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ABSTRACT 
	The false mussel (Mytilopsis adamsi) is an economically important bivalve species with significant potential for aquaculture development in tropical regions. Understanding the optimal environmental conditions for embryonic development is crucial for successful hatchery operations and species management. This study investigated the effects of salinity on embryonic development duration and early larval survival rate of M. adamsi to determine optimal conditions for reproduction and early larval development. Fertilized eggs were exposed to four salinity treatments (10, 20, 30, and 40 ppt) and monitored for 21 hours. Embryonic development was tracked from unfertilized egg stage (UE) through early larval stage L-3, recording developmental progression and timing. Early larval survival rates were assessed at 21 hours post-fertilization. Water quality parameters including temperature, pH, dissolved oxygen, and ammonia were monitored throughout the experiment. Significant differences in survival rates were observed among salinity treatments (p < 0.05). All salinity treatments demonstrated complete developmental progression with 100% advancement to L-3 stage by 21 hours post-fertilization. Early larval survival rate followed a quadratic relationship with salinity (R² = 0.8251), with peak performance at 30 ppt (77.36 ± 2.82%) and 20 ppt (76.19 ± 4.17%). Low salinity (10 ppt) resulted in delayed development but maintained moderate survival rate (71.05 ± 6.39%), while high salinity (40 ppt) achieved rapid initial development but exhibited the lowest survival rate (54.63 ± 1.62%). The optimal salinity range for M. adamsi embryonic development and early larval survival is 20-30 ppt. This range provides the best balance between developmental efficiency and reproductive success, making it ideal for aquaculture applications. Despite achieving complete morphological development across all treatments, developmental completion does not guarantee physiological fitness, as evidenced by significant survival rate variations between salinity treatments. The findings have important implications for hatchery management and understanding the species' ecological distribution in estuarine environments.
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1. INTRODUCTION 
[bookmark: _Hlk206660908]Marine arthropods such as crabs and lobsters represent significant export commodities for Indonesia, with crab and blue swimming crab (Portunus pelagicus) exports generating US$613.24 million in 2021 (Katadata Media Network, 2022). However, high commercial feed costs present major constraints in crustacean aquaculture operations (Mamuko et al., 2021), prompting exploration of alternative feed sources. The false mussel Mytilopsis adamsi has emerged as a promising candidate due to its rapid growth rate and demonstrates potential as feed that supports crab growth, indicating high nutritional value (Arfat et al., 2025; Juniyastuti et al., 2025).
Mytilopsis adamsi, a brackish water bivalve native to the Pacific coast of Panama, has demonstrated remarkable dispersal capacity throughout Indo-Pacific waters (Wangkulangkul & Lheknim, 2008). Despite its invasive status, M. adamsi presents significant aquaculture potential as a cost-effective feed source for marine arthropods. Recent initiatives by the Lombok Marine Aquaculture Development Centre have begun investigating its cultivation potential.
[bookmark: _Hlk195083605]Salinity represents a critical environmental parameter influencing bivalve reproduction and larval development (Loosanoff & Davis, 1963). While adult M. adamsi tolerate salinities from 6-31 ppt (Salgado-Barragán & Toledano-Granados, 2006), optimal salinity ranges for embryonic development and early larval survival remain poorly understood. This knowledge gap constrains aquaculture development, as salinity requirements may vary substantially between adult and early life stages in bivalve mollusks (Davis, 1958; His et al., 1997). 
Embryonic development and early larval stages are generally more sensitive to environmental fluctuations than adult stages, making determination of optimal conditions crucial for successful hatchery operations. While M. adamsi is recognized as environmentally tolerant (Salgado-Barragán & Toledano-Granados, 2006), specific tolerance thresholds for embryonic development have not been systematically investigated.
Therefore, this study aims to: (1) characterize the embryonic developmental stages of M. adamsi under controlled laboratory conditions, (2) determine the optimal salinity range for successful early larval survival performance, and (3) evaluate the species' tolerance limits during early developmental stages. Understanding these parameters is essential for developing efficient hatchery protocols and supporting sustainable cultivation of false mussels as an alternative feed source in Indonesian aquaculture systems.
2. METHODOLOGY
2.1 Study Site and Duration
This experimental study was conducted from February to March, 2025, at the Marine Aquaculture Center, Gili Genting Village, Sekotong District, West Lombok Regency, West Nusa Tenggara Province, Indonesia (8°44'S, 116°10'E). The facility was selected due to its established infrastructure for marine bivalve research and access to healthy broodstock populations of Mytilopsis adamsi.
