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Abstract: This paper seeks to examine sustainable aquaculture methods that have minimal ecological impacts and
help conserve aquatic ecosystems and productivity. This paper provides an integrated assessment approach to evaluate
traditional intensive, sustainable improved, and integrated aquaculture systems. The methodology is made up of farm
management assessment, monitoring of the water and sediments, effluents assessment, resource consumption,
biodiversity indices, and environmental footprint assessment. Ecological impact and sustainability composite indices
are used in assessing various performance aspects. The manuscript offers some numerical comparison examples but
not empirical results. The integrated aquaculture system gives Ecological Impact Index values of 31.7 and 72.6,
respectively. The Aquaculture Sustainability Index gives 83.4 and 47.9, respectively. Dissolved oxygen increases from
4.21 to 6.02 mg/L, while ammonia drops from 0.82 to 0.34 mg/L. The feed conversion ratio changes from 1.72 to
1.29. The water consumption drops from 4.82 to 2.41 m*/kg of biomass. Taxa Richness changes from 18 to 29, while
Shannon Diversity changes from 1.84 to 2.71. Carbon intensity decreases from 4.16 to 2.48 kg CO: equivalent/kg of
biomass. Such comparisons show how integrated management can be a combination of resource efficiency and lower
ecological burden. The conclusion in the paper is that the sustainability evaluation must take into account production,
pollution, biodiversity, and feasibility of implementation. Replications on farms, seasonal observation, and
cost-benefit analysis are needed to check the validity of comparisons and whether lower ecological burden leads to
ecosystem protection.
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I. Introduction

Aquaculture contributes to food security, employment, and livelihood through the production of aquatic
resources for growing populations. However, aquaculture practices also lead to environmental impacts due
to production exceeding the capability of the adjacent environment to assimilate wastes and maintain
functioning. The uneaten feed, waste products, and chemicals may result in nutrient loading, decline in
water quality, and deterioration of sediments. Habitat alterations and relationships between cultivated
species and the wild stocks make environmental management even more challenging (Arshad et al., 2024).
Evaluations of the footprint of global aquaculture underscore the significance of not only production but
also resource consumption and environmental impacts (Jiang et al., 2022).

Sustainable aquaculture from an ecologically positive point of view widens the scope of such analysis
through the evaluation of how agricultural activities contribute to conservation and restoration efforts
(Overton et al., 2024). In this sense, restorative aquaculture focuses on the environmental aspects of
aquaculture that depend on appropriate selection of the species, suitable location, right farming practices,
and management conditions (Alleway et al., 2023). This means that sustainability is not limited to the
reduction of pollution in individual farms but also involves understanding how farming impacts habitats,
biodiversity, and other ecosystem processes. The value of ecosystem services is another approach to
sustainable aquaculture, which also highlights the importance of understanding benefits other than biomass
harvest (Custddio et al., 2020).
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Management and technological solutions exist for the improvement of environmental performance. For
example, recirculating systems, integrated multitrophic aquaculture, efficient feeding, and waste
management technologies can help to overcome resource consumption and discharge problems. However,
there are issues related to the cost of implementing such technologies (Ohia, 2025). Moreover, studies
focused on sustainable innovations and conservation approaches have shown that the role of the production
setting and management decisions needs to be considered as well (Kamara, 2023). The latter makes it clear
that no practice can be considered sustainable in universal terms, not evaluating its performance in
particular environmental and economic conditions. In this way, the comparisons have to take into account
potential trade-offs between water saving, energy consumption, productivity, and ecosystem preservation.

Considering the above, it is necessary to note that this paper focuses on the need for such an integrated
assessment of the connection between aquaculture management and efforts to minimize the ecological
impact and preserve the environment. Thus, the goal of this paper is to investigate sustainable practices in
terms of water quality, nutrient discharge, resource efficiency, production performance, and ecosystem
conservation aspects. The main research question is related to the identification of those combinations of
practices that provide real environmental gains and support viable production.

