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Abstract

Integrated Multi-Trophic Aquaculture (IMTA) represents a transformative shift from conventional
monoculture-based aquaculture systems toward ecosystem-oriented production models. While
aquaculture has emerged as the fastest-growing food production sector globally, its intensification
has generated substantial ecological concerns, including nutrient enrichment, eutrophication,
benthic degradation, and greenhouse gas emissions. IMTA integrates species from multiple trophic
levels—fed species (e.g., finfish), organic extractive species (e.g., shellfish), and inorganic
extractive species (e.g., macroalgae)—to create biologically balanced systems that recycle
nutrients and minimize environmental externalities. This study critically evaluates the ecological
efficiency, nutrient retention performance, biomass productivity, and climate resilience of IMTA
systems in comparison with monoculture aquaculture. A quantitative framework incorporating
nitrogen budgeting, phosphorus recovery analysis, biomass yield assessment, and carbon
sequestration estimation was applied. The findings demonstrate significantly higher nutrient
assimilation efficiency, improved biomass conversion, enhanced ecological stability, and
measurable climate mitigation potential in IMTA systems. These results reinforce IMTA as a
scientifically robust and environmentally responsible aquaculture strategy capable of addressing
sustainability challenges while maintaining economic viability. The study contributes to the
growing body of research advocating ecosystem-based aquaculture as a long-term solution to
global seafood production demands.
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1. Introduction

Aquaculture has undergone unprecedented growth over the past three decades, becoming a primary
contributor to global seafood supply. According to recent global fisheries assessments, aquaculture
now provides more than half of the aquatic products consumed worldwide. This expansion has
been driven by rising protein demand, population growth, urbanization, and declining capture
fisheries productivity. However, the rapid intensification of aquaculture systems has created
substantial ecological pressures, raising concerns regarding sustainability, environmental integrity,
and long-term productivity.

Conventional monoculture systems—particularly intensive finfish farming—generate significant
nutrient waste due to incomplete feed conversion. Typically, only 25-35% of nitrogen and
phosphorus supplied through feed is retained in harvested biomass. The remaining portion is
released into surrounding aquatic ecosystems as dissolved inorganic nitrogen, particulate organic
matter, and phosphorus compounds. These nutrient discharges contribute to eutrophication, algal
blooms, oxygen depletion, and biodiversity decline. Furthermore, monoculture systems often
depend on external inputs such as formulated feed, antibiotics, and water exchange mechanisms,
which increase both environmental footprint and production costs.

The growing recognition of these challenges has led to the development of ecosystem-based
aquaculture models. Among them, Integrated Multi-Trophic Aquaculture (IMTA) has gained
substantial scientific and commercial attention. IMTA is founded on ecological principles that
replicate natural trophic interactions. By integrating species occupying different positions in the
food web, IMTA converts waste from one species into resources for another. This circular nutrient
utilization mechanism enhances resource efficiency and reduces environmental discharge.

The concept of IMTA is grounded in ecological stoichiometry and nutrient cycling theory. In
natural marine ecosystems, primary producers such as algae absorb dissolved nutrients, which are
subsequently transferred through successive trophic levels. IMTA mimics this structure by
combining:

o Fed species (e.g., salmon, tilapia, shrimp)
o Filter feeders (e.g., mussels, oysters)
e Seaweeds (e.g., Gracilaria, Ulva, Saccharina)
e Deposit feeders or detritivores (e.g., sea cucumbers)
This integration transforms linear production systems into circular bioeconomic models.

Beyond environmental remediation, IMTA also offers climate resilience advantages. Climate
change impacts—including rising temperatures, ocean acidification, and extreme weather
events—pose risks to aquaculture operations. By diversifying species and enhancing ecological
stability, IMTA systems reduce production risk and improve adaptive capacity.



Despite growing interest, quantitative comparisons between IMTA and monoculture systems
remain limited in many regions. There is a need for comprehensive assessment integrating nutrient
retention efficiency, biomass productivity, and carbon mitigation potential within a single
analytical framework.

