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MESSAGE

National Institute of Agricultural Extension Management (MANAGE), Hyderabad is
an autonomous organization under the Ministry of Agriculture & Farmers Welfare,
Government of India. The policies of liberalization and globalization of the economy
and the level of agricultural technology becoming more sophisticated and complex,
called for major initiatives towards reorientation and modernization of the
agricultural extension system. Effective ways of managing the extension system
needed to be evolved and the extension

organizations enabled to transform the existing set up through professional guidance and training of critical
manpower. MANAGE is the response to this imperative need. Agricultural extension to be effective,
demands sound technological knowledge to the extension functionaries and therefore MANAGE has
focused on training program on technological aspect in collaboration with ICAR institutions and State
Agriculture/Horticulture Universities, who has expertise and facilities to organize technical training
program for extension functionaries of state/central fisheries departments, industrialists, and faculty of
SAUS/KVKS/ICAR institutes.

Research and development efforts have been directed towards identifying life cycle assessments,
which study the environmental and other potential impacts of a product throughout its entire life cycle, from
raw material extraction to production, use, and disposal. LCA can also be applied to assess the environmental
impacts of a process or service from design to disposal. By identifying ways to mitigate environmental
impacts and generate cost savings, LCA supports risk management and improves systems. Additionally, it
aids in decision-making for companies in areas such as purchasing, product design, process selection, and
waste management strategies. This online training program address the key areas of the Life Cycle
Assessments (LCA) In Aquaculture Systems to Promote Sustainable Fish Production Goals.

It is a pleasure to note that, St. Devasahayam Institute of Fisheries Science and Technology, Midalam
(affiliated to TN. Dr. JJ. Fisheries University) and MANAGE, Hyderabad is organizing a collaborative
training program entitled “Life Cycle Assessments (LCA) In Aquaculture Systems to Promote Sustainable
Fish Production Goals” from 07" - 09" August, 2024 and coming up a joint publication as e- book as
immediate outcome of the training program.

I wish the program be very purposeful and meaningful to the participants and also the e- book
will be useful for stakeholders across the country. | extend my best wishes for success of the program and
also | wish Aquaculture Technology & Research Foundation India (AQUAFIN) many more glorious years
in service of Indian agriculture and allied sector ultimately benefitting the farmers. 1 would like compliment
the efforts of Program Coordinators of MANAGE, Hyderabad and St. Devasahayam Institute of Fisheries
Science and Technology, Midalam (affiliated to TN. Dr. JJ.Fisheries University) for this valuable
publication.

&L«Luﬂt

(P. CHANDRA SHEKARA)
Director General, MANAGE



FOREWORD

The sustainable development of fisheries and aquaculture is paramount in addressing
the growing demand for seafood while ensuring the conservation of our natural
resources. As the global population increases, so does the pressure on aquatic
ecosystems to provide food, employment, and economic stability. In this context,
Life Cycle Assessment (LCA) emerges as a critical tool, enabling us to evaluate and
optimize the environmental performance of various practices within fisheries and
aquaculture.

This training manual is a comprehensive guide designed to equip practitioners, researchers, and
policymakers with the knowledge and skills necessary to implement LCA in the fisheries and aquaculture
sectors. Through in-depth exploration of topics ranging from soil and water quality management to the
environmental footprint of microalgal cultures, this manual serves as a valuable resource for those
committed to advancing sustainable practices.

As we delve into the intricacies of life cycle patterns in seaweeds, the economic analysis of fisheries, and
the challenges and opportunities of emerging aquaculture technologies, it becomes evident that LCA is not
just a tool but a pathway to a more sustainable and resilient future. 1 am confident that this manual will
inspire innovative solutions and foster a deeper understanding of the environmental trade-offs inherent in
our industry.

I commend the efforts of the St. Devasahayam Institute of Fisheries Science and Technology in developing
this essential resource and am hopeful that it will contribute significantly to the sustainability of fisheries
and aquaculture in India and beyond.

I extend my heartfelt thanks to MANAGE (National Institute of Agricultural Extension and Management)
for their invaluable contribution and continued support for this initiative. MANAGE has played a pivotal
role in training researchers and students in this emerging technology. The involvement of several esteemed
faculty members from central government institutes has greatly bolstered our confidence in advancing this
technology to the next level.

I also want to acknowledge the dedicated efforts of our team in successfully conducting this training program
and express my gratitude to all the participants who all are attended our training program.

-

(S. Felix)
President, AQUAFIN



PREFACE

The aquaculture and fisheries sectors are at a critical juncture, where the need for sustainable and
environmentally sound practices has never been more pressing. Life Cycle Assessment (LCA) offers a
structured methodology to evaluate the environmental impacts of production systems, from resource
extraction to end-of-life processes. This training manual is an effort to bridge the knowledge gap and
provide a holistic understanding of LCA’s relevance and application in fisheries and aquaculture.

The chapters within this manual cover a wide array of topics, including soil and water quality
management, life cycle patterns in seaweeds, the environmental footprint of microalgal culture-based
systems, and economic analyses from an LCA perspective. Each chapter has been crafted with the
intention of providing actionable insights and practical tools for professionals working in these fields.

As aquaculture technologies continue to evolve, the application of LCA becomes increasingly important
in identifying the opportunities and challenges that lie ahead. By exploring the environmental, economic,
and social dimensions of aquaculture through an LCA lens, this manual aims to empower readers to make
informed decisions that balance productivity with sustainability.

This manual is the culmination of extensive research, collaboration, and dedication to the advancement
of sustainable fisheries and aquaculture practices. It is our hope that it will serve as an invaluable resource
for practitioners, educators, and students alike, fostering a future where aquaculture and fisheries
contribute positively to both society and the environment.

Editors
S Felix
K Sai Maheswari
M Divya
M Porkodi
Uday Kumar G
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1. Importance and Application of Life Cycle Assessment in Fisheries and Aquaculture

Debajit Sarma
Division of Aquaculture, ICAR-Central Institute of Fisheries Education, Mumbai-400061, India

Corresponding author email:debajit@cife.edu.in

Introduction
Life Cycle Assessment (LCA) is a comprehensive methodology for evaluating the
environmental impacts associated with all stages of a product's life, from raw material extraction to
disposal. In the context of fisheries and aquaculture, LCA is increasingly recognized as a crucial tool
for promoting sustainable practices, improving resource efficiency, and reducing environmental
impacts. This article delves into the importance and application of LCA in these sectors, examining its
benefits, methodologies, and implications for sustainable management.
Importance of LCA in Fisheries and Aquaculture
1. Understanding Environmental Impact
LCA provides a holistic view of the environmental impacts associated with fish and seafood
production. Traditional assessments often focus on single aspects, such as overfishing or pollution.
LCA, however, considers the entire life cycle, from hatchery or fishing operations to processing,
distribution, and consumption. This comprehensive approach helps identify critical impact areas and
offers insights into how different stages contribute to overall environmental burdens.
2. Supporting Sustainable Practices
Sustainable fisheries and aquaculture practices are essential for maintaining ecosystem health and
ensuring future food security. LCA helps quantify the environmental impacts of various practices,
enabling stakeholders to make informed decisions about sustainability. By identifying practices that
have lower environmental impacts, LCA supports the development and adoption of more sustainable
methods.
3. Enhancing Resource Efficiency
Resource efficiency is a key concern in both fisheries and aquaculture. LCA assesses the efficiency of
resource use, including feed, water, and energy. For instance, aquaculture operations can be
optimized to reduce feed conversion ratios and water usage. By analysing resource use across the
entire life cycle, LCA helps identify opportunities for improvement and cost savings
4. Informing Policy and Regulations
Governments and regulatory bodies use LCA results to formulate and enforce environmental
regulations and standards. LCA data can inform policies related to fisheries management,
aquaculture practices, and seafood labelling. By providing scientific evidence on environmental

impacts, LCA supports the creation of effective regulations that promote sustainability.
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5. Consumer Awareness and Market Preferences

Consumers are increasingly aware of the environmental impacts of their food choices. LCA
provides transparent and credible information on the sustainability of seafood products, which can
be used to guide consumer decisions. Labels and certifications based on LCA findings can enhance

consumer trust and support market differentiation for sustainably produced seafood.

LCA provides a useful model of these
complex systems by quantifying and
describing interactions of system

IMPORTANC E OF components.

| It offers a comprehensive environmental
profile of the system aswell asa more
| CA IN ransparent view of inefficient or potential

damaging production practices.

LCA assesses the energy and materials use
in production, aswell as the wastes

released, to evaluatethe impact of the
entire process onthe ervironment.

It highlights opportunities in the
production cycle for environmental
improvements.

Fig.1: Importance of LCA in Aquaculture in a pyramid approach
Methodologies in Life Cycle Assessment
1. Goal and Scope Definition
The first step in LCA is defining the goal and scope of the assessment. This involves specifying the
purpose of the study, the system boundaries, and the functional unit. For fisheries and aquaculture,
the functional unit might be a specific quantity of fish or seafood, such as one kilogram.
2. Inventory Analysis
Inventory analysis involves compiling data on all inputs and outputs associated with the life cycle of
the product. This includes data on raw materials, energy consumption, emissions, and waste. In
fisheries, this might include fuel use for fishing vessels and by catch, while in aquaculture, it includes
feed, water usage, and chemical inputs.
3. Impact Assessment
Impact assessment evaluates the environmental impacts based on the inventory data. It involves
categorizing impacts into various environmental categories such as global warming potential,
eutrophication, and acidification. Impact assessment helps quantify how different life cycle stages

contribute to overall environmental burdens.



4. Interpretation
The interpretation phase involves analysing the results to draw conclusions and make
recommendations. This phase often includes sensitivity analysis to understand the robustness of the

results and identify key areas for improvement.

Life cycle Assessment Framework

definition

)

Goal and scope %
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Inventory
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Figure 2 Life Cycle Assessment Framework (from ISO 14040 Standards)

Applications of LCA in Fisheries

1. Assessing Fishing Methods

Fishing methods vary widely in their environmental impacts. For example, trawl fishing can cause
significant habitat damage and by catch, while pole-and-line fishing is generally considered more
sustainable. LCA can compare these methods by evaluating their environmental impacts, including
fuel use, by catch rates, and habitat disruption.

2. Evaluating Fishery Management Practices

Fishery management practices have a significant impact on sustainability. LCA can evaluate practices
such as quota systems, marine protected areas, and selective breeding programs. By assessing the
impacts of different management strategies, LCA helps identify the most effective approaches for
maintaining fish stocks and minimizing environmental impacts.

3. Certification and Labelling

LCA results can support certification programs such as the Marine Stewardship Council (MSC) and
the Aquaculture Stewardship Council (ASC). These programs use LCA data to ensure that certified

fisheries and aquaculture operations meet high environmental and sustainability standards.



Applications of LCA in Aquaculture

1. Assessing Feed Efficiency

Feed is a major input in aquaculture, and its efficiency has significant environmental implications.
LCA can evaluate the impacts of different feed types, including fishmeal, plant-based feeds, and
alternative protein sources. By assessing feed conversion ratios and associated environmental
impacts, LCA helps identify more sustainable feed options.

2. Evaluating Water Use and Waste Management

Water use and waste management are critical issues in aquaculture. LCA can assess the impacts of
different water management practices, including recirculating aquaculture systems (RAS) and flow-
through systems. It also evaluates waste treatment options, such as biofloc systems and solid waste
removal.

3. Comparing Aquaculture Systems

Different aquaculture systems have varying environmental impacts. For instance, intensive systems
often have higher resource use and waste production compared to extensive or semi-intensive
systems. LCA can compare these systems based on criteria such as energy use, feed efficiency, and
emissions.

Case Studies

1. Salmon Aquaculture

A study of salmon aquaculture using LCA revealed significant impacts associated with feed
production, including the use of fishmeal and fish oil. The study found that switching to plant-based
feeds could reduce the carbon footprint and other environmental impacts. Additionally,
improvements in waste management and energy efficiency were identified as key areas for reducing
overall impacts.

2. Tuna Fisheries

An LCA of tuna fisheries compared different fishing methods and found that pole-and-line fishing had
a lower environmental impact compared to purse seine and long line methods. The study highlighted

the benefits of adopting more selective fishing methods to reduce by catch and habitat damage.
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Fig 3: Life cycle schematic of a Recirculatory shrimp aquaculture system

(Ref: Sun, W, 2009. Life cycle assessment of indoor recirculating shrimp aquaculture system)
Challenges and Limitations
1. Data Availability and Quality
LCA relies on accurate and comprehensive data. In fisheries and aquaculture, data on inputs, outputs,
and impacts can be difficult to obtain, especially in regions with limited monitoring infrastructure.
This can affect the accuracy and reliability of LCA results.
2. System Boundaries and Functional Units
Defining appropriate system boundaries and functional units can be challenging. Different studies
may use varying definitions, making comparisons difficult. Ensuring consistency in these definitions
is crucial for meaningful comparisons and assessments.
3. Temporal and Spatial Variability
Environmental impacts can vary over time and space. LCA often uses average data, which may not
account for local or temporal variations in impacts. Incorporating regional and temporal factors into
LCA can improve the relevance of the results.
Conclusion
Life Cycle Assessment is a powerful tool for evaluating and improving the sustainability of fisheries
and aquaculture. By providing a comprehensive view of environmental impacts across the entire life
cycle, LCA supports informed decision-making, promotes sustainable practices, and enhances
resource efficiency. Despite challenges such as data limitations and variability, the application of LCA
in these sectors continues to advance, offering valuable insights for policymakers, industry
stakeholders, and consumers. As the demand for sustainable seafood grows, LCA will play a crucial

role in guiding the future of fisheries and aquaculture towards greater environmental stewardship.
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2. Life Cycle Assessment of Aquaculture Water Quality Management Strategies
Prem Kumar*, Vishwajeet Anand and Rohit Kumar

Fish Nutrition, Biochemistry & Physiology Division, ICAR- Central Institute of Fisheries EducationDi,
Mumbai - 400061, India
*Corrsponding author email: premkumar@cife.edu.in

Introduction

In fish culture, the chemistry of soil and water plays a crucial role in determining the overall
health and productivity of aquaculture systems. Soil and water chemistry influence various aspects
of the aquatic environment, including water quality, nutrient availability, and the physiological well-
being of fish. Understanding and managing these chemical parameters are essential for optimizing

fish growth, maintaining water quality, and ensuring sustainable aquaculture practices.

Water quality, determined by its chemical composition, directly affects the health and growth
of fish. Key parameters such as dissolved oxygen, pH, ammonia, nitrate, and nitrite levels are critical
in maintaining a conducive environment for fish. Dissolved oxygen is particularly important as it
supports respiration and metabolic activities in fish. Suboptimal oxygen levels can lead to stress,
reduced growth rates, and increased susceptibility to diseases (Boyd & Tucker, 1998). Similarly, pH
levels influence the toxicity of ammonia and other compounds; maintaining a neutral to slightly

alkaline pH is ideal for most fish species (Meade, 1989).

Soil chemistry is equally significant as it impacts the water quality in ponds and other
aquaculture systems. The type of soil in the pond bed influences the water’s alkalinity, hardness, and
nutrient content. Soils rich in organic matter can release nutrients gradually, providing a steady
supply of essential minerals for phytoplankton growth, which forms the base of the aquatic food web.
However, high levels of organic matter can also lead to the production of toxic compounds such as
hydrogen sulfide under anaerobic conditions (Boyd, 1995). Therefore, managing soil chemistry
involves ensuring an appropriate balance of nutrients while preventing the accumulation of harmful

substances.

Effective management of soil and water chemistry requires regular monitoring and
adjustment based on the specific needs of the cultured fish species. Techniques such as liming can be
used to modify soil pH and increase water hardness, while aeration can enhance dissolved oxygen

levels and reduce the build-up of toxic gases. By understanding and controlling these chemical
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factors, aquaculturists can create a stable and productive environment that supports the health and

growth of fish, leading to successful and sustainable aquaculture operations.
Some water quality parameters that are important in fish culture are:

Dissolved oxygen:

Dissolved oxygen (DO) is the most critical and limiting factor in intensive aquaculture. Diffusion
occurs when the oxygen concentration in water is below saturation, and the rate of diffusion increases
with the deficit between the current and saturation levels. This process is enhanced by natural
elements like wind and waves, as well as through artificial aeration. Oxygen levels exhibit distinct
diurnal fluctuations, being lowest just after dawn and increasing throughout the day, peaking in the
late afternoon.

For optimal fish growth, pond water should have a DO content ranging from 5 mg/liter to the
saturation level. Specifically, 5.0 mg/liter is ideal for normal growth and reproduction in tropical
waters. DO levels between 1.0 and 5.0 mg/liter may have sublethal effects on growth, feed conversion,
and disease tolerance, while levels between 0.3 and 0.8 mg/liter can be lethal to many species if
sustained for a prolonged period. Aeration methods include manual, mechanical, and aerators.

It is advisable to feed fish in the afternoon or evening in heavily stocked ponds, as their oxygen
requirement increases after feeding. Additionally, fish require more oxygen as the temperature rises.
Temperature:

Fish are ectotherms, meaning they obtain heat from their external environment, making their
body temperature closely aligned with their surroundings; hence, they are often described as
poikilothermic. The metabolic rate of fish doubles with every 10°C increase in temperature. As the

temperature rises, their requirement for oxygen and food increases, leading to a faster growth rate.

In winter, when water temperatures are low, carp require less food and their growth rate slows
down. Below 10°C, fish enter a state of torpor, becoming sluggish and inactive. Conversely, in spring
and summer, the increased metabolic rate demands a larger quantity of food. Common carp can be
induced to breed in hatcheries when the water temperature exceeds 20°C.

However, as temperatures rise, the solubility of oxygen in water decreases, resulting in lower
oxygen concentrations during the summer. Under optimal conditions, the ideal temperature range
for many coldwater fish is between 14-18°C, and for warmwater fish, it is between 24-30°C.
Salinity:

Salinity refers to the total concentration of all ions present in water. It plays a crucial role in
osmoregulation and affects the concentration of un-ionized ammonia. Species such as channel catfish

(Ictalurus punctatus), largemouth bass (Micropterus salmoides), and tilapia (Oreochromis spp.) can
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survive and thrive in slightly salty water. Additionally, smelt, salmon, and trout are also capable of
tolerating saline environments.
Turbidity:

Turbidity refers to the cloudiness or muddiness of water, often caused by suspended clay,
particularly in soft, poorly buffered waters with low alkalinity. While clay turbidity is undesirable as
it affects dissolved oxygen (DO) levels, phytoplankton-induced turbidity is beneficial as it provides
food for zooplankton and filter-feeding fish, thereby enhancing water quality. During summer, DO
levels in sport fish or farm ponds fluctuate widely, with muddy waters generally having lower average
DO concentrations compared to water with a green phytoplankton bloom. Turbidity can also cause
off-flavours in fish, and blue-green algae thrive in the dim light of moderately turbid water.

In water, negatively charged clay particles are surrounded by clouds of positively charged ions,
which prevent their settlement due to repulsion. Flocculation is a method to control clay turbidity by
forming flocs of small particles, with metal salts acting as effective flocculants depending on the pH.
Coagulants' effectiveness increases with the charge on the metal ion, with calcium in gypsum
(CaS04), aluminium in alum, and ferric-iron (Fe3+) in ferric sulfate being particularly effective. For
example, a dose of 15-25 mg/litre of alum (60 to 110 kg per acre or 0.4 ha) is typically sufficient to
remove turbidity, with lower concentrations for moderately turbid water and higher concentrations

for highly turbid water.

