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Abstract

:

Aquaculture is a strategic sector that aims to meet the increased demands for healthy food for current and future populations. However, this progression needs to be sustainable, which can potentially be achieved by the implementation of circular practices. Integrated multi-trophic aquaculture (IMTA) systems promote the incorporation of circular principles. Nevertheless, the lack of harmonized definitions and standards impedes the quantification of these circular attributes. This study aims to explore the potential principles embedded in IMTA and the existing alternatives to quantify circularity. Two basic pillars (nutrient management and resource use efficiency) were identified as the most relevant circularity attributes for IMTA systems and were quantified through aquaculture-specific indicators. Bioremediation indicators, together with the efficiency indicators in terms of feed, water, energy, and infrastructure materials used, were selected to evaluate the circularity performance of four IMTA trials in three aquaculture facilities in Ireland, Brazil, and South Africa. Salmon, white shrimp, tilapia, abalone, and sea urchins were studied and cultivated together in various combinations with several low-trophic species in these IMTA trials to evaluate the improvement in circularity compared with corresponding monoculture conditions. The results showed an increase in circularity of up to 90% in terms of water recirculation, as well as bioremediation, which was improved by 80%–90%, providing evidence for the potential role of IMTA in the circularity transition.
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Key Contribution: Specific methodology is developed to evaluate multi-trophic aquaculture (IMTA) systems from a circularity perspective. The benefits of IMTA compared to monoculture are quantified in terms of the bioremediation of nutrients and the efficient use of resources.










1. Introduction


Population growth leads to an increased demand for food, while the pressure on the environment due to the intensification of food sector activities highlights the need for a more efficient use of natural resources. Aquaculture has a key role to play in feeding the growing population, but the sustainability of production systems must be ensured to meet the increasing demand for healthy aquatic food [1]. However, addressing sustainability in aquaculture is complex not only due to the existence of multiple frameworks for its evaluation but also the great variety of production systems to which sustainability approaches and tools can be applied [2].



To mitigate the negative effects on the environment, extensively studied ecological approaches promote aquaculture production designs that reduce nutrient discharges [3]. In addition to reducing environmental impacts, increasing production efficiency is the other main aspect by which the circular economy drives sustainable development, as recognized in policies put in place at the European level [4,5,6]. To improve environmental performance, as part of the strategy for the sustainable development of aquaculture, the European Commission recommends adopting the circular approach to waste management, including treating waste as a resource [7].



Although the principles of the “circular economy” have been expressed in many ways depending on the point of view [8], a definition based on examples would be a good approach to harmonize the concept. In this sense, the circular economy is a model of production and consumption where cleaner and more competitive practices focus on saving and recovering resources [4]. As part of the recommendations provided by Balsells et al. [9], a harmonized definition of the circular economy should address the importance of biological flows and the role of aquaculture in producing renewable biological resources.



In addition to the definition, the range of examples is also very extensive for aquaculture, and no previous studies are available that provide the state of the art of the real and current implementation of the circular economy in the sector [10]. The concept of circular aquaculture can be addressed in many ways [11], but generally, circularity in aquaculture includes the adoption of practices regarding waste management [12,13,14], the recycling of nutrients [15,16,17,18], or the incorporation of novel ingredients in feeds derived from the bio-economy [19,20].



Evidence for the alignment of aquaculture systems with the circular economy comes from the study of resource use efficiency and nutrient management, which are measured as the capacity to collect and use excess nutrients and uneaten feed fractions. In this regard, integrated multi-trophic aquaculture (IMTA) is a circular production system where different species such as fish, shellfish, and seaweed are strategically integrated/linked to create a symbiotic relationship that contributes to reducing the impacts on the environment [21,22]. Within IMTA systems, uneaten feed and nutrient losses can be recaptured by other organisms and converted into valuable nutrients for harvestable seafood and crops [23]. Fish excrete nitrogenous and phosphorus waste, the dissolved component of which can be utilized by cultivated seaweed species as a nutrient source for growth, thus reducing nutrient levels in the water and preventing eutrophication [13]. Additionally, filter-feeding organisms such as mussels and oysters can help in the removal of excess nutrients as particulate matter by efficiently filtering water [24]. Successful integrated systems require not only that the appropriate species are selected but also that waste from the fed species can be efficiently utilized by tolerant species [25]. For effective IMTA, bioremediation is interpreted as a circular attribute of the system, as it promotes the recycling of nutrients. Bioremediation capacity plays a crucial role in IMTA systems by utilizing the natural metabolic activities of various organisms to remediate and improve water quality [26,27,28,29]. This approach promotes a circular economy within aquaculture, where waste from one component becomes a valuable resource for another [30].



Following the premise that “what gets measured gets managed” [31], the evaluation of circularity performance at the farm level could provide useful information to manage and maximize the bioremediation capacity of IMTA systems. At the same time, the potential nutrient mitigation service achieved by IMTA may be of interest for possible economic benefits, but this is limited, among other reasons, by the lack of common standards to verify this mitigation. Standardized measurements of circularity could provide evidence for how well circular economy principles are applied to products [32].



A good approach for the evaluation of aquaculture products is provided by Valentí et al. [33], who defined quantitative indicators that address the three dimensions of sustainability (economic, environmental, and social) through 56 indicators. This framework aims to evaluate relevant aspects of sustainability by quantifying the efficiency of natural resource use, which would perfectly link to the evaluation of some circularity attributes. Complementary aspects such as natural resource depletion and the useful service lifetime should be considered essential indicators [34] at the product or material level. However, there is no agreement regarding the most appropriate framework for measuring circularity indicators [35,36].



Linder et al. compared different product-level circularity metrics, concluding that none of the existing initiatives scored highly across the criteria of validity, reliability, transparency, and generality [31]. As part of the metric studied by Linder et al. [31], the Material Circularity Indicator (MCI) was identified as an appropriate approach for the evaluation of product circularity. Although the revised version (2019) included biological cycles, the MCI was originally developed to measure the circularity of technical products [37]. Even so, it is relatively difficult to associate concepts such as utility (referring to durability or usage intensity) and lifespan to biological products. Moreover, the MCI refers to the use phase, which has a different interpretation depending on the focus and objective of the circularity analysis. Regarding aquaculture, feed is used (ingested) and assimilated by the fish, and then feed flow is transformed into nutrients that are released into the environment in the form of excretion and feces, in addition to the uneaten fraction. The concept of waste from the use phase within the MCI approach would refer not to feed but to the release of nutrients, although, if the focus is at the nutrient level, circularity can be addressed though the evaluation of nutrients entering and leaving the system during the aquaculture production period.