2.2 Experimental Design
The study employed a completely randomized design (CRD) with four salinity treatments and three replications (n=12 experimental units). The salinity treatments were selected based on the reported tolerance range of M. adamsi and included: Treatment 1: 10 ppt; Treatment 2: 20 ppt; Treatment 3: 30 ppt; and Treatment 4: 40 ppt. Each experimental unit consisted of a 9-liter capacity transparent plastic container filled with 3 liters of test water, maintained under controlled laboratory conditions with constant aeration and temperature control.
2.3 Broodstock Selection and Gamete Collection
Mature M. adamsi individuals were selected based on established morphological criteria including shell length >25 mm of dorsal-ventral length, presence of yellowish gonadal tissue visible through the shell, and active filtering behavior. Broodstock were acclimatized to laboratory conditions at 25°C for 48 hours prior to spawning induction.
Spawning was induced through thermal stimulation by gradually increasing water temperature from 25°C to 28°C over a 30-minute period. This thermal shock technique triggered synchronized spawning responses in sexually mature individuals within 1-2 hours.
Released gametes were immediately collected and filtered through a two-stage sieving system: a 160 μm mesh (upper sieve) to remove debris and unfertilized eggs, and a 40 μm mesh (lower sieve) to retain fertilized eggs and early embryos. This filtration protocol was adapted from standard bivalve hatchery procedures (Helm et al., 2004) and modified for Mytilopsis species based on egg size characteristics.
2.4 Salinity Preparation and Water Quality Management
Test salinities were prepared using filtered natural seawater (35 ppt) as the base medium. Lower salinities (10, 20, and 30 ppt) were achieved by diluting seawater with dechlorinated freshwater according to the formula: V₁ × S₁ = V₂ × S₂, where V represents volume and S represents salinity (Ramadhan et al., 2024). Higher salinity (40 ppt) was prepared by adding coarse marine salt crystals (aquaculture grade) to the base seawater until the target salinity was achieved. Salinity accuracy was verified using a handheld refractometer (±1 ppt precision) calibrated with distilled water and standard seawater solutions before each measurement.
Water quality parameters were monitored throughout the experimental period using standardized protocols. Temperature was maintained at 28±1°C using submersible aquarium heaters with thermostatic control, with regular monitoring using calibrated mercury thermometers (±1°C precision) at 30-minute intervals during critical developmental periods and hourly during routine observation periods. Dissolved oxygen levels were maintained above 5.0 mg/L through continuous gentle aeration using aquarium air stones connected to air pumps. pH was allowed to remain at natural seawater levels above 7.0, reflecting optimal marine conditions for bivalve development, and monitored using a calibrated digital pH meter. Ammonia concentrations were monitored daily and maintained below 0.3 mg/L at the Environmental and Fish Health Laboratory of the Lombok Marine Aquaculture Center using standard colorimetric analytical methods. Water exchange (25% of total volume) was performed when ammonia levels exceeded 0.3 mg/L to maintain optimal water quality conditions.
2.5 Embryonic Development Observation
Initial egg density was standardized at approximately 2,400 eggs per liter, with each experimental unit containing 3 liters of water (total of 7,200 eggs per unit), determined through microscopic counting using a Sedgwick-Rafter counting cell (1 mL capacity). Egg counts were performed in triplicate subsamples from each experimental unit to ensure accuracy, following standard protocols for plankton enumeration (APHA, 2017; Lund et al., 1958).
[bookmark: _Hlk206660968]Embryonic development was monitored continuously for 21 hours using a progressive observation schedule. Initial observations commenced 15 minutes post-fertilization, with subsequent observation intervals incrementally increased by 15-minute additions (i.e., 15 min, 30 min, 45 min, 60 min intervals, etc.) to accommodate the progressively slower developmental rates in later stages while maintaining adequate monitoring resolution during critical early developmental phases.
Developmental observations were conducted on 10 randomly selected representative specimens from each experimental unit using a compound microscope with 10× and 40× objective lenses. Developmental stages were classified according to standard bivalve embryology protocols (His et al., 1997; Loosanoff & Davis, 1963) with M. adamsi-specific modifications, categorized into 15 phases: UE (unfertilized egg), FE (fertilized egg), B-D (cleavage: 2-32 cells), E-G (blastula to gastrula), H-J (trochophore stages), K (early veliger), and three early larval stages (L-1 to L-3).