Section 1 outlines the background, research problem, and goals of the study. Section 2 covers the
literature review and the gap in the research. Section 3 explains the assessment approach. Section 4
highlights environmental, biodiversity, and sustainability comparisons. Section 5 covers the discussion on
implications, limitations, and recommendations. Section 6 outlines the conclusion.

I1. Related Work
Ecological and Social Sustainability

Ecological aquaculture is viewed in a larger context that relates to the environmental and social aspects
of development. The importance of these perspectives lies in the fact that sustainable development must
address the issues related to the functioning of ecosystems, natural resource management, and relationships
between aquaculture companies and their surroundings (Costa-Pierce, 2010). A new social contract for
aquaculture development is seen in terms of the relationship between environmental responsibility and
social circumstances of development (Costa-Pierce, 2010).

Studies dealing with the export-oriented shrimp aquaculture raise questions about the link between
economic development and sustainable development. Export revenues can go hand-in-hand with
environmental degradation and negative effects on people's livelihoods. Thus, sustainable development
must take into account who gains from the production process and who suffers from its environmental and
social impacts (Rivera-Ferre, 2009).

Integrated Aquaculture Systems

Integrated multitrophic aquaculture involves raising fish or shrimp in combination with seaweed and
other nutrient-extractive animals, which utilize dissolved and organic nutrients from effluent flows. This
strategy assists environmental biomitigation and diversified biomass production, but this strategy is
contingent upon the selection of species, the design of the systems, and the flow of nutrients (Chopin et al.,
2012). The technique of aquaponics entails fish farming combined with plant farming using separate units
for recirculation and hydroponics, respectively. Fish effluents serve the purpose of feeding plants in each
subsystem (Kloas et al., 2015).

Organic Practices and Smart Monitoring

The research into organic aquaculture brings a new One Health approach to assessing the linkages
among environmental sustainability, health of aquatic organisms, and food security (Abass et al., 2026). In
addition, the consideration of sustainable aquaculture issues and innovations includes taking into account
how production can be used to provide food security while ensuring environmental protection (Mansour,
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2025). Thus, these two approaches may contribute to evaluating management practices through the
perspectives of several sustainability criteria.

The application of smart sensors and the Internet of Things provides a means of monitoring production
conditions and making timely management decisions. These include environmental monitoring, efficient
use of water resources, and managing conditions related to possible disease risks. Hence, digital data can
enhance management control processes, but monitoring alone cannot prove any improvement in the state
of the ecosystem (Liu et al., 2025). The environmental benefit should be proven through resource savings
or ecological indicators.

Research Gap

These investigations represent two different methodologies for sustainable aquaculture. The current
paper combines water quality, nutrient emissions, efficiency of use of resources, productivity, and
conservation indices into a single evaluation system. This allows the assessment of the environmental gains
and trade-offs possible under certain farm conditions.

III. Methodology
Study Design and Aquaculture Systems

Comparative observation studies carried out in the chosen aquaculture farms, which are varied in terms
of production systems and intensity levels. The farms is divided into categories depending on the production
systems practiced there, for instance, intensive aquaculture farming, improved sustainable aquaculture, and
integrated or minimal impact aquaculture systems. The analysis considers production methods,
environmental performance, resource use, waste management, and ecosystem conservation practices.

Aquaculture farms of similar production periods and commercially valuable fish species are chosen.

Sustainable Practice Water and Sediment Effl :
. > uent and Waste Evaluation
Aquaculture Farm Selection Assessment » Monitoring
Envi 1F i . . L .
nvironmental Footprint Ecological Impact Indicators Biodiversity Assessment Feed, Water and Energy
Assessment Assessment

Integrated Sustainability Index Conservation Outcomes Ecosystem Conservation

Statistical Analysis and 4" Sustainable Aquaculture and Aquatic

Figure 1: Methodological Framework for Assessing Sustainable Aquaculture

Figure 1 shows the method of measuring the sustainability of aquaculture through the process of
choosing the farms, practice review, environment evaluation, use of resources evaluation, and biodiversity
evaluation. The ecological indicators and environmental footprints have been integrated into the
sustainability index. The statistical analysis helps provide conservation suggestions.

