders it a desirable species for aquaculture, especially in lo-
calities susceptible to climate change, where conventional fishing
activities may be diminishing (Rajagopal, 1997; Rajagopal et al., 1998;
Tang et al., 2011). As these species do not need extra feed, reach
harvestable size in around six months, and do not require the removal of
mangroves for site preparation, mussel farming has a smaller carbon
impact (Tang et al., 2011; Waldbusser et al., 2013; Filgueira et al., 2015;
Rejeki et al., 2021). Its cultivation is devoid of complex methods,
expertise, or equipment, rendering it especially well-suited for
small-scale artisanal environments (Bin Sallih and Pordarson, 2005;
Rejeki et al., 2021). P. viridis, being a significant bivalve, plays a crucial
role in marine ecology by its ability to filter water and provide habitat
and nutritious resources for a wide range of aquatic species (Hawkins
et al.,, 1998). Green mussel mariculture presents a nature-oriented
method for managing coastal resources, which involves controlling
services such as carbon sequestration, nutrient remediation, and coastal
defence. This practice also offers economic prospects and ecological
advantages for coastal communities (Shumway et al., 2003; Lindahl
et al., 2005; Herbert et al., 2012; Seitz et al., 2014; Rejeki et al., 2021).

Various cultivation methods for green mussels, such as bottom and
off-bottom, have been developed in response to the growing demand for
sustainable seafood. These techniques provide distinct benefits that are
adapted to local environmental conditions and management objectives
(Aypa S, M, 1990; Forrest and Creese, 2006; Dubois et al., 2007; Rejeki
et al.,, 2021). The bottom cultivation system, which involves growing
mussels directly on the seabed in the intertidal zone, is a cost-effective
method that enables natural feeding. However, it is more prone to
increased mortality caused by sedimentation and competition with
other benthic inhabitants (Aypa S, M, 1990; Forrest and Creese, 2006).
Furthermore, off-bottom techniques such as floating rafts and suspended
long lines are applicable in both intertidal and deepwater regions
(Sivalingam, 1977; Aypa S, M, 1990; Rejeki et al., 2021). The floating
raft cultivation approach is well recognized for its effectiveness in
optimizing space and promoting water flow around the mussels,
resulting in higher growth rates and superior health (Rivonker et al.,
1993; Noor et al., 2019; Rejeki et al., 2021). To achieve maximum
exposure to nutrients and phytoplankton in the water column, mussels
are affixed to ropes or nets suspended from a floating raft (Rivonker
et al., 1993; Noor et al., 2019; Rejeki et al., 2021). In coastal regions
characterized by powerful currents and abundant nutrients, the floating
raft technique is often used due to its capacity to enhance growth and
reduce the likelihood of sedimentation, therefore safeguarding the
overall health of mussels (Cheney et al., 2010; Noor et al., 2019). The
efficacy of floating raft techniques in certain areas has underscored the
potential of green mussel aquaculture as a reliable approach to tackle
protein insufficiencies in emerging nations (Rivonker et al., 1993; Noor
et al., 2019; Rejeki et al., 2021). Nevertheless, the achievement of
maximum yield and biochemical profile in green mussels necessitates
meticulous management and the selection of the most suitable site (Tan
and Ransangan, 2016; Hoque et al., 2021). Therefore, it is essential to
comprehend the impact of these factors on the development and nutri-
tional characteristics of green mussels to fully optimize mariculture
techniques (Tan and Ransangan, 2014).

Cultivation depth plays a crucial role in determining the production
and nutritional quality of green mussels in floating raft systems (Fuentes
et al., 2000; Dobretsov and Miron, 2001). Although coastal waters often
have enhanced light availability for phytoplankton proliferation, they
are also susceptible to sedimentation and nutrient runoff, which can lead
to the burial of mussels and negatively impact their health (Huisman
et al., 1999). In contrast, offshore deep seas offer a more consistent
setting characterized by reduced variations in temperature and salinity.
This can greatly enhance the health, growth, and general welfare of
mussels by reducing fouling and predation, as well as facilitating water
exchange (Cheney et al.,, 2010). A growing interest in offshore
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deepwater mussel farming has been fuelled by the claimed benefits of
cultivating mussels in deeper water (Cheney et al., 2010). In agreement,
research from various regions supports the notion that more profound
water cultivation often provides superior conditions for shellfish species
(Langan and Horton, 2003; Buck, 2007; Yu et al.,, 2010). However,
conducting cultivation in deeper water may provide difficulties, such as
decreased light penetration and modified nutrient dynamics, which can
affect the growth and nutritional quality of mussels (Huisman et al.,
1999). The intricate interaction between the depth of culture and the
biology of mussels emphasizes the need for meticulous selection of sites
and depth to enhance production efficiency and nutritional quality
(Ogilvie et al., 2004). Nevertheless, the precise influence of depth on the
growth and nutritional composition of green mussels in floating raft
systems has not been well investigated. A comprehensive understanding
of these relationships is essential for optimizing mussel production and
ensuring product quality.

Successful culture of green mussels is dependent on many site-
specific environmental conditions, which have a direct impact on their
feeding, respiration, and reproduction (Loesch and Evans, 1994;
Alvarado and Castilla, 1996; Iglesias et al., 1996; Noor et al., 2021).
Prior studies have investigated the ecological requirement, survival, and
growth performance of P. viridis in both natural environments and
human-controlled laboratory settings (Parulekar et al., 1982; Chatterji
et al., 1984; Chaitanawisuti and Menasveta, 1987; Rivonker et al., 1993;
Rajagopal et al., 1998; Wang et al., 2011; Taib et al., 2016; Rejeki et al.,
2021). The ideal ecological parameters for the growth of green mussels
are moderate temperatures ranging from 25 to 30°C (Hickman, 1979),
and consistent salinity levels ranging from 20 to 35 ppt (Aypa S, M,
1990). Adequate nutrient availability, namely nitrogen and phosphorus,
is essential for sustaining phytoplankton abundance, which is the main
source of food for green mussels. Hence, the choice of farming locations
is frequently dictated by the presence of elevated chlorophyll-a levels
(Rajagopal et al., 1998; Xu et al., 2010; Hoque et al., 2021), which serve
as an indicator of phytoplankton abundance. Prior research indicates
that the chlorophyll-a distribution in mussel farming varies between
0.7 mg/m3 and 17 mg/rn3 (Rajagopal et al., 1998; Tan and Ransangan,
2017; Hoque et al., 2021). Plankton is the main food consumed by
P. viridis and serves as a vital source of nutrients and energy for game-
togenesis (Tan and Ransangan, 2017; Asaduzzaman et al., 2019; Asa-
duzzaman et al., 2021). Elevated phytoplankton biomass is correlated
with accelerated mussel growth (Kamal and Khan, 1998; Ren and Ross,
2005; Noor et al., 2021). The abundance of plankton in the water and its
uptake by green mussels from the water column is markedly influenced
by seasonality and environmental circumstances (Tan and Ransangan,
2017; Asaduzzaman et al., 2020). Furthermore, the nutritional quality of
green mussels is greatly influenced by ecological factors, which affect
numerous aspects such as food availability, growth, and biochemical
makeup (Asaduzzaman et al., 2020). However, the multifaceted linkages
among the ecological factors, growth performance, and nutritional
quality of green mussels are not comprehensively documented within
the context of the floating raft cultivation system.

The coastline of Bangladesh spans 710 km and has 8500 km? of
shallow coastal and nearshore waters, which are less than 5 m deep
(Tasnim et al., 2024). Featuring a wide range of coastal habitats such as
mangroves, salt marsh, sea grass, corals, and stony reefs, this vast
shallow region sustains a diversified bivalve population (Shahabuddin
et al., 2010). Considering the increasing seafood demand in the country
and the vulnerability of coastal communities, the establishment of
small-scale commercial green mussel farming offers a favourable pros-
pect for economic rejuvenation. Hence, the objective of this work is to
examine the growth efficiency and nutritional parameters of green
mussels (P. viridis) grown in raft systems, specifically analysing the in-
fluence of culture depths and site-specific ecological variables. Our hy-
pothesis posits that varying cultivation depths will lead to unique
growth rates and nutritional components for mussels, which are
impacted by the surrounding ecological circumstances of the cultivation
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sites. Furthermore, the study investigated the intricate relationships
among environmental variables, seasonality, food availability, and
mussel growth performances. By elucidating these relationships, this
research seeks to optimize mussel farming practices, promote sustain-
able mariculture, and enhance the economic viability of mussel pro-
duction in the floating raft system.

2. Materials and Methods
2.1. Study area

The cultivation study of P. viridis was conducted from October 2022
to March 2023 at three locations: Moheshkhali (21°31°58"N,
91°58°52"E), Khurushkul (21°30°40"N, 91°59°53"E), and Choufaldandi
(21°30°42"N, 92°0'56"E) in the Moheshkhali Channel, Cox’s Bazar,
Bangladesh (Fig. 1). This channel is bordered on the east and west by the
Bay of Bengal and is located on the southeast coast of Bangladesh. The
selected locations are ideal for cultivating green mussels due to their
natural abundance and favourable water quality parameters
(Shahabuddin et al., 2010; Asaduzzaman et al., 2020).
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2.2. Installation of cultivation system and spat inoculation

Using bamboo and plastic drums, floating bamboo raft systems with
an area of 36 m? each were built for this study (Fig. 2D) and installed at
three distinct sites in the Moheshkhali Channel (Moheshkhali, Khur-
ushkul, and Choufaldandi) (Fig. 1). These culture systems have been
deployed in near-shore shallow water areas with a maximum water level
of 2.0 m at low tide to prevent navigational conflicts and possible
interference from fishing activities. For this study, three water depths
(0.5m, 1m, and 1.5m) were considered from the surface layer
(Fig. 2B-C). The mussels’ net socks (1.5 m long and 15 cm wide) were
prepared by manual swing using a black nylon fishing net (mesh size
0.8 cm) and hung vertically from the floating raft (Fig. 2B-C). The green
mussel spats (2.9 + 0.08 g) were collected from the rope substrate of
existing nearby green mussel culture activities in the same Moheshkhali
Channel using a spatula and scissors to cut through the byssus threads
(Fig. 2A). After collecting the spats, their biometric traits were measured
and 20 of them with uniform size were inoculated to each of the three
different depths (0.5 m, 1 m, and 1.5 m) in each of the mussel socks
(Fig. 2B-C). In each of the cultivation areas, ten mussel socks (as
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Fig. 1. Satellite view of the study areas (Source: Esri) illustrating the floating raft system of the green mussel (Perna viridis) along the Moheshkhali Channel in Cox’s
Bazar, Bangladesh. The experiment was conducted at three locations: Moheshkhali (21°31°58"N, 91°58°52"E), Khurushkul (21°30°40"N, 91°59’53"E), and Chou-

faldandi (21°30°42'N, 92°0'56"E). The map was prepared using ArcGIS.
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Fig. 2. Photographic overview of the experimental design and biometric measurements of harvested green mussels (Perna viridis) cultivated for six months at three
depths (0.5 m, 1.0 m, and 1.5 m) across three sites (Khurushkul, Maheshkhali, and Choufaldandi) in the Maheshkhali Channel of the Bay of Bengal, Bangladesh. (A)
Spats of green mussels (2.9 + 0.08 g) collected from the rope substrate of existing cultivation activities for use in this study; (B-C) Design and actual views of each
mussel sock, each containing 20 spats, at the three water depths (0.5 m, 1 m, and 1.5 m; (D) Ten mussel socks (replicated units) hung vertically from a floating raft
using nylon rope at each location (Khurushkul, Maheshkhali, and Choufaldandi; (E) Actual photographs of the installed floating raft system used in this study at each
location; (F) Photographs of each mussel sock at the end of the six months cultivation periods (October 2022 to March 2023; (G-H) Photographs of harvested green
mussels; and (I-J) Photographs of the biometric measurements of the harvested green mussels.

replicated units) were hung from the raft by attaching a separate nylon
rope so that whole socks (1.5 m) remained suspended vertically in the
water (Fig. 2D). Thus, this study had a factorial design with three depths
(0.5m, 1 m, and 1.5 m) as the first factor and three locations (Khur-
ushkul, Moheshkhali, and Choufaldandi) as the second factor.

2.3. Measurement of water quality parameters

Physical parameters (temperature, pH, dissolved oxygen, salinity,
and turbidity) were measured monthly in triplicate at low-tide condi-
tions for each cultivation depth (0.5 m, 1 m, and 1.5 m) at three sites
(Moheshkhali, Khurushkul, and Choufaldandi). A Celsius thermometer
was used to measure water temperature, a digital pH meter (EcoSense
pH10A by YSI) was used to determine pH, a digital DO meter (PDO-519
by Lutron) was used to measure dissolved oxygen (DO), a digital

refractometer (Bellingham and Stanley E-Line by Xylem) was used to
assess salinity, and a digital turbidity meter (Turb 430 IR, WTW, Weil-
heim, Germany) was used to measure turbidity. Among these factors,
dissolved oxygen was directly detected by submerging the sensors to
appropriate depths. To assess other physical parameters, a horizontal
water sampler (1120-1180 Horizontal Alpha™ Bottles, WildCo, FL,
USA) was used to collect composite water samples from each cultivation
depth. The collected water was then put directly in a bucket placed on
the boat and other water quality parameters were measured directly and
freshly by using specific equipment as mentioned above. Following the
measurement of physical characteristics, composite water samples
(about 800 ml) from each cultivation depth and site were transported to
the lab under ice storage conditions for chemical water quality analysis.
To investigate nutrients and chlorophyll-a, water samples were filtered
through microfiber glass filter paper (Whatman GF/C) using a vacuum
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pressure air pump. Concentrations of NO»-N, NO3-N, NH3-N, and PO4-P
were measured spectrophotometrically (PhotoFlex STD, WTW, Weil-
heim, Germany) in triplicates (APHA, 1992). Chlorophyll-a concentra-
tions were measured at 664, 647, and 630 nm using an Optizen Pop
2102 (Daejeon, Republic of Korea), following Boyd’s (1979) method.

2.4. Qualitative and quantitative estimation of water plankton abundance

Throughout the study period, the qualitative and quantitative
abundance of water plankton was measured monthly in triplicate at
each depth and sampling location. Initially, 20 L of composite water
samples were obtained from each cultivation depth using a horizontal
water sampler (1120-1180 Horizontal Alpha™ Bottles, WildCo, FL,
USA). The obtained pooled water samples (20 L) were filtered through a
25-pm mesh plankton net. The concentrated samples were then stored in
small plastic bottles containing 5 % buffered formalin. The plankton
(cells L™1) was quantitatively measured using a Sedgewick-Rafter (S-R)
cell composed of 1000 1-mm? cells (Asaduzzaman et al., 2008). A 1-ml
sample was placed into the S-R cell, and the plankton in 10 cells chosen
at random were enumerated using a binocular microscope (Optika
B-190 TB, Ponteranica, Italy). The calculation of plankton abundance
was performed using the formula N = (P x C x 100)/L. Here, N repre-
sents the number of plankton cells or units per litre of water, P represents
the number of plankton included in 10 fields, C represents the volume of
the final concentrate of the sample (ml), and L represents the volume of
the water sample used. Utilizing keys developed by Botes (Botes, 2003;
Mitra et al., 2013; McGaraghan, 2018), plankton were taxonomically
identified up to the genus level and categorized into distinct groups
according to the approach of Al-Kandari et al. (Al-Kandari et al., 2009).

2.5. Growth monitoring, harvesting and biometric measurements of green
mussels

During the cultivation period, the weight gain of green mussels was
recorded monthly by measuring the live weight of 10 individuals for
each depth and from each location. Green mussels typically require six
months to reach a harvestable size. Accordingly, the experiment was
conducted over six months, from October 2022 to March 2023.
Following harvest, the collected mussels were thoroughly cleaned to
remove encrusting critters and their byssus threads (Fig. 2G-H). The
total gross weight from each cultivation depth and the survival (in terms
of % alive) were recorded on site (Fig. 2J). Subsequently, samples from
different depths were immediately transported to the laboratory for
biometric measurements and growth parameter analysis. Mussels from
each depth and location were measured for their shell length, width, and
height using vernier callipers with a 0.01 mm accuracy (Fig. 2I). The
weight of each mussel was then determined by an electronic balance, to
the nearest 0.1 g (PS 1200.R2, Radwag, Poland), after draining fluids
from the intervalvar area. The meat section was then separated from the
shell, and the soft tissue and shell weights were recorded individually.
The specific growth rate for P. viridis was computed independently for
each depth and each location. Specific Growth Rate (SGR % day_l) for
green mussels was calculated as follows: SGR= {(InWt —InWO0)/ t}
x 100 %; Where WO = Initial weight (g); Wt = Final weight (g);
t = Length of cultivation (day).

2.6. Sample preparation for biochemical analysis

After cleaning and washing with distilled water, the meat portion of
20 randomly selected samples from each cultivation site for each depth
(i.e., 60 individuals for each replicated sample from three sites for each
depth of 0.5m, 1.0 m, and 1.5 m) was pooled together and chopped
carefully for different biochemical analyses. For each cultivation depth,
a portion of the pooled raw samples from each replicate was freeze-dried
and ground in powder form for fatty acid analysis. The remaining pooled
raw samples were dried at 60°C in a hot air oven until they attained a
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constant weight. The dried samples were then pulverized into a fine
powder using a blender (Kiam, BL-100, 750 watts, Bangladesh).
Powdered samples of green mussels from each cultivation depth were
subsequently used for proximate composition and amino acid analyses.
All biochemical analyses were conducted in triplicate for each cultiva-
tion depth.

2.7. Proximate composition

The analysis of proximate composition, including protein, fat, and
ash, was conducted at the laboratory of the Poultry Research and
Training Centre (PRTC) at Chattogram Veterinary and Animal Sciences
University. The Kjeldahl experimental setup was employed to quantify
the concentration of crude protein (Guebel et al., 1991). From the ni-
trogen concentration, the crude protein content was determined using a
conversion ratio of 6.25 (AOAC, 2000). Quantification of total lipid
content was carried out using the Soxhlet equipment (AOAC, 2005). Ash
content was quantified using the incineration technique outlined by
AOAC (AOAC, 2000).

2.8. Amino acid analysis

The AccQ-Tag Amino Acid Analysis approach was used to quantify
the amino acid composition of P. viridis at three distinct depths of
cultivation. To perform acid hydrolysis, 2 g of the green mussel sample
were immersed in 20 millilitres of 6 N hydrochloric acid in a hermeti-
cally sealed test tube. The mixture was then stirred for 20 minutes and
then placed in an oven set at 105 °C for 24 hours. After the hydrolysis
process, 20 ml of deionised water was introduced to each sample solu-
tion. The filtrate was then passed through Whatman No. 1 filter paper
and then through a nylon acetate (cellulose) membrane filter with a pore
size of 0.2 ym and a diameter of 47 mm. The samples underwent neu-
tralisation using a 0.1 N NaOH/NH3-OH solution after hydrolysis.
Tryptophan was subjected to alkaline hydrolysis by employing 20 ml of
4.3 N LiOH continuously heated in an oven at 160 °C for 16 hours. For a
total volume of 100 ml, deionised water and 9 ml of a 6 N hydrochloric
acid solution were added. After adjusting the pH of the solution to 4.5
with HCI, it was filtered once again using Whatman No. 1 filter paper
and nylon cellulose acetate membrane. Following hydrolysis, the sam-
ples were subjected to derivatisation using a reagent kit (AccQ-Fluor
Reagent, WAT052875, Waters). A column temperature of 37 °C was
established for acid hydrolysates, whereas the temperature for alkaline
hydrolysates was maintained at room temperature. 10 pl of the deriva-
tised samples were injected into a high-performance liquid chromatog-
raphy (HPLC) system (e2695, Waters) at a flow rate of 1 ml per minute.
The HPLC system was equipped with a C18RP column (3.9 x 150 mm)
and a fluorescence detector (2475, Waters), with a chromatographic run
time of 60 min. Peak detection was aided by the UV detector operating
at a wavelength of 248 nm, while the fluorescence detector was
configured with an excitation wavelength of 250 nm and an emission
wavelength of 395 nm. The detection and quantification of amino acids
were achieved by comparing the retention periods and peak regions of
standards (WAT088122, Waters). A total of 15 amino acids were both
discovered and measured in mg g~ of mussel, based on their dry weight.

2.9. Fatty acids analysis

In order to determine the fatty acids, the procedure outlined by Prato
et al. (2017) was followed. The first step was to use a Soxhlet equipment
to extract lipids from 2 g of dried green mussels. The solvent used for
lipid extraction was diethyl ether, with the final phase of extraction
conducted at a maintained temperature of 60 °C. Following lipid
extraction, fatty acid methyl esters (FAMEs) were evaluated from the
extracted lipid sample. The analysis of FAMEs was conducted using gas
chromatography-mass spectrometry (GC-MS) with a GCMS-QP2020
(Shimadzu, Japan) equipped with a flame ionization detector.
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Separation of the FAMEs was achieved using a capillary column Germany). Measurements were recorded in parts per million (ppm) and
measuring 30 m in length, 0.25 mm in inner diameter, 0.15 m in film subsequently converted to percentages of total fatty acids.
thickness, and 250 phase ratios. Helium was utilized as the carrier gas,
flowing at a rate of 1.42 ml/min. A temperature ramp of 5 °C per minute 2.10. Statistical analysis
was used to get the column temperature from 180 °C to 280 °C, and then
it was maintained at 280 °C. FAMEs were identified by comparing their All statistical analyses were conducted using R, version 4.2.2 (R
retention times with a standard (FAME mix C8-C24; Sigma-Aldrich, Development Core Team, 2022). To confirm the normal distribution
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Fig. 3. Growth performance of green mussels (Perna viridis) after six months of cultivation at three depths (0.5 m, 1.0 m, and 1.5 m) across three sites (Khurushkul,
Maheshkhali, and Choufaldandi) in the Maheshkhali Channel of the Bay of Bengal, Bangladesh. (A-C) Weight gain (g) of green mussels at different depths (A), across
the three cultivation sites (B), and their interaction (C) based on two-way ANOVA. (D-F) Soft tissue weight (g) of green mussels at various depths (D), across three
cultivation sites (E), and their interaction (F) based on two-way ANOVA. (G-I) Specific growth rate (SGR, %/day) of green mussels at different depths (G), across the
three cultivation sites (H), and their interaction (I) based on two-way ANOVA. Significant differences (p < 0.05) are indicated with superscript letters. Raincloud
plots (A, B, D, E, G, H) illustrate data distribution (the “cloud”) with jittered sample data (the “rain”), showcasing the variation in growth performance of green
mussels across the three depths and locations through a combination of density distribution and boxplots. The boxplots indicate median values (represented by
horizontal lines) and the upper and lower quartiles, with each dot representing an individual sample. Error bars on these plots show the maximum and minimum
values. NS indicates not significant (p > 0.05).
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assumptions for all datasets, the Shapiro-Wilk test and Levene’s test
were employed using the ’oneway tests’ package (Dag et al., 2018). An
analysis of variance (ANOVA) was conducted using the ’car’ package
developed by Fox and Weisberg (Fox and Weisberg, 2019). The data of
the growth performance, survival, and shell morphometric parameters
were analysed by two-way ANOVA, considering cultivation depth as the
first factor and farming sites as the second factor. Additionally, Tukey
multiple comparison tests were performed for each parameter at various
culture depths and locations using the’multcomp’ program developed
by Hothorn et al. (Hothorn et al., 2008). PerformanceAnalytics pro-
grams were utilised to examine and illustrate the correlations among the
variables (Peterson and Carl, 2020). A principal component analysis
(PCA) was conducted on all datasets using the 'FactoMineR’ software
(Sebastien et al., 2008). We only considered the first and second prin-
cipal components (PCs) in all cases, because they accounted for most of
the variations. All graphics were generated using the 'ggplot2’ program
(Wickham, 2016). The analysis of amino acids and fatty acids data was
conducted using MetaboAnalyst 6.0 (Pang et al., 2024). A total of 28
fatty acids/groups and 17 amino acids/groups underwent natural log-
arithmic transformation and auto-scaling to eliminate noise and arte-
facts. An ANOVA model was conducted to examine variations in amino
acid and fatty acid concentrations across different depths. T-tests were
used to compare the two depth groups, with the false discovery rate
(FDR) adjusted to consider multiple comparisons. To emphasise notable
disparities, the results were graphically represented using volcano and
other data visualisations. Comparative analysis using partial least
squares discriminant analysis (PLS-DA) was performed to discover var-
iations in metabolic profiles among the treatment groups and to identify
important metabolites. Significant contributors in the PLS-DA models
were identified as amino acids and fatty acids with a Variable Impor-
tance in Projection (VIP) score above 1. To provide a thorough picture of
the variations in amino acids and fatty acids levels across the various
groups, clustered heatmaps were produced to depict the relative con-
centrations of amino acids and fatty acids.

3. Results
3.1. Growth performance of Perna viridis in different depths and locations

The differences in individual weight gain, soft tissue weight, and
specific growth rate (SGR) of green mussels across three cultivation
depths and locations are presented in Fig. 3. At a culture depth of 0.5 m,
the mean individual weight gain (g), soft tissue weight gain (g), and SGR
(% day-1) of P. viridis were substantially higher (p < 0.001) compared to
the subsequent depths (Fig. 3). More precisely, the specific weight gain
of mussels collected at a depth of 0.5 m was 25 % and 80 % higher
(p < 0.001) compared to mussels collected from depths of 1 m and
1.5 m, respectively (Fig. 3A). Furthermore, the weight of individual soft
tissue in samples obtained from depths of 0.5 m was found to be 46 %
and 77 % greater (p < 0.001) compared to samples collected from
depths of 1 m and 1.5 m, respectively (Fig. 3D). Mussels grown at a
depth of 0.5 m showed a 31 % increased SGR (p < 0.001) in comparison
to those grown at a depth of 1.5 m (Fig. 3G). Location-wise, mussels
harvested from the Khurushkul site showed 71 % and 259 % higher
individual weight gain (p < 0.001) compared to samples harvested from
the Moheshkhali and Choufaldandi sites, respectively (Fig. 3B). Simi-
larly, the individual soft tissue weight of samples from the Khurushkul
site was 52 % higher than that from the Moheshkhali site and 138 %
higher (p < 0.001) than that from the Choufaldandi site (Fig. 3E).
Compared to the Moheshkhali and Choufaldandi locations, the average
SGR at the Khurushkul site was 24 % and 79 % higher (p < 0.001)
correspondingly (Fig. 3H). The interaction effects between cultivation
depth and sites were found to be non-significant (p > 0.05) (additive
effects) for individual weight gain (Fig. 3C), soft tissue weight (Fig. 3F)
and SGR (Fig. 3I).

The influence of cultivation depth and sites on the survival of green
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mussels is presented in Fig. 4. The survival of green mussels at 0.5 m
depth (89 %) was significantly higher (p < 0.001), intermediate at
1.0 m depth (82.2 %), and the lowest at 1.5 m depth (76 %) (Fig. 4A).
For location-specific variation, a significantly higher (p < 0.001) sur-
vival (88.33 %) of green mussels was recorded at Khurushkul site, in-
termediate at Moheshkhali site (84 %), and lower at the Choufaldandi
site (74.83 %) (Fig. 4B). However, a significant interaction effect
(p < 0.05) between cultivation depth and sites was observed for the
survival of green mussels (Fig. 4C).

The variations of shell morphometric parameters (length, width and
height) of green mussels across three cultivation depths and locations
are presented in Fig. 5. The individual shell length, shell width, and shell
height of green mussels were significantly greater (p < 0.001) at 0.5 m
depth, intermediate at 1 m depth, and lowest at 1.5 m depth (Fig. 5A,D,
G). Specifically, the individual shell length of mussels harvested from
0.5 m depth was 11.9 % and 22.3 % higher (p < 0.001) than that of
mussels from 1 m and 1.5 m depths, respectively (Fig. 5A). Likewise, the
individual shell width of samples collected from 0.5 m depth was 9.02 %
and 17.2 % higher (p < 0.001) than that of samples harvested from 1 m
and 1.5 m depths, respectively (Fig. 5D). Furthermore, the individual
shell height of mussels cultivated at 0.5 m depth was 5.2 % and 17.06 %
higher (p < 0.001) than that of those at 1.0 m and 1.5 m depths,
respectively (Fig. 3G). For site-specific variation, individual shell length,
shell width and shell height of green mussels were significantly higher
(p < 0.001) in the Khurushkul site, intermediate in the Moheshkhali
site, and significantly lowest (p < 0.001) in the Choufaldandi site
(Fig. 5B,E,H). Explicitly, the individual shell length of mussels harvested
from the Khurushkul site was 19.4 % and 60.4 % higher (p < 0.001)
than the samples from Moheshkhali and Choufaldandi sites, respectively
(Fig. 5B). Similarly, individual shell width of mussels collected from
Khurushkul site was 15.3 % and 39.8 % higher (p < 0.001) than the
sample harvested from Moheshkhali and Choufaldandi sites, respec-
tively (Fig. SE). In addition, individual shell height of mussels cultivated
at Khurushkul site was 15.4 % and 41.1 % higher (p < 0.001) than those
harvested from Moheshkhali and Choufaldandi sites, respectively
(Fig. 3H). The statistical analysis revealed that there were no significant
interaction effects for individual shell length (Fig. 5C), individual shell
width (Fig. 5F) and individual shell height (Fig. 5I).

3.2. Ecological parameters and growth performance of P. viridis

Variations in water quality parameters among different cultivation
depths and locations based on two-way ANOVA are presented in Table 1.
Among the ten water quality parameters analyzed in this study, the
ANOVA model displayed that cultivation depth significantly influenced
DO (p < 0.01), NO3-N (p < 0.01), PO4-P (p < 0.001) and Chlorophyll-a
(p < 0.001) concentration (Table 1). Among the site-specific ecological
parameters, DO (p < 0.001), salinity (p < 0.001), turbidity (p < 0.001),
NO3-N (p < 0.01), PO4-P (p < 0.01) and chlorophyll-a (p < 0.001)
showed significant variation among the three cultivation locations
(Table 1). Except for NO3-N (p < 0.05), a non-significant interaction
effect (p > 0.05) between cultivation depth and sites was observed for
all other water quality parameters (Table 1).

An intensive correlation study was conducted to investigate the as-
sociation between the monthly fluctuations in environmental parame-
ters and the individual increase in body weight of mussels (Fig. 6). The
correlation test indicated that there was no statistically significant link
(p > 0.05; r = 0.12) between the temperature and the individual body
weight gain of green mussels. Significant positive correlations were
observed between pH (p < 0.01; r = 0.24), dissolved oxygen (p < 0.05;
r =0.16), salinity (p < 0.001; r = 0.42), chlorophyll a (p < 0.001;
r = 0.39), and the individual body weight gain of the green mussels.
Notably, some nutrients such as NO3-N (p < 0.001; r = 0.42), NH3-N
(p < 0.001; r = 0.26), and PO4-P (p < 0.001; r = 0.33) also exhibited a
substantial positive association with the individual increase in body
weight of mussels. Notably, there was a strong negative connection
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Fig. 4. Survival (%) of green mussels (Perna viridis) after six months of cultivation at three depths (0.5m, 1.0 m, and 1.5 m) across three sites (Khurushkul,
Maheshkhali, and Choufaldandi) in the Maheshkhali Channel of the Bay of Bengal, Bangladesh. (A) Survival (%) of green mussels at the three different depths; (B)
survival (%) at the three cultivation sites; and (C) survival (%) of green mussels under the interaction effects of depth and cultivation site based on two-way ANOVA.
Significant differences (p < 0.05) are indicated with superscript letters. Raincloud plots (A and B) illustrate data distribution (the “cloud”) with jittered sample data
(the “rain”), highlighting the variation in survival rates of green mussels across the three depths and locations through a combination of density distribution and
boxplots. The boxplots show median values (represented by horizontal lines) and the upper and lower quartiles, with each dot representing an individual sample.

