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Abstract 

Dietary composition of aquaculture feeds (aquafeeds) determines the quality of wastes from aquaculture 
production systems. These wastes, which are derived mainly from nitrogenous and phosphorus compounds 
subsequently affect water quality in the culture systems and the ambient environment. Depending on the type of 
culture systems and management practices employed, the aquafeed wastes can influence the water pH, algal 
turbidity, biological oxygen demand (BOD) and may cause fish mortality. The aquafeed wastes also can facilitate 
eutrophication leading into harmful algal blooms. Moreover, large quantities of aqua-waste are discharged as fish 
cannot retain all the food they consume which means a significant portion of the feed remains uneaten. In this 
paper, we review and discuss practical nutritional strategies and mitigation measures to reduce aquafeed wastes 
including controlled formulation using high-quality ingredients, enzyme-based aquafeed, processing, reduction 
of anti-nutrition factors and precision feeding. The paper further recommends strategies for enhancing the 
resilience of aquaculture production systems and mitigation measures to reduce the effects of aqua-wastes on 
ambient natural environments.  

Keywords: aqua-feed, aqua-wastes, nitrogen, nutrient discharge, nutritional strategies, phosphorus 

1. Introduction 

Aquaculture remains a lucrative endeavour, as the world seeks to feed itself (FAO, 2014). The sector plays a 
significant role in contributing to food and nutritional needs of a ballooning world population, which in turn 
fosters food security and economic growth through value-chain linkages (Ogello & Munguti, 2016; Obiero et al., 
2019). Yet, aquaculture presents a range of environmental challenges, which vary by production system and can 
result in serious ecological footprint especially for intensive systems (Alleway et al., 2019). Therefore, there is a 
need to formulate new strategies to ensure sustainability in production with minimal negative impacts on the 
environment (Hasan, 2001; Naylor et al., 2001). Thus, aquaculture enterprises must focus on reducing 
production costs, improving the efficiency of the production systems and promoting environmental sustainability 
(Musyoka et al., 2019; Waite et al., 2014). 

Over the past decade, fish production in Kenya increased from about 5,000 metric tonnes (MT) in 2009 to nearly 
19,000 MT in 2019 (Figure 1) (KNBS, 2019). The implementation of Economic Stimulus Programme between 
2009-2013 boosted farmed fish production and triggered a demand for formulated fish feeds estimated at 30,000 
MT that would not be adequately and timely supplied by the private sector (Munguti et al., 2014). This 
motivated some farmers to put up their own ponds, further boosting the demand for feed to over 100,000 MT, 
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non-protein sources as energy. This could improve protein retention in fish (Keshavanath et al., 2002), thereby 
reducing nitrogenous wastes. 

2.2 Phosphorus 

Phosphorus (P) is the major component in nucleic acids and cell membranes, and it’s involved in all 
energy-producing cellular reactions (NRC, 1993). Phosphorus is also vital in carbohydrate, lipid, and amino acid 
metabolism. It’s also useful in other metabolic processes involving buffers in body fluids. It’s worth noting feed 
is the main source of phosphate for fish since the concentration of phosphate is low in natural waters (NRC, 
1993). However, rations must meet fish requirements in adequate concentrations, as fish can absorb P from water 
but dietary supplementation is necessary due to low water borne P concentrations. Because fish is a monogastric 
animal, the retention of dietary P is only about 20 %, while the rest (68-86%) is usually excreted (Crab et al., 
2007; Lazzari & Baldisserotto, 2008).  

Subsequently, excess P in aquafeed yields in higher levels of excreted P. This is a major cause of eutrophication 
in ponds (Jahan et al., 2003), often resulting in impaired water quality downstream. Dietary available P required 
for optimum growth, feed utilisation and bone mineralisation for rainbow trout and other fishes range from 0.4 to 
0.8% (Sugiura et al., 2000; NRC, 1993). Phosporus retention is also affected by the growth rate. Higher values 
are obtained when growth performances are good (Jahan et al., 2002). In fish, a certain amount of non-faecal P 
excretion is inevitable. It occurs even at zero intake of P. Consequently, non-faecal P excretion is unaffected by P 
intake up to the level required by the animal (Rodehutscord et al., 2000).  

3. Aquaculture Production Systems in Kenya and Their Potential for Nutrients Discharge 

Aquaculture entails rearing and production of fish and other aquatic animal and plant species under controlled 
conditions. