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Abstract


This review examines the status, challenges, and future trajectories of global mussel aquaculture within the blue food system. Despite steady production growth, mussels’ relative contribution to total bivalve output has significantly declined over recent decades due to disproportionate expansion of oyster, clam, and scallop sectors. A major geographical production shift has occurred, with Asia, spearheaded by China, emerging as the dominant region, supplanting traditional European producers while the Americas rapidly ascend. China’s overwhelming dominance in overall bivalve production starkly contrasts with its underdeveloped mussel sector, where growth lags behind other bivalves despite substantial absolute increases, reflecting a fundamental restructuring of species composition. The industry faces interconnected sustainability constraints: persistent vulnerabilities in spat supply stemming from environmental variability, hatchery limitations, and disease transmission risks; escalating environmental stressors including climate change impacts, harmful algal blooms, pollution, and pathogens; structural flaws in value chains characterized by fragmented production, market volatility, and underutilized byproducts; and governance challenges related to spatial access and licensing inefficiencies. This review advocates for a comprehensive strategy to boost the mussel aquaculture. These encompass advancing hatchery technology and genetic breeding programs, implementing ecosystem-based management such as multi-trophic systems and AI-enhanced environmental monitoring, restructuring value chains through producer cooperation and high value product diversification, and establishing science-based spatial planning frameworks with streamlined governance. Addressing these challenges holistically is critical to position mussel farming as a resilient pillar of sustainable blue food production capable of reconciling ecological integrity with economic viability and social equity.
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1. Introduction


The phylum Mollusca represents one of the largest, most diverse, and ecologically significant groups within the animal kingdom. It comprises at least 50,000 described species, approximately 30,000 of which are marine organisms. Among the eight molluscan classes, the class Bivalvia is characterized by organisms enclosed within two articulated shell valves, including commercially important species such as mussels, oysters, scallops, and clams. Although this class contains a relatively modest number of species (approximately 10,000), it garners considerable attention primarily due to its species’ widespread consumption by humans [1,2].



Aquaculture’s origins trace back to 500 BC, when Chinese politician Fan Lei documented commercial carp farming in his work, the Classic of Fish Culture. Bivalve cultivation parallels this antiquity. Aristotle noted oyster farming in Greece around 350 BC, and Pliny described commercial oyster ponds near Naples, Italy, by 100 BC. However, modern oyster farming, as practiced today, only began in 1624 in Japan’s Hiroshima Bay [3]. Clam farming can be traced back to China, with a history of several hundred years [4]. This has made China the world’s largest producer of clams for a long time. Scallop culture emerged in Japan around 1965 when a fisherman pioneered open-sea seed collection using onion bags, laying the foundation of Japan’s thriving scallop industry [5]. Mussel cultivation traces to 1235, when an Irish sailor shipwrecked off France used tidal poles for bird trapping and discovered they hosted larger, higher-quality mussels than seabed populations. This inspired the enduring “bouchot method.” Nevertheless, mussels’ full aquaculture potential was only realized in the last 40 years.



The significant expansion of bivalve shellfish aquaculture commenced in the late 19th century with the establishment of reliable cultivation techniques, spurring rapid production growth. A pivotal shift occurred in the late 20th century when advances in hatchery technology eliminated dependence on wild seedstock, propelling substantial increases in farmed output. Global marine bivalve production first surpassed 15 million tonnes annually in 2014 (Figure 1). By 2023, total production from both wild fisheries and aquaculture reached nearly 18.6 million tonnes (Figure 1), with aquaculture contributing over 93% of this output. This represents approximately 8% of contemporaneous global marine fishery production [6].



The global production of marine bivalves has undergone significant geographical shifts over recent decades, with Asia emerging as the dominant region. According to comprehensive FAO statistics spanning 1970–2023, Asia contributes 78% of the world’s marine bivalve production. In recent years, driven by the synergistic effects of technological innovation, policy support, industrial chain optimization, and market expansion, bivalve production in Asia has experienced sustained growth. FAO data for 2023 indicates that Asia accounts for 89% of global annual bivalve output.



China’s share of global bivalve mollusk production has undergone a profound transformation since 1970, evolving from a marginal contributor to near-complete market dominance. Initially representing less than 20% of worldwide output in the 1970s–1980s, China’s systematic industrialization of aquaculture catalyzed accelerated growth. Strategic state investment in hatchery technology, extensive raft and longline culture systems, and export-oriented policies propelled its share beyond 80% by the early 2000s (Figure 2). By 2023, China’s output of bivalve mollusks reached 16 million tonnes, accounting for 87% of the global total output of bivalve mollusks [6]. The vast majority of this was from aquaculture, while the capture output was negligible.



This dominance stems from unparalleled economies of scale, vertically integrated supply chains, and expansive utilization of coastal and offshore farming zones. Consequently, over four-fifths of globally consumed bivalves now originate from Chinese farms, a concentration that has fundamentally reshaped international seafood markets while intensifying sustainability challenges related to coastal eutrophication, disease management, and habitat degradation. Current forecasts suggest that future growth may level off due to ecological constraints and rising domestic consumption.



