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Water soluble phosphorus, uneaten feed, feces, and metabolic waste from farmed fish increase phosphorus
concentrations in adjacent waters. In open freshwater fish farms, in particular, the effects can be more immediate, as
excess phosphorus is introduced directly into ecosystems. Several intestinal enzymes, transporters, and regulating factors
have been implicated in farmed fish dietary phosphorus retention. To reduce phosphorus pollution from open flow fish
farms, a thorough understanding of the processes that affect nutrient retention and absorption, as well as the impact of
dietary factors, anti-nutritional substances, and intestinal morphology, is required.
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| 1. Phosphorus Waste Reduction Initiatives

Technological developments are playing a significant role in reducing the ecological impact of aquaculture systems,
including addressing phosphorus pollution. Several advancements have emerged to improve water treatment efficiency
and minimize the environmental impact of aquaculture effluents . Open flow aquaculture systems may face greater
challenges in managing and controlling phosphorus pollution compared to closed recirculating aquaculture systems
(RAS); nevertheless, there are some similar principles of mechanical and biological filtration which can be applied to treat
aquaculture effluents and minimize downstream phosphorus pollution. These include sedimentation and settling ponds,
which can reduce the organic load and particulates in the effluents before they are discharged downstream in the aquatic
ecosystem. The construction of wetlands or the cultivation of algae downstream of open flow fish farms can offer natural
filtration mechanisms to utilize vegetation and soil to filter and absorb nutrients, including phosphorus, from the effluents.

By promoting the growth of specific algae or plants, phosphorus can be effectively removed from the aquaculture effluents
2,

Nutrient management and feed optimization is also a highly effective method for reducing phosphorus pollution in fish
farms B, and the industry has made significant strides in this regard; the level of phosphorus in fish feeds has been
significantly reduced, and feeding regimes have been optimized to reduce the phosphorus content of aquaculture wastes
[4I5)8], For example, supplementary feeding with cereals, such as wheat and other grains, is commonly practiced in semi-
intensive aquaculture ponds for species like common carp. Cereals provide a low cost and readily available source of
energy in fish feeds, but they contain antinutritional substances, including enzyme inhibitors, phytoestrogens, and
oligosaccharides, which can reduce feed intake and nutrient bioavailability. These factors hinder phosphorus digestion
and utilization, leading to slower growth and increased excreta in the water. Heat treatment, grinding, and the removal of
hulls can mitigate the impact of antinutritional factors and improve feed digestibility. Furthermore, the use of pelleted or
extruded feeds enhances digestibility, minimizes water pollution, and promotes better fish growth. Applying thermal and
mechanical treatments to supplementary feeds prior to their use in aquaculture ponds can help reduce undigested or
poorly digested feed, further improving efficiency and decreasing environmental impacts 4[],

As a result, significant progress has been made in the past through the implementation of phosphorus waste reduction
initiatives that have been developed and refined over the years U9, These initiatives have relied on the application of
best management practices, the optimization of feeding regimes, and the utilization of low-phosphorus feed ingredients.
Moreover, promising results have been reported by incorporating feed supplements such as a-ketoglutarate 14 phytase
enzymes [UI2ML3] grganic acids 2415 and low-phosphorus plant protein combinations 18l These strategies offer
promising avenues to not only reduce phosphorus waste, but also to optimize fish growth and foster sustainable
freshwater aquaculture practices. Likewise, exogenous enzymes can serve as a safe and efficient bio-additive to regulate
various aspects of fish performance and reduce phosphorus pollution into the environment 4. It can be concluded that
incorporating exogenous enzymes into fish feed has the potential to improve growth performance, digestibility, feed



utilization, whole-body composition, and immune performance, subsequently reducing phosphorus pollution in open flow
freshwater fish farms.