Error bars on these plots indicate the maximum and minimum values.

between turbidity (p < 0.001; r = -0.67) and NO»-N (p < 0.001; r = -
0.39) and the individual body weight growth of P. viridis (Fig. 6).

3.3. Plankton abundance and growth performance of P. viridis

The cultivation depths and site-specific variation of qualitative and
quantitative abundance of different plankton groups based on the two-
way ANOVA are presented in Table 2. An estimated 80 % of the total
plankton population consisted of phytoplankton. Within the examined
geographical area, Bacillariophyceae, Coscinodiscophyceae, and
zooplankton emerged as the prominent plankton groups (Table 2).
Throughout the duration of the investigation, an overall number of 69
planktonic genera have been found, consisting of 55 phytoplankton and
14 zooplankton. These included groups such as Coscinodiscophyceae
(18), Bacillariophyceae (12), Dinophyceae (11), Chlorophyceae (4),
Fragillariophyceae (4) and Cyanophyceae (6) along with 14
zooplankton species, across three depths and three cultivation sites of
green mussels (data not shown). Out of the 69 planktonic genera,
Coscinodiscus, Skeletonema, Thalassiothrix, Ditylum, Rhizosolenia, Navi-
cula, Protoperidinium, Pleurosigma, Pseudonitzschia, Copepod, fish eggs
and Rotifera were the primary contributors to the planktonic composi-
tion in the water during the study periods (data not shown).

Among the six different groups of phytoplankton, a quantitative
abundance of two groups of phytoplankton (Fragilariophyceae and
Cyanoophyceae) was not statistically different (p > 0.05) across three
cultivation depths (Table 2). The other four groups of phytoplankton,
Coscinodiscophyceae (p < 0.01), Bacillariophyceae (p < 0.001), Chlor-
ophyceae (p < 0.05), and Dinophyceae (p < 0.05), were significantly
highest at 0.5 m water depth, while the lowest abundance was recorded
at 1.5 m cultivation depth (Table 2). Although the quantitative abun-
dance of zooplankton was not significantly different (p > 0.05), total
phytoplankton (p < 0.001) and total plankton (p < 0.01) were consid-
erably higher at 0.5m compared to the 1.5m cultivation depth
(Table 2). For site-specific variation, except two groups of phyto-
plankton (Fracillariphyceae and Chlorophyceae), other four groups,
namely Coscinodiscophyceae (p < 0.05), Bacillariophyceae (p < 0.01),
Cyanophyceae (p < 0.05), and Dinophyceae (p < 0.05) were signifi-
cantly highest at Khurushkul site, while the lowest abundance was
recorded at Choufaldandi site. The quantitative abundance of
zooplankton showed statistically non-significant variation for three

cultivation sites. However, the abundance of total phytoplankton
(p < 0.01) and total plankton (p < 0.05) were significantly higher at the
Khurushkul site, intermediate at Moheshkhali site, and the lowest at the
Choulfaldandi sites. The interaction effects between cultivation depth
and sites were found to be statistically non-significant (p > 0.05) for all
of the different plankton groups analyzed in this study.

Besides two-way ANOVA model, a comprehensive correlation anal-
ysis was conducted to explore the association between the monthly
changes in quantitative abundance of distinct categories of plankton and
the individual body weight gain of mussels (Fig. 7). The individual body
weight gain of P.viridis was positively correlated with the quantitative
abundance of Coscinodiscophyceae (p < 0.001; r = 0.59), Bacillar-
iophyceae (p < 0.001; r = 0.35), Chlorophyceae (p < 0.001; r = 0.40),
Dinophyceae (p < 0.001; r=0.36), Fragillariophyceae (p < 0.01;
r = 0.21), Cyanophyceae (p < 0.05; r = 0.20), zooplankton (p < 0.001;
(r =0.48), total phytoplankton (p < 0.001; r=0.35), and total
plankton (p < 0.001; r = 0.42).

3.4. Interrelationship among ecological factors and growth performance
of P. viridis

A multivariate PCA was performed to understand better the multi-
faceted linkage among water quality parameters, plankton abundance,
and the body weight gain of green mussels during the culture period
from October to March (Fig. 8). The PCA revealed that the PC1 and PC2
accounted for 52.6 % of the variability in the data (Fig. 8). PC1
(explaining 35.7 % of the variance) was linked to individual body
weight gain and was positively correlated with salinity, dissolved oxy-
gen (DO), pH, nitrate (NO3-N), ammonia (NHs3-N), chlorophyll-a, and
plankton abundance, while negatively correlated with nitrite (NO2-N)
and turbidity. The PCA findings further indicated that high levels of
nutrients (NO3-N, NHs-N), salinity, DO, chlorophyll-a, and plankton
abundance positively affected body weight gain from December to
March. Conversely, increased turbidity during October and November
had a negative impact on the body weight gain of green mussels.

3.5. Proximate composition of P. viridis

Table 3 presents the variations in the proximate composition (% dry
matter basis) of the body soft tissues of green mussels across three
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Fig. 5. Shell morphometry of green mussels (Perna viridis) after six months of cultivation at different depths (0.5 m, 1.0 m, and 1.5 m) across three sites (Khurushkul,
Maheshkhali, and Choufaldandi) in the Maheshkhali Channel of the Bay of Bengal, Bangladesh. (A-C) Shell length (mm) of green mussels at three different depths
(A), across the three cultivation sites (B), and their interaction (C) based on two-way ANOVA. (D-F) Shell width (mm) of green mussels at three different depths (D),
across the three cultivation sites (E), and their interaction (F) based on two-way ANOVA. (G-I) Shell height (mm) of green mussels at three different depths (G), across
the three cultivation sites (H), and their interaction (I) based on two-way ANOVA. Significant differences (p < 0.05) are indicated with superscript letters. Raincloud
plots (A, B, D, E, G, H) illustrate data distribution (the “cloud™) with jittered sample data (the “rain™), highlighting the variation in shell morphometry of green
mussels across the three depths and locations through a combination of density distribution and boxplots. The boxplots display median values (represented by
horizontal lines) and the upper and lower quartiles, with each dot symbolizing an individual sample. Error bars on these plots indicate the maximum and minimum

values. NS indicates not significant (p > 0.05).

cultivation depths, as analyzed by one-way ANOVA. The protein content
displayed that mussels harvested from the 1.5 m depth having signifi-
cantly lower protein levels than those from the 1.0 m depths. Likewise,
lipid content varied significantly (p < 0.05) among the depths. Mussels
from the 0.5 m depth had a significantly higher lipid content, while lipid
levels at the 1.0 m and 1.5 m depths were similar. No significant dif-
ference in ash content (p > 0.05) was found across the three cultivation

depths.

3.6. Fatty acid profiles

Univariate and multivariate statistical methods were employed to
evaluate the impact of various cultivation depths on the fatty acid
composition (% of total fatty acids) in the body soft tissues of green
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Table 1

Regional Studies in Marine Science 81 (2025) 103981

Variations in water quality parameters among different depths and locations based on two-way ANOVA.

Variables Means (Tukey test) Sig. (p-value)

Depth (D) Location (L) D L DXL

0.5m 1m 1.5m Khurushkul Moheshkhali Choufaldandi
Temp (C) 28.34 + 1.78° 28.12 + 1.58° 28.04 + 1.422 28.24 + 1.33° 27.74 + 1.41° 29.10 + 1.16° NS NS NS
pH 7.78 + 0.82° 7.71 + 0.92° 7.52 + 0.68° 7.48 + 0.82° 7.79 + 0.81? 7.64 + 0.58° NS NS NS
DO (mg/L) 5.93 + 0.28% 5.73 + 0.32%° 5.23 + 0.22° 5.98 + 0.122 5.92 + 0.122 5.28 + 0.12° >k NS
Salinity (ppt) 24.24 + 1.04° 24.44 + 1.08° 24.65 + 1.28% 26.09 + 0.72° 26.66 + 0.58° 20.57 + 1.22° NS NS
Turb (NTU) 12.35 + 1.16% 12.46 + 1.18° 12.06 + 1.04° 9.86 + 0.69° 9.57 + 0.64° 17.6 + 1.40% NS bl NS
PO,-P (mg/L) 1.55 + 0.22% 1.11 +0.12° 1.09 + 0.22° 1.49 +0.12% 1.23 +0.32%° 1.06 + 0.28" i o NS
NO,-N (mg/L) 0.19 + 0.012 0.15 + 0.012 0.16 =+ 0.022 0.14 + 0.022 0.18 + 0.012 0.18 + 0.012 NS NS NS
NO3-N (mg/L) 1.11 £0.11° 0.84 + 0.09° 0.75 + 0.16" 1.35 + 0.19° 0.99 + 0.16%° 0.65 + 0.09° o i
NH;-N (mg/L) 0.17 + 0.05% 0.23 + 0.04% 0.18 + 0.02° 0.22 + 0.04° 0.17 + 0.02? 0.19 + 0.03? NS NS NS
Chlorophyll-a (ug/L) 5.67 + 0.26% 4.75 + 0.20° 4.27 +0.19° 5.02 + 0.15° 5.70 + 0.222 4.06 + 0.18° bk >k NS

The significance levels (p) are denoted by asterisks (*<0.05, **<0.01, ***<0.001, NS= Not significant). Significant variations among various depths and locations are

shown by several superscripts in the same row at p < 0.05 level.

mussels. The ANOVA model displayed that 21 out of 28 fatty acids/
groups varied considerably (p < 0.05) among the three cultivation
depths (Fig. 9A). Of these, six fatty acids/groups with highly significant
differences were highlighted in the box plots around the ANOVA plot
(Fig. 9A). Every category of fatty acids, namely saturated fatty acids
(SAFA), monounsaturated fatty acids (MUFA), and polyunsaturated
fatty acids (PUFA), showed statistically significant variations (p < 0.05)
across three cultivation depths (Fig. 9B). SAFA content ranged from
43.61 % to 57.74 % of the total fatty acids (Fig. 9B). Notably, the SAFA
content was highest in P. viridis samples collected from a depth of 1.5 m
compared to those from 0.5 m and 1 m depths. Palmitic acid (C16:0),
heptadecanoic acid (C17:0), stearic acid (C18:0), and arachidic acid
(C20:0), were the predominant SAFA across all depths. MUFA content
ranged between 19.98 % and 37.48 % of the total fatty acids (Fig. 9B),
with samples from 1 m depth showing higher MUFA levels compared to
those from 0.5 m and 1.5 m depths (p < 0.05). PUFA comprised about
22 % of the total fatty acids, with n6-PUFA accounting for roughly 90 %.
Eicosatrienoic acid (C20:3n-6) and linoleic acid (C18:2n-6) were the
major n6-PUFA contributors (Fig. 9B). The n6-PUFA and n3-PUFA
contents were considerably higher (p < 0.05) in samples from 0.5 m
depth compared to those from 1 m and 1.5 m depths. A heatmap was
assembled by cluster analysis of the fatty acid profiles of P. viridis har-
vested from different cultivation depths (Fig. 9B). The clustering results
revealed that the fatty acid profiles of mussels from 0.5 m depth were
more similar to those from 1.5 m depth than to those from 1.0 m depth.

Additionally, the discrimination in the fatty acid profiles of the body
soft tissues of P. viridis were visualized for pair-wise comparisons of
cultivation depths (0.5m vs 1.0m, 1.0 m vs 1.5m, 0.5 m vs 1.5 m)
using volcano plots (Fig. 10A-C). The plots revealed that, compared to
mussels from the 1.0 m depth, those from the 0.5 m depth had consid-
erably lower (p < 0.05) levels of 5 fatty acids/groups (C13:0, C20:0,
C20:1, C22:1, and MUFA) and higher (p < 0.05) levels of 15 fatty acids/
groups (C8:0, C12:0, C14:0, C16:0, C17:0, C22:0, C16:1, C18:1, C18:3n-
3, C22:5n-3, C22:6n-3, C20:3n-6, n-3PUFA, n-6PUFA, and PUFA), with 8
fatty acids/groups showing no significant difference (p > 0.05)
(Fig. 10A). Similarly, mussels from the 1.5 m depth had significantly
lower (p < 0.05) levels of 16 fatty acids/groups (C14:0, C12:0, C16:1,
C22:6n-3, C18:0, C17:0, C8:0, SAFA, C18:1, C20:0, n-3PUFA, C18:3n-3,
C20:3n-6, PUFA, n-6PUFA, and C22:0) and considerably higher
(p < 0.05) levels of 4 fatty acids/group (C13:0, C20:1, C22:1, MUFA)
compared to 1.0 m depth, with 8 fatty acids/groups showing no signif-
icant (p > 0.05) difference (Fig. 10B). Likewise, mussels from the 0.5 m
depth exhibited considerably higher (p < 0.05) levels of 14 fatty acids/
groups (C8:0, C16:0, C16:1, C12:0, C13:0, MUFA, n-3PUFA, PUFA, n-
6PUFA, C18:3n-3, C20:3n-6, C14:0, C20:1, C18:1) and significantly
lower (p < 0.05) levels of 3 fatty acids/groups (C20:0, C18:0, and SAFA)
compared to those from the 1.5 m depth, with 11 fatty acids/groups
displayed no significant (p > 0.05) difference (Fig. 10C). The identified

fatty acids were then analyzed using VIP scores (Fig. 10D). The VIP value
measures the importance of each fatty acid in the separation between
different cultivation depths, with higher VIP values indicating greater
importance. Out of the 28 fatty acids/groups analyzed in this study, 13
fatty acids were highlighted with values of VIP scores > 1.0. Moreover,
among these 13 fatty acids, C20:0, C18:0 and SAFA exhibited the
significantly highest (p < 0.05) VIP scores (VIP>1.5, a typical cutoff
point that is frequently used in many studies), indicating that these three
fatty acids had the highest importance in explaining the differences
among the three cultivation depth conditions.

3.7. Amino acid content

In the present study, Arginine (ARG), leucine (LEU), lysine (LYS),
methionine (MET), threonine (THR), valine (VAL), isoleucine (ILE), and
phenylalanine (PHE) are eight essential amino acids (EAA) and alanine
(ALA), aspartic acid (ASP), tyrosine (TYR), glutamine (GLU), serine
(SER), cysteine (CYS), and proline (PRO) are seven non-essential amino
acids (non-EAA) found in the body soft tissues of green mussels under
three cultivation depth conditions. The ANOVA model showed that 13
out of 17 amino acids/groups varied significantly (p < 0.05) among the
three cultivation depths, with the most highly significant 6 amino acids/
group (MET, ILE, GLU, CYS, non-EAA, and THR) are displayed in box
plots around ANOVA plot (Fig. 11A). Depending on the cultivation
depths, the EAA content of P. viridis ranged from 184 to 196 mg g~ ! of
dry weight (Fig. 11B). The most abundant EAA in P. viridis across three
depths were methionine (69.13-75.3 mg g 1), arginine
(66.32-69.44 mg g~ 1), phenylalanine (24.23-31.12 mg g~ 1), and lysine
(15.02-53.48 mg g~ 1). Although the total EAA was not significantly
different (p > 0.05), ARG (p < 0.01), LEU (p < 0.01), LYS (p < 0.05),
VAL (p < 0.05), and ILE (p < 0.001) varied considerably across three
cultivation depths (Fig. 11B). The non-EAA content of P. viridis ranged
from 126.7 to 169.7 mg g~ of dry weight. The total non-EAA content
was considerably higher (p < 0.001) in the mussels harvested from
0.5 m depth compared to those from 1.0 and 1.5 m cultivation depths.
The most dominant non-EAA in P. viridis was aspartic acid
(56.86-66.38 mg g~ 1), followed by glutamine (30.37-52.73 mg g~ 1),
proline (22.98-27.81 mg g™ 1), serine (7.17-7.92 mg g 1), and cysteine
(4.97-5.4 mg g_l). Among the non-EAA, ALA (p < 0.01), GLU
(p < 0.001), SER (p < 0.001), CYS (p < 0.001), PRO (p < 0.05) varied
among the three cultivation depths (Fig. 11B). Moreover, heatmap-
based cluster analysis showed that amino acids profiles of the body
soft tissues of P. viridis from 0.5 m depth more closely clustered with
those from 1.0 m compared to the 1.5 m cultivation depth.

A VIP plot created from the PLS-DA models prioritised specific amino
acids for their potency to determine which amino acids caused the most
changes across different cultivation depths (Fig. 11C). Of the 17 amino
acids/groups analyzed in this study, 14 were identified with VIP scores
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Fig. 6. Interrelationship among ecological factors and body weight gain of green mussels (Perna viridis) cultivated at different depths (0.5 m, 1.0 m, and 1.5 m) for
six months across three sites (Khurushkul, Maheshkhali, and Choufaldandi) in the Maheshkhali Channel of the Bay of Bengal, Bangladesh. The variables are defined
as follows: Temp - water temperature (°C); DO - dissolved oxygen (ppm); Salinity - salinity (ppt); Turbidity - turbidity (NTU); PO4_P - phosphate phosphorus (mg/1);
NO2N - nitrite nitrogen (mg/1); NO3_N - nitrate nitrogen (mg/1); NH3_N - ammonia nitrogen (mg/1); Chl_a - chlorophyll a (ug/L); Wt. gain - individual body weight
gain (g). The values indicated around each axis represent the range of measured values for each parameter. Numeric values represent correlation coefficients (r), with
larger font sizes indicating stronger correlations. Asterisks denote significance levels (p) as follows: * <0.05, * * < 0.01, * ** <0.001.Top of Form.

greater than 1.0. Among these 14 amino acids, MET and CYS had
notably > 1.5 VIP scores (p < 0.05), indicating their significant role in
determining the major differences among three cultivation depth con-
ditions. As like fatty acid profiles, volcano plots were also generated
using amino acid profile data to visualize the pair-wise discrimination of
culture depths (0.5 mvs 1.0 m, 1.0 m vs 1.5 m, and 0.5 m vs 1.5 m). The
volcano plots displayed that mussels harvested from 0.5 m depth had
considerably lower (p < 0.05) levels of 5 amino acids (ALA, LYS, TYR,
LEU, THR, CYS and ARG) and higher (p < 0.05) levels of 7 amino acids/
groups (GLU, PHE, PRO, ASP, MET, EAA, and non-EAA) compared to the
1.0 m depth, with 3 amino acids showing no significant (p > 0.05) dif-
ference (p > 0.05) (Fig. 11D). Compared to the 1.5 m cultivation depths,
mussels from 1.0 m depth displayed considerably higher (p < 0.05)
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levels of 6 amino acids (MET, ILE, SER, PRO, ALA and PRO) and lower
(p < 0.05) levels of 3 fatty acids (CYS, VAL, and THR), with 8 amino
acids/groups showing no significant (p > 0.05) difference (Fig. 10E).
Likewise, compared to the 1.5 m cultivation depths, mussels from 5.0 m
depth displayed considerably lower (p < 0.05) levels of 5 fatty acids/
groups (CYS, THR, LYS, VAL and LEU), and higher (p < 0.05) levels of 7
amino acids/group (GLU, MET, non-EAA, SER, ILE, ARG, and PRO),
with remaining 5 amino acids/group showing no significant (p > 0.05)
difference (Fig. 10F).



M. Asaduzzaman et al.

Table 2

Regional Studies in Marine Science 81 (2025) 103981

Variations of different plankton group (x10° cells L™!) abundance in water among different depths and green mussel cultivation sites based on two-way ANOVA.

Variables Means (Tukey test) Sig. (p-value)
Depth (D) Location (L) D L DXL
0.5m 1m 1.5m Khurushkul Moheshkhali Choufaldandi
Coscinodiscophyceae 134.6 + 8.0° 114.6 + 7.3 101.7 + 6.6° 128.92 £ 7.1% 118.7 +7.1%° 103.22 + 8.0° * NS
Fragilariophyceae 20.28 + 3.4° 17.72 + 2.9 15.91 + 2.7 20.57 + 3.5% 17.88 + 2.6 15.45 + 2.8° NS NS NS
Bacillariophyceae 139.6 + 6.2° 119.3 +6.1° 105.6 + 5.4° 135.5 + 5.3 124.5 + 5.9%°° 104.5 + 6.6° o o NS
Chlorophyceae 38.12 + 2.4° 32.9 + 2.3% 20.12 +2.1° 36.09 + 2.1° 34.29 + 2.4° 29.72 + 2.5 * NS NS
Cyanophyceae 26.45 + 2.5% 22.7 + 2.2° 20.23 + 1.9° 27.16 + 2.4 23.53 + 2.2% 18.69 + 1.9° NS * NS
Dinophyceae 63.55 + 3.9 54.9 + 3.8% 49.16 + 3.3° 62.85 + 3.4° 57.35 + 3.8%° 47.35 + 3.6" * * NS
Total Phytoplankton 4225 + 18.0° 362.1 +18.3° 321.4 + 16.6" 410.8 + 15.0° 376.3 + 17.1% 318.9 +20.8° o NS
Total zooplankton 103.3 +11.7% 92.10 + 10.7° 82.36 + 9.6% 98.66 + 10.7° 94.85 + 11.2° 84.22 +10.2° NS NS NS
Total Plankton 525.8 + 27.8° 454.2 + 27.9% 403.7 + 25.2° 509.5 + 23.8° 471.2 + 27.4%° 403.1 +30.1° o * NS

The significance levels (p) are denoted by asterisks (*<0.05, **<0.01, ***<0.001, NS= Not significant). Significant variations among various depths and locations are

shown by different superscripts in the same row at p < 0.05 level.
4. Discussion

4.1. Depth-specific ecological variation influence growth and nutritional
profile of P. viridis

This study examines how the depth-specific ecological factors may
significantly influence growth performance, shell morphometry and
nutritional content of the mussels by affecting food availability and the
physiological responses (Orban et al., 2002; Dridi et al., 2007; Silva
et al., 2021). The observed significant difference in individual weight
gain, soft tissue weight, SGR, survival, and shell morphometric param-
eters highlights the critical role of cultivation depth in optimizing the
mariculture conditions of green mussels (see Figs. 3-5). Previous
research has indicated that cultivation depth significantly influences
mussel growth, with faster growth observed in areas nearer to the sur-
face waters (Fuentes et al., 2000; Dobretsov and Miron, 2001). The study
conducted by Kautsky (Kautsky, 1982) revealed that mussels farmed in
the Baltic Sea at a depth of 4 m showed markedly superior growth in
comparison to those cultivated at a depth of 15 m. Mueller (Mueller,
1996) reported that the mussel M. trossulus had a notably greater growth
rate at depths of 1 and 3 m in Northern Puget Sound, WA, USA, as
opposed to 5 m. Furthermore, Gallardi et al. (2017) noted that green
mussels in shallower water had a greater overall weight compared to
those in deeper areas. This suggests that shallower depths often facilitate
more favourable development conditions. Corroborating these in-
vestigations, a cultivation depth of 0.5 m yielded notably better growth
performance and shell morphometric parameters (length, width, and
height) compared to the other depths (refer to Figs. 3-4). This suggests
that this depth offers ideal conditions for supporting superior growth
metrics of P. viridis.

The enhanced growth and nutritional profile of mussels primarily
depends on greater availability of food sources, improved feeding con-
ditions, and more favourable hydrographic conditions during the culti-
vation period (Rivonker et al., 1993; Orban et al., 2002; Tan and
Ransangan, 2014; Tan and Ransangan, 2016; Noor et al., 2021). In this
study, the ANOVA model displayed a significantly higher level of DO,
NO3-N, PO4-P, and Chlorophyll-a concentration at 0.5 m depth (see
Table 1). Differences in these environmental circumstances are likely
responsible for the increased growth and nutritional content seen in
green mussels at 0.5 m depth. (Martinez-Pita et al., 2012; Matias et al.,
2013). Shallower depths, particularly around 0.5 meters, often provide
better oxygen and nutrient concentrations because they are more
influenced by surface water mixing, which can enhance the availability
of phytoplankton and other food sources (Slavin et al., 2022; Paul et al.,
2024). DO is a fundamental environmental parameter that significantly
impacts the food consumption and assimilation efficiency, energy allo-
cation for growth rate, byssus production, and shell morphometry of
bivalves (Yu et al., 2010; Long et al., 2014; Song et al., 2024). Higher DO
levels support better growth, shell morphometry, and nutritional
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profiles of bivalves by facilitating efficient metabolic processes,
enhancing physiological health, and optimal shell development by
supporting the biomineralization processes necessary for robust shell
formation (Li et al., 2019; Xie et al., 2021; Song et al., 2024). Elevated
levels of NO3-N at 0.5 m depth may promote the growth of different
groups of phytoplankton by supplying necessary nitrogen for protein
synthesis and cellular metabolism (Howarth and Marino, 2006; Altman
and Paerl, 2012). Similarly, PO4-P is crucial for phytoplankton growth as
itis a critical component of nucleic acids and ATP for cellular energy and
replication (Reed et al., 2017; Marzetz et al., 2020). Therefore, the
observed high availability of these nutrients at 0.5 m depth may support
robust primary productivity, leading to enhanced feeding opportunities
for bivalves, which in turn results in better growth rates and nutritional
profiles (Tan and Ransangan, 2016; Hoque et al., 2021; Noor et al.,
2021). Chlorophyll-a serves as an indicator of phytoplankton biomass
and primary productivity. Higher chlorophyll-a concentrations at
0.5 meters suggest that this depth supports more robust phytoplankton
communities, which directly benefit P. viridis by providing ample food
resources (Tan and Ransangan, 2016; Hoque et al., 2021; Noor et al.,
2021). Although not investigated in this work, variables such as light
penetration, current velocity, and water column stability may also affect
the growth performance (Aypa, 1990; Tan and Ransangan, 2016; Mar-
zetz et al., 2020; Noor et al., 2021) and nutritional quality of mussels by
affecting the availability and composition of plankton (Huisman et al.,
1999; O’Brien et al., 2003; Huisman et al., 2006). However, future
studies should consider exploring other potential factors influencing
P. viridis growth with more precise measurements of light availability,
water movements, and the possible impacts of different macro and
micronutrients.

Following the example of other suspension-feeding bivalves, P. viridis
consumes a diverse range of plankton with varying shapes and sizes as
its primary dietary component (Lopes-Lima et al., 2014; Tan and Ran-
sangan, 2017; Asaduzzaman et al., 2020). Sustaining a varied and
harmonious plankton population is crucial for facilitating the growth
(Lopes-Lima et al., 2014; Tan and Ransangan, 2017; Hoque et al., 2021;
Asaduzzaman et al., 2020; Noor et al., 2021) and nutritional profiles
(Abad et al., 1995; Alkanani et al., 2007; Ventrella et al., 2008; Prato
et al., 2010; Irisarri et al., 2014) of mussels. Poor growth and condition
index of mussels have been documented in lower levels of plankton
abundance (Ren and Ross, 2005; Noor et al., 2021). Consistently, we
observed a positive correlation between the monthly abundance of
different groups of plankton and individual weight gain of green mussels
(see Fig. 7). Nutritional composition of various plankton groups exhibits
significant variation, which might impact the growth and nutritional
value of mussels (Napiorkowska-Krzebietke, 2017). Our study demon-
strated a strong connection between water depth, the quantity of major
phytoplankton groups, and the nutritional quality of green mussels. At a
depth of 0.5 m, the abundance of the phytoplankton groups (Coscino-
discophyceae, Bacillariophyceae, Chlorophyceae, and Dinophyceae)
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Fig. 7. Interrelationship among the quantitative abundance of different groups of plankton (cells/L) in water and individual body weight gain of the green mussels
(Perna viridis) cultivated at different depths (0.5 m, 1.0 m, and 1.5 m) for six months across three sites (Khurushkul, Maheshkhali, and Choufaldandi) in the
Maheshkhali Channel of the Bay of Bengal, Bangladesh. Here, the variables’ full names are Coscino- Coscinodiscophyceae; Fragi- Fragilariophyceae; Bacilla-
Bacillariophyceae; Chloro- Chlorophyceae; Cyano- Cyanophyceae; Dino- Dinophyceae; Phyto- Total phytoplankton; Zoo- Total Zooplankton and Plank- Total
plankton; Wt. gain- Individual body weight gain (g). The values indicated around each axis represent the range of measured values for each parameter. Numeric
values represent correlation coefficients (r), with larger font sizes indicating stronger correlations. Asterisks denote significance levels (p) as follows: * <0.05, * *

< 0.01, * ** <0.001.

was notably higher than at a depth of 1.5 m (refer to Table 2). These
phytoplankton are crucial food sources and may improve the growth
performance, shell morphometric characteristics, and nutritional pro-
files of green mussels (Tan and Ransangan, 2017; Asaduzzaman et al.,
2020; Noor et al., 2021). Previous studies indicated that Coscinodisco-
phyceae, Bacillariophyceae, Dinophyceae, and Chlorophyceae are crit-
ical for marine bivalves due to their high nutritional value, which
supports energy needs for physiological processes such as reproduction
and growth (Pirini et al., 2007; Khozin-Goldberg and Cohen, 2011;
Lopes-Lima et al., 2014; Tan and Ransangan, 2017; Jonasdottir, 2019).
Many of these planktonic species can synthesise long-chain poly-
unsaturated fatty acids (PUFAs) from the omega-3 family, such as EPA
and DHA, which are essential for physiological processes because they
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act as components of cell membranes (Pirini et al, 2007;
Khozin-Goldberg and Cohen, 2011; Jonasdottir, 2019). Therefore, the
observed higher quantities of healthy polyunsaturated fatty acids in
shallower depth mussels might be linked with the increased abundance
of these plankton groups. Conversely, the fatty acid profiles of Cyano-
phyceae and Fragillariophyceae are often simpler, largely comprised of
saturated fatty acids (C16 and C18) and monounsaturated fatty acids,
with a paucity of long-chain PUFAs (Jonasdottir, 2019). Therefore,
mussels from the deeper depths may have different nutrient profiles,
including increased monounsaturated and saturated fatty acids due to
higher abundance of these two plankton groups. Overall, the
depth-specific variation of plankton abundance plays a key role in
defining growth and nutritional content of green mussels.
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PC1 (16.9%)

PC1(35.7%)

Fig. 8. Biplots of the principal component analysis (PCA) of the variation of
ecological factors, water plankton abundance, and individual body weight gain
of the green mussels (Perna viridis) cultivated at different depths (0.5 m, 1.0 m,
and 1.5 m) for six months across three sites (Khurushkul, Maheshkhali, and
Choufaldandi) in the Maheshkhali Channel of the Bay of Bengal, Bangladesh.
Here, the variables’ full names are Temp- water temperature (oC); DO- dis-
solved oxygen (ppm); Salinity (ppt), Turbidity (NTU); NO3-N- nitrate-nitrogen
(mg/1); NOy-N-nitrite-nitrogen (mg/1); PO4-P-phosphate-phosphorus (mg/1);
NH;3-N- ammonia (mg/1); Chl.a- chlorophyll a (ug/L); Coscino- water Coscino-
discophyceae; Fragi- water Fragilariophyceae; Bacilla- water Bacillariophyceae;
Chloro- water Chlorophyceae; Cyano- water Cyanophyceae; Dino- water
Dinophyceae; Phyto- water phytoplankton; Zoo- water Zooplankton; Plank-
total water plankton; Body wt. gain- individual body weight gain (g).

Table 3

Proximate composition (% dry weight) of green mussels (Perna viridis) culti-
vated in different depths in the Maheshkhali Channel of the Bay of Bengal,
Bangladesh.

Proximate Culture Depth (meter) F- p-value

composition value
0.5m 1m 1.5m

Protein 70.27 70.72 69.28 5.608 0.042 *
+0.76% +0.37% +0.39°

Lipid 5.85 5.19 5.05 66.426 0.000 * **
+0.23° +0.46° +0.42°

Ash 17.11 15.47 15.53 2.787 0.139NS
+0.317 +1.13° +1.18%

Moisture 74.45 74.43 74.32 0.055 0.947NS
+0.33% +0.51° +0.58%

The significance levels (p) are denoted by asterisks (*<0.05, ***<0.001, NS=
Not significant). Different superscripts in the same row denote significant dif-
ferences among different depths at p < 0.05 level.