Dominated by oysters (667.1 Mt), clams (564.3 Mt), scallops (185.8 Mt), and mussels (77.7 Mt) (Figure 3), this industry forms an ecological cornerstone of China’s blue food system. Although mussels are the fourth most widely farmed marine shellfish in China, their strategic position in the industry has long been underestimated. Compared with oysters, clams, and scallops, which rank among the top three in terms of production volume, mussels have received significantly less attention. The industry exhibits a notable scale-investment imbalance: this cognitive gap is in sharp contradiction with the inherent advantages of mussels, and is not conducive to the sustainable development of the mussel industry.



Mussel farming represents a transformative approach to sustainable protein production, delivering multifaceted environmental and socioeconomic advantages. Ecologically, lifecycle assessments suggest that mussel cultivation has a very low carbon footprint, with farm-gate emissions of merely 0.25 kg CO2e/kg [7], which is significantly lower than that of terrestrial livestock (e.g., beef: 19–36.7 kg CO2e/kg) [8]. While some studies characterize mussel farming as ‘carbon-negative’ due to its minimal input requirements, this term remains debated given the lack of consensus on how to account for indirect carbon fluxes in marine ecosystems. Furthermore, compared to traditionally recognized blue carbon sinks such as mangroves, salt marshes, and seagrass beds, the role of shellfish farming in marine carbon sequestration is subject to considerable academic controversy [9]. A recent study has pioneered from an ecological perspective the “Shellfish-Algae-Bacteria (3M)” community carbon sequestration scheme. This study suggested that shellfish farming may contribute to carbon sequestration through enhancing phytoplankton carbon absorption and promoting the deposition of algae-derived carbon, with functional microorganisms further stabilizing organic carbon [10]. However, this mechanism requires validation across different marine environments, and the magnitude of carbon sequestration by mussel farms relative to natural blue carbon sinks remains unclear, highlighting the need for more comprehensive carbon budget studies. Concurrently, mussels mitigate eutrophication by removing higher than 100 kg N/ha·yr via phytoplankton filtration and enhanced sediment denitrification, effectively offsetting nitrogen loads equivalent to 40–50 coastal inhabitants [11,12,13]. Crucially, the process demands zero freshwater resources, circumventing agricultural water conflicts exacerbated by climate change [14]. Nutritionally, mussels provide high-quality protein (18.8–24 g/100 g) rich in essential amino acids (39.2% EAA/TAA ratio) and omega-3 PUFAs (0.70–1.41 g EPA + DHA/100 g), surpassing terrestrial meats in micronutrient density [15,16]. Offshore-cultured specimens exhibit elevated PUFA levels due to phytoplankton-rich diets, enhancing their health-promoting properties [17]. Economically, byproduct valorization unlocks circular economies: undersized mussels convert into protein-rich aquaculture feed (65% crude protein meal) [18], while shells serve as phosphorus-adsorbing wastewater treatment media [19] or concrete aggregates [20]. These synergies position mussel aquaculture as a keystone of blue food systems, reconciling protein security with planetary boundaries, a paradigm validated by its alignment with 8 UN Sustainable Development Goals [21]. In brief, mussel aquaculture stands out as a highly sustainable, economically viable, and environmentally beneficial form of food production.



While oysters, scallops, clams, and mussels may cater to partially distinct market segments (e.g., oysters for raw consumption, scallops for gourmet dishes, clams for soups), they compete directly for key production resources: coastal space, hatchery capacity, research funding, and policy attention. The disproportionate expansion of oyster, scallop, and clam sectors in China and globally has often occurred through the preferential allocation of these limited resources, thereby constraining mussel sector development. This review therefore examines mussel aquaculture not only as a distinct food system component but also as a sector embedded within a competitive bivalve production landscape, aiming to explain its relative stagnation through a structured comparative framework.



This disparity in sectoral development is not incidental but reflects deeper institutional and economic logics. Policy and investment have historically favored bivalve species with higher immediate market returns, established export channels, and visible technological breakthroughs—criteria that oysters, scallops, and clams often meet more readily than mussels. This has created a path-dependent cycle of preferential support, wherein initial commercial success attracts further research funding, spatial allocations, and policy attention, thereby marginalizing species like mussels despite their compelling sustainability profile. Recognizing these underlying drivers is essential for designing interventions that can rebalance sectoral development within the blue food system.



This review synthesizes the global development status, identifies critical challenges, and explores future trajectories for mussel aquaculture, with a central focus on advancing triple-bottom-line sustainability—encompassing environmental integrity (Planet), economic viability (Profit), and social responsibility (People). Universal environmental constraints including genetic resource conservation, ecosystem carrying capacity thresholds, bioinvasion risks, and organic enrichment impacts such as benthic hypoxia are critically examined, alongside an analysis of socio-economic barriers to equitable value-chain distribution and market growth. To bolster industry credibility and consumer trust worldwide, the study proposes integrated strategies for mitigating biotoxin (e.g., PSTs, DSPs) and contaminant (heavy metals, microplastics) accumulation in products, thereby enhancing mussels’ positioning as safe, nutrient-dense protein sources. Furthermore, a governance framework centered on AI-enhanced real-time monitoring systems for biotoxins and environmental stressors is established, with the argument that such evidence-based management is fundamental to achieving sustainable intensification. Ultimately, this work aims to provide actionable policy and technological pathways that align global mussel aquaculture with blue food transformation goals while offering a replicable model for balancing ecological resilience with scalable production.



