
Futuristic Aquaculture Technologies: Reshaping the Fish Production System
Chandan Debnath
Division of Animal and Fisheries Sciences, ICAR Research Complex for NEH Region, Umiam, Meghalaya
chandan.debnath@icar.gov.in; contact: +91-9862689090)

ABSTRACT

Aquaculture is one of the fastest-growing food-producing sectors globally. However, the current aquaculture production is unable to keep up with the growing demand for fish due to a significant rise in the global human population and increased consumption of fish, driven by the growing awareness of fish as a healthful food option. Aquaculture requires intensification by embracing new technologies to address this rising demand for fish and to more effectively contribute to poverty reduction and alleviation of malnutrition. Futuristic techniques and approaches that have the potential to enhance aquaculture and establish it as a thriving industry include aquaponics, recirculatory aquaculture system, neo-female technology, bio-floc technology, compensatory growth mechanisms, enclosure culture, selective breeding, precision farming, among others. Many of these advanced technologies are currently undergoing rigorous evaluation through research and development efforts, aimed at ensuring a future supply of high-quality fish to meet global needs. As we look ahead, we hold an optimistic view of aquaculture's transformative potential, envisioning it as a catalyst for meeting the growing worldwide demand for fish while also making significant contributions to the well-being of communities.
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Introduction
Currently, the global population stands at 8.1 billion, with projections indicating an increase to 8.5 billion by 2030 and 9.7 billion by 2050. In the domain of capture fisheries, production has reached its zenith, underscoring the significance of aquaculture as the primary solution to fulfill the surging demand for fish, a crucial source of animal protein, driven by the swiftly expanding population. At present, the entire worldwide output of fisheries and aquaculture, which amounts to 177.8 million metric tons (MMT) of fish, sees aquaculture contributing 87.5 MMT. It is foreseen that by 2030, more than 60% of aquatic products intended for human consumption as animal protein will originate from aquaculture. Simultaneously, within the realm of global animal meat production, aquaculture outperforms all other sources. This pattern is predicted to persist until 2030. With the continuous rise in aquatic production, particularly from aquaculture, the adoption of innovative technologies and methodologies becomes imperative. The objective extends beyond merely achieving high-quality fish; it also encompasses the reduction of adverse impacts on the aquatic ecosystem. Through the application of sustainable practices, we can attain future production targets while mitigating ecological repercussions. This article offers insights into cutting-edge technologies and production approaches tailored for the intensive cultivation of fish.

Bio-flocculation technology 
Biofloc technology emerges as a visionary and futuristic approach to revolutionize realm of aquaculture as an industry. Rooted in the understanding of microbial ecosystems, this avant-garde methodology reimagines traditional aquaculture by fostering intricate symbioses between microorganisms and aquatic organisms. At its core, biofloc technology engenders a self-regulating environment, where beneficial microbial communities thrive on organic waste, converting it into a nutritive biomass – the eponymous bioflocs.
	This symbiotic relationship bears multifaceted advantages that herald a new era in aquaculture. In a world strained by depleting resources, biofloc technology stands as a beacon of efficiency. By converting waste into sustenance, it minimizes reliance on external feeds, thereby conserving resources and alleviating pressures on fragile ecosystems. The closed-loop nature of biofloc systems fortifies biosecurity, mitigating the risk of disease outbreaks that often plague conventional aquaculture. This resilience is pivotal for safeguarding global food security. In an era defined by environmental consciousness, biofloc technology exemplifies responsible practices. Its innate ability to sequester nutrients and reduce effluent discharge curtails pollution, offering a viable solution to aquaculture's ecological footprint. With reduced feed costs and heightened stocking densities, biofloc technology presents a compelling economic model. Amid escalating climate challenges, biofloc systems offer resilience against environmental fluctuations. The robustness of these systems, coupled with their reduced vulnerability to climatic shifts, reinforces their futuristic relevance. As our global population burgeons and finite resources strain, the emergence of biofloc technology couldn't be timelier. It embodies a harmonious convergence of scientific ingenuity, sustainability imperatives, and economic viability. In envisaging a world where responsible aquaculture coexists with the environment, biofloc technology emerges as an emblematic bridge to a more sustainable and prosperous future.