Understanding these depth-related impacts is critical for optimizing
aquaculture techniques, attaining desired nutritional results, and
boosting the overall quality of mussel output.

4.2. Growth performances of P. viridis in different locations

The study’s findings reveal a significant difference in the growth
performance of green mussels harvested from various cultivation sites,
highlighting the importance of site-specific environmental conditions in
shaping bivalve growth (Loesch and Evans, 1994; Alvarado and Castilla,
1996; Iglesias et al., 1996; Noor et al., 2021). In this study, mussels from
the Khurushkul site gained 71 % more individual weight than those
from Moheshkhali, and 259 % more than mussels from Choufaldandi
(see Fig. 3). This significant difference in growth rates indicates that the
environmental conditions at Khurushkul are especially favourable for
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mussel development (Tan and Ransangan, 2017; Noor et al., 2021). The
Khurushkul and Moheshkhali sites are located in the more dynamic
Moheshkhali channel, whereas the Choufaldandi site, is located in the
closed upstream branches. Hence the Choufaldandi site experiences
significant salinity fluctuations due to extensive freshwater surface
runoff from the surrounding upstream lands, resulting in lower and
more variable salinity levels (see Fig. 1). This site also suffers from high
turbidity and low nutrient levels, which are exacerbated by stagnant
conditions with minimal water movement (0.04-0.12 m s’l), resulting
in the accumulation and settlement of various fouling organisms such as
barnacles and small molluscs on cultivation substrates (Hoque et al.,
2021). These fouling creatures fiercely compete with green mussels for
space and food supplies. Furthermore, the lower water circulation at
Choufaldandi limits the mussels’ capacity to filter feed efficiently,
exacerbating the hurdles to their growth and development (Aypa, 1990;
Hoque et al., 2021). The interplay of frequent salinity fluctuations, high
turbidity, low nutrient levels, stagnant water conditions, and heavy
fouling organism settlement creates an environment less conducive to
green mussel growth. As a result, growth rates at Choufaldandi are
slower compared to the more dynamic and nutrient-rich conditions at
the Khurushkul and Moheshkhali sites (Rajagopal et al., 1998; Apu-
kuttan et al., 2003; Hoque et al., 2021; Noor et al., 2021).

Effective green mussel cultivation depends on a diverse range of site-
specific ecological factors that directly influence their feeding, respira-
tion, and reproduction (Loesch and Evans, 1994; Alvarado and Castilla,
1996; Iglesias et al., 1996; Noor et al., 2021). Previous studies have
identified a number of critical factors, including water temperature,
salinity, wave exposure, food availability, mussel density, reproductive
cycle stage, and genetic variations which are essential for shaping
growth performances, meat content, and shell development
(Alunno-Bruscia et al., 2001; Orban et al., 2002; Penney et al., 2007;
Asaduzzaman et al., 2019). More specifically, temperatures between 25
and 35°C (Rajagopal et al., 1998; Hoque et al., 2021), stable high
salinity from 21 to 33 ppt (Rajagopal et al., 1998; Apukuttan et al., 2003;
Noor et al., 2021), primary production with chlorophyll-a of 0.7-17 pg
L (Rajagopal et al., 1998; Saxby, 2002; Tan and Ransangan, 2014;
Hoque et al., 2021), current speeds within the range of 0.1-0.3 m s}
(Aypa, 1990; Tan and Ransangan, 2014; Hoque et al., 2021), and at least
1.5 m water depth (Aypa, 1990; Hoque et al., 2021), have demonstrated
key factors for the commercial success of green mussel farming. While
DO levels may not directly influence the culture potential of green
mussels, their energy-intensive selective feeding behaviour require a
high level of oxygen (Bayne, 1998; Long et al., 2014; Song et al., 2024).
Therefore, the higher DO levels observed at the Khurushkul site indicate
a more oxygen-rich environment (see Table 1), which likely supports
enhanced metabolic processes and overall health of the mussels,
contributing to superior growth (Li et al., 2019; Xie et al., 2021; Song
et al., 2024). Additionally, the salinity at Khurushkul, falling within the
optimum ranges (26-35 ppt), further supports ideal growth conditions
(Aypa, 1990; Rajagopal et al., 2006; Tan and Ransangan, 2014; Hoque
etal., 2021). Turbidity, a measure of the cloudiness or haziness of a fluid
caused by suspended particles, can influence the feeding efficiency of
filter-feeders’ green mussels (Tan and Ransangan, 2014; Tuttle-Raycraft
et al., 2017; Buczek et al., 2018). High turbidity can restrict light
penetration, negatively affecting photosynthesis and phytoplankton
growth, which serve as the primary food source for green mussels
(Marinho-Soriano et al., 2009; Hoque et al., 2021).

4.3. Interrelations among growth performance, ecological factors and
cultivation months

The growth of marine bivalves is primarily influenced by seasonality,
environmental conditions, food availability, reproductive strategies,
and various physiological parameters (Alluno-Bruscia et al., 2001;
Orban et al., 2002; Penney et al., 2007; Asaduzzaman et al., 2019).
While the individual or combined effects of environmental conditions,
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Fig. 9. Variation of fatty acid profiles (% of total fatty acids) of the green mussels (Perna viridis) cultivated at different depths (0.5 m, 1.0 m, and 1.5 m) in the
Maheshkhali Channel of the Bay of Bengal, Bangladesh. (A), One-way Analysis of Variance (ANOVA) plot shows significantly (p < 0.05) detected fatty acids/their
groups (21 out of 28) among three depth groups. The box plots around the ANOVA plot show the most significantly differed six fatty acids among three cultivation
depths. (B), The heatmap of the fatty acid profile of green mussels cultivated in three depth conditions based on clustering results. Each colored cell in the heat map
corresponds to a concentration of fatty acids/their groups on the right side. In the colored cells, red indicates a high concentration, and blue indicates a low con-
centration. The values inside each colored cell inside the heatmap indicated the mean value of fatty acids/their groups (% of total fatty acids). Significant differences
(p < 0.05) are indicated with superscript letters based on the one-way ANOVA results.

food availability, and growth performance have been extensively
documented, a comprehensive study integrating all these factors to
enhance understanding of growth performance remains sparse in
P. viridis as well as in other marine bivalve species (Noor et al., 2021).
PCA in the present study indicated that elevated levels of nutrients
(NO3-N, NH3-N, POg4-P), salinity, DO, chlorophyll-a, and plankton
abundance positively impacted the growth performance of green mus-
sels from December to March (see Fig. 8). This finding underscores the
complex interaction between environmental and nutritional factors
affecting green mussel growth in the Maheshkhali channel. The
ecological parameters and nutrient availability of the coastal regions of
the Bay of Bengal (BoB) are subject to fluctuations due to seasonal up-
welling and substantial riverine discharge, which promotes a high
abundance of plankton (D’Silva et al., 2012). The vertical transport of
nutrient-rich waters from the deeper layers to the surface is impeded by
a powerfully stratified surface layer that characterises the southeast
coast of the BoB and its associated channels from July to September
(Kumar et al., 2002; Banik et al., 2023). Although the coastal regions of
the BoB received substantial nutrient inputs (NO3-N, NO2-N, NH3-N, and
PO4-P) during the same period, concentrations did not reach their
maximum due to dilution effects from extensive freshwater discharge
and intense rainfall (Asaduzzaman et al., 2019; Khan et al., 2019;
Chamily et al., 2025). Plankton abundance appears to be stimulated by
conditions such as increased radiation, reduced cloud cover, and estu-
arine processes following this period (Gomes et al., 2000; Jyothibabu

et al, 2018; Khan et al., 2019). In line with our findings, the
post-monsoon season (October to December) has also been characterised
by high plankton abundances in coastal regions of the Bay of Bengal
(BoB), such as Tamil Nadu, the Gulf of Mannar, Orissa, Goa, and Man-
galore. These results are attributed to the accumulation of nutrients
during the monsoon season (Gopakumar et al., 2009; Sanilkumar et al.,
2009; Anantharaman et al., 2010). The multivariate analyses demon-
strate that plankton biomass is significantly influenced by ecological
factors, as indicated by direct plankton counts. Elevated nutrient levels
likely enhance primary productivity, as evidenced by increased
chlorophyll-a and plankton abundance, thereby providing a richer food
source for the mussels. From December to March, the environment is
more conducive to the robust growth of green mussels due to the
interaction of elevated nutrient levels, increased chlorophyll-a, and
abundant plankton, as opposed to other seasons (Asaduzzaman et al.,
2019; Noor et al., 2021).

5. Conclusion

This study examined the growth performance and nutritional profiles
of green mussels (P. viridis) cultivated in a floating raft system, with a
focus on the influence of cultivation depth and site-specific ecological
factors. Mussels cultivated at a depth of 0.5 m demonstrated superior
growth rates and higher levels of essential nutrients compared to those
at deeper depths. These results suggest that successful mariculture
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Fig. 10. Volcano and variable importance in projection (VIP) plots illustrating the differences in fatty acid profiles of green mussels (Perna viridis) at various depths
(0.5m, 1.0 m, and 1.5 m) in the Maheshkhali Channel of the Bay of Bengal, Bangladesh. The volcano plots showing the results of the paired t-tests highlight the
changes in fatty acid profiles between the different cultivation depths: 0.5 m vs. 1.0 m (A), 1.0 m vs. 1.5 m (B), and 0.5 m vs. 1.5 m (C). In these plots, the X-axis
represents the fold change of the fatty acids and their groups (log2 scale), while the Y-axis indicates the p-values on a —log10 scale. A horizontal line within the plot
marks the statistical significance threshold (adjusted p-values < 0.05), and two vertical lines define the thresholds for log2 fold-change > 1 and < —1. Each colored
circle corresponds to a specific fatty acid or group, with its position determined by both the p-value and fold change values. Plot (D) displays the VIP results,
highlighting differences in fatty acid profiles among the three cultivation depths as identified by partial least squares discriminant analysis (PLS-DA). The colored
boxes on the right indicate the relative concentrations of the corresponding fatty acids. VIP represents a weighted sum of squares of the PLS-DA loadings, considering

the amount of explained Y-variable in each dimension.

should be tailored to specific environmental contexts to maximize pro-
duction outcomes. Future research should investigate additional factors
affecting P. viridis growth, including more precise measurements of light
availability, water movement, sedimentation rates, and the impacts of
various macro- and micronutrients. Future research is also needed to
investigate the negative effects of harmful algal blooms and climate
change impacts on the growth, survival, and safety of green mussels in
mariculture systems. Furthermore, examining the economic and logis-
tical implications of implementing depth-specific cultivation strategies
can help develop practical guidelines for the bivalve aquaculture in-
dustry. Moreover, future research should address the challenges asso-
ciated with the weak value chain of green mussel aquaculture. This
includes exploring breeding programs to ensure a consistent and reliable
supply of spat, which is crucial for sustaining production. Additionally,
there is a need to develop and implement depuration protocols and
regular monitoring of hazardous contaminants to ensure the quality and
safety of green mussel products, which will help build consumer trust
and expand market opportunities. Strengthening these aspects of the
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value chain will not only enhance the overall sustainability and profit-
ability of green mussel farming but also support the growth of the
bivalve aquaculture industry, particularly in regions where it is still in its
early stages.
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Fig. 11. Variation of amino acid profiles (mg/g of dry weight) of the green mussels (Perna viridis) cultivated at different depths (0.5 m, 1 m, and 1.5 m) in the
Maheshkhali Channel of the Bay of Bengal, Bangladesh. (A), One-way Analysis of Variance (ANOVA) plot shows significantly (p < 0.05) detected amino acids/their
groups (13 out of 17) among three depth groups. The box plots around the ANOVA plot show the most significantly differed six amino acids/their groups among three
cultivation depths. (B), The heatmap of the fatty acid profile of green mussels cultivated in three depth conditions based on clustering results. Each colored cell in the
heat map corresponds to a concentration of amino acids/their groups on the right side. In the colored cells, red indicates a high concentration, and blue indicates a
low concentration. The values inside each colored cell inside the heatmap indicated the mean+SD. Plot (C) displays the VIP results, highlighting differences in amino
acid profiles among the three cultivation depths as identified by partial least squares discriminant analysis (PLS-DA). The colored boxes on the right indicate the
relative concentrations of the corresponding amino acids. VIP represents a weighted sum of squares of the PLS-DA loadings, considering the amount of explained Y-
variable in each dimension. The volcano plots highlight the changes in amino acid profiles between the different cultivation depths: 0.5 m vs. 1.0 m (D), 1.0 m vs.
1.5m (E), and 0.5m vs. 1.5 m (F). In these plots (D-F), the X-axis represents the fold change of the amino acids and their groups (log2 scale), while the Y-axis
indicates the p-values on a —log10 scale. A horizontal line within the plot marks the statistical significance threshold (adjusted p-values < 0.05), and two vertical
lines define the thresholds for log2 fold-change > 1 and < —1. Each colored circle corresponds to a specific fatty acid or group, with its position determined by both
the p-value and fold change values.
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ABSTRACT

A nuanced understanding of the reproductive dynamics, growth trajectories, and environmental interactions of
the Indian backwater oyster (Crassostrea madrasensis) is indispensable for advancing knowledge for ensuring
population sustainability, tropical mariculture, and guiding conservation strategies in monsoon-driven tropical
ecosystems. Therefore, this study undertook an integrated, year-long (May 2023-April 2024) investigation of
reproductive biology, biometric growth patterns, and trophic relationships of C. madrasensis from the Mohesh-
khali Channel, a dynamic marine-influenced habitat along the southeast coast of the Bay of Bengal, Bangladesh,
employing a multivariate analytical framework. Biometric assessments revealed consistent negative allometric
growth, indicating preferential energetic allocation to shell accretion over somatic tissue development, thereby
reflecting adaptive morphological plasticity in response to local environmental pressures. Histological analyses
identified two distinct spawning peaks during the pre-monsoon (April-June) and post-monsoon (October-De-
cember) periods, corroborated by elevated condition indices (CI) and presumptive gonadosomatic indices (P.
GSI). Seasonal fluctuations in sex ratios demonstrated a flexible reproductive strategy, characterized by female
predominance during periods of heightened primary productivity and the occurrence of transient hermaphro-
ditism during transitional months. Multivariate analyses (PCA and CVA) revealed strong seasonal coupling
among reproductive stages, plankton ingestion patterns, and key environmental drivers, including temperature,
salinity, dissolved oxygen, and nutrient availability. Planktonic diet composition exhibited pronounced seasonal
shifts aligned with reproductive cycles, underscoring adaptive nutritional adjustments that support gameto-
genesis. The pre-monsoon reproductive phase appeared to rely primarily on endogenous energy reserves,
whereas post-monsoon spawning was closely synchronized with peaks in phytoplankton abundance and nutrient
influx, suggesting opportunistic utilization of exogenous energy inputs. Collectively, these findings advance
ecological understanding of wild populations of C. madrasensis, offering vital baseline knowledge to guide
conservation and sustainable utilization for maintaining natural oyster stocks and adaptive mariculture strategies
in monsoon-influenced tropical estuarine environments.

1. Introduction

tropical coastal areas of South and Southeast Asia, notably in India, Sri
Lanka, and Bangladesh (Gosling, 2015; Asaduzzaman et al., 2025). Its

Among the oysters, Crassostrea madrasensis (Indian backwater oys- exceptional nutritional profile, characterized by abundant protein,
ter) holds considerable ecological and economic significance across omega-3 fatty acids, and essential micronutrients (zinc, iron, and
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vitamins A and B12), underscores its value as a food resource (Waite
et al., 2014; Willett et al., 2019; Willer and Aldridge, 2019). In
Bangladesh, C. madrasensis naturally thrives along the southeastern
shores, particularly within the Moheshkhali Channel, which offers ideal
environmental conditions like optimal temperature, salinity, sufficient
food availability, and comparatively stable hydrographic conditions,
that underpin both natural population sustainability and emerging
mariculture potential. This resilient bivalve thrives in tropical habitats,
including backwaters, lagoons, and rocky shorelines, where it plays a
pivotal ecological role by enhancing water quality through biofiltration,
stabilizing sediments, and promoting estuarine biodiversity. It functions
as a habitat-forming species, offering shelter and food to associated or-
ganisms, and serves as an effective agent for biodiversity restoration in
estuarine ecosystems. Economically, C. madrasensis contributes signifi-
cantly to coastal livelihoods through small-scale aquaculture and is
considered a promising candidate for mariculture due to its rapid
growth and abundant spat production (Sanjeeva Raj, 2008). Despite its
ecological and economic value, oyster farming in Bangladesh remains
underdeveloped (Asaduzzaman et al., 2025), largely owing to limited
scientific knowledge of its reproductive biology, inadequate long-term
monitoring, and the complex interactions between reproduction and
environmental factors. Therefore, elucidating the reproductive dy-
namics of C. madrasensis is essential to optimize hatchery production,
ensure sustainable stock management, and support the expansion of
oyster mariculture in tropical regions.

The reproductive timing and efficiency of marine bivalves are pivotal
determinants of population structure, shaping individual fitness, sur-
vival rates, and overall ecosystem resilience. These reproductive pro-
cesses are modulated by an intricate interplay between intrinsic (genetic
and evolutionary) and extrinsic (environmental conditions such as water
temperature, salinity, pH, food availability, and various physicochem-
ical stimuli) factors (Gosling, 2003; Kim et al., 2010; Uddin et al., 2013).
In addition, a suite of quantitative factors, including biometric re-
lationships, sex ratio (the ratio of females to males), condition index
(CD), and gonadosomatic index (GSI), is essential for elucidating the
reproductive biology and population dynamics of marine bivalves.
Length-weight relationships are widely employed to assess oyster
growth performances and physiological condition (Jha and Mohan,
2014; Octavina et al., 2015; Liang et al., 2016; Le Pabic et al., 2016;
Vasconcelos et al., 2018). These analyses often reveal divergent allo-
metric growth patterns: for instance, Magallana gigas typically exhibits
negative allometry (Octavina and Afriana, 2024), whereas positive
allometry has been reported in C. madrasensis and C. gryphoides (Nagi
etal., 2011), reflecting differences in meat yield potential and ecological
adaptability. Furthermore, examining temporal and spatial variations in
sex ratios offers critical insight into reproductive potential, population
health, and hatchery management (Lenz, 2008). Notably, oyster pop-
ulations frequently display shifts in sex ratios in response to environ-
mental stress, age, or nutritional conditions. Many species, including
C. madrasensis, are also capable of hermaphroditism or sequential sex
reversal under specific ecological circumstances (Chavez-Villalba et al.,
2007). Moreover, species-specific traits, such as organ development
stage, genetic background, and environmental drivers, strongly influ-
ence the progression of the gametogenic cycle (Gosling, 2003; Lenz,
2008).

A comprehensive understanding of the reproductive cycle of
C. madrasensis and its relationship with key environmental drivers is
vital for improving mariculture practices and shaping evidence-based
strategies for sustainable fisheries management. In marine bivalves,
reproductive cycles are commonly assessed either through macroscopic
inspection of gonadal features (e.g., size, shape, coloration) or via
detailed histological examination of gonadal tissues (Arjarasirikoon
et al., 2004; Delgado and Pérez-Camacho, 2005; Etchian et al., 2004).
Because Crassostrea species lack conspicuous macroscopic sexual
dimorphism, gonadal histology has become the most reliable technique
for sex identification and reproductive assessment (Solon, 1984; Steele
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and Mulcahy, 1999; Lango-Reynoso et al., 2000; Fabioux, 2004; Dridi
et al., 2006; Ferreira et al., 2006; Normand et al., 2008; Lenz and Boehs,
2011). Nevertheless, histological interpretation can sometimes be sub-
jective; therefore, coupling this qualitative approach with quantitative
measures such as CI and GSI offers a more robust framework for char-
acterizing reproductive traits (Gosling, 2008; Gomes et al., 2014).
Measuring GSI in oysters, however, is complicated by the diffuse dis-
tribution of gonadal tissues within the mantle (Frias-Espericueta et al.,
1997, 1999). By contrast, CI is widely employed as a proxy for physio-
logical condition and nutritional status, serving as a reliable indicator of
reproductive development and gametogenic activity (Delgado and
Pérez-Camacho, 2007). The integration of CI with detailed gonadal
histology thus provides a powerful methodological basis for precise
staging of reproductive phases and accurate identification of spawning
events. Previous studies have reported geographically variable spawn-
ing patterns in C. madrasensis, including biannual spawning associated
with monsoonal fluctuations in southern Indian waters (Alagarswami
and Chellam, 1976; Narasimham, 1980). However, baseline information
from the mariculture sites in the northern Bay of Bengal, particularly
along the southeast coast of Bangladesh, remains scarce. Moreover, the
linkages among reproduction, feeding ecology, and environmental var-
iables such as plankton availability and water physicochemistry are still
poorly understood in this region (Asaduzzaman et al., 2019; Uddin et al.,
2024).

In Bangladesh, despite increasing interest in coastal aquaculture,
comprehensive research on C. madrasensis' reproductive ecology and its
environmental linkages remains limited. In particular, baseline data on
reproductive phenology, condition indices, and their relationships with
environmental variables along the southeast coast of Bangladesh, a re-
gion strongly influenced by monsoonal variability, are scarce, con-
straining efforts to manage natural broodstocks and promote sustainable
oyster mariculture. Prior studies primarily focused on growth perfor-
mance or isolated aspects of gonadal morphology, neglecting the inte-
grated relationship among reproduction, feeding ecology, and
environmental drivers (Asaduzzaman et al., 2019; Uddin et al., 2024;
Hossain et al., 2025). Given Bangladesh's recent initiatives promoting
sustainable aquaculture within its blue economy framework, addressing
these knowledge gaps through targeted scientific research is both timely
and crucial. Therefore, the present study provides an integrated, year-
long assessment of the reproductive biology, biometric traits, and tro-
phic relationships of C. madrasensis from a tropical estuarine system
using a multivariate analytical framework. Specifically, the research
sought to determine: (1) allometric growth and biometric to charac-
terize growth patterns; (2) reproductive cycles through histological
staging, sex ratios, CI, and presumptive gonadosomatic indices (P.GSI);
and (3) seasonal linkages among reproductive stages, plankton ingestion
patterns, and key environmental drivers. By elucidating the reproduc-
tive strategies and environmental synchrony of C. madrasensis in a
monsoon-driven estuarine ecosystem, this study establishes critical
ecological baselines to support the sustainable development of oyster
mariculture, inform fisheries management, and guide conservation
planning in Bangladesh and comparable tropical coastal systems.

2. Materials and methods
2.1. Sampling strategies of C. madrasensis

The specimens of C. madrasensis were collected monthly between
May 2023 and April 2024 from the two sites (Khurushkul and
Moheshkhali) of the Maheshkhali Channel, Cox's Bazar, Bangladesh
(21°30'20" N, 91°59'19" E) (Fig. 1). This channel is located along the
southeast coast of Bangladesh, maintains a direct hydrological connec-
tion to the Bay of Bengal and represent a dynamic marine-influenced
habitat. Each month, 50 live oysters were randomly collected by
hand-picking methods and transported immediately to the Oceanog-
raphy Laboratory of Chattogram Veterinary and Animal Sciences
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Fig. 1. Map of the two collection sites (Khurushkul and Moheshkhali) of the Indian backwater oyster, Crassostrea madrasensis in the Moheshkhali Channel along the

southeast coast of the Bay of Bengal, Bangladesh.

University (CVASU). Transportation was conducted in insulated con-
tainers filled with ambient seawater collected from the sampling site to
minimize handling stress and maintain physiological integrity. From the
monthly collection, approximately 20 oysters were randomly selected
for sex identification and gonadal histological assessment. An additional
set of 20 oysters was utilized for gut plankton analysis to investigate
temporal variation in dietary intake. For these individuals, the tentative
stage of gonadal development was macroscopically evaluated based on
gonadal tissue appearance and relative developmental mass. This
allowed for categorization of individuals into developmental stages and
enabled comparative analysis of gut plankton content in relation to
reproductive status.

2.2. Calculation of biometric traits and gonadosomatic index

To evaluate biometric traits and reproductive development, all of the
collected 50 specimens of C. madrasensis individuals were analyzed
monthly across the annual reproductive cycle. Morphometric traits were
assessed by measuring shell length (greatest dimension along the ante-
rior-posterior axis), shell height (maximum span along the dor-
sal-ventral axis), and shell width (thickest point across the two valves)
using a Vernier caliper with +0.01 mm precision. Before weighing,
intervalval water was removed, and the whole-body mass of each oyster
was then determined with an electronic balance (PS 1200, R2, Radwag,
Poland) accurate to 0.1 g. Subsequently, oysters were dissected, and
gonadal tissues were excised with care to avoid damage. In
C. madrasensis, gonadal tissues are diffusely distributed and embedded
within the upper layers of the digestive gland and mantle, making pre-
cise extraction and isolation difficult without disrupting surrounding
tissues. To account for this limitation, a presumptive GSI (P.GSI) was
estimated. After dissection, visible gonadal tissue, distinguishable from
surrounding somatic tissue based on colour and consistency, was excised

as completely as possible and weighed using a high-precision analytical
balance (AS 220.R2, Radwag, Poland) with 0.01 mg sensitivity. The P.
GSI was subsequently determined using the formula described by
Gaughan and Mitchell (2000):

Presumtive gonado — somatic Index (P.GSI)

_ Weight of presumptive gonad

100
Total weight of oyster *

2.3. Condition index

In the present study, CI was measured monthly using approximately
25 specimens of C. madrasensis. After biometric measurements, oysters
were randomly selected for CI measurement and were carefully
dissected to separate the soft tissues from the shell. The soft tissue was
blotted to remove excess moisture and placed in a preheated oven at
105 °C for 12 h, then cooled in a desiccator to prevent moisture ab-
sorption. The desiccated tissues were subsequently weighed using a
precision analytical balance (AS 220.R2, Radwag, Poland) to get dry
tissue weight. Shell cavity volume was estimated using a water
displacement method. After tissue removal, shells were rinsed with
freshwater and sun-dried until constant weight prior to weighing.
Cleaned and dried shells were immersed in a vertical glass column filled
with distilled water. The displaced water, representing the internal shell
volume, was collected and measured in a measuring cylinder.

The CI was then calculated using the formula proposed by Yap et al.
(2002):

CI = [total dry tissue weight (g) /shell volume (cm®) } 1000
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2.4. Histology of gonad

For histological analysis of the gonads, tissue sections were carefully
excised from the mantle lobes, fixed in Bouin's solution for 24 h, and
subsequently dehydrated through a graded ethanol (80-100%) and
xylene series. Following dehydration, the tissues were embedded in
paraplast, cut into transverse sections of 7 pm thickness, and mounted
on glass slides. The mounted preparations were further dehydrated
through ascending alcohol concentrations and stained with Harris's
hematoxylin and eosin following standard histological protocols
(Pearse, 1985). Prepared slides were examined under a digital micro-
scope (Optika B-190 TB, Ponteranica, Italy) at objective magnifications
ranging from 10x to 40x, and images were captured with a digital
camera (Fein Optic F10; Model- SN 532981, USA) equipped with the
microscope for documentation. Based on microscopic features, gonadal
development was categorized into five major stages: resting, developing,
subdivided into Developing A (early gametogenesis) and Developing B
(advanced gametogenesis), mature, spawning subdivided into Spawning
A (early spawning) and Spawning B (late spawning), and spent, ac-
cording to follicle development, germ cell maturity, and degree of
gamete discharge following Asaduzzaman et al. (2019).

2.5. Gut plankton analysis

The feeding ecology of C. madrasensis was assessed by analyzing the
gut contents of 240 individuals (20 per month) over the course of one
year to evaluate the contribution of ingested plankton to nutrient and
energy requirements during gametogenesis. Upon collection, the
gonadal development stage of each specimen was provisionally identi-
fied by visually examining the gonad mass. The digestive tract was then
dissected, and gut material was withdrawn through a small incision
beneath the crystalline style using a glass Pasteur pipette. The contents
were diluted with a measured volume of distilled water, from which 1
mL subsamples were transferred to a Sedgewick-Rafter counting cell
(S-R cell). Plankton were identified to the genus level and enumerated
under a binocular microscope (Optika B-190 TB) at 10x objective
magnification, using counts from 10 randomly selected fields. Each gut
content sample was analyzed in triplicate to ensure accuracy. Taxo-
nomic classification followed Botes (2001), with grouping into major
plankton categories according to Al-Kandari et al. (2009). The abun-
dance of plankton in the gastrointestinal tract was quantified using the
equation: N = (P x C x 100), where N denotes the total number of
plankton units, P represents the average count from 10 microscopic
fields, and C is the final concentrate volume (mL).

2.6. Water quality assessments

Water samples were collected from the same collection sites where
C. madrasensis specimens were obtained in order to evaluate the rela-
tionship between environmental conditions and seasonal patterns of
reproduction and gametogenesis. In situ measurements of temperature
(°Q), salinity (ppt), pH, and dissolved oxygen (mg L~1) were taken using
a multiparameter sensor (YSI, Loveland, CO, USA), while water current
velocity (m/s) was determined with a digital flow meter (Flow Probe
FP311, Global Water, College Station, TX, USA) positioned 0.5 m below
the surface. For nutrient and chlorophyll-a analysis, samples were ob-
tained with a vertical water sampler (1200-E Kemmerar, Science First/
WildCo, Yulee, FL, USA) and filtered through Whatman GF/C microfiber
glass filters using a vacuum pump. Triplicate water samples (500 mL)
were collected in plastic bottles for nutrient determination (NOs-N, NO--
N, NHs-N, and POs-P) and transported to the laboratory under chilled
conditions. Subsamples of 10 mL were analyzed for NO2-N, NHs-N, and
PO.+-P, while 1 mL aliquots were used for NOs-N determination, all
conducted by spectrophotometry (PhotoFlex STD, WTW, Weilheim,
Germany) following APHA (1992) protocols. Chlorophyll-a concentra-
tion was quantified spectrophotometrically at wavelengths of 664, 647,
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and 630 nm (Optizen Pop 2102, Daejeon, Republic of Korea) to correct
for pigment overlap and ensure accurate estimation in natural waters
using standard procedures outlined by Boyd (1979).

2.7. Qualitative and quantitative estimation of water plankton

Monthly assessments of both the qualitative and quantitative
composition of plankton were carried out at the oyster collection sites.
For each sampling event, 20 L of pooled seawater obtained with a ver-
tical water sampler (1200-E Kemmerar, Science First/WildCo, Yulee, FL,
USA) was filtered through a 20-pm mesh plankton net, and the
concentrate was preserved in small plastic vials with 5% buffered
formalin. The preserved samples were transported to the Oceanography
Laboratory, Chattogram Veterinary and Animal Sciences University
(CVASU) for further analysis. Quantitative estimation was performed
using a Sedgewick-Rafter (S-R) cell consisting of 1000 compartments,
each 1 mm° in volume (Asaduzzaman et al., 2020). A 1-mL subsample
was placed in the chamber, and plankton were identified to the genus
level and enumerated in 10 randomly chosen fields under a binocular
microscope (Optika B-190 TB, Ponteranica, Italy) at objective magnifi-
cations ranging from 10x to 40x. Plankton density (cells or individuals
L1 was then calculated using the equation: N = (P x C x 100) / L,
where N = number of plankton cells or individuals per liter of ambient,
unfiltered seawater, P = mean plankton count from 10 fields, C = final
concentrate volume (mL), and L = volume of the original amount of
water sample (L).

