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Preface 

This book adopts an exegetical approach as well as a pedagogic model, making it attractive 

agriculture and environmental economics teachers, professional practitioners and scholars. It is 

eschews pedantry and lays bars the issues in such clarity that conduces to learning. The book 

elaborates on contemporaneous Climate smart actions (CSA) aquaculture, agroforestry and 

resources management issues of global significance and at the same time, is mindful of local or 

national perspectives making it appealing both to international and national interests. The book 

explores the ways in which Climate smart actions (CSA) aquaculture, agroforestry and 

resources management  issues are and should be presented to increase the public’s stock of 

knowledge, increase awareness about burning issues and empower the scholars and public to 

engage in the participatory dialogue Climate smart actions (CSA) aquaculture, agroforestry 

and resources management necessary in policy making process that will stimulate increase in 

food production and environmental sustainability. Climate smart actions (CSA) aquaculture, 

agroforestry and resources management : Global Issues & Local Perspectives is organized in three 

parts. Part One deals with The Concept of Climate smart actions (CSA),  Part Two is concerned 

with The Concept of aquaculture, and Part Three deals with the Concept of agroforestry and 

resources management  

Eteyen Nyong; March 2026 
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Aquaculture has emerged as one of the fastest-growing food production sectors worldwide, outpacing many 

terrestrial livestock systems due to its rapid expansion and increasing contribution to global food security 

(Mbaka et al., 2022). In 2022, global aquaculture production reached unprecedented levels, surpassing 

capture fisheries in aquatic animal output for the first time and accounting for more than half of all fish 

consumed by humans, a trend that emphasizes its central role in meeting the rising demand for high-quality 

protein, essential nutrients, and livelihoods (FAO, 2024; OECD/FAO, 2025; Samy-Kamal, 2025). 

At the heart of aquaculture systems are hatcheries, which provide the foundation for sustainable production 

by supplying high-quality eggs, larvae, juveniles, and seedstock for fish, shrimp, and shellfish production 

(Akinjogunla and Usman, 2023). Reliable hatchery output is critical for ensuring consistent supply, 

optimizing growth performance, reducing reliance on wild seed sources, and supporting the resilience of 

aquaculture value chains, especially in developing countries where access to quality seed remains 

constrained (Zhu et al., 2024; Cortes et al., 2026). 

Given its pivotal role in food security, nutrition, and economic development, particularly in low - and 

middle - income countries, strengthening hatchery management represents a strategic priority for sustaining 

the continued growth and ecological sustainability of aquaculture into the coming decades (Simasiku et al., 

2024). 

However, hatcheries are among the most vulnerable components of aquaculture due to the narrow 

physiological tolerances of early life stages and their sensitivity to environmental fluctuations (Dai et al., 

2025; Haque et al., 2025). 

Climate change exacerbates these vulnerabilities, manifesting as rising water temperatures, ocean 

acidification, hypoxia, salinity fluctuations, and the emergence of novel pathogens. These stressors increase 

mortality, reduce growth and reproductive performance, and alter larval quality, ultimately threatening 

aquaculture productivity and economic viability (Okon et al., 2023; Jeyachandran, 2025).  

Early life stages are particularly sensitive: eggs and larvae are prone to temperature-induced mortality, 

acidification-related deformities, and pathogen infections, while broodstock reproductive performance and 

gamete quality are affected by prolonged stress (Ajayi et al., 2024). 

In response to these challenges, climate-smart hatchery management (Figure 1) has emerged as a 

transformative approach. It integrates adaptive breeding, advanced larval rearing techniques, disease 

management, renewable energy adoption, and sustainable operational practices to enhance resilience, 

productivity, and environmental stewardship.  
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Figure 1. Use of IoT devices in aquaculture. 

Source: The Edge, Malaysia (2025) 

Climate-smart hatcheries aim to: 

a) maintain optimal environmental conditions despite climatic fluctuations 

b) produce genetically robust seed with improved tolerance to thermal, osmotic, and disease stress 

c) reduce climate-driven disease outbreaks and mortality 

d) lower carbon footprint and resource use through renewable energy and efficient water management 

This chapter explores the state – of – the - art innovations in hatchery management designed to mitigate 

climate risks, enhance larval and broodstock resilience, and support sustainable aquaculture. It synthesizes 

strategies across breeding, larval rearing, disease control, and operational sustainability, highlighting 

practical applications and case studies from tilapia, shrimp, and salmon hatcheries worldwide. By 

integrating technological, ecological and genetic solutions, climate-smart hatcheries provide a blueprint for 

maintaining reliable seed production and safeguarding aquaculture in an era of accelerating climate change. 