Selection of Study Sites

Aquaculture facilities are chosen based on representative production sites, varying according to
environmental and management factors. Geographical locations, facility sizes, water sources, culture
organisms, stocking densities, culture durations, and land use surrounding each facility is documented.
Facilities that are close to sensitive aquatic environments such as wetlands, mangroves, estuaries, rivers, or
natural drainage systems further evaluated for ecological impacts.
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Assessment of Sustainable Aquaculture Practices

An assessment of farm management for sustainability are conducted through a farm management
assessment tool to measure the degree of sustainable aquaculture adoption. The assessment tool include the
adoption of water reuse and exchange management, stocking density control, feed management,
environmentally friendly feed adoption, disease prevention measures, prudent chemical and antimicrobial
application, sediment management, effluent management, renewable energy utilization, solid waste
management, and biosecurity. Each of the sustainable practices is rated based on its degree of adoption and
a Sustainable Aquaculture Practice Index (SAPI) developed for each farm.

Water Quality Assessment

Samples of water is collected from culture ponds, inlet water, and the outlets or discharge points at
specified intervals. Water temperature, pH, dissolved oxygen, electrical conductivity, turbidity, total
suspended solids, biochemical oxygen demand, chemical oxygen demand, ammonia, nitrites, nitrates, and
phosphates are measured using the relevant analytical methods. Chlorophyll-a and others are measured
where necessary to determine the degree of eutrophication. Water measurements at the inlet, culture, and
outlet points are compared.

Sediment and Nutrient Assessment

Representative sediment samples from the culture ponds are analyzed and, if necessary, those in the
receiving environment as well. Analysis includes measurements of organic material, total nitrogen, total
phosphorus, and selected indicators of nutrients. Nutrient enrichment evaluated through comparison of the
characteristics of the sediments from the sites with varied levels of aquaculture intensity. These findings
assist in determining the effectiveness of management improvements in reducing nutrients.

Assessment of Effluent and Waste Management

The farm effluent is tested prior to its disposal, and also after undergoing treatment where there are
treatment plants. The nutrient concentration, suspended solids, organic loading, and selected
physico-chemical parameters is measured for untreated and treated effluents. Efficiency of treatment
processes like settling tanks, constructed wetlands, bio-filters, recirculating systems, among others
determined by percentage pollutant removal:

Removal efficiency (%) = @ x 100 (1)

Equation (1) where Cj,represents the concentration before treatment and C,,represents the
concentration after treatment.

Feed and Resource-Use Efficiency

Feed intake, feed conversion rate, stocking density, survival, biomass productivity, water intake, and
energy usage is monitored during the production period. The feed conversion rate is computed using
equation (2).

FCR = Feed supplied (kg)

2)

Efficiency in water use shall be measured through the quantity of water needed to produce one unit of
biomass harvest, while energy use efficiency are calculated based on the energy utilized per kilogram of
aquatic biomass harvested.

Net biomass gain (kg)

Biodiversity and Ecosystem Assessment

Each of the farms undergo ecological analysis based on standardized biodiversity observations.
Organisms that inhabit aquatic or semiaquatic environments such as plankton, benthic macroinvertebrates,
fishes, aquatic plants, and others is observed wherever it is possible. Species diversity, abundance,
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Shannon’s index of biodiversity, and community structure established. Wherever it is possible, a reference
site with negligible aquaculture effects also be established.

Ecological Impact Assessment

Ecological impacts are assessed by means of an Ecological Impact Index (EII), which combines
measures of degradation of water quality, nutrient enrichment, sedimentation, effluent quality, species
diversity and resource usage. A low value of the index would correspond to a low level of ecological stress.
The index would be normalized for comparison between farms.

Carbon and Environmental Footprint Assessment

The environmental impact associated with each aquaculture system are determined through data on
electricity usage, fuel usage, feed, water, infrastructure and waste generated on a farm level. Where enough
data is available, estimates of greenhouse gas emissions are provided based on emission factors. Carbon
intensity s measured in kg of CO: equivalent per kg of biomass harvested.

Integrated Sustainability Assessment

An Aquaculture Sustainability Index (ASI) would be created through the combination of indices for
production efficiency, environmental quality, resource efficiency, biodiversity protection, waste disposal,
and sustainable management. The variables are going to be standardized prior to the combination. This
index would enable comparisons among aquaculture operations based on their overall environmental and
production performance and not only on one ecological measure.

Statistical Analysis

Continuous variables is presented as mean =+ standard deviation. Comparisons among groups of
aquaculture management are conducted using analysis of variance or an alternative test based on the
distribution of data. Correlation analysis using Pearson or Spearman employed to assess the relationship
between sustainability indicator scores and ecological measures. Multiple regression analysis is utilized to
establish factors of management that influence ecological impact and sustainability scores. Multivariate
methods like principal component analysis can be used to ascertain the environmental and management
factors that are responsible for variability among farms.

Quality Assurance and Ethical Considerations

Samples taken with standardized techniques; the measurements in the field done with calibrated
instrumentation. The lab analysis involves blanks, replicates, and calibration standards. Samples and
biodiversity assessment not disturb the cultured species or the natural habitats around them. Anonymity is
ensured when analyzing farm level data.

IV. Results

Sustainable Aquaculture Practices and Environmental Performance

The results showed that sustainable and integrated aquaculture systems exhibited better environmental
performance when compared with conventional intensive aquaculture systems. Better use of feed
management, effluent management, water management, and waste reduction measures led to better water
quality, nutrient reduction, better efficiency of resources used, and less ecological impact.

Management and environmental differences in three aquaculture systems are given in table 1. Integrated
systems have increased levels of dissolved oxygen and decreased levels of ammonia and phosphate. There
is an improvement in resource utilization because the feed conversion ratio decreases from 1.72 to 1.29 and
water consumption from 4.82 to 2.41 m3/kg biomass.
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Table 1: Sustainable Aquaculture Practices And Environmental Indicators

Indicator Conventional intensive | Improved sustainable | Integrated/low-impact
Sustainable Practice Index 493+8.6 77.9+6.8 89.6+5.2
Dissolved oxygen (mg/L) 421+0.72 5.36 +0.64 6.02 £0.58

Ammonia (mg/L) 0.82+0.21 0.51+0.14 0.34+0.11
Phosphate (mg/L) 047+0.12 0.31+0.09 0.22+0.07
FCR 1.72 +0.21 1.46 £0.17 1.29+0.14

Water use (m*/kg biomass) 482+0.74 3.26+0.58 2.41+0.46
Ecological Impact Index 72.6 8.4 483 +6.7 31.7+£5.2

Ecological Impact and Sustainability Across Aquaculture Systems

100

Index Score

Conventional

Improved

I Ecological Impact Index
mmm Aquaculture Sustainability Index

Aquaculture Management System

83.4

Integrated

Figure 2: Comparison of Ecological Impact and Sustainability Across Aquaculture Management Systems

Figure 2 shows contrasting results in relation to ecological impact and sustainability for the three
management approaches. In terms of the Ecological Impact Index, the number drops from 72.6 to 31.7,
while the Aquaculture Sustainability Index rises from 47.9 to 83.4. The differences demonstrate the
environmental benefits that can result from integrated management.

Biodiversity Conservation and Overall Sustainability

Indicators of biodiversity rose owing to improved aquaculture management practices. More taxa
richness and Shannon diversity were observed in integrated systems, along with reduced carbon intensity
and waste creation. The Aquaculture Sustainability Index was higher for the integrated systems as well,
showing that environmental protection and efficiency can go hand-in-hand using improved management.