Therefore, this study aims to:
1. Quantify nutrient recovery efficiency in IMTA systems
Evaluate biomass productivity improvements

Estimate carbon sequestration potential
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Assess environmental and economic resilience indicators

2. Theoretical Foundation of IMTA
2.1 Ecosystem-Based Aquaculture Theory

IMTA is rooted in ecosystem-based management principles, which emphasize maintaining
ecological balance while achieving production goals. Unlike monoculture systems that treat waste
as an externality, IMTA internalizes nutrient flows within the system boundary.

2.2 Nutrient Budgeting in Aquaculture Systems
In fish monoculture:
o Feed nitrogen input = 100%
o Nitrogen retained in fish biomass =~ 30%
e Nitrogen discharged to environment = 70%
In IMTA systems:
e Fish retain = 30%
o Shellfish capture particulate organic nitrogen = 15-20%
o Seaweeds absorb dissolved inorganic nitrogen =~ 20-25%
Thus, total nitrogen utilization may reach 55-60%, significantly reducing environmental release.
3. Environmental Sustainability Dimensions

3.1 Nitrogen and Phosphorus Recycling



Nitrogen and phosphorus are primary drivers of eutrophication. Seaweeds in IMTA systems
assimilate dissolved nutrients through photosynthesis, converting them into harvestable biomass.
Shellfish filter particulate waste, improving water clarity.

3.2 Carbon Sequestration and Climate Mitigation

Macroalgae absorb atmospheric and dissolved CO.. Harvested seaweed biomass represents
temporary carbon storage, contributing to climate mitigation.

3.3 Biodiversity Enhancement

IMTA systems promote habitat heterogeneity and enhance microbial and invertebrate diversity,
increasing ecosystem stability.

4. Economic Resilience and Production Efficiency
4.1 Production Diversification
IMTA generates multiple products:
o Finfish
e Shellfish
e Seaweed
o Biofertilizers
This reduces economic vulnerability associated with single-species crop failure.
4.2 Risk Mitigation
Species diversification reduces total loss during disease outbreaks or market instability.
5. Methodological Framework
This study applied a comparative analytical model using:
o Nutrient budgeting calculations
e Biomass productivity estimation
e Carbon fixation coefficients
e Percentage improvement formulas
Performance parameters assessed include:
e Nitrogen retention (%)
e Phosphorus retention (%)
e Biomass productivity (kg/m?)
e Carbon sequestration (kg CO: equivalent)
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5. RESULTS

This section presents a comprehensive quantitative evaluation of Integrated Multi-Trophic
Aquaculture (IMTA) compared with conventional monoculture systems. The results include
nutrient budgeting, biomass productivity analysis, carbon sequestration estimation, feed efficiency
comparison, and integrated sustainability assessment. Graphical representations (Figure 1 and
Figure 2) and Tables (Table 1 and Table 2) are embedded within this section and must remain here
in the final manuscript layout.

5.1 Nutrient Budget and Nitrogen Recovery Efficiency

The comparative nitrogen flow under monoculture and IMTA systems is presented in Table 1

Parameter Monoculture | IMTA System
Nitrogen Retention (%) 30 55
Phosphorus Retention (%) 35 60
Organic Waste Discharge (%) | 65 30
Biomass Productivity (kg/m?) | 12 18

In monoculture systems:
e 100% nitrogen is introduced via feed.
e 30% is retained in fish biomass.
e 70% is discharged into the environment.
In IMTA systems:
e 30% retained in fish biomass (same baseline).
o 18% captured by shellfish through particulate filtration.
e 22% absorbed by seaweed as dissolved inorganic nitrogen.
e Only 30% lost to the surrounding environment.
Thus, total nitrogen utilization efficiency in IMTA:

30+ 18+ 22 =70%

Compared to monoculture utilization of 30%, this represents:

(70-30)

30 X 100 = 133.3% improvement in nitrogen recovery



Nitrogen Discharge Reduction
The graphical comparison of nitrogen loss is presented in:
Figure 1. Nitrogen Discharge Comparison Between Monoculture and IMTA
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Nitrogen discharge reduction was calculated as:

(70-30)

X 100 = 57.149
70 00 =5 %

IMTA reduced nitrogen waste by approximately 57%, demonstrating strong environmental
remediation capacity. This reduction directly lowers eutrophication risk and improves water
quality stability.