This review adopts a narrative synthesis approach, which is suitable for integrating heterogeneous data from production statistics, ecological studies, socioeconomic analyses, and governance frameworks to provide a holistic overview of global mussel aquaculture. The main data sources include: (1) long-term production statistics (1970–2023) from the Food and Agriculture Organization (FAO) of the United Nations, which form the basis for analyzing global and regional production trends; (2) peer-reviewed articles published in international journals (primarily 2000–2025) retrieved from Web of Science, Scopus, and CNKI, covering topics such as mussel biology, aquaculture technology, environmental impacts, value chain management, and policy governance; (3) technical reports from regional fisheries commissions and aquaculture research institutions. The narrative review format was chosen because it allows for flexible integration of quantitative production data and qualitative research findings, facilitating the identification of interconnected challenges and the synthesis of cross-disciplinary solutions. This approach aligns with the goal of providing a comprehensive, accessible, and policy-relevant overview of the sector, rather than testing a specific hypothesis through systematic meta-analysis.




2. Current Status of Global Mussel Production


2.1. Global Mussel Production


Global mussel production has increased steadily, rising from less than 650,000 tonnes in 1970 to nearly 2 million tonnes in 2023, achieving remarkable results. However, its share of total global bivalve production has undergone a marked decline, decreasing from over 30% in 1970 to approximately 10% in 2023 (Figure 4). Consequently, mussels have fallen from the second place, which was only after oysters, to the fourth rank within the global bivalve production hierarchy. This divergence in trends is primarily attributed to declining production in traditional European mussel-growing regions, alongside substantial global increases in oyster, scallop, and clam production. Over the period from 1970 to 2023, clam production increased 12.2 fold, scallop production increased 16.9 fold, and oyster production increased 8.1 fold, whereas mussel production increased only 1.9 fold.



Europe historically held a dominant position in the global mussel industry, consistently ranking as the top global producer between 1970 and 2000, and reaching a historical peak of 762,000 tonnes in 1999. Subsequently, its output experienced a continuous decline, and its dominant position was gradually supplanted by Asia. Asian mussel production achieved significant growth between 2001 and 2002, soaring from 692,000 to 917,000 tonnes, thereby securing the top position in global production (Figure 5). Comprehensive data from the FAO for 1970–2023 indicates that Asia and Europe contributed 45% and 39%, respectively, to the total global mussel output. By 2023, global mussel production reached 1.91 million tonnes, accounting for 12% of total shellfish output, with Asia’s share further increasing to 51% and Europe’s declining to 21% (Figure 6).



Notably, since around 2010, the Americas’ mussel industry has rapidly emerged, becoming the highest-producing shellfish species in the continent by 2023 (Figure 1). In 2023, its manufacturing output exceeded that of Europe for the first time in history, constituting 23% of the global total and establishing the region as the world’s second-largest production base (Figure 6). In this development process, Chile, as a primary driving force in the Americas, has developed into the world’s second-largest mussel producer, trailing only China (Figure 7).



Although Oceania’s mussel production remains limited, the region maintains its traditional strength in aquaculture (Figure 1), contributing 4% of the global total from 1970 to 2023 and 5% in 2023. New Zealand dominates regional production, accounting for the majority of Oceania’s output (Figure 6).



According to FAO statistics, the world’s top seven mussel producing nations, i.e., China, Chile, Spain, New Zealand, France, Italy, and Thailand, collectively account for 90% of total global output (Figure 7). This concentration not only highlights their preeminent role within the global aquaculture value chain but also reflects the distinct regional specialization inherent in mussel aquaculture practices. For instance, China’s dominance is characterized by extensive nearshore cultivation, whereas Chile and New Zealand leverage their pristine marine environments to cater to premium international markets. Thailand, as a nascent producer, primarily serves regional demand within Southeast Asia. Furthermore, despite a recent contraction in the European mussel sector, established producers such as Spain, France, and Italy continue to hold considerable global market presence.



Comparatively, Asia’s (led by China) mussel production is characterized by extensive nearshore cultivation, large-scale output, and integration into domestic blue food systems, but faces constraints from environmental pollution and fragmented value chains. Europe’s production relies on traditional farming methods and premium market positioning, with key challenges including policy inefficiencies and competition from low-cost imports. The Americas (led by Chile) leverage pristine offshore environments for high-value exports, but their rapid growth is vulnerable to climate-induced environmental fluctuations. Oceania (dominated by New Zealand) maintains sustainable, niche production models but is limited by geographic market access.




2.2. Mussel Production in China


China holds a dominant position in the world’s bivalve production. The output of bivalve mollusks has increased from 334,900 tonnes in 1970 to 16.2 million tonnes in 2023, a 47.4-fold growth (Figure 2). Meanwhile, the global bivalve production increased from 2.1 million tonnes in 1970 to 18.6 million tonnes in 2023, a growth of only 7.8 fold (Figure 1). Moreover, the proportion of China’s bivalve production in the global total production has increased from less than 16% in 1970 to over 87% (Figure 2).