In addition to the fact that most circular economy (CE) metrics focus on the technical cycle and materials from non-renewable resources [35], none of the approaches reviewed at the farm level fulfill the particularities of aquaculture (even less of integrated multi-trophic production). The diversity of aquaculture systems makes it challenging to determine the circular profile of the sector using a single approach.



Life cycle assessment (LCA) is a very appropriate approach for measuring the environmental footprint for products, processes, or services. The International Organization for Standardization (ISO) provides the guidelines to evaluate environmental impacts through indicators such as carbon footprint, acidification, and land use, among others (ISO 14040 [38], 14044 [39]). When LCA is applied to aquaculture processes, the environmental impact assessment potentially reflects circularity in terms of nutrient management or resource use (through the study of the material resource depletion impact category). Furthermore, LCA studies with a broader approach (“from cradle to gate”) would potentially inform circularity beyond nutrients at the production level, encompassing the whole value chain. From a life cycle assessment perspective, the EU Environmental Footprint initiative [40] defines a circular footprint formula (CFF) to estimate emissions from processes involving recycling and energy recovery. However, as with the MCI, the CFF could be difficult to apply to measure the circularity of aquaculture production.



Given this context, the purpose of this work is to explore the potential principles embedded in IMTA through the definition of specific indicators that are adapted for and focused on IMTA production. This paper presents the specific case of three different IMTA production systems (known as IMTA laboratories) that were evaluated by applying sector-specific circularity indicators.




2. Materials and Methods


2.1. IMTA Laboratories


This study included four trials that were addressed through 3 IMTA laboratories. The term laboratory (lab) refers to large-scale demonstration sites in real environments, where new species and different combinations were investigated in the context of the EU ASTRAL project (GA 863034) (https://cordis.europa.eu/project/id/863034, accessed on 1 March 2024), which aims to develop new, sustainable, profitable, and resilient value chains for IMTA production within the framework of existing, emerging, and potential Atlantic markets.



Table 1 shows the IMTA systems that were evaluated following the methodology detailed in Section 2.2.



2.1.1. Irish IMTA Lab


The research at this IMTA lab, managed by the Marine Institute, was focused on multi-trophic production involving salmon (Salmo salar), seaweed (two kelp species, Alaria esculenta and Saccharina. latissima), urchin (Paracentrotus lividus), and oyster (Ostrea edulis). The primary objective of this lab was to investigate the capacity of these combined species to create a self-sustaining ecosystem that efficiently utilizes and recycles nutrients, thereby minimizing eutrophication and other negative effects on benthic zones. Bioremediation processes within this IMTA model were examined to understand the natural capabilities of the system to mitigate nutrient release. Salmon, known for producing nutrient-rich waste, served as the primary fed species in this IMTA setup. Salmon waste, which is particularly rich in nitrogen and phosphorus, becomes a valuable resource for secondary extractive species. Seaweeds were cultivated to absorb and utilize these excess soluble nutrients, contributing to the purification of the water and their own biomass production. Simultaneously, urchins and oysters were integrated into the system. Urchins were grown using the seaweed produced on-site, while oysters acted as filter feeders, removing particulate matter and enhancing water quality. The presence of the extractive species complements the nutrient cycling process and further contributes to maintaining a balanced ecosystem. Figure 1 shows the laboratory configuration located in Bertraghboy Bay (Connemara, Galway, Ireland).



The circularity assessment of the Irish IMTA lab focused on the evaluation of the experimental trial, with a production of 50 t of salmon (FW/y), 2.1 t of seaweed (FW/y), 75.6 kg of oysters (FW/y), and 64 kg of urchins (FW/y).




2.1.2. Brazilian IMTA Lab


The research at this IMTA lab, carried out by the Federal University of Rio Grande (FURG) located in the city of Rio Grande in Brazil, with Biofloc technology (BFT), focused on the optimization of white shrimp (Litopenaeus vannamei) production in a Recirculating Aquaculture System (RAS) (Figure 2).



BFT entails the cultivation of dense populations of microorganisms in the water, creating a dynamic environment where the nitrogen excreted by fed species is converted into microorganism biomass (biofloc) under aeration and carbon fertilization. The biofloc growth is stimulated by the addition of active carbon (molasses) and constant aeration. The experiments carried out by this lab aimed at determining the most effective biomass ratios among marine white shrimp, tilapia, and algae, particularly evaluating the impacts of tilapia (Oreochromis niloticus) and sea lettuce (Ulva lactuca) in regulating organic material and nutrients. Moreover, the lab tested the performance of the system when fish meal was substituted by a fish meal analogue (FMA) in the shrimp diet formulation. The FMA used in this study was developed by Guabi Nutrition and Animal Health S.A. and consisted of a balanced blend of terrestrial animal by-products supplemented with amino acids, minerals, and commercial vitamins (Table 2). The animals were fed 2 times per day with the iso protein and isoenergetic diets (feed pellets with 38% crude protein and 7% lipids) and FMA at a 50/50 ratio.



This IMTA was designed to maximize the efficiency of nutrient utilization and circularity within the system [41,42]. White shrimp served as the primary species and produced organic waste and nutrients as by-products of their metabolic processes. These nutrients included nitrogen and phosphorus compounds. Nutrient-rich water was recirculated among the shrimp, tilapia, and seaweed tanks. Tilapia is a marketable species capable of consuming excess bioflocs, and Ulva absorbs excess dissolved nutrients, including nitrogen and phosphorus, from water [43], contributing to the overall nutrient balance [44]. This not only aids in water quality management but also provides an additional valuable product that can be harvested for various applications, such as biofuel, or as a nutrient-rich supplement for aquaculture feed [43].



The Brazilian IMTA lab circularity assessment was focused on the evaluation of the experimental trial, with a production of 4.3 kg/m3 of FW of shrimp, 13.4 kg/m3 of FW of tilapia, and 2 kg/m3 of FW of seaweed.