Recirculatory aquaculture system 
Recirculating Aquaculture System (RAS) stands as a trailblazing and visionary technology, poised to redefine the landscape of aquaculture and pave the way for a sustainable and resilient future. Rooted in advanced engineering and ecological principles, RAS is a transformative approach that embodies efficiency, conservation, and adaptability. At its core, RAS is a closed-loop aquaculture system that reimagines the traditional notion of water usage. In stark contrast to conventional practices, where vast amounts of water are continuously drawn from natural sources and then discharged as effluent, RAS operates within a circulatory paradigm. Water is meticulously filtered, treated, and recirculated through the system, minimizing consumption and drastically reducing environmental impact. This fundamental shift in approach aligns seamlessly with the imperative of water conservation in an era of burgeoning population and dwindling freshwater resources.
The visionary potential of RAS radiates across a constellation of benefits. Foremost, it addresses the ecological concerns that have long plagued aquaculture. By substantially reducing effluent discharge and maintaining stringent control over water quality, RAS mitigates the risk of pollution, eutrophication, and disease outbreaks. This heralds a transformative leap towards environmentally responsible and ecologically harmonious aquaculture practices. Moreover, RAS promises to revolutionize the economics of aquaculture. While its initial setup may entail higher capital investment compared to traditional systems, the long-term advantages are profound. 
Aquaponics 
As we peer into the horizon of aquaculture's future, a novel concept emerges, bearing the promise of revolutionizing the way we cultivate aquatic life while addressing pressing global challenges. This visionary concept is none other than "aquaphonics," a fusion of aquaculture and hydroponics that could propel sustainable food production to new heights. Aquaphonics, although a term that might not yet be widely recognized, encapsulates a concept with profound implications for the future of aquatic farming. At its heart lies an intricate dance between fish and plants, orchestrated within a closed-loop system that harmonizes their biological needs and contributions. As we grapple with issues such as food security, water scarcity, and environmental degradation, aquaphonics emerges as a beacon of innovation, resource efficiency, and ecological synergy.
In the realm of aquaculture, traditional practices often involve large water volumes and significant waste generation. Conversely, hydroponics offers a soilless method of plant cultivation, using nutrient-rich water to foster growth. Aquaphonics ingeniously marries these two domains, creating a symbiotic ecosystem where fish waste serves as a nutrient source for hydroponically grown plants, while the plants, in turn, filter and purify the water for the fish.
The implications of aquaphonics as a futuristic aquaculture technology are far-reaching. In an era marked by resource constraints, aquaphonics emerges as an exemplar of efficiency. Fish waste, which would traditionally be discarded, becomes a valuable resource, nourishing plants and reducing the need for external fertilizers. Water consumption is drastically minimized through recycling, addressing the global challenge of water scarcity. Aquaphonics tackles the issue of waste head-on. Nutrients that would typically contribute to water pollution are now harnessed to support plant growth. This integrated system significantly reduces the environmental footprint associated with both aquaculture and hydroponics.
All male or all female (neo-female) fish production 
In the dynamic world of aquaculture, where innovation meets sustainability, the techniques of all male and all female fish production shine as examples of cutting-edge strategies aimed at optimizing growth, resource utilization, and genetic selection. These techniques, collectively known as monosex culture, have the potential to reshape the future of fish farming, offering unique advantages and addressing critical challenges.
The all male production technique involves cultivating a population of fish predominantly composed of male individuals. This approach is grounded in the biological phenomenon that male fish often exhibit faster growth rates and superior feed conversion efficiency compared to their female counterparts. This phenomenon is particularly pronounced in species like tilapia, where male tilapia can outpace females in terms of growth. By manipulating sex ratios through hormonal treatments, genetic selection, or environmental cues, aquaculturists can create populations dominated by male fish. 
Conversely, the all female production technique involves cultivating a population primarily comprised of female fish. This approach can be advantageous in situations where specific traits or genetic characteristics are desired in females, or when species exhibit sexually dimorphic growth rates. By focusing on cultivating all female populations, aquaculturists can achieve better control over breeding and genetic selection. For example, consider rainbow trout aquaculture. Female rainbow trout generally display superior growth potential compared to males. By utilizing the all female production technique, aquaculturists can concentrate on selective breeding programs that emphasize desirable traits such as growth rate, disease resistance, and product quality. This approach not only enhances production efficiency but also contributes to the genetic improvement of the species.