Despite the sustained increase in overall bivalve production, China’s output of different major bivalve species exhibits markedly heterogeneous growth dynamics, reflecting the complex interplay of diverse technological, ecological, and market determinants (Figure 3). Oyster production has experienced the most rapid growth, surging from 122,809 tons in 1970 to 6.7 million tons in 2023, a remarkable 54-fold increase. This expansion is largely attributable to the intensive raft culture systems prevalent along the coastal regions of Fujian and Guangdong [22]. Clam production, while exhibiting an even greater relative increase, soaring from 18,460 tons to 5.64 million tons, a staggering 306-fold rise, is reportedly increasingly constrained by tidal flat carrying capacity and sedimentation issues in Jiangsu and Shandong provinces [23]. Scallop production, virtually negligible in 1970, now dominates in northern production centers, i.e., Shandong and Liaoning, reaching 1.86 million tons, a success largely attributed to the adoption of deep-water suspended culture techniques. Mussels, however, present a distinctly different scenario. While their output increased 21-fold from 36,700 tons in 1970 to 777,065 tons in 2023, their growth rate has significantly lagged behind the overall expansion trend of other bivalve mollusks. Over the nearly two decades from 1970 to 1989, the proportion of mussels in China’s total bivalve production steadily climbed from 20.6% to a historical peak of 40.0% (Figure 8), reflecting the transitional importance of mussel aquaculture in the restructuring of China’s aquaculture sector during this period. However, since the 1990s, this proportion has entered a continuous downward trend. With breakthroughs in breeding technologies for high-value bivalve species, such as triploid oysters and Yesso scallops, and the upgrading of consumer markets, the industrial status of mussels has gradually been superseded. By 2023, their share had shrunk to 5.2% (Figure 8), with the absolute increase in mussel production being overshadowed by the more rapid expansion of other bivalve species, highlighting a fundamental restructuring of China’s bivalve aquaculture species composition. However, China’s share of global mussel production has shown a consistent upward trend. While its output constituted an average of 32% of the global total from 1970 to 2023, this proportion had significantly increased to 40% by 2023 (Figure 6).



Mussel aquaculture in China is primarily focused on three species: the Mediterranean mussel (Mytilus galloprovincialis), the hard-shelled mussel (Mytilus coruscus), and the green mussel (Perna viridis). Mediterranean mussel farming is concentrated along the northern coast of China and represents the only mussel species cultivated on a commercial scale in the north. Rizhao, Shandong Province, serves as the nation’s primary production hub for Mediterranean mussels, achieving an output of 200,000 tonnes in 2024, which constituted 70% of China’s total Mediterranean mussel production [24]. While naturally distributed in northern waters, the hard-shelled mussel has not established commercial-scale farming there; its industry is centered in southern coastal areas such as Shengsi, Zhejiang Province. Shengsi, renowned as the “Home of the Hard-Shelled Mussel,” produced 243,600 tonnes in 2024, representing over 67% of China’s total hard-shelled mussel output [25]. The green mussel is predominantly distributed in southern China, with primary production hubs in Guangdong and Fujian provinces, where annual output remains stable at approximately 200,000 tonnes.




2.3. Comparative Analysis of Mussel and Other Bivalves


To systematically evaluate the relative position of mussel aquaculture within the bivalve sector and to address the central claim of its “structural undervaluation,” we compare mussels with oysters, scallops, and clams across four key dimensions: environmental performance, technological development, economic characteristics, and institutional support (Table 1). This comparative framework reveals structural disparities that help explain mussels’ declining market share despite their inherent sustainability advantages.



Environmental Performance: Mussel farming exhibits a low carbon footprint (0.25 kg CO2e/kg) and high nitrogen removal capacity (>100 kg N/ha·yr), comparable to or exceeding other bivalves [7,11]. However, its perceived spatial efficiency (yield per unit area) is often lower than that of intensive oyster raft systems [26], potentially influencing spatial planning decisions against mussels in crowded coastal zones.



Technological Development: A stark contrast exists. Oyster and scallop sectors have achieved high reliance on hatchery production (>80% in China) and benefit from numerous selectively bred strains with improved growth and disease resistance [27]. In contrast, mussel aquaculture remains heavily dependent on wild spat collection in many regions, and commercial-scale selective breeding programs are notably underdeveloped [28]. Mechanization in harvesting and processing is also less advanced for mussels compared to scallops.



Economic Characteristics: Farm-gate prices for mussels are generally lower than those for oysters and scallops [29], reflecting a lower perceived market value. Value addition through processing (e.g., smoked, canned, ready-to-eat) is less common for mussels, which are frequently sold live or frozen in bulk, limiting profit margins for producers.



Institutional and Governance Support: Spatial planning policies and research funding often prioritize high-value species. In China, for example, oysters in Fujian and scallops in Shandong receive focused policy support, while mussel farms are frequently allocated to less favorable or more polluted waters [22,23]. This differential support creates a competitive disadvantage for mussel aquaculture.





 





Table 1. Comparative analysis of major bivalve groups in global aquaculture systems.






Table 1. Comparative analysis of major bivalve groups in global aquaculture systems.