2.8. Statistical analysis

All statistical analyses were conducted in R (version 4.4.2; R
Development Core Team, 2024). Data normality was examined using the
Shapiro-Wilk test, while homogeneity of variances was assessed with
Levene's test implemented in the onewaytests package (Dag et al., 2017).
Monthly variations among datasets were analyzed through one-way
ANOVA using the car package (Fox and Weisberg, 2019), and, where
significant differences were detected, Tukey's HSD post hoc comparisons
were performed with the multcompView package (Graves et al., 2024).
For regression analyses, data were log-transformed to meet model as-
sumptions. Statistical significance was evaluated at a 95% confidence
level (p < 0.05). Multivariate analyses were applied to explore patterns
within the dataset. Principal Component Analysis (PCA) was conducted
using the FactoMineR package (Le et al., 2008), with interpretation
based on the first two principal components that explained the largest
proportion of total variance. Canonical Variate Analysis (CVA) was
further employed using the MASS package (Venables and Ripley, 2002)
to discriminate among reproductive phases and assess group separa-
tions. Correlation structures among environmental, planktonic, and
reproductive variables were investigated using Pearson's correlation
matrices and visualized through the PerformanceAnalytics package
(Peterson and Carl, 2024). All figures and graphical representations
were generated with the ggplot2 package (Wickham, 2016).

3. Results
3.1. Biometric relationships and growth allometry of C. madrasensis

A significant positive relationship was observed between shell length
and total weight (R? = 0.444), described by the equation W = 8.79 x
L1441 (Fig. 2A). Similarly, shell length showed a positive correlation
with wet soft tissue weight (R? = 0.3434), with an allometric exponent
of 1.2394 (Fig. 2B). The correlation between shell height and total
weight was notably stronger (R? = 0.6674), following the equation W =
2.464 x H!.801 (Fig. 2C). Shell height also correlated with wet soft
tissue weight (R? = 0.3472) with an exponent of 1.2914 (Fig. 2D). On
the other hand, shell width had the weakest correlation with both total
weight (R% = 0.2829) (Fig. 2E) and wet soft tissue weight (R?=0.1031)
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Fig. 2. Linear regression analyses depicting biometric relationships among morphometric parameters of oyster, Crassostrea madrasensis collected from the
Moheshkhali Channel along the Southeast Coast of the Bay of Bengal, Bangladesh. (A) regression analysis between shell length (cm) and total weight (g); (B)
regression analysis between shell length (cm) and soft tissue weight (g); (C) regression analysis between shell height (cm) and total weight (g); (D) regression analysis
between shell height (cm) and soft tissue weight (g); (E) regression analysis between shell width (cm) and total weight (g); (F) regression analysis between shell width

(cm) and soft tissue weight (g).

(Fig. 2F). Notably, total weight relationships consistently showed higher
R? values than soft tissue weight, emphasizing the influence of shell
dimensions on whole-body mass rather than edible content alone.

3.2. Macroscopic observation of gametogenic stages of C. madrasensis

Macroscopic examination of the gonads in C. madrasensis revealed
distinct reproductive stages based on the size, colour, and visibility of
the gonadal tissues within the mantle cavity (Fig. 3). In the resting stage
(Fig. 3A), the gonads appeared inconspicuous with no visible repro-
ductive tissue. During the early developing stage (Fig. 3B), a faint,
translucent gonadal tissue became apparent along the mantle edge,
indicating the onset of gametogenesis. The late developing stage
(Fig. 3C) was characterized by thickened, more opaque gonadal tissue,
occupying a broader area with a cream to light brown colouration. At
the ripe stage (Fig. 3D-E), gonads appeared prominently enlarged and

bulging, creamy-white to pale yellow in colour, clearly occupying sig-
nificant space within the visceral area, indicating full maturity and
readiness for spawning. Finally, the spent stage (Fig. 3F) exhibited
flaccid, shrunken gonads with a watery appearance, due to the release of
gametes. These visible morphological differences, marked by dashed
lines (Fig. 3), allowed clear macroscopic identification and classification
of reproductive stages.

3.3. Sex composition and temporal dynamics in C. madrasensis

The size-frequency distribution of C. madrasensis individuals ranged
from 40 mm to 130 mm in shell length, exhibiting a unimodal pattern
with the highest abundance recorded in the 80-90 mm class (n = 79)
(Fig. 4A). Four reproductive categories have been identified: male, fe-
male, hermaphrodite, and undifferentiated (resting stage). (Fig. 4B). Out
of the 240 specimens analyzed, 96 (40%) were identified as males, 106
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Fig. 3. Macroscopic view of gonadal maturation stages of oyster, Crassostrea madrasensis determined by direct visual inspection of specimens collected from the
Moheshkhali Channel along the Southeast Coast of the Bay of Bengal, Bangladesh. The dashed lines indicate the most prominent boundaries of the gonadal area
within the visceral mass. A: Indifferent sex stage; B-C: Developing stages; D-E: white gonad growing large in mature stage; and F: Spawning stage.

A
80 n B
76
LE
©
S 60 M -
ie) )
T g
° @ v
c - 0
%5 40 - ] Z
o = c
: - S
7]
g a
Z 20 s |
10 10
5

100%
90%
80%
70%
60%
50%
40%
30%
20%

10%

0% -

Jul Jan Feb Mar Apr

60 90
Shell length (mm)

May Jun Aug Sep Oct Nov Dec

Month
B Hermaphrodite  ® Undifferentiated

Male mFemale

Fig. 4. Size-frequency distribution (A) and proportion of sex across month of the year (B) of oyster, Crassostrea madrasensis collected from the Moheshkhali Channel

along the Southeast Coast of the Bay of Bengal, Bangladesh.

(44.2%) as females, 10 (4.17%) as hermaphrodites, and 28 (11.67%) as
undifferentiated. Temporal variation in sex ratios was evident across the
sampling period. Female dominance was observed during the pre-
monsoon (March, April, May, June) and monsoon (July, August,
September) months, with peak occurrences in June (70%), May (60%),
and September (60%). Conversely, male prevalence was highest in April
and October (each 60%). Hermaphroditic individuals were most abun-
dant in October, accounting for 20% of the population during that
month. Notably, undifferentiated individuals were more prevalent
during the post-spawning and recovery phases, particularly from July —
August and January to February. Despite month-to-month fluctuations
in male and female proportions, the overall sex ratio did not significantly
deviate from the expected 1:1 distribution. A Chi-square test (3> = 0.49,
df = 1, p > 0.05) confirmed no statistically significant difference be-
tween male and female frequencies.

3.4. Reproductive phases, hermaphroditism, and seasonal synchrony

Histological analyses revealed that the reproductive development of
male and female C. madrasensis followed a clear progression through five
distinct stages: early developing, late developing, mature, spawning,
and spent (Figs. 5-6). In the resting phase, the gonads were inactive and
undifferentiated, with no visible gametes (Fig. 5A). As development
began, females displayed small, scattered follicles containing early oo-
cytes (Fig. 6A), while males had dense clusters of spermatogonia lining
the tubule walls (Fig. 5B). This early stage was followed by late devel-
opment, where female follicles became larger and filled with growing
oocytes (Fig. 6B) and males showed a more advanced mix of sper-
matogenic cells, including spermatocytes and spermatozoa (Fig. 5C). In
the mature stage, both sexes reached peak reproductive readiness where
females had follicles packed with ripe, polygonal ova (Fig. 6C) and males
had lumens filled with tightly arranged spermatozoa (Fig. 5D). The
spawning phase was marked by the release of some gametes, leaving



A. Ferdous et al.

Journal of Sea Research 210 (2026) 102677

Fig. 5. Photomicrographs of the developmental stages of male gonads of oyster, Crassostrea madrasensis collected from the Moheshkhali Channel along the Southeast
Coast of the Bay of Bengal, Bangladesh. A) Spent; B) Early developing; C) Late developing; D) Mature; E) Spawning A (early spawning); F) Spawning B (late
spawning). Here, FW = follicle wall; SCT = storage connective tissue; SPG = spermatogonia; SPC = spermatocyte; SPZ = spermatozoa; ES = empty space; RS =

residual spermatozoa.

Fig. 6. Photomicrographs of the developmental stages of female gonads of oyster, Crassostrea madrasensis collected from the Moheshkhali Channel along the
Southeast Coast of the Bay of Bengal, Bangladesh. A) Early developing; B) Late developing; C) Mature; D) Spawning A (early spawning); E) Spawning B (late
spawning); F) Hermaphrodyte. Here, FW = follicle wall; SCT = storage connective tissue; IFS = interfollicular space; EO = early oocyte; GO = growing oocyte; FO =
free oocyte inside lumen; MO = mature oocyte; N = nucleous; FFW = fragmented follicle wall; ES = empty space; RO = residual oocyte; SPC = Spermatocyte.

noticeable gaps in the follicles. Finally, in the spawning B stage, the
gonads appeared depleted and regressed, with only a few residual
gametes and disrupted follicular walls remaining (Figs. 5F, 6E). Addi-
tionally, histological analyses revealed instances of hermaphroditism,
characterized by the simultaneous presence of oocytes and spermato-
cytes within the same gonadal tissue (Fig. 6F).

The monthly progression of gonadal development stages in
C. madrasensis is illustrated in Fig. 7, showing clear temporal patterns
across a reproductive cycle. C. madrasensis exhibited two spawning cy-
cles over the 12-month study period. The proportion of early-developing
and late-developing stages was predominant from June to October,
indicating the onset of gametogenesis. A marked increase in mature and

spawning stages was observed from September to December, peaking in
November and December, suggesting active gamete release during the
post-monsoon period. Subsequently, a higher percentage of spent in-
dividuals was recorded in January for males and February for females,
reflecting post-spawning regression and reabsorption of residual gam-
etes. From February to April, early and late developing stages re-
emerged, indicating the initiation of a new reproductive cycle. The
temporal pattern of gonadal development in C. madrasensis (Fig. 7) is
well-supported by the CI and P.GSI trends (Fig. 8), highlighting two
distinct spawning cycles. Elevated CI and P.GSI in May coincide with
early gametogenic stages (May-August), while a sharp drop in
June-July indicates spawning onset. A second peak in December
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and female (B) of oyster, Crassostrea madrasensis collected from the Mohesh-
khali Channel along the Southeast Coast of the Bay of Bengal, Bangladesh.

corresponds with increased mature and spawning stages, confirming a
post-monsoon reproductive event.

3.5. Multivariate evidence of stage-dependent dietary strategies of
C. madrasensis

Canonical Variate Analysis (CVA) and Principal Component Analysis
(PCA) were used to explore the associations between the gonadal
developmental stages of C. madrasensis and the composition of ingested
plankton across pre-monsoon (March-June) and post-monsoon (Octo-
ber-January) seasons (Fig. 9). The CVA results revealed a detectable
separation among the gonadal stages (Fig. 9). In the pre-monsoon sea-
son, the first canonical variance (CV1) accounted for 75.8% of the total
variance, effectively distinguishing early stages of gonadal development
(early and late developing) from more advanced stages (mature,
spawning, and spent). The second canonical variate (CV2), explaining
20.2% of the variance, captured more subtle differences in plankton
ingestion within these broader stage groups. The density distributions
(Fig. 9C) further supported this pattern, showing clear unimodal peaks
along CV1 that corresponded with distinct clustering of the different
gonadal stages. The post-monsoon CVA (Fig. 9B) revealed nearly equal
contributions from CV1 (48.02%) and CV2 (46.06%).

Principal component analysis (PCA) biplots provided additional
clarity on relationships between gonadal development stages and
plankton ingestion of C. madrasensis during pre-monsoon (March-June)
and post-monsoon (October-January) gametogenic cycle (Fig. 10).
During the pre-monsoon season (Fig. 10A), Dim1 and Dim2 accounted
for 21.1% and 15.8% of the variance, respectively. Early and late
developing stages cluster toward plankton groups such as Cyanophyceae
(G-Cyano), Bacillariophyceae (G-Baci), Fragilariophyceae (G-Fra), and
zooplankton (G-Zoo). During the mature and spawning stage, oysters
were predominantly associated with the ingestion of cholorophycae,
while spent individuals exhibit a less distinct dietary preference. During
the post-monsoon season (Fig. 10B), PCA patterns shifted notably, dis-
playing stronger associations between mature and spawning stages with
plankton groups such as Bacillariophyceae (G-Baci), Dinophyceae (G-
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Dino), and Fragilariophyceae (G-Fra). In contrast, early and late devel-
oping stages showed less defined plankton preferences.

3.6. Pre- and post-monsoon reproductive-environmental interactions

A correlation analysis was carried out linking the ecological factors
with the CI and P.GSI values of C. madrasensis during the pre-monsoon
(March-June) (Fig. 11) and post-monsoon (October—January) (Fig. 12)
gametogenic cycles. During the pre-monsoon gametogenic cycle, CI
exhibited a significant positive relationship with air temperature (r =
0.33,p < 0.001) and salinity (r = 0.38, p < 0.001), while showing strong
negative correlations with chlorophyll-a (r = —0.42, p < 0.001), nitrate
(r = —0.52, p < 0.001), phosphate (r = —0.31, p < 0.01), and DO (r =
—0.21, p < 0.01). These inverse associations suggest that higher gonadal
development (reflected in CI) is not directly driven by immediate
phytoplankton abundance or nutrient enrichment (conservative
schemes). Similarly, P.GSI demonstrated significant negative associa-
tions with most environmental parameters. In contrast, during the post-
monsoon gametogenic cycle (Fig. 12), the CI exhibited a significant
positive correlation with dissolved oxygen (DO; r = 0.34, p < 0.001),
chlorophyll-a (r = 0.41, p < 0.001), nitrate (r = 0.35, p < 0.001),
phosphate (r = 0.45, p < 0.01), and salinity (r = 0.42, p < 0.001).

To summarize the patterns observed in the datasets, a principal
component analysis (PCA) was conducted to disentangle the complex
interactions among environmental parameters, water-column plankton
composition, ingested gut plankton, and the reproductive stages of
C. madrasensis (Fig. 13). The first two principal components (Dim1 and
Dim2) together explained 41.4% of the total variance, with Dim1 ac-
counting for 24.7% and Dim2 for 16.7%. These axes distinctly separated
the pre-monsoon (March-June), monsoon (July-September), and post-
monsoon (October-January) periods. During the pre-monsoon months
(March-June), no major environmental vectors projected into the cor-
responding grouping area. Nevertheless, the embedded bar chart of CI
and P.GSI showed elevated values (Fig. 13), suggesting active gonadal
development. This implies that C. madrasensis may rely on internal en-
ergy reserves to sustain reproductive processes (conservative schemes).
Conversely, during the post-monsoon season (October—January), sam-
ples occupied the positive space of Dim1, reflecting favourable envi-
ronmental conditions characterized by elevated salinity and higher
dissolved oxygen (DO) concentrations. This period coincided with
nutrient enrichment, as indicated by increased levels of nitrate (NOs-N),
phosphate (POs-P), and chlorophyll-a (Chlo-a). These factors were
strongly correlated with a higher abundance of phytoplankton groups
such as Coscinodiscophyceae, Bacillariophyceae, Fragillariophyceae,
Dinophyceae and zooplankton in the water column, pointing to
enhanced primary productivity. During the post-monsoon gametogenic
cycle, oysters also exhibited higher ingestion of nearly all plankton
groups in the gut, indicating opportunistic utilization of externally
available energy inputs (opportunistic schemes).

4. Discussion
4.1. Growth dynamics of C. madrasensis

Understanding length-weight relationships in C. madrasensis offers
valuable insights into growth dynamics, biomass estimation, and con-
dition monitoring, particularly for resource management and maricul-
ture planning. The current findings reveal a clear pattern of negative
allometric growth, a trend frequently observed in tropical bivalves,
where shell dimensions increase at a faster rate than soft tissue mass
(Hemachandra and Thippeswamy, 2008; El-Sayed et al., 2011; Aban
et al., 2017). Such growth indicates that C. madrasensis tends to invest
more in structural development than in somatic tissue accumulation,
possibly reflecting adaptive strategies to fluctuating environmental
pressures in its natural habitat. This disproportionate investment may be
influenced by several factors, including salinity fluctuations, nutrient
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availability, and reproductive cycles, common in estuarine environ-
ments like those of the southeast coast of Bangladesh (Celik et al., 2015).
In particular, seasonal spawning events and gametogenic development
can temporarily alter tissue mass, resulting in inconsistent weight gain
relative to shell expansion. These patterns also suggest energy reallo-
cation between somatic maintenance and reproduction, a common
phenomenon in bivalves subjected to shifting environmental and
nutritional regimes in wild estuarine systems. (Dridi et al., 2007; Singh,
2017).

Among all morphometric predictors, shell height emerged as a more
robust indicator of total biomass compared to length or width, rein-
forcing its utility in field-based assessments. Similar outcomes were re-
ported by Nagi et al. (2011) for C. madrasensis, and by Derbali et al.
(2023) for Pinctada radiata, where height-to-weight ratios demonstrated
consistent predictive accuracy in growth evaluations. However, the
weaker association of shell width with biomass suggests this trait is less
functionally relevant for weight prediction, likely due to its limited role
in overall energy storage or environmental buffering (Powell et al.,
2016). The prevalence of negative allometry in this study aligns with
observations from other estuarine bivalve species such as Ruditapes
decussatus and Mytilus galloprovincialis, where shell elongation appears
favoured under nutrient-limited or highly variable habitats (Béjaoui
et al., 2008; Urrutia et al., 1999). Collectively, these growth tendencies

underscore the species' physiological plasticity and ecological adapt-
ability, allowing C. madrasensis to thrive under a wide range of envi-
ronmental conditions while maintaining reproductive viability.

4.2. Size structure, sex ratios, and adaptive reproductive strategies of
C. madrasensis

The observed population structure and reproductive dynamics of the
C. madrasensis provide valuable insights into its ecological adaptability
and reproductive strategy in the tropical estuarine environment of the
southeast coast of Bangladesh. The unimodal size-frequency distribution
centered around the 80-90 mm shell length class suggests a relatively
synchronized population dominated by mid-sized, likely reproductively
active individuals. Such a size structure is often indicative of successful
recruitment and population stability (Gosling, 2015; Beukema and
Cadée, 1996), particularly in environments where food availability and
hydrological parameters remain within tolerable ranges for larval set-
tlement and juvenile survival (Newell, 2004). The dominance of
reproductively mature classes in the current study aligns with reports
from other tropical oyster populations such as C. rhizophorae and Sac-
costrea cucullata, where similar unimodal distributions were associated
with seasonal but consistent recruitment pulses (Lenz and Boehs, 2011;
Aban et al., 2017). The presence of individuals exceeding 100 mm,
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though fewer, suggests that some members of the population achieve faster growth, a trait associated with environmental stability and
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reduced anthropogenic disturbance (Bayne, 2017).

The sex ratio and temporal distribution of reproductive stages
highlight the complexity of sexual plasticity in C. madrasensis. The
maintenance of a balanced sex ratio across seasons, despite monthly
fluctuations, underscores the species' ability to sustain reproductive
homeostasis, a trait similarly documented in C. gigas and C. rhizophorae
populations in other tropical and subtropical regions (Lango-Reynoso
et al., 1999; Lee et al., 2010; Lenz and Boehs, 2011). This equilibrium
suggests that sex allocation in C. madrasensis is regulated by both in-
ternal physiological mechanisms and extrinsic environmental cues,
including salinity, temperature, and food availability (Guo et al., 1998;
Gosling, 2003).

A resource-mediated reproductive strategy is suggested by seasonal
shifts in sex prevalence, which are characterized by female dominance
during nutrient-rich pre-monsoon and monsoon months and increased
male frequency during early and late post-monsoon as females need
higher metabolic input for oogenesis, which aligns their reproductive
effort with periods of elevated primary productivity (Ruiz et al., 1992;
Murua and Saborido-Rey, 2003). In contrast, males, which recover faster
due to lower energetic costs, predominate during regeneration phases.
Furthermore, the finding of hermaphrodites, especially during transi-
tional months, suggests the possibility of sequential hermaphroditism, a
reproductive adaptation seen in a variety of oysters, such as C. gigas and
C. virginica, which is frequently impacted by environmental cues, age,
and energy levels (Lango-Reynoso et al., 2000; Vaschenko et al., 2013),
highlighting the flexibility and ecological resilience of C. madrasensis in
fluctuating estuarine environments. Additionally, the low frequency of
undifferentiated individuals confined to post-spawning periods reflects

11

synchronized reproductive timing, where gametogenic rest phases likely
occur in response to re-establish energy reserves before the next game-
togenic cycle, particularly in species with extended or multiple spawn-
ing episodes (Chavez-Villalba et al., 2002; Galtsoff, 1964). Overall, the
stable sex ratio, combined with seasonal plasticity and the occurrence of
intermediate and undifferentiated stages, reinforces the view that
C. madrasensis employs a flexible, environment-sensitive reproductive
strategy. These characteristics not only reflect evolutionary adaptation
to estuarine dynamics but also position this species as a resilient
candidate for sustainable aquaculture development in tropical regions
(Southgate and Lucas, 2008; Helm et al., 2004).

4.3. Seasonal gametogenic dynamics and reproductive strategy of
C. madrasensis

The reproductive biology of C. madrasensis reveals a seasonally
synchronized yet environmentally responsive strategy, enabling suc-
cessful propagation in tropical estuarine habitats. The species exhibited
two distinct gametogenic cycles each year, coinciding with the pre- and
post-monsoon periods, an adaptive reproductive strategy typical of
tropical oysters thriving in environments with fluctuating ecological
parameters and nutrient availability (Gosling, 2003; Southgate and
Lucas, 2008). The cyclical pattern of reproductive phases seems closely
linked to the availability of biological energy, demonstrated by the
alignment among gonadal histology, CI, and P.GSI. Histological obser-
vations underscore a tightly regulated sequence of gonadal develop-
ment, reflecting distinct developing, mature, spawning, and spent
stages. This progression, observed in both males and females, supports
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Correlation coefficients are represented numerically, with significance denoted by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).

the theory that oysters in tropical systems engage in continuous game-
togenesis, punctuated by seasonally induced spawning events (Ruiz
et al., 1992; Ojea et al., 2004). The presence of continuous gameto-
genesis aligns with patterns reported in other estuarine populations of
C. madrasensis from Mulki Estuary and Korampallam Creek in India
(Joseph et al., 1984; Palaniswamy, 1993), although minor temporal
shifts are evident, reflecting regional climatic differences and local hy-
drographic variability. Notably, the sharp decline in GSI during the
monsoon season (July-September), coupled with low CI values, reflects
a temporary suppression of spawning activity. This period is likely
driven by elevated freshwater inflow, reduced salinity, and nutrient
dilution, which can impede gamete release despite the presence of
developing gonads (Narvaez et al., 2008; Paixao et al., 2013).
Temperature and food availability emerged as key modulators of
reproductive effort. The pre-monsoon spawning event coincided with
sea surface temperatures ranging from 28 to 33 °C, consistent with the
optimal range (25-30 °C) for gametogenesis previously identified for
C. madrasensis (Uddin et al., 2024; Mawa et al., 2023). Supporting this,
both field and laboratory studies on C. gasar have shown a positive
correlation between elevated temperatures and enhanced gonadal
development (Gomes et al., 2014; Ramos et al., 2014; Castilho-Westphal
et al., 2015; Legat et al., 2021). Subsequently, the post-monsoon
spawning peak, marked by mature and spawning gonads alongside
elevated P.GSI, reflects a secondary reproductive effort, potentially
facilitated by stabilized salinity, nutrient recovery, increased abundance
of plankton following monsoon flushing (Asaduzzaman et al., 2019,
2020; Noor et al., 2021). This bimodal spawning strategy enables
reproductive assurance by distributing gamete release across multiple
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environmental windows, increasing larval survival probabilities under
variable estuarine conditions (Galtsoff, 1964; Lango-Reynoso et al.,
2000). Furthermore, the absence of spawning activity during peak
monsoon months does not denote reproductive dormancy but rather a
temporary pause in spawning as temperature rises to its maximum, but
salinity and food availability decreased due to heavy rainfall and
freshwater runoff (Narvaez et al., 2008). Interestingly, histological
sections still revealed ongoing gonadal development during this period,
suggesting that gametogenesis and spawning may be uncoupled under
environmental stress, allowing individuals to resume spawning rapidly
once favourable conditions return (Ezgeta Balic¢ et al., 2020; Bernard
et al., 2011).

Importantly, the alignment between histological data and physio-
logical indices reinforces the validity of using CI and P.GSI as proxy
indicators of reproductive timing, especially where direct histological
monitoring is logistically constrained. This integrative approach offers
insights into the reproductive investment dynamics of C. madrasensis,
revealing that this species modulates gametogenesis based on internal
condition and external environmental signals. Collectively, these find-
ings highlight the reproductive plasticity and seasonal adaptation of
C. madrasensis, underscoring its resilience and potential for sustainable
aquaculture in tropical coastal systems with pronounced hydrographic
seasonality.

4.4. Gonadal stage-specific feeding strategies in C. madrasensis

The dynamic interplay between plankton composition and repro-
ductive physiology in C. madrasensis reveals an intricate strategy of
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G.Zoo — gut Zooplankton.

nutritional adaptation that aligns with gametogenic progression. Sea-
sonal variability, particularly between pre- and post-monsoon phases,
acts as a pivotal ecological driver shaping feeding preferences and en-
ergetic investments in oysters (Ren et al., 2000; Zhou et al., 2015). In our
study, plankton ingestion was found to peak during the early to mid-
gametogenic phases, while the spawning phase does not coincide with
maximum ingestion. Such stage-specific dietary patterns are consistent
with the energy-intensive nature of gametogenesis, where nutrient
acquisition is tightly coupled with oocyte and spermatocyte formation
(Enriquez-Diaz et al., 2009). This temporal decoupling between peak
feeding and gamete release is consistent with the “feed-then-reproduce”
strategy observed in other broadcast-spawning bivalves (Bayne et al.,
1982; Pernet et al., 2007). Notably, early and late gametogenic phases
are often associated with elevated assimilation of essential biochemical
constituents, particulary polyunsaturated fatty acids (PUFAs) sourced
from phytoplankton (Whyte et al., 1990; Pernet et al., 2007; Ferdous
et al., 2025). These primary producers are known to be rich in eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA), which serve as
critical precursors for reproductive tissue development (Langdon and
Waldock, 1981; Gallager et al., 1986). The preferential ingestion of such
taxa during early development stages may therefore act as a preparatory
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mechanism to stockpile energy reserves required for subsequent repro-
ductive events.

Interestingly, the transition to mature and spawning stages did not
exhibit a broadened planktonic spectrum but instead appeared to nar-
row toward specific taxa like Chlorophyceae during the pre-monsoon
and Bacillariophyceae and Dinophyceae post-monsoon. This reduction
in diversity may not necessarily indicate decreased feeding activity but
rather a shift toward targeted ingestion of high-energy, bioavailable
food sources optimally suited for final gamete maturation (Martinez-Pita
et al., 2012). Moreover, the temporal decoupling between peak feeding
and gamete release supports earlier findings in C. gigas and Mytilus
edulis, where feeding intensity peaks weeks before spawning, allowing
time for resource assimilation and gonadal buildup (Pazos et al., 1996;
Beninger and Lucas, 1984; Pernet et al., 2007). Such anticipatory
feeding is a hallmark of evolutionary optimization in broadcast
spawners inhabiting seasonal environments. Taken together, these
findings highlight an ecologically responsive and energetically efficient
feeding strategy in C. madrasensis, finely tuned to seasonal plankton
dynamics and reproductive imperatives.
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4.5. Endogenous reserves and exogenous inputs: a biphasic reproductive
strategy of C. madrasensis

The reproductive dynamics of C. madrasensis appear to be tightly
linked to seasonal environmental oscillations and food availability, with
oysters displaying a highly synchronized physiological strategy that
aligns reproductive effort with prevailing ecological conditions. This
seasonal alignment highlights how bivalve reproductive cycles have
evolved to be more fit under changing environmental conditions (Bayne,
2017; Gosling, 2015). During the pre-monsoon period, oysters enter
gametogenesis under moderate environmental forcing, notably in the
absence of significant nutrient loading or phytoplankton blooms
(Fig. 11). The lack of strong external cues during this phase implies that
C. madrasensis may initiate reproductive development using endogenous
reserves accumulated during earlier productive phases. This reserve-
dependent reproductive strategy is well-documented in bivalves; for
instance, Pacific oysters (C. gigas) use stored glycogen, and lipid reserves
to fuel gametogenesis when external food is scarce (Dridi et al., 2007).
The ability to capitalize on minimal resources during pre-monsoon
months reflects physiological resilience and suggests that the gonadal
development is not solely dependent on immediate planktonic intake
but rather on a balance of prior energy acquisition and metabolic effi-
ciency, a strategy similarly observed in Chesapeake Bay where repro-
ductive investment often occurs before phytoplankton blooms,
indicating reliance on stored energy (Newel, 1996). Such observations
mirror the energy metabolism strategy described in Ostrea angasi, where
gametogenic energy demands are met through both stored energy and
instantaneous food intake across overlapping temporal windows
(Mendo et al., 2016).

By contrast, the post-monsoon season offers a more resource-rich
environment, characterized by elevated salinity, dissolved oxygen, and
chlorophyll-a concentrations, alongside spikes in nitrate and phosphate.
These environmental conditions collectively trigger post-monsoon
phytoplankton blooms, which constitute nutritionally valuable plank-
tonic groups. Among them, Coscinodiscophyceae are widely regarded as
a high-quality food source for filter-feeding bivalves due to their rich-
ness in essential fatty acids, especially eicosapentaenoic acid (EPA), and
the structural properties of their siliceous frustules that enhance di-
gestibility (Celi et al., 2022; Ghobara et al., 2024). In addition,
C. madrasensis may preferentially ingest Dinophyceae despite their
smaller size or motility, likely influenced by chemical attractants or
superior biochemical composition, as documented in other filter-feeding
species (Cheng et al., 2020; Davenport et al., 2011). The availability of
such high-quality phytoplankton during the post-monsoon period pro-
vides oysters with an enriched food base, effectively supporting peak
gametogenic activity and reproductive success. This strategy, where
active feeding and nutrient assimilation precede and support gamete
maturation and spawning, has been described in several bivalve species,
aligning with the concept of trophic synchronization (Luna-Gonzalez
et al., 2008; Utting and Millican, 1997).

These findings collectively illustrate that C. madrasensis follows a
biphasic nutritional and reproductive strategy: a conservative phase
during the pre-monsoon, where internal energy stores and moderate
plankton support gametogenesis, followed by an externally fueled
(opportunistic) phase during the post-monsoon, where abundant, high-
quality plankton and improved water quality conditions sustain
advanced maturation and spawning (Ferdous et al., 2025). This seasonal
modulation of physiological effort, contingent on both internal and
external cues, reflects an adaptive response to the coastal monsoonal
regime, enhancing reproductive success in a highly dynamic estuarine
ecosystem.