2.1.3. South African IMTA Lab


IMTA research at the lab in South Africa consisted of two experimental systems (Figure 3). The first system is a fully commercial integrated abalone–Ulva system at Buffeljags Abalone farm. The farm is managed by Viking Aquaculture and is located approximately 200 km east of Cape Town on a pristine stretch of coastal land near the remote settlement of Buffeljags on the Cape southwest coast. The second system is an urchin-Ulva pilot commercial-scale experimental system on the same farm. Data from the experimental trials conducted in the abalone and urchin systems were used to perform the circularity assessments.



The abalone (Haliotis midae)-Ulva lacinulata IMTA system consists of seven modular platforms, each comprising four clusters. Each cluster is made up of a 150 m3 D-ended Ulva paddle raceway and multiple abalone raceway tanks (each 8.5 m3) arranged in six rows, with each row housing seven abalone raceway tanks. The effluent water from the abalone tanks in each cluster flows into the adjacent Ulva paddle raceway, where it is bioremediated (removal of N and P) by the Ulva [45] and mixed with 50% fresh seawater in the sump before being returned to the abalone raceway tanks. The continuous circulation of seawater through these tanks and Ulva paddle raceways ensures a steady supply of cool and aerated water for the growing abalone. Experiments in the SA IMTA lab were carried out to monitor the physical and chemical parameters of the abalone–Ulva IMTA system with increasing (50, 75, and 100%) recirculation rates [27].



Operating independently but at the same farm, the second system consisted of an integrated urchin (Tripneustes gratilla)-Ulva lacinulata system that consisted of five 58,000 L glass fiber tanks linked to a 14,000 L Ulva paddle raceway and a 14,000 L sump. Effluent water from each of the sea urchin tanks was directed into the Ulva paddle raceway (where nutrients were reduced by means of the bioremediation of the seaweed), having passed through the drum filter for the removal of larger particulates. The water replacement in this system, with fresh incoming seawater from the adjacent ocean, was 10% per day.





2.2. Circularity Assessment Methodology


As part of the present study, nutrient management and the use of resources were identified as the two principal attributes through which IMTA systems contribute most to circularity. In line with Chary et al. [10], nutrients and resource use are fundamental pillars embedded in the principles applicable to aquaculture (safeguard and regenerate, avoid, prioritize, reuse and recycle, and entropy). In this sense, a set of metrics was defined for the evaluation of nutrient recycling and resource use efficiency, with the aim of providing a comparison of circularity performance between the monoculture and IMTA scenario for each laboratory.



2.2.1. Nutrient Management Metrics


Nutrient management performance was quantified as part of the evaluation of the primary function of the IMTA system, which was bioremediation. Within the circularity assessment context, bioremediation is defined as a circularity indicator that provides information on the nutrient retention efficiencies (treating waste nutrients from fed species as by-products that can be recycled by extractive species). Seaweeds absorb dissolved inorganic nutrients (DINs), shellfish filter out suspended particulate organic matter (POM), and deposit feeders such as holothuroids and polychaetes consume settled particulate organic matter.



Various approaches exist to quantify bioremediation, including the measurement of nutrient removal rates, retention capacities, nutrient balances, the utilization of tracers (e.g., stable isotopes or fatty acid composition), and modeling techniques [16]. This section describes the methodology used to calculate the bioremediation indicator through the different trials in both scenarios, monoculture, and IMTA, with the objective of quantifying this circularity pillar.



	
Bioremediation in the Irish IMTA lab






Salmon nutrient emissions were calculated in accordance with the methodology for mass balance calculation developed by Wang et al. [15], which enables the estimation of N, P, and C emissions to the surrounding water from the fed fish. N and P assimilated by seaweed were estimated from elementary analysis in the laboratory, while C was calculated considering the carbon fixation and storage potential of macroalgae [46]; N and P taken up by oysters were estimated based on laboratory nutritional analysis, while C was calculated from nutrient assimilation efficiencies in integrated multi-trophic aquaculture in accordance with the literature [47]. The same reference (Nederlof et al. [16]) was used to estimate N, P, and C absorption by urchins, which was based on the theoretical assimilation efficiency.



	
Bioremediation in the Brazilian IMTA lab and SA IMTA lab (abalone)






For these 2 trials, bioremediation was calculated using monitored water flow data and information on nutrient concentrations across both closed and semi-closed experimental systems. Regarding the Brazil IMTA lab, one-year total solids and nutrient monitoring data were used as a basis for the evaluation of the nutrient management pillar (bioremediation indicator). Concentrations at the inlet and outlet of the shrimp, tilapia, and seaweed tanks were used to estimate the bioremediation potential for N and P.



Regarding abalone in the SA IMTA lab system, bioremediation was calculated directly from monitoring the water flows [48]. Information on total ammonia nitrogen (TAN), nitrate, nitrite, and phosphate concentrations in the inlet flow in Ulva raceways was compared to concentrations in the effluent water from abalone raceways to evaluate the bioremediation potential of Ulva [27].



	
Bioremediation in the SA IMTA lab urchin trial






Urchin N emissions were calculated based on feed nutritional values; the nutrient balance was calculated based on the protein provided in feed to the N retained by urchins. The nitrogenous effluent from urchins, meaning the non-retained fraction, was used to calculate DINs in the effluent and the corresponding bio-available fraction for seaweed. Afterward, the DIN uptake efficiency of Ulva was estimated to finally determine the DIN balance between urchin and Ulva effluents.




2.2.2. Resource Use Efficiency


The use of resources was quantified through metrics that reflect the efficiency of IMTA with respect to the use of the most common resources in aquaculture, as reviewed in previous LCA studies [49]. Efficiency in the use of resources was studied under monoculture and IMTA conditions through the quantification and comparison of specific indicators related to feed, water, energy, and materials.