	Dimension
	Mussel
	Oyster
	Scallop
	Clam





	Environmental Performance
	
	
	
	



	Carbon footprint (kg CO2e/kg) [7,8]
	~0.25
	0.3–0.5
	0.4–0.6
	0.2–0.4



	Nitrogen removal (kg N/ha·yr) [11,12,13]
	>100
	80–120
	60–90
	50–80



	Technological Development
	
	
	
	



	Hatchery reliance (China) [22,27]
	Low (~30%)
	High (>80%)
	High (>70%)
	Medium (~50%)



	Number of improved breeds [30,31]
	Few (<5)
	Many (>20)
	Several (>10)
	Limited (<5)



	Mechanization level
	Medium
	Medium
	High
	Low



	Economic Characteristics
	
	
	
	



	Avg. farm-gate price (USD/kg) [29,32]
	1.5–2.5
	3.0–6.0
	4.0–8.0
	2.0–3.5



	Main product forms
	Live, frozen
	Live, half-shell, canned
	Frozen muscle, live
	Live, canned



	Value-added product diversity
	Low
	High
	Medium-High
	Low-Medium



	Institutional Support
	
	
	
	



	Spatial planning priority [23,33]
	Low
	High
	High
	Medium



	R&D funding focus [22,34]
	Low
	High
	High
	Medium








This comparison supports the thesis that the relative stagnation of mussel aquaculture is not incidental but stems from a systemic undervaluation, where its superior environmental profile is not matched by commensurate technological, economic, and policy investment, unlike its bivalve counterparts.




2.4. Institutional Drivers of Sectoral Prioritization


The disparities documented in Table 1 stem from a confluence of institutional and economic factors that systematically prioritize certain bivalve groups. First, market visibility and export orientation play key roles: oysters and scallops often command higher prices in international markets, making them attractive targets for export-driven policies and foreign investment. Second, technological demonstrativeness matters: breakthroughs in triploid breeding or offshore scallop culture generate political and scientific attention, leading to sustained R&D funding. Third, scale and clustering effects reinforce inequality: regions that specialize in high-value bivalves develop entrenched supply chains, lobbying power, and policy advocacy, further marginalizing mussel-producing areas. Finally, short-term economic metrics dominate aquaculture planning; mussels’ lower per-unit revenue and slower adoption of hatchery technology make them less appealing to growth-oriented governance models. Together, these factors create a self-reinforcing cycle that undervalues mussels’ ecological and social benefits, highlighting the need for governance frameworks that explicitly account for sustainability and resilience alongside profitability.





3. The Challenges in Mussel Production


3.1. Vulnerability of Spat Supply


The limitation of mussel spat supply has been a long-standing issue. Early practices primarily involved collecting spat from intertidal rock surfaces, an inefficient and unstable method that exerted considerable pressure on natural resources and was insufficient to meet the escalating demands of aquaculture [35]. Improvements were later achieved through technologies such as spat collector ropes. These innovative methods, by providing artificial substrates, effectively enhanced spat capture rates and concentration, significantly improving collection efficiency and partially mitigating direct damage to wild populations [36].



Despite the significant advancements brought by spat collector rope technology, mussel spat supply continues to face challenges, with fundamental threats stemming from the dual pressures of habitat loss and environmental fluctuations [26]. In the monsoon-affected waters of Galicia, variations in upwelling intensity can lead to a sharp decline of up to 60% in spat abundance [27], a mechanism similarly applicable to monsoon-affected coastal areas in China. Furthermore, warm water events in Southern Portugal have previously caused a complete failure of mussel larval recruitment [28].



Although advancements in hatchery breeding techniques have been made in recent years [22], large-scale spat production remains constrained by low larval survival rates (<20%) and the loss of genetic diversity [23]. More critically, the genetic diversity loss associated with hatchery breeding, coupled with genetic erosion of local strains resulting from gene flow between farmed and wild populations, collectively weakens population resilience [29].



Moreover, trans-regional transportation of spat exacerbates the risk of pathogen transmission. In Europe, the introduction of herpesvirus (OsHV-1) through oyster translocations led to widespread oyster mortalities [37]. China, the largest mussel producer, has yet to establish an effective spat health certification system [38]. In production areas lacking standardized resource assessment, such risks foster a vicious cycle of “introduction demand-pathogen invasion-population decline”.



Ultimately, spat shortages trigger cascading industrial effects: reliance on wild spat sources drives production costs up by over 30% [35], while hatchery-induced genetic diversity loss directly compromises population resistance to environmental stressors [29]. These factors collectively constitute the primary bottleneck for the sustainable development of the mussel industry.




3.2. Environmental Stress


Environmental factors constitute another fundamental cause of the decline in the mussel aquaculture industry, with their impacts exhibiting compounding and escalating trends. A synthesis of these stressors reveals that climate change is the dominant global driver, while eutrophication/harmful algal blooms (HABs) and coastal pollution are exacerbated by anthropogenic activities (with regional variations), and critical knowledge gaps persist in integrated stressor assessment and region-specific mitigation.



Climate change directly stresses mussels through interconnected pathways: rising water temperatures, ocean acidification, and hypoxia. Global warming has led to significant increases in sea surface temperature (projected to rise by 1–5 °C in the coming decades), directly impacting mussel physiology and survival rates [39]; it also increases the frequency/intensity of heatwaves (e.g., projected increases in days > 25 °C), elevating summer mortality risks. Concurrently, altered precipitation patterns boost freshwater runoff, reducing seawater salinity and exacerbating water column stratification (limiting oxygen/nutrient exchange and worsening hypoxia). Laboratory simulations confirm that a 0.3-unit pH decrease (ocean acidification) reduces mussel growth rates by 28% [40], while reduced dissolved oxygen significantly impairs mussel clearance rate, absorption efficiency, and growth, and increases excretion rates [41]. Extreme weather events (intense storms, large waves) cause direct physical damage to infrastructure and stocks, and indirectly trigger mass mortality via altered salinity or resuspended anoxic sediments [3].