Integrated Multi-Trophic Aquaculture

Integrated multi-trophic aquaculture (IMTA) is a regenerative aquaculture technology which represents an innovative and holistic approach to fish farming that goes beyond traditional methods by aiming to restore and enhance ecosystem health while producing sustainable seafood. This forward-looking technique is designed to mimic natural processes and promote a balanced coexistence between aquaculture and the environment. At its core, IMTA involves cultivating a diverse array of species across various trophic levels, each contributing unique ecological functions that collectively enhance the system's efficiency and resilience. These trophic levels typically encompass finfish, shellfish, and seaweed, each playing a vital role in the intricate web of interactions within the ecosystem. 
The benefits and components of IMTA as the future of aquaculture are far-reaching. IMTA mimics the natural nutrient cycling found in marine ecosystems. Fish waste becomes a valuable resource for algae and seaweed growth, while these autotrophs absorb excess nutrients, effectively recycling and purifying the water. IMTA addresses the environmental concerns often associated with monoculture aquaculture, such as nutrient pollution and habitat degradation. By integrating multiple species, IMTA reduces the reliance on external inputs and minimizes the ecological footprint. IMTA cultivates a biodiverse system, fostering natural biological interactions and enhancing ecosystem resilience. The presence of different species promotes biological control mechanisms, reducing the risk of disease outbreaks. IMTA diversifies revenue streams, optimizing resource utilization and potentially increasing profitability. The cultivation of multiple species provides a safeguard against market fluctuations and economic uncertainties linked to a single species. 
Organic aquaculture
Organic aquaculture stands as a promising and forward-looking approach within the realm of aquaculture, offering a sustainable and ecologically mindful solution to the challenges of producing “safe fish” for a growing global population. At its core, organic aquaculture revolves around the cultivation of aquatic organisms in a manner that mimics natural ecosystems while minimizing negative impacts. This encompasses various elements that set it apart as a cutting-edge technology in the aquaculture industry.
Organic aquaculture places emphasis on sustainable feed sourcing. It seeks to minimize the reliance on wild-caught fishmeal and fish oil, which are often associated with overfishing and habitat destruction. Instead, organic aquaculture promotes the use of alternative, plant-based feeds and feed formulations that reduce the industry's ecological footprint. Organic aquaculture places stringent restrictions on the use of synthetic chemicals, antibiotics, and pesticides. Instead, it prioritizes disease prevention through natural means, such as optimizing environmental conditions, promoting biodiversity, and applying biological control methods. Organic aquaculture considers the broader ecosystem and resource management. It strives to minimize habitat disruption, prevent escapement of farmed species, and ensure that the overall impact on surrounding ecosystems is minimal. As a futuristic aquaculture technology, organic aquaculture envisions a harmonious coexistence between human activities and aquatic ecosystems. 
Multiple stocking and multiple harvesting technique
Multiple stocking and multiple harvesting (MSMH) technique is an innovative and strategic approach that involves introducing multiple batches of fish or aquatic organisms into a production system at different times and subsequently harvesting them in a staggered manner. This technique is designed to optimize resource utilization, production efficiency, and overall system performance. In the MSMH technique, various groups of fish are stocked at different intervals, allowing for a continuous supply of harvested products over an extended period. Each batch of fish follows a distinct growth cycle, enabling aquaculturists to maximize the use of available resources while minimizing waste. The concept is particularly applicable to species with different growth rates, sizes, and market demands. MSMH ensures a steady and regular supply of harvested fish, reducing the risk of market fluctuations and providing a reliable source of income for farmers. The technique enables efficient utilization of production infrastructure, feed, and water resources by maintaining consistent occupancy throughout the production cycle. MSMH can lead to a reduced environmental footprint as resources are utilized more efficiently, and waste generation is minimized. The staggered stocking and harvesting schedules allow for better production planning and management, enabling to respond to market demands more effectively. The technique can aid in disease management by reducing the likelihood of disease outbreaks affecting the entire population simultaneously. By amalgamating the innovative concepts of stunted fingerling production and compensatory growth within the framework of MSMH, aquaculturists can achieve a holistic and forward-looking approach to sustainable seafood production.