5. Conclusion

This study provides a comprehensive understanding of the repro-
ductive biology, biometric growth patterns, and environmental
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interactions influencing C. madrasensis along the southeast coast of
Bangladesh. The species exhibited bimodal spawning cycles during the
pre-monsoon (April-June) and post-monsoon (October-December) pe-
riods, regulated by favourable thermal conditions and enhanced
phytoplankton availability. The observed reproductive plasticity,
including sequential hermaphroditism and stable sex ratios, underscores
the species' adaptive resilience to dynamic estuarine environments.
Moreover, multivariate analyses revealed strong associations between
reproductive stages, condition indices, and environmental variables
such as temperature, salinity, and nutrient levels, reinforcing the
importance of trophic and hydrological cues in modulating reproductive
investment. Importantly, spawning toward the end of the pre-monsoon
likely results in larval development during the monsoon, when early life
stages may experience heightened sensitivity to environmental stress.
Larval survival under these conditions likely reflects a trade-off between
increased food availability driven by nutrient enrichment and adverse
factors such as reduced salinity, elevated turbidity, and strong hydro-
dynamic forcing. Further research should therefore aim to incorporate
multi-year, multi-site studies to examine spatiotemporal variability and
potential long-term effects of climate change on reproductive dynamics.
Additionally, integrating biochemical approaches like lipid and fatty
acid profiling with molecular techniques for sex determination and
gametogenic regulation could yield deeper insights into energy alloca-
tion strategies and the physiological mechanisms underlying reproduc-
tive plasticity. In addition, these expanded approaches would strengthen
precautionary conservation and management strategies, supporting the
long-term resilience and sustainability of oyster population in fluctu-
ating tropical estuarine ecosystems. Despite these limitations, the find-
ings deepen our understanding of the life history traits of C. madrasensis,
offering valuable insights for hatchery management, stock enhance-
ment, and sustainable aquaculture development in tropical estuarine
systems under changing environmental conditions.
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ARTICLE INFO ABSTRACT
Keywords: Understanding how environmental gradients influence bivalve shell characteristics is essential for developing
Green mussel ecological knowledge, strengthening consumer preferences, and increasing market value. This study employed

Shell morphology

Shell coloration
Geometric morphometrics
Phenotypic plasticity
Coastal aquaculture

geometric morphometrics and digital color profiling to assess the impact of cultivation sites (Khurushkul,
Moheshkhali, and Chowfaldandi) and depths (0.5, 1.0, and 1.5 m) in raft-based mariculture on the shell
morphology and coloration of the green mussel Perna viridis along the southeastern coast of the Bay of Bengal,
Bangladesh. At each site, a total of 150 mussels were collected directly from raft-culture socks, with 50 in-
dividuals sampled from each of the three depths, resulting in a total sample size of 450 mussels. Morphometric
variation was assessed by geometric techniques, and coloring was measured using RGB, HSV, and CIELAB models
under standardized imaging conditions. Environmental and trophic conditions varied across sites and depths,
producing distinct phenotypic patterns in mussels. Khurushkul individuals were more elongated with the most
saturated and brilliant green hues of coloration, Chowfaldandi mussels were compact and appeared pale and
chalky in color, and Moheshkhali populations showed intermediate traits. Multivariate analyses supported strong
spatial separation with >90 % classification accuracy. Depth gradients further shaped morphology and color:
shallow mussels were larger and greener, mid-depth individuals exhibited a more vivid brownish tone, and
deeper mussels were smaller, dorsally compressed, and weakly pigmented, reflecting reduced light, food
availability, and hydrodynamic differences. These findings indicate that site-specific hydrographic conditions,
associated food availability, and vertical gradients collectively shaped mussel phenotype, underscoring the
adaptive plasticity of P. viridis to local ecological conditions. These findings also provide compelling evidence
that P. viridis exhibits pronounced adaptive plasticity, enabling its phenotype to mirror localized ecological
conditions. Ecologically, the study demonstrates that shell traits serve as sensitive integrators of environmental
variability, making them powerful bioindicators for detecting habitat quality, trophic shifts, and environmental
stress in tropical coastal systems. From a practical perspective, the phenotypic indicators identified in this study
can inform site selection, optimize culture depth, and improve broodstock and farming management for green
mussel mariculture. Overall, the study provides a framework for integrating shell-based phenotypic traits into
aquaculture planning and coastal environmental monitoring in the Bay of Bengal region.
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1. Introduction

Endowed with an extensive network of inland rivers and a dynamic
tidal coastline, Bangladesh offers fertile grounds for aquaculture that
contribute substantially to food security, rural livelihoods, and export
revenues (AftabUddin et al., 2021; Samanta Chandan & Roy, 2024).
While diverse aquatic resources support this sector, coastal systems are
particularly important due to their biological productivity and suit-
ability for bivalve mariculture. Among the suite of coastal bivalves, the
green mussel Perna viridis has emerged as a species of notable com-
mercial and ecological importance due to its rapid growth, broad envi-
ronmental tolerance, high nutritional value, and expanding market
demand across Asia (Appukuttan et al., 2003; Asaduzzaman et al., 2025;
Saleh et al., 2021; Shahabuddin et al., 2010). Beyond its role in human
nutrition and income generation, P. viridis contributes to ecosystem
services, filtration, nutrient cycling, and habitat structuring, which
strengthen the argument for its inclusion in sustainable mariculture and
integrated coastal management (Hickman, 1992; Wijsman et al., 2019).
With global interest in low-carbon, climate-resilient seafood and scal-
able molluscan production, mussel farming has been identified as a
strategic avenue for sustainable seafood production under
climate-resilient coastal development initiatives (Gentry et al., 2017).

Shell traits, shape, size, and coloration encode the integrated
outcome of genetic potential and local environmental influence and
therefore constitute an accessible record of organismal responses to
habitat heterogeneity. While genetic control contributes to morpho-
logical baseline (Inoue et al., 2013, 2014; Marinho & Arruda, 2021), a
broad literature demonstrates that environmental drivers such as hy-
drodynamics, salinity, turbidity, food supply, temperature and preda-
tion pressure frequently exert dominant and plastic effects on bivalve
shell form and pigmentation (Haag, 2012; Martin et al., 2019; Rajagopal
et al., 1998; Siddall, 1980; Vermeij, 2002; Wilke et al., 2010; Williams,
2017). Ecologically, these phenotypic responses can signal habitat
quality, trophic regimes, and environmental stress. Commercially, shell
appearance and form influence consumer choice and therefore product
value. Despite this dual relevance, many regional studies of P. viridis
have focused on growth, reproduction, and basic biometric descriptors,
leaving integrative phenotype-environment relationships underex-
plored in tropical mariculture contexts.

Methodological advances in shape analysis and colour quantification
now permit much finer inference of phenotype-environment linkages.
Traditional linear morphometrics, while useful for many applications,
suffer from limitations including multicollinearity and an inability to
resolve subtle, localized shape variation (Adams et al., 2004; Noor et al.,
2021; Zelditch et al., 2012). Geometric morphometrics (GM) addresses
these limitations by capturing complex form through landmark and
semi-landmark configurations and analysing shape in a statistically
rigorous framework (Beyett et al., 2020; Bookstein, 1997; Fruciano
et al., 2011). Similarly, calibrated digital colour profiling across RGB,
HSV, and CIELAB spaces, when combined with objective imaging pro-
tocols, enables quantification of shell pigmentation beyond subjective
description (Stevens et al., 2007; Troscianko & Stevens, 2015; Weller &
Westneat, 2019). Although GM and quantitative colour metrics have
been successfully deployed in diverse taxa and contexts (Costa et al.,
2010; Krapivka et al., 2007; Rufino et al., 2006; Sahidin et al., 2022;
Sousa et al., 2007; Stenger et al., 2019, 2021), their joint application to
P. viridis within tropical raft-culture systems remains sparse (Gamier
et al., 2019), and studies that explicitly link shape and colour variation
across both horizontal (sites) and vertical (depths) cultivation gradients
are notably absent in the Bangladeshi context and other regions of the
world.

This knowledge gap is important for three reasons. First, without
integrated morpho-chromatic baselines, it remains difficult to interpret
shell variation as either environmentally induced plasticity or as a
heritable trait, an ambiguity that limits the development of shell-based
bioindicators for habitat monitoring (Gefaell et al., 2023; Haag, 2012;
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Vermeij, 2002; Williams, 2017). Second, the absence of fine-scale phe-
notype-environment mapping restricts informed decisions on site se-
lection, culture-depth optimization, and broodstock selection, practices
that directly affect yield, product appearance, and marketability
(Marma et al., 2021; Rajagopal et al., 2006; Tan & Ransangan, 2014).
Third, lacking multi-trait phenotypic baselines constrains our capacity
to detect and manage environmental change, such as shifts in turbidity,
productivity, or hydrodynamics, which will be increasingly relevant
under climate variability and coastal development pressures
(Asaduzzaman et al., 2019; Kapsenberg et al., 2018; Noor et al., 2021).

The present study responds directly to these gaps by delivering a
first-of-its-kind, integrated assessment of shell morphology and
pigmentation in P. viridis across multiple cultivation sites (Moheshkhali,
Khurushkul, and Chowfaldandi) and discrete depth (0.5, 1.0, and 1.5 m)
strata in the southeastern Bay of Bengal. We hypothesize that shell
morphology and pigmentation in P. viridis will vary significantly with
cultivation depth and across sites, reflecting differential responses to
hydrodynamic stress, light exposure, and local ecological conditions.
Therefore, using landmark-based GM, including sliding semi-landmarks
to capture outline variation, together with standardized digital colour
profiling (RGB, HSV, and CIELAB), we quantify how site-specific hy-
drographic regimes and vertical gradients shape shell form and hue
(Bookstein, 1997; Fruciano et al., 2011; Zelditch et al., 2012). We also
examine the degree to which these phenotypic signals can discriminate
cultivation environments (Krapivka et al., 2007; Rufino et al., 2006).
Importantly, our approach couples objective multivariate shape analysis
with calibrated color metrics and environmental/trophic measurements,
thereby moving beyond single-trait descriptions to a multivariate
phenotype perspective that is directly actionable for ecological moni-
toring and aquaculture management (Beyett et al., 2020; Vermeij, 2002;
Williams, 2017).

2. Materials and methods
2.1. Study area and sample collection

In Bangladesh, the natural distribution of P. viridis is largely confined
to the southeastern coastal belt, particularly the Moheshkhali Channel,
which directly connects with the Bay of Bengal (Shahabuddin et al.,
2010). This channel provides highly favorable conditions for mussel
aquaculture, characterized by suitable water depths, moderate currents,
stable salinity, and optimal temperature regimes. Moreover, the pres-
ence of abundant natural seed stocks and established wild populations
further strengthens its potential for large-scale mussel farming
(Asaduzzaman et al., 2025; Marma et al., 2021; Noor et al., 2021; Sha-
habuddin et al., 2010). The present study was conducted at three sites
within this coastal zone: Khurushkul (21°30'40.13"N; 91°59'53.3"E),
Moheshkhali (21°31'58.8'N; 91°5852.5'E), and Chowfaldandi
(21°30'42.3'N; 92°0'56.9"E) (Fig. 1). All three locations lie close to the
shoreline and are considered environmentally suitable for mussel
aquaculture activities owing to their supportive water quality
parameters.

For this study, floating bamboo raft systems (36 m? each) were
established at the above three sites and deployed in shallow near-shore
waters (~2.0 m depth) to avoid navigational conflicts. Each raft was
constructed in a square configuration, with each side measuring 6 m.
The bamboo culms used for construction had an average diameter of
12.0 + 2.4 cm and a wall thickness of 1.2 + 0.1 cm. Buoyancy was
maintained using 12 plastic drums, each with a capacity of 220 L,
securely attached to the raft framework. Mussels were cultured at three
depths (0.5, 1.0, and 1.5 m) using nylon net socks (1.5 m x 15 cm, mesh
size 0.8 cm) suspended vertically from the rafts. Spats (2.9 + 0.08 g)
were collected from a wild settlement, detached from byssus threads,
and 20 uniform-sized spats were stocked into each sock. At each site, ten
replicate socks per depth were hung independently to ensure replica-
tion, and cultivation continued for six months (October 2023-March
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Fig. 1. Map of the study area along the Moheshkhali Channel in Cox's Bazar, Bangladesh, showing the three experimental sites: Moheshkhali, Khurushkul, and
Chowfaldandi. The inset map highlights the location of the study sites along the south-east coast of the Bay of Bengal, Bangladesh. The culture setup illustrates
floating raft systems with mussel socks suspended at three depths (0.5 m, 1.0 m, and 1.5 m).

2024). From each location, 150 individuals were collected, with 50
specimens taken from each depth, producing a total sample size of 450
mussels. Following the collection, the samples were carefully processed
in the laboratory. Mussels from each depth and location were measured
for shell length, width, and height using vernier calipers with an accu-
racy of 0.01 mm. The weight of each mussel was then determined with
an electronic balance (PS 1200.R2, Radwag, Poland) to the nearest 0.1 g,
after draining fluids from the intervalvar cavity. The shell length of the
collected specimens ranged from 26.2 to 89.5 mm, shell width from 19.5
to 43.5 mm, shell height from 13.2 to 30.2 mm, and individual weight
from 7.9 to 58.5 g. After biometric measurements, gut contents were
removed, and the posterior adductor muscle, along with other tissues,
was dissected to avoid soft-tissue interference. For geometric morpho-
metric assessments, the left valve of each mussel was isolated and used.
This methodological framework allowed us to assess morphological
variation and evaluate the suitability of green mussel aquaculture across
the selected sites in southeastern Bangladesh.

2.2. Digital imaging/photographic documentation

The left valves of all mussel samples were photographed under
standardized laboratory conditions to ensure uniformity in distance and
orientation, which is essential for reliable geometric morphometric and
color analysis. Moreover, consistency in illumination and orientation
was maintained to prevent artificial color shifts and ensure reproduc-
ibility (Akkaynak et al., 2014). Each shell was assigned a unique iden-
tification code to maintain accurate documentation and tracking
throughout the study. Digital images were captured using a Canon EOS
60D DSLR camera (18.0 MP) equipped with an 18-55 mm lens (Canon
Inc., USA). This camera system was selected for its high resolution and
proven reliability, providing detailed and reproducible images of shell
valves (Cadrin & Friedland, 1999).

2.3. Water quality parameter analysis

Physicochemical parameters, temperature, pH, dissolved oxygen
(DO), salinity, and turbidity, were monitored fortnightly, and other
parameters (Chlo-a, NO,-N, NO3-N, NH3-N, and PO4-P) were recorded
monthly in triplicate at low tide across three cultivation sites and depths.
In situ measurements of physical parameters included water tempera-
ture (Celsius thermometer), pH (digital pH meter, EcoSense pH10A; YSI,
USA), dissolved oxygen (digital dissolved oxygen meter, PDO-519;
Lutron, Taiwan), salinity (Bellingham and Stanley E-Line refractom-
eter; Xylem, UK), and turbidity (digital turbidity meter, Turb430 IR;
WTW, Germany). DO was recorded in situ by submerging the probe,
while other parameters were measured on boat from composite water
samples collected at each depth using a horizontal water sampler
(Alpha™ Bottles, WildCo, USA). About 800 ml of water from each depth
and site was transported on ice to the laboratory for nutrient and
chlorophyll-a analysis. Samples were filtered through Whatman GF/C
filters, and nutrients (NO2-N, NO3-N, NH3-N, PO4-P) were quantified
spectrophotometrically (WTW PhotoFlex STD) following APHA (1992).
Chlorophyll-a was measured at 664, 647, and 630 nm using an Optizen
Pop 2102 spectrophotometer following Boyd (1979). The data of the
water quality parameters were analyzed by using two-way ANOVA
using the ‘car’ package of R.

2.4. Quantitative estimation of water plankton

Monthly assessments of the quantitative composition of plankton
were carried out in triplicate at each depth and sampling location. For
each sampling location, 20 L of composite water samples were obtained
from each -cultivation depth using a horizontal water sampler
(1120-1180 Horizontal Alpha™ Bottles, WildCo, FL, USA). The ob-
tained water samples (20 L) were filtered through a 25-pym mesh
plankton net, and the concentrate was preserved in small plastic vials
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with 5% buffered formalin. The preserved samples were transported to
the Oceanography Laboratory, Chattogram Veterinary and Animal Sci-
ences University (CVASU) for further analysis. Quantitative estimation
was performed using a Sedgewick-Rafter (S-R) cell consisting of 1000
compartments, each 1 mm? in volume (Asaduzzaman et al., 2020). A
1-mL subsample was placed in the chamber, and plankton were identi-
fied to the genus level and enumerated in 10 randomly chosen fields
under a binocular microscope (Optika B-190TB, Ponteranica, Italy) at
objective magnifications ranging from 10 x to 40 x . Plankton density
(cells or individuals / L) was then calculated using the equation: N = (P
x C x 100)/L, where N = number of plankton cells or individuals per
liter of original water, P = mean plankton count from 10 fields, C = final
concentrate volume (mL), and L = volume of the original water sample
(L). The data of the water quality parameters were analyzed by using
two-way ANOVA using the ‘car’ package of R.

2.5. Landmark-based geometric morphometric analysis

Shell morphology of P. viridis was analyzed using landmark-based
geometric morphometric (GM) techniques (Fig. 2). Digital landmarks
were first established in TPSdig2 (Rohlf, 2005), where five fixed land-
marks and 36 semi-landmarks were digitized to capture shell geometry.
The configuration included: (1) the umbo, marking the initiation point
of the hinge plate; (2) the ligament, denoting the hinge plate endpoint;
(3) the midpoint of the ventral margin; (4) the midpoint of the dorsal
margin; and (5) ventral midpoint at the lowest point of the shell outline
(Fig. 2). The semi-landmarks (6-40) distributed along the shell's curva-
ture (Supp. Table 1). Landmark datasets were managed in TPSUtil to

Fig. 2. Key geometric morphometric landmarks used to analyze shell
morphology of green mussels (Perna viridis) collected from three coastal sites
(Chowfaldandi, Khurushkul, and Moheshkhali). (A) Forty-two-dimensional
(2D) landmarks were digitized along the shell outline, comprising five fixed
landmarks and 35 semi-landmarks. The fixed landmarks include: (1) anterior-
ventral tip, marking the initiation of the shell hinge; (2) ligament region at
the upper anterior curve (transition to dorsal arc); (3) maximum shell height
located at the dorsal mid-point; (4) posterior midpoint along the dorsal margin
(transition from dorsal to posterior curvature); and (5) ventral midpoint at the
lowest point of the shell outline. The semi-landmarks (6-40) were distributed
along the anterior, dorsal, posterior, and ventral margins to capture curvature
and shell outline variation, with detailed anatomical positions provided in
Table 1. (B) Procrustes superimposition of landmark configurations for
P. viridis, illustrating shape variation after translation, rotation, and scaling.
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separate fixed from semi-fixed landmarks. To ensure reproducibility and
quantify potential operator bias, a subset of 30 shells was digitized twice
by the primary operator with a one-week interval. Intraclass correlation
coefficients (ICCs) were calculated for all landmarks, yielding high
repeatability (ICC >0.95). Additionally, a second independent operator
digitized the same subset, and Procrustes distances between configura-
tions indicated minimal inter-operator variability (<2% of total shape
variance). These steps confirmed that landmark placement was robust
and reproducible.

To remove variation caused by non-shape factors such as rotation,
translation, and scaling, a generalized Procrustes analysis (GPA) was
performed in TPSRelw following the protocols of Rohlf and Slice (1990)
and Slice (1996). The software also employed an algorithm that allowed
semi-landmarks to slide along tangent directions, minimizing bending
energy and optimizing their alignment with a reference configuration
(Bookstein, 1997). Relative Warp (RW) scores were then generated,
quantifying deviations from a consensus shape and functioning analo-
gously to principal components in Principal Component Analysis (PCA)
(Adams et al., 2004). MorphoJ (Klingenberg, 2011) was subsequently
used to visualize group-level variations in shell shape using the RW
scores. For advanced statistical treatment, the GM dataset was exported
to the R environment (v. 4.0.5), where multivariate analyses were
conducted. Variables were first centered and scaled prior to ordination.
The PCA was performed using the FactoMineR package (L¢ et al., 2008),
and component retention was guided by eigenvalues >1, scree plot ex-
amination, and cumulative explained variance thresholds exceeding
70%. Canonical Variate Analysis (CVA) was then used to maximize
inter-group separation, with Mahalanobis distances and permutation
tests (1000 iterations) applied to assess statistical significance among
mussel groups. Discriminant Function Analysis (DFA) was implemented
using the MASS package (Venables & Ripley, 2013) to determine which
shape variables contributed most strongly to group discrimination. To
ensure the robustness of multivariate inference, underlying analytical
assumptions, including multicollinearity, homogeneity of covariance
matrices (Box's M test), and normality of residuals (Shapiro-Wilk test),
were checked prior to model interpretation. DFA model performance
was validated using leave-one-out cross-validation, and classification
accuracy was reported for each group to avoid overfitting. This inte-
grated workflow ensured statistically rigorous detection, visualization,
and testing of shell shape differences among mussel populations.

2.6. Shell coloration analysis

The mussels color measurements were conducted following the
standardized protocols of the Image Calibration and Analysis Toolbox
(Troscianko & Stevens, 2015). Following the recommended workflow,
all images were first white balanced using a standardized grey reference
card placed in each frame to correct illumination bias. Image files were
linearized and converted to a calibrated color space prior to extraction of
pixel values. Backgrounds were then manually removed in Adobe Pho-
toshop to isolate the whole outer surface of the left valve, ensuring that
only biologically relevant shell pigmentation was quantified (Stevens
et al., 2007). Each processed image was imported into ImageJ
(Schneider et al., 2012), where regions of interest (ROI) encompassing
the entire outer surface of the left valve were defined, and mean pixel
values were extracted for each color channel. These calibrated values were
subsequently analyzed in R using the packages pavo (Maia et al., 2013) and
colordistance (Weller & Westneat, 2019). Colour metrics were converted
into three commonly used perceptual spaces, RGB (Red, Green, Blue), HSV
(Hue, Saturation, Value), and CIELAB (L, a*, b*), to capture brightness,
hue shifts, chromatic components, and pigment intensity. These work-
flows enabled the extraction of color data (Fairchild, 2013; Westland
et al., 2012). Color datasets were compiled and statistically analyzed in
R. In recognition of the multivariate nature of color data, we initially
explored the joint structure of RGB, HSV, and CIELAB variables using
PCA (FactoMineR package) and CVA (MASS package) and cluster
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analyses to assess whether site- and depth-specific differences yielded
coherent multivariate separation. Although these ordinations revealed
broad tendencies, PCA and CVA did not yield clear discriminatory axes.
Following this multivariate screening, one-way ANOVA was applied to indi-
vidual color channels (e.g, L, a*, b*, R, G, B, H, S, V indices) to determine
which specific parameters differed significantly among sites and depths,
followed by Tukey's HSD to control Type I error in post-hoc compari-
sons. This two-tiered strategy ensured that both multivariate relation-
ships and channel-specific responses were appropriately assessed. Group
means with standard deviations were displayed in bar plots, with error
bars representing within-group variability (Quinn & Keough, 2002; Zar,
2010). Additionally, multivariate hierarchical clustering (Euclidean
distance, Ward's linkage) was conducted on the color profiles, providing
insights into site- and depth-specific grouping patterns (Borcard et al.,
2018; Murtagh & Legendre, 2014). This integrated workflow, combining
standardized imaging, ImageJ preprocessing, and R-based statistical
analyses, provides an objective and reproducible framework for quan-
tifying shell coloration on the outer surface of the left valve in bivalves.

3. Results

3.1. Spatial and vertical variability in water quality and plankton
abundance

Water quality (Table 1) and plankton composition (Table 2) of P.
viridis culture exhibited significant spatial and depth-related variations.
Temperature and pH remained relatively uniform across sites and
depths (P > 0.05). Dissolved oxygen (DO) was markedly higher at
Khurushkul and Moheshkhali than at Chowfaldandi (P < 0.001), while
salinity followed a similar trend, being highest at the former two loca-
tions. Turbidity was significantly greater at Chowfaldandi (P < 0.001).
Nutrient patterns varied, with phosphate (PO4-P) increasing at shal-
lower depths (P < 0.001) and nitrate (NO3-N) exhibiting both locational
and depth-related effects (P < 0.01). Chlorophyll-a concentration
differed significantly between both factors (P < 0.001), attaining higher
values at Moheshkhali and at 0.5 m depth, suggesting enhanced primary
productivity near the surface. Phytoplankton assemblages were domi-
nated by diatoms (Coscinodiscophyceae, Fragilariophyceae, and Bacil-
lariophyceae), with abundance significantly higher at Khurushkul and in
upper-water layers (P < 0.05-0.001). Chlorophyceae and Dinophyceae
also declined with increasing depth, while Cyanophyceae showed
moderate spatial variability. Total phytoplankton and total plankton
exhibited significant differences across both sites and depths, peaking at
0.5 m and at Khurushkul (P < 0.01). Zooplankton abundance, however,
remained relatively consistent (P > 0.05).

Table 1
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3.2. Centroid size and shell morphometric divergence across cultivation
sites

Centroid size shows distinct variation among cultivation sites
(Fig. 3A). Mussels from Khurushkul (green) exhibited the largest
centroid sizes, those from Moheshkhali (blue) were intermediate, while
Chowfaldandi (red) typically showed the smallest values. Despite a little
overlap in the 95 % confidence ellipses, the distinction of group cen-
troids demonstrated significant habitat-specific size differentiation.
Procrustes deformation plots (Fig. 3B) indicated that bigger shells
(positive centroid-size direction) expanded outward along the dorsal
and ventral borders, whereas smaller shells (negative direction) con-
stricted along these same axes. Wireframe diagrams (Fig. 3C) illustrated
localized expansions and compressions that align with these tendencies.
Khuruskul mussels exhibit significant elongation and posterior expan-
sion correlating with greater centroid sizes, while Chowfaldandi speci-
mens provide a more compact and rounded shell contour. Moheshkhali
is once more positioned as intermediate in form, connecting the
morphological continuum between the Chowfaldandi and Khuruskul
clusters.

Principal component analysis (PCA) demonstrated significant over-
lap in shell morphology across populations with site-specific tendencies
(Fig. 4A-C). PC1, the predominant axis, signifies variations in shell
elongation and ventral curvature. Along PC1, Khurushkul (green) in-
dividuals exhibit higher positive scores, aligning with their compara-
tively extended and ventrally expanded outlines, but Chowfaldandi
(red) and Moheshkhali (blue) are situated nearer to the center cloud,
with Moheshkhali displaying a greater within-site variation. PC2 and
PC3 encompass supplementary variance in the dorsal and posterior
margins. Khurushkul displays some dorsal flattening along these axes,
while Chowfaldandi and Moheshkhali demonstrate greater variability at
the dorsal/posterior borders. CVA generated a more distinct separation
by location (Fig. 4D). Khurushkul (green) clusters on the negative side of
CV1, characterized by an elongated shell outline with significant ante-
rior—posterior extension and ventral elongation (CV1 —ve). Chowfal-
dandi (red) is positioned on the positive CV1, displaying relatively
shorter, more rounded outlines with moderate anterior-posterior
compression and slight ventral flattening (CV1 +ve). In contrast,
Moheshkhali (blue) occupies elevated CV2 values, exhibiting enhanced
dorsal-ventral expansion and increased shell height. The CVA results
align with PCA, wherein the principal axes of variation characterize
elongation and ventral curvature. Pairwise testing validated these dif-
ferences, with all Procrustes and Mahalanobis distances exhibiting high
significance (P < 0.0001; Supp. Table 2), and the most pronounced
divergence noted between Chowfaldandi and Khurushkul.

Discriminant Function Analysis (Fig. 5) indicates that pairwise
morphological variations are mostly influenced by dorsal height, pos-
terior taper (elongation), and ventral-margin curvature. In the

Variations in water quality parameters among different depths and locations based on two-way ANOVA.

Variables Means (Tukey test) Sig. (P-value)

Location (L) Depth (D) L D DxL

Khurushkul Moheshkhali Chowfaldandi 0.5m 1m 1.5m
Temp (°C) 28.24 + 1.33° 27.74 + 1.41° 29.10 + 1.16% 28.34 + 1.78° 28.12 + 1.58° 28.04 + 1.42° NS NS NS
pH 7.48 + 0.82% 7.79 + 0.81% 7.64 + 0.58° 7.78 + 0.82° 7.71 + 0.92* 7.52 + 0.68% NS NS NS
DO (mg/L) 5.98 + 0.12° 5.92 + 0.12% 5.28 + 0.12" 5.93 + 0.28° 5.73 + 0.32% 5.23 + 0.22° e o NS
Salinity (ppt) 26.09 + 0.72° 26.66 + 0.58° 20.57 + 1.22° 24.24 + 1.04° 24.44 + 1,087 24.65 + 1.28° wxx NS NS
Turb (NTU) 9.86 + 0.69" 9.57 + 0.64" 17.6 + 1.40° 12.35 + 1.16° 12.46 + 1.18° 12.06 + 1.04° o NS NS
PO,-P (mg/L) 1.49 + 0.12° 1.23 + 0.32%° 1.06 + 0.28° 1.55 + 0.22% 1.11 +£0.12° 1.09 + 0.22° ok NS
NO,-N (mg/L) 0.14 + 0.02* 0.18 + 0.01% 0.18 + 0.01% 0.19 + 0.01% 0.15 + 0.01? 0.16 + 0.02* NS NS NS
NO3-N (ng/L) 1.35 + 0.19° 0.99 + 0.16%" 0.65 + 0.09" 1.11 £ 0.11% 0.84 + 0.09" 0.75 + 0.16" o ok *
NH3-N (mg/L) 0.22 + 0.04* 0.17 + 0.02% 0.19 + 0.03% 0.17 + 0.05% 0.23 + 0.04* 0.18 + 0.02* NS NS NS
Chlorophyll-a (ug/L) 5.02 + 0.15" 5.70 + 0.22% 4,06 + 0.18° 5.67 + 0.26% 4.75 + 0.20° 4.27 +0.19° ook ek NS

The significance levels (P) are denoted by asterisks (*<0.05, **<0.01, ***<0.001, NS= Not significant). Significant variations among various depths and locations are

shown by several superscripts in the same row at p < 0.05 level.
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Table 2
Variations of different plankton groups ( x 102 cells or individuals L) abundance in water among different depths and green mussel cultivation sites based on two-
way ANOVA.
Variables Means (Tukey test) Sig. (P-value)
Location (L) Depth (D) L D DxL
Khurushkul Moheshkhali Chowfaldandi 0.5 m 1m 1.5m
Coscinodiscophyceae 128.92 + 7.1* 118.7 + 7.1% 103.22 + 8.0° 134.6 + 8.0° 114.6 + 7.3%° 101.7 + 6.6° w* NS
Fragilariophyceae 20.57 + 3.5% 17.88 + 2.6 15.45 + 2.8° 20.28 + 3.4 17.72 + 2.9 15.91 + 2.7% NS NS NS
Bacillariophyceae 135.5 + 5.3% 124.5 + 5.9%° 104.5 + 6.6° 139.6 + 6.2° 119.3 +6.1° 105.6 + 5.4° o wok NS
Chlorophyceae 36.09 + 2.1% 34.29 + 2.4 29.72 + 2.5% 38.12 £ 2.4° 32.9 + 2.3% 29.12 + 2.1° NS * NS
Cyanophyceae 27.16 + 2.4° 23.53 + 2.2 18.69 + 1.9° 26.45 + 2.5% 22.7 + 2.2 20.23 + 1.9 * NS NS
Dinophyceae 62.85 =+ 3.4° 57.35 + 3.8% 47.35 + 3.6° 63.55 =+ 3.9° 54.9 + 3.8 49.16 + 3.3° * * NS
Total Phytoplankton 410.8 + 15.0° 376.3 + 17.1°° 318.9 + 20.8° 422.5 + 18.0° 362.1 + 18.3° 321.4 + 16.6° NS
Total zooplankton 98.66 + 10.7° 94.85 + 11.2% 84.22 +10.2° 103.3 + 11.7° 92.10 + 10.7% 82.36 + 9.6° NS NS NS
Total Plankton 509.5 + 23.8° 471.2 + 27.4° 403.1 + 30.1° 525.8 + 27.8° 454.2 + 27.9%° 403.7 + 25.2° * ki NS

The significance levels (P) are denoted by asterisks (*<0.05, **<0.01, ***<0.001, NS= Not significant). Significant variations among various depths and locations are

shown by different superscripts in the same row at p < 0.05 level.

A Depth (m) : i a B
Chowfaldandi ' o .
A Khuruskul ' m A A
B Moheshkhali Y -y -
.05 | e Vi
3 - e ML A1 4
5 e o S
E LI t:‘,-‘&*:;‘
S 0,00 §--omcreccoreg AT -
g AL i“i‘\zé\"“
& 2w &Jnn Ta | cars
& P BOOUE T
L Y Xy . A
-0.05 - " =
u p o i A
-0.10 | a
1000 1500 2000 2500 3000

Centroid size

Centroid Size

Centroid Size (+ve) Centroid Size (-ve)

1AW

"1\ AN ‘xL\\\\\

’ \\ ‘J >~

» o N

" « r' >
- . I 3
- T : '.
- -
- et - Y
Tt L b ol = rrrrere?