 

 

1.1 Aims and Objectives of the Chapter 

The aim of this chapter is to provide a comprehensive synthesis of innovations and strategies in climate-

smart hatchery management that enhance resilience, sustainability, and productivity in aquaculture.  

Specifically, the chapter objectives are to: 
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a) identify and characterize climate-related stressors affecting eggs, larvae, and broodstock in 

hatchery systems. 

b) evaluate breeding innovations for climate resilience, including selective breeding, temperature-

adaptive broodstock management, genomic selection, and gene editing. 

c) review advanced larval rearing techniques such as precision environmental control, biofloc and 

green water systems, microbiome modulation, and optimized nutrition. 

d) examine climate-smart disease control strategies, including vaccination, immunostimulants, digital 

diagnostics, and biosecurity measures. 

e) explore renewable energy and low-carbon operational practices to enhance energy efficiency, 

reduce greenhouse gas emissions, and increase operational resilience. 

f) highlight sustainability and environmental considerations, including efficient water use, nutrient 

management, environmental monitoring, and ecosystem-based hatchery siting. 

g) present case studies and practical applications demonstrating the integration of these approaches 

across tilapia, shrimp, and salmon hatcheries globally. 

By meeting these objectives, the chapter provides a holistic framework for designing and managing 

hatcheries that are resilient to climate change, environmentally sustainable, and capable of sustaining high 

- quality seed production to support global aquaculture growth. 

2.0 Climate Change and Hatchery Vulnerabilities 

Hatcheries are among the most climate-sensitive components of aquaculture, as early life stages of fish, 

shrimp and shellfish have narrow physiological tolerances (Hague et al., 2025). Climate change intensifies 

multiple environmental stressors (Figure 2) including rising temperatures, acidification, hypoxia, salinity 

fluctuations, and the emergence of pathogens which directly impact survival, growth, and reproductive 

performance (Mitra, 2023). 
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Figure 2: External and internal climate-dependent factors that affect fish reproductive physiology. 

Source: Mitra, A. (2023). 

Eggs, larvae, and broodstock respond differently to these stressors, making it critical to identify stage-

specific vulnerabilities to design effective climate-smart interventions (Torsabo et al., 2024; Akande & 

Oyarekhua, 2025; Haque et al., 2025). Table 1 below summarizes the key climate stressors and their 

impacts across hatchery stages, highlighting where targeted management strategies are most needed. 

 

 

 

 

 

Table 1: Climate Stressors and Their Impact on Hatchery Stages 
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Climate 

Stressor 
Hatchery Stages Mechanism 

 Egg Larval Broodstock  

Temperature 

rise / heat 

stress 

↓ Hatchability; 

developmental 

abnormalities 

↑ Mortality; 

impaired feeding; 

deformities 

↓ Gamete 

quality; reduced 

spawning 

frequency 

Elevated temperatures 

accelerate metabolism, 

induce oxidative stress, and 

disrupt endocrine regulation. 

Heatwaves exacerbate 

mortality in sensitive early 

stages (Canosa & Bertucci, 

2023). 

Acidification / 

low pH 

Shell deformities in 

mollusks 

Weak 

exoskeleton or 

skeletal structure; 

reduced survival 

Reduced 

fecundity and 

impaired 

gametogenesis 

Lower carbonate availability 

affects shell and skeletal 

formation; acid stress alters 

metabolic and physiological 

processes (Wright-Fairbanks 

et al., 2025). 

Low dissolved 

oxygen (DO / 

hypoxia) 

Embryo mortality; 

delayed development 

Slow growth; 

impaired 

swimming and 

feeding; 

increased stress 

susceptibility 

Stress, reduced 

reproductive 

performance 

Hypoxia reduces ATP 

production and impairs 

organ development; high-

density tanks exacerbate 

effects (Yan et al., 2025). 