Stunting fingerling production and growth compensation technique 
It is a strategic approach aimed at manipulating the growth trajectory of young fish, known as fingerlings, to achieve specific size or weight targets through controlled stunting during their early stages of development. This technique capitalizes on the fish's innate ability for compensatory growth, wherein they exhibit accelerated growth rates after a period of restricted growth. By combining deliberate stunting with subsequent growth compensation, aquaculturists optimize production efficiency, resource utilization, and market readiness.
During the stunting phase, fingerlings are exposed to conditions that intentionally slow down their growth. This can be achieved through strategies such as higher stocking densities, limited or lower-quality feed, and suboptimal environmental conditions. The objective is to restrict the fingerlings' growth potential and maintain them at a smaller size compared to their genetic potential. Following the stunting phase, fingerlings are transferred to more favorable conditions that promote growth. These conditions include optimal water quality, lower stocking densities, and improved feed quality. The transition triggers the phenomenon of compensatory growth, where the fingerlings rapidly increase their growth rates to catch up to their normal size potential. It may be pertinent to mention here that fish is the only animals which show compensatory growth. 
Selective breeding 
	Selective breeding represents an innovative and futuristic aquaculture technology that holds immense promise for transforming the industry. Through careful genetic manipulation and controlled breeding, specific traits can be enhanced, resulting in fish populations with superior qualities. The Genetically Improved Farmed Tilapia (GIFT) program is a pioneering initiative that exemplifies the power of selective breeding. Developed by the WorldFish Center, GIFT tilapia is bred for rapid growth, high feed conversion efficiency, and disease resistance. This strain has led to significantly improved tilapia yields, boosting global aquaculture production and contributing to food security. In the salmon industry, selective breeding has been used to enhance traits such as growth rate, fillet quality, and disease resistance. Farmed salmon strains, like the 'SalmoBreed' strain developed in Norway, have been tailored to thrive in aquaculture settings while exhibiting reduced environmental impacts and enhanced consumer appeal. In the United States, selective breeding programs for catfish have been established to produce faster-growing, disease-resistant, and economically valuable strains. These efforts have led to the development of 'Superspawners,' a line of channel catfish known for their exceptional reproductive capacity and growth rates. Selective breeding has been applied to shrimp farming, aiming to produce disease-resistant and high-performing shrimp. The 'Super Shrimp' program in Vietnam focuses on enhancing the genetic traits of black tiger shrimp to combat diseases like Early Mortality Syndrome (EMS) and White Spot Syndrome Virus (WSSV). In China, common carp has been the subject of selective breeding for decades. The 'Amur carp' strain, known for its rapid growth and adaptability to various aquatic environments, has played a pivotal role in enhancing carp aquaculture production.These examples underscore the transformative potential of selective breeding in fish. By fine-tuning genetic traits, aquaculture can achieve higher yields, better resource utilization, and reduced environmental impacts. 
Greenhouse fish farming 
Greenhouse fish farming technology is an innovative and sustainable approach that combines aquaculture with controlled environmental conditions provided by a greenhouse structure. This is a highly beneficial technology for temperate aquaculture or aquaculture in hills. This fusion of agriculture and aquaculture offers numerous benefits and has gained popularity as a futuristic method for fish cultivation. In greenhouse fish farming, fish are reared within a controlled indoor environment that provides protection from external factors such as temperature fluctuations, extreme weather, and predators. The greenhouse structure acts as a shield, maintaining optimal conditions for fish growth while also allowing for efficient water and resource management. Greenhouses provide precise control over temperature, enabling year-round fish production regardless of external weather conditions. This is particularly advantageous for species that are sensitive to temperature changes or require specific temperature ranges for optimal growth. The enclosed environment of a greenhouse reduces the risk of disease transmission from external sources, such as wild fish or contaminants. This contributes to healthier fish populations and lower disease incidence. With the ability to control environmental factors, greenhouse fish farming enables continuous production regardless of seasonal changes, ensuring a consistent supply of fish. Examples of fish commonly cultivated using greenhouse fish farming technology include tilapia, trout, and catfish. These systems can be tailored to meet the specific requirements of different fish species and local conditions.