Alum makes water acidic, so in low alkalinity ponds, it's recommended to add half a part of
hydrated lime for every part of alum to maintain pH levels. Alum should be applied in calm weather,
as excessive turbulence slows flocculation. Gypsum can also be used to control turbidity without
affecting alkalinity, requiring a concentration of 100 to 300 mg/litre. Application rates for gypsum
generally range from 400-1200 kg/acre or 0.4 ha. However, in hard water ponds with calcium
hardness greater than 50 mg/litre, gypsum may be ineffective. Organic matter such as chopped hay
or cottonseed meal can also help reduce clay turbidity.

Ammonia and Nitrite:

The total ammonia concentration in water consists of two forms: unionized ammonia (NH3)
and ionized ammonia (NH4+). These forms maintain equilibrium according to the equation: NH3 +
H20 — NH4 + OH-. The unionized ammonia (NH3) fraction is more toxic to fish, and the proportion
of total ammonia in this form depends on the water's pH and temperature. Higher pH and
temperature increase the percentage of ammonia in its toxic unionized form.

For many tropical fish species, a safe concentration of unionized ammonia ranges from 0.02
to 0.05 mg/litre. Concentrations between 0.05 and 0.4 mg/litre can have sub-lethal effects depending

on the species, while levels between 0.4 and 2.5 mg/litre are lethal to many fishes. Aeration can
9



increase dissolved oxygen (DO) concentration and decrease pH, thereby reducing ammonia toxicity.
High DO and CO2 levels reduce ammonia toxicity, and drying organic fertilizer can help ammonia
escape.

Nitrite is an intermediate product in the biological oxidation of ammonia to nitrate, known as
nitrification. Nitrite concentrations between 0.02 and 1.0 mg/litre are sub-lethal for many fishes,
while levels between 1.0 and 10 mg/litre are lethal to many warm-water fish species. Unionized
hydrogen sulfide is highly toxic to fish, with lethal concentrations ranging from 0.01 to 0.5 mg/litre.
Prawns lose their equilibrium at concentrations of 0.1 to 0.2 mg/litre, and a concentration of 3
mg/litre can kill prawns instantly. Increasing the pH of water through liming can decrease the toxicity
of hydrogen sulfide.

Redox potential

Redox potential is an index indicating the status of oxidation and reduction in the
environment. Photosynthetic bacteria can exist in semi-intensive culture environments due to low
oxygen levels.
pH

pH measures the hydrogen ion concentration in water, indicating its acidity or basicity. Pond
pH increases during the day (becoming more alkaline) and decreases at night (becoming more
acidic). Water is acidic when there are more hydrogen ions (H+) present, resulting in a pH lower than
7, and basic when there are more hydroxyl ions. Signs of sub-optimal pH include increased mucus on
gill surfaces, damage to eye lenses, and fin fray, while effects include stress and increased
susceptibility to disease. Causes of sub-optimal pH can include acidic water and soils, acid sulfate soil,
and acid rain.

Alkaline and Acidic Waters in Aquaculture:

For effective fish culture, water bodies should ideally have an alkalinity of over 75 mg/litre as
CaC03. In cases where water is too acidic, substances such as CaC03, Ca (OH),, CaO, or dolomite are
used to adjust the pH levels accordingly. Alkalinity in water refers to the total amount of bases
present, typically expressed in mg/litre as equivalent CaCO3. These bases are mainly bicarbonate
(HCO3™) and carbonate ions. Waters with low alkalinity, less than 20 mg/litre, are poorly buffered,
leading to rapid pH changes due to CO2 removal during photosynthesis. Conversely, waters with more
than 20 mg/litre have good buffering capacity, preventing significant pH fluctuations.

An alkalinity range of 75-300 mg/litre is generally ideal for fish, while levels above 300
mg/litre can cause stress, and levels below 75 mg/litre can also create stress for fish. Hardness in
water, which is the concentration of metal ions such as calcium and magnesium, is measured in
mg/litre of equivalent calcium carbonate. Water can be categorized based on hardness: 0-75 mg/litre

is considered soft, 75-150 mg/litre moderately hard, 150-300 mg/litre hard, and over 300 mg/litre
10



very hard. For optimal fish growth, a hardness of around 60 mg/litre is satisfactory, helping to protect
fish from pH fluctuations and the harmful effects of metal ions. Levels below 60 mg/litre can stress
fish.

Desirable hardness and alkalinity levels for fish culture generally fall within 75-300 mg/litre.
While increasing hardness and alkalinity do not directly lead to higher fish production, they correlate
with higher concentrations of phosphorus and other essential elements. Hard water has a more
concentrated mineral content, reducing the osmotic stress on fish due to less water influx.

Regarding carbon dioxide, its concentration in water is usually low despite its high solubility,
existing in forms such as free CO2, bicarbonate ions, and carbonate ions. High levels of CO2,
particularly in acidic or neutral water, can be harmful. Concentrations of 12-50 mg/litre can cause
respiratory stress and kidney stones, while levels between 50-60 mg/litre are lethal to many fish
species with prolonged exposure. Hydrated lime, at 1.0 mg/litre, can effectively remove 1.68 mg/litre
of free CO2 from water.

Iron, Chlorine, and Water Quality in Aquaculture

Iron in surface water can exist in two forms: soluble ferrous (Fe?*) and insoluble ferric (Fe3*)
compounds. The proportion of these forms is influenced by oxygen levels, pH, and other water
chemistry factors. In poorly oxygenated waters with low pH, iron predominantly exists as soluble
ferrous compounds, which can be harmful to fish. As water becomes alkaline, the soluble ferrous iron
oxidizes to form insoluble ferric compounds, which can coat fish gills, obstructing respiration. To
manage iron levels, filtration or sedimentation can be used. For cyprinid culture, it is recommended
that soluble iron concentrations do not exceed 0.2 mg/litre, while for salmonids, the limit is lower at
0.1 mg/litre.

Chlorine is commonly used in municipal water supplies to control bacteria, typically at a
concentration of 1.0 mg/litre. However, even low levels of chlorine, as low as 0.02 mg/litre, can stress
fish. Chlorine can be removed from water using aeration or by treating with chemicals like sodium
thiosulphate, or by filtration through activated charcoal.

Plankton and macrophytes play significant roles in aquatic ecosystems. Phytoplankton
includes green, yellow-green, blue-green algae, and diatoms. In summer, blooms of blue-green algae
(BGA) can produce toxic substances and cause off-flavours in fish. Larger aquatic plants, such as
pondweed and milfoil, also impact water quality.

Water colour in ponds can indicate different conditions and impacts. Reddish-brown or
pinkish-red water, caused by diatoms like Chaetoceros and Navicula, can be nutritious for fish. Light
green water, due to green algae such as Chlorella, is favourable for fish growth. Dark green water,
resulting from BGA blooms, often occurs in high temperatures or with excessive organic matter and

can be detrimental. Dark brown water, caused by dinoflagellates and brown algae, is typically
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associated with poor pond management practices. Yellowish water, from Chrysophyta, is undesirable
as these algae are not suitable as fish food. Turbid water, with suspended zooplankton or clay
particles, and clear water, which may result from low nutrient levels or pollution, are not ideal for fish
culture. Ammonium salts and urea can influence the growth of different algae types, supporting the
cultivation of green and brown algae, respectively.

Soil

The bottom soil of a pond functions as its chemical laboratory. Typically, the application of raw
or composted farmyard manure ranges between 10,000 to 15,000 kg per hectare annually. For
optimal conditions, pond soil should maintain a pH between 6 and 8. Acidic ponds do not respond
well to fertilization; thus, it is crucial to correct the soil pH for a lasting impact rather than just
adjusting the water pH.

Acid sulphate soils, found in mine spoils and coastal mangroves, are rich in pyrite (FeS,) and
can present challenges. In ponds, acidity issues commonly arise in the pond dyke, which is anaerobic
and frequently flooded. To manage acidity on dykes, liming with 0.5 to 1.0 kg per square meter is
recommended. Rapid reclamation of ponds with acid sulphate involves drying and filling the soil to
oxidize pyrite, monitoring pH until it stabilizes at or above 5, and applying 500 kg of calcium
carbonate per hectare.

Low redox potential at the soil surface, often due to anaerobic conditions, can lead to the
accumulation of toxic metabolites like hydrogen sulfide. Adding sodium nitrate can provide oxygen
to microbes in poorly oxygenated environments, preventing the formation of hydrogen sulfide. A
drying period of 2-3 weeks is generally sufficient for pond bottoms. Alkaline waters, with a pH range
of 7.5-8.5 and an acid buffering capacity greater than 50 ppm, are ideal for fish physiological
processes. These conditions are achievable when soil pH is between 6.5 and 7.5.

Liming materials, which include calcium and magnesium compounds, neutralize soil acidity.
Pure calcium carbonate, with a neutralizing value of 100%, is the standard. The effectiveness of lime
is influenced by particle size, with particles less than 0.25 mm being 100% efficient. Quicklime and
slaked lime, as fine powders, are particularly effective. Liming increases morning pH values, reduces
fluctuations, and enhances CO, availability for photosynthesis.

Lime also mitigates the toxic effects of excess magnesium, potassium, and sodium ions, and
increases microbial activity, aiding in the decomposition of organic matter. Lime application depends
on soil texture and pH, with heavier soils requiring more lime. For most ponds, a dose of 200
kg/ha/year is recommended. Agricultural limestone is commonly used, while quicklime should be
applied only after draining ponds.

Pond soils are evaluated based on pH, organic carbon content, carbon-to-nitrogen (C:N) ratio, and

nutrient status. Ideal soil pH for fish production is near neutral to slightly alkaline. Organic carbon
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levels of less than 0.5% indicate low productivity, while levels between 0.5% and 2.5% denote
medium to high productivity. The C:N ratio between 10 and 15 is favourable, with ratios outside this
range affecting mineralization rates.

Nutrients such as nitrogen, phosphorus, and potassium are vital for phytoplankton growth.
Phosphorus is particularly critical for maintaining pond productivity, with levels of 30 ppm and above
considered good. Nitrogen levels above 500 ppm indicate high productivity. Organic manures, like
cow dung, are commonly used, often combined with lime to accelerate decomposition. Inorganic
fertilizers, such as urea and single superphosphate (SSP), are applied based on soil conditions and
nutrient needs.

In brackish water ponds, salinity typically ranges from 0.5 to 30 ppt, with optimal growth
conditions for species like Penaeus monodon between 15 and 30 ppt. High clay content, sodium, and
alkaline reactions characterize brackish water soil, which can affect nutrient dynamics. Increased
salinity can impact nitrogen and phosphorus availability, with ammonium fertilizers being preferred
due to their lower leaching and denitrification rates compared to nitrate fertilizers. The rate of
organic manure decomposition decreases with higher salinity, affecting nutrient management and
requiring careful fertilization strategies.

Micronutrients and Their Role in Pond Management

Micronutrients such as copper; zinc, manganese, cobalt, boron, and molybdenum are essential
in small quantities for plankton production in ponds. Zinc is crucial as it is a component of various
metalloenzymes and acts as a catalyst for enzymes like carbonic anhydrase, alkaline phosphatase,
and alcohol dehydrogenase, which are involved in DNA and RNA synthesis and cell proliferation. For
fish, zinc ranks second in importance after iron, with waterborne zinc concentrations between 0.03
and 0.06 mg/litre found to enhance fish growth.

Cobalt plays a significant role in nitrogen fixation by rhizobium and is a component of Vitamin
B12. Adding cobalt chloride at 10 kg per year as a micronutrient fertilizer can be very beneficial for
fish growth. Moreover, increasing fish spawn survival can be achieved by supplementing cobalt
chloride at 0.01 ppm daily per fish.

Manganese is vital for photosynthesis and the heterotrophic growth of phytoplankton. It
boosts plankton biomass by approximately 15% by weight, supports mucopolysaccharide formation
necessary for healthy joint membranes, and activates key enzymes involved in protein and energy
metabolism. Manganese concentrations in natural waters are generally less than 0.2 mg/litre, while
seawater contains about 2 mg/litre, and deep well water may have 2-3 mg/litre. However, high
manganese levels can be toxic to aquatic life.

Copper is often used in ponds to manage algal blooms, control odor-producing organisms, and

treat fish diseases. It is primarily found in silicate minerals and should be applied cautiously. The
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maximum allowable copper concentration for fish protection is between 0.001 and 0.01 mg/litre,
with copper serving as a cofactor for several critical proteins. Daily dietary requirements for fish
range from 15-60 pumol (1-4) Cu/kg of dry mass. Excessive copper can disrupt sodium balance in fish.

Micronutrient availability and uptake are influenced by factors such as water pH, alkalinity,
hardness, dissolved substances, sediment pH, and redox potential. Phosphorus can be precipitated
from pond water by applying iron, aluminum, or calcium ions, forming insoluble phosphates. Alum is
a cost-effective and widely available option for reducing phosphorus, suitable for water with a total
alkalinity of 500 mg/litre or higher. Gypsum, being more soluble than liming materials, is effective in
low alkalinity waters and is applied at 20-30 mg/litre for alum and 100-200 mg/litre for gypsum to
reduce phosphorus content.

Copper sulfate is recommended to reduce phytoplankton and blue-green algae populations,
typically at a dose equivalent to 1/100 of the total alkalinity. Chlorine products, such as hypochlorous
acid and hypochlorite, are used for disinfection in pond water.

Ammonia, which constitutes 40-90% of nitrogenous excretion from fish and crustaceans, is
mainly excreted through the gills. Decomposition of low C:N ratio compounds releases more nitrogen
as ammonia. Ammonia exists in its reduced form with an oxidation state of 3-, and its concentration
is influenced by pH and temperature, with higher pH and temperature increasing the proportion of
unionized ammonia. High levels of unionized ammonia are toxic, reducing internal ion concentration
in fish and affecting aquatic invertebrates. Short-term toxic concentrations are between 0.6-2.0
mg/litre NH3-N. Ammonia toxicity is exacerbated by low dissolved oxygen levels and high pH but can
be mitigated by increased CO2 and calcium concentrations.

To manage ammonia levels, "De-odorase," derived from the plant Yucca shidigera, can effectively
bind ammonia, improving shrimp survival even at high concentrations. Formalin and zeolite, an
aluminosilicate mineral with ion exchange properties, are also used to remove ammonia. High pH
conditions enhance ammonia toxicity, and sodium nitrate can be used to oxidize bottom soils in

ponds.
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Abstract

Seaweeds have been commercially exploited for food, phycocolloid (agar, carrageenan,
alginate)for more than a century. About 221 species are having commercial utility and only 10
genus arebeing commercially cultivated worldwide and had a market value 11.7 billion USS$.
Among these, Eucheuma spp (35%), Laminaria japonica (27%), Gracilaria spp (13%), Undaria
pinnadifida (8%) Kappaphycus alvarezii (6%), Porphyra spp (4%), have a major share in global
seaweed biomass production (FAO, 2018). Seaweed’s phycocolloids production in 2015 was
93,035 tons wt and had a market value of 1058 million US$ (Porse and Rudolph, 2017). Life
cycle assessment required those and also for resource management via germplasm selection,

breeding and crop improvement.

Key words: Seaweeds, spores. Lifecycle, Gracilaria, Ulva, Monostroma, agar, carrageenan,

phycocolloids, edible, economic.
1. Introduction

Seaweeds are valuable resources for economically important phycoclloids such as agar,
carrageenan and alginic acid and also being used in food, feed, fertilizer, cosmetics,
pharmaceutical, nutraceuticals, bio-fuel and agro based applications. Seaweeds are ecosystem
engineer which provides space for many marine organisms and structuring and maintaining
the coastal biodiversity of sea. FAO (2018) report stated that global production of seaweeds
annuallyhas been estimated at 32.4 million tons fresh, with a market value of USD 11.7 billion.
Almost, all of the seaweed biomass production (97.1%) was produced through aquaculture
practice whilea tiny fraction harvested from the wild stocks (Porse and Rudolf, 2017). The
continued and indiscriminate harvesting of seaweeds from its natural beds over a long period
has resulted in dwindling of resources in nature and that in turn severely affected the

dependent seaweed as well. The gap between the demand and supply can be bridged through
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mariculturepractices of seaweeds by cultivating the useful species on commercial scale. Only
10 species are being commercially cultivated and among these, Fucheuma spp (35%),
Laminaria japonica (27%), Gracilaria spp (13%), Undaria pinnadifida (8%) Kappaphycus
alvarezii (6%), Porphyraspp (4%), have a major share in global seaweed biomass production
(FAO, 2018). The repeatedvegetative propagation of the same plants has led to a loss of genetic
diversity and resulted in slow growth, reduction in phycoclloid yield with poor quality of
phycolloid and susceptibility todisease. In order to improve quality of seed material, several
techniques such as tissue culture/micro propagation, protoplast isolation and fusion,
Hybridization, gene transfer, grafting, utilising gene marker, parthenocarpy, chimerism,
chemical induced mutants, haploid spore are being employed. In India, somatic hybridization
and tissue culture methods employed for good quality seedling production in Kappaphycus
alvarezii and Gelidiella acerosa for commercial farming and seedlings developed from tissue
culture showed higher biomass yield, growth rate and agar/carrageenan qualities than

normal/wild seedlings.

In world scenario, about 221 species are having commercial value and only 10 species
such as Caulerpa spp, Enteromorpha clathrata, Eucheuma spp, Gracilaria spp, Kappaphycus
alvarezii, Monostroma nitidum, Porphyra spp, Saccharina japonica, Sargassum fusiforme and
Undaria pinnatifida, are being commercially cultivated and had a market value 11.7 billion USS$.
Though 844 species reported in India, only few seaweed species of such as Gelidiella acerosa,
Gracilaria edulis, Sargassum spp and Turbinaria spp are commercially explored for agar and

alginate production.

Seaweed farming has produced significant socioeconomic advantages. Seaweed
farminghas become the most viable livelihood option in several communities. In contrast to
other aquaculture methods, seaweed culture requires less technology and capital and does not
requirethe use of feed or fertilizers. Compared to other forms of aquaculture, seaweed farming
creates a significant amount of employment since the production strategy promotes small-
scale, familyoperations over corporate, plantation-style farms. Furthermore, seaweed farming
is often undertaken in remote areas where coastal communities face a reduced number of

economic alternatives. In this chapter, the life assessment of seaweed aquaculture discussed.

2. Methods of seaweed cultivation
There are two methods of seaweed cultivation is adapted in worldwide. That is, 1. Vegetative

propagation method 2. Reproductive (spore cultivation) method.
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2.1. Vegetative propagation method of cultivation

In vegetative propagation method, the fragments are cultivated in onshore region after
being put into twists of rope and connected to nylon twine or polypropylene straw.
Broadcastingthe fragments in onshore tanks and outdoor ponds is another cultivating method.
The fragment culture method is simple to use and yields results quickly. Various culture
techniques are practiced in vegetative propagation. Most of Eucheuma, Kappaphycus and
Gracilaria (Fig.1) are being cultivated by vegetative methods. Apical parts of the alga can act as
seed material andconstant and continuous supply of raw material can be produced. Genetic

vigour may be loss after one or two decades due to non-exchange of genetic material.