Salinity 

fluctuations 

Osmoregulatory 

failure; abnormal 

development 

Reduced growth, 

osmotic stress, 

higher mortality 

Stress; impaired 

gonadal 

development 

Abrupt salinity changes 

affect ion balance, 

metabolism, and larval 

osmoregulatory capacity 

(Dildar et al., 2025). 

Pathogen 

emergence / 

disease 

Infection reduces egg 

viability 

High mortality; 

deformities; 

stunted growth 

Reduced 

spawning 

efficiency; 

increased 

susceptibility 

Warming and water quality 

stress favor pathogen 

proliferation; larvae are 

immunologically naïve 

(Scanes et al., 2025). 
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Climate 

Stressor 
Hatchery Stages Mechanism 

 Egg Larval Broodstock  

Harmful algal 

blooms (HABs) 

Toxin exposure 

reduces viability 

Mortality; 

reduced feeding 

efficiency; 

impaired 

immunity 

Stress and 

reduced 

reproductive 

performance 

HAB toxins can 

bioaccumulate in rearing 

water, affecting 

development and immune 

function (Brenckman et al., 

2025). 

High ammonia 

/ nitrogen 

accumulation 

Toxicity reduces 

embryo survival 

Growth 

inhibition; gill 

damage; stress 

Stress; reduced 

reproductive 

output 

Nitrogenous waste 

accumulates rapidly under 

poor water exchange; 

impacts metabolism and 

immune function (Edwards 

et al., 2025). 

Extreme 

weather / 

flooding 

Mechanical damage; 

temperature/salinity 

shocks 

Mortality; 

reduced feeding; 

stress 

Stress; disrupted 

spawning cycles 

Sudden environmental 

changes can overwhelm 

adaptive capacity; risk 

higher in open or semi-

closed systems (Saeed et al., 

2023) 

*** ↓- decreases; ↑ - increases 

The table demonstrates that each hatchery stage is uniquely vulnerable: eggs are particularly sensitive to 

temperature, acidification, and hypoxia; larvae are highly susceptible to pathogen proliferation, water 

quality instability, and extreme environmental fluctuations; while broodstock reproductive performance 

and gamete quality are compromised under prolonged thermal and chemical stress. 

These vulnerabilities accentuate the urgency of implementing climate-smart hatchery strategies, including 

adaptive breeding, precision environmental control, biofloc and green water systems, microbiome 

modulation, and robust biosecurity. By understanding stage-specific stressors, hatchery managers can 

prioritize interventions that mitigate mortality, stabilize seed quality, and enhance resilience under changing 

climate conditions, providing a strong foundation for the innovations discussed in the subsequent sections. 

3.0 Innovations in Climate-Smart Broodstock and Breeding Management 
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Climate-smart broodstock and breeding management are pivotal for enhancing the resilience of aquaculture 

systems in the face of climate variability (Maulu et al., 2021). Hatchery stages are highly sensitive to 

environmental stressors, and genetic improvement offers a powerful means to buffer fish, shrimp, and 

shellfish against heat, salinity fluctuations, disease outbreaks, and other climate-driven challenges (Hague 

et al., 2025; Jeyachandran, 2025). 

Modern breeding strategies integrate traditional selection (Table 2) with advanced genomics, 

biotechnology, and environmental conditioning to produce robust seed that can thrive under changing 

climate conditions. 

 

 

 

 

Table 2: Breeding Innovations for Climate - Resilient Aquaculture 

Approach Target Trait / Focus Species Benefits 

Selective breeding 

Heat tolerance; salinity 

tolerance; growth 

performance 

Tilapia, 

Catfish 

Higher survival under temperature 

stress; improved growth; better feed 

efficiency 

Genomic selection (GS) 
Disease resistance; thermal 

tolerance; stress resilience 

Salmon, 

Carp, Tilapia 

Faster breeding cycles; improved 

accuracy; polygenic trait 

improvement 

Marker-assisted 

selection (MAS) 