Excessive stocking densities have pushed inshore aquaculture capacity close to ecological thresholds, intensifying eutrophication and substantially increasing the frequency of harmful algal blooms (HABs). Since the mid-1970s, HABs have become a decisive factor impacting mussel farming and marketability, leading to farm closures and reduced profitability [42,43].



Coastal pollution, driven by growing coastal populations, poses severe threats to mussel health and food safety. Key pollutants include heavy metals, organic pollutants, excess nutrients, antibiotics/hormones, and microplastics from industrial, agricultural, and domestic sources [44,45,46,47,48]. As filter-feeders, mussels bioaccumulate these pollutants, inducing immunosuppression; pollutant transfer through the food chain also raises human health concerns. A critical knowledge gap here is the cumulative impact of mixed pollutants (e.g., microplastics combined with heavy metals) on mussel physiology and food safety, which remains poorly quantified.



Diseases and parasites are persistent threats, with risks amplified by climate change and intensive farming practices—another global driver interacting with local conditions. As filter-feeders, mussels are exposed to diverse pathogens (bacteria such as Vibrio parahaemolyticus, viruses such as norovirus, and protists such as Martellia refringens) and parasites, causing mass mortality (e.g., vibriosis) and foodborne illnesses; shellfish-borne pathogens alone caused over $3 billion in losses in the US in 2018 [49]. High stocking densities increase parasite abundance and accelerate pathogen transmission [50], while climate warming enhances pathogen survival/range (e.g., Vibrio spp.) and suppresses mussel immune function via thermal stress [51,52]. For example, V. parahaemolyticus infection rates rise sharply at temperatures > 15 °C [53]. Current control methods are limited: antibiotics promote resistant bacteria [54], depuration is inefficient for viruses and costly [55], and monitoring fails to detect non-culturable microorganisms [56]. A key knowledge gap is the development of cost-effective, eco-friendly control strategies tailored to different farming systems and regions.



Biological threats (predation) are widespread, with wild fish (e.g., gilthead seabream), starfish, and ctenophores causing significant losses to mussel seed and adults—sometimes forcing farm closures [57,58,59]. Mitigation measures (e.g., predator nets) incur additional costs and may restrict water flow (hindering growth), while control implementation faces bureaucratic hurdles.



Collectively, these intertwined environmental pressures (dominated by global climate change, modified by regional anthropogenic and geomorphological factors) create cascading effects that erode the ecological foundation of the mussel industry. Critical cross-cutting knowledge gaps include the interactive effects of multiple stressors (e.g., climate change + pollution + pathogens) and the lack of region-specific adaptive management frameworks, which are essential for industry resilience.




3.3. Structural Flaws in the Industrial Chain


The economic resilience of the mussel industry is primarily constrained by inherent structural deficiencies within its supply chain. Globally, mussel aquaculture is predominantly characterized by fragmented, small-scale production. For instance, a significant proportion of Greek farms operate on areas under 3 hectares [26]. This fragmentation severely diminishes farmers’ bargaining power in the market, resulting in their capturing only a minimal share of the final consumer price. Furthermore, excessive reliance on live sales significantly exacerbates price volatility. In markets like China, where live mussels constitute a 40% portion of sales, the industry is highly vulnerable to fluctuations in supply and demand [25]. Concurrently, the underutilization of mussel by-products represents a major bottleneck, as substantial quantities of valuable biological resources remain inadequately developed, severely limiting the sector’s potential for value addition.



Compounding these issues, market preference for smaller-sized mussels, while shortening individual production cycles, comes at the cost of long-term population sustainability. This preference significantly reduces the reproductive contribution per unit of output, posing a latent threat to the sustainable utilization of resources. Early harvesting of small-sized mussels (e.g., <6 cm) reduces the reproductive output per cohort, as a larger proportion of individuals are removed before reaching full maturity. This practice, driven by market demand for smaller, tender meats, may undermine long-term population resilience and genetic diversity, particularly in regions reliant on wild spat collection [26,60].




3.4. Inadequate Policies and Management


As a space-intensive industry, mussel farming critically depends on access to suitable coastal waters. However, the scarcity of coastal space combined with intense competition from diverse development needs creates significant barriers. High occupancy rates and the difficulty in securing access to prime farming areas directly impede the establishment of new farms and the necessary expansion of existing operations, forming a rigid constraint on industry development [39].



The aquaculture licensing process is typically protracted, complex, and fraught with uncertainty regarding issuance, renewal, and fee structures. This significantly increases operational risks and compliance costs for producers and investors. Examples include distortions in the market environment caused by unfair concession fee practices (e.g., Italy’s “super fees”) and rigid permitting systems (e.g., Greece) that directly hinder farms from achieving economies of scale. Public administration shortcomings in providing adequate and appropriate farming licenses further restrict the industry’s potential for scaling up [61].



Regionally, policy and management constraints vary: Europe struggles with rigid licensing systems and unfair concession fee practices (e.g., Italy’s ‘super fees’), while China faces challenges in spatial planning and spat health certification. In the Americas, the main barriers are securing access to prime coastal areas amid competing development needs, and in Oceania, balancing conservation and aquaculture expansion. A common governance gap across regions is the lack of science-based spatial planning frameworks tailored to mussel farming’s space-intensive nature.