Regarding feed, the Feed Conversion Ratio (FCR) and the circularity of the formulations were defined as the most appropriate indicators (Equations (2) and (3) in Table 3). The former was interpreted as equivalent to the use of resources, in the sense that the higher the FCR, the more feed was required to produce one unit of fed-species and the less circular the culture. FCR considered the feed ingested when it was feasible to measure the uneaten fraction (in the case of the South African IMTA labs) and the feed delivered when ingestion was unknown (in the case of the Brazilian IMTA lab). The latter was measured based on the linearity concept adapted to aquaculture feeds [50], which reflects the percentage of ingredients that are sourced from the upcycling of products within the aquaculture systems. Whenever low-trophic species harvested from IMTA schemes were processed and incorporated as a feed ingredient in the trials under study, they were interpreted in the assessment as non-linear ingredients sourced from valorization routes. This was the case for the SA IMTA lab (urchin), where dried Ulva served as a feed ingredient in formulated feed for urchins.



Regarding water, the recirculation efficiency was quantified to reflect the dependency on external water sources, and it was thus an indicator applicable to semi-closed and closed systems (Equation (4) in Table 3). This indicator is particularly relevant for freshwater aquaculture systems and is therefore potentially of interest for the evaluation of RAS systems (90% of systems operating under freshwater conditions in Europe [51]). Although seawater is not considered a limited resource from a life cycle perspective [52], water recirculation in coastal areas was selected as a relevant indicator to measure not only the circularity but also the resilience capacity of farms, which is especially important when coastal sites are unable to pump seawater when toxic microalgal blooms occur.



Likewise, the energy indicator (Equation (5) in Table 3) was measured through the estimation of energy used by each experimental IMTA lab trial in relation to the biomass harvested. Maintenance during the production phase (cleaning pump and foam fractionator) was aggregated as part of the energy indicator and interpreted in terms of kWh. Both water and energy indicators were defined to reflect the intensity of resource use but not the associated potential environmental impacts, which would be the objective of an LCA study.



Finally, the infrastructure indicator (Equation (6) in Table 3) refers to materials needed for the IMTA set ups. The manufacturing of infrastructure components involves the extraction of resource materials, especially steel- and fossil-based plastics. This indicator was defined to obtain evidence on whether integrated systems promote synergies in the use of common elements (for example, floating infrastructure) that potentially reduce the use of materials relating to the biomass harvested. In fed-species systems with low-trophic species integration, the new materials required are less than those needed in a monoculture scenario due to the shared use of infrastructure to produce more than one species. Therefore, the increase in total biomass was interpreted as a major functionality. Functionality was defined as the practicality of the infrastructure for the purpose of enabling biomass growth. The infrastructure indicator was thus calculated as the total kg of materials within each infrastructure element in relation to the total biomass produced over its lifespan. Therefore, this indicator was represented as kg of infrastructure materials/kg of biomass harvested (Equation (6) in Table 3).



Table 3 shows the pillars, aspects, and indicators that were measured for the IMTA laboratories. These indicators were defined to quantify the circular attributes that reflect the alignment of the systems with the circular principles. The evaluation of circularity performance therefore consisted of assessing the variations in these indicators between the IMTA and monoculture scenarios.






3. Results


3.1. Irish IMTA Lab


3.1.1. Nutrient Management


The bioremediation indicator was calculated through the evaluation of nutrient emissions from salmon, which were differentiated between dissolved and particulate matter. Table 4 shows the nutrient balance obtained from this experimental laboratory, in which seaweed species mitigated the emissions of the dissolved nutrient fraction, oysters absorbed particulate nutrient fractions, and urchins utilized the seaweed grown on-site. Information on the excretion and respiration of the low-trophic animals was not available and therefore excluded from the analysis.




3.1.2. Resource Use Efficiency


Fuel consumption refers to the petrol needed for maintenance and harvesting activities under both the monoculture and IMTA conditions. The energy within fuel consumed under the monoculture conditions was 2.53 × 10−1 kWh/kg of biomass harvested, whereas the energy within the fuel consumed under IMTA conditions was slightly lower (2.52 × 10−1 kWh/kg of biomass harvested), as derived from a previous LCA study [53].



Regarding the materials embedded in infrastructure elements, the same LCA [53] study identified the use of steel, concrete, and wood as the main materials used on the farm. The total amount of materials involved under the monoculture conditions was 0.04 kg of materials per kg of biomass harvested, while 0.05 kg of materials was used per kg of biomass harvested in IMTA.





3.2. Brazilian IMTA Lab


3.2.1. Nutrient Management


Bioremediation for this closed system was estimated through the monitoring of inlet and outlet nutrient concentrations. Nutrient monitoring for one year (Table 5) covered three production cycles for shrimp, two production cycles for tilapia, and four production cycles for seaweed. In the shrimp tank, the levels of ammonia, nitrate, nitrite, and phosphate increased due to the metabolic processes, while the total suspended solids (TSSs) increased due to the biofloc formation. The tilapia tank showed a similar pattern, where ammonia, nitrite, nitrate, and phosphate concentrations increased due to the biological outcomes of the nutrient assimilation of the fish, but TSSs decreased due to the capability of tilapia to eat the biofloc generated in the previous tank. Finally, the seaweed tank showed the process of bioremediation itself with nutrient retention and decreasing levels of dissolved ammonia, nitrite, nitrate, and phosphate; TSSs decreased due to the biological structure of Ulva, which retained part of the biofloc in the tank and was removed during the Ulva harvesting.




3.2.2. Resource Use Efficiency


For shrimp monoculture conditions, experiments carried out at the same research center indicated an FCR of 1.65 in ponds [54], which decreased to 1.34 in the BFT system integrated with tilapia [55]. Traditionally, for tilapia monoculture, the observed FCR ranged from 1.70 to 1.80 [5] and was reduced to practically half (0.85) in an integrated BFT system of marine shrimp and tilapia [55]. Therefore, the feed conversion of shrimp integrated with tilapia was improved in the BFT system compared to conventional farms [54,56], leading to increased resource use efficiency in terms of feed. Moreover, the substitution of fish meal in the conventional feed by by-products of the poultry industry in the shrimp diet implied that the linearity of the feed was reduced. Conventional fishmeal integrated 5% of fish (the source with no by-products), while FMA was totally based on by-products from the poultry industry. In particular, the system performance was not affected when 50% of the fish meal was replaced with FMA. The strategy of using poultry by-products had a positive effect on circularity performance, reducing the linearity within the fishmeal by 50%.



In terms of energy use, BFT systems imply the aeration of culture tanks to ensure the homogeneous distribution of nutrients and biofloc while avoiding biofloc deposition. BFT aeration equipment increases the energy demand compared to a pond system (the baseline of this study); therefore, energy consumption is a disadvantage of BFT [55].