Gracilaria edulis Gracilaria salicornia Kappaphycus alvarezii

Fig.1. Vegetative method based cultivated seaweeds
The farming in India also has undergone gradual changes; floating bamboo raft (Gracilaria

edulis, Ganesan et al,2011a, Gracilaria debilis, Veeragurunathan et al., 2019), longline or
monoline (Hypnea musciformis, Ganesan et al., 2006), tube net method, (Kappaphycus alvarezii,
Mantrietal., 2017), netbag method (Kappaphycus alvarezii ,Periyasamy et al., 2015) suspended
stone method (Gelidiella acerosa, Ganesan et al., 2011b), Polypropylene net method, Hanging
rope technique (HRT), Net pouch method (Gracilaria dura, Veeragurunathan et al.,, 2015),
Bottom net method (2 x 2 m), Coral block method, Hollow cylinder cement block method
(Gelidiella acerosa, Ganesan et al., 2009), Single Rope Floating Technique (SRFT) method
(Gracilaria edulis; Subbaramaiah and Thomas, 1990), Net mesh method (Gracilaria edulis;
Kaliyaperumal et al.,1992, 1993, Kalatharan et al.,, 1996) have been adopted for biomass
production, while perforated polythene bag, net bag and floating bamboo basket methods

have been utilized for conserving biomass during lean periods or for protection from grazing

(Fig.2).
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¢)Tube net method

(d) Polypropylene net method

2.2 Spore based cultivation (Reproductive method)

Reproductive method involves bringing healthy wild-collected reproductive plants to
the laboratory nursery, where various spore types—including swarmer, zoospores,
tetraspores, carpospores, and monospores—are collected on a variety of substrata, including
nylon rope, synthetic rope, coir rope, plastic strips (polypropylene straw/raffia), bamboo split
ladders, cement blocks, and coral stones. Within the culture room/hatchery, the spores on the
substrata are cultivated into spore lings by the provision of nutrient culture media,
temperature and light control. Then the substrates containing sporelings are moved to the
appropriate culture sites so they can continue growing and eventually reach harvestable size.
This technique is used in foreign countries like Japan, China, Korea, Taiwan, Malaysia, and the
United States of America for the commercial cultivation of edible red algae (Porphyra) and

green algae (Enteomorpha,
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Ulva and Monostroma); agar yielding red algae (Gracilaria cylindrica) and align yielding brown
algae (Laminaria, Undaria, and Marocystis). When compared to the growth of fragments in the
vegetative propagation approach, the spores in this method take longer to develop into
harvestable size. By spore culture method, in a given point of time, huge biomass can be

produced with less seed material and genetic vigour will be maintained in many generations

(Fig.3).

1

Porphyra sps Monostroma sps Ulva lactuca

Fig.3. Spore based cultivated seaweeds

3. Life cycle pattern in seaweeds

Life cycle is referred to as alternation of generations.it starts from zygote and end in zygote.
There are two basic life cycles that is, [somorphic -When two free-living stages of the life cycle
have visually identical forms and Heteromorphic-When two free-living stages of the life cycle

have very different morphologies, i.e., one is macroscopic and one is microscopic.

Algal life cycles exhibit variations in the timing of syngamy and meiosis, as well as the extent
of mitotic activity in their haploid and diploid stages (Fig.4) (Coelho et al., 2007; Cock et al,,
2014). In diploid life cycles, gametes are the only haploid cells, fusing immediately to form a
diploid cell, which then undergoes mitotic divisions before meiosis. Conversely, in haploid life
cycles, meiosis directly follows syngamy, with the zygote being the sole diploid cell. Haploid-
diploid life cycles feature mitotic divisions in both haploid and diploid phases (Fig.5).
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These two phases may be morphologically indistinguishable (isomorphic) or highly dissimilar
(heteromorphic). Additionally, in many species, both haploid and diploid life cycle phases
(Fig.6) can replicate asexually through vegetative fragmentation, asexual spores, or
parthenogenetic development of unfertilized gametes (Wynne and Loiseaux 1976; Clayton
1982; Santelices 1990). Most red algae have an additional "third generation,” the
carposporophyte, which develops from the fertilized egg cell and relies on the female
gametophyte for nutrition. The carposporophyte releases diploid spores, carpospores, which

grow into diploid tetrasporophytes (West and Hommersand 1981).

Alternation of haploid and diploid life stages mediated by meiosis and syngamy evolved early
in eukaryotic history (Cavalier-Smith 2002; Speijer et al. 2015). The fundamental importance
oflife cycles and reproduction in understanding the biology of algae for effective seaweed

farming.

Fig.4. Haplo- diplontic life cycle of red algae Solieria robusta
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4.2. Sporogenesis

Sporogenesis is a developmental process that produces spores through cell division
and differentiation. Reproduction via spores is an important and common reproductive
method in land plants, algae, fungi, etc. and played a significant role over the course of plant
evolution. Additionally, sporulation is essential phases of the life cycle in cryptogams.
Sporogenesis in seaweeds were evaluated because the seedlings from spores is better for

cultivation because of the uniform growth and survival rate.
4.3. Types of spores

Spores exhibit enormous diversity. Spores can be classified in various ways such as whether
meiosis takes place during their development (meiospores) or whether they are formed
mitotically (mitospores), or according to function (e.g. parthenogenetic gametes) or motility
(nonflagellate spore versus flagellate zoospore). Algal spores vary greatly in their levels of
specialization, from relatively simple release of the contents of vegetative cells (e.g. nonmotile
monospores in several groups) to higher red algae. They also exhibit a wide range of sizes, from
typically less than 10mm in brown and green algae to up to 100mm in diameter in some

rhodophytes (Fig.7).

Seaweeds produce a variety of unicellular or multicellular agents for reproduction. They can

besexual or asexual, motile or non-motile, small or large, they are,

1. Zoospores: The prominent mode of vegetative reproduction in green seaweeds is
zoospore formation. These motile spores are found in green algae (Chlorophyta) and
some brown algae (Phaeophyceae). Example: Ulva lactuca. the Ulva sp. reflects the
isomorphic alteration of generation in which biflagellate gametes are formed by

gametophyte and the sporophyte produces quadriflagellate zoospores.

2. Aplanospores: Aplanospores are also present which are non-flagellated and have a
walldistinct from the parent cell wall. These non-motile spores are also found in green

algae(Chlorophyta). Example: Codium fragile, Boergesnia forbessi.

3. Tetraspores: These are the most common type of spore found in red algae (Rhodophyta).

Examples: Agardhiella subulata, Gelidium corneum.

4. Carpospores: These spores are produced by red algae (Rhodophyta) and are involved

inthe sexual reproduction process. Example: Gracilaria edulis, Polysiphonia lanosa.

22



5. Sporangiospores: These spores are produced by some brown algae (Phaeophyceae)
andare involved in the sexual reproduction process. Example: Laminaria digitata,

Sargassum polycystum.

6. Conchospore: Buoyant spores released from ripe conchocelis. These germinate and
develop into new adults. Conchocelis was the microscopic free-living stage of
Porphyra/Pyropia. Carpospores are released from fertile adult. These settle and bore
intoshells where they germinate into the filamentous conchocelis phase. Until 1949, this

wasthought to be a separate species Conchocelis rosea.

7. Oospores: Oospores are the result of sexual reproduction in the Oomycota. An oospore
forms when an oogonium (female gamete) is fertilized by an antheridial (male gamete)

nucleus; a characteristically thick wall and food reserves help to ensure survival.

Microscopic image of Microscopic image Spore settlement and
zoospores in  Ulva ofAlpanaospores in growth of Chaetomorpha
lactuca Boergesnia forbesi antennina

Fig.7. Marine macro algal spores
5. Factors affecting in life cycle pattern

Life cycle pattern is influenced by various environmental factors like salinity, pH,
temperature, light intensity, photoperiod, lunar cycle etc. Such parameters influence the
sporogenesis and reproduction. So, it becomes very essential to regulate life cycle assessment.
The factors given below are having direct impact on sporogenesis and reproduction of the

seaweed.

5.1. Salinity

Salinity plays an important role in spore liberation. Salinity ranges 30 to 35 ppt favour
the reproduction. There was a favour in reproduction during the months of high salinity (30-

35pt) (Trono and Corrales, 1981).
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5.2pH

pH also involves and control the sporogenesis. The optimal value for spore release ranges from

7 to 9 pH in Ulva sp. (Han et al., 2008).

5.3 Temperature

Temperature is the important primary factor with fundamental influence on growth and
development. Especially the release of carpospore was negatively correlated with
temperature. Various studies reported influence of temperature in sporogenesis. In
Stictosiphonia hookeri, thetemperature required to induce sporogenesis correlates with the

range of water and air temperatures in the natural habits (West et al., 1996).
5.4Light intensity,

Light intensity negatively influences the spore production and release. Spore liberation was
highin low light intensity and dark condition. Especially in Gracilaria corticata, the carpospore

release higher in dark conditions (Manjula, 2020).

5.5Photoperiod

Photoperiod influence the sporogenesis and liberation. Photoperiod was negatively correlated
with reproduction. Under 8 hrs to 12 hrs photoperiods suitable for spore release but 16 hours
photoperiod was inhibitory (Evans et al., 1982). In contrast to Laminaha digitata. L. saccharina
tissue required short day conditions for sorus formation and nutrient seawater accelerated

sporogenesis compared to the pure seawater (Buchholz and Luning, 1999).
5.6 Lunar cycle

Lunar cycle and various chemotactic movements control the release and movement of

zoosporesand gametes in seaweeds (Lee et al.,2008).

5.7 Season

Reproduction is closely bound to environmental conditions and the resources availability and
thus typically varies with season in seaweeds. In brown algae, spore shedding higher in

December to January coincided with maximum growth period of the algae (Manjula, 2020).

5.8 Water current

Tides affect the photoperiodic induction, principally by the time of day at which high and low

water occurred through the spring/neap cycle and influence the reproduction.
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5.9 Aeration

Tetraspores cultured without aeration developed into plants bearing spermatangia only;
tetraspores cultured with aeration developed into 1:1 female and male gametophytes in

Gracilaria spp (Estela and Oliveira, 1988).
5.10. Other factors

Nitrate content, chemicals, electric fields, gradients, UV radiation also influence the
sporogenesis and release in seaweeds. These factors influence differently depends upon the
species. For example in Macrocystis nitrogen content positive correlation with the adult plants

(Reed et al., 1996)

6.3. Spore settlement

In red algae, as the mucilage release from the cell, there will be increase in the sinking rate
(Okuda and Neushul, 1981). In benthic algae, the sinking rate of spores measuring <15 pm in
diameter was notably lower than that of spores >15 um (P<0.01) (Hoffmann and Camus, 1989).
The viability of spores depends upon the species. Spores near the water surface remained
suspended for >12h but their concentration decreased to >50% of the initial value after 24
hours.Amsler in 1990 stated that there may be developmental timing mechanisms in the cells
for settlement activity in Pterygophora. The spores released from 4 and 6 cm above the
substrate show a normal disc development than 2 cm in Gracilaria chilensis (Herrera et al.,

1997).
6.4. Spore growth

Spore growth started from the settlement, germination, growth, efficiency and productivity
in horizontal substrates. The algal spores settle and grow well on any hard substratum
preferably rocks and dead coral stone. In the formation of median wall, the spores were
segmented into twocells, then a second wall was formed perpendicular to the first one and a
morula like mass of cells was produces by further addition of walls in Hypnea musiformis. G.
edulis development ofan erect front from the paranchymatous disc of the dividing spores
within 15-17 days of their output when the size of the circular parenchymatous disc grew to
557 um in diameter was reported. The spores are microscopic in nature with a size of 0.019
mm during liberation, got attached to the substratum and started dividing to form a uniform
parenchymatous disc or the hold fast. Azane and Aliaza in 1999 recorded that the high levels
of nutrients (F/2, F/20) enhanced growth of contaminants and reduced carpospore viability
in Kappaphycus alvarezii. Germling growth was also highest in more enriched medium (F/2).
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7. Cultivation of red seaweeds through spore culture

In many species of Gracilaria the spore culture has been reported successfully (Orduna-
Rojas and Robledo, 1999; Oza, 1975; Polifrone et al., 2006) but only in limited species, the
technical feasibility of field cultivation has been demonstrated (Alveal et al., 1997; Glenn et al.,
1996; Halling et al,, 2005; Jayasankar and Varghese, 2002; Oza et al., 1994; Mantri et al., 2009).
The seeding of substrata from a small amount of reproductive tissue, which provide large
quantity of uniform seedlings of desired ploidy is the main advantage of the spore-based
method.In Gracilaria, a typical Polysiphonia type of life-cycle pattern is seen which enables to
employ either carpospores or tetraspores as a seed material, carpospore derived

tetrasporophytes are preferred due to their diploid nature and robust vigour.
7.1. Cultivation of Gracilaria by Carpospores

Generally, any red algae can be cultured through carpospores which derived from cystocarp
(Fig.8) Gracilaria dura Mantri et al., 2009 and G. edulis, both cultured by shedding carpospores

from cystocarpic plants.

(a)Gracilaria verrucosa with (b)Solieria robusta with
cystocarps cystocarps

Fig.8 (a-b). Cystocarps plants

Average of 4g - 6g fresh weight cystocarpic plant was used for spore releasing.
Cystocarpic plants are hanged with a glass rod in 3 liters flask in filtered autoclaved seawater.
Carpospores are liberated in the rate of 8000-10000 carpospores/cystocarp/day up to 7-10
days.Spores released and attached at the bottom of the flasks. After spores begun to grow after
4-5 days, cystocarpic plants were removed from flask and PES media are added to grown

germlings.After attained 3cm level growth, it was crabbed from conical
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and cultured in net bag to obtain needed weight to insert to the rope. After 45 days, it was inserted

in to 3mm rope and cultured 1X1m raft in open sea.

7.2 Commercial culture of Porphyra leucosticta

Porphyra leucosticta mass cultures of "free-living" conchocelis, were investigated by He
et al. (2006). The vegetative propagated conchocelis filaments were kept in 15 L volumes at
15°C, 40 pmol m-2 s-1, and 16 L:8 D. After four weeks, conchosporangia development was
promoted by lowering the photoperiod to 8 L:16 D, raising the temperature to 20 °C, and
maintaining a photon fluence rate of 40 pmol m-2 s~ and maintained in this condition for 24
weeks. Conchosporangial filament suspension cultures were induced to produce and release
conchospores (after 6-10 days) by extending the photoperiod to 12 L:12 D, raising the photon
fluence rate to 60-100 pumol m~2s-1, and lowering the temperature to 15 °C. On the average, one
gram of free conchosporangia could release about 20 million conchospores at the peak period.
These released conchospores were able to develop into juvenile blades on the standard nori
netswhich were moved to the ocean for nursery culture. There were conchosporeling densities
ranging from 255 to 325 conchosporelings cm-1. Following forty-three days of nursery culture,
the blades reached a length of 1.49 + 0.14 cm. Based on the study, "free-living" conchocelis
suspension cultures could be a useful substitute method for commercial Porphyra production.
Developing the technology of conchosporangia long term maintenance would be helpful for

thenew breeding technology was applied in the Porphyra aquaculture production.
7.3. Culture of green seaweeds through zoospores

Experiments were conducted under both indoor and outdoor conditions, using small-sized
conical flasks and large-sized FRP tanks to produce quality biomass of U. fasciata, in various
nitrogen replication and depletion strategies. The optimization of nitrogen concentrations in
theculture media involved altering the concentration of sodium nitrate. The highest average
daily growth rate (DGR) of 13.79% was observed in the 3N combination (P < 0.001), with a
length increase of 4.1 * 0.3 cm, which is 4.85 times the initial length. For media usage and
initial planting density (IPD) optimization, the highest DGR was recorded with 100% modified
MP1 media (2.87 + 0.12% per day) and 1.0 g/5L IPD (8.04 + 0.07% per day), outperforming
other tested combinations. Outdoor tank cultivation (500 L) of U. fasciata exhibited a high
growth rate(5.10 * 0.19% per day) and increased length (3.8 + 0.2 cm) by the 10th day. In 3N
U. fasciata, lipid (2.86 + 0.08% DW) and carbohydrate (12.35 + 0.29% DW) levels were
elevated, while
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protein (2.79 + 0.09% DW) levels were higher in U. fasciata grown in MP1 media (Fig.9). These
results indicate that nitrogen-treated U. fasciata seedlings can grow effectively in outdoor
tankswithout additional media, accumulating higher carbohydrate and lipid levels (with a high
growthrate) compared to wild plants and those grown in conventional MP1 media. Further
research is necessary to scale up production for commercial purposes (Dinesh Kumar et al,,

2023).
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Fig. 9. Process of spore production in Ulva fasciata

7.4.Culture of green seaweeds through aplanospores

Boergesnia forbesii plants collected from Rameswaram coast. Collected material
carefully transferred to laboratory and cleaned with seawater. After an hour the cleaned
vegetative thalli pinched through pincette and allowed to stand for 6 to 10 hours. Then made
a minor cut with sterile blade in the basal portion of the vesicles and collect the aplanospores
carefully and transferred into the Provosoli’s enriched seawater (PES). Then the culture was
maintained at 35ppt salinity, 12:12 light and dark cycle, and 18 p Mol Photons m-2 S-1 light
intensity and the culture media changed every 5 days (Fig. 10). Aplanospores of B. forbesii, do
not germinate and remained dormant as long as they remain within the vesicle. However, as

soon
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as they are transferred into fresh medium, they begin to germinate and developed the germlings

and after 30 days period of culture in PES medium, as young bunch of B. forbesii.

(a) Vegetative thalli of Boergesnia (b) Microscopic image of Boergesnia
forbesii forbesii with alpanospores

e ,o‘
¥ 4 [ ]

.
(d) Microscopic image of
(c) Spore shedding alpanospores

(f) Grown new thallus from spores
(e) Germination of alpanospores

(g) Matured thallus of Boergesnia forbesii from spores
Fig. 11 (a-g) Spore culture of Boergesnia forbesii
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7.5. Monostroma cultivation by monospores

Culturing Monostorma by induction of monospores in vegetative thallus by altering nutrients

and light intensity and culturing the spores for commercial purposes (Kavale et al.,2020).
8. Effect of life cycle on growth and phycocolloids

Mantri et al (2021) analysed the differences of growth and agarose properties in G.dura in
different life cycle phases. They observed that the male gametophyte had significantly higher
growth rate of 6.23 + 0.59% day-! than the tetrasporophyte (5.10 + 0.14% day-1) and
cystocarpicfemale gametophyte (2.67 * 0.32% day~1). A higher agarose yield (28.6 + 1.53%)
was recordedin tetrasporophyte than cystocarpic female gametophyte (27.4 + 0.60%) and
male gametophyte (25.2 + 0.36%). The gel strength of agarose (2384 + 124.13 g cm~2) was
found in male gametophytes which significantly higher than tetrasporophytes (1900 + 50 g
cm~2) and cystocarpic female gametophytes (2122 + 124.03 g cm~2).

Santelices and Varela. (1995) stated that fertile female gametophytes recorded higher growth
than fertile tetrasporophytes in Agrophyton chilense. Barufi et al. (2010) reported higher
growthrates of tetrasporophytes (24.01% day-1) than female gametophytes (21.1% day-1)
in A. tenui stipitatum under controlled lab culture experiments. Ursi and Plastino (2001)
reported higher growth in female gametophytes than male gametophytes and
tetrasporophytes of Crassiphycus birdiae. Kim and Henriquez. (1979) reported higher agar
yields with lower gel strength in cystocarpic fronds compared to the tetrasporic fronds of G.
longissimi. Agar yield of diploid tetrasporophytes has been shown to be higher (38.3%) than
haploid female fronds bearing cystocarps (37.5%) in G. bursapastoris (Marinho-Soriano et al.

1999).
9.1. Advantages of spore-based cultivation

e Only a small amount of biomass is required to start a culture (plants bearing
reproductivestructures)

e Genetic vigour of seedlings maintained by spores

e Genetic variability of plantations

e Prevention of thalli aging complications

9.2.Disadvantages of spore-based cultivation

30



e Spore based cultures are multi-step, where the early stages must be closely monitored in
the laboratory to ensure their viability which in turn increases the complexity and cost of

the whole process.
e The complex algal life cycle.

e High mortality of liberated spores.