Viral and bacterial 

resistance 

Shrimp, 

Salmon 

Reduced mortality; lower antibiotic 

use; targeted genetic gains 

Temperature - adaptive 

broodstock selection 

Reproductive performance 

at high temperature 

Tilapia, 

Catfish, 

Shrimp 

Stable gamete quality; improved 

spawning success under heat stress 

CRISPR / gene editing 

Heat tolerance, disease 

resistance, metabolic 

efficiency 

Tilapia, 

Salmon, 

Shrimp 

Rapid development of resilient 

strains; enhanced growth and stress 

tolerance 

Hybridization / 

crossbreeding 

Stress tolerance and 

growth 

Tilapia, 

Catfish 

Combines complementary traits from 

different strains; enhanced robustness 

*** CRISPR - Clustered Regularly Interspaced Short Palindromic Repeats 

3.1  Selective Breeding for Climate Resilience 
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Selective breeding remains a cornerstone of climate-smart hatcheries. According to Dildar et al., (2025), 

beyond traditional growth and feed efficiency traits, breeding programs increasingly target heat tolerance, 

salinity tolerance, and resistance to climate-sensitive diseases (Figure 3). Selective breeding enhances 

stage-specific resilience, particularly for larvae and juveniles, which are highly sensitive to thermal and 

osmotic stress. 

Figure 3: Climate – resilience species ideal for breeding 

Source: Nayak et al., (2025). 

 

3.2  Temperature - Adaptive Breeding 

Temperature-adaptive breeding focuses on reproductive performance under elevated and fluctuating 

temperatures. Strategies include: 

a) Broodstock selection: Choosing individuals that maintain fecundity, spawning frequency, and 

gamete quality at high temperatures. 

b) Thermal conditioning: Exposing broodstock to controlled temperature cycles to enhance 

physiological plasticity. 

c) Thermal refugia: Utilizing shading, cooling, or water exchange systems to stabilize reproductive 

environments. 

This approach improves hormonal stability, gamete quality, and larval survival, ensuring consistent seed 

production during heatwaves and seasonal extremes (Mitra et al., 2023; Lema et al., 2024). 

3.3 Genomic and Biotechnological Approaches 
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Modern genomic tools accelerate climate-resilient breeding by increasing precision and speed: 

i. Marker-assisted selection (MAS): Targets specific genes associated with resistance to viral and 

bacterial pathogens, such as WSSV in shrimp and Streptococcus infections in tilapia. 

ii. Genomic selection (GS): Uses genome-wide markers to predict performance for polygenic traits 

like thermal tolerance, growth under stress, and disease resistance, enabling faster and more 

accurate breeding cycles. 

iii. CRISPR and gene editing: Offers potential for targeted development of heat-tolerant, disease-

resistant, and metabolically efficient strains, though regulatory and ethical considerations remain. 

These tools allow hatcheries to proactively select for traits that confer resilience, reducing reliance on 

chemical treatments and supporting sustainable aquaculture production. 

3.4 Hybridization and Crossbreeding 

Hybridization combines complementary traits from different strains or species to enhance stress tolerance, 

growth, and robustness. This approach is especially useful in regions with highly variable climates, where 

hybrid offspring can perform better under fluctuating temperature, salinity, and water quality conditions 

(Xu et al., 2025). 

By integrating selective breeding, temperature-adaptive approaches, genomics, and hybridization, climate-

smart hatcheries can produce broodstock and larvae that are better equipped to withstand environmental 

stress, disease outbreaks and resource limitations (Ghorbanzadeh et al., 2025). These innovations lay the 

foundation for resilient seed production, reduced mortality and sustainable aquaculture in a changing 

climate (Torsabo et al., 2024). 

4.0 Climate-Smart Larval Rearing Innovations 

The larval stage is the most sensitive period in aquaculture, where survival, growth, and long-term 

performance are heavily influenced by environmental conditions (Siddique et al., 2023). Climate change 

aggravates these challenges by increasing water temperature variability, hypoxia, acidification, and 

pathogen prevalence, which collectively reduce larval survival and robustness (Abalasei et al., 2025). 