Cagtt
Centroid Size

Fig. 3. (A)Variation in centroid size in Perna viridis population from three coastal habitats (Chowfaldandi, Khuruskul, Moheshkhali). (B) Procrustes deformations
based on centroid size for both positive and negative values, where each dot indicates the mean and the line indicates the shape variation from the mean. (C) Shape
variation in positive and negative wireframe plots for centroid size due to habitat variation.

comparison between Chowfaldandi and Khuruskul (Fig. 5A), positive
DFA values are associated with Khuruskul (left wireframes), whereas
negative values pertain to Chowfaldandi (right). Khuruskul mussel
shells are comparatively slimmer and more elongated, exhibiting a
lower dorsal bulge, while Chowfaldandi shells are more dorsally
expanded, featuring a higher dome and a slightly deeper ventral profile.
In Chowfaldandi-Moheshkhali (Fig. 5B), Chowfaldandi (negative/right)
displays a larger, more domed configuration, whereas Moheshkhali
(positive/left) is somewhat more tapered. In Khuruskul-Moheshkhali
(Fig. 5C), Moheshkhali (positive/left) exhibits more dorsal expansion
compared to Khuruskul (negative/right), which retains the most elon-
gated form. Thin-plate splines and wireframes validate these regular
alterations, with breadth (dorsal expansion) and elongation (posterior
taper) underpinning inter-population variations. All Procrustes and
Mahalanobis distances, together with T2 statistics, exhibited strong
significance (P < 0.0001; Supp. Table 2). Cross-validation revealed
substantial classification accuracy: Chowfaldandi = 92 %, Khurushkul
= 91.3 %, and Moheshkhali = 86.7 % (Supp Table 3).

3.3. Centroid size and shell morphometric divergence across cultivation
depths

Depth-stratified analysis yielded an important insight into centroid
size (Fig. 6A-C). At Chowfaldandi cultivation site (Fig. 6A), mussels
from deeper strata displayed comparatively greater centroid sizes with

slight ventral expansion, while shallow specimens were marginally
dorsally compressed. Conversely, Khurushkul (Fig. 6B) exhibited an
inverse trend, wherein shallow mussels were predominantly larger,
whereas deeper specimens demonstrated diminished centroid sizes,
with only negligible morphological variations across depths. A compa-
rable trend was observed at Moheshkhali (Fig. 6C), where shallow
mussels displayed higher centroid sizes, whereas deeper specimens were
grouped towards smaller sizes, with dorsal-ventral compressions evident
in the deformation and wireframe plots.

Depth-stratified PCA at each site (Fig. 7A-C) revealed further
distinction. At Chowfaldandi, deeper mussels exhibited slight ventral
growth compared to shallow specimens. At Khurushkul, the depth ef-
fects were minimal, exhibiting considerable overlap among the groups.
Conversely, Moheshkhali demonstrated the most pronounced depth-
related variations. Mussels at 0.5 m exhibited clustering towards
compact morphologies, whilst those at 1.5 m demonstrated significant
dorsal-ventral expansion. Depth-based CVA further elucidated grouping
tendencies over the vertical gradient. Canonical Variate Analysis (CVA)
demonstrated depth-related variations in the shell morphology of
P. viridis among locations (Fig. 8). At Chowfaldandi, CV1 (66.1 % vari-
ance) distinguished between shallow (0.5 m) and deep (1.5 m) mussels,
whereas individuals at 1.0 m exhibited overlap between the two cate-
gories (Fig. 8A). Deformation grids revealed that shallow mussels
exhibited broader shells with pronounced ventral curvature, whereas
deep mussels were narrower and more elongated, with the 1.0 m group
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Fig. 4. Principal component analysis (PCA), Canonical variate analysis (CVA), and wireframe plots showing the morphological change described by each component
due to habitat variation through geometric morphometrics of green mussel (Perna viridis). (A-C) Principal component analysis (PCA) plot for the first three principal
components showed percent contribution with shape variation in positive and negative wireframe plots, and (D) Canonical variate analysis (CVA) plots with percent
comparison between CV1 and CV2 revealed the population shape variation with positive and negative wireframe plots. In wireframe plots, light blue outlines
represent the average shape, and dark blue outlines represent extreme shape changes.

displaying transitional morphologies (Fig. 8B and C). The depth effects
were most pronounced at Khurushkul. CV1 (75.97 % variance) clearly
differentiated mussels based on depth (Fig. 8D). Morphological changes
exhibited a progression from wider, more curved shells in shallow seas
to narrower, elongated forms at greater depths, with intermediate
mussels appearing transitional (Fig. 8E and F). The discrimination in
Moheshkhali was less pronounced. CV1 (61.58 %) and CV2 (38.42 %)
exhibited significant overlap among the groups (Fig. 8G). Deformation
grids indicated minor variations, with shallow mussels being marginally
broader and deeper mussels being more elongated, although the extent
of change was minimal (Fig. 8H and I).

The pairwise DFA comparisons across each location, revealing a
consistent, depth-dependent alteration in shell morphology (Fig. 9). In
Chowfaldandi (Fig. 9A-C), Khuruskul (Fig. 9D-F), and Moheshkhali
(Fig. 9G-1), deeper samples (the DFA-positive clusters in most compar-
isons: 1.0-1.5 m) exhibit enhanced dorsal convexity and overall shell
breadth, accompanied by a more prominent ventral curvature. In
contrast, shallower samples (DFA-negative clusters: 0.5-1.0 m) are
generally narrower, more elongated, and taper posteriorly. The most
significant morphological differences arise in greater depth contrasts
(0.5 vs 1.5 m), where histograms indicate pronounced score separation
and the wireframes (DFA =+ ve) exhibit distinct dorsal uplift and rounder
contours in the deeper group. Light-blue outlines represent the mean
form, while dark-blue outlines denote the extremes, affirming that the
primary axes of variation are dorsal height (degree of doming), shell

breadth, and posterior taper. Depth predominantly effects shell
morphology by modifying dorsal expansion and elongation, with effect
size differing between locations. DFA pairwise testing indicated sub-
stantial Procrustes and Mahalanobis distances among most categories,
with the most pronounced separation observed between shallow (0.5 m)
and deep (1.5 m) strata (Supp. Table 4). Nonetheless, classification ac-
curacy was significantly inferior to that of site-based comparisons (52.7
%66 %; Supp. Table 5), indicating that depth-driven variations were
more nuanced and overlapped. These data collectively indicate a pro-
nounced spatial structure of shell morphology, whereas depth has a
lesser nevertheless ecologically significant impact.

3.4. Shell color divergence across cultivation sites

The shell coloration parameters of P. viridis exhibited distinct site-
specific variations among Chowfaldandi, Khurushkul, and Mohesh-
khali (Fig. 10). The chromatic variable “a” (green-red axis) exhibited
substantial variation between sites (P < 0.05). Khurushkul mussels had
elevated values (—1.82 + 0.16), signifying a more pronounced reddish
component relative to Chowfaldandi (—2.43 + 0.18), while Mohesh-
khali showed intermediate values (—2.17 + 0.17). The “b” parameter
(blue-yellow axis) also differed significantly (P < 0.01), with Khur-
ushkul individuals exhibiting the greatest yellowness (9.18 + 0.42),
Moheshkhali the lowest (7.73 + 0.38), and Chowfaldandi occupying a
median position (8.70 + 0.49). This pattern underscores a trend toward
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Fig. 5. Discriminant Function Analysis (DFA) for pairwise comparison and corresponding thin-plate spline of Procrustes deformations and wireframe plots illus-
trating shape variation of green mussel (Perna viridis). DFA histogram with positive and negative wireframe plots showed mean shape variation between
Chowfaldandi-Khurushkul (A), Chowfaldandi-Moheshkhali (B), Khurushkul-Moheshkhali (C) populations. Light blue outlines represent the average shape, and dark

blue outlines represent extreme shape changes.

warmer shell hues in Khurushkul mussels. Among brightness-related
variables, most parameters (B, R, L-1, L-2, V) did not differ signifi-
cantly among sites. However, the green component (G) exhibited a
significant difference (P < 0.05), with Khurushkul mussels showing
notably higher values compared to Chowfaldandi and Moheshkhali,
reflecting the visually strong green pigmentation observed in shells from
this site. Both hue descriptors (H-1 and H-2) showed pronounced site
effects (P < 0.001). Moheshkhali mussels consistently displayed
elevated hue values (H-1 = 60.41 £ 1.01; H-2 = 106.36 + 0.88)
compared to Chowfaldandi (H-1 = 55.49 + 0.88; H-2 = 102.09 + 0.91)
and Khurushkul (H-1 = 55.10 £ 0.92; H-2 = 101.86 + 0.82). Saturation
(S) also differed significantly (P < 0.001), being highest in Khurushkul
(26.71 + 0.43) relative to Chowfaldandi (22.32 + 0.37) and Mohesh-
khali (21.68 + 0.40). This elevated saturation corresponds to the visibly
brighter and more vivid greenish coloration recorded from Khurushkul
mussels (Fig. 10B). The site-based dendrogram (Fig. 10C) corroborates
these patterns, revealing closer color similarity between Chowfaldandi
and Moheshkhali, while Khurushkul forms a distinct cluster. This

grouping indicates that Khurushkul mussels exhibit greater divergence,
primarily driven by elevated saturation and green chroma, whereas
Chowfaldandi and Moheshkhali maintain comparable hue-lightness
profiles. Collectively, these results suggest that although baseline
lightness and reflectance remain stable across regions, the coloration of
P. viridis displays notable plasticity in response to local environmental
conditions, with hue, saturation, and green intensity emerging as key
indicators of site-specific ecological influences.

3.5. Depth-specific variation in shell coloration

The shell coloration parameters of Perna viridis showed significant
depth-specific variation across 0.5, 1.0 and 1.5 m (Fig. 11). Chromatic
variables a (green-red) and b (blue-yellow) did not differ significantly
with depth (both NS). Likewise, most lightness and primary channel
indices (R, B, L-1, L-2, V) remained statistically stable. However, the
green channel (G) exhibited a significant depth effect (P < 0.05), with
the highest green intensity recorded at 0.5 m relative to 1.0 and 1.5 m,
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Fig. 6. Centroid size variation of Perna viridis across depth strata within three coastal sites: (A) Chowfaldandi, (B) Khurushkul, and (C) Moheshkhali. Mean centroid
size values (dots) and corresponding Procrustes deformation plots (lines) illustrate depth-related shell size changes and associated shape variation. Wireframe di-
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consistent with the visibly greener shells at shallow culture depth. Both
hue descriptors (H-1, H-2) varied strongly with depth (p < 0.001).
Mussels at 1.0 m showed reduced hue values (H-1 = 53.45 4 0.91; H-2
= 100.09 + 0.91) compared with 0.5 m (H-1 = 57.48 + 0.95; H-2 =
103.70 + 0.90) and 1.5 m (H-1 = 60.07 £ 0.94; H-2 = 106.53 + 0.79),
indicating a mid-depth shift toward browner tones. Saturation (S) also
differed with depth (p < 0.001), peaking at 1.0 m (25.50 + 0.42) versus
0.5 m (23.22 £+ 0.39) and 1.5 m (21.99 + 0.42), implying more vivid
chroma at mid-depth. The depth-based dendrogram (Fig. 11C) supports
these patterns: 0.5 m mussels are the most distinct group (driven largely
by elevated G), while 1.0 m forms a separate branch driven by hue and
saturation differences, and 1.5 m clusters more closely with the others.
Overall, although baseline brightness and major reflectance indices
remain relatively constant with depth, green intensity, hue and satura-
tion are the most responsive color metrics to culture depth in P. viridis.

4. Discussion

4.1. Cultivation site- and depth-specific divergence in shell morphology of
P. viridis

In bivalves, shell morphology is significantly influenced by hydro-
dynamics, food availability, salinity, turbidity, and oxygen gradients,
which serve as selection forces that promote adaptive plasticity
(Hornbach et al., 2010; Keogh et al., 2024). The current study demon-
strated distinct variations in P. viridis morphology based on site and
depth, which closely aligned with the environmental variables assessed
at different locations and depths. The larger and more resilient mor-
photypes at Khurushkul align with advantageous environmental con-
ditions marked by elevated dissolved oxygen and consistent salinity.
Increased oxygen availability improves aerobic metabolism and calci-
fication efficiency (Telesca et al., 2018), while elevated nitrate and
phosphate concentrations promote primary production, ensuring a
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consistent supply of phytoplankton for suspension feeding. The inter-
play of food availability and metabolic efficiency fosters conditions that
enable mussels to direct energy towards shell formation, leading to
thicker and broader shells (Schotanus et al., 2019; Wang et al., 2011). In
contrast, Chowfaldandi mussels displayed compressed and elongated
morphologies indicative of harsher conditions at this location. The
markedly reduced salinity noted here elevates osmotic stress, aug-
menting the energetic expenditures of ionic control and diminishing the
energy allocated for calcification (Sanders et al., 2018; Zeng et al.,
2024). Concurrently, elevated turbidity levels diminish feeding effi-
ciency by obstructing gills and hindering oxygen absorption (Firth et al.,
2024), while insufficient chlorophyll-a further restricts food availability.
In these circumstances, mussels must reallocate resources from growth
to maintenance, resulting in thinner, elongated shells that demonstrate
adaptive plasticity in reaction to environmental stressors (Seitz et al.,
2023; Telesca et al., 2018). Moheshkhali exhibited intermediate condi-
tions, characterized by moderate salinity, low turbidity, and compara-
tively high chlorophyll-a, hence sustaining mussels with intermediate
morphologies. This underscores the notion that mussel shell morphology
incorporates many environmental signals, resulting in morphologies
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that embody local compromises between growth efficiency and stress
resilience (Bergstrom et al., 2015).

Depth effects, while less pronounced than site influences, were also
apparent in the studied patterns. Dissolved oxygen and chlorophyll-a
exhibited a marked decrease with depth, but nitrate concentrations
were elevated in shallower waters. These observed depth-related shell
variations are consistent with patterns reported in temperate mussel
systems (Mytilus edulis, M. trossulus), where shell shape reflects envi-
ronmental gradients such as food availability, salinity, and temperature
(Carboni et al., 2021). While hydrodynamic factors may contribute to
shell morphology in our sites, the absence of direct in-situ measurements
of current velocity, wave orbital motion, or bottom shear stress limits
mechanistic inference, and the observed patterns should therefore be
interpreted as correlative rather than causative. Furthermore, shell
strength and morphology in bivalves are known to be phenotypically
plastic, responding to local water chemistry (e.g., salinity, pH, dissolved
inorganic carbon) rather than being strictly genetically determined
(Telesca et al., 2018). Mussels inhabiting shallow waters typically
possess compact, streamlined shells designed to endure wave action and
minimize dislodgement risk, whereas those in deeper waters display
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rounder, inflated shapes more appropriate for tranquil, low-disturbance
settings with softer substrates (Hermanson, 2011; Peyer et al., 2010).
Together, these observations suggest depth-related phenotypic plasticity
consistent with hydrodynamic gradients, although direct mechanistic
inference remains limited in the absence of site-specific flow measure-
ments, wherein shell morphology reflects trade-offs between stability
and growth efficiency across depth strata (Elgin et al., 2022; Longman &
Sanford, 2025).

The amalgamation of morphometric and environmental data in-
dicates that site-specific elements, notably salinity, turbidity, oxygen,
and food availability, have a more significant influence on mussel
morphology than depth alone. The observed variation in shell
morphology across locations and depths underscores the phenotypic
plasticity of P. viridis, allowing it to endure in diverse coastal ecosystems.
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This plasticity holds ecological importance, enabling mussels to enhance
performance amid varying hydrological and trophic conditions, thereby
illustrating their function as sensitive bioindicators of environmental
fluctuations in dynamic tropical ecosystems (Longman & Sanford, 2025;
Telesca et al., 2018).

4.2. Cultivation site- and depth-specific divergence in shell coloration of
P. viridis

Shell coloration in P. viridis also emerged as a highly site-dependent
trait, strongly shaped by local environmental conditions. The differences
in shell color and intensity among locations are mostly influenced by
environmental factors, especially food supply and light penetration. This
corroborates previous research indicating that pigmentation patterns in
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bivalves are integrative features that reflect ecological pressures and
physiological performance (Alma et al., 2023; Fitzer et al., 2015; Louis
et al., 2022; Purroy Albet, 2017). Mussels from Khurushkul consistently
exhibited the most vibrant coloration, aligning with optimal hydrody-
namic and trophic conditions. The significantly higher dissolved oxygen
(DO), salinity, and chlorophyll-a concentration recorded at this site
indicate a favorable environment supporting higher primary produc-
tivity and planktonic food availability (Tables 1 and 2). These enhanced
trophic and oxygenic conditions likely promote chlorophyll-a assimila-
tion and boost pigment biosynthesis, leading to deeper and more satu-
rated shell hues (He et al., 2024; McMahon et al., 2024; Olivier et al.,
2020). The elevated saturation and green (G) values observed in
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Khurushkul mussels therefore indicate a clear correlation between food
availability and pigment accumulation (Saurel, 2008). The high abun-
dance of diatoms and total phytoplankton at Khurushkul further re-
inforces this relationship, as diatom-dominated diets are rich in
carotenoids and chlorophyll derivatives that can enhance shell
pigmentation and green chroma expression. Conversely, Chowfaldandi
individuals had pale and chalky shells, indicative of consistently murky
conditions that restrict light penetration due to higher suspended par-
ticles and turbidity (Table 1), hence diminishing phytoplankton devel-
opment and inhibiting pigment absorption (Alexander Jr et al., 1994;
Tuttle-Raycraft & Ackerman, 2019). Turbidity inhibits chlorophyll
precursors and induces extra stress, redirecting energy towards survival
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Fig. 10. Variation in shell coloration of Perna viridis across three coastal sites in Bangladesh. (A) Representative shell images from Choufaldondi, Khurushkul, and
Moheshkhali showing site-specific differences in external coloration. (B) Site-wise comparisons of color parameters derived from multiple color models (CIELAB: a, b,
L-1, L-2; RGB: R, G, B; HSV: H-1, H-2, S, V; Chroma = C), with bars representing mean + SD. Different letters above bars indicate significant differences among
variables within sites (Tukey's HSD, P < 0.05). (C) Site-based dendrogram constructed from color metrics, showing greater similarity between Chowfaldondi and
Moheshkhali, while Khurushkul mussels form a distinct cluster. Collectively, these results demonstrate that mussel shell coloration is influenced by site-specific

environmental conditions.

and maintenance instead of pigment synthesis (Buczek et al., 2018;
Cloern, 1987; Nunes et al., 2022; Wang et al., 2019). Comparable
pigment depletion and lackluster appearance have been documented in
bivalves from sediment-rich environments (Jones et al., 2011; Scanes
et al., 2024; Volety et al., 2006). The mussels of Moheshkhali exhibited
an intermediate condition, aligned with variable environmental in-
fluences. Although DO and salinity were comparatively high, fluctuating
turbidity and nutrient regimes likely created alternating favorable and
stressful phases for pigment deposition. Intermittent access to
phytoplankton-dense waters facilitated partial pigment expression
(Becker et al., 2021; Jiang et al., 2022), whereas repeated turbidity
events disrupted uniform deposition. This variability was apparent in
intermediate hue values, indicating that coloration at this location is
influenced by alternating periods of advantageous feeding conditions
and sediment stress (Norkko et al., 2006; Scanes et al., 2024). These
findings collectively indicate that shell coloration in P. viridis is a dy-
namic trait that adapts to ecological conditions, reflecting variations in
food availability, light penetration, and sediment stress, thereby acting
as a significant bioindicator of localized environmental quality in coastal
ecosystems (Carroll et al., 2009; Steinhardt et al., 2016; Strehse &
Maser, 2020).

The significance of depth as an ecological filter was especially
apparent in shell pigmentation. Hue and saturation were affected by
vertical variations in light and food availability, aligning with depth-
related ecological gradients such as light penetration, food resources,
and suspended materials (Stenger et al., 2021; Rousseau & Rollion-Bard,
2012). At 0.5 m, where water quality data indicated the highest
chlorophyll-a and total plankton abundance, the more vibrant and
saturated colors likely indicate increased light penetration and higher
availability of chlorophyll a, which promotes feeding efficiency and
pigment assimilation (Diana et al., 2021). Elevated light intensity at
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shallow depths facilitates phytoplankton proliferation, hence providing
a substantial food source for filter-feeding mussels, which amplifies
pigmentation intensity (Trottet et al., 2008). The significantly higher
green (G) values at this depth confirm that shallower mussels assimilate
more phytoplankton-derived pigments, particularly from diatom-rich
assemblages abundant near the surface. Reduced suspended sediments
at this level facilitate clearer color expression, as sediment load in-
fluences lighter, chalkier shell appearances (Fu et al., 2016; Saenko &
Schilthuizen, 2021). At 1.0 m, mussels displayed a significant transition
to brownish and more saturated tones, indicative of distinct intermedi-
ate circumstances. Moderate light penetration at this mid-water depth
supports photosynthetic biofilms, which enhance food availability and
provide cues for pigment synthesis. Simultaneously, variable dissolved
oxygen and nutrient concentrations can induce physiological stress,
leading to upregulated melanin and other pigment production as part of
antioxidant and photoprotective responses (Comfort, 1951; Gefaell
et al., 2023; Williams, 2017 ). These combined ecological and physio-
logical factors likely explain why mussels at this level had a distinct
cluster in the dendrogram, indicating unique environmental stresses
that heightened pigmentation. In contrast, mussels at 1.5 m had the most
pallid and least saturated shells. Decreased light availability limits
photosynthetically active radiation, resulting in reduced phytoplankton
biomass and food consumption (Dolmer, 2000; Hoque et al., 2021),
which leads to a decline in pigment assimilation and shell vibrancy
(Zieritz et al., 2019). Increased turbidity and suspended particles at
greater depths disrupt feeding and shell deposition (Melzner et al.,
2011), whereas oxygen deficiency may impair mussel metabolism and
pigment production (Sanders et al.,, 2018; Wang et al., 2011). These
factors collectively elucidate the muted shell colors noted in deeper
mussels. In summary, depth-specific variation in shell coloration sig-
nifies a cohesive reaction to light, food accessibility, and water column
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Fig. 11. Variation in shell coloration of Perna viridis across three culture depths. (A) Representative shell images from 0.5 m, 1 m, and 1.5 m showing depth-specific
differences in external coloration. (B) Depth-wise comparisons of color parameters derived from multiple color models (CIELAB: a, b, L-1, L-2; RGB: R, G, B; HSV: H-1,
H-2, S, V; Chroma = C), with bars representing mean =+ SD. Different letters above bars indicate significant differences among variables within depths (Tukey's HSD,
P < 0.05). (C) Depth-based dendrogram constructed from color metrics, showing clear clustering by depth, with 0.5 m mussels forming the most distinct group.
Collectively, these results indicate that shell coloration is influenced by cultivation depth.

stability. The shallow and deeper mussels exhibited greener yet less
saturated hues, whereas the mid-depth population manifested notice-
ably brownish and more vibrant shells. This indicates that shell
pigmentation in P. viridis is markedly responsive to vertical gradients,
underscoring its significance as a bioindicator of ecological variability in
both aquaculture and wild environments (Asaduzzaman et al., 2019;
Yap et al., 2023).

5. Conclusion

This study revealed that the shell morphology and coloration of
P. viridis are significantly variable features affected by the cultivation
site and depth in raft-based mariculture systems along the southeastern
coast of Bangladesh. Geometric morphometric investigations indicated
significant site-specific divergence: Khurushkul mussels were elongated
and thin, Chowfaldandi individuals were compact and rounded, whilst
Moheshkhali mussels exhibited increased dorsal-ventral expansion with
intermediate forms. Depth effects were nuanced yet biologically signif-
icant, as shallow mussels displayed bigger, streamlined morphologies,
while deeper mussels presented smaller, dorsally compressed forms.
Shell coloration exhibited significant variation across locations and
depths, with Khurushkul mussels displaying the most intense pigmen-
tation, Chowfaldandi mussels appearing subdued under murky condi-
tions, and Moheshkhali populations presenting intermediate shades.
Vertical gradients influenced pigmentation, with mid-depth mussels
exhibiting more vivid brownish hues, whereas surface individuals pre-
sented greener yet less saturated shells. Additionally, direct measure-
ments of water flow velocity, wave orbital motion, or bottom shear
stress were not conducted, which limits empirical support for the pro-
posed mechanistic link between hydrodynamics and observed shell
plasticity. This study, while robust, was confined to three locations and a
single culture cycle, neglecting seasonal or genetic factors affecting
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phenotypic variation. Nevertheless, the findings had practical implica-
tions for aquaculture, offering a scientific foundation for site selection,
depth optimization, and selective breeding procedures to improve pro-
duction and market attractiveness. Future research should encompass
multi-seasonal evaluations, extensive geographic comparisons, and
genomic analysis to elucidate genetic and environmental influences, and
experimental trials examining specific ecological factors, including hy-
drodynamic conditions. These initiatives will enhance ecological
comprehension and facilitate the sustainable growth of mussel aqua-
culture in tropical coastal habitats.
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ABSTRACT

Bangladesh has been emerging as a significant producer of farmed green mussels (Perna viridis) along the
southeastern coast of the Bay of Bengal, driven by increasing domestic demand and expanding export potential.
However, despite increasing production volumes, market access remains severely constrained because farmers
lack a scientifically validated depuration protocol tailored to local tropical conditions, leading to persistent
concerns over microbial contamination and the accumulation of toxic heavy metals and trace elements.
Addressing this critical bottleneck, the present study evaluated depuration efficiency in raft-cultivated P. viridis,
with particular emphasis on the interactive roles of salinity, exposure duration, and mussel body size in removing
microbial pathogens and toxic heavy metals and trace elements. Using a controlled static fill-and-draw depu-
ration system with UV-treated seawater, mussels were subjected to four salinity regimes (15, 20, 25, and 30 psu)
for up to 72 h, alongside size-based trials (small: 35-45 mm; medium: 45-60 mm; large: >60 mm shell length)
conducted at 30 psu as the optimal salinity. Microbial loads were quantified using culture-based enumeration
and PCR-confirmed detection of Salmonella, Shigella, Escherichia coli, and Vibrio cholerae, while elemental con-
centrations (Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Hg, Pb) were determined by energy-dispersive X-ray fluorescence
(EDXRF). Advanced generalized and linear mixed-effects models were applied to disentangle time-dependent,
salinity-driven, and size-mediated responses. Depuration time emerged as the dominant driver of microbial
clearance, achieving >4-log reductions in total viable bacteria and near-complete elimination of Salmonella and
Shigella within 24-48 h at >25 psu. Elevated salinity significantly accelerated pathogen removal through strong
salinity x time interactions, whereas body size influenced clearance trajectories without altering final depuration
efficacy at 72 h. Toxic heavy metals and trace elements depuration was element-specific: notable reductions were
observed for several elements (e.g., Fe, Pb, Cu, Zn, Hg, and Cr), whereas Ni, As, and Se showed limited
responsiveness. Overall, depuration under elevated salinity (25-30 psu) over 72 h substantially improved mi-
crobial and chemical quality, approaching levels consistent with international food safety standards. These
findings establish a robust, evidence-based depuration framework for tropical mussel aquaculture, directly
supporting seafood safety, public health protection, and the sustainable growth of the blue economy in the Bay of
Bengal and comparable regions.

* Corresponding author at: Department of Marine Bioresource Science, Faculty of Fisheries, Chattogram Veterinary and Animal Sciences University, Khulshi, 4225

Chattogram, Bangladesh.

E-mail address: a_zamanbau@yahoo.com (M. Asaduzzaman).

https://doi.org/10.1016/j.aquaculture.2026.744083
Received 18 January 2026; Received in revised form 15 April 2026; Accepted 23 April 2026

Available online 24 April 2026

0044-8486/© 2026 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:a_zamanbau@yahoo.com
www.sciencedirect.com/science/journal/00448486
https://www.elsevier.com/locate/aquaculture
https://doi.org/10.1016/j.aquaculture.2026.744083
https://doi.org/10.1016/j.aquaculture.2026.744083
http://crossmark.crossref.org/dialog/?doi=10.1016/j.aquaculture.2026.744083&domain=pdf

M. Asaduzzaman et al.

1. Introduction

Marine bivalves play a vital role as biofilters in coastal ecosystems,
contributing to nutrient recycling and water clarification while sup-
porting global seafood supply chains (Cranford et al., 2011). Among
them, mussels (family Mytilidae) dominate production, with annual
yields increasing by about 5% since 1990 (FAO, 2016). The Asian green
mussel (Perna viridis, Linnaeus, 1758) is widely distributed across trop-
ical and subtropical Indo-Pacific estuaries and coastal waters (Rajagopal
et al., 2006; McGuire and Stevely, 2009). In Bangladesh, P. viridis
aquaculture has expanded rapidly in southeastern estuarine areas,
particularly around Moheshkhali channel in Cox's Bazar, driven by
favorable hydrographic conditions and increasing market demand
(Asaduzzaman et al., 2019; Asaduzzaman et al., 2025a; Eti et al., 2026).
In line with the country's blue economy agenda, the government has
emphasized sustainable management of wild stocks and the develop-
ment of mussel farming technologies to support coastal livelihoods
(Hoque et al., 2021; Asaduzzaman et al., 2025a). Beyond these socio-
economic benefits, this fast-growing species provides a cost-effective
source of high-quality protein, minerals, and essential fatty acids,
contributing to rising nutritional demands (Saritha et al., 2015; Taib
et al., 2016; Asaduzzaman et al., 2025b). However, these estuarine
systems are increasingly exposed to anthropogenic pressures, including
untreated effluents, agricultural runoff, and port activities, leading to
elevated microbial and toxic heavy metals and trace elements contam-
ination. This contamination threatens seafood safety and the sustain-
ability of Bangladesh's emerging blue economy.

Edible green mussels can bioaccumulate microbial pathogens such as
Escherichia coli, Vibrio spp., Salmonella spp., and other enteric bacteria
from contaminated waters during filter feeding. Contamination levels
are strongly influenced by environmental conditions, posing significant
public health risks, including gastrointestinal illness and mortality in
vulnerable populations (Strubbia et al., 2020; Chinnadurai et al., 2021).
Vibrio species are detected year-round in bivalves from southeast estu-
aries (Chinnadurai et al., 2023). Pathogenic E. coli is associated with
approximately 1.7 billion diarrheal cases globally (Yang et al., 2017),
while S. typhi causes enteric fever with an incidence of 913 per 100,000
in Bangladesh (Garrett et al., 2022). These risks are exacerbated by
coastal pollution from untreated sewage, industrial effluents, and
aquaculture discharges (Jannatun et al., 2023). Effective post-harvest
measures are therefore essential to ensure microbial and chemical
safety, particularly given increasing domestic demand and export po-
tential. Depuration, whereby bivalves are held in clean, filtered
seawater to eliminate contaminants, has been shown to significantly
reduce indicator bacteria such as E. coli and coliphages (Power and
Collins, 1990). This process enables self-purification under controlled
conditions, facilitating microbial removal. Studies indicate that artifi-
cially contaminated bivalves can reduce pathogens to undetectable
levels within 48 h of depuration (Muniain-Mujika et al., 2000). How-
ever, despite its effectiveness under temperate conditions, depuration
performance in tropical coastal systems remains poorly understood due
to complex environmental and physiological interactions (Chinnadurai
et al., 2022).

Depuration efficiency primarily depends on mussel pumping activity
(Chae et al., 2009; Lewis et al., 2010). While initial microbial load is a
key determinant, performance is also influenced by temperature,
salinity, flow rate, bivalve size, health status, and system design
(Phuvasate et al., 2012; Anacleto et al., 2013a; Anacleto et al., 2013b;
Chinnadurai et al., 2021b). Among these, salinity is particularly critical
for osmoconforming organisms such as mussels, as deviations from
ambient levels can disrupt filtration and metabolism (Shumway and
Koehn, 1982; Rajesh et al., 2001). Optimal conditions therefore
approximate natural salinity ranges, sustaining filtration while imposing
osmotic stress on bacteria that accelerates their removal (Shumway,
1977). Despite this understanding, empirical evidence on salinity-driven
microbial clearance in tropical mussels remains limited. Studies on
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Crassostrea madrasensis and Anadara granosa indicate that elevated
salinity (25-35 psu) enhances microbial elimination within 48-72 h
(Chinnadurai et al., 2021a, 2023). Whether similar responses occur in
P. viridis populations from the Bay of Bengal, where salinity fluctuates
seasonally, remains unclear.