10. Conclusion
For an effective seaweed aquaculture practices, knowing the life cycle phases is more important.
Because, different life cycle phases of same plant significantly differed growth and phycocolloid
properties. Also, life cycle assessment in seaweeds required for improving quality of seed supply,
germ plasm improvement. Seaweed life cycle are not perennial and annual. Spore production
and liberation are season-based activities and produce many cultivars for elite germplasm and
crop improvement programme especially diseases and temperature resistant varieties for
commercial farming of economically important seaweeds which being practiced for livelihood

opportunities for coastal rural population.
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Abstract:

Microalgae culture systems are emerging as a viable solution for producing biofuels, food
supplements, and other high-value products, offering significant environmental benefits. Life Cycle
Assessment (LCA) is essential for evaluating the environmental impacts of these systems throughout
their life cycle. This study examines the challenges and future directions in optimizing microalgae
culture systems using LCA. Key challenges include high energy consumption, which impacts both
operational costs and greenhouse gas emissions. Efficient energy use and integration of renewable
sources are crucial for reducing these impacts. Another significant issue is nutrient management;
improper handling can lead to environmental problems such as eutrophication. Advanced nutrient
recovery and recycling technologies are needed to mitigate these effects. Additionally, the harvesting
and processing of microalgae are often costly and energy-intensive, making them a focal point for
future research. Innovations in harvesting technologies and cost-effective processing methods are
essential to improve the economic feasibility of microalgae systems. Future research should also
explore integrating microalgae systems with waste management practices to enhance sustainability.
By addressing these challenges through technological advancements and interdisciplinary
approaches, microalgae culture systems can be optimized to contribute effectively to sustainable

production practices across various industries.

Keywords: Energy Consumption, Nutrient Management, Harvesting, Waste Management,

Sustainability
1. Introduction

The growing interest in sustainable technologies has highlighted the potential of microalgae
as a versatile and eco-friendly resource. Microalgae are microscopic aquatic plants with a remarkable
ability to produce valuable compounds, including lipids, proteins, and carbohydrates, which can be

utilized in various industries such as biofuel production, nutritional supplements, and wastewater
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treatment. These organisms offer several advantages over traditional crops and resources, including
faster growth rates, higher productivity per unit area, and the ability to grow in diverse environments,
including wastewater and saline water (Richmond, 2004; Mata et al., 2010). The increasing emphasis
on reducing carbon footprints and enhancing resource efficiency has driven significant research into
microalgal cultures as a sustainable alternative to conventional methods, aiming to address global
challenges related to energy, food security, and environmental management (Chisti, 2007; Acién

Fernandez et al., 2012).

However, despite their potential benefits, the environmental impact of microalgal culture
systems requires thorough evaluation to ensure their sustainability. Life Cycle Assessment (LCA)
emerges as a crucial tool for this purpose, providing a comprehensive framework to evaluate the
environmental impacts associated with all stages of microalgal production, from cultivation to
processing. LCA allows for the assessment of key impact categories such as energy consumption,
water usage, and land requirements, offering insights into the overall ecological footprint of
microalgal systems (Heijungs et al.,, 2010; Kumar et al.,, 2022). By systematically analysing these
aspects, LCA helps identify opportunities for improving efficiency and reducing the environmental
impact of microalgal cultures, thereby supporting the development of more sustainable practices and

technologies in the field (Gomez et al., 2021; Luo et al., 2020).
2. Overview of Microalgal Culture Systems

Microalgae, the microscopic aquatic plants, represent a significant opportunity for sustainable
production across various sectors. Their high growth rates, robust adaptability, and capacity to
produce valuable biochemical compounds have made them a focal point in research and industrial
applications. Microalgal culture systems are designed to optimize these attributes, and they are
generally classified into open pond systems, closed photobioreactors, and hybrid systems. Each
system has its specific advantages, limitations, and applications, influencing the choice of technology

based on factors such as cost, productivity, and end use.

a. Open Pond Systems: Open pond systems are among the most traditional and cost-effective
methods for cultivating microalgae. They typically involve large, shallow ponds where algae
grow under natural sunlight. These systems are straightforward to construct and operate,
making them suitable for large-scale production where economic considerations are
paramount (Mata et al., 2010). However, open ponds are susceptible to contamination from
unwanted microorganisms and environmental variables, leading to potential fluctuations in

productivity and quality (Craggs et al., 2013). Despite these challenges, open ponds remain
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popular for applications like biofuel production and wastewater treatment due to their low

operational costs (Chisti, 2007; Acién Fernandez et al., 2012).

Closed Photobioreactors: Closed photobioreactors offer a more controlled environment for
microalgae cultivation, providing several advantages over open pond systems. These systems
use transparent containers to maximize light capture and create optimal conditions for algae
growth. The main types of photobioreactors include tubular, flat-panel, and column reactors.
Tubular reactors consist of long, Open systems

transparent tubes through which algae
and growth medium flow, while flat-panel

reactors use flat surfaces to increase light

eXpOSure (RlChmond, 2004‘; Llu et al-, Raceway pond Circular pond Unstirred pond
2016). Closed systems are less prone to s

contamination and allow precise control

. : : RSN, P

over growth conditions, leading to higher - :&t@' s s
e ! B

productivity and quality (Gémez et al,, T'--Z-I;‘c;;. 3 i

2021). However, the high capital and _ _
Plate reactora Column reactor Annular reactor Tubular reactor

operational costs associated with

photobioreactors can be a barrier to widespread adoption (Becker et al., 2022).

Hybrid Systems: Hybrid systems integrate the benefits of both open ponds and closed
photobioreactors, aiming to optimize cost and productivity. These systems often use open
ponds for initial algae growth and transition to closed reactors for the later stages of
cultivation or processing. This approach allows for a reduction in operational costs while
maintaining relatively high productivity (Luo et al., 2020; Kumar et al., 2022). Hybrid systems
can leverage the low cost of open ponds and the high efficiency of closed reactors, making

them a viable option for diverse applications (Molina et al., 2022).

2.1 Technological Innovations: Recent advancements in microalgal culture technologies focus on

improving efficiency and sustainability. Innovations include the development of energy-efficient

lighting systems, integration of renewable energy sources, and optimization of nutrient delivery

(Heijungs et al., 2010; Villarreal et al., 2011). Additionally, research into genetic engineering and

biotechnological methods aims to enhance algal productivity and stress tolerance, which can further

improve the overall efficiency of microalgal cultivation systems (Acién Fernandez et al., 2013; Becker

etal., 2022).
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2.2 Environmental and Economic Considerations: The choice of microalgal culture system has
significant implications for environmental sustainability and economic feasibility. Open ponds, while
cost-effective, often face challenges related to contamination and resource use. In contrast, closed
photobioreactors offer higher control and productivity but come with increased costs. Hybrid
systems attempt to balance these factors by combining the strengths of both approaches (Richmond
& Hu, 2013). Evaluating the environmental footprint and economic viability of each system is
essential for developing sustainable microalgal cultivation practices (Craggs etal., 2013; Gomez et al.,
2021). Microalgal culture systems offer diverse opportunities for sustainable production across
various industries. Ongoing research and technological advancements continue to enhance the
efficiency and applicability of these systems, supporting their integration into broader sustainability

efforts.
3. LCA Methodology
3.1 Goal and Scope Definition

The initial phase of an LCA involves defining the goal and scope of the study. This includes outlining
the purpose of the assessment, the system boundaries, and the functional unit. For microalgae culture
systems, the functional unit might be the amount of microalgae biomass produced per hectare or per
cubic meter of cultivation system. The system boundaries should encompass all relevant processes
from raw material inputs (such as nutrients and energy) to the end-of-life stage of the microalgae

products (Heijungs et al.,, 2010).
3.2 Inventory Analysis

Inventory analysis involves collecting and quantifying data on the inputs and outputs of the
microalgae cultivation system. Inputs include energy (e.g., electricity for lighting and mixing), water,
and nutrients (e.g., nitrogen and phosphorus). Outputs cover microalgae biomass, emissions to air
and water (e.g., CO,, NOx), and waste products. Accurate inventory data are crucial for a reliable LCA,
and this data can be obtained from operational records, scientific literature, and industry databases

(Chisti, 2007; Acien Fernandez et al., 2012).
3.3 Impact Assessment

Impact Assessment is a crucial stage in Life Cycle Assessment (LCA), where inventory data are
analysed to determine the environmental impacts associated with microalgae culture systems. This
phase translates quantitative data on inputs and outputs into meaningful environmental metrics,
helping to identify areas for improvement and guide decision-making towards more sustainable

practices.
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i. Global Warming Potential (GWP) is a key impact category that measures the contribution
of greenhouse gases (GHGs) to climate change. It is expressed in terms of CO, equivalents
(CO.e), aggregating various GHGs based on their global warming potential. For microalgae
systems, GWP is influenced by factors such as energy use for lighting and aeration. While
microalgae systems have potential benefits in terms of lower GHG emissions compared to
fossil fuels, improving energy efficiency and utilizing renewable energy sources are essential

for further reducing GWP (Chisti, 2007; Kumar et al., 2022).

ii. Eutrophication Potential (EP) assesses the impact of nutrient inputs on nutrient enrichment
in aquatic environments. Excessive nutrients, particularly nitrogen and phosphorus, can lead
to harmful algal blooms and oxygen depletion. This impact is measured in terms of phosphate
equivalents (P0,*). Effective nutrient management and recycling can mitigate eutrophication

potential, but improper nutrient handling poses risks (Gomez et al., 2021; Luo et al,, 2020).

iii.  Acidification Potential (AP) evaluates the contribution of emissions, such as sulfur dioxide
(S0O,) and nitrogen oxides (NOx), to acid rain formation. Acid rain can lead to environmental
issues such as soil and water body acidification. AP is expressed in terms of sulfur dioxide
equivalents (SO;). Microalgae systems' AP is influenced by energy consumption; adopting
cleaner energy sources can help reduce acidification impacts (Becker et al., 2022; Chisti,

2007).

iv.  Resource Depletion examines the consumption of non-renewable resources, including fossil
fuels and water. It highlights the extent to which the system relies on finite resources, affecting
long-term sustainability. Efficient energy and water management practices are crucial for

minimizing resource depletion (Guinée et al., 2011; Villarreal et al,, 2011).
3.4 Interpretation

The interpretation phase integrates the results from the impact assessment to provide
actionable insights. It involves identifying significant environmental hotspots, evaluating trade-offs
between different systems or processes, and recommending improvements to reduce the overall
environmental impact. Sensitivity analyses and scenario evaluations help in understanding how

changes in variables or processes affect the results (Hauschild et al., 2018).
4. Application of LCA in Microalgae Culture Systems

4.1 Comparative Analysis of Cultivation Systems
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LCA is used to compare different microalgae cultivation systems, such as open ponds, closed
photobioreactors, and hybrid systems. Open pond systems are cost-effective and relatively simple but
have higher risks of contamination and lower biomass productivity compared to closed
photobioreactors, which offer controlled environments and higher yields but involve greater energy
and capital costs. LCA helps in evaluating these trade-offs by assessing the environmental impacts of
each system, guiding the selection of the most sustainable option (Craggs et al., 2013; Richmond,

2004).
4.2 Sustainability Assessment for Biofuel Production

Microalgae are a promising source of biofuels due to their high lipid content and rapid growth rates.
LCA assesses the environmental impacts of microalgae-based biofuels compared to conventional
fossil fuels and other biofuels. It helps in identifying potential benefits, such as reduced greenhouse
gas emissions and lower resource consumption, as well as challenges, such as high energy
requirements for cultivation and processing. This assessment supports the development of more

sustainable biofuel production systems (Chisti, 2007; Acién Fernandez et al., 2013).
4.3 Optimization of Resource Use

LCA identifies opportunities for improving the efficiency of microalgae cultivation systems by
analysing resource inputs and outputs. For instance, it can highlight the potential for reducing energy
consumption through technological advancements, optimizing nutrient delivery, or utilizing
renewable energy sources. This supports the development of more sustainable cultivation practices

and enhances resource use efficiency (Becker et al., 2022; Villarreal et al., 2011).
4.4 Waste Management and By-product Utilization

Microalgae cultivation generates various by-products and waste, including spent culture media and
biomass residues. LCA evaluates different waste management strategies, such as recycling,
composting, or energy recovery, to determine their environmental impacts. It also assesses the
potential benefits of utilizing by-products for other applications, such as animal feed or fertilizer,

contributing to a circular economy (Luo et al,, 2020; Gomez et al., 2024).
5. Life Cycle Assessment: Challenges and Future Directions in Microalgae Culture Systems

Life Cycle Assessment (LCA) of microalgae culture systems reveals several challenges and
highlights future directions for improving sustainability and efficiency. One significant challenge is
the high energy consumption associated with the cultivation, harvesting, and processing of

microalgae. This energy demand, often sourced from non-renewable resources, can offset the
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environmental benefits of microalgae systems. To address this, future research should focus on
improving energy efficiency and integrating renewable energy sources into microalgae production
systems (Chisti, 2007; Khoshnam et al., 2020). Advances in technologies such as photobioreactors
and algae cultivation systems can help reduce energy inputs and associated greenhouse gas

emissions (Garcia et al.,, 2020).

Nutrient management also poses a challenge in microalgae cultivation. The high nutrient
requirements of microalgae can lead to issues such as eutrophication if not managed properly.
Effective nutrient recycling and recovery are essential to minimize environmental impacts and
enhance sustainability. Future LCA studies should focus on the development of advanced nutrient
management strategies and technologies to improve resource efficiency (Craggs et al.,, 2013; Gomez
et al., 2021). Incorporating waste management practices, such as using nutrient-rich wastewater as

aresource, could further reduce the environmental footprint of microalgae systems (Luo et al., 2020).

Harvesting and processing technologies are also critical areas for improvement. Current
methods are often costly and energy-intensive, impacting the economic feasibility of microalgae-
based products. Research should aim to develop more cost-effective and efficient harvesting
techniques, such as electrocoagulation and advanced filtration, to enhance overall system
performance and reduce operational costs (Sialve et al., 2009; Zhang et al., 2021). By addressing these
challenges through technological innovation and interdisciplinary research, the potential of
microalgae culture systems can be fully realized, contributing to more sustainable and economically

viable solutions for various applications.
6. Conclusion

Life Cycle Assessment (LCA) of microalgae culture systems underscores their potential as a
sustainable alternative for producing biofuels, food supplements, and other valuable products.
However, the successful implementation and optimization of these systems face several challenges,
including high energy consumption, nutrient management issues, and the need for efficient
harvesting technologies. Addressing these challenges through targeted research and technological
advancements is crucial for enhancing the environmental and economic viability of microalgae

culture systems.

Efforts to improve energy efficiency and integrate renewable energy sources can help mitigate
the significant GHG emissions associated with microalgae cultivation. Similarly, advancements in
nutrient recycling and recovery technologies are essential to minimize the risk of eutrophication and
other environmental impacts. Innovations in harvesting and processing techniques will be key to

reducing operational costs and improving the overall feasibility of large-scale microalgae production.
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Future research should focus on optimizing cultivation conditions, exploring advanced
technologies, and integrating microalgae systems with waste management practices to fully harness
their potential. By overcoming these challenges and leveraging interdisciplinary approaches,
microalgae culture systems can contribute significantly to more sustainable and resilient production

systems across various industries.

In conclusion, while microalgae culture systems offer promising benefits, a concerted effort to
address the existing challenges through innovation and research is vital for achieving their full

potential and realizing their role in a sustainable future.
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Introduction

The intensification in aquaculture sector to cater the demand for fishes will lead to more
negative impact on adjacent water bodies and the local biodiversity. The nutrient load from intensive
farming practices will lead to eutrophication and subsequently into pollution and habitat
degradation. Various farming practices like integrated farming, integrated multitrophic aquaculture,
aquaponics and recirculatory aquaculture systems are considered as environment friendly
aquaculture practices. Even though, other intensive practices like recirculatory aquaculture system

(RAS) and aquaponics are environment friendly, but it demands huge financial investment.

Biofloc technology (BFT) and RAS are gaining popularity among entrepreneurs and farmers
as a sustainable and economical technology for intensive farming. Both reduces the water exchange
rates considerably and thus ensures biosecurity (Avnimelech, 2009). Microbial biomass is grown on
culture water resulting in a removal of nitrogenous components from the effluent. So, facts
underlying this technology, its implementation and regular management protocols need to be

transferred to the end users.

Life cycle analysis evaluates and quantifies the impact of any aquaculture technologies on
environment, which give an insight into performance of the system on taking care of the environment.
When practicing LCA, challenges posed are lack of representation of functional unit on actual
function, non-covering of all environmental impacts, interpretation lacking methodology evaluation
on critical basis. The LCA envisages the data on inputs, production, energy use and waste production

which will have an impact on environment.

Critically the first step is goal definition and scoping, where the emerging technologies identify
their goal as high intensive aquaculture technologies which follow zero or minimal water discharge
methods where in house recycling or reuse of culture water is carried out. Second aspect is inventory
analysis which include seed from certified sources to prevent disease, good quality feed with water
stability, and limited water exchange through recycling of waste and hence minimal impact on

environment through these emerging technologies like RAS and biofloc based fish farming. Both
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these are energy consuming technologies, hence resorting to the usage of renewable energy in these

technologies may enhance the energy use efficiency.

Impact assessment is the third stage in which the usage of natural resources like land and
water are minimal in the emerging aquaculture technologies like RAS and biofloc. These technologies
are having minimal impact on environment as they are doing on minimal or zero water discharge and
is also based on recirculation in-situ. No harmful effluents are discharged into the environment even
though the culture system in intensive in nature. The final step is interpretation of results after
evaluation which will assess the product development process which reflect the boundaries and

assumptions used to generate the results.

Biofloc fish farming

Biofloc tanks are constructed from a variety of materials like concrete, RCC, plastic, fiberglass
reinforced plastic, ferro-cement, HDPE liners (450-600 grams per square meter (GSM)) etc. The
suitable size of the tanks varies from 10000 L to 50000 L and an average depth of 1.5m with a central
drainage and a sump.

Microbial flocs composed of consortia of microbial organisms (both filamentous and
flocculating bacteria especially heterotrophs), dead organisms, feed particles and fecal aggregates.
The floc needs to be maintained in suspension with the help of vigorous aeration so that the
flocculating matter will not settle and decay. The major category of microbes flocculating in the
system is heterotrophic bacteria and their flocculation activity is guided by the presence of Total
Ammonia Nitrogen (TAN) and external addition of carbon source. The flocculated biomass also
includes diatoms, blue green algae, cladocerans and other zooplankton also and the biofloc formed
will be irregular in shape. To develop biofloc, external carbon sources will be added to the culture
system at regulated amounts to maintain the Carbon: Nitrogen ratio at the level of 10:1 to 20: 1

depending on the demand of the system.

Fig 1. Biofloc unit of 15000 L capacity
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For initial floc formation, an inoculum need to be prepared and for that pond bottom soil
should be collected from nursery pond bottom. Inoculum can be formed in the fibre glass tanks or
plastic tanks (500 L) by adding 20g of pond bottom soil in well aerated water (1 L) containing 20 mg
L-1 ammonium sulphate (NH4)2SO4 and 400mg L-1 of carbon source can be used. Carbon sources
generally suggested are tapioca flour, corn flour, wheat flour, brewery waste, etc. For accelerated
biofloc development, carbon sources such as glucose, sucrose, sugar, etc. can be used at the initial

stages.