Aquamimicry 
Aquamimicry is an innovative and futuristic approach in aquaculture that draws inspiration from natural aquatic ecosystems to design and manage fish farming systems. Rooted in the concept of “biomimicry”, which involves emulating nature's solutions to create sustainable designs, aquamimicry aims to replicate the principles and functions of aquatic ecosystems to enhance the efficiency, resilience, and sustainability of aquaculture operations. Aquamimicry encompasses various aspects, including system design, water management, species selection, and ecological interactions. The goal is to create harmonious and self-regulating aquaculture systems that closely mimic the functioning of natural aquatic environments. Mimicking natural ecosystems promotes biodiversity by creating habitats for various species. This can lead to enhanced resilience against diseases and other stressors. Aquamimicry seeks to optimize energy use by harnessing natural processes. Solar energy, natural water movement, and passive heating/cooling techniques are integrated to minimize energy consumption. 
Integrated predator-prey aquaculture
Integrated predator-prey aquaculture (IPPA) or simply prey-predator aquaculture (PPA), is an innovative approach that involves the co-cultivation of predator and prey species within the same aquatic system. This method leverages the natural interactions between these species to create a balanced and ecologically sustainable farming environment. The concept draws inspiration from natural ecosystems, where predator-prey relationships help regulate populations and maintain ecological equilibrium. Predators help control the population of prey species, preventing overpopulation and its associated negative effects on water quality and resource availability. Prey species, such as smaller fish (minnows) or crustaceans, can be cultivated as feed for predator species, reducing the need for external feed sources and enhancing feed conversion efficiency. Predators consume excess prey, which contributes to waste reduction and nutrient recycling within the system, minimizing the risk of water pollution. Predators may help control the spread of diseases within the prey population, as healthier prey populations are less susceptible to diseases. The interdependence between predator and prey species can lead to enhanced overall productivity within the aquaculture system. By mimicking natural ecological interactions, prey-predator aquaculture can promote a more sustainable and harmonious relationship between aquaculture activities and the environment. Some examples of PPA models are (1) shrimp-fish system where certain fish species, such as groupers, barramundi, or cobia, can be cultivated as predators alongside shrimp, (2) mosquito fish-gold fish system, where mosquito fish are used as natural predators to control mosquito larvae in decorative goldfish ponds, (3) co-culture of tilapia with predatory fish like featherbacks or murrels. This approach enhances fish production while maintaining a balanced ecosystem.

Microbubble diffusion technology
Microbubble diffusion technology is an innovative and advanced method that involves the introduction of tiny air bubbles, or microbubbles, into water systems to enhance various aspects of fish farming. These microbubbles, which are significantly smaller than conventional bubbles, offer a range of benefits when applied to aquaculture practices. This technology has gained attention for its potential to improve water quality, fish health, and overall production efficiency. Microbubbles have a large surface area relative to their volume, facilitating efficient oxygen transfer to water. By enhancing dissolved oxygen levels, microbubble diffusion ensures that fish have an adequate oxygen supply, promoting healthy growth and reducing stress. Microbubbles create gentle turbulence and water movement, promoting uniform distribution of oxygen, nutrients, and other essential elements within the water column. This helps prevent stratification and ensures consistent conditions for fish throughout the farming environment. Microbubble diffusion aids in the dispersion and distribution of nutrients and feed particles in the water. This can lead to improved feed utilization and reduced waste accumulation, contributing to higher feed efficiency. Microbubbles have been shown to disrupt and dislodge biofilms that can form on surfaces in aquaculture systems. This helps prevent the buildup of organic matter and reduces the risk of disease. The fine microbubbles create a soothing and calming effect on fish, potentially reducing stress levels and improving overall fish welfare. This can lead to enhanced immunity and disease resistance. Microbubble diffusion can contribute to improved water clarity and reduced suspended solids, which positively impact water quality parameters such as turbidity and transparency. In systems utilizing biofloc technology, microbubbles can aid in the formation and maintenance of bioflocs, which are aggregates of microorganisms that contribute to nutrient recycling and water quality improvement.
Cage culture
Cage culture stands as a pioneering and futuristic technique within the realm of aquaculture, showcasing the industry's innovative evolution towards sustainable and efficient fish production. Rooted in the concept of utilizing natural aquatic environments while minimizing environmental impact, cage culture represents a transformative approach that addresses both the challenges and opportunities of feeding a growing global population. At its core, cage culture involves the cultivation of fish and other aquatic organisms within net enclosures suspended in natural water bodies such as oceans, lakes, rivers, and reservoirs. 