To address the circularity of infrastructure materials, the kg of materials per kg of biomass harvested was compared between monoculture and IMTA conditions. To do so, components and elements identified in the LCA study [53] were taken as the basis for the indicator. For the monoculture conditions, 1.01 kg of materials per kg of biomass harvested was estimated, while the same indicator for BFT conditions resulted in 0.37 kg of materials per kg of biomass harvested.





3.3. South African IMTA Lab (Abalone System)


3.3.1. Nutrient Management


The bioremediation indicator was calculated based on the information sourced from Geldart, 2022 [48], who provided data on nutrient fluctuations in the system operating at 50%, 75%, and 100% recirculation (for the short term). The average concentration results from the 100% recirculation period are shown in Table 6.




3.3.2. Resource Use Efficiency


When the abalone–Ulva IMTA system was implemented, the feed regime was similar to the abalone monoculture (with formulated feed for 4 days and wild harvested kelp (Ecklonia maxima) for 3 days per week), but the wild-harvested kelp was substituted whenever IMTA-grown Ulva lacinulata was available. This means that the formulated feed was provided for 4 days per week, while wild-harvested kelp was provided for 1 day, and IMTA-grown Ulva lacinulata was fed for 2 days per week. This feeding regime was assumed for the abalone–Ulva IMTA system for the purpose of this comparative analysis; however, it should be noted that in practice, the choice of seaweed depends on what is available at the time.



Combining the feeding regime with the specific FCR related to the different feed types (see Table 7), the FCR for the abalone monoculture system was 6.16, but when the abalone–Ulva IMTA system was implemented, the FCR was reduced to 4.01. Uneaten fractions also decreased from 1.14% to 0.71%, while the linearity of the feed decreased from 100% (no ingredient sourced from valorization routes) for the abalone monoculture system to a linearity of 71.42% for the abalone–Ulva IMTA system.



In terms of water, 50% water recirculation at the Buffeljags abalone farm played a key role in enhancing the circularity of the abalone–Ulva IMTA system, as it allowed for a significant reduction in the reliance on fresh incoming seawater from the adjacent ocean. This promotes resource efficiency as the system recirculates a substantial portion of the water, minimizing the demand for external resources.



Moreover, the reduced dependence on the pumping of fresh seawater contributes to energy efficiency. By recirculating 50% of the water in the system, enabled by the bioremediation (ammonia removal) capacity of Ulva, the system minimizes the energy expenditure associated with bringing in new seawater. The energy consumed under abalone monoculture conditions was 10.35 kWh per ton of biomass harvested, but when IMTA conditions were implemented, the energy consumption was reduced to 6.80 kWh per ton of biomass harvested. The infrastructure indicator was not calculated for the abalone–Ulva trial since data were not available.





3.4. South African IMTA Lab (Urchin System)


3.4.1. Nutrient Management


To estimate bioremediation, urchin N emissions were calculated based on the feed characteristics. Total urchin biomass (9.5 t) was fed with a pelleted formulated feed at 1.5% BW per day for 4 days a week over the entire 7-month production cycle. During IMTA, urchins were fed fresh Ulva at 6% BW per day for 3 days a week for 4 months and with pellets at 1.5% BW per day for 4 days a week for the remaining 3 months of the production cycle; the latter enhanced the production of the final product (the gonad). Under monoculture conditions, 17.08 t of formulated feed per production cycle was provided, with a total of 257 g of protein per kg of feed, resulting in 0.70 t DINs per production cycle with the 0.16 protein-to-N conversion factor [56]. Considering the urchins’ potential N retention of 10.52%, approximately 0.63 t DINs remained in the system. The dissolved bio-available N in water was 60%, so the total N not retained by urchins was 0.38 t of N per production cycle.



The Ulva supplied for urchin feeding over the production cycle was 68.31 t (WW) per IMTA production cycle. The total amount of formulated feed provided was 7.32 t per IMTA production cycle. The N supplied from feed was 0.59 t of N per IMTA production cycle. The DIN uptake efficiency of Ulva was 80%, so the N retained by Ulva was 0.25 t (Figure 4).




3.4.2. Resource Use Efficiency


In terms of feed, the FCR for formulated feed in monoculture was 0.4 (formulated feed (pellets) containing 20% DW Ulva [57]), and the FCR related to the IMTA conditions was 0.91, in accordance with the feeding regime described in Table 8 (4 months with fresh Ulva and 3 months with formulated feed including 20% of dried Ulva). The amount of uneaten feed was 2% for monoculture and 1.14% for IMTA, and the linearity of the feed was reduced from 80% under the monoculture conditions to 34.3% when IMTA was implemented.



Regarding water, implementing a high level of seawater recirculation (from 0 to 90%) in the urchin-Ulva IMTA system offered notable benefits in terms of the water conservation of pumped seawater resources, which is crucial for sustainable aquaculture. The provision and use of seawater are major cost components in running a land-based aquafarm. Seawater provision is a critical limiting factor in farm siting and sustainability.



With 90% seawater recirculation, the need to pump large volumes of seawater from external sources was minimized. This reduction in water exchange led to lower energy requirements for pumping, contributing to overall energy savings. The energy consumption under urchin monoculture conditions was 12.45 kWh/t of biomass harvested compared with 3.54 kWh in the urchin-Ulva IMTA system.



Additionally, regarding the resource use indicator, the infrastructure elements (Ulva D-shaped paddle raceway, pipes and fittings, pumps, and baskets, among others) were identified as part of the SA IMTA lab LCA study [53]. The monoculture and IMTA were compared considering the infrastructure material weight per kg of biomass harvested, resulting in 1.26 kg of material per kg of biomass harvested in monoculture and 0.42 kg of material per kg of biomass harvested in IMTA.





3.5. Circularity Performance of IMTA Labs


The difference between the indicators for monoculture and IMTA was calculated to evaluate the circularity performance of the experimental sites. Whenever the difference between indicators was positive, an improvement in circularity was interpreted (Table 9).