Inoculum preparation

* Requirements
— Pond soil- 20gm/L
— Ammonium Sulphate -10mg/L
— Carbon Source-200mg/L (Molasses)
— Yeast
Day 1:
— Fill the tanks and aerate vigorously
— Ferment the carbon source with yeast(100:1)
Day 2:
— Introduce soil, fermented carbon source and ammonium sulfate
— Aerate
Day 3:
— Inoculate tanks with the inoculum (@
1L inoculum for 100 L of water

Fig 2 : Preparation of inoculum

The tanks should be pre-equipped with proper aeration facilities in which a tank of 10,000 L
need to have 8-10 aeration points. Around 3-4 HP air blowers are sufficient for maintenance of 6
tanks of 15000 L capacity each. To counter ammonia development and to accelerate floc
development, the carbon source of your choice can be added to maintain the Carbon: Nitrogen ratio
of 15: 1 to 20: 1. In simple terms, the 1 mg/L of Total Ammonia Nitrogen concentration (TAN), the
carbon addition should be 15-20 mg/L depending on the indented C:N ratio. The farmers are advised
to check the concentration of TAN and dissolved oxygen at regular intervals to maintain the proper

biofloc concentration.

The floc volume needs to be evaluated on a regular basis using Imhoff cone. The 1L Imhoff
cone will be useful for measuring the floc volume. The stocking of fry or fingerling of fishes can be
carried out once the floc volume reaches 10 ml/L. After stocking, the TAN level will increase steadily

which need to be managed with regular addition of carbon source at a frequency of 3-4 days interval.
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The most important parameter to be checked is pH as there is lot of drain in alkalinity in the culture

water.
Maintenance of biofloc in culture unit using a carbon source

The quantity of carbon should be calculated as per biomass and TAN. It is not necessary to add
carbon regularly if the ammonia concentration is within 4 mg/L and nitrite concentration upto 6.0
mg/L and nitrate concentration should not exceed 60 mg/L. The frequent sludge removal of 10
seconds daily will control the sludge formation in the tank. The tank should have a proper slope for
efficient sludge removal. The floc concentration is a check point to decide upon the sludge removal.
If the floc volume is within 20-25 mg/L it is optimum for finfish tanks and should be maintained well
below 15 mg/L in case of shrimp. Water quality will be maintained by microbial assimilation of toxic
metabolites like ammonia, nitrite and nitrate by the microbes to flocculate and flourish in the system.

Hence there is no need of water exchange to clean the culture environment.
Species suitable for biofloc and rearing

Whiteleg Shrimp (Penaeus vannamei), tilapia (Oreochromis niloticus), pearl spot/karimeen
(Etroplus suratensis), pangasius (Pangasianodon hypophthalmus), murrel (Channa marulius), singhi
(Heteropneustus fossilis) and koi (Anabas sp). The fish can be stocked at a density of 60 -80 No per
cubic m for tilapia and pangasius, 200-250 No per cubic meter for fish like singhi, koi and murrel. The
seed need to be reared for at least 10 days in nursery under regular water exchange before releasing
them into biofloc unit. It is advisable to feed fish with pelleted feed with good water stability which
can vary from a size of 0.8 mm for small fish to 2-3 mm diameter for big fish. The feeding rate varies

from 5% of body weight initially to 1.5-2% towards end of rearing period.

!“

Fig 3 : Stocking of fish in biofloc unit
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Production

The biofloc unit can be having a production capacity of 18-23 Kg per cubic meter and a tank

of 15000 to 20000 L capacity can produce 250 to 350 Kg fish depending on species.
Life cycle analysis of biofloc system

The production per unit area is 18-23 Kg per cubic meter where the production system works
on limited or zero water discharge and hence there is no environmental impact in terms of effluent
discharge. The system has higher production from limited land area and hence the efficiency is high.
The energy efficiency need to be achieved through usage of renewable energy where the 8 tanks of
150000 L need to be provided with an energy of 4 HP air blowers where the solar power plant of 4-
5 KV can provide the energy efficiency. The floating fish feed with higher water stability are used to
prevent effluent formation and water quality deterioration. As biofloc farms are comparatively

biosecure and closed system, introduction and spread of diseases is limited.
Recirculating aquaculture system

RAS is a technology where water is recycled and reused after mechanical and biological
filtration. It is an intensive land-based aquaculture system where only 10% or less water is replaced
daily. RAS can high production at minimum area and water and is best suitable for high value species.
The effluents and solids will be removed by various components of RAS. The RAS system need to have
a solid removal unit such as a mechanical drum filter or trickling filter which remove solids
accumulated in the culture tanks when water get passed through it. From solid removal unit, the
water will be passed to a biofilter unit where biofilter media will be present either in fixed biofilter
media form or in fluidized bed media form. Further the water will be diverted to degassing chamber
where pure Oxygen is injected and Carbon Dioxide is removed. The water will then be passed through
a UV filter of adequate capacity to remove water borne pathogens and the clear water is recirculated

back to the culture tank.

Removal of solids Existing techniques | Advanced techniques used in
low water exchange | recirculation

Large sediment >100 micron Bottom siphon Settlers

Suspended  solids 20-100 | Sand filter Bead filter, rotating drum filter

micron

Suspended solids 1-20 micron | Cartridge filters Foam fractionator or protein
skimmer
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Dissolved impurities ammonia, | Large biofilters Biofilters suspended expandable
CO2 and other toxic wastes media such as beads, sand etc.
Bacterial load uv Ozone

Mechanical filter

Remove the suspended solids from the system water flow
The most commonly used : drum filter which remove particles

Particles are trapped inside the rotating drum, while water flows through the drum filter

Biofilter

1i.

Biofilters are typically constructed using plastic media where bacteria will grow as biofilm on

their surface.
Biofilters used in recirculation systems can be designed as
Fixed bed filters

Moving bed filters/fluidized bed media filter

Degassing Unit

Degassing is by aeration of the water
Accumulated carbon dioxide and free nitrogen are removed from the water

The removal of these gases is called degassing, aeration or stripping and can be done both in

the fish tanks and/or as a separate step before the water flows back to the tanks.

Oxygenation and UV filtration

When water leaving the fish tank, the saturation level in the water is typically lowered to 70%

and further reduced after the biofilter and degasser.
Aeration can bring the saturation level above 90%.

To control bacteria and viruses UV treatment: 2000 to 10000 pws/cm?
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Species suitable for RAS

White leg Shrimp (Penaeus vannamei), cobia (Rachycentron canadum)- Marine, silver/Indian
Pompano (Trichinotus Blochii/ Trichinotus mookalee), tilapia (Oreochromis niloticus), pearl
spot/karimeen (Etroplus suratensis), pangasius (Pangasianodon hypophthalmus)- based on marke,
rainbow trout (Oncorhynchus mykiss), murrel (Channa marulius), singhi (Heteropneustus fossilis) and

koi (Anabas sp).
Feed and feeing

Only dry pellet feed with suitable protein content can be recommended and should not use
trash fish in any form. Feed should be species specific and can be fed at the rate of 3-5 % of the body
weight of the fish. Reduce feeding when the temperature is low and do not overfeed and make a

feeding chart to optimize feeding.
Predictability and biosecurity of RAS

Constant water parameters (no water exchange), hence less stress and pprotected from external
entry of pathogens. RAS is isolated from weather related water quality fluctuations and bacterial load

is under control due to following factors

a) Higher level of biosecurity
b) Reduced levels of suspended solids
c) Low ammonia/nitrite, constant DO/pH/alkalinity /temperature
d) Zero usage of hazardous chemicals/antibiotics
Disadvantages of RAS
a) Constant uninterrupted power supply is required: power backup
b) Capital cost of starting a recirculating aquaculture system is high
c) Quality feed is required, preferably high protein and fat extruded diets
d) Technically skilled staff is required

Life cycle analysis of Recirculating aquaculture system

The production per unit area is 30-40 Kg per cubic meter where the production system works on
complete recirculation of water after filtration and hence there is no environmental impact in terms

of effluent discharge. The system has higher production from limited land area and hence the
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efficiency is high. The energy efficiency need to be achieved through usage of renewable energy
where the 100000 L need to be provided with an energy of 5 HP air blowers where the solar power
plant of 5 KV can provide the energy efficiency. The floating fish feed with higher water stability are
used to prevent effluent formation and water quality deterioration. As RAS farms are comparatively

biosecure and closed system, introduction and spread of diseases is limited.

52



6. Economic analysis and Environmental trade-offs in Fisheries with LCA perspective
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Life cycle assessment (LCA) is a methodology for assessing the environmental impacts
associated with the entire life cycle of a particular product or process. It involves a thorough inventory
of energy and materials that are required for product and calculates the corresponding emissions to
the environment. It ultimately assesses cumulative potential environmental impacts. It is a
framework widely used for environmental assessment of food systems, including fisheries. LCA
approach is very much essential to achieve sustainability in the process. In worldwide, LCA is
recognised as a tool for assessing environmental impacts and also a suitable methodology for analysis
of the environmental performance of fisheries. It is a compilation of inputs and outputs and

evaluation of potential environmental impacts of a product throughout its life cycle.
Approaches to LCA
There are several approaches to follow when carrying out the LCA:

i. Cradle-to-gate:
ii. Cradle-to-grave:

iii. Cradle-to-cradle:

e C(Cradle-to-gate: this stage measures the impacts from the raw material extraction to the

manufacturer’s gate. It is one of the simplest and least expensive methods.

e C(Cradle-to-grave: this stage measures the impacts from the raw material extraction to the end of
the product’s life. It is more comprehensive than the cradle-to-gate approach as it includes the

use/maintenance and the disposal phase of the product.

e C(Cradle-to-cradle: this stage measures the impact from the raw material extraction to when the
product is recycled or reused and starts a new life cycle. It is considered the most comprehensive
assessment of all the stages of a product’s life cycle as it promotes the concepts of circularity,

recycle ability, and reuse, meaning the entire environmental impact of the product is assessed.

LCA methodology is categorized into three levels. There are detailed below.
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e Conceptual LCA - It is the first level of LCA base on limited environmental aspects of few life
cycle stages. It is not a complete one, there is still scope for some improvement to reach the
potential. This results are useful for qualitative reporting of the assessment.

e Simplified LCA - Simplified LC: It is a LCA methodology based on specific level or phase or stage
of the life cycle instead of studying the whole life cycle process. It focuses only on relevant
environmental aspects or some stages or certain phases of the LCA. This LCA is also called as
streamlined LCA

e Detailed LCA - A Life Cycle Assessment (LCA) calculates the environmental impact of products or
services throughout their entire lifecycle. This type of LCA is comprehensive with the full
consideration of each life cycle stages with system-specific datasets and analysed in detail for

further process improvement.

The ISO 14040-14043 are considered as LCA standard. There are four phases in assessing the
LCA viz., goal and scope (ISO-14040), inventory analysis (ISO 14041), impact analysis (ISO 14042)
and interpretation (ISO 14043). The ISO 14044 is the latest addition which stands for Environmental
management — Life cycle assessment — Requirements and guidelines. It indicates that economic

allocation can be a last resort, when other methods are not suitable.

LCA methods
The various methods used in LCA assessment include Parametric LCA, Simplified LCA, Pseudo
LCA, Process-based LCA and Hybrid LCA.
e Parametric LCA: A method used statistical models to calculate emissions.
e Simplified LCA: A method used to compare the presence and absence of the condition.
e Pseudo LCA: A method used based on the mix of primary and secondary data to calculate
the Green House Gas (GHG) emissions.
e Process-based LCA: A methodology used to assess all the process associated with all life
cycle of phases of the project.
e Hybrid LCA: A method that incorporates both economic input-output analysis and process-

based.

In practice, the selection of particular method depends on the objective of the study. Generally,

the process based and simplified LCA are frequently used.
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The ultimate aim of LCA is achieving sustainability. But, in practice, the LCA is carried out with
physical units only and many times not focus on the economic aspects associated with the LCA. Hence,
Integrating economic, environment and technical performances are needed for sustainable process.
The present LCA methodologies rarely included the economic analysis, even it is considered almost
crucial and vital for the decision making process.

Economic Analysis

Economic analysis is sales, cost, profit projections of a product proposal. The major purpose
of economic analysis is to serve as a basis for a decision as to whether the corporate resources should
be committed to the development of new product. The starting point for any economic analysis
should be an estimate of total market potential. Besides, the basic aim of economic analysis is
revolving around two aspects viz., cost minimisation and yield (revenue) maximisation. Production
involves various factors of production such as land, labour, capital and profit. These factors of

products incurred capital formation which requires investment based on the scale of production.
Concepts in Economic Analysis
Investment

Investment is application of money to earn more money. This process of analyzing financial
stability before a business/ entity. Investment is inevitable while considering product development
as part of enterprise development. The investment should perform in an appreciating way with the

following features.

* Return - Major benefit expected from investment.

* Risk - Loss of principal amount of investment.

» Safety - protection of principal amount and expected rate of return.
* Liquidity - investment ready to convert into cash position.

Depreciation

Investment on equipment and machinery shows a kind of utility which is expressed as wear
and tear cost, i.e. depreciation. It is a reduction in the value of an asset over time, due in particular to
wear and tear on fixed assets. Depreciation is an accounting method of allocating the cost of a tangible
asset over its useful life to account for declines in value over time. The simplest and most straight
forward method of depreciation is straight-line depreciation. It splits an asset’s value equally over
multiple years, meaning you pay the same amount for every year of the asset’s useful life. It is a good
option for small businesses with simple accounting systems or businesses where the business owner

prepares and files the tax return
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(Cost of the assest — Salvage value)

Depreciation =
P Estimated life of an asset

Cost estimation

Cost is an expenditure required to produce or sell a product or get an asset ready for normal
use. Cost may be either direct or indirect. In terms of product development, the costs include fixed
costs, variable costs and total costs. The costs on raw material, labours, equipment and machinery,

miscellaneous are the part of variable or operational costs besides fixed costs on assets.
Revenue estimation

Revenue meaning is the money that is produced by carrying out normal business operations
and is calculated by multiplying the average sales price by the number of items sold. It is the total

sum of money from which other costs and expenses are subtracted to calculate net income.
Total revenue = Number of units sold * Unit cost
Profitability analysis

Profitability is the degree to which a business or activity yields profit or financial gain.
Profitability is measured with income and expenses. Income is money generated from the activities
of the business. Profit and profitability are not same. It has some differences. Profit is an absolute
amount, profitability is a relative term. It is the metric used to determine the scope of a profit of an
enterprise in relation to the size of the business. Profitability is a measurement of efficiency and also
ultimately its success or failure. It is a business's ability to produce a return on an investment based

on its resources in comparison with an alternative investment.
Return on investment (ROI)

Return on Investment (ROI) is a popular profitability metric used to evaluate how well an
investment has performed. ROI is expressed as a percentage and is calculated by dividing an
investment's net profit (or loss) by its initial cost or outlay. It is most commonly measured as net
income divided by the original capital cost of the investment. The higher the ratio, the greater the

benefit earned.

Net Profit

Return on Investment (ROI) =
(ROD) Cost of Investment

Break-even point (BEP)
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Break-even point is calculated by dividing the fixed costs of production by the price per unit
minus the variable costs of production. The break-even point is the level of production at which the

costs of production equal the revenues for a product.
Payback period (PBP)

Payback period can be defined as period of time required to recover its initial cost and
expenses and cost of investment done for project to reach at time where there is no loss no profit i.e.
breakeven point. It is the difference between initial investment and cash flows. It is the amount of

time required to recover the cost of an investment.

Estimated investment

Payback Period =
ayback rerio Net annual cash flow

Economic analysis with LCA perspective

Life-cycle cost analysis (LCCA) is an economic analysis tool used to determine the most cost-
effective option to purchase, run, sustain or dispose of an object or process. The method is popular in
helping managers determine economic sustainability by figuring out the life cycle of a product or
process. In the economic analysis, the economic allocation is advised as baseline method for
allocation in a detailed LCA. In practice, it is not possible to determine one “best” allocation method.
The allocation procedure has to be selected on a case-by-case basis and no single approach is suitable
for every situation. In some situations, economic allocation should not be the last methodological

resort.
Techno-economic analysis (TEA)

Techno-economic analysis (TEA) is a method of analyzing the economic performance of a
process, product, or service. It typically uses software modeling to estimate capital cost, operating
cost, and revenue based on technical and financial input parameters. TEA’s methodological steps
could be categorized into the following six steps: (1) defining technology readiness levels (TRL), (2)
system elements and boundaries identification, (3) Analyzing market conditions, costs, and
feasibility, (4) profitability analysis, (5) analysis of risk and uncertainty using sensitivity and scenario

forecasting, and (6) recommendations.
Life Cycle Cost Analysis (LCCA)

Life cycle cost analysis (LCCA) is an approach used to assess the total cost of owning a facility or
running a project. LCCA considers all the costs associated with obtaining, owning, and disposing of

an investment.. Life cycle cost analysis is ideal for estimating the overall cost of a project’s
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alternatives. It is also used to choose the right design to ensure that the chosen alternative will offer
a lower overall ownership cost that is consistent with function and quality. The lifestyle cost includes

initial cost, service cost, maintenance cost, operating cost and disposal cost.
Difference between LCA and LCCA

Why have economic analysis not yet been well-addressed by LCA or its software tools? The
probable reason is that despite the similarity of their names, Life Cycle Cost analysis (LCC) and LCA
have major methodological differences. The root of their differences is the fact that LCC and LCA are
each designed to provide answers to very different questions. Life Cycle Assessment evaluates the
relative environmental performance of alternative product systems for meeting the same end-use
function, from a broad, societal perspective. Life Cycle Cost evaluates the relative cost-effectiveness
of alternative investments and business decisions, from the perspective of an economic decision
maker such as a manufacturing firm or a consumer. The time horizon of an LCC analysis is often even
shorter than the usage phase of the investment, and is set by the accounting conventions of the

decision maker.
Integrating economic analysis with LCA

Integrating meaningful economic analysis with Life Cycle Assessment requires going well
beyond simply treating economic cost as “just another flow,” or as another property of flows, within
LCA software. It requires the addition of a time dimension to the modeling; the ability to introduce
and work with variables that have no causal dependence upon inventory flows; and the ability to

create and work with probabilistic scenarios.
Environmental trade offs in LCA

Environmental trade-offs is often represented as Environment-profitability trade off. This is
represented as the case of opting for a benefit at the cost of giving up the other benefits. This is called
as opportunity cost. The trade offs occur in terms of time, money or resources. One of the tools we
can use to analyze the trade-off between economic output and environmental protection is

a production possibility frontier (PPF). The PPF curve shows the opportunity cost of choosing either

more environmental protection or more economic output. The
P
e S points on the PPF curve shows productively efficient and the
c% P points that are inside the PPF are productively inefficient.
£
g .M \.\S
\\T Fig.1 . Trade-offs between Economic output and
Environmental Protection ‘ EnVironmental prOteCtion
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There are studies on the evaluation of environmental and economic implications using LCA
and economic analysis (EA) using Benefit-Cost Ratios (BCRs). This is part of the investment analysis
which is useful to assess the environmental and economic aspects of the system. There are options
to use the Economic input-output analysis-based lifecycle analysis (EIO-LCA) method involved
conventional input-output tables with appropriate sectoral environmental impact indices. The
above mentioned economic and environmental performance measures are on par similar to almost

all the production systems such as fisheries and aquaculture systems.
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Introduction

The aquaculture sector is anticipated to be a keystone in food production systems in the coming
decades. This sector has been growing dramatically from a global production of less than 10 million
tons in 1985 to 94.4 million tons in 2014 (FAO 2022). However, it is associated with potentially
important environmental damages caused by its contribution to eutrophication, intensive use of land
and water, ecotoxicity in local ecosystems through the use of chemicals, and introduction of non-
indigenous species (Ottinger et al. 2016). Life cycle assessment (LCA) studies have been conducted
on several seafood farming systems for the past 20 years to comprehensively quantify those impacts
butin case of freshwater aquaculture system, the LCA is a newer concept. Life cycle assessment (LCA)
is a tool used to quantify local, and global environmental impacts of systems and processes. It is
considered a “cradle to grave” analysis, meaning that the assessment includes raw material extraction
through the final disposal of all components (Curran, 2006). LCA is an [SO-standardized methodology,
which quantifies the impacts on ecosystems, human health and natural resources stemming from
products and systems throughout their entire life cycle, i.e. from the extraction of the raw materials
through their production and use or operation up to their final decommissioning and disposal (ISO
2006; EC 2010). LCA has become a valuable tool used to evaluate a variety of systems, including
biofuel production, wastewater treatment systems, agriculture, and aquaculture (Campbell et al,,

2011).