3.5. Challenges in Economic and Market


Intense international competition, particularly from low-cost imports (e.g., Chile), squeezes domestic industries in regions like Europe. A stagnant or declining overall European mussel market, coupled with mounting pressure from major retailers on the supply chain, further compresses profit margins. Simultaneously, rising production costs (raw materials, energy) against price stagnation create a widening gap, a factor historically contributing to the exit of larger companies from the sector [26].



The ongoing exodus of younger workers exacerbates labor shortages and a generational succession crisis [62], while a crisis of trust among producers inhibits collaboration and collective action [32]. Studies indicate that longline farms below a certain size threshold (e.g., 3 hectares) struggle to achieve economic sustainability, necessitating cooperation or restructuring to enhance competitiveness [63]. Compounding this, farmers often exhibit cognitive biases in risk perception, underestimating long-term threats like climate change and expressing skepticism towards scientific management solutions. This impedes the effective adoption of advanced farming techniques and management models. Furthermore, consumer misconceptions regarding “shellfish contaminants” damage market confidence. This negative perception, often not fully grounded in scientific evidence, exerts a persistent adverse effect on market demand.



Adding to the industry’s challenges is a problematic market perception issue, where mussels are sometimes viewed as “seafood for the poor,” negatively impacting product image and market value [44]. Addressing this perception gap requires targeted marketing and product diversification strategies, as discussed in Section 4.1.2.





4. Suggestions for Revitalizing the Mussel Production


To translate the broad challenges outlined above into actionable pathways, we propose a prioritized strategy framework. The recommendations are categorized into (I) short-term operational measures that can be implemented relatively quickly to address immediate constraints and stabilize production, and (II) medium- to long-term foundational measures that require sustained investment and systemic changes to ensure the sector’s resilience and growth. This phased approach aims to provide clear guidance for stakeholders with different planning horizons.



4.1. Short-Term Operational Priorities


4.1.1. Advocate Ecological Farming and Adaptive Management


Addressing environmental stressors requires adopting ecosystem-based adaptive management. Multi-trophic aquaculture (IMTA) is a well-established ecological farming approach. For mussel aquaculture, implementing IMTA systems integrating seaweeds or filter-feeding finfish can effectively mitigate eutrophication by absorbing excess nutrients from mussel metabolism, while providing secondary income streams and enhancing water quality [64,65]. Strategic siting of farms in areas with strong hydrodynamics can naturally reduce hypoxia risks and pollutant accumulation, complemented by real-time environmental monitoring networks to forecast and evade harmful algal blooms (HABs) or heatwaves [66,67]. Pathogen and predator management must move beyond reactive measures; developing vaccines against prevalent Vibrio strains, deploying selective predator deterrents like frequency-modulated acoustic devices or habitat modifications (e.g., seabed topography adjustments to discourage starfish), and leveraging selective breeding for disease resistance offer more sustainable solutions than antibiotics or indiscriminate netting [68,69,70].




4.1.2. Diversifying Revenue Streams and Improving Market Positioning


Economic viability within the aquaculture sector is critically dependent on a strategic overhaul of the existing value chain and a concerted effort towards revenue diversification. Value-chain restructuring through producer cooperation is a widely recognized strategy for improving the economic resilience of fragmented aquaculture sectors. For the mussel industry, incentivizing producer cooperatives or Producer Organizations (POs) to centralize supply can enhance bargaining power against processors and retailers, achieve economies of scale, and reduce operational costs [71,72]. This collective approach enables shared logistics, bulk purchasing of inputs, and joint marketing initiatives, all contributing to reduced operational costs and improved profitability per unit. Beyond optimizing the primary supply chain, reducing reliance on volatile live markets is paramount for long-term stability. This requires substantial investment in processing infrastructure dedicated to the creation of value-added products. Such products, including but not limited to smoked mussels, ready-to-eat meals, and protein isolates, offer higher profit margins, extended shelf life, and access to broader, more stable consumer markets. Concurrently, there is immense untapped potential in exploiting underutilized by-products, transforming waste into valuable resources and fostering circular economy models. For instance, shell waste, abundant in calcium carbonate and chitin, can be valorized into high-demand products such as agricultural supplements, advanced biomedical materials (e.g., scaffolds for tissue engineering), or effective water remediation agents [73]. Similarly, mussel meat trimmings, often discarded, can be repurposed for high-quality pet food or nutraceuticals, leveraging their rich protein and omega-3 content, as highlighted by Monteiro, Domingues and Calado [74]. Furthermore, integrating aquaculture tourism, educational farm tours, on-site tastings, or recreational fishing capitalizes on existing assets (boats, facilities) to generate supplementary income and improve public perception, though this requires streamlined national regulations for passenger transport on work vessels [75,76]. To counteract the perception of mussels as “seafood for the poor,” targeted marketing strategies are essential. These include developing premium product lines (e.g., organic or regionally branded mussels), promoting culinary tourism through mussel festivals and farm-to-table experiences, and collaborating with chefs and nutritionists to highlight mussels’ health and sustainability credentials. Successful case studies from New Zealand and Chile demonstrate that rebranding efforts can significantly enhance consumer willingness-to-pay and market positioning [75].