2. Management Strategies for Reducing Phosphorous Pollution from
Aquacultures

In fact, the aquaculture—environment interaction is an interesting paradox. On one hand, aquaculture effluents containing
excess nutrients discharged into surrounding waters contribute to phosphorus release, with detrimental effects on the
ecological state of the ecosystem. Aquaculture, on the other hand, is susceptible to the effects of eutrophication, as
excessive phosphorus levels can disrupt the ecological balance, as well as the water quality, fish health, and growth.
Recognizing this paradox, legislative initiatives are being implemented to address phosphorus pollution from various
sources, including aquaculture and agriculture, to mitigate environmental impacts and promote sustainable aquaculture
practices [18],

As a result, there are a variety of emerging or refined management strategies that can be used to reduce phosphorus
pollution from aquaculture, including developing existing and new approaches, such as substituting fish meal with plant
proteins and reducing the amount of phosphorus in the feed 19, optimizing feeding regimes to reduce FCR or daily feed
intake, using water treatment technologies to remove phosphorus from wastewater, and developing sustainable
aquaculture practices that reduce the environmental impact of fish farming [2A[2U22123]  However, the feasibility and
effectiveness of these strategies depend on various factors, such as the type of aquaculture system, the type of fish being
farmed, and the local environmental conditions. Phosphorus removal in open flow aquaculture systems within rivers is a
critical concern for maintaining water quality and mitigating environmental impacts (Figure 1).

Intestinal
Form & Function

+ P source/content
*FR&FCR

+ Vitamins
+ Functional Feed additivies

Water Treatment
(e.g. Absorbents)

Phytoremediation

N
9(“ P* waste
Aquati
_ “\ /_\ Ve; :t:tlit;n

Figure 1. Interactions and strategies for phosphorus management in freshwater fish farms.

2.1. Phytoremediation

Emerging solutions such as phytoremediation and adsorbents/filtration offer promising approaches to address phosphorus
pollution. These methods are based on the use of aquatic plants and mechanical and biological filters to remove excess
phosphorus from the water [221251261[271[281(29] ' phytoremediation in river aquaculture can also be based on the use of
floating aquatic plants, such as water hyacinth (Eichhornia crassipes) and duckweed (Lemna spp.), which have
demonstrated effective nutrient removal capabilities 228 These plants can be strategically placed in the aquaculture
system or in constructed wetlands along the flow path of the river to help mitigate phosphorus pollution. Another example
involves the utilization of effluent collected after wastewater treatment with Rhodopseudomonas sphaeroides. This effluent
can be reutilized for microbial feed, medicament, and aquaculture water, specifically for the culture of common carp 9.
The integrated system of wastewater treatment and the use of effluent containing R. sphaeroides offer several benefits for
the culture of common carp. Studies have shown that common carp raised in effluent containing R. sphaeroides exhibit
improved survival rates, increased yield, and enhanced whole-body composition compared to those of the control groups.
This effect is attributed to the presence of B vitamins in the effluent with R. sphaeroides, which enhance the activity of
various enzymes and genes related to digestion, immunity, and antioxidant defense mechanisms B%. Furthermore, the
presence of R. sphaeroides in the effluent contributes to the improvement in aquaculture water quality, leading to reduced
water pollution and wastewater discharge.

2.2. Adsorbents and Filtration Systems

Adsorbents and filtration systems are effective approaches for mitigating phosphorus and reducing eutrophication impacts
in river-based aquaculture. Modified clays or activated carbon, acting as adsorbents, can bind to phosphorus particles in



water, facilitating their removal. Similarly, filtration systems equipped with specific media or membranes can capture
phosphorus particles. Zeolites, for instance, have demonstrated potential for removing phosphorus from aquaculture
effluents (251, Additionally, biomaterials derived from lodgepole pine have been utilized to reduce aquaculture waste and
mitigate micronutrient-induced eutrophication. Treating rainbow trout effluents with these biomaterials for up to 60 min
resulted in the removal of 150 to 180 g of phosphorus per metric ton, providing a method for eutrophication reduction in
aquaculture 28], The economic costs associated with these strategies can be a determinant of their potential applications
in aquaculture. It is important to conduct thorough economic feasibility studies and cost-benefit analyses specific to each
aquaculture operation to determine the financial viability and the return on investment of these solutions 28], Factors such
as potential cost savings from reduced water pollution, improved fish health, and regulatory compliance should also be
considered.