Developmental stage transitions and their timing were determined when ≥50% of the 10 observed specimens per experimental unit exhibited characteristic morphological features of the next developmental stage (cell number, cavity formation, ciliary development, shell characteristics). This 50% criterion established the official transition time from one stage to the subsequent stage.
2.6 Early Larval Survival Rate Assessment
Early larval survival rate was evaluated by comparing the initial number of stocked eggs with the number of viable early larvae (L-3 stage) at the completion of embryonic development, representing the complete developmental progression from fertilization through early larval metamorphosis. Final counts were performed at 21 hours post-fertilization or when 100% of observed specimens had reached the L-3 developmental stage, whichever occurred first. The overall survival rate was calculated using the formula:
Early Larval Survival Rate (%) = (Number of early larvae L-3 per unit / Initial number of stocked eggs) × 100
Early larval viability was assessed through microscopic examination of swimming behavior, shell formation, and overall morphology. Only normally developed, actively swimming early larvae with complete D-shaped shells and normal motility were counted as viable survivors. Non-viable early larvae included those showing abnormal morphology, lack of movement, or incomplete development.
2.7 Statistical Analysis
Embryonic development stage was evaluated through descriptive statistical analysis to assess developmental progression patterns, timing, and stage-specific responses across salinity treatments. Early larval survival rate data were subjected to one-way Analysis of Variance (ANOVA) to determine significant differences among salinity treatments. When significant treatment effects were detected (p<0.05), post-hoc comparisons were performed using the Least Significant Difference (LSD) test to identify specific treatment differences.
All statistical analyses were conducted using Microsoft Excel with the Analysis ToolPak add-in and validated using R statistical software (version 4.3.0). Results are presented as means ± standard deviation, with statistical significance set at α = 0.05.
2.8 Ethical Considerations
This research was conducted in accordance with institutional guidelines for invertebrate research. No special permits were required as M. adamsi is classified as an invasive species in Indonesian waters. Broodstock collection and maintenance followed standard aquaculture practices to minimize stress and mortality.
3. results 
3.1  Water Quality Parameters during Embryonic Development
Water quality monitoring was conducted throughout the 21-hour development period across all salinity treatments to ensure optimal environmental conditions and validate experimental reliability. All measured parameters remained within acceptable ranges for marine bivalve development, confirming that observed differences in developmental success were attributable to salinity variations rather than secondary water quality factors.
Temperature remained stable across all treatments at 28±1°C (range: 27-29°C), which falls within the optimal thermal range for tropical marine bivalve reproduction and early larval development (Devakie & Ali, 2000; Peng et al., 2016). pH values ranged between 7.2-7.8, reflecting natural seawater conditions and indicating neutral to mildly alkaline conditions suitable for optimal marine organism health (Kennedy, 2011). Dissolved oxygen concentrations ranged from 5.7-6.6 mg/L across treatments, ensuring adequate oxygenation for embryonic respiration and metabolic processes (Tan & Tay, 2020). Ammonia levels remained low at 0.1-0.3 mg/L, well below toxic thresholds that could interfere with embryonic development (Deaton, 2008).
The consistency of these water quality parameters across treatments validates that the observed variations in embryonic development duration and survival rate were primarily influenced by salinity differences rather than confounding environmental factors.
3.2 Embryonic Development of Mytilopsis adamsi
The embryonic development of M. adamsi was continuously monitored over a 21-hour period across four salinity treatments (10, 20, 30, and 40 ppt). Morphological observations revealed that embryogenesis in M. adamsi proceeds through 15 distinct developmental stages, each characterized by specific morphological features that enable accurate identification and classification (Fig. 1). The developmental sequence demonstrates the typical spiralian cleavage pattern characteristic of molluscan embryology, with clear transitions between each developmental milestone. This progressive monitoring approach allowed for precise documentation of stage-specific developmental timing and identification of potential developmental delays or abnormalities under different salinity conditions.
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Figure 1. 	Developmental stages of M. adamsi embryos from fertilization to D-shape early larval stage. Legend: UE = Unfertilized egg; FE = Fertilized egg; B = 2-8 cell stage; C = 8-16 cell stage; D = 16-32 cell stage; E = Single-layer blastula; F = Initial blastopore formation; G = Organogenesis; H = Ciliary band formation; I = Visible cilia and internal organ development; J = Initial shell formation; K = Early shell matrix deposition; L-1 = Early D-shape larval stage; L-2 = Intermediate D-shape formation; L-3 = Symmetrical D-shape with functional velum.