4.2. Medium- to Long-Term Foundational Strategies


4.2.1. Strengthening Hatchery Technology and Genetic Breeding


To enhance spat supply resilience, substantial investment in hatchery technology is paramount. Advances in larval rearing protocols, focusing on improving survival rates beyond the current <20% threshold through optimized nutrition and microbial management [23], are critical. Coupled with these, the application of advanced genetic breeding techniques is indispensable. While other commercially important bivalves like oysters and scallops have seen significant progress in selective breeding, leading to numerous improved strains with enhanced growth rates, disease resistance, and environmental tolerance [30,34,77], mussel breeding programs remain notably underdeveloped. To address this critical gap, beyond maintaining genetic diversity and disease resistance through genomic selection, targeted breeding efforts are crucial. These efforts should focus on developing mussel strains optimized for specific aquaculture conditions, such as faster growth, improved meat yield, enhanced resilience to climate change impacts, and resistance to emerging pathogens [31]. This proactive genetic improvement, mirroring successful programs in oyster and scallop industries, will significantly contribute to the stability and productivity of mussel farming. Simultaneously, establishing mandatory international spat health certification systems is essential to prevent pathogen transmission like OsHV-1, emulating lessons from European oyster translocations [37,60]. Regional spat banks, utilizing collector ropes in environmentally stable refugia, could buffer against fluctuations in wild recruitment driven by monsoon shifts or warming events [27,28].




4.2.2. Ensuring Spatial Planning Security and Governance Reform


Policy and governance reforms are fundamental enablers. Allocated Zones for Aquaculture (AZAs) have been promoted by international organizations such as the FAO-GFCM as a proven spatial planning tool. For mussel farming, establishing AZAs through participatory spatial planning prioritizes aquaculture in ecologically suitable areas, minimizes user conflicts (e.g., with tourism or shipping), and provides long-term investment security [33,78]. Furthermore, the burgeoning interest in multi-use platforms, particularly the co-location of mussel farming within offshore wind farms, presents both opportunities and regulatory challenges [79]. Integrating aquaculture into these energy infrastructures can optimize marine space utilization, potentially leveraging existing grid connections and reducing the visual impact of standalone aquaculture sites [80]. However, this necessitates specific policy adaptations: developing integrated permitting processes that account for both energy production and aquaculture, establishing clear liability frameworks, and ensuring robust environmental monitoring to assess cumulative impacts. Policies must also address operational synergies and potential conflicts, such as navigation safety and maintenance access, while providing incentives for such innovative co-location models that contribute to blue growth and food security. Streamlining licensing and concession systems is urgently needed: replacing fragmented municipal or regional management with national frameworks ensures uniformity, transparency, and durations exceeding 5 years (essential for EMFAF funding access). Resolving the “super fee” inequity and setting concession fees based on ecological carrying capacity rather than arbitrary historical categories is crucial for fairness and sector stability [62].






5. Conclusions


Mussel aquaculture stands as a critically underleveraged component of the global blue food system, uniquely positioned to deliver sustainable protein with minimal environmental footprint through its carbon efficiency, nutrient remediation capacity, and zero freshwater demand. Despite steady production growth, the sector’s declining share within total bivalve output highlights a significant disconnect between its inherent sustainability advantages and its realized market potential. This review, through a structured comparative analysis, attributes this disconnect to a systemic undervaluation of mussels relative to oysters, scallops, and clams, manifested in weaker technological development, lower economic returns, and less policy support. This undervaluation is perpetuated by governance models that prioritize short-term economic returns and technological prestige over long-term ecological resilience and diversified food security. The interconnected biological, environmental, and socio-economic governance challenges—including spat supply instability, escalating climate and pollution stressors, fragmented value chains, suboptimal byproduct utilization, and restrictive spatial policies—collectively constrain sustainable intensification. To unlock this potential, a conscious reorientation of policy logic is required—from favoring historically dominant species to incentivizing ecologically efficient and socially equitable production systems. This entails advancing hatchery technology and genomic selection to secure resilient spat supply; adopting ecosystem-based management like IMTA and AI-enhanced environmental monitoring to mitigate risks; restructuring value chains through producer cooperation and high-value product diversification; and implementing science-based spatial planning with streamlined licensing to secure long-term access and investment. Crucially, future development must recognize that while bivalve markets are partially segmented, competition for space, capital, and innovation resources is real. Policymakers and industry stakeholders should consciously rebalance investment to leverage mussels’ superior environmental performance, rather than allowing historical market biases to dictate resource allocation. By decisively addressing these constraints through innovation, collaboration, and adaptive governance, the global mussel sector can transition towards a model of sustainable intensification. This will solidify its vital role in providing climate-resilient nutrition while delivering essential ecosystem services, contributing significantly to food security, ocean health, and a truly sustainable blue economy.
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Figure 1. Global and regional live weight production trends of bivalve mollusks (clams, mussels, oysters, scallops) from 1970 to 2023. 
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Figure 2. Trends in bivalve production in China and its global share from 1970 to 2023. 
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Figure 3. Chinese live weight production trends of bivalve mollusks (clams, mussels, oysters, scallops) from 1970 to 2023. 
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Figure 4. Trends in the proportion of major bivalve species in global bivalve production from 1970 to 2023. 
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Figure 5. Trends in the proportion of global bivalve production by continent from 1970 to 2023. 
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Figure 6. Continental and Chinese shares in global mussel production. 
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Figure 7. Trends in the production volume of mussels by leading countries from 1970 to 2023. 
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Figure 8. Trends in the proportion of major bivalve species in China bivalve production from 1970 to 2023. 
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