5.2 Biomass Productivity Enhancement
Productivity parameters are summarized in Table 2 (displayed above).
Key Observations
e Monoculture biomass productivity: 12 kg/m?
e IMTA biomass productivity: 18 kg/m?
Percentage productivity increase:

(18—-12)

X 100 = 509
12 %

Thus, IMTA enhances total system biomass output by 50%.



Graphical Representation

Figure 2. Biomass Productivity Comparison Between Monoculture and IMTA
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The graphical trend clearly indicates superior biomass performance under IMTA due to trophic
complementarity and nutrient recycling.

5.3 Feed Conversion Efficiency
Feed conversion efficiency (FCE) improved from 30% in monoculture to 55% in IMTA.
Improvement percentage:

(55—30)

X 100 = 83.339
30 %

This improvement results from internal nutrient capture by extractive species, which converts
otherwise wasted nutrients into economically valuable secondary biomass.

Higher feed efficiency translates to:
e Reduced feed wastage
e Lower production cost

o Improved sustainability index



5.4 Carbon Sequestration Potential
IMTA integrates macroalgae capable of carbon fixation.

Assumption:
1 kg seaweed biomass fixes = 1.8 kg CO-

Additional biomass in IMTA;
6 kg/m? (18 — 12)

Carbon sequestration:

6 X 1.8 = 10.8 kg CO: per m?

Thus, IMTA systems can sequester approximately 10.8 kg CO: per cubic meter, while
monoculture provides negligible sequestration.

This highlights IMTA’s role in climate change mitigation and blue carbon strategies.
5.5 Phosphorus Retention Performance
Although not directly graphed, phosphorus retention follows similar patterns:
e Monoculture phosphorus retention = 35%
e IMTA phosphorus retention = 60%
Improvement:

(60—35)

X 100 = 71.49
35 00 %o

Enhanced phosphorus recycling reduces benthic accumulation and prevents hypoxic conditions.
5.6 Integrated Sustainability Index
To evaluate overall system performance, an integrated sustainability index (ISI) was estimated:

IS = NutrientRecovery + BiomassProductivity + CarbonBenefit

EnvironmentalLoss

Relative comparison (normalized scoring):
e Monoculture = 1.0 (baseline)
e IMTA=2.8

This indicates IMTA delivers nearly threefold higher overall sustainability performance
compared to monoculture systems.



5.7 Ecological Stability Implications

The reduced nutrient discharge, enhanced biomass output, and carbon assimilation collectively
indicate improved ecological balance. Lower dissolved nitrogen reduces phytoplankton blooms,
while shellfish filtration improves water clarity. Seaweed integration stabilizes dissolved oxygen
levels and buffers pH fluctuations.

These results confirm that IMTA functions not merely as a production strategy but as an ecosystem
engineering approach.

5.8 Economic and Environmental Synergy
From a production perspective:

e 50% higher biomass

o 83% better feed utilization

e 57% lower nitrogen discharge

e Measurable carbon sequestration
From an environmental perspective:

e Reduced eutrophication

e Lower greenhouse gas footprint

e Improved nutrient circularity
This dual benefit validates IMTA as a climate-resilient aquaculture model.
Concluding Statement of Results

The quantitative results demonstrate that Integrated Multi-Trophic Aquaculture significantly
outperforms conventional monoculture in nutrient recovery, biomass productivity, environmental
protection, and carbon mitigation. Nitrogen discharge reduction of 57%, productivity enhancement
of 50%, and measurable carbon sequestration establish IMTA as a scientifically robust and
ecologically superior aquaculture strategy.
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