Climate-smart larval rearing innovations as shown in table 3 integrates precision environmental control, 

ecological engineering, microbiome management, and improved nutrition to enhance resilience, optimize 

growth, and reduce mortality. 
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Table 3. Climate-Smart Larval Rearing Innovations 

Innovation Function Benefits 

Precision environmental control 

(automated aeration, IoT 

sensors, AI) 

Maintain optimal temperature, 

DO, pH, ammonia 

Reduced stress and mortality; 

improved growth; enhanced survival 

under variable climates 

Green water systems 
Microalgae-based water 

stabilization and nutrition 

pH buffering; natural feed; reduced 

cannibalism; improved larval vigor 

Biofloc technology (BFT) 
Microbial balance; nutrient 

recycling 

Improved immunity; lower water use; 

reduced disease incidence; lower 

carbon footprint 

Probiotics & microbiome 

modulation 

Enhance digestion and 

immune function 

Stress tolerance; reduced antibiotic 

dependence; higher survival 

Improved larval nutrition 
Microencapsulated feeds, 

enriched rotifers, microalgae 

Enhanced FCR; better growth; 

improved stress resilience 

*** IoT – Internet of Things; AI – Artificial Intelligence; DO – Dissolved Oxygen; pH – Hydrogen Concentration; 

FCR – Feed Conversion Ratio 

Climate-smart larval rearing integrates technological, ecological, and nutritional innovations to buffer 

larvae against climate-induced stress. By combining precision control, microbial engineering (Figure 4) 

and optimized nutrition, hatcheries can significantly improve survival, growth, and health of early life 

stages. These interventions not only mitigate climate-related risks but also contribute to more sustainable, 

resource-efficient, and resilient aquaculture systems. Precision feeding enhances feed conversion efficiency 

(FCR), reduces waste, and improves larval robustness, contributing directly to climate resilience 

(Karimanzira, 2025). 
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Figure 4: Flow diagram of the inputs and outputs of a generalized biofloc system. 

Source: Padeniya et al., 2022 

 

5.0 Disease Control in Climate-Smart Hatcheries 

Climate change intensifies disease risks in aquaculture by altering pathogen dynamics, suppressing immune 

function, and creating favorable conditions for opportunistic infections (Combe et al., 2023). Elevated 

temperatures accelerate bacterial growth, while environmental stressors such as hypoxia, acidification, and 

salinity fluctuations compromise larval and broodstock immunity (Kari, 2025). 

 
Figure 5: Alternative therapies for treating and controlling fish diseases 

Source: Elgendy et al., 2024 

Consequently, disease outbreaks become more frequent, severe, and economically damaging, particularly 

during sensitive early life stages. Climate-smart disease control (table 4) integrates preventive, diagnostic, 
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and management strategies, aiming to reduce pathogen pressure, strengthen host resilience, and minimize 

reliance on antibiotics. 

Table 4. Climate-Smart Disease Control Strategies 

Strategy Functions Benefits 

Vaccines (DNA, oral, immersion, nano-

vaccines) 

Prevent infection in 

juveniles and larvae 

Reduced mortality; lower antibiotic 

use; improved immunity under 

thermal stress 

Immunostimulants (β-glucans, herbal 

extracts, chitosan, peptides) 
Enhance innate immunity 

Improved stress tolerance; disease 

resistance; higher survival 

Early detection (PCR, qPCR, AI 

surveillance, portable diagnostics) 

Monitor pathogen 

presence and predict 

outbreaks 

Timely intervention; reduced losses; 

improved preparedness 

Biosecurity (RAS, UV/ozone treatment, 

vector control, movement restriction) 

Prevent pathogen 

introduction and spread 

Reduced infection rates; enhanced 

resilience; consistent seed production 

*** DNA - Deoxyribonucleic Acid; PCR - Polymerase Chain Reaction; qPCR stands for Quantitative Polymerase 

Chain Reaction.AI - Artificial Intelligence; RAS - Renin–Angiotensin System; UV - Ultraviolet 

Climate-smart disease control combines preventive immunology, advanced diagnostics, and robust 

biosecurity to address the heightened pathogen risks posed by climate change (Jeyachandran, 2025). By 

integrating vaccines, immunostimulants, real-time monitoring, and proactive biosecurity measures, 

hatcheries can minimize disease-related losses, reduce antibiotic dependency, and maintain high-quality, 

resilient seed production (Carlino-Costa & Belo, 2025).  

This integrated approach ensures that disease management supports both climate adaptation and sustainable 

aquaculture objectives, bridging the vulnerabilities identified in early life stages to the solutions provided 

by breeding, larval rearing, and operational innovations. 