Environmental sustainability has been defined as the “maintenance of natural capital”, also
known as the input/output rules that could be summarized as followed: the waste emissions caused
by a project or action should not excess the capacity of the local environment (output rule) and the
natural resources should be harvested at a rate that allow regeneration (input rule) (Goodland 1997).
This tool can be used to assess multiple impact categories, such as climate change, eutrophication to
aquatic environments (termed “aquatic eutrophication” hereafter), or toxicity of chemical releases
impacting human health (termed “human toxicity” hereafter) and ecosystems (termed “ecotoxicity”
hereafter) LCA can be used to support decision-making in aquaculture by identifying the hotspots of
a system in order to reduce their environmental impacts or by comparing several alternative systems

to determine which one has the lowest environmental impacts among analyzed alternatives. This can
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be done at micro-level (e.g. focus on a specific process, such as feed production), meso-level (like

assessing an entire farm) or macro-level (like assessing the aquaculture sector or an entire country)..
Global overview of LCA studies

The overview of the studies reveals an important discrepancy between the geographical
distribution of the systems assessed in the LCA studies and the global distribution of the production
of farmed fish. While Asia represents approximately 90% of the global aquaculture production, only
24% of the LCA studies assessed an aquaculture system located on this continent. On the other hand,
Europe is greatly over-represented among the LCA studies, with approximately half of them, while it
only accounts for 3% of the global production. This suggests that concerns about environmental
sustainability and the use of LCA to assess it is limited in Asia, and it therefore calls for more LCA
studies performed on aquaculture systems in this region. Global consumption of fish per year is
approximately 20.7 kg per capita and that half of it is farmed fish (FAO 2022), it corresponds to an
impact of 44 kg CO2-eq per year per capita for farmed fish consumption alone, or approximately 0.6%

of the annual climate change impacts of an average person in the world.

A. Continents

m Africa
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O America
Oceania

B. Species

M Marine fishes

8 Freshwater fishes
B Diadromous fishes

O Crustaceans

Molluscs

Fig. 1. Differences in (A) geographical and (B) species distributions between LCA studies and actual

production
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Different production system

Aquaculture systems vary in design and can be divided into two general categories linked to intensity
of practice: extensive and intensive. Intensive aquaculture systems, such as recirculating aquaculture
systems (RAS), in which 90-99 % of system water is recycled (Badiola et al., 2012), are commonly
cited as a more sustainable option for aquaculture production due to localized reduction in water
inputs and nutrient discharges. However, the high energy and material requirements for RAS, which
can contribute to greater global impacts, such as global warming potential, are not usually included
when discussing the sustainability of intensive systems. Alternatively, extensive systems often require
fewer feed and energy inputs (Naylor et al, 2000; Wirza and Nazir, 2020). Extensive systems
potentially have fewer global environmental impacts, although the open system boundaries can

result in greater direct ecological impacts, such as degradation of water quality (Stickney, 1994).
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Fig. 2. Continuum of aquaculture production methods (adapted (Stickney, 1994).

Define Goal and Scope

The goal and scope definition is the first step of an LCA. It should provide a clear statement of
the study’s purpose. Development of the scope is often comprised of an explanation of the system
boundaries, functional unit, the impact assessment ethodology, impact categories, and allocation
used in the study. This step determines what information is included or excluded in the LCA and

facilitates or hinders comparisons between studies.
System boundaries

The system boundaries define what processes are included in the LCA. In its most basic form,

this includes all processes from cradle to grave. System boundaries of food product studies often stop
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at farm-gate and do not include processing, retail, or household use. Within the defined boundary,
each aquaculture system was broken into different processes. Aquafeed, diet, or feed components
were included in all studies. Energy carriers (e.g. electricity, natural gas, gasoline) or electricity
production were also commonly reported as a separate process. If energy carriers were not included
as a separate process they were included within other processes. Across industries, infrastructure
and capital goods have been excluded from LCAs based on the assumption that the impacts are

relatively small.

System Boundary: Cradle to Grave

System Boundary: Cradle to Farm Gate

Raw Materials Processing
Extraction

r
R Lo — Market |
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Feed : Hatchery E Use
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- Aquaculture
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} | |

Emissions |

—

Fig. 3. Generalized system diagram for aquaculture systems.
Impact assessment

Life cycle impact assessment involves selecting impact categories and assigning associated
characterization factors to the materials and energy inputs and outputs (Wu et al., 2020). The CML
baseline method was the only standardized method used to calculate common impact categories,
such as eutrophication potential, acidification potential, and global warming potential. Studies that
did not use the CML baseline method or had additional impact categories, used independent methods
for characterization. A measure of kg CO2 equivalents was included in all the studies termed either

greenhouse gas emissions or climate change.
Studies on Freshwater Aquaculture

LCA studies on different freshwater aquaculture is mentioned below. The table includes the
system included for the culture along with its species and functional unit. Most of the studies have
been conducted on tilapia and common carp. In Indian scenario, LCA study has not been initiated

systematically. ICAR-CIFA and WorldFish have jointly conducted a study to know the impact of IMC
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farming in four different states like Odisha, Chhattisgarh, Jharkhand and Andhra Pradesh. The total
impact contributed by different farming systems was calculated based on the environmental impacts.
Among the IMC farming systems, Andhra Pradesh -IMC contributed the highest environmental
impacts followed by Chhatishgarh -IMC, West Bengal B-IMC, and Odisha-IMC. It was concluded that

the difference was mainly due to the difference in the feed intake.

Table 1: List of studies included in literature review and important characteristics of each study

SYSTEM Location | Species | Functio | Impact | FCR Infra | Integr
INCLUDED nal unit | assessm struc | ated

ent ture | with

method inclu | other

ded animal
/
plants
Fish pond Tilapia 1 ton N/R Yes Yes
integrated
with pig,
wheat, Cameroon
pigmanure and
chicken CML 2
manure baseline
Carp 1 ton 1.7,2.1 Yes Yes

Net cage Indonesia | tilapia CML 2

baseline

Tilapia 1 ton CML 2 1.7 No No

Lake and Pond | Indonesia baseline

cCEDv

1.03
Fish ponds Fish Kcal and N/R Not Yes
integrated Vietnam kg per Individu specif
with rice fields farm ally ied
or product | calculate
orchards d
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Commo | 1ton 0.95(RAS) | yes
RAS; Semi France n carp CML2Ba | 1.29(exte
intensive seline nsive) No
pond; extensive 2001; 0.86
polyculture CEDv1.0 | (semi-
pond; 5 extensive)
Southern | Commo | 1kg 2 NO No

Pond Germany | n carp ILCD
aquaculture
Conventional Tilapia 1 ton 5th IPCC | 1.39-1.82 | No Yes
aquaculture+ Egypt assessm
management ent
practices report,
applied CML

Baseline

2013
Concrete pond Tilapia 1 ton Eco- NR No No

Egypt invent
(intensive and database
semi intensive) 2008
Conclusions

There is a need for more detailed LCA studies of non-finfish species, as well s of integrated,
extensive, and semi-intensive production of finfish in developing countries (especially in Asia), in
order to guide the industry towards best practice, highlight hot spots, and guide consumers. These
studies should conform to up-to-date guidelines from, e.g.,ISO, ILCD, and SETAC-UNEP in order to
move towards a more harmonized methodology. The characterization factors and background
databases selected should also be the latest available versions. There is also a need to develop impact
categories more specifically related to aquaculture, such as seafloor disturbance, biotic resource
depletion, and loss of biodiversity. Moreover, the reporting of methodological choices and data should

be improved to allow for comprehensive critical analysis and the joint development of extensive
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Introduction

The global population is projected to grow by 21%, increasing from 8 billion in 2022 to 9.7 billion by
2050 (United Nations, 2022). By 2020, aquaculture production had nearly equalled capture fisheries,
a significant rise from its minor role a decade earlier (Food and Agriculture Organization of the United
Nations, 2022). Although the practice of farming aquatic animals has been around for over 2000 years,
it was only recognized as a major source of protein for food in the twentieth century (Stickney, 2000).
Nonetheless, the aquaculture industry is linked to several environmental issues, including climate
change, aquatic eutrophication, and biodiversity loss due to the escape of farmed animals (Naylor et
al., 2000; Diana, 2009; Ottinger et al., 2016). Therefore, it is essential to ensure that the rapid expansion

of the aquaculture sector proceeds sustainably.

A widely-used method for assessing the environmental sustainability of products or systems is life
cycle assessment (LCA; ISO 2006). Since the early 2000s, LCA has been extensively applied to evaluate
aquaculture systems. It has become the primary tool for identifying key environmental impacts of
seafood production systems. LCA quantitatively assesses the sustainability of various aquaculture
systems from a cradle-to-grave perspective, providing a scientific basis for system improvements and
the development of certification and eco-labelling standards. Current efforts aim to incorporate local

ecological and socio-economic impacts into the LCA framework (Cao et al.,, 2012).

Life Cycle Assessment Methodologies

The following discusses the LCA methodology that showed the most significant variations among the

LCA studies listed (Guinée et al. 2002):

e Functional unit

e System boundaries

e Data and data quality

e Allocation

e Impact assessment methods

¢ Interpretation methods
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The selection of these six phases is based on an analysis of all methodological assumptions and choices
made and data sources adopted for the different steps of Goal and Scope definition, Inventory Analysis,

Impact Assessment, and Interpretation.

Functional unit: The functional unit is the reference unit used to measure the performance of a
production system (ISO 14044, 2006). Choosing the functional unit is crucial for comparisons between
species and across cultures, as cultural consumer preferences influence the definition of "edible"
(Phong, 2010). The functional unit forms the basis for comparative LCAs. For instance, if frozen fillets
in supermarkets are chosen as the functional unit, the system boundary must encompass processing,
transportation, and distribution. The functional unit can significantly impact comparative LCAs
involving different species because the edible portions and nutritional values of products can vary

greatly (Roy et al., 2009).

System boundary: The system boundary defines which unit processes are included in an LCA study
and which are excluded. The selection of the system boundary should align with the study's goal, and
the criteria used to establish it should be identified and explained (ISO, 14044 2006). In aquaculture
systems, the full production chain length largely depends on the system type. For example, external
inputs of feed and hatchery-reared juveniles might not be needed in extensive systems, and if the

product is sold fresh, no processing is required (e.g., carp in China) (Sonesson et al., 2005).

Data and data quality: Transparency in data reporting and result reproducibility are crucial for
proper peer review and interpretation of background data, as much as possible given the sensitivity of
industry inventory data. One way to fit large inventories into the restricted format of scientific journals
is to report which processes derived from a background database (e.g., ecoinvent) were included in the
study without including the actual data. Such processes could be reported using process ID numbers
instead of full process names. Open data reporting is critical for developing specific LCA data sets for
aquaculture-related processes, as much primary data is currently lost by aggregating results and only

presenting impacts instead of inventories (Henriksson et al.,, 2011).

Allocation: Depending on the application (e.g., policy or scientific publications), using alternative
allocation methods can produce more realistic ranges of results and provide stronger conclusions.
However, certain requirements need to be addressed when dealing with allocation issues, such as
ensuring that the solution is consistent, well-justified, and aligns with main methodological principles
(Guinée et al,, 2004; ILCD, 2010). It is also important to report the allocation method(s) applied and
perform a sensitivity analysis, as allocation significantly impacts the performance of a production

system (ISO, 14044 2006).
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Impact assessment: The range of impact categories covered is limited, for example, to climate change,
acidification, and eutrophication. The methods adopted for the various categories differ, hindering the

comparison of study results (Henriksson., 2011).

Interpretation methods: According to ISO (2006), the life cycle interpretation phase of an LCA
includes identifying significant issues based on the results of the LCI (life cycle inventory) and LCIA
stages, evaluating completeness, sensitivity, and consistency, and formulating conclusions, limitations,
and recommendations. This phase is critical in any LCA study, where weaknesses should be highlighted

and results critically tested (Henriksson et al,, 2011).

LCA and Integrated Multi-Trophic Aquaculture (IMTA)

IMTA is about 20-year-old concept originally coined by Late Prof Thierry Chopin on 31 October 2003
when he gave a presentation entitled “Ecosystem interactions at an integrated aquaculture site: one
species’ waste is another’s treasure”, at the Annual Conference of the Aquaculture Association of

Canada (AAC), in Canada.

Increasing intensive aquaculture activity can lead to various environmental impacts, such as direct
effluent emissions, exploitation of wild resources for feed, materials for farming activities, chemical
contamination, and potential escapees of invasive cultivated species (Granada et al., 2016). Therefore,
Integrated Multi-Trophic Aquaculture (IMTA) has re-emerged as a strategy for achieving more eco-
efficient aquaculture, both socially and economically. The concept of IMTA can be traced back to
ancient civilizations in China and Egypt thousands of years ago (Kodama, 2022). However, the modern
recognition of IMTA began in the 1970s with the development of a combined tertiary sewage
treatment and marine aquaculture system (Ryther et al., 1975). The term IMTA itself is relatively new,
coming into use in the early 2000s as more explorations of the concept began (Chopin et al., 2001;
Neori et al., 2004; Troell et al., 2003). Troell et al. (2003) reviewed multiple studies that might be

categorized as IMTA, identifying potential advantages and challenges of implementing such systems.

IMTA is a circular concept where waste products from fed species (e.g., finfish) are utilized by other
organisms in the system, including inorganic and organic extractive species (e.g., seaweeds, shellfish)
(Chopin et al,, 2001). Due to its circular nature, IMTA has a set of trade-offs, such as increased eco-
intensification and productivity of farms, increased profitability, and reduced environmental impact,
but also increased space requirements, complexity, and social license needed for farm operation

(Hughes and Black, 2016). Despite these trade-offs, consensus leans toward the advantages of IMTA.
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Consequently, research on integrated aquaculture systems has intensified, including studies on their

environmental performance.

To evaluate and substantiate the environmental benefits of IMTA, a Life Cycle Assessment (LCA)
approach has been used. The first formal article using LCA to assess IMTA appeared in 2009 (Baruthio
et al.,, 2009), although the term IMTA had only recently become familiar. Despite this, formal LCA
publications on IMTA remain limited. Less than 10% of LCA studies focus on IMTA compared to the
total publications on this system. While IMTA shares similarities with conventional aquaculture
systems, it also faces specific challenges. LCA is a valuable tool for assessing the environmental impacts
of these systems. However, the multi-functionality issue in LCA, which adequately addresses the
environmental impacts of products, is more pronounced in multi-product systems like IMTA (Hala et

al, 2024).

Phases of LCA in IMTA

Functional Unit

In comparative LCA studies, using a very specific functional unit might be a hindrance because the
systems under study need to have a certain degree of similarity to be compared effectively. Bohnes
and Laurent (2018) proposed using a uniform and consistent functional unit for aquaculture practices,
such as nutritional criteria (protein and energy content), with consensus within the LCA food
community. However, the multi-functional nature of IMTA can challenge this uniformity. Therefore,
defining the functional units of the system in terms of their economic value could be preferable to

using mass or nutritional value (Hala et al., 2024)

Allocation Method

The multi-functionality of the IMTA system also poses a challenge to the allocation method in LCA
studies. Allocation involves partitioning the input and output of a process or product system to reflect
the environmental burdens associated with a particular product and its by-products (ISO, 2006). It is
advisable to carefully select the allocation method and conduct sensitivity analysis whenever possible
to fit the goal and scope of the study, especially when dealing with multi-functionality issues in LCA on

IMTA (Hala et al.,, 2024)
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Data Collection

It is recommended to collect and obtain data regarding the infrastructure and equipment for
the IMTA system and analyze the contribution of this category to the overall impacts of the system.
Typically, the required data for an IMTA system include details of infrastructure and equipment,
resource consumption (e.g., electricity, water, feed, chemical fertilizers), transportation, productivity,
and direct emissions from the system. Other inventory categories for resource consumption, such as
feed, chemical use, and fry and fingerlings, are usually recordable on the farm, as seen in reports from
GreenCoLab (2023) or IPMA (20203, 2020b). Some studies exclude resource use based on the study's
scope. For instance, Dias et al. (2021) and Halfdanarson et al. (2019) exclude feed and fry/fingerlings
due to the segregation of fish and seaweed cultivation, focusing only on seaweed, which requires
neither fish feed nor fingerlings. The cut-off for water consumption might also need to be defined more
complexly for the aquaculture and fisheries sectors due to blurred boundaries between the system
and the environment. Thus, data availability for water consumption might be more challenging to

obtain.

Environmental Impact Assessment

Almost all reviewed studies incorporated climate change potential, acidification, and
eutrophication in the impact assessment, except for the study by Halfdanarson et al. (2019), which

highlighted only climate change potential.

Interpretation

Key findings from LCA studies on IMTA systems show varying results when comparing IMTA
to monoculture systems. Two earlier studies stated that IMTA systems are not better than
monoculture (Baruthio et al., 2009; Medeiros et al., 2017). However, the majority and more recent
studies concluded that IMTA systems have a lower environmental impact across most chosen impact
categories (Favalier, 2019; Beltran et al., 2018; Prescott, 2017; Wilfart et al., 2020). When a system is
properly designed with a significant scale and carefully selected species, IMTA has shown a high

potential to lower environmental impacts compared to conventional monoculture systems.

Regarding eutrophication and acidification potential, the rearing process or grow-out phase
of species in the IMTA system is the most impactful. This impact is due to direct emissions from
farming, such as uneaten feed, fish feces, or dead fish. Nitrogen and phosphorus emissions from

uneaten feed and feces are the greatest contributors to these impact categories (IPMA, 2020a, 2020b).
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Thus, reducing nutrient emissions, such as improving the Feed Conversion Ratio (FCR), is key to
developing more sustainable IMTA and aquaculture practices (Bohnes et al., 2019). The reviewed
studies show that the eutrophication potential of IMTA systems is lower compared to monoculture
systems. Furthermore, in some settings, such as extensive IMTA systems, nutrient uptake from co-
cultured species like oysters and seaweed may even show beneficial impacts (negative impact values),
indicating the potential of IMTA systems (GreenCoLab, 2023; IPMA, 2020, 2020). Overall, LCA studies
on IMTA systems have substantiated multiple environmental advantages over monoculture and
conventional aquaculture systems. However, the low number of studies further emphasizes the need
for more evaluations of this kind of system. Only through more comparable results can the argument
for the circular approach in essential sectors like aquaculture be strengthened, highlighting significant

environmental benefits.