3.2.1 Morphological Characteristics of Developmental Stages
The developmental stages of M. adamsi observed during the experimental period exhibited the following morphological characteristics:
a. Pre-fertilization and Early Development:
· Stage UE (Unfertilized egg): Spherical oocyte with distinct cell membrane and homogeneous cytoplasm
· Stage FE (Fertilization): Formation of perivitelline space and visible membrane changes indicating successful fertilization
· Stage B (Early cleavage): Spiral cleavage pattern with 2-8 blastomeres typical of molluscan development
b. Morula and Blastula Formation:
· Stage C (Early morula): 8-16 tightly packed blastomeres with increasing size variation
· Stage D (Late morula): 16-32 cells forming compact structure without central cavity
· Stage E (Blastula): Formation of blastocoel cavity with single-layered epithelium and emergence of fine cilia
c. Gastrulation and Organogenesis:
· Stage F (Early gastrula): Cell invagination and blastopore formation marking the beginning of germ layer differentiation
· Stage G (Late gastrula): Development of archenteron and mesoderm layer establishment
· Stage H-J (Trochophore stages): Progressive development of prototroch ciliary band, internal organ rudiments, digestive system, and shell gland formation
d. Early Larval Development:
· Stage K (Early veliger): Initial velum formation and commencement of shell secretion
· Stages L-1 to L-3: Progressive development from D-shaped veliger through intermediate to advanced early larval stages with fully developed early larval structures including functional velum, complete D-shaped shell, and enhanced swimming capability
3.2.2 	Embryonic Development Duration of M. adamsi under Different Salinity Conditions 
The present study investigated the effects of salinity on the embryonic development duration of false mussel (M. adamsi) eggs. Four salinity treatments (10, 20, 30, and 40 ppt) were evaluated over a 21-hour observation period, tracking developmental progression from the unfertilized egg stage (UE) through early larval stage L-3 (Fig. 2).
a. Embryonic Development at 10 ppt Salinity
At low salinity (10 ppt), embryonic development exhibited slower progression compared to other treatments, representing the most challenging osmotic environment within the tested range. Initial developmental stages proceeded normally with successful fertilization and early cleavage patterns characteristic of typical molluscan development. However, developmental delays became increasingly apparent as embryogenesis progressed through intermediate stages.
Complete transition to stage D occurred at 3.75 hours post-fertilization, indicating moderate retardation compared to higher salinity treatments. This extended timeline reflected the physiological stress imposed by hypoosmotic conditions, requiring additional energy allocation for osmoregulatory processes during critical early cell division phases. Subsequent developmental progression continued with consistent but slower timing through organogenesis phases E-H, demonstrating the species' remarkable resilience under osmotic stress.




Figure 2. 	Embryonic development duration of false mussel (M. adamsi) at different salinities (10, 20, 30, and 40 ppt) observed from the first 0.25 to 21 hours post-fertilization.
The first early larval stage (L-1) emerged at 13.75 hours with typical morphological characteristics but showed slightly delayed progression patterns. Development through intermediate early larval stages L-2 and L-3 proceeded steadily, though at a reduced pace compared to optimal salinity treatments. At 19.5 hours post-fertilization, approximately 80% of specimens had successfully reached stage L-3, with the remaining 20% showing active progression and achieving complete L-3 development by 21 hours post-fertilization. This extended developmental timeline, requiring an additional 1.5 hours beyond the standard observation period for complete stage completion, highlights the impact of hypoosmotic stress on developmental kinetics.
The extended developmental duration at 10 ppt salinity demonstrates that while M. adamsi embryos possess considerable osmotic tolerance, hypoosmotic conditions impose significant physiological constraints that extend the time required for complete embryonic and early larval development. Despite this temporal delay, the eventual 100% completion rate indicates robust developmental resilience under osmotic stress. This developmental plasticity suggests evolutionary adaptation to variable estuarine environments where salinity fluctuations are common.
b. Embryonic Development at 20 ppt Salinity
The 20 ppt salinity treatment demonstrated highly favorable developmental performance with efficient progression and excellent coordination between developmental stages. Early development proceeded with optimal timing and consistency, with transition to stage D occurring at 2.5 hours post-fertilization, indicating stable osmotic conditions conducive to rapid cell division and differentiation processes.