 

6.0 Integration of Renewable Energy and Low-Carbon Systems 

Energy demand is a critical component of hatchery operations, as maintaining optimal water quality, 

temperature, aeration, and biosecurity require continuous power. Climate change worsens this demand 
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through increased temperature stress, higher oxygen requirements, and expanded water treatment needs 

(Chapra et al., 2021).  

Simultaneously, reliance on fossil-fuel-based energy sources contributes to greenhouse gas emissions, 

undermining the sustainability of aquaculture systems. Climate-smart hatcheries address these challenges 

by integrating renewable energy and low-carbon technologies, improving both resilience and 

environmental performance (Bohnes, 2022; Jeyachandran, 2025). 

6.1 Solar-Powered Aeration and Heating 

Solar energy is increasingly deployed in hatcheries (Figure 6) to provide reliable, low-carbon power for 

critical operations: 

a) Aeration systems powered by solar panels ensure stable dissolved oxygen levels, especially during 

heatwaves or periods of high larval density. 

b) Heating broodstock or larval tanks using solar thermal energy maintains optimal reproductive and 

developmental conditions without relying on electricity or fossil fuels. 

These solutions reduce operational costs, increase energy security, and provide resilience against grid 

instability, which is particularly important in tropical regions prone to power outages (Vo et al., 2021; 

Mwakapoma et al., 2025; Prasad et al., 2025). 

 

Figure 6: Application of Solar energy in Aquaculture 

Source: Vo et al., 2021. 
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6.2 Low-Energy Recirculating Aquaculture Systems (RAS) 

Recirculating aquaculture systems (RAS) are widely adopted as climate-smart technologies (Figure 7): 

a) Energy-efficient pumps, gravity-driven flows, and optimized biofilters reduce electricity 

consumption while maintaining high water quality. 

b) Automated control systems minimize unnecessary energy use by adjusting flow, aeration, and 

filtration based on real-time water quality data. 

c) Water recirculation decreases freshwater withdrawals and mitigates the effects of climate-induced 

water scarcity. 

Low-energy RAS not only enhance hatchery resilience under variable climatic conditions but also reduce 

carbon emissions per unit of seed produced, supporting broader climate mitigation goals (Benjamin et al., 

2022; Gupta et al., 2024). 

 

Figure 7: The solar cell recirculated aquaculture system. 

Source: Vo et al., 2021 

6.3 Solar Dryers and Biogas Utilization 

Additional renewable solutions improve hatchery sustainability and waste management: 

a) Solar dryers are used to process live-feed cultures, microalgae, and hatchery equipment, reducing 

microbial contamination and energy use. 
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b) Bio - Gas systems convert organic waste (sludge, biofloc residues) into renewable energy for 

heating tanks or powering ancillary operations. 

These systems close nutrient and energy loops, contributing to circular economy principles and reducing 

greenhouse gas emissions associated with conventional energy and waste disposal methods (Chen et al., 

2025; Cozzolino et al., 2025). 

Integrating renewable energy and low-carbon technologies into hatchery operations supports both climate 

adaptation and mitigation (Figure 8). Solar-powered systems, low-energy RAS, biogas utilization, and solar 

dryers reduce greenhouse gas emissions while providing operational resilience under climate variability.  

 

 

 

Figure 8: Structure of a renewable energy fish farming at a farm in Egypt  

Source: Baioumi et al. 2024. 

 

These technologies, when combined with breeding, larval rearing, and disease control innovations, create 

a holistic, climate-smart hatchery system capable of maintaining productivity, efficiency, and 

environmental stewardship in the face of accelerating climate change. 

7.0 Sustainability and Environmental Considerations 
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Climate-smart hatcheries are not only designed to enhance resilience and productivity but also to minimize 

environmental impacts and promote long-term ecological sustainability. The integration of efficient 

resource management, waste reduction, environmental monitoring, and ecosystem-based planning (Figure 

9) ensures that hatchery operations contribute positively to surrounding aquatic ecosystems while reducing 

their carbon footprint (Eze et al., 2021; Chen et al., 2023; Yusoff et al., 2024). 

 

Figure 9: Smart and Sustainable Aquaculture 

Source: Yusoff et al., 2024 

7.1  Efficient Water Use 

Water scarcity is a growing challenge in many aquaculture regions, exacerbated by climate change. 