Regarding the IMTA lab in Ireland, the results (Table 10) revealed that the bioremediation of nutrients was the key pillar in this lab, while this system contributed comparatively less in terms of the use of resources (energy). The underlying reason was that the low increase in low-trophic biomass did not nearly offset the increase in energy demand due to the additional maintenance activities. FCR and linearity indicators were not calculated for the Irish IMTA, as no actions were taken to improve circularity in that sense. It was not applicable to calculate the water indicator in an open system.



The Brazilian IMTA lab demonstrated a better performance regarding the water indicator, as the system enabled a high recirculation rate compared to the baseline conditions (ponds). Secondly, the bioremediation of P in the system contributed notably to the improvement in the nutrient management pillar, followed by the improvement achieved in the circularity of shrimp feed formulation through the incorporation of by-products to replace the use of conventional (linear) ingredients (Table 11). The quantification of the improvement in FCR was calculated as the average of the two fed species, shrimp and tilapia. Nitrogen bioremediation was calculated as DINs (nitrite, nitrate, and ammonia), but only if ammonia was included in this assessment did this indicator increase (from 22.34% to 46.7%). The energy indicator is not represented, as no circularity improvement was shown, and C bioremediation was not calculated due to a lack of information.



Regarding the South African IMTA lab, results from the abalone system (Table 12) showed the potential increase in circularity due to water recirculation, thus reducing the dependency on the pumping of fresh seawater. The feasibility of operating at 75%, and at 100% recirculation for short periods, means that IMTA would increase resource efficiency not only in terms of water but also energy consumption. Under the same pillar, FCR was reduced in IMTA, and bioremediation also supported the alignment of the multi-trophic system with resource use efficiency and recycling principles. The infrastructure and C bioremediation indicators were not calculated due to a lack of information.



The urchin system results (Table 13) pointed to a higher circularity regarding water recirculation, followed by N bioremediation, which was boosted by the integrated cultivation of Ulva. IMTA demonstrated good circularity performance in infrastructure, which translated into equipment savings compared to monoculture conditions. The integration of fresh Ulva as feed was quantified as a circular benefit in this system. The FCR indicator is not represented in the table since no circularity improvement was found, and the P and C bioremediation indicators were not calculated due to a lack of information.





4. Discussion


Circular economy strategies offer a way to make better use of resources and produce less waste [2]. This study offers insights regarding the role of IMTA in the transition toward more circular aquaculture.



This work evaluates the performance of IMTA production systems, which have been shown to be suitable systems to increase circularity. In the Irish IMTA lab, Atlantic salmon release nutrients into the surrounding water, native oysters filter out particulate nutrients while the dissolved fraction is extracted by seaweeds that absorb dissolved minerals and carbon, and spiny sea urchins are fed with the seaweeds grown in this IMTA system. The Brazilian IMTA lab cultivates the most effective biomass ratios of white shrimp, tilapia, and sea lettuce in BFT systems, where organic material and nutrients are regulated. Finally, the South African IMTA lab demonstrates the feasibility of increasing recirculation in the commercial abalone–Ulva integrated systems. The pilot commercial-scale urchin-Ulva system is being run in the same way but at 90% recirculation, largely due to energy cost savings as the seawater needs to be heated to 25 °C for the warm water urchin to grow. This has been run successfully in a fully grown-out trial.



Multi-trophic aquaculture provides an opportunity to not only include nutrient recovery at the production level in aquaculture farms [12] but also increase the efficiency in terms of resource use. Based on the premise that IMTA performs as a circular system, the present work reveals the need for definitions of metrics. Methodology was developed to allow for the combined assessment of different indicators that can be pertinent to the evaluation of different IMTA systems at multiple scales. The metrics reflect the two principal pillars of aquaculture impacting circularity: nutrient management and the use of resources. The natural capacity of extractive species to assimilate nutrients from the water is evidenced through the quantification of the corresponding indicators. However, the benefits achieved due to the incorporation of macroalgae contribute not only to bioremediation but also to the increased resilience of systems to harmful algal blooms and other adverse events (e.g., chemical/oil spills) [48] (e.g., abalone in the South African IMTA lab with 100% recirculation that can isolate the system from the surrounding environment for short (3–4-day) periods [58]).



The review of nutrient-retention efficiency provided by Nederlof suggested that 40–75% of nutrient emissions could be mitigated by extractive species [16]. In the present study, the interpretation of results may consider suggest that the relevance of the bioremediation potential achieved by IMTA is determined by the scale of the production of low-trophic species. In this sense, the Irish IMTA lab did not reflect the total capacity in nutrient management that would be possible by increasing extractive species biomass. On the other hand, the bioremediation indicator was focused on P and N in Brazil and South Africa, as these were the main nutrients mitigated (especially toxic compounds such as ammonia) by the extractive species in the systems, but further evaluation of carbon balance would be relevant to obtain a fuller interpretation. In this context, the potential CO2 sequestration by mollusk shells was excluded from this study, as that is still controversial [59].



Given the relevance of bioremediation as a circular benefit of IMTA, more precise approaches are recommended to determine nutrient budgets. In mass balance approaches, there are many variations that can be incorporated for nutrient loading estimates, making them more appropriate than the use of static input values [60]. Moreover, the present assessment was not entirely performed with primary data, and secondary sources were needed (e.g., assimilation efficiency and the individual growth of urchins or the uneaten fraction of fish in Ireland). Additionally, the respiration and pseudofeces from low- trophic animals in open systems were not quantified and were thus excluded from the nutrient management indicator. Finally, the nutrient mitigation capacities of IMTA systems in open environments are strongly influenced by different factors that limit the nutrient retention capacity of low-trophic species [16], which should also be considered.



Data for bioremediation calculation were not derived from the application of advanced models, and limitations to accuracy are recognized in the calculation of this indicator. Modeling techniques provide precision and are key to optimization, but they require a lot of background and high-quality data that were not available for all the laboratories assessed in the present study. Nevertheless, a combination of experimental and modeling approaches is useful to provide further insight into refining the estimation of bioremediation efficiency. Similarly, stable isotope studies allow the differentiation of the origin of nutrients, and they help to trace fish farm waste and thus confirm the capacity of low-trophic species to contribute to bioremediation [61]. The circularity assessment in this study was applied to experimental laboratories that aimed to test and validate different species under IMTA schemes, in which the implementation of models or isotope studies was not targeted.