Development continued with remarkable efficiency throughout intermediate stages E-H, exhibiting well-coordinated distribution patterns and consistent progression timing between individual specimens. Cellular differentiation proceeded without observable abnormalities or developmental delays, suggesting that the moderate salinity environment provided adequate ionic balance for optimal embryogenesis. The balanced osmotic environment appeared to minimize energy expenditure on osmoregulatory processes, allowing maximum resource allocation to developmental processes.
Early larval stage L-1 emergence occurred at 13.75 hours with regular transition kinetics and normal morphological characteristics including well-formed ciliary bands and initial shell development. Subsequent progression through stages L-2 and L-3 proceeded with exceptional efficiency and developmental synchronization between specimens. By 19.5 hours post-fertilization, 100% of observed specimens had successfully completed development to stage L-3 with optimal morphological characteristics.
The superior performance at 20 ppt indicates that this salinity level represents near-optimal conditions for M. adamsi embryonic development, providing an ideal balance between osmotic stability and metabolic efficiency. This finding suggests strong physiological adaptation to brackish marine conditions commonly found in estuarine environments.
c. Embryonic Development at 30 ppt Salinity
The 30 ppt salinity treatment yielded exceptional developmental patterns with superior progression efficiency and developmental stability throughout the observation period. Early development proceeded with optimal kinetics and minimal individual variation, with stage D transition occurring at 2.5 hours, indicating excellent osmotic stability during critical early cell divisions when embryos are most vulnerable to environmental stress.
Subsequent development through intermediate stages maintained superior progression with enhanced cellular coordination and minimal developmental variability between specimens. Stages E through H developed with optimal distribution patterns, accelerated but stable transition timing, and consistent morphological characteristics, suggesting ideal ionic conditions for embryonic metabolism and differentiation processes. The uniform developmental patterns observed indicate that 30 ppt salinity closely approximates the species' evolved physiological optimum.
Early larval stage L-1 emergence occurred at 13.75 hours with enhanced developmental kinetics and superior morphological quality indicators including robust ciliary development, well-formed shell rudiments, and coordinated swimming behavior patterns. Progression through subsequent early larval stages (L-2 and L-3) proceeded with exceptional efficiency and developmental synchronization.
By 19.5 hours post-fertilization, 100% of specimens had achieved complete development to stage L-3 with optimal morphological characteristics and behavioral indicators. The superior performance at 30 ppt confirms that M. adamsi has evolved optimal physiological mechanisms for development in full-strength seawater conditions, consistent with its marine ecological origin and successful adaptation to coastal marine environments.
d. Embryonic Development at 40 ppt Salinity
High salinity (40 ppt) exhibited a distinctive developmental pattern characterized by initially rapid progression followed by increasing developmental constraints as osmotic stress accumulated throughout the observation period. Transition to stage D occurred at 2.50 hours with balanced distribution patterns, demonstrating that early developmental rates remained comparable to optimal salinity treatments despite the elevated salinity environment. However, subsequent stages revealed increasing variability in specimen distribution and developmental synchronization compared to lower salinity treatments. Development through stages E-H proceeded with less uniform patterns and increased individual variation between specimens, suggesting the progressive onset of hyperosmotic stress affecting cellular processes and developmental coordination. The elevated salinity environment likely imposed increasing metabolic costs for osmotic regulation as development progressed through more complex differentiation phases.
Despite these intermediate challenges, early larval development continued successfully with stage L-1 emergence occurring at 13.75 hours, maintaining consistency with other treatments. However, progression through subsequent early larval stages showed increased variability and extended timing compared to optimal treatments, with some specimens showing delayed transition patterns.
By the end of the 19.5-hour observation period, 100% of specimens had successfully reached stage L-3, achieving complete early larval development within the observation timeframe. Despite this successful developmental completion, the developmental process showed greater stress indicators and reduced developmental synchronization compared to optimal salinity treatments, suggesting that while M. adamsi can complete development under hypersaline conditions, the physiological costs are elevated.
The developmental patterns at 40 ppt demonstrate that while M. adamsi possesses considerable tolerance to hypersaline conditions, sustained exposure to elevated salinity imposes cumulative physiological stress that affects developmental efficiency and coordination. This tolerance range suggests potential adaptation to hypersaline coastal environments, though with reduced developmental optimization.
3.2.3  Survival Rate of M. adamsi under Different Salinity Conditions
a. Overall Survival  Performance
Survival rate was calculated at 21 hours post-fertilization based on the total count of early larval stage L-3 individuals found among all 10 observed specimens per treatment. The evaluation was performed after completing developmental observations across all salinity treatments. The survival rate represents the percentage of L-3 stage early larvae relative to the initial egg count.