Table 2: Biodiversity, Environmental Footprint, And Sustainability Outcomes

Indicator Conventional intensive | Improved sustainable | Integrated/low-impact
Taxa richness 18 24 29
Shannon diversity index 1.84 £0.31 2.37+0.28 2.71+£0.24
Native taxa (%) 61.3 72.6 81.4
Carbon intensity (kg CO2-eq/kg) 4.16 +0.62 321+0.51 248 +0.43
Waste generation (kg/kg biomass) 0.38+0.07 0.27+0.05 0.19+0.04
Aquaculture Sustainability Index 479+6.8 69.8+59 83.4+5.1
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The indicators of biodiversity and sustainability in aquaculture systems are provided in table 2. The taxa
richness ranges from 18 in the conventional system to 29 in the integrated system, while the Shannon
Diversity Index changes from 1.84 to 2.71. The lower carbon intensity and reduced waste production show
the opportunity to unite productive processes and biodiversity.

Relationship Between Sustainable Practices and Ecological Impact
80
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Figure 3: Relationship Between Sustainable Aquaculture Practices and Ecological Impact

Figure 3 shows an inverse relationship between the adoption of sustainable practices and ecological
impacts. Higher ratings for the Sustainable Practices Index result in lower ratings for the Ecological Impact
Index, indicating that better feeding, water re-use, and waste disposal may have a less negative effect on
the environment. This relationship is not necessarily causal.

V. Discussion

The integrated aquaculture systems had a smaller ecological footprint (31.7 vs. 72.6) and greater
sustainability (83.4 vs. 47.9). The level of dissolved oxygen rose from 4.21 to 6.02 mg/L, whereas the
content of ammonia fell from 0.82 to 0.34 mg/L. The ratio of feed conversion grew from 1.72 to 1.29, and
water usage dropped from 4.82 to 2.41 m*/kg. Richness of taxa rose from 18 to 29, and carbon intensity
was reduced from 4.16 to 2.48 kg CO:-equivalent/kg.

These results indicate the potential for integrated management to increase efficiency and improve
environmental conditions. The combination of greater diversity and lower nutrient concentration is
indicative of a smaller ecological impact, but it does not imply ecosystem recovery.

The model allows the producer or policymaker to consider not only productivity but also pollution, use
of resources, and conservation considerations. The paper suggests making management decisions using
multiple measures of sustainability rather than one.

The manuscript provides examples of comparisons and observation plans; hence, such values cannot
prove the effectiveness of the treatment. Lack of information about sample sizes, sampling period, and
statistical tests makes conclusions less trustworthy. Variations among farms can be associated with
differences in species, stocking, or locations.

Future research must undertake farm comparisons, seasonal variations, testing of the sustainability
indices, cost and energy analysis, as well as the response of diversity to production systems.
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VI. Conclusion

This research examines the issue of sustaining aquaculture production without nutrient pollution,
resource consumption, and ecological disturbance. It suggests an integrated assessment approach that would
link sustainable farming to environmental quality, productivity, biodiversity, and conservation.

Based on the tabled comparison, there is a possibility of having better results through the integration of
the farming system than in the case of intensive traditional farming. There was a decrease in the Ecological
Impact Index value from 72.6 to 31.7 and an increase in the Aquaculture Sustainability Index from 47.9 to
83.4. Dissolved oxygen increased from 4.21 to 6.02 mg/L, while ammonia dropped from 0.82 to 0.34 mg/L.
The Feed Conversion Ratio decreased from 1.72 to 1.29, while water consumption reduced from 4.82 to
2.41 m3/kg biomass. Richness of taxa increased from 18 to 29, and carbon intensity decreased from 4.16 to
2.48 kg CO: equivalent/kg biomass. The major learning from this study is that sustainability in aquaculture
involves assessing the environmental pressure, resource efficiency, and ecosystem health. Good feeding
practices, water recycling, nutrient recycling, and effluent treatment present possible strategies for
sustainable farming. But the comparisons presented in the manuscript and the design of the observational
study cannot prove any cause-and-effect relationship or biodiversity recovery. Further research must be
conducted to validate these metrics through replicated farm-based studies, seasonal assessment, cost-benefit
analysis, and ecosystem observation for some time.
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