Climate-smart hatcheries adopt: 

i. Recirculating aquaculture systems (RAS) and biofloc-based larval rearing to minimize water 

withdrawal. 

ii. Precision water management using sensors and automated systems to monitor and adjust flow rates 

based on real-time demand. 

iii. Water reuse and treatment strategies to recycle effluents, reducing freshwater extraction and 

nutrient loading into natural water bodies. 

These approaches conserve water, maintain high water quality, and reduce the vulnerability of hatcheries 

to climate-induced droughts or seasonal variability. 
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7.2  Waste Reduction and Nutrient Management 

Hatchery effluents can introduce organic matter, nitrogen, and phosphorus into surrounding ecosystems, 

contributing to eutrophication. Climate-smart practices include: 

i. Conversion of sludge and biofloc residues into biogas or fertilizer. 

ii. Use of integrated multi-trophic aquaculture (IMTA) systems, where waste from hatcheries supports 

growth of algae or filter-feeding species. 

iii. Optimized feeding regimes to minimize feed waste and nutrient excretion. 

These measures reduce environmental pollution, promote circular resource use, and enhance hatchery 

sustainability. 

7.3 Environmental Monitoring 

Ongoing monitoring is critical for both hatchery performance and ecosystem health: 

i. Sensors and IoT platforms track water quality parameters such as pH, dissolved oxygen, ammonia, 

temperature, and turbidity. 

ii. Remote sensing and GIS can be applied for site selection, habitat protection, and early warning of 

harmful algal blooms or climate anomalies. 

iii. Data-driven decision-making allows hatchery managers to adjust operations proactively, mitigating 

environmental impacts and improving larval survival. 

Such monitoring ensures that hatcheries operate sustainably and respond dynamically to both internal and 

external environmental stressors. 

7.4  Ecosystem-Based Hatchery Siting 

Hatchery location significantly affects both productivity and environmental sustainability: 

i. Sites are selected based on water availability, quality, and natural buffering capacity to withstand 

climate extremes. 

ii. Ecosystem-based planning integrates hatcheries with surrounding wetlands, mangroves, or 

estuarine habitats to provide natural filtration, biodiversity support, and climate resilience. 

iii. Proximity to natural water flows and safe discharge zones minimizes ecological disruption while 

enhancing hatchery stability under extreme weather events. 
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Sustainability and environmental stewardship are integral to climate-smart hatcheries. By conserving water, 

reducing waste, monitoring environmental conditions, and adopting ecosystem-based siting, hatcheries 

minimize their ecological footprint while enhancing resilience to climate variability. These practices 

complement innovations in breeding, larval rearing, disease control, and renewable energy integration, 

forming a holistic framework for sustainable and climate-resilient aquaculture. 

8.0 Conclusion 

Climate - Smart hatchery management offers a comprehensive and transformative framework for enhancing 

aquaculture resilience under a rapidly changing climate. By addressing stage-specific vulnerabilities such 

as thermal stress, hypoxia, acidification, and pathogen exposure through innovations in breeding, larval 

rearing, disease control, and operational management, hatcheries can maintain high-quality, robust seed 

production. Adaptive breeding strategies, including selective breeding, temperature-adaptive broodstock 

selection, genomic selection, and gene editing, enable the development of heat-, salinity-, and disease-

tolerant strains. Complementary interventions in larval rearing precision environmental control, biofloc and 

green water systems, microbiome modulation, and optimized nutrition enhance survival, growth, and stress 

resilience. 

Integrated disease management, combining vaccination, immunostimulants, early digital diagnostics, and 

biosecurity, mitigates climate-driven pathogen risks, while renewable energy adoption and low-carbon 

operational strategies reduce environmental footprints and operational costs. Efficient water use, nutrient 

recycling, environmental monitoring, and ecosystem-based hatchery siting further strengthen ecological 

sustainability. 

Collectively, these approaches create a holistic, climate-smart hatchery model that is technologically 

advanced, environmentally responsible, and resilient to climate variability. Implementing these strategies 

at scale will be essential to secure sustainable aquaculture production, safeguard food security, and support 

livelihoods in regions increasingly affected by climate change. 
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