The survival rate of false mussel (M. adamsi) at 21 hours post-fertilization demonstrated significant variation among salinity treatments (p < 0.05). Statistical analysis revealed a quadratic relationship between salinity levels and survival rate within the tested range (10-40 ppt), following the equation y = -0.0697x² + 3.0026x + 46.999 with a coefficient of determination (R² = 0.8251) (Fig. 3).
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Figure 3. Survival rate of false mussel eggs (M. adamsi) at different salinity levels 
Post-hoc analysis using the Least Significant Difference (LSD) test revealed significant differences among treatments based on statistical groupings. The survival rate data, defined as the percentage of early larval stage L-3 from total initial eggs, showed the following hierarchy: 30 ppt (77.36 ± 2.82%) > 20 ppt (76.19 ± 4.17%) > 10 ppt (71.05 ± 6.39%) > 40 ppt (54.63 ± 1.62%).
The highest survival rates were achieved by three treatments that showed statistically equivalent performance: 30 ppt salinity treatment at 77.36 ± 2.82% (b), 20 ppt treatment at 76.19 ± 4.17% (b), and 10 ppt treatment at 71.05 ± 6.39% (b). These treatments, all designated with letter "b", represent optimal salinity conditions for embryonic survival with no significant differences among them.
In contrast, the 40 ppt treatment yielded significantly lower survival rates at 54.63 ± 1.62% (a), as indicated by the distinct letter notation "a". The significant difference between groups "a" and "b" (p < 0.05) demonstrates that hypersaline conditions (40 ppt) adversely affect embryonic development and survival compared to the optimal salinity range (10-30 ppt).
b. Relationship Between Developmental Duration and Survival Rate
Integration of developmental duration data with survival rate revealed interesting correlations and contrasting patterns between embryonic development speed and final survival outcomes. Importantly, developmental rate hierarchy (30 ppt > 20 ppt > 40 ppt > 10 ppt) differs from survival rate ranking (30 ppt > 20 ppt > 10 ppt > 40 ppt), indicating that faster development does not necessarily guarantee higher survival rates.
The 30 ppt treatment demonstrated both optimal developmental progression timing and the highest survival rate (77.36%), establishing this salinity level as the most favorable condition for M. adamsi reproduction. The 20 ppt treatment achieved comparable performance with 76.19% survival rate, despite slightly slower development than 30 ppt.
Although the 10 ppt treatment exhibited the slowest developmental progression with only 80% of embryos reaching L-3 stage at 19.5 hours post-fertilization, it achieved significantly higher survival rates (71.05%) compared to the 40 ppt treatment (54.63%) at 21 hours post-fertilization. This suggests that developmental delay under hyposaline conditions is less detrimental to overall survival than the physiological stress imposed by hypersaline conditions.
Conversely, the 40 ppt treatment, despite achieving 100% progression to L-3 stage and demonstrating faster development than 10 ppt, showed the lowest survival rate (54.63%). This apparent contradiction indicates that while embryos can complete developmental stages under hypersaline conditions, the osmotic stress significantly compromises embryonic viability and survival capability, resulting in higher mortality rates despite successful morphological development.
The quadratic relationship model predicts maximum survival rate occurs at approximately 21.5 ppt (calculated from the equation: x = -b/2a = -3.0026/(2×-0.0697) = 21.54 ppt), which falls within the observed optimal range and aligns well with the superior performance of 20-30 ppt treatments.
c. Optimal Salinity Range and Predictive Model
The quadratic relationship model predicts maximum survival rate occurs at approximately 21.5 ppt, which aligns perfectly with the observed data where 20 ppt and 30 ppt treatments showed superior performance. The combined analysis establishes that M. adamsi exhibits optimal reproductive performance within the 20-30 ppt salinity range, with 30 ppt showing slight superiority in both developmental timing and survival outcomes (77.36%).
Statistical analysis confirmed significant differences in survival rates among salinity treatments. The optimal salinity ranking based on survival rate was: 30 ppt > 20 ppt > 10 ppt > 40 ppt. The 30 ppt, 20 ppt, and 10 ppt treatments were statistically grouped as "b" (no significant difference), while 40 ppt treatment showed significantly lower performance (group "a"), demonstrating that hypersaline conditions adversely affect embryonic survival.