Regarding the use of resources, the Brazilian and South African IMTA (urchin system) labs notably improved feeding performance, as both systems incorporated circular ingredients. Brazil showed circularity attributes for the reduction in FCR, meaning a reduction in resource use. The linearity reduction due to the totally circular feed based on poultry industry by-products in the Brazilian IMTA lab is aligned with the global trend of reducing the demand for fishmeal in the aquaculture sector [62]. Further assessments would be needed to evaluate if the incorporation of circular ingredients could compensate for an increase in the use of resources due to lower nutritional functionalities of novel feeds based on non-processed ingredients (e.g., urchin fed with fresh Ulva). Strategies oriented to increase the digestibility [50] and palatability [57] of formulated feeds would lead to more efficient use of resources, and thus, the consideration of apparent digestibility coefficients (ADCs) of fed species within the circularity assessment would provide a more comprehensive overview of the pillar of resource use [60].



The water indicator is not interpreted as a water footprint indicator (as in the approach developed in AWARE (wulca-waterlca.org)) since the present study did not assess water use-related environmental impacts. In this regard, circular economy metrics cannot easily replace LCA approaches. Moreover, the potential for LCA to evaluate aquaculture performance is particularly recognized through indicators that reflect nutrient management performance. For example, implementing nutrient recirculation strategies in aquaculture with IMTA systems possibly contributes to reducing the impact of eutrophication, making it a complementary indicator of how well the systems work under a circular approach in the nutrient pillar.



The reduction in energy consumption enabled by water recirculation is particularly beneficial in the South African context. Electricity use for seawater pumping is a major cost of these operations. South Africa also currently has an intermittent electricity supply, and the recirculation reduces the demand for farm electricity generation (from diesel generators) for periods with daily outages. This means that the system can better deal with the frequent electricity outages if the recirculation rate is high, as less water needs to be heated to 25 °C. The Brazilian IMTA lab is an intensified system that is comparatively worse than pond systems in terms of energy consumption. The energy indicator reflects the entropy principle recognized by Chary et al. [10]. However, this study does not consider energy sources, as they would not necessarily reflect the performance of multi-trophic production.



Regarding infrastructure, the present study considered the lifespan as a fundamental parameter included in the indicator. Generally, better maintenance or the substitution of infrastructure elements with increased durability would increase the functionality and thus the circularity. The study of specific indicators, in particular the MCI indicator, would provide insight as part of studies of low- trophic aquaculture systems, in which infrastructure and equipment were identified as key elements within the environmental profile [53].



For all resource aspects, it may be relevant to highlight that the metrics suggested are oriented to evaluate the production itself (the gate-to-gate approach); thus, value chains of aquaculture products are out of the scope, except for the consideration of the origin of feed ingredients (the linearity aspect). Additionally, in the resource use pillar, the evaluation of other potential resource uses, such as fertilizer, antifouling agents, antibiotics, and other chemical agents or products, was excluded, as these were not reported during the operation of each lab.



Finally, this work demonstrates that circularity can be measured at the level of the fish farm, encouraging doing so in a simplified way while bringing the aquaculture sector closer to circular economy progress monitoring. A metrics-based circularity assessment is promoted using a broad approach that is applicable to all multi-trophic production systems. However, data availability is a major constraint, and there is still much room for improvement to increase the robustness of the results obtained, allowing comparisons between similar production systems.




5. Conclusions


The lack of specific definitions of circular aquaculture and standardized methodologies might discourage aquaculture producers from identifying and communicating strategies that contribute to increasing circular performance. The present study provided a definition of indicators that reflected in a simple but robust way the efficiency of aquaculture production from the perspective of circularity. The bioremediation, feed, water, energy, and infrastructure indicators would allow not-LCA practitioners to monitor cultivation performance without significantly increasing efforts in data collection and impact evaluation. The circularity indicators expressed here were not intended to be exclusive to LCA approaches, but rather, they complement and potentially encourage the sector to evaluate its contributions to the circular economy.



Our results confirmed that multi-trophic aquaculture systems perform in line with the circular attributes embedded in the essential definition of bioremediation. Metrics for bioremediation would promote the standardization of nutrient recycling rates, from which the effectiveness of the systems could be evaluated.



In addition to bioremediation, complementary indicators applied to IMTA provide evidence for the implementation of resource efficiency strategies, which further ensures the alignment of these systems with the circular economy.
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Figure 1. Irish IMTA lab design: the low-trophic grid with oysters, seaweeds, and urchins lies adjacent to the salmon pens within the licensed aquaculture site. 
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Figure 2. Brazilian IMTA lab design. 
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Figure 3. South African IMTA lab: (a) abalone/Ulva system; (b) urchin/Ulva system. 
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Figure 4. N mass balance in the urchin-Ulva system. 
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Table 1. Study scenarios.
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Case Study

	
Monoculture

	
IMTA






	
Irish IMTA lab

	
Salmon marine cages

	
Salmon marine cages with seaweed longlines and urchin and oysters in baskets

	
[image: Fishes 09 00165 i001]




	
Brazilian IMTA lab

	
White shrimp in ponds

	
White shrimp with tilapia and seaweed in closed BFT
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South African IMTA lab

	
Semi-closed abalone system

	
Semi-closed abalone and seaweed system
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Semi-closed urchin system

	
Semi-closed urchin and seaweed system
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Table 2. Fish meal analog properties (used to prepare the shrimp diet).
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	FMA Composition
	%





	Crude protein
	47.4



	Lipids
	16.3



	Linoleic acid
	2.1



	Phospholipids
	3.5



	Cholesterol
	0.3



	HUFA
	1.7



	Fiber
	0.9



	Ash
	16.2



	Calcium
	5.7



	Total phosphorus
	3.0



	Total lysine
	3.9



	Total cysteine
	0.9



	Total methionine
	1.4










 





Table 3. Circularity indicators to measure IMTA performance.
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Pillar

	
Indicator Name

	
Indicator Formula

	






	
Nutrient management

	
Bioremediation

	
     C , N , P   e m i t t e d   b y   f e d   s p e c i e s   C , N , P   t a k e n   u p   b y   e x t r a c t i v e   s p e c i e s     

	
(1)




	
Resource use efficiency

	
Feed

	
FCR       T o t a l   f e e d   b i o m a s s   w e i g h t   g a i n      

	
(2)