| 3. The Role of Probiotics

Efforts to reduce the organic load of fish farms can utilize probiotics, which can affect phosphorus dynamics released by
fish farms through their interaction with the intestinal microbiota of farmed fish. By incorporating probiotics into the fish diet
or introducing them into the water column, it is possible to modulate the composition and activity of the gut microbiota,
thereby enhancing the digestive capacity of fish in relation to phosphorus assimilation and utilization. Probiotics, when
added to the fish diet or introduced into the water column, can alter gut microbiota and enhance the digestive capacity of
fish. As a result of the improved functionality of the intestinal epithelium and the enhanced nutrient transport mechanisms
facilitated by probiotics, nutrients, including phosphorus, are assimilated more efficiently. This enhanced assimilation leads
to a reduction in phosphorus wastes, which is a critical issue in freshwater fish farms due to its environmental impact 21
[32133] By increasing the efficiency of nutrient utilization, the amount of phosphorus excreted into the environment can be
minimized. Following probiotic administration, the gut microbiota can contribute to enhance the nutrient utilization of the
feed components and synthesize vitamins and amino acids, which can improve the nutritional value of the feed and
enhance the digestion and absorption efficiency of nutrients. Several studies have shown that probiotics and prebiotics,
which can promote the growth of beneficial gut bacteria, can improve the FCE and growth performance of fish. Certain
strains of probiotic bacteria, when administered to aquaculture systems, have shown promise in improving phosphorus
utilization and assimilation and reducing its release into the surrounding water 221134,

Additionally, probiotics can also promote the growth of beneficial bacteria in the gut of fish, leading to enhanced nutrient
absorption and utilization. This can result in improved feed conversion and reduced waste production, including
phosphorus excretion. However, the effectiveness of probiotics in reducing phosphorus pollution can vary depending on
several factors, including the specific probiotic strains used, the aquaculture system’s characteristics, and the feed
composition.

Apart from the traditional method of administering probiotics through diet, they can also be introduced into the aquatic
environment, either by adding them to the water column or incorporating them into filtration systems (2[4, This
alternative approach allows probiotics to exert their effects on gut function and directly interact with the aquaculture water
and sediment, potentially enhancing their remediation effects. For example, a study by Yi et al. &4 investigated the use of
commercial probiotics immobilized in different carriers for agquaculture water and sediment remediation. Probiotics
immobilized within oyster shells, vesuvianite, and walnut shells reduced the nutrient content in aquaculture water and
sediment. Likewise, through competitive exclusion, the application of a mixture of probiotics, such as lactic acid bacteria,
phototrophic bacteria, and yeast, can inhibit the growth of pathogenic and harmful bacteria in fish farms, as well as reduce
phosphorus wastes. Jéwiakowski et al. 83 reported a significant decrease (77.6%) in phosphorus concentrations in the
water from an aquaculture pond following the application of a mixture of probiotics. These findings suggest that probiotics
can not only function as dietary components, but they can also contribute to bioremediation efforts, ultimately improving
water quality parameters and reducing nutrient loads in aquaculture effluents. However, further research is still needed to
optimize the use of probiotics for phosphorus management in freshwater aquaculture, as their effectiveness can vary
depending on factors such as bacterial strains, aquaculture system characteristics, and feed composition. Table 1
presents an overview of some issues and parameters which are implicated in phosphorus pollution and remediation
strategies.

Table 1. Phosphorus pollution in open water freshwater fish farms: issues and possible remediation.

Issue Main Contributing Parameter Possible Remediation

Phosphorus pollution in Phosphorus in fish feeds and feed New fish feed formulations, improved efficiency of
phorus p ¢ phe intestinal phosphorus absorption [BISIEI9I[17][36][37][38][39][40]
open flow fish farming conversion rate [41][42][43]



Issue Main Contributing Parameter Possible Remediation

Gut health and nutrient Feeding regime, substitution of Pre and probiotics, functional feed additives, and fish
absorption fish meal, intestinal inflammation  health management [L1I161[44][45][46][47][48][49]
Efficient aquaculture Phytoremediation and filtering [2/[201[221[231[241[25][26][27][28][29]

effluent treatments Water flow rate, fish density [30][35][50][51][52]
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