Although 10 ppt treatment showed only 80% L-3 stage achievement at 19.5 hours post-fertilization, the percentage of L-3 stage at the final observation time point (21 hours post-fertilization) reached 100% across all salinity treatments: 100% at 10 ppt, 100% at 20 ppt, 100% at 30 ppt, and 100% at 40 ppt. However, despite uniform developmental completion, the final survival rates (percentage of viable early larvae from initial egg count) showed significant differences, emphasizing that developmental completion does not guarantee survival success
d. Salinity Tolerance and Physiological Analysis
The results indicate that false mussel (M. adamsi) exhibits a defined optimal salinity range for successful reproduction and early larval development. The species demonstrates tolerance to a broad salinity spectrum (10-40 ppt) but shows clear preferences for moderate salinity conditions (20-30 ppt).
The hyposaline treatment (10 ppt) demonstrated the most pronounced developmental delay, likely attributed to osmotic stress interfering with essential cellular processes and energy metabolism. Conversely, the hypersaline treatment (40 ppt) showed intermediate developmental rates, suggesting that M. adamsi embryos possess greater tolerance to elevated salinity conditions compared to hyposaline stress in terms of developmental progression. Hypoosmotic conditions (10 ppt) resulted in developmental retardation but maintained better embryonic viability (71.05% survival) compared to hyperosmotic conditions (40 ppt) which induced severe physiological stress leading to the lowest survival rate (54.63%) despite successful developmental progression.
Notably, despite variations in developmental kinetics, embryos from all salinity treatments successfully completed development to the early larval stage L-3 by 21 hours post-fertilization. This finding indicates that M. adamsi possesses considerable developmental plasticity and osmotic tolerance, consistent with its classification as a euryhaline species. However, developmental completion does not necessarily indicate optimal physiological fitness, as evidenced by the survival-development differences observed between different salinity treatments.
4. DISCUSSION
4.1 Salinity-Dependent Embryonic Development and Osmotic Stress Response
The present study demonstrates that salinity significantly influences both the duration and success of embryonic development and early larval survival in the false mussel M. adamsi, consistent with established principles of bivalve osmoregulation. The observed optimal salinity range of 20-30 ppt aligns with the species' euryhaline characteristics and reflects the physiological constraints imposed by osmotic stress at extreme salinity conditions (Berger & Kharazova, 1997).
Under hypoosmotic conditions (10 ppt), the delayed embryonic development and moderate early larval survival rate (71.05 ± 6.39%) can be attributed to disrupted cellular osmoregulation and metabolic dysfunction. Marine bivalves are primarily osmoconformers, with limited capacity for active ion regulation during early developmental stages (Deaton, 2008). The cellular swelling and ionic imbalance associated with low salinity exposure compromises membrane integrity and enzyme function, leading to developmental delays but surprisingly maintaining relatively high early larval viability compared to hypersaline conditions. This finding challenges previous assumptions about the severity of hypoosmotic stress in marine mollusks and suggests adaptive mechanisms that prioritize survival over developmental speed.
The most significant finding of this study is the survival-development paradox observed at 40 ppt salinity—where 100% of embryos successfully completed development to early larval stage L-3 by 19.5 hours post-fertilization but exhibited the lowest early larval survival rate (54.63 ± 1.62%). This phenomenon reveals the complex nature of hyperosmotic stress responses and fundamentally challenges the assumption that successful morphological development equates to physiological fitness. While embryos maintained basic developmental processes under hypersaline conditions, the energetic cost of maintaining cellular volume and ionic homeostasis appears to compromise post-hatching early larval viability. This phenomenon suggests that developmental completion does not necessarily correlate with early larval survival capability, as hyperosmotic stress may induce sublethal cellular damage that manifests during early larval stages (Lannig et al., 2006).
The survival rates observed in this study (54.63-77.36%) are substantially higher than typical patterns reported for marine bivalve early life stages under controlled laboratory conditions. This contradicts the discussion's claim of "relatively low survival rates" and suggests either species-specific adaptation or optimized experimental conditions. The quadratic relationship (R² = 0.8251) with maximum theoretical survival at 21.54 ppt provides a robust predictive model for optimizing culture conditions.
The accumulation of organic osmolytes and altered protein function under hypersaline conditions likely contributes to reduced early larval survival despite apparent developmental success. In osmoconformers such as marine bivalves, osmotic stress can negatively affect protein metabolism and incur high energy costs of intracellular osmoregulation that depends on organic osmolytes such as free amino acids (Deaton, 2001; Pierce, 1982). The fact that 40 ppt treatment showed faster initial development than 10 ppt but resulted in significantly lower survival suggests that hyperosmotic stress imposes more severe long-term physiological costs than hypoosmotic stress.
4.2 Developmental Plasticity and Euryhaline Adaptation
A remarkable finding of this study is the complete developmental success (100% L-3 achievement) across all salinity treatments within 21 hours, despite significant variations in developmental kinetics. This demonstrates exceptional developmental plasticity that likely contributes to M. adamsi's success as both a native estuarine species and invasive colonizer. The differential timing of developmental milestones—with stage D transition ranging from 2.5 hours (20-40 ppt) to 3.75 hours (10 ppt)—indicates that the species can modulate developmental rate in response to osmotic stress while maintaining developmental fidelity.
The developmental rate hierarchy (30 ppt ≥ 20 ppt ≥ 40 ppt > 10 ppt) differing from survival rate ranking (30 ppt > 20 ppt > 10 ppt > 40 ppt) suggests that optimal conditions for rapid development may not align with optimal conditions for physiological fitness. This dissociation has important implications for understanding life history trade-offs and adaptive strategies in variable environments.
4.3 Implications for Aquaculture and Population Dynamics
The identification of optimal salinity conditions (20-30 ppt) provides critical parameters for aquaculture applications of M. adamsi. Hatchery operations should maintain salinity within this range during spawning and early larval rearing to maximize both developmental success and early larval survival rates. The quadratic relationship model (R² = 0.8251) offers a predictive tool for optimizing culture conditions, with theoretical maximum early larval survival occurring at 21.54 ppt.
From an ecological perspective, the broad salinity tolerance (10-40 ppt with 100% developmental completion) explains the species' ability to colonize diverse estuarine environments and establishes its potential as an invasive species in suitable habitats. However, the differential survival rates indicate that reproductive success will vary significantly across this tolerance range, with sub-optimal conditions potentially limiting population establishment despite successful embryogenesis.
The observation that developmental completion does not guarantee survival success has profound implications for population recruitment dynamics. Natural populations in areas experiencing salinity fluctuations may exhibit variable recruitment success depending not only on developmental success but also on the physiological quality of resulting larvae. This dual-threshold model (developmental completion × survival probability) provides a more nuanced understanding of environmental constraints on population recruitment.
4.4 Methodological Considerations and Future Research Directions
This study employed a 21-hour observation period with standardized egg density (2,400 eggs/L) and controlled water quality parameters, ensuring that observed effects were attributable to salinity variations. The progressive observation schedule accommodated slower developmental rates in later stages while maintaining adequate temporal resolution for critical early phases.
Further investigation should examine the molecular mechanisms underlying the survival-development paradox, particularly focusing on stress protein expression, osmolyte accumulation, and cellular damage markers across salinity treatments. Comparative analysis of early larval quality indicators (swimming behavior, feeding capability, growth potential) would provide insights into the physiological basis of differential survival rates.
Long-term studies tracking larvae beyond the L-3 stage are crucial for understanding whether salinity effects during embryogenesis influence subsequent developmental milestones, settlement success, and juvenile performance. Such investigations would reveal whether early salinity exposure creates lasting physiological constraints or adaptive advantages.
This study demonstrates that salinity significantly affects embryonic development and early larval survival rate in the false mussel Mytilopsis adamsi. The optimal salinity range for reproduction is 20-30 ppt, with peak survival rate occurring at approximately 21.54 ppt (R² = 0.8251).
Low salinity (10 ppt) caused developmental delays but maintained moderate early larval survival rates (71.05 ± 6.39%), while high salinity (40 ppt) achieved rapid initial development but resulted in the lowest survival rate (54.63 ± 1.62%) despite complete embryonic development to early larval stage L-3. The 30 ppt treatment showed optimal performance in both developmental stability and survival rate (77.36 ± 2.82%), while 20 ppt achieved comparable survival success (76.19 ± 4.17%).
A key finding is the survival-development paradox, where developmental completion does not guarantee physiological fitness or survival success. This has important implications for understanding environmental stress responses and optimizing aquaculture protocols. The species' ability to achieve 100% developmental completion across a broad salinity range (10-40 ppt) within 21 hours demonstrates remarkable developmental plasticity consistent with its euryhaline classification.
These findings establish critical parameters for aquaculture hatchery operations and provide insights into the species' osmoregulatory capabilities and adaptive strategies. The research contributes to understanding bivalve adaptation to estuarine environments and has practical applications for optimizing culture conditions, predicting ecological distribution patterns under varying salinity regimes, and developing predictive models for population recruitment success in variable environments.
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