In addition to microbial hazards, accumulation of toxic and essential
trace elements in bivalve tissues presents a major food safety concern
(Oranusi et al., 2018; Wright et al., 2018; Pasinszki et al., 2023). Bi-
valves bioconcentrate essential elements (iron, Fe; copper, Cu; zinc, Zn;
manganese, Mn) and non-essential/toxic elements (lead, Pb; mercury,
Hg; arsenic, As; nickel, Ni; chromium, Cr) through ingestion and ab-
sorption across gill epithelia (Bonneris et al., 2005; Esposito et al.,
2022). Chronic exposure, even at low concentrations, can cause geno-
toxic and neurotoxic effects in humans (Engwa et al., 2019). Depuration
offers a potential route for reducing tissue metal burdens, although its
effectiveness varies with metal speciation, binding affinity, and physi-
ological regulation (Martinez-Albores et al., 2020). Essential elements
such as Cu and Zn are actively regulated, whereas elements like Ni and
As tend to persist due to strong intracellular binding (Banfalvi, 2011).
Studies in India and Malaysia report 70-90% reduction of labile metals
within 2-4 days under static systems, although complete removal of As
and Ni is rarely achieved (Chinnadurai et al., 2022; Firdaus et al., 2020).
However, such evidence is lacking for Bangladeshi P. viridis, where
distinct hydrochemical conditions may influence depuration dynamics.

Another important but underexplored factor is body size, which af-
fects filtration capacity, metabolism, and contaminant burden (El-She-
nawy, 2004; Mokrani et al., 2025). Larger mussels generally exhibit
higher filtration volumes (Tantanasarit et al., 2013; Fernandez and
Albentosa, 2019) but may retain greater contaminant loads due to
increased tissue mass. Evidence from Mytilus edulis and Ruditapes
decussatus suggests that smaller bivalves may depurate certain metals
more rapidly, whereas larger individuals achieve more efficient micro-
bial removal (Fl-Shenawy, 2004). Thus, interactions among size,
salinity, and contaminant type require systematic evaluation.

Despite growing global evidence supporting depuration, its direct
applicability to Bangladesh remains uncertain due to context-specific
contamination profiles shaped by hydrography, pollution sources, and
aquaculture practices. Although Bangladesh has a potential to be a
major producer of farmed green mussels, market expansion is con-
strained by the lack of a scientifically validated depuration protocol
tailored to local conditions. Persistent concerns over microbial
contamination and toxic heavy metals and trace elements accumulation
continue to limit consumer confidence and compliance with interna-
tional standards. Accordingly, this study provides a comprehensive
evaluation of microbial and toxic and essential trace element depuration
in raft-cultivated P. viridis from the southeast coast of Bangladesh. Using
a controlled depuration system with UV-treated seawater, we assessed
the effects of salinity (15, 20, 25, and 30 psu), mussel body size (small:
35-45 mm; medium: 45-60 mm; large: >60 mm shell length), and
depuration duration (0-72 h) on contaminant removal. Mixed-effects
modeling was applied to quantify main and interactive effects. Specif-
ically, the study aimed to (i) quantify the relative contributions of
salinity, body size, and time to microbial and metal clearance; (ii)
identify element-specific depuration responses; and (iii) evaluate
whether optimized salinity—size combinations can achieve international
food safety compliance. By generating Bangladesh-specific evidence,
this work provides a scientific basis for shellfish sanitation protocols and
supports sustainable green mussel aquaculture in the Bay of Bengal and
comparable tropical regions.

2. Materials and methods
2.1. Sample collection and transportation

Raft-cultivated mussels were collected from estuarine sites in Khur-
ushkul, Cox's Bazar (21°30'40"N, 91°59'53"E) between February and
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May 2024 (Fig. 1). Samples were transported alive to the Coastal
Biodiversity, Marine Fisheries and Wildlife Research Centre, CVASU,
within 1 h of collection in containers filled with ambient seawater to
maintain viability for depuration trials. A total of 420 individuals were
measured for morphometric parameters, including shell length (SL),
shell height (SH), shell width (SW), and total fresh weight (TFW).
Mussels were weighed individually (+0.01 g), and shell dimensions
(length, height, and width) were measured to the nearest 0.1 mm using a
slide caliper. Of these, 240 individuals were used for salinity-based ex-
periments and 180 for size-based experiments. Mussels were subse-
quently classified into three size groups based on shell length: small
(35-45 mm), medium (45-60 mm), and large (>60 mm).

2.2. Depuration experiments

The fill-and-draw (static) depuration method was applied following
the procedures of Chinnadurai et al. (2014, 2021a). Experimental
seawater was sequentially filtered through cartridges (10, 5, 2, and 0.2
pm) and subsequently disinfected using UV irradiation (MOC: SS-313,
UV intensity 1200 mW/min/cmz) in 1000 L fiberglass tanks (1.25 x
0.75 x 0.75 m) for 8 h. The dissolved oxygen concentration of the
seawater ranged from 5.3 to 6.6 mg/L. Before the depuration experi-
ments, mussels were scrubbed to remove barnacles and other fouling
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organisms, then washed with high-pressure water to eliminate sand and
adhering materials. Two separate depuration experiments were con-
ducted to evaluate the effects of salinity and body size on the removal of
microbes and toxic heavy metals and trace elements from raft-cultured
green mussels. In the salinity experiment, four salinity levels (15, 20,
25, and 30 psu) were tested using market-sized (MS) mussels (shell
length: 45-60 mm) for a duration of 72 h. In the size-based experiment,
three size groups, small (SS: 35-45 mm), medium (MS: 45-60 mm), and
large (LS: > 60 mm), were tested at 30 psu for 72 h. Each treatment
included three replicates, with 20 mussels per replicate maintained in
100 L Carbo boxes. The cleaned mussels were directly placed in the
depuration tanks (Carbo boxes) with continuous aeration to maintain
adequate dissolved oxygen and water circulation. The depuration sys-
tem was operated as a static fill-and-draw system, in which the entire
tank volume was replaced with fresh UV-treated seawater at 8-h in-
tervals. Mussels were not fed during depuration, and dead individuals
were removed during each water exchange. Mussels were also contin-
uously monitored during the depuration period, and no spawning ac-
tivity was observed in any treatment. The ambient temperature was
maintained at 29.0 + 1.5 °C throughout the study. Mussels were
sampled at 0, 24, 48, and 72 h for microbial analysis. At each sampling
time, three individuals per replicate tank (nine individuals per treat-
ment) were collected for microbial enumeration and identification. For
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Fig. 1. Study area map illustrating the sampling site of the green mussel (Perna viridis) for the depuration experiment collected from the estuarine farming sites at
Khurushkul (21°30'40"N, 91°59'53"E), Cox's Bazar, Bangladesh. The lower two images showed raft-cultivated green mussels. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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toxic heavy metals and trace elements analysis, sampling was conducted
only at the start (0 h) and the end (72 h) of the depuration period.
Twelve mussels were collected initially as the baseline sample, and six
individuals per replicate tank (18 individuals per treatment) were
collected as the final sample for both experiments.

2.3. Microbiological analysis

Microbial contamination levels were quantitatively determined
using culture-based enumeration (CFU/g) across selective media,
providing estimates of presumptive bacterial groups. As selective media
cannot confirm specific pathogens, representative isolates were further
verified using PCR-based assays to ensure accurate identification of
target pathogenic bacteria. For microbial analysis, mussels were
shucked aseptically. The isolated soft tissues were sealed in sterile zipper
bags, transported on ice, and processed within four hours at the Labo-
ratory of Microbiology, Chattogram Veterinary and Animal Sciences
University. Microbial loads were determined using the standard plate
count method and included total viable bacteria (TVB), presumptive
Salmonella/Shigella and other enteric gram-negative bacilli counts (PSS-
BC), presumptive Vibrio bacteria (PVB), and presumptive gram-
negative/coliform counts (PGN-CC). For sample preparation, 5 g of
homogenized mussels tissue was mixed with 45 mL of buffered peptone
water (BPW) to give a 1:9 (w/v) suspension, followed by serial ten-fold
dilutions. Aliquots (1 mL) of appropriate dilutions were spread-plated on
Plate Count Agar (PCA) for total viable count (TVC). For selective bac-
terial enumeration, aliquots were plated onto Thiosulfate-Citrate-Bile
Salts—Sucrose (TCBS) agar for presumptive Vibrio counts (PVC), Xylo-
se-Lysine-Deoxycholate (XLD) agar for presumptive Salmonella/Shigella
and other enteric gram-negative bacilli counts (PSS-BC), and MacCon-
key agar for presumptive gram-negative/coliform counts (PGN-CC). All
colonies that grew on each selective medium were counted and included
in the respective plate counts. Plates were incubated at 37 °C for 24 h.
After incubation, colonies were enumerated, and bacterial loads were
expressed as colony-forming units per gram (CFU/g). All measurements
were performed in triplicate.

For identification, a 10 g portion of green mussel (P. viridis) muscle
tissue was aseptically excised and homogenized with 225 mL of sterile
peptone water, and the homogenate was incubated at 37 °C for 24 h to
allow bacterial growth. Following enrichment, portions of the culture
were streaked onto selective media for preliminary isolation. E. coli was
screened on MacConkey and Eosin Methylene Blue (EMB) agar, with
pink colonies on MacConkey and metallic green colonies on EMB
selected as presumptive E. coli. For Salmonella and Shigella, 5 g of tissue
was blended with 90 mL sterile saline and incubated at 37 °C for 16-20
h, after which a portion of the culture was transferred to Rappaport-
Vassiliadis (RV) medium and incubated at 42 °C for 24 h to selectively
enrich Salmonella. Enriched cultures were streaked onto Xylose Lysine
Deoxycholate (XLD) agar, and colonies displaying characteristic
morphology, red with black centers for Salmonella and red without black
centers for Shigella, were selected and further confirmed using Triple
Sugar Iron (TSI) agar slants based on slant/butt colour changes, gas
production, and hydrogen sulfide generation. For presumptive Vibrio
cholerae identification, a portion of enriched samples was streaked onto
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Thiosulfate Citrate Bile Salts Sucrose (TCBS) agar, with yellow colonies
selected as presumptive V. cholerae. The final identification was done
based on the PCR-based method.

Representative colonies from selective media (MacConkey/EMB for
E. coli, XLD/TSI for Salmonella/Shigella, and TCBS for Vibrio spp.) were
selected based on morphology, purified, and subjected to species-
specific PCR assays using primer sets described in previous studies
(Table 1). Colony PCR targeted invA (Salmonella spp.), ipaH (Shigella
spp.), uidA (E. coli), and toxR (V. cholerae). DNA templates were pre-
pared using the crude boiling method. PCR reactions were carried out in
a 25 pL volume containing standard reagents and appropriate negative
controls. The amplification protocol included initial denaturation at
95 °C for 5 min, followed by 35 cycles (94 °C for 30 s, gene-specific
annealing for 45 s, 72 °C for 1 min) and a final extension at 72 °C for
7 min. Amplified products were visualized on 1.5% agarose gel, and
bands of expected sizes (approximately 284 bp for invA, 620 bp for ipaH,
147 bp for uidA, and 779 bp for toxR) were considered positive. Only
isolates showing both characteristic colony morphology and the correct
PCR amplicon size were recorded as confirmed.

2.4. Toxic heavy metals and trace elements analysis

The edible tissues of P. viridis were separated using a stainless-steel
knife, thoroughly washed with tap water, rinsed three times with
deionized water, and oven-dried at ~70 °C until a constant weight was
achieved. The dried tissues were ground to a fine powder using a carbide
mortar and pestle, stored in plastic vials inside a desiccator, and 0.1 g
portions were pressed into pellets with a pellet maker (Specac Ltd., UK).
The pellets were preserved in polyethene bags for analysis by Energy
Dispersive X-ray Fluorescence (EDXRF) spectroscopy (Thermo Fisher
Scientific; Ecublens SARL, Switzerland) at the Atmospheric & Environ-
mental Chemistry Laboratory, Atomic Energy Center, Dhaka. Elemental
analysis was performed by irradiating the pellets with an X-ray beam,
and the emitted characteristic X-rays were detected using a Peltier-
cooled Silicon Drift Detector (resolution <140 @ MnKa, 200 Kcps).
AXIL software was used for qualitative and quantitative determination
(Rahman et al., 2019; Rakib et al., 2021; Jolly et al., 2022). The method
was validated with certified reference material (IAEA-350 tuna fish
homogenate) and quality control checked with CRM TORT-2 to ensure
accuracy and precision (Maheen et al., 2022).

2.5. Statistical analysis

All statistical analyses were performed in R (version 4.4.2; R
Development Core Team, 2024), with data processing and visualization
performed using the tidyverse package (Wickham et al., 2019). Two
datasets were analyzed: (i) microbial concentrations, including TVB,
PSS-BC, PVB, and PGN-CC, and (ii) toxic heavy metals and trace ele-
ments concentrations, including chromium (Cr), manganese (Mn), iron
(Fe), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As), selenium (Se),
mercury (Hg), and lead (Pb). Explanatory factors included depuration
time, salinity, and mussel size, with replicas treated as a random inter-
cept where appropriate. Descriptive statistics (mean, SD, SE, range)
were computed for each microbial and metal variable using dplyr

Table 1

PCR primer sets used for molecular confirmation of pathogenic bacterial isolates from green mussel (Perna viridis) muscle during depuration experiment.
Pathogenic bacteria Gene marker Primer name Primer sequence (5'-3") Amplicon size (bp) Reference
Salmonella spp. invA ;:/v::;d ggg?gég;gggggg:ﬁggﬁ%?:cc“ ~284 Rahn et al., 1992
~ fred gECTORETIGRTCTT
Escherichia coli uidA goe:’::ed méggggﬁ:%;%@% ~147 Bej et al., 1991
Vibrio cholerae toxR ;(;f,vev?;d igzzcjﬁr IZT(‘;%?AC;\CCTé;\ATGégGA;:ACG ~779 Rivera et al., 2001
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(Wickham et al., 2023) and exported for tabulation. Normality and
variance homogeneity were evaluated with rstatix (Shapiro-Wilk test:
Kassambara, 2023) and car (Levene's test: Fox and Weisberg, 2019),
supplemented by histogram and Q-Q plot visualization. Microbial data
were strictly positive, right-skewed, and heteroscedastic; therefore,
generalized linear mixed-effects models (GLMMs) with a Gamma dis-
tribution and log link were applied without transformation. Each mi-
crobial dataset was modeled separately using the glmer() function (Ime4
package: Bates et al., 2015a, 2015b), with time, salinity, size, and their
interactions as fixed effects, and replicas as a random intercept. Model
significance was assessed via Type IIl Wald y? tests (Anova, car) and
likelihood ratio tests (dropl, stats)., Post hoc pairwise comparisons were
performed using emmeans package (Lenth, 2024) using Bonferroni
adjustment. Model fit was evaluated using AIC, BIC, and log-likelihood,
while marginal and conditional R? values were computed using MuMIn
(Barton, 2025). In addition, Type III ANOVA was applied to the same
microbial datasets using identical fixed factors to provide a conventional
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fixed-effects comparison framework. However, given the non-normal
data structure and presence of interaction terms, these ANOVA results
were used for descriptive comparison only, and primary inference was
based on the GLMM outputs.

Toxic heavy metals and trace elements analyses followed a similar
framework but accounted for design limitations: the initial (0 h) sample
represented ambient salinity conditions, while 15-30 psu treatments
corresponded to 72 h depuration. Therefore, two complementary linear
mixed-effects models (Imer using Ime4 Bates et al., 2015a, 2015b; Ime
using nlme: Pinheiro et al., 2024) were used: (i) a salinity model treating
salinity as a combined treatment factor (including the initial sample)
and (ii) a time/size model comparing 0 h and 72 h while controlling
mussel size. Fixed effects were tested via Type III ANOVA with Sat-
terthwaite's approximation (ImerTest: Kuznetsova et al., 2017), and
model fit was evaluated using AIC, BIC, log-likelihood, and R? indices
(MuMIn). Post hoc pairwise contrasts (emmeans, Bonferroni) and CLD
groupings were used to summarize significant differences. An additional
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Fig. 2. Microbial concentrations (logio CFU/g) in mussels (Perna viridis) across salinity (15, 20, 25 and 30 psu) and depuration time (0, 24, 48 and 72 h) for total
viable bacterial counts (TVC), presumptive Salmonella/Shigella and other enteric gram-negative bacilli (PSS-BC), presumptive Vibrio counts (PVC), and presumptive
gram-negative coliform counts (PGN-CC) using market-sized (MS = 45-60 mm) mussels. Bars show mean concentrations (+ SE) from the Type IIl ANOVA main-effect
comparisons of salinity (left panels) and depuration time (right panels). Different lowercase letters above the bars indicate significant pairwise differences among
treatment groups (a = 0.05, Bonferroni adjustment); shared letters denote non-significant differences (p > 0.05). Because subsequent GLMMs detected significant
salinity x time interactions (see Fig. 3), these main-effect plots are presented only for comparison with the mixed-model results.



M. Asaduzzaman et al.

combined model evaluating Metal x Time Group effects was fitted in
long format to quantify overall temporal changes across all ten metals.
For robustness, non-parametric Wilcoxon rank-sum tests (0 h vs 72 h)
with Benjamini-Hochberg correction were applied to each metal
individually.

Aquaculture 622 (2026) 744083

3. Results
3.1. Effects of salinity on microbial depuration

3.1.1. Total viable bacterial counts (TVC)

Type III ANOVA indicated that both depuration salinity (Fig. 2A) and
time (Fig. 2B) had significant main effects on TVC (p < 0.001 for both
factors), with their interaction also significant (p < 0.001), suggesting

A B
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Fig. 3. Interaction effects of salinity and depuration time on (A) total viable bacterial counts (TVC, logio CFU/g), (B) presumptive Salmonella/Shigella and other
enteric gram-negative bacilli (PSS-BC, logioc CFU/g), (C) presumptive Vibrio counts (PVC, logic CFU/g), and (D) presumptive gram-negative coliform counts (PGN-CC,
logio CFU/g) in mussels (Perna viridis). Points represent estimated marginal means + standard errors derived from the generalized linear mixed-effects models
(Gamma distribution with log link). Different lowercase letters denote significant pairwise differences among salinities within each depuration time (Bonferroni-
adjusted a = 0.05), whereas shared letters indicate non-significance (p > 0.05). For PGN-CC (D), no consistent salinity differences were detected; letters therefore
compare times pooled across salinities. These interaction plots complement the main-effect results shown in Fig. 2 and illustrate how microbial reduction over time
was influenced by salinity.
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that bacterial reduction varied across salinity levels over time. However,
when random effects were incorporated using generalized linear mixed-
effects modeling (GLMM), the analysis revealed a highly significant ef-
fect of depuration time (X2 = 25,363.2, df = 3, p < 0.001; Fig. 3A) and
the interaction between salinity and time (XZ =190.2,df =9, p < 0.001;
Fig. 3A), whereas the main effect of salinity averaged over time was not
significant (Xz = 0.0, df = 3, p = 1.0). This difference between ANOVA
and GLMM outcomes reflects the adjustment for replication structure
and the time-dependent nature of salinity effects captured in the mixed
model. The GLMM showed excellent fit (AIC = 2345.8; BIC = 2384.6;
log-likelihood = —1154.9), with marginal R? = 0.99 and conditional R?
= 0.99, indicating that nearly all variance was explained by the fixed
and random effects. Estimated marginal means demonstrated a consis-
tent and substantial decline in TVC with increasing depuration time
across all salinity levels. Although salinity alone was not a significant
predictor in the mixed model, its interaction with time revealed pro-
nounced reductions in bacterial load, particularly at 25 and 30 psu.
Pairwise comparisons confirmed statistically significant decreases from
0 to 72 h (Bonferroni-adjusted p < 0.001), and the interaction contrasts
for salinity at each time point were also significant (p < 0.001), indi-
cating that microbial reduction over time was enhanced under higher
salinity. By 72 h, bacterial concentrations had dropped by more than
four log units in high-salinity treatments, supporting the effectiveness of
prolonged depuration.

3.1.2. Presumptive Salmonella/Shigella and other enteric gram-negative
bacilli counts (PSS-BC)

Statistical testing using Type III ANOVA indicated strong effects of
depuration of salinity (Fig. 2C) and time (Fig. 2D) on PSS-BC (p <
0.001), together with a significant interactive influence of the two var-
iables. In contrast, when accounting for replication structure and
random variability, GLMM indicated a significant effect of depuration
time (2 = 166.75, df = 3, p < 0.001, Fig. 3B) and a significant inter-
action between salinity and time (y? = 286.5, df = 9, p < 0.001, Fig. 3B)
on PSS-BC on XLD agar. However, salinity alone did not significantly
influence PSS-BC levels (XZ = 0.0, df = 3, p = 1.0, Fig. 3B). This dif-
ference reflects the influence of time-dependent salinity responses
captured by the mixed model, which averages out in the simpler ANOVA
framework. The GLMM showed excellent fit (AIC = 1780.8; BIC =
1819.6; log-likelihood = —872.4), with marginal and conditional R?
values of 0.99, indicating that nearly all variability was explained by the
fixed and random effects. Estimated marginal means demonstrated a
progressive and pronounced decline in PSS-BC concentrations with
increasing depuration time across all salinities. Although salinity alone
was not a significant predictor, its interaction with time revealed strong
differences in microbial reduction rates, particularly at 25 and 30 psu.
Pairwise comparisons confirmed significant reductions between 0 and
72 h across all salinity levels (Bonferroni-adjusted p < 0.001). While
baseline (0-h) bacterial counts were comparable among salinities, re-
ductions were enhanced under elevated salinity. By 72 h, microbial
concentrations at 30 psu had declined to nearly undetectable levels,
underscoring the combined benefits of extended depuration and higher
salinity for effective bacterial removal.

3.1.3. Presumptive Vibrio counts (PVC)

Both the Type III ANOVA (Fig. 2F) and GLMM analyses (Fig. 3C)
identified depuration time as a key driver of change in PVC, with
consistently strong statistical support (p < 0.001). While ANOVA also
detected a significant salinity effect (Fig. 2E), this influence disappeared
in the mixed model once the interaction with time and replication
structure were included. The GLMM indicated that time (X2 =1280.6, df
=3, p < 0.001; Fig. 3C) and the salinity x time interaction (> = 2668.3,
df =9, p < 0.001; Fig. 3C) together explained nearly all of the variability
observed, whereas salinity alone was not significant (% = 2.47, df = 3, p
= 0.4801). Model diagnostics confirmed strong performance (AIC =
1335.8; log-likelihood = —649.9; R?’m = R%c = 0.9993). Depuration

Aquaculture 622 (2026) 744083

consistently reduced Vibrio loads across all salinity treatments, with
sharper declines emerging under higher salinity. The estimated means
showed that bacterial concentrations fell steeply between 0 and 72 h,
especially in the 25 and 30 psu groups. Pairwise contrasts (Bonferroni-
adjusted p < 0.001) demonstrated that, despite similar baseline counts,
high-salinity treatments produced the most pronounced reductions by
the end of the experiment. By 72 h, Vibrio densities on TCBS agar had
diminished by more than four log units at elevated salinities, under-
scoring the efficiency of combined time and salinity effects in
depuration-driven microbial control.

3.1.4. Presumptive gram-negative/coliform counts (PGN-CC)

Type III ANOVA (Fig. 2H) and GLMM analyses (Fig. 3D) both iden-
tified depuration time as the dominant driver of PGN-CC reduction,
while salinity (Fig. 2G) and the salinity x time interaction showed no
significant effects. Likelihood-ratio tests from the Gamma-log GLMM
confirmed a strong influence of time (x? = 84.997, df = 12, p < 0.001
107'3, Fig. 3D), but neither salinity (3> = 15.256, df = 12, p = 0.228,
Fig. 3D) nor the interaction (3> = 12.845, df = 9, p = 0.170, Fig. 3D)
contributed significantly to model fit. The model performed well (AIC =
1986.9; BIC = 2025.8; log-likelihood = —975.5), and both marginal and
conditional R? values were 0.95. Estimated marginal means revealed a
steady and pronounced decline in PGN-CC over time, irrespective of
salinity. Pairwise comparisons showed significant reductions from 0 to
72 h (Bonferroni-adjusted p < 0.001), with the pattern following 72 h <
48 h < 24 h ~ 0 h. Salinity contrasts within each time were uniformly
non-significant, apart from a minor difference at 72 h (30 psu < 20-25
psu), which did not alter the overall interaction outcome. These results
confirm that extended depuration time, rather than salinity level, was
primarily responsible for bacterial clearance in mussels (Fig. 3D).

3.1.5. Effects of salinity on the detection of pathogenic bacteria

The depuration of naturally accumulated pathogenic bacteria in raft-
cultured green mussels (P. viridis) was strongly influenced by salinity
and exposure time (Table 2). At the start of the experiment (0 h), all four
target bacteria, Salmonella spp., Shigella spp., E. coli, and V. cholerae,
were detected across all salinity levels (15-30 psu). Depuration at low
salinity (15 psu) was slower, with Salmonella and Shigella eliminated by
48 h, while E. coli and V. cholerae persisted until 72 h. At intermediate
salinity (20 psu), both Salmonella and Shigella were completely depu-
rated after 24 h, whereas E. coli and V. cholerae required longer, with
complete elimination by 48-72 h. In contrast, higher salinity levels (25

Table 2

Effect of different salinity levels (15, 20, 25, and 30 psu) on the depuration of
naturally accumulated pathogenic bacteria in raft-cultivated green mussels
(Perna viridis). The depuration experiment was carried out for 72 h at room
temperature (29 + 1.5 °C) using market-size mussels (shell length: 45-60 mm).
The detection of pathogenic bacteria during initial (0 h), 24 h, 48 h, and 72 h is
quantitatively represented as present (v') or absent (x).

Salinity =~ Time  Sample Salmonella Shigella Escherichia Vibrio
(psu) (h) size spp. spp. coli cholerae
15 0 n=6 Vv Vv v v

15 24 n=9 v v v V/

15 48 n=9 X X v v

15 72 n=9 X X X X

20 0 n==6 v v v Y/

20 24 n=9 X X v v

20 48 n=9 X X X v

20 72 n=9 X X X X

25 0 n==6 v v v v

25 24 n=9 X X v v

25 48 n=9 X X X X

25 72 n=9 X X X X

30 0 n==6 v v v v

30 24 n=9 X X v Vv

30 48 n=9 X X X X

30 72 n=9 X X X X
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and 30 psu) markedly accelerated bacterial removal. At 25 psu, Salmo-
nella and Shigella were absent by 24 h, and E. coli and V. cholerae were
fully depurated by 48 h. At 30 psu, the highest salinity tested, depuration
was even more rapid: Salmonella and Shigella were eliminated within the
first 24 h, and E. coli and V. cholerae were undetectable by 48 h. These
results indicate that elevated salinity substantially enhances depuration
efficiency, with Salmonella and Shigella consistently removed faster than
E. coli and V. cholerae.

3.2. Effects of body size on microbial depuration

3.2.1. Total viable bacterial counts (TVC)

Type III ANOVA model revealed body size (p > 0.05) has no influ-
ence but depuration time (p < 0.05) markedly reduced TVC loads
(Fig. 4A). GLMM analysis also indicated a significant effect of depu-
ration time (X2 = 520.64, df = 3, p < 0.001) on TVC, while neither
mussel size (Xz =0.00, df = 2, p = 1.000) nor the size x time interaction
(x® = 2.54, df = 6, p = 0.864) was statistically significant. The model
showed excellent fit (AIC = 2047.7, BIC = 2073.9, logLik = —1009.9),
and the marginal and conditional R? values were both 0.99, indicating
nearly all variation was explained by the fixed effects. Estimated

A Total viable counts (TVC) (log:oc CFU/g)
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marginal means revealed a marked decline in bacterial concentration
over time. At 72 h, TVC had declined significantly across all size groups,
though size had no independent or interactive effect. Pairwise com-
parisons confirmed significant reductions from 0 to 72 h (p < 0.001),
supporting the efficacy of time alone in reducing total bacterial loads
during depuration.

3.2.2. Presumptive Salmonella/Shigella and other enteric gram-negative
bacilli counts (PSS-BC)

Type III ANOVA model revealed body size (p > 0.05) has no influ-
ence but depuration time (p < 0.05) markedly reduced PSS-BC loads
(Fig. 4B). GLMM analysis revealed a significant effect of depuration time
(x? = 37,932, df = 3, p < 0.001) and a significant interaction between
size and time (y® = 14,153, df = 6, p < 0.001, Fig. 5A) on PSS-BC on XLD
agar, while size alone was not significant (32 = 0, df = 2, p = 1.000). The
model fit was strong (AIC = 1232.1, BIC = 1258.3, logLik = —602.1),
with marginal and conditional R? values near 0.99, indicating high
explanatory power of the fixed and random effects. The significant size
x time interaction suggests that the pattern of bacterial reduction over
time varied by mussel size, especially at the 48-h and 72-h marks. Post
hoc comparisons indicated that small-sized mussels exhibited greater
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Fig. 4. Influence of depuration time (0, 24, 48 and 72 h) of size-based experiment of green mussels (Perna viridis) on microbial concentrations (logi CFU/g) for total
viable bacterial counts (TVC), presumptive Salmonella/Shigella and other enteric gram-negative bacilli (PSS-BC), presumptive Vibrio counts (PVC), and presumptive
gram-negative coliform counts (PGN-CC). Bars show mean concentrations (+ SE) from the Type III ANOVA main-effect comparisons of depuration time. Since the
effects of mussel sizes, (small: 35-45 mm), medium (medium: 45-60 mm), and (large: > 60 mm), are non-significant (p > 0.05) based on the Type IIl ANOVA, the
data are not presented here. Different lowercase letters above the bars indicate significant pairwise differences among treatment groups (¢« = 0.05, Bonferroni
adjustment); shared letters denote non-significant differences (p > 0.05). Because subsequent GLMMs detected significant salinity x time interactions (see Fig. 5),
these main-effect plots are presented only for comparison with the mixed-model results. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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Fig. 5. Interaction effects of body size (small SS, medium MS and large LS) and depuration time (0, 24, 48 and 72 h) on (A) presumptive Salmonella/Shigella and other
enteric gram-negative bacilli (PSS-BC, log+o CFU/g), (B) presumptive Vibrio counts (PVC, log+ CFU/g), and (C) presumptive gram-negative coliform counts (PGN-CC,
logio CFU/g) in mussels (Perna viridis). Points represent estimated marginal means + standard errors derived from the generalized linear mixed-effects models
(Gamma distribution with log link). Different lowercase letters denote significant pairwise differences among body size within each depuration time (Bonferroni-
adjusted o = 0.05), whereas shared letters indicate non-significance (p > 0.05). For total viable bacterial counts (TVC, logi CFU/g), no interaction effects were
detected. These interaction plots complement the main-effect results shown in Fig. 4 and illustrate how microbial reduction over time was influenced by body size.

reductions in PSS-BC during the later stages of depuration.