LCA for Evaluating Environmental and Sustainability Performance of IMTA Systems

The depiction of IMTA as a more sustainable aquaculture approach has circulated since the
early 2000s. Despite this claim, life cycle assessment was employed almost a decade later to analyze
the overall sustainability aspects of the system (Baruthio et al., 2009). Previously, the improvement of
the environmental performance of IMTA systems was mainly demonstrated through enhanced
bioremediation activity. Troell et al. (1997) were the first to use the term "integrated cultivation" and
showed that introducing seaweed cultivation near fish farming can remove waste nutrients while

potentially increasing the system's economic output.

Conclusion

Life Cycle Matrices in IMTA provide a comprehensive framework to manage and optimize the
interactions between different species in an aquaculture system. By carefully analyzing the life stages,
nutrient flows, and environmental factors, IMTA systems can achieve higher sustainability, efficiency,
and profitability. From the review of twenty-nine LCA studies on IMTA from 2009 to 2022 (Hala et al
2024) to understand the methodology and challenges of this approach, it is now concluded that IMTA
systems exhibit the potential to have a lower environmental impact compared to monoculture
systems. Feed, fish effluents, and energy use are the most contributing factors to the impacts, and

improving these factors might also improve the total impacts of IMTA systems.
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Abstract

Aquaculture has emerged as a promising alternative food source to wild fisheries, with the potential
to meet the growing demand for seafood and animal protein. However, the expansion of aquaculture,
particularly through system intensification, has sparked significant criticism regarding its
environmental, social, and economic sustainability. Life Cycle Assessment (LCA) has become the
primary tool for identifying the key environmental impacts of seafood production systems. By
evaluating the sustainability of various aquaculture systems from a cradle-to-grave perspective, LCA
provides a scientific foundation for system improvement and the development of certification and eco-
labelling criteria. Current efforts are focused on incorporating local ecological and socio-economic
impacts into the LCA framework. LCA can play a crucial role in guiding decision-makers toward more
sustainable seafood production and consumption. This article reviews recent LCA applications in
aquaculture, compares the environmental performance of different production systems, explores the
integration of biodiversity into LCA analysis, and examines LCA's potential in establishing certification

and eco-labelling criteria.
Introduction

Aquaculture has emerged as a promising alternative to wild fisheries, with significant
potential to meet the increasing global demand for seafood and contribute to feeding the world's
population (Pauly et al. 2002). Modern aquaculture is highly diverse, encompassing a wide array of
production systems, technologies, and over 310 farmed species, as recorded by the FAO in 2008
(Pelletier & Tyedmers 2008; Bostock et al. 2010). Freshwater aquaculture is primarily dominated by
carp, tilapia, and catfish, while coastal aquaculture focuses on species like salmon, shrimp, oysters,
scallops, and mussels (Bostock et al. 2010). Production systems range from traditional low-intensity
methods, such as extensive and semi-intensive systems, to highly intensive systems employing various
farming technologies. Recently, closed recirculating and organic systems have emerged as innovative

alternatives to conventional methods.

The expansion of aquaculture, particularly through system intensification, has sparked criticism

regarding its environmental, economic, and social sustainability. These concerns include pressures on
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natural resources like water, energy, and feed, eutrophication from effluents, biodiversity loss,
conversion of sensitive land, the introduction of invasive species, genetic alterations, and the
transmission of diseases to wild stocks (Diana 2009), as well as food insecurity. The growing focus on
the environmental responsibility of aquaculture highlights the urgent need to understand the
environmental impacts of different production systems to manage them better and promote more

sustainable practices.
Assessing the sustainability of Aquaculture by LCA

Various impact assessment methodologies, such as CML 2000, Eco-indicator 99, and IMPACT
2002+ (PRe 2008), have been developed, each with its own specific focus and unique impact
categories, which can result in different outcomes. No single methodology comprehensively addresses
all environmental issues associated with seafood production, making it challenging to achieve a
complete assessment (Cao et al. 2011). Despite these challenges, comparative studies across different
systems or products can still provide valuable insights for developing more sustainable production
techniques and consumption practices. However, it's important to note that these comparative studies
differ from 'comparative assertions' intended for public disclosure. While both require the use of the
same functional unit and equivalent methodological approaches, comparative assertions are more

stringent and necessitate external critical review (ISO 1997).

Table 1 Impact categories commonly used in aquacultural LCAs (adapted from Owens 1996; Pelletier et al. 2007)

Impact Characterization Category Equivalency Interpretation Spatial Temporal
category factor indicator unit
Climate change GWP Cco, kg CO; eg Atmosphere absorption Global Decades/Centuries
of infrared radiation
Eutrophication EP PO, kg PO, eq MNutrient enrichment Regional/local Years
Acidification AP SO, kg 50, eq Acid deposition Regional Years
Energy use EUP M M Depletion of non-renewable Regional/local Centuries
Energy resource
Biotic resource BDP MNPP kg C Depletion of renewable Regional/local Years
depletion resources
Abiotic resource ADP Sb kg Sb eq Depletion of non-renewable Local Centuries
depletion resources
Ecotoxicity Ecotoxicity 1,4 DB kg 1,4 DB eq Toxic to flora, fauna and Local Hours/Days/Years
potential humans
Ozone depletion oDP CFC kg CFC eq Stratospheric ozone Global Decades/Centuries
breakdown
Photochemical POP C;Ha kg C;H, eq Photochemical smog Regional/local Hours/Days
oxidant

GWP, global warming potential; EP, eutrophication potential; AP, acidification potential; EUP, energy use potential; BDP, biotic depletion potential;
ADP, abiotic resource depletion potential; ODP, ozone depletion potential; POP, photochemical oxidant potential. Category indicators: CO,,
carbon dioxide; PO4, phosphate; SO,, sulphur dioxide; MJ, mega Joules; NPP, net primary productivity; Sb, antimony; 1,4 DB, 1,4 dichlorobenzene;
CFC, chlorofluorocarbon; C, carbon.

Source: Cao, Letal,2013
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Intensive, semi-intensive and extensive systems

Aquaculture can primarily be classified based on stocking density, feeding management, and
capital investment. In recent years, there has been a trend toward increasing the production of
aquatic crops per unit area. Extensive systems are gradually being replaced by semi-intensive and
intensive systems, which offer higher production per unit. In developing countries, aquaculture
predominantly occurs in semi-intensive and intensive systems, while in developed countries, it
remains largely intensive (Diana 2009). Semi-intensive aquaculture is often viewed as a potential
solution to the environmental challenges posed by intensive farming systems. However, the question
remains whether semi-intensive aquaculture, with its lower intensity and more natural methods,
actually leads to a significant reduction in environmental impacts, especially when considering its
lower productivity. If it does, promoting semi-intensive aquaculture could be beneficial for
conserving biodiversity and the environment. Unfortunately, there is a scarcity of published data

comparing extensive, semi-intensive, and intensive systems.
Open flow-through and closed recirculating systems

Most fish farms, particularly in developing countries, operate as outdoor flow-through
systems that discharge untreated effluents directly into nearby water bodies. This practice has
resulted in several recognized environmental impacts, including eutrophication and alterations in the
fauna of receiving waters, the escape of farmed species with potential ecological and genetic
consequences, the spread of diseases and parasites to wild populations, and the release of chemical
hazards into the environment (Diana 2009). Ongoing research aims to develop alternatives, with a
focus on closed recirculating systems that can reduce or eliminate the negative impacts associated
with open systems. By isolating the culture environment from the surrounding ecosystem, closed
recirculating systems enable high-density fish farming with zero effluent discharge. Water is treated
to remove toxic wastes and then reused, allowing farmers to exercise better control over
environmental conditions while decreasing water consumption and effluent discharge (Bostock et al.
2010). Additionally, recirculating systems offer notable advantages, such as fewer fish escapes and

improved waste management.
Conventional and organic systems

An increasing number of consumers are prioritizing seafood safety, animal welfare, and
environmental concerns. As a result, organic aquaculture is gaining significance, driven by growing
consumer awareness and demand for safer seafood. Recognized as a promising alternative for
mitigating the environmental burdens associated with intensive farming (EU 2007), organic

aquaculture encompasses a comprehensive system of farm management and food production that
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integrates best environmental practices, promotes biodiversity, preserves natural resources, adheres
to high animal welfare standards, and aligns with consumer preferences for products made using
natural substances and processes (EU 2007). Organic aquaculture is often viewed as superior to
conventional farming, as it relies primarily on internal resources, consuming fewer external materials
and energy. The prohibition of synthetic chemicals in organic farming significantly reduces
ecotoxicity potential and helps conserve biodiversity. Additionally, organic products tend to have
strong market opportunities and stable prices in export markets. Despite the rapid growth of organic
agricultural production, organic aquaculture is still in its early stages of development (Mente et al.
2011). This slow progress is attributed to the diversification of cultured species, challenges in
implementing certain organic practices, such as the complete prohibition of chemicals and the
substitution of fishmeal, and the absence of standardized certification criteria (Mente et al. 2011).
Furthermore, some organic farming systems may yield less, and the requirement to adopt organic
practices, including the use of organic feed ingredients, could decrease farm eco-efficiency and
potentially lead to new environmental challenges (Pelletier & Tyedmers 2007). This raises the
question of whether organic farming is genuinely less environmentally damaging when accounting
for lower yields and the associated practice changes. Life cycle assessment (LCA) can be employed to
address this question and provide a framework for the certification and eco-labelling of aquaculture,

indicating environmentally preferable products and systems.
Conclusion

Life Cycle Assessment (LCA) is an effective method that is poised to become a mainstream
tool for evaluating both global and local environmental impacts of seafood production systems. As a
systematic approach, LCA allows for the quantitative assessment of aquaculture sustainability from
a cradle-to-grave perspective. By analyzing system performance, LCA provides a valuable foundation
for improving environmental sustainability and developing certification or eco-labelling criteria.
However, current LCA methods are unable to quantify local ecological and socio-economic impacts,

which limits their effectiveness and future applicability.
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Abstract

Life Cycle Assessment (LCA) has emerged as a widely used and recommended framework to
assess the environmental impacts of products, including global-scale impacts. For over a decade, LCA
has been applied to seafood supply chains, leading to new insights into the environmental impact of
seafood products. Through LCA, one can see the environmental effect trade-offs between farmed and
wild-caught seafood. Wild-caught fish have a much lower water use footprint than farmed
aquaculture fish. Large fishing vessels have a huge effect on the environment through fuel-intensive
methods of fishing where bottom trawls are used to the detriment of fish habitat. On the other hand,
aquaculture, being raised in controlled environment conditions, may use less water. This advantage
can be offset somewhat by waste products produced if overfeeding of the stock occurs or by nutrient
contamination. The preservation of natural resources is also put into question by the fact that some
aquaculture practices rely on fishmeal coming from wild fish stocks. Once this is brought to the
attention of customers, many will make choices that preserve sustainability. They can, for example,
support businesses working towards responsible aquaculture and sourcing seafood from sustainable
fisheries. Governmental policies furthering the enforcement of more restricted fishery management
practices and continuing environmentally sound aquaculture also force the seafood sector to become
more sustainable. Continued technological innovation in areas as wide-ranging as closed-loop
aquaculture to precision fishing points to the possibility that wild and farmed seafood will one day
be able to be consumed without harm to the ecosystem.

Introduction:

Life Cycle Assessment (LCA) is a method for analyzing the environmental impact of products
and services during their life cycle - from production, use, and disposal to the final phase. LCA is a
standardized framework used to determine the resource use and environmental impact of many
products in the supply chain (Ruiz-Salmon et al.,, 2021). LCA can be a useful decision aid and avoids
shifting the problem from one concern to another. The integrated, product-based, and quantitative
perspective involved in LCA could complement existing tools. One example monitors the use of fish
fuel, as the production and burning of spent fuel dominates the overall results of the various
environmental impacts of seafood and is often linked to the biological impacts of fishing (Avadi &

Fréon, 2013). This evolving holistic approach to fisheries management aims to reflect the objectives
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of the FAO Code of Conduct for Responsible Fisheries, namely to promote "responsible fishing and
fishing activities, taking into account all relevant biological, technological, economic, social,
environmental and commercial considerations". considerations LCA makes it possible to identify the
parts of the life cycle that have the greatest environmental impact, looking at it as a whole. For
example, large fishing vessels can consume huge amounts of fuel, while densely packed aquaculture
systems are hotspots for nutrient pollution. This better knowledge of the fish we eat allows
consumers to choose fish with the lowest environmental impact. Due to the increased attention of
consumers, governments, industry and other stakeholders to issues related to energy security and
climate change, demands have been made to include energy use and emissions in the sustainable
development paradigm of fisheries. In other words, life cycle assessment is a systematic tool used to
assess the environmental performance of fisheries. product or service during its life cycle. It is

officially standardized according to the ISO 14040 series of standards.

Life Cycle Assessment

LCA is used to quantify the environmental impact of a wide range of products throughout the
supply chain. From the extraction of raw materials, the analysis traces all relevant life cycle stages to
consumption and end of life processing. The implementation of LCA is divided into five phases
(Ramakrishna and Ramasubramanian, 2024). In the first phase, the purpose and scope of the study
are defined, as the purpose of the study and the product to be studied, and to what point in the supply
chain the product is traced. There are also some important specific methodological choices to be
made, such as which environmental effects to assess, such as acidification, toxicity, eutrophication, or
global warming. The second stage of LCA is data collection. In this dataset, materials and energy use
and waste production at each stage of the supply chain. Data for the production of inputs used in
many supply chains (eg electricity, fuels, packaging materials, transport) are usually taken from
existing labour cost index databases if they do not constitute a large proportion of the total impact.
After data collection, the third step is the impact assessment, where all quantitative values in the
supply chain are compiled. LCA currently uses a wide range of environmental impact categories
supported by science-based impact characterization methods. The fourth step of LCA is the analysis
and interpretation of the results. Sensitivity and uncertainty analyses are performed to determine
how robust the results are to data variability, important assumptions, or methodological choices. The
fifth and final step is to apply the results of LCA. LCA results can also be communicated to retailers or
consumers, either qualitatively or quantitatively, to enable more informed choices. The use of LCA
has become a common practice in some countries to justify the implementation of environmentally

friendly decisions at the cooperative level.
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Environmental Impact Considerations:

Greenhouse gases.

Fishing, especially on a large industrial scale, can have a significant impact on greenhouse
gases (Poore and Nemecek, 2018). In addition, the fuel consumption of the various machines
involved in the felling of trees causes a greater carbon footprint at this stage. Farmed shellfish are
one of the most important sources of greenhouse gases (Gnansounou et al., 2009). It is energy that is
used throughout the life cycle, including the production of feed, so catching fish from the sea and

making fishmeal or fish oil can be energy-intensive.

Water use:

Compared to farmed seafood, wild-caught water is usually used. However, natural fishing
practices may involve some hidden water costs. One example is the use of large amounts of fresh
water to wash and process, which can increase pressure on regional waters. Fresh water used for
fish farming can be a concern in aquaculture, especially where there is not enough of it. In addition,
uneaten food, along with other by-products of aquaculture fish, can act as pollutants in the
freshwater environment. Efforts should be made to increase transparency to allow the results to be

reproduced, and to construct an aquaculture-related database (Henriksson et al., 2012)

Nutrient pollution:

Overfishing disturbs the natural balance of the oceans, which decreases the amount of food
on a large scale. Excess nutrients from uneaten fishmeal and feces matter are the biggest
environmental problems associated with this method (International Organization for
Standardization, 20064, International Organization for Standardization, 2006b). Such nutrients can
enter adjacent bodies of water if not properly treated, increasing the growth and spread of algae
(eutrophication). A condition known as eutrophication can cause the water to become depleted of

oxygen and cause injury to marine life (Morelli et al.,2018)

Habitat disruption:

Some destructive effects on marine habitats are caused by overfishing of wild-caught fish or animals
using special methods, such as bottom trawling, in which a weighted net is dragged across the seabed,
which in turn destroys sensitive ecosystems (Airoldi and Beck, 2007). such as coral reefs, as well as

seamounts. Seabed damage is one of the predominant drivers for biodiversity loss in coastal
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ecosystems worldwide (Millennium Ecosystem Assessment, 2005). Other bycatch problems also
cause changes, such as disturbances in these areas. Farmed fishing is less disruptive than bottom
trawling but still destructive. This is because farmed fish can interbreed with wild populations, which

can lead to genetic dilution and loss of biodiversity (Kincaid, 1983).

Species and Fishery Specific Considerations:

Catches in the wild can vary greatly due to differences in species, fishing methods and stock
management methods (Stanford-Clark ae al., 2024) Bottom trawling for shrimp, for example, usually
has a greater environmental impact (Munga et al., 2012). The reason is that bottom trawling disturbs
the seabed habitat and, among other things, leads to a large amount of bycatch. In freshwater, cast
nets have been used to collect fish in shallow water canals surrounding marshes (Meador and Kelso
1990) and to collect nearshore lake species (Mizuno 1993). To implement sustainable fishing, it is
better to look for certified products from organizations such as the Marine Stewardship Council
(MSC). If it is farmed, what is done depends mainly on the species being farmed, farming practices
(such as open net pens versus closed recirculation systems) and the type of fishmeal used in the feed.
Shrimp farming has a significant environmental impact, especially in areas where mangrove forests
are cleared to create shrimp ponds. Because mangroves have many different species and also provide
space for temporary or permanent structures, they are one of nature's most important ecosystems

(Jonell & Henriksson, 2015). In addition, mangrove trees protect the land from being washed away.

Social and Economic Considerations:

Wild-caught fisheries:

Livelihood and food

Based on a small-scale traditional fishing culture, the community has a thorough knowledge
of the marine ecosystem and uses ecological fishing techniques. Wild-caught fisheries are the main
source of employment and income for millions of people worldwide, mostly from underdeveloped
countries (Avadi & Fréon, 2013). However, practices worldwide are small. Overfishing and luxury

fishing fleets often compete with small communities for their daily bread.

Fair Trade:

International seafood trade involves catching fish in one area and then processing and selling

it elsewhere. The result would be that some workers' rights were violated in the final stages of the
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production process, and in some cases, all the profits could go to the middleman. There are a number
of fairtrade initiatives that allow fish factory workers to directly protect their human rights and live

a healthy life while receiving a relatively decent wage (Pelletier & Tyedmers, 2008)

Farmed seafood:

Aquaculture is currently one of the most important raw materials in the livestock sector and the
growing fishing community, providing opportunities for people in rural communities and coastal
areas (Henriksson et al., 2012). The efficiency and location of fisheries always influence the social

and economic situation of local businesses.

Life cycle inventory

The LCA methodology requires a large data warehouse to reflect the complexity of the
production system (Ruiz-Salmén et al., 2021). Generally, when evaluating agricultural or fishery
products, data is collected through farm or fleet surveys, which require a lot of time. Therefore, the
evaluation of these products must deal with small samples, which are usually accompanied by high
variability and the risk of low representativeness (Aubin, 2013). Data collection can be problematic
because it requires qualitative data from multiple processes (e.g. Fish production, feed production,
fishing) and can be difficult to obtain from certain firms. In general, it is easier to collect data on
widespread and industrialized systems due to their organization and the economic development of
countries, which facilitates the production of national statistics. This characteristic helps to explain
the difference in LCA studies of the production of different species (Aubin, 2013). Data issues and
ongoing research determining the materials used is a complex process and information on wild fish
caught is not always available. Capture information is not always available or easy to verify. In
addition, fishing methods may differ depending on the region, target species and fishing gear. This
difference in fishing methods makes accurate assessment of the environmental impact of wild fishing
a major challenge. This would provide a more comprehensive understanding of the environmental

impacts of different seafood production methods.

Industry practices

Use fishing gear and aquaculture systems that minimize environmental impact. Learn about
fuel-efficient fishing techniques and gear modifications that reduce bycatch (Pauly & Zeller, 2016).
Use closed recycling systems in aquaculture to minimize water use and nutrient contamination.