Modern cage culture systems are equipped with advanced monitoring and management technologies that allow for real-time assessment and control of water quality parameters, ensuring a healthy environment for the cultivated organisms. By leveraging natural water bodies, cage culture mitigates the environmental impacts associated with traditional land-based aquaculture, such as habitat destruction, pollution, and excessive resource use. Futuristic cage designs, such as the “aquapod system”, demonstrate the industry's commitment to innovation. These designs optimize water column positioning, feed distribution, and monitoring, pushing the boundaries of production efficiency. Cage culture is seamlessly integrated with cutting-edge technologies, including remote sensing, data analytics, and automated feeding systems, enabling precision management and enhancing overall productivity.
Precision aquaculture
Precision aquaculture represents a cutting-edge and technologically advanced approach that applies data-driven strategies, automation, and real-time monitoring to optimize the production of aquatic organisms. Similar to precision agriculture in terrestrial farming, precision aquaculture aims to enhance productivity, efficiency, and sustainability by tailoring management practices to specific conditions and individual needs.
Precision farming relies on the collection of extensive data from various sources, such as sensors, cameras, and environmental monitoring systems. These data include parameters like water quality, temperature, oxygen levels, and feed consumption. Advanced analytics and modeling are then used to interpret the data and derive actionable insights. Automated systems continuously monitor key variables, enabling prompt responses to changes in environmental conditions. Real-time monitoring allows for quick adjustments to optimize growth, health, and overall performance. Precision farming employs automated feeders that dispense precise amounts of feed based on real-time conditions and the nutritional needs of the cultured organisms. This approach minimizes feed wastage, reduces pollution, and optimizes growth rates. Advanced systems regulate environmental parameters such as water flow, temperature, and salinity to create optimal conditions for growth and minimize stress. This ensures that the aquatic organisms are provided with an environment conducive to their well-being. Monitoring tools and data analysis help detect early signs of disease outbreaks. This allows for timely intervention and targeted treatments, reducing the risk of large-scale losses and the need for excessive medication.
Precision farming calculates and adjusts stocking densities based on available space, water quality, and growth rates, ensuring that the culture environment remains balanced and healthy. Precision farming minimizes the environmental impact of aquaculture by reducing pollution, disease outbreaks, and excessive use of resources.
Floating fish farm
The intelligent floating farm model represents an apex of technological innovation in aquaculture, embodying a multi-tiered, highly efficient system that redefines sustainable food production. Its stratified design encompasses diverse functionalities, each contributing to a harmonious and self-sustaining ecosystem. At its zenith, solar panels harness renewable energy to power the entire system, underpinning its ecological integrity. In the middle tier, verdant expanses yield a bounty of vegetables through meticulous aquaponic processes, utilizing nutrient-rich wastewater from fish ponds as a natural fertilizing resource. Concurrently, the produce serves as nourishment for the piscine occupants, exemplifying a virtuous cycle of nutrient utilization. Beneath this verdant layer, aquatic pools teem with thriving fish populations, resulting in an integrated aquaculture practice that balances fish husbandry with sustainable agricultural outputs. A remarkable hallmark of this intelligent floating farm is its seamless self-sustainability, a testament to its sophisticated design. By converging renewable energy generation, nutrient recycling, and interdependent food production, the system attains a remarkable equilibrium that mitigates external dependencies and reduces environmental impact. 
Conclusion
The future of aquaculture is being shaped by a remarkable array of innovative technologies that are revolutionizing the industry's practices and potential. From precision farming and microbubble diffusion to aquamimicry and regenerative systems, these advancements are poised to address critical challenges such as resource efficiency, environmental sustainability, and food security. Through the integration of these technologies, aquaculture can meet the growing global demand for high-quality fish while minimizing its ecological footprint. As we navigate a world of increasing population and environmental concerns, these futuristic techniques promise not only to enhance production but also to harmonize aquaculture with nature, ensuring a bountiful and resilient aquatic future for generations to come. The synergy between scientific ingenuity and ecological wisdom offers a promising path towards a sustainable and thriving aquaculture industry.
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