	
      T o t a l   m a s s   i n g r e d i e n t s   ( g )   f r o m   v a l o r i z a t i o n   r o u t e s   T o t a l   m a s s   o f   f e e d   d e l i v e r e d   ×  100

	
(3)




	
Water

	
     W a t e r   r e c i r c u l a t e d   (   m   3   )   W a t e r   i n   t h e   s y s t e m   (   m   3   )   × 100   

	
(4)




	
Energy

	
     k W h   c o n s u m e d   b i o m a s s   h a r v e s t e d     

	
(5)




	
Infrastructure

	
     k g   i n f r a s t r u c t u r e   m a t e r i a l s   b i o m a s s   h a r v e s t e d     

	
(6)











 





Table 4. Nutrient balance in the Irish IMTA lab (all values refer to 1 kg of biomass—WWT).
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Emitted

	
Absorbed




	
Nutrients (kg)

	
Salmon (1)

	
Alaria

	
Saccharina

	
Oyster

	
Urchin






	
Dissolved N

	
7.18 × 10−2

	
1.40 × 10−4 (2)

	
8.05 × 10−5 (2)

	
-

	
-




	
Dissolved P

	
1.82 × 10−2

	
1.97 × 10−4 (2)

	
1.97 × 10−4 (2)

	
-

	
-




	
Dissolved C

	
1.14 × 10−2

	
1.77 × 10−3 (3)

	
1.28 × 10−3 (3)

	
-

	
-




	
Particulate N

	
5.57 × 10−3

	
-

	
-

	
1.12 × 10−6 (2)

	
1.89 × 10−5 (4)




	
Particulate P

	
1.03 × 10−1

	
-

	
-

	
2.99 × 10−6 (2)

	
1.89 × 10−6 (4)




	
Particulate C

	
1.82 × 10−2

	
-

	
-

	
6.40 × 10−5 (4)

	
1.08 × 10−4 (4)








(1) Sourced from [15]; (2) sourced from the nutritional composition (laboratory analysis); (3) sourced from [47]; (4) sourced from [16].













 





Table 5. Nutrient balance in the Brazilian IMTA lab (average values from the monitoring period).
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Shrimp Tank

	
Tilapia Tank

	
Ulva Tank




	
Parameter

	
Inlet (mg/L)

	
Outlet (mg/L)

	
Inlet (mg/L)

	
Outlet (mg/L)

	
Inlet (mg/L)

	
Outlet (mg/L)






	
Ammonia

	
0.80

	
1.00

	
1.00

	
1.50

	
1.50

	
0.80




	
Nitrate

	
13.00

	
15.00

	
15.00

	
16.00

	
16.00

	
13.00




	
Nitrite

	
0.80

	
1.00

	
1.00

	
1.30

	
1.30

	
0.80




	
Phosphate

	
1.00

	
4.00

	
4.00

	
4.10

	
4.10

	
1.00




	
TSS

	
380.00

	
450.00

	
450.00

	
400.00

	
400.00

	
380.00











 





Table 6. Nutrient balance in the South African IMTA lab (abalone).
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Abalone Tank

	
Ulva Tank




	
Parameter

	
Inlet (mg/L)

	
Outlet (mg/L)

	
Inlet (mg/L)

	
Outlet (mg/L)






	
Ammonia

	
0.29

	
0.41

	
0.41

	
0.29




	
Nitrate

	
1.16

	
1.34

	
1.34

	
1.16




	
Nitrite

	
0.20

	
0.23

	
0.23

	
0.20




	
Phosphate

	
0.52

	
0.58

	
0.58

	
0.52











 





Table 7. Use of resources: Feed indicator, SA IMTA lab (abalone).
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Production Systems

	
Feeding Regime

	
Feed Description

	
Ingredient (Description and Origin)

	
FCR






	
Abalone monoculture and Abalone–Ulva

	
Feed 1

	
Formulated feed from specialized aquatic feed (SAF)

	
Not available

	
1.4




	
Feed 2

	
Wild-harvested kelp (Ecklonia maxima)

	
Wild-harvested

	
12.5




	
Abalone–Ulva

	
Feed 3

	
IMTA-grown Ulva lacinulata

	
Grown in IMTA

	
5











 





Table 8. Use of resources: Feed indicator, SA IMTA lab (urchin).
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Production System

	
Feeding Regime

	
Feed Description

	
Ingredient (Description and Origin)

	
% (Dry Weight)

	
FCR






	
Urchin monoculture

	
Feed 1

	
Formulated feed supplemented with 20% dried Ulva lacinulata

	
Wheat bran

	
0.321

	
0.4




	
Maize (extruded)

	
0.321




	
Fish meal

	
0.153




	
Soybean

	
0.153




	
Di-Calcium phosphate

	
0.0184




	
Lecithin (de-oiled)

	
0.0138




	
Vitamin and mineral premix

	
0.011




	
Fish oil

	
0.00963




	
Urchin-Ulva

	
Feed 1

	
Fresh Ulva lacinulata for the first 4 months of the production cycle

	
Not applicable

	
1.3




	
Feed 2

	
Formulated feed supplemented with 20% dried Ulva lacinulata for the final 3 months of the production cycle

	
Wheat bran

	
0.321

	
0.4




	
Maize (extruded)

	
0.321




	
Fish meal

	
0.153




	
Soybean

	
0.153




	
Di-Calcium phosphate

	
0.0184




	
Lecithin (de-oiled)

	
0.0138




	
Vitamin and mineral premix

	
0.011




	
Fish oil

	
0.00963











 





Table 9. Circularity performance interpretation.
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Indicator Name

	
Circularity Performance When:






	
Bioremediation

	
       B I O R E M E D I A T I O N   C , N , P     I M T A   −     B I O R E M E D I A T I O N   C , N , P     M o n o c u l t u r e   > 0   




	
Feed

	
         F C R   m o n o c u l t u r e   −   F C R   I M T A       F C R   m o n o c u l t u r e       > 0   




	
       L i n e a r i t y   M o n o c u l t u r e   −   L i n e a r i t y   I M T A   > 0   




	
Water

	
     W a t e r   r e c i r c u l a t i o n   I M T A   −   W a t e r   r e c i r c u l a t i o n   M o n o c u l t u r e   > 0   