3.2.3. Presumptive Vibrio counts (PVC)

According to the Type III ANOVA, body size showed no significant
influence (p > 0.05), while depuration time significantly decreased PVC
concentrations (p < 0.05) (Fig. 4C). GLMMs indicated a significant effect
of depuration time on PVC on TCBS agar (4° = 54,810, df = 3, p <
0.001), along with a significant size x time interaction (* = 17,238, df
=6, p < 0.001, Fig. 5B), while the main effect of size was not significant
(2 =0, df = 2, p = 1.000). The model showed excellent fit (AIC = 977.5,
BIC = 1003.7, logLik = —474.8), and both marginal and conditional R?
values were above 0.999, indicating strong explanatory power from the
fixed and random effects. Post hoc analysis of estimated marginal means
(not shown here) revealed that large-sized mussels exhibited substantial
reductions in PVC at 48 h and 72 h, whereas smaller size classes retained
higher levels until the final point. The interaction effects were especially
pronounced at 48 h, where small and medium-sized mussels showed
significantly lower reductions compared to large-sized mussels. Notably,
the depuration time of 72 h interaction effects were no longer significant
for small-sized and medium-sized mussels, suggesting convergence of
microbial loads across size classes by the end of the depuration period.

3.2.4. Presumptive gram-negative/coliform counts (PGN-CC)

Statistical analysis using Type III ANOVA demonstrated a non-
significant effect of body size (p > 0.05) but a significant reduction in
PGN-CC with increasing depuration time (p < 0.05) (Fig. 4D). GLMMs
using a Gamma distribution with a log link revealed a significant main
effect of depuration time on PGN-CC measured on MacConkey agar (>
=12,348, df = 3, p < 0.001), as well as a significant interaction between
size and time (? = 5483.5, df = 6, p < 0.001, Fig. 5C). However, the
main effect of size alone was not significant (42 = 0.0, df = 2, p = 1.000).
The model fit was strong (AIC = 1384.6, BIC = 1410.8, logLik =
—678.3), and both marginal and conditional R? values were > 0.998,
indicating high model explanatory power. Pairwise contrasts (not
shown) confirmed that microbial loads consistently decreased over time
across all size classes. Only time 24 h showed a modest but statistically
significant reduction (p = 0.034), while 48 h and 72 h exhibited highly
significant reductions compared to baseline/initial (0 h) (p < 0.001).
Notably, for small-sized mussels, time 48 h was significantly different

from the reference/initial group (p = 0.040), indicating that small
mussels had a delayed yet eventually effective microbial reduction
capacity.

3.2.5. Effects of body size on pathogenic bacteria depuration

The depuration efficiency of pathogenic bacteria also varied with
mussel body size at 30 psu salinity and room temperature (29 + 1.5 °C)
(Table 3). Small-sized mussels (SS) initially contained all four target
bacteria. Salmonella and Shigella were eliminated by 48 h, whereas E. coli
persisted until 24 h and V. cholerae until 24-48 h. Medium-sized mussels
(MS) exhibited rapid depuration of Salmonella and Shigella, undetectable
after 24 h, while E. coli and V. cholerae remained at 24 h but were fully
depurated by 48 h. In large-sized mussels (LS), Salmonella and Shigella
were absent by 24 h, E. coli persisted until 24 h, and V. cholerae was
detectable until 24 h in some samples, with complete elimination of 48
h. Across all body sizes, the depuration of Salmonella and Shigella was
consistently faster than that of E. coli and V. cholerae.

Table 3

Effect of body size (small SS, medium MS, and large LS) on the depuration of
naturally accumulated pathogenic bacteria in raft-cultured green mussels (Perna
viridis). Three size groups of mussels, small (SS: 35-45 mm), medium (MS:
45-60 mm), and large (LS: > 60 mm) were tested at 30 psu salinity for 72 h at
room temperature (29 + 1.5°C). The detection of pathogenic bacteria is quan-
titatively represented as present (v') or absent ().

Body Time  Sample Salmonella Shigella Escherichia Vibrio
size (h) size spp. spp. coli cholerae
SS 0 n=6 Vv v v v

SS 24 n=9 v v v X

Ss 48 n=9 X X Vv X

SS 72 n=29 X X X X

MS 0 n==6 v v v v
MS 24 n=9 X X v v
MS 48 n=9 X X X X

MS 72 n=9 X X X X

LS 0 n=6 v v v v

LS 24 n=9 X X X Vv

LS 48 n=9 X X X X

LS 72 n=9 X X X X
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3.3. Effects of salinity on toxic heavy metals and trace elements
depuration

Salinity LMM detected strong main effects of toxic heavy metals and
trace elements and salinity (ANOVA: metal Fg 281 = 89.50, p < 0.0001;
salinity F4281 = 10.08, p < 0.0001). Model fit indices were AIC =
2778.76, BIC = 2837.26, logLik = —1373.38, with R2, = R? = 0.739.
Relative to the reference metal, Fe (§ = 127.55, p < 0.0001), Zn (§ =
98.79, p < 0.0001), Mn (p = 25.81, p = 0.0003), and Cu (f = 20.13,p =
0.0043) were higher; other metals did not differ from the intercept.
Compared with initial habitat salinity (before depuration), concentra-
tions were significantly lower at 15 psu (f = —16.22, p = 0.0012), 20 psu
(p = —21.64, p < 0.0001), 25 psu (f = —24.86, p < 0.0001), and 30 psu
(p = —28.22, p < 0.0001). Post hoc CLD showed initial (before depu-
ration) forming a distinct, higher group, whereas 15-30 psu shared a
common lower grouping, indicating effective reduction by 72 h across
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depuration salinities (Fig. 6A). Group-wise means (+SE) of different
toxic heavy metals and trace elements during initial at 0 h and 72 h
depuration are shown in Fig. 6B. The time LMM revealed highly sig-
nificant effects of toxic heavy metals and trace elements (Fg59 =
310.26, p < 0.0001), time (F; 28 = 72.98, p < 0.0001), and their inter-
action (Fg 259 = 68.06, p < 0.0001). The model explained over 91% of
variance (RZ, = 0.911, R? = 0.915). Fixed-effect contrasts indicated
substantial 72 h decreases for Fe (interaction f = —185.98, p < 0.0001)
and a smaller but significant decrease for Zn (p = —20.66, p = 0.038),
while most other elements showed negligible change in the mixed-
model framework. Nonparametric Wilcoxon tests (0 h vs 72 h) corrob-
orated significant reductions (BH-adjusted p-values) for Fe (p_adj BH =
0.0004), Pb (0.011), Mn (0.025), Cu (0.0256), Hg (0.0418), and Zn
(0.0459). Changes were not significant for Cr, Ni, As, or Se (all p_adj_BH
> 0.05). These results, combined with the salinity findings, indicate that
the 72 h depuration period was particularly effective for Fe and several
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Fig. 6. Ten trace/toxic element (Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Hg, and Pb) concentrations (ppm; dry matter basis) in mussels (Perna viridis) across salinity (15, 20, 25
and 30 psu, including habitat salinity as the initial sample) and depuration time (0 h and 72 h) using market size (shell length > 60 mm) mussels. Bars show mean
concentrations (+ SE) from the Type IIl ANOVA main-effect comparisons of salinity (left panels) and depuration time (right panels). Different lowercase letters above
the bars indicate significant pairwise differences among treatment groups (« = 0.05, Bonferroni adjustment); shared letters denote non-significant differences (p
> 0.05).
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other elements (Pb, Mn, Cu, Hg, Zn), while some elements exhibited

limited or no temporal decline.

3.4. Effects of body size on toxic heavy metals and trace elements

depuration

The individual LMMs indicated that mussel size had a strong and
statistically significant effect on toxic heavy metals and trace elements
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concentrations across all ten analytes. The size effect was particularly

prominent in chromium (Cr: Fs,30 = 16.53, p < 0.0001), manganese (Mn:
Fs,2s = 16.94, p < 0.0001), iron (Fe: Fs,2s = 15.36, p < 0.0001), copper

(Cu: Fs,2s = 27.57, p < 0.0001), zinc (Zn: Fs,30 = 15.28, p < 0.0001), and
lead (Pb: Fs,2s = 12.19, p < 0.0001). Mussels classified as “initial me-

dium” and “initial large” consistently exhibited higher concentrations

for several elements compared to other size groups. For instance, Cu and
Zn levels in “initial medium” mussels averaged 56.2 ppm and 140.4
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Fig. 7. Trace/toxic element concentrations (ppm) in mussels (Perna viridis) across body-size (SS, small-size = 35-45 mm; MS, medium-size = 45-60 mm; and LS,
large-size >60 mm) and depuration time (0 and 72 h) for Cr, Mn, Fe, Ni, Cu, Zn, As, Se, Hg, and Pb using seawater salinity of 30 psu. Bars show mean concentrations
(+ SE) from the Type III ANOVA main-effect comparisons of different body size (left panels) and depuration time (right panels). Different lowercase letters above the
bars indicate significant differences between treatment groups based on pairwise comparisons (« = 0.05). Shared letters denote non-significant differences (p > 0.05).
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ppm, respectively, which were significantly elevated relative to other
size classes (p < 0.001). Similarly, Fe concentrations were substantially
higher in “initial medium” (f = 69.25, p < 0.0001) and “initial small” (§
=62.41, p < 0.0001) mussels compared to the reference group (Fig. 7A).

Model fit diagnostics supported the robustness of these models, with
marginal R? values ranging from 0.23 (Ni) to 0.72 (Cu). Conditional R?
values incorporating random effects were slightly higher, particularly
for Cu (R%c = 0.82) and Mn (R%c = 0.75), reflecting modest but
detectable variability across replicate tanks. For Cr, As, Zn, and Se, the
random intercept variance was near zero, suggesting minimal tank-level
effects. In contrast, the fixed effect of depuration time (0 h vs 72 h) was
not statistically significant in any of the individual toxic heavy metals
and trace elements-specific LMMs, indicating that a 72-h depuration
period did not result in measurable reductions in toxic heavy metals and
trace elements concentrations when controlling mussel size. This lack of
time effect held consistently across all elements, including Ni, As, Se, Hg,
and Pb. Additionally, the size x time interaction term was dropped from
all models due to rank deficiency, preventing interpretation of interac-
tion effects, likely due to collinearity or missing combinations in the
dataset (Fig. 7B).

However, when examining time effects using the combined model
across all elements, a different pattern emerged. The Type III ANOVA
revealed significant main effects of toxic heavy metals and trace ele-
ments (Fs,306 = 268.02, p < 0.0001), time group (F1,3a = 36.06, p <
0.0001), and a significant metal x time group interaction (Fo,30s = 14.54,
p < 0.0001). Model fit for this global analysis was strong, with marginal
R? = 0.872 and conditional R? = 0.880. Effect size analysis showed that
mean concentrations for most metals decreased after 72 h of depuration,
with the highest percentage reduction observed in Fe (—43.2%), Cu
(—43.1%), Zn (—33.0%), Pb (—50.4%), Cr (—56.6%), and Hg (—41.0%).
Other metals such as Mn (—29.1%), As (—29.8%), and Se (—16.1%) also
showed moderate declines, though to a lesser extent. Nickel exhibited
minimal reduction (—2.64%). Post hoc comparisons indicated that these
reductions were statistically significant for Fe (p < 0.001), Cu (p =
0.018), and Zn (p < 0.001), with borderline significance in Mn (p =
0.40). The interaction terms suggest that the effect of depuration time is
metal-specific, with some elements (e.g., Fe, Cu, Zn, Cr, Pb, Hg)
responding more strongly to depuration, while others (e.g., Ni, As, Se)
remained largely unaffected.

4. Discussion

Depuration efficiency in P. viridis is governed by the combined in-
fluences of salinity, duration, and body size, with elevated salinity and
extended depuration time enhancing microbial clearance, while body
size determines contaminant burdens but does not alter the overall
elimination efficiency after 72 h. Toxic heavy metals and trace elements
depuration is distinctly element-specific; essential metals (Fe, Cu, Zn)
are rapidly regulated, Pb, Cr, and Hg exhibit notable reductions,
whereas Ni, As, and Se persist, underscoring the necessity for integrated
depuration protocols that optimize salinity, exposure duration, and size-
class management to ensure shellfish safety.

4.1. Effects of salinity on microbial depuration

Salinity emerged as a critical factor influencing the efficiency of
microbial depuration in mussels, although its effects were primarily
expressed through interactions with time rather than as an independent
variable. Bivalves, like osmoconformers, cannot regulate their internal
osmotic balance (Shumway, 1977). Consequently, fluctuations in
salinity directly influence their physiological performance, particularly
pumping and feeding activity (Rodrick and Schneider, 1991). Effective
depuration, therefore, requires maintaining salinity levels close to nat-
ural growing conditions, with the National Shellfish Sanitation Program
(NSSP, 1990) recommending that differences should not exceed 20%.

The present study revealed that prolonged depuration time markedly
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reduced bacterial loads, while elevated salinity further enhanced this
reduction. This pattern may be explained by two complementary
mechanisms. First, prolonged depuration allows mussels to continuously
filter water and expel contaminants from their digestive system. Second,
higher salinity is likely to impose osmotic stress on bacteria, creating
hyperosmotic conditions that may induce water efflux, cell shrinkage,
and ionic imbalance. These changes can disrupt membrane integrity,
impair energy metabolism, and interfere with macromolecule synthesis,
potentially leading to bacterial inactivation. In addition, improved
physiological performance at higher salinity may contribute to
enhanced depuration efficiency, as optimal salinity conditions are
known to increase scope for growth (SFG), filtration activity, and energy
availability in Perna viridis, whereas low salinity can suppress clearance
rates due to osmotic stress (Wang et al., 2011). The multi-log reductions
observed over 72 h suggest that prolonged exposure to these conditions
may exceed the adaptive capacity of most bacterial populations. Such
synergy between depuration time and salinity likely represents a
powerful strategy for enhancing microbial safety in bivalves (Rodrick
and Schneider, 1991). These findings emphasize that salinity optimi-
zation during depuration is likely to be a critical factor for ensuring
microbial safety in bivalve products, especially in tropical
environments.

Similar depuration patterns have been reported in other bivalve
species under controlled systems. Love et al. (2010) demonstrated sig-
nificant declines in E. coli and Enterococcus faecalis in oysters and hard-
shell clams, while Phuvasate and Su (2013) reported substantial re-
ductions in Vibrio parahaemolyticus in Crassostrea gigas following
extended depuration at higher salinities. Larsen et al. (2013, 2015)
likewise found marked decreases in V. parahaemolyticus and V. vulnificus
in C. virginica when maintained under salinities above 25 psu. The re-
sults from the present study correspond closely with these findings,
confirming that P. viridis achieves efficient microbial clearance when
depurated for at least 72 h under high salinity conditions. Since mussel
filtration activity is known to vary with salinity and temperature (Rajesh
et al.,, 2001; Riisgard and Larsen, 2025), the consistent reduction in
bacterial load under these parameters suggests the physiological
adaptability of P. viridis to optimized depuration conditions. In tropical
and subtropical estuarine systems like the Bay of Bengal, controlled
depuration under slightly elevated salinities may therefore represent a
practical approach to enhancing the microbiological safety of green
mussels (Rajesh et al., 2001).

An important observation in this study was the uneven rate of bac-
terial reduction among different microbial groups. Although Salmo-
nella-Shigella and Vibrio spp. were effectively reduced to low or
undetectable levels, coliforms persisted longer during depuration. This
differential pattern may suggest that coliforms are more resistant to
environmental stress or may have the ability to form biofilm-like clusters
on gill or gut surfaces, offering protection from osmotic stress and water
exchange (Leoni et al., 2017; Serratore, 2017). These findings align with
earlier reports showing that coliforms are often poor predictors of
pathogen removal, as their persistence does not always correlate with
the elimination of true pathogens (Leoni et al., 2017; Serratore, 2017).
Conversely, Chinnadurai et al. (2023) reported faster reductions of co-
liforms under certain system conditions, implying that species-specific
physiology, water quality, and depuration setup influence clearance
efficiency. Thus, while traditional depuration is generally effective for
reducing microbial loads, the survival of certain indicator bacteria
demonstrates the complexity of microbial dynamics within bivalve
depuration systems.

Currently, European Commission Regulation 2285/2015 bases
shellfish safety evaluation exclusively on E. coli as an indicator of faecal
contamination. This approach does not account for naturally occurring
pathogens such as V. parahaemolyticus, which are of increasing concern
in shellfish safety monitoring. Further studies are therefore required to
assess the reliability of natural pathogenic Vibrios as alternative or
complementary indicators. Such efforts could help to address data gaps
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in pathogen prevalence across production areas and inform the devel-
opment of specific safety criteria (Suffredini et al., 2014). As an alter-
native strategy, regulatory bodies may consider coliforms as indicators.
However, their persistence during depuration suggests they reflect the
adaptive role of resident microbiota with established physiological in-
teractions in bivalves (Destoumieux-Garzon et al., 2020) and may not
fully capture the risks posed by natural pathogens, underscoring the
need for refined monitoring criteria to safeguard public health.

4.2. Effects of body size on microbial depuration

Like salinity, another crucial parameter in the depuration process is
the age and body size of the animals subjected to depuration (Richards,
1988). Before depuration, the concentrations of different groups of
bacteria in small-sized (SS) P. viridis mussels were higher than those in
medium-sized (MS) and large-sized (LS) mussels. Several studies have
highlighted the role of age and body size in the accumulation of mi-
crobes in bivalve mollusks' soft tissues (Lopez-Joven et al., 2011). In our
study, LS reached European Commission safety limits within 48-72 h,
with all counts reduced to zero or non-detectable levels, a key safety
indicator. In contrast, small-sized (SS) and medium-sized (MS) mussels
took longer to reach safety limits. However, studies on other bivalve
mollusks, such as the Pacific oyster, C. gigas, have shown that age and
body size had no significant impact on the depuration of faecal coliforms
(Phuvasate and Su, 2013).

The greater reduction of different groups of bacterial loads in large-
sized (LS) mussels may be attributed to their higher filtration activity.
According to Metcalf et al. (1979), the size of bivalve mollusks impacts
the volume of water pumped through their gills, with larger individuals
pumping more water. This increased pumping activity may influence
both the rate of bioaccumulation and the efficiency of contaminant
removal during depuration. The enhanced filtration efficiency in larger
mussels may result from a higher gill surface area to body size ratio and
greater physiological demand. Accordingly, harvesting strategies may
consider size-related differences in depuration efficiency, although this
was not directly tested in the present study. The convergence of mi-
crobial loads across mussel size classes by 72 h, particularly for pre-
sumptive Vibrio counts (PVC), suggests that extended depuration periods
can mitigate initial size-related differences in bacterial clearance effi-
ciency. This temporal convergence implies that while smaller mussels
may experience rapid initial reductions in bacterial loads due to their
higher mass-specific filtration rates, larger mussels may achieve com-
parable reductions over time owing to their sustained absolute filtration
capacity (Marescaux et al., 2016; Cranford et al., 2011). The delayed yet
effective microbial reduction observed in small-sized mussels (SS) at 48
h further suggests the role of size-related physiological differences in
influencing the efficiency of depuration, rather than its ultimate effi-
cacy. These findings highlight that the efficiency of bacterial clearance is
largely governed by depuration duration, allowing for a gradual but
substantial reduction in bacterial loads over time. The observed tem-
poral patterns reflect the intricate interactions between bacterial type,
mussel size, and depuration duration, emphasizing the complexity of
microbial depuration in bivalve mollusks (Marescaux et al., 2016).

4.3. Effects of salinity on toxic heavy metals and trace elements
depuration

Salinity of the aquatic environment plays a critical role in governing
the bioaccumulation of toxic heavy metals and trace elements in bivalve
mollusks (Kumar et al., 2015; Yin and Wang, 2017). While this rela-
tionship is well documented, comparatively little attention has been
given to the reverse process, depuration of toxic heavy metals and trace
elements. In contrast, the influence of salinity on microbial reduction
during depuration has been extensively studied (Phuvasate and Su,
2013). Only a limited number of investigations have addressed toxic
heavy metals and trace elements elimination in bivalves during
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depuration, and these did not explicitly examine salinity as a deter-
mining factor (Caglak et al., 2020; Yang et al., 2020). The comparatively
low depuration efficiency of P. viridis at 15 psu relative to higher sa-
linities (25-30 psu) suggests that ionic strength and osmotic gradients
may influence metal release through both physiological and physico-
chemical pathways. Bivalves maintained at lower salinities (15 psu) are
likely to experience physiological stress, which can suppress filtration
and ingestion rates, thereby limiting depuration capacity (Rajesh et al.,
2001). Supporting this, Mytilus edulis exposed to 15 psu demonstrated a
significant decline in heart rate, reflecting impaired physiological
function under reduced salinity conditions (Bakhmet et al., 2005).

Not all toxic heavy metals and trace elements responded equally,
underscoring differences in binding chemistry and detoxification path-
ways. The marked reductions of Fe, Zn, Mn, Cu, Pb, and Hg indicate that
these elements are relatively more labile or accessible for elimination.
By contrast, the persistence of Cr, Ni, As, and Se may reflect stronger
tissue binding or slower turnover rates, which may limit depuration
efficiency within a 72 h timeframe. This variability is consistent with
earlier findings that depuration is often element-specific, with essential
trace elements showing more dynamic regulation than non-essential or
toxic elements (Rainbow, 2002).

The observed reduction of Fe during depuration may be associated
with homeostatic regulation mechanisms, including metallothioneins,
ferritin, and transport systems that modulate intracellular metal pools
(Baird et al., 2006). Similarly, decreases in Zn and Cu are consistent with
their regulated physiological roles (Barreira et al., 2024), although the
exact pathways were not directly assessed in this study. Zinc declined
more rapidly at lower salinity, which may be linked to regulatory ad-
justments and redistribution processes. Previous studies have reported
rapid Cu elimination in bivalves under controlled conditions, although
such mechanisms were not explicitly examined here (Saed et al., 2004;
Pan and Wang, 2009). In contrast, Pb depuration was less efficient,
while oysters accumulated Pb more slowly than Hg and Cd; faster
elimination has been documented in certain species such as Pinna nobilis
(Jebali et al., 2014) and cockles, which achieved 86.5% removal within
24 h at 35 psu (Firdaus et al., 2020). Overall, these findings suggest that
while Cu and Fe are efficiently regulated, Pb clearance is more variable,
reflecting species- and salinity-specific differences (Chinnadurai et al.,
2022; Fukunaga and Anderson, 2011).

The overall effectiveness of salinity-controlled depuration supports
its utility as a practical approach in shellfish sanitation protocols. Evi-
dence from both experimental studies and industry practices suggest
that medium-sized mussels maintained at salinities of 25-35 psu for
48-72 h under moderate temperatures can achieve substantial re-
ductions in bioaccumulated metals (Chinnadurai et al., 2022). None-
theless, the limited elimination of As and Cr remains a challenge and
may be related to their strong tissue binding, complex speciation, and
possible retention within metabolically less active compartments,
thereby reducing clearance rates (Yap and Al-Mutairi, 2025; Zhao et al.,
2021). Arsenic is of particular concern given the toxicity of its inorganic
forms, which are often difficult to mitigate under conventional depu-
ration conditions. Similarly, chromium's strong affinity for cellular
proteins and its slow turnover rate may contribute to its persistence
during treatment. These constraints suggest that extended depuration
periods or complementary strategies, such as pH modification, chelating
agents, or targeted pre-harvest management, could enhance removal
efficiency and support compliance with international food safety regu-
lations (European Commission, 2005).

4.4. Effects of body size on toxic heavy metals and trace elements
depuration

Besides environmental factors such as temperature, salinity, and
water treatment, the body size of bivalves may also significantly influ-
ence depuration efficiency. Previous studies have shown that the accu-
mulation of toxic heavy metals and trace elements in soft tissues is
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strongly size-dependent (Lee et al., 1998), yet little attention has been
given to how body size influences these elements elimination during
depuration. In this study, freshly harvested mussels of different size
classes (SS, MS, LS) contained both essential trace (Fe, Cu, Zn, Mn, Cr,
Se) and non-essential toxic (Pb, Hg, As, Ni) elements, with Mn, Ni, and
As exceeding safety levels (Table 4). Depuration for 72 h reduced metal
levels across all sizes, though As remained above the safe limit in SS
mussels. This may reflect their higher initial As burden, indicating that
smaller individuals may require a longer depuration period. Physio-
logical differences may help explain these patterns. Larger bivalves
pump more water through their gills, which could enhance contaminant
removal. Since depuration efficiency is closely linked to filtration and
physiological activity (Richards, 1988; Jones et al., 1992), size is likely a
critical determinant. Supporting this, LaTouche and Mix (1982) found
that depuration efficiency in M. edulis increased with body size. Simi-
larly, Chinnadurai et al. (2022) observed that Pb levels in SS clams and
mussels remained above safety limits after 48 h, suggesting that smaller
bivalves may require longer depuration times.

The extent of toxic heavy metals and trace elements reduction varied
across size classes, likely reflecting physiological factors such as clear-
ance rate (Wen-Xiong and Fisher, 1996), metabolic activity (El-She-
nawy, 2004), and gill surface area and filtration capacity (Riisgard et al.,
2018). Larger mussels, with greater tissue biomass, tend to bio-
accumulate more metals but may depurate less efficiently due to slower
turnover and reduced surface area-to-volume ratios, whereas smaller
mussels may more readily eliminate surface-adsorbed contaminants
(Cossa et al., 1980). However, the lack of a consistent size x time
interaction across individual models suggests that depuration efficiency
is not strongly modulated by body size over short-term periods. This
finding indicates that while size influences absolute metal concentra-
tions, the rate of depuration appears relatively consistent across size
classes during the 72-h experimental timeframe. This pattern suggests
that short-term depuration processes are primarily governed by metal-
specific biochemical mechanisms rather than size-dependent physio-
logical differences, which may become more pronounced over longer
depuration periods where tissue turnover and metabolic differences
have greater opportunity to manifest.

The combined analysis showed that depuration was highly element-
specific: Fe (—43.2%), Cu (—43.1%), and Zn (—33.0%) exhibited sub-
stantial reductions, consistent with homeostatic regulation through
transport proteins and binding molecules; Pb (—50.4%) and Cr
(—56.6%) showed pronounced elimination, which might be associated
with metallothionein binding and detoxification pathways (Baudrimont
et al., 2003); and Hg decreased significantly (—41.0%) possibly related
to its strong affinity for sulthydryl groups (Ajsuvakova et al., 2020; Wu
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et al., 2024). In contrast, Mn (—29.1%), As (—29.8%), and Se (—16.1%)
showed only moderate declines, while Ni (—2.64%) remained largely
unaffected, which may indicate strong binding or sequestration in
compartments inaccessible to short-term depuration (Gagné et al.,
2007). These findings suggest that depuration efficiency is jointly
determined by organismal physiology and metal-specific biochemical
interactions, with essential metals benefiting from regulatory mecha-
nisms (Chandrapalan et al., 2021) and non-essential metals exhibiting
variable elimination depending on their chemical affinities and tissue
distribution (Le et al., 2023).

4.5. Implications for food safety

Pathogenic bacteria, including Salmonella spp., Shigella spp.,
Escherichia coli, and Vibrio cholerae were initially detected in all samples
but declined progressively during depuration, becoming completely
undetectable after 48-72 h at salinities >25 psu, and across all body
sizes, suggesting that controlled salinity and sufficient depuration time
are effective in improving microbiological safety. In terms of toxic heavy
metals and trace elements, concentrations of toxic elements such as Pb,
Hg, and Cr decreased substantially during 72 h of depuration (see
Table 4), and essential trace elements (Fe, Cu, Zn, Mn) remained within
acceptable limits, staying below the international thresholds set by
WHO, FAO, EU, FDA, and other regulatory bodies (see Table 5). How-
ever, total arsenic (As) concentrations, while declining during depu-
ration (from ~0.71 mg-kg ! at 0 h to ~0.50 mg-kg ! at 72 h), remained
above the reference benchmark of 0.3 mg-kg™!. It is important to
emphasize that these measurements reflect total arsenic, whereas food
safety regulations and risk assessments typically consider only inorganic
arsenic (iAs), the more toxic fraction. In bivalves, inorganic arsenic
usually constitutes only a small proportion of total As, which may
indicate that the actual health risk may be limited. Collectively, these
findings suggest that green mussels from the Bay of Bengal, when sub-
jected to 72 h of salinity-optimized depuration, are likely safe for human
consumption with respect to microbial pathogens and most toxic heavy
metals and trace elements, though further monitoring of inorganic
arsenic and toxins is recommended to ensure full compliance with food
safety standards.

5. Conclusion

This study demonstrates that depuration efficiency in Perna viridis is
primarily governed by exposure time, with salinity exerting a significant
interactive effect on microbial removal. Optimal depuration (72 h at
25-30 psu) achieved near-complete elimination of pathogenic bacteria

Mean concentrations of trace/toxic elements (mg/kg, on dryweight basis) in the green mussel (Perna viridis) at 0 h and 72 h of depuration under varying salinity levels
(15 psu, 20 psu, 25 psu, and 30 psu) and body size categories (SS = 35-45 mm; MS = 45-60 mm; LS > 60 mm) at room temperature (29 + 1.5°C).

Sample Category Time (h) Concentration (mg/kg)

Trace elements

Toxic elements

Mn Fe Ni Cu Zn Se Cr As Hg Pb

Salinity (psw)

Initial 0 9.73 71.42 1.95 6.79 30.20 0.81 0.35 0.71 0.44 0.19
15 72 9.65 33.65 1.91 6.24 27.38 0.73 0.33 0.66 0.37 0.16
20 72 6.21 23.58 1.86 5.38 28.14 0.70 0.28 0.59 0.30 0.15
25 72 5.42 19.89 1.84 5.36 24.59 0.67 0.23 0.55 0.29 0.11
30 72 5.04 17.73 1.78 5.01 19.17 0.63 0.16 0.50 0.26 0.09
Body Size (mm)

SS 0 8.79 37.29 2.13 7.10 29.08 0.52 0.27 0.89 0.32 0.12
SS 72 6.52 21.79 2.00 6.47 26.94 0.49 0.13 0.77 0.23 0.09
MS 0 8.65 39.03 1.97 20.16 64.29 0.52 1.03 0.64 0.65 0.21
MS 72 5.79 19.26 1.91 10.71 33.99 0.45 0.51 0.26 0.33 0.11
LS 0 6.04 33.45 1.88 13.10 39.89 0.81 0.52 0.87 0.57 0.27
LS 72 4.33 21.31 1.79 5.78 28.35 0.63 0.15 0.66 0.35 0.09
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Table 5
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Human health risk threshold limits for trace/toxic element concentrations in bivalve shellfish and seafood according to different international food safety standards.

Trace Elements Threshold concentration (mg/kg)

WHO/ JECFA EC MFR FSSAI FAO FDA/US Health FSANZ Japan
Canada MHLW
Mn 1 - - - - - - - -
Cr - - - - 12 13 - - -
Fe 100 - - - - - - - -
Ni 2 - - 1.5 - - - - -
Cu 3 - 30 30 30 - - - -
Zn 50 - 100 50 - - - - -
As - - - - - - 0.3 - -
Hg - 0.5 - 0.5 0.5 1 0.5 0.5 0.3
Se - - - - - 1.2
Pb 1.5 2 2.5 - - - - -

Here, all threshold concentrations are expressed in mg/kg dryweight. Values represent permissible limits for bivalve shellfish, except where specifically indicated for

seafood (Cr: 12 mg/kg, FAO; Cr: 13 mg/kg, FDA/US Health Canada).
World Health Organization (2020).

European Commission (2006).

Malaysian Food Regulation (1985).

Food Safety and Standards Authority of India (2011).

Food and Agriculture Organization and World Health Organization (2002).
U.S. Food and Drug Administration. (2024).

Health Canada (2005).

Food Standards Australia New Zealand (2023).

Ministry of Health, Labour and Welfare (Japan) (2020).

and substantial reductions in several toxic heavy metals and trace ele-
ments (Fe, Cu, Zn, Pb, Hg, and Cr), whereas Ni, As, and Se showed
limited responsiveness. Body size influenced initial contaminant levels
but did not affect final depuration outcomes within 72 h. These findings
provide an evidence-based basis for optimizing depuration protocols
under tropical conditions to improve seafood safety. However, the
persistence of certain elements, particularly arsenic, highlights the need
for further investigation into element speciation and longer-term dep-
uration strategies. Future research integrating physiological, molecular,
and environmental approaches would help refine depuration practices
and enhance their applicability in commercial aquaculture systems.
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