Alternative aquaculture feed sources are being developed and used, which reduce the dependence
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on wild fish for the production of fishmeal and fish oil. Drive responsible sourcing practices
throughout the supply chain while delivering continuous improvement. Implement tracking systems
that enable and ensure the sustainable operation of our fisheries and ensure the periodical renewal
of fishing grounds and biodiversity preservation (Johnson et al, 2019). It supports fair trade
transitions that aim to ensure equal treatment of workers from the beginning to the end of

production.

Policy and Management:

It will be necessary to adopt a more normative approach to the LCA process that involves a
wide range of stakeholders at every step of the assessment in order to remove the obstacles
preventing the successful use of LCAs in the formation of public policy. To be more precise, a series
of suggestions has been created to create a more successful and inclusive approach (Seidel, 2016).
Implement strong fisheries management plans that enforce quotas, limit bycatch and protect critical
habitat. Aquaculture regulations are developed that minimize environmental impacts and encourage
responsible placement and operation of fisheries. Establish and monitor marine protected areas to

protect critical spawning grounds and habitats for fish stocks.

Research Recommendations

In addition to consumer and policy recommendations, recommendations for further research
can be made. From the point of view of fishing, overfishing and the destruction and disturbance of
natural habitats are the most important (Broadhurst et al., 2006). The further development of LCA
should address these issues as they address the main issues of sustainable fishing. A starting point
could be to monitor the fulfillment of fishing quotas (provided that current fishing quotas are
considered a sufficient means to create a sustainable fishery). Survival from seabed disturbances is
another factor to consider, especially when analyzing a trawler. Another aspect that has been
mentioned many times before is the formation of secondary nitric oxide from nitrogen emissions into
the ocean (Sun etal., 2020).In addition, the amount and effect of derailment paint spread is uncertain.
The proportion of paint peeling from the ship is difficult to measure and its fate and behavior in the
environment are highly uncertain (Demirel et al., 2018)

Technological advances:

Invest in technologies (Hauschild et al.,, 2018) that enable more targeted fishing, reduce

bycatch and minimize waste from precision fishing. Sustainable Aquaculture supports research and

development of advanced aquaculture systems that minimize water consumption, energy
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consumption and environmental footprint (Ziegler et al.,, 2016). Develop robust data collection

methods to improve LCA analysis and decision making for sustainable seafood management

Conclusion

Life cycle values show complex trade-offs in seafood production. Conscious consumers,
sustainable practices, efficient practices and innovative technologies can all contribute to a future
where we enjoy the bounty of the ocean while reducing our environmental footprint. While each
method has its advantages and disadvantages, consumer choices, industry practices, policy changes
and technological advances can contribute to a more sustainable future for seafood. Empowered
consumers can make informed decisions by sourcing seafood from well-managed fisheries and
supporting companies committed to responsible aquaculture. The industry can adopt sustainable
practices such as environmentally friendly fishing and closed-loop aquaculture systems.
Policymakers can implement regulations that promote responsible fishing and aquaculture, while
technological advances in precision fishing and alternative feed sources promise to further improve
environmental sustainability. By working together, we can ensure that future generations can enjoy

the bounty of the ocean with a minimal environmental footprint.
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Introduction
World aquaculture production recently achieved a record of 130.9 million tonnes. In 2022, its farm-
gate value was projected to be USD 312.8 billion (SOFIA, 2023). Global aquaculture production
accounted for 50.9 percent of capture and aquaculture production in 2022, up from 49.4 percent in
2020. In many countries, especially the major producers—China, India, Vietnam, Bangladesh, and
others—as well as those smaller producers with scarce resources for capture fisheries, like Jordan or
Lesotho, aquaculture output has long outpaced capture fisheries. The productivity of aquatic animals
raised in aquaculture surpassed that of capture fisheries in 45 nations in 2022. In the future
Aquaculture will account for the majority of the rise in fish output; it is anticipated to cross the 100
million tonnes mark for the first time in 2027 and reach 111 million tonnes in 2032, representing an
overall gain of 17%, or over 16 million tonnes, over 2022. Aquaculture is a rapidly growing food
production technology, but significant concerns are related to its environmental impact and adverse
social effects (Garlock et al.,, 2024). Social aspects of aquaculture activities have always taken a
backseat when compared with economic, biological, and technological components (Krause et al
2020). Aquaculture activities generally involve stakeholders such as fish farmers, traders,
landowners, administrators, etc. in establishing a farm till the harvest and marketing stages. Conflicts
arise particularly between the fish farmers, particularly when they share the common land that was
leased for aquaculture purposes. Environmental impacts are also known to create conflict between
the resource users and administrators when the intended aquaculture activities could have
anticipated environmental impacts like shrimp farming. If aquaculture activities pollute the common
water resources, then that could also lead to a common social issue among the local population.
Shrimp farming could also pave the way for the destruction of coastal vegetation like mangroves
wherein conflict could arise between the administrators and farmers in the clearance of mangroves
and coastal zone regulations. The shrimp farming industry raised serious concerns regarding
biodiversity and coastal protection (Alam and Ahammad, 2017) hence posing social as well as
environmental impacts.
Social impacts of aquaculture
Aquaculture has significant socio-economic impacts. While it offers a potentially more efficient
method for utilizing natural resources to produce aquatic products for food, pharmaceuticals,

recreation, and other uses compared to capture fisheries, imprudent practices can lead to
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environmental degradation. The socio-economic costs of such degradation often outweigh the
sector’s short-term benefits. Although aquaculture generates income and stimulates local economic
growth, its development may adversely affect other industries—such as agriculture, fisheries, and
tourism—due to environmental externalities and resource competition. This review categorizes
aquaculture’s socio-economic impacts into environmental, economic, and social dimensions.
Environmental impacts

Aquaculture operations rely on land, water, wild species, fuel, and other natural resources, and
they interact with the surrounding biophysical environment. Sustainable aquaculture development
necessitates that the sector be resource-conserving and environmentally non-degrading (FAO, 2009).
Although the negative environmental impacts of aquaculture are frequently cited as reasons to
oppose its development (Allsopp, Johnston, and Santillo, 2008), the sector has made significant
strides in becoming more resource-conserving and environmentally friendly in recent years. The
common environmental impacts like eutrophication, disease contamination, and release of exotic
species to natural water bodies.
3.1a. Habitat conservation
Unsustainable aquaculture practices can lead to the degradation of wetlands, lagoons, mangrove
forests, seagrass habitats, and terrestrial environments. One of the most widely publicized negative
impacts of aquaculture has been the destruction of mangroves (GESAMP, 1991). However, such
impacts have been mitigated in many regions due to stricter regulations (including complete bans on
the use of mangroves for aquaculture in some countries), improved coastal planning, and enhanced
management measures such as zoning and environmental impact assessments (EIA) (FAO, 2006).
3.1b. Land and water
Land and water are two crucial natural resources for aquaculture. The sector can offer environmental
benefits by rehabilitating sodic lands, enriching nearby agricultural soils with nutrient-rich mud, and
reducing nutrient load and heavy metal content in surrounding waters through the cultivation of
extractive species such as molluscs and seaweeds (FAO, 2006; World Bank, 2006). However, if not
managed properly, aquaculture waste—such as effluent and sediments from intensive use of artificial
feeds and chemicals (including medicines, disinfectants, and antiseptics)—can lead to land
salinization, eutrophication, algal blooms, chemical pollution, and other forms of environmental
degradation (STREAM, 2003). These negative impacts not only create conflicts with other sectors but
also contribute to the sector's challenges, as a poor farming environment often results in lower yields

and increased disease outbreaks.
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3.1c. Wild species stock

Aquaculture can aid in preserving wild fish stocks by providing more affordable aquatic products,
thereby reducing the pressure on fisheries. It can also contribute to increasing wild fish populations
through restocking programs. However, environmental degradation from aquaculture can negatively
impact wild species. Additionally, the collection of wild seed and broodstock, introduction of exotic
species, and escapees from aquaculture systems can also harm wild stocks (FAO, 2006; World Bank,
2006). Many aquaculture species still depend on wild stocks for seed or broodstock, and the
collection of these resources often damages not only the targeted wild stocks but also bycatch species.
3.1d. Energy

Although many aquaculture operations—such as pumping, water circulation, aeration, lighting,
transport, and refrigeration—are energy-intensive, energy consumption in aquaculture has
historically received relatively little attention. This is changing, however, due to significant increases
in energy prices. Intensive aquaculture methods, aimed at conserving natural resources, often require
substantial energy, especially for operations like water recirculation systems. It is essential to
evaluate the trade-offs between reducing aquaculture's direct environmental impacts and the
indirect impacts of higher energy use. Conducting a full life-cycle analysis can help determine
whether intensive aquaculture is more environmentally friendly than extensive methods (FAO, 2006).
3.2. Social Impacts of Aquaculture

Social acceptability is a key objective for aquaculture development in the new millennium. Beyond
being economically viable and environmentally responsible, the sector is expected to contribute to
various social goals, such as poverty alleviation, food security, human development, and the
empowerment of women, among others.

3.2a. Poverty alleviation

There is substantial evidence showing that aquaculture can significantly contribute to poverty
alleviation (World Bank, 2006; De Silva and Davy, 2010). As an innovative way of utilizing natural
resources, aquaculture offers rural farmers alternative livelihood opportunities. With its rapid
expansion, market potential, and frequent technical advancements, aquaculture can provide higher
incomes compared to traditional agriculture and fisheries (World Bank, 2006; Mente et al., 2007).
Integrated agriculture-aquaculture systems, such as rice-fish farming, enable rural farmers to boost
productivity and diversify their income sources.

3.2b. Food security

Aquaculture can enhance food security in several ways: it provides high-quality protein and other

essential nutrients through seafood, generates income and foreign exchange that can be used to
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purchase food from local or international markets, and increases seafood production, making it more
affordable and accessible to low-income populations.

3.2c. Human development

Globally, around 8.7 million people were directly engaged in fish farming as of 2009 (FAO, 2009), with
the number likely much higher when including those involved in aquaculture-related businesses,
such as seafood processing. Evidence suggests that aquaculture workers often earn higher wages
compared to those in other agricultural activities.

3.2d. Empowerment of women

Many aquaculture operations, such as seed collection, postharvest processing, and trading, offer
opportunities well-suited for women. However, negative social attitudes and obstacles like a lack of
land often hinder women's participation. Experiences vary across countries: while women are
actively involved in the aquaculture workforce—especially in processing plants—in countries like
Bangladesh, India, Thailand, and Vietnam, their overall participation remains relatively low.
Understanding women'’s roles in aquaculture is crucial for assessing how the sector contributes to
their empowerment. Although gender imbalance persists in aquaculture employment (FAO, 2006),
the opportunities provided by the sector have played a significant role in empowering women and
enhancing their status and well-being.

3.2e. Community cohesion and social order

While rural youth in developing countries often migrate to urban areas in search of better-paying
jobs and more opportunities, the business and employment prospects created by aquaculture
development can counteract this trend and help retain valuable human resources for rural
development (NACA, 1994). However, rapid aquaculture growth may also attract labour migration to
local communities, potentially putting pressure on existing social structures and leading to social
conflicts.

3.2f. Academic and ability improvement tasks:

The expansion of the aquaculture industry has resulted in a significant increase in educational and
training initiatives. Numerous vocational courses, workshops, and training programs now focus on
various aspects of aquaculture, ranging from basic farming techniques to advanced biotechnological
interventions. These educational projects not only enhance the industry's productivity but also equip

rural youth with skills that can be leveraged for upward socio-economic mobility.

3.2g. Network building:
In rural settings, aquaculture often evolves from an individual pursuit into a community endeavour.

Ponds, cages, and farms become centres of activity, fostering collaboration among community
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members. They work together to tackle challenges such as disease outbreaks, sourcing feed, and
negotiating prices, which fosters a sense of solidarity and mutual dependence. These collaborations
frequently lead to the formation of cooperatives or self-help organizations, enhancing collective
bargaining power and facilitating the exchange of knowledge.

4.Conclusion

Reflecting on the diverse implications of aquaculture, it’s clear that the field is not just about
cultivating aquatic organisms but about weaving a complex socio-economic and cultural tapestry
with significant importance for India’s future. Aquaculture embodies many of the aspirations of
modern India, representing innovation through the adoption of cutting-edge technology and
practices aimed at enhancing productivity and sustainability. Simultaneously, it resonates with
tradition, as many aquatic farming practices are grounded in age-old knowledge and local expertise.
This blend of the old and the new mirrors the direction in which India is evolving. Furthermore, in a
country where job creation remains a critical priority, aquaculture’s role in generating diverse
opportunities, especially in economically marginalized regions, is invaluable. It provides hope and
tangible avenues for growth to millions, ensuring that the nation's demographic dividend is
effectively harnessed. Most profoundly, aquaculture's potential for fostering social equity—through
women's empowerment, the upliftment of marginalized communities, and the promotion of
sustainable, community-centric practices—demonstrates how industry growth and societal well-

being can be seamlessly integrated.
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Abstract

Life cycle assessment (LCA) has emerged as the foremost tool for identifying the key environmental
impacts of seafood production systems. By evaluating the sustainability of various aquaculture
systems from a cradle-to-grave perspective, LCA provides a quantitative and scientific basis for
analyzing system improvements and developing certification and eco-labelling criteria. Current
efforts are directed at incorporating local ecological and socio-economic impacts into the LCA
framework. LCA can significantly aid decision-makers in promoting more sustainable seafood
production and consumption. This article reviews recent LCA applications in aquaculture, compares
the environmental performance of different aquaculture systems, explores the inclusion of
biodiversity in LCA analyses, and examines LCA's potential in setting certification and eco-labelling

criteria.

Introduction

Life Cycle Assessment (LCA) in Recirculatory Aquaculture Systems (RAS) is a powerful tool for
evaluating the environmental sustainability of this advanced aquaculture method. RAS are designed
to minimize environmental impact by recirculating water within the system, reducing the need for
water exchange and lowering the discharge of effluents. LCA can assess the sustainability of RAS by
examining the entire production cycle, from the cradle (input resources like feed, energy, and water)
to the grave (waste management and final products). By quantifying the environmental impacts at
each stage, LCA helps identify key areas for improvement, such as energy consumption, feed
efficiency, and waste management. One of the strengths of using LCA in RAS is its ability to highlight
the trade-offs between different environmental impacts. For example, while RAS may have a lower
water footprint compared to traditional systems, the energy required for water recirculation and
filtration could result in higher carbon emissions. LCA can help balance these impacts by providing a

comprehensive view of the system's overall sustainability.
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However, current LCA methods for RAS may still need to fully account for local ecological and socio-
economic factors, which are crucial for a complete sustainability assessment. There is a growing need
to integrate these factors into LCA frameworks, as well as to refine the assessment of impacts like

biodiversity and ecosystem services.

Modern aquaculture is highly diverse, featuring a wide range of production systems,
technologies, and more than 310 farmed species recorded by the FAO in 2008. Freshwater
aquaculture is primarily dominated by species like carp, tilapia, and catfish, while coastal aquaculture
is focused on salmon, shrimp, oysters, scallops, and mussels. Production methods vary from
traditional, low-intensity systems such as extensive and semi-intensive to highly intensive systems
utilizing various farming technologies. Recently, closed recirculating and organic systems have
emerged as alternatives to conventional methods. However, the expansion of aquaculture,
particularly through system intensification, has faced criticism regarding its environmental,
economic, and social sustainability. Concerns include pressures on natural resources like water,
energy, and feed, eutrophication from effluents, biodiversity loss, conversion of sensitive land,
introduction of invasive species, genetic alterations, disease transmission to wild populations, and
food insecurity. The growing focus on environmental responsibility in aquaculture highlights the
urgent need to understand the environmental impacts of different production systems to promote
more sustainable practices. Currently, there are limited methods to assess aquaculture sustainability
in a scientifically rigorous and quantitative manner (Diana 2009). Life cycle assessment (LCA) offers
a way to evaluate sustainability in measurable terms that clearly indicate environmental impact. In
aquaculture, LCA typically examines the system from cradle to farm gate, with an emphasis on farm

management practices.

Assessing the sustainability of Aquaculture using LCA (Source: Cao, L et al,2013)

Table 1 Impact categories commonly used in aquacultural LCAs (adapted from Owens 1996; Pelletier et al. 2007)

Impact Characterization Category Equivalency Interpretation Spatial Temporal

category factor indicator unit

Climate change GWP COo, kg CO; eq Atmosphere absorption Global Decades/Centuries
of infrared radiation

Eutrophication EP PO, kg PO, eq Nutrient enrichment Regional/local Years

Acidification AP 50, kg SO, eq Acid deposition Regional Years

Energy use EUP Ml ] Depletion of non-renewable Regional/local Centuries
energy resource

Biotic resource BDP NPP kg C Depletion of renewable Regional/local Years

depletion resources

Abiotic resource ADP Sh kg Sh eg Depletion of non-renewable Local Centuries

depletion resources

Ecotoxicity Ecotoxicity 1,4 DB kg 1,4 DB eq Toxic to flora, fauna and Local Hours/Days/Years

potential humans

Ozone depletion ODP CFC kg CFC eq Stratospheric ozone Global Decades/Centuries
breakdown

Photochemical POP CoH, kg C;H, eq Photochemical smog Regional/local Hours/Days

oxidant

GWP, global warming potential; EP, eutrophication potential; AP, acidification potential; EUP, energy use potential, BDP, biotic depletion potential;
ADP, abiotic resource depletion potential; ODP, ozone depletion potential; POP, photochemical oxidant potential. Category indicators: COa,
carbon dioxide; POa, phosphate; SO;, sulphur dioxide; MJ, mega Joules; NPP, net primary productivity; Sb, antimony; 1,4 DB, 1,4 dichlorobenzene;
CFC, chlorofluorocarbon; C, carbon.
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Open flow-through and closed recirculating systems

Most fish farms, particularly in developing countries, operate outdoor flow-through systems
that discharge untreated effluents directly into nearby water bodies. This practice has led to several
recognized environmental impacts, including eutrophication and changes in the aquatic fauna of
receiving waters, the escape of farmed species with potential ecological and genetic consequences,
the spread of diseases and parasites to wild populations, and the release of chemical hazards into the
environment (Diana 2009). Research is ongoing to develop alternative systems, with a focus on closed
recirculating systems that aim to reduce or eliminate the negative impacts associated with open
systems. These systems isolate the culture environment from the surrounding ecosystem, allowing
for high-density fish farming with zero effluent discharge. Water is treated to remove toxic wastes
and then reused, offering farmers greater control over the environment while reducing water
consumption and effluent discharge (Bostock et al. 2010). Additionally, recirculating systems provide

notable advantages, including fewer instances of fish escapes and improved waste management.

Monoculture and polyculture systems

Polyculture, as an integrated system, has been developed as an alternative to monoculture to
address issues like disease susceptibility and low feed efficiency. Polyculture systems tend to have

higher biodiversity and often result in greater economic profitability.

Conclusion

LCA offers a quantitative approach to evaluating the sustainability of aquaculture systems
from a cradle-to-grave perspective. By assessing system performance, it provides a valuable
foundation for enhancing environmental sustainability and developing certification or eco-labelling
criteria. However, current LCA methods are limited in their ability to quantify local ecological and
socio-economic impacts, which constrains their effectiveness and future application. To make LCA
more comprehensive for aquaculture, efforts should be directed toward adapting the tool to include
currently missing indicators, such as biodiversity, and improving underdeveloped ones, like socio-
economic impacts. Despite these limitations, LCA remains a valuable tool with significant potential to

support decision-making for more sustainable seafood production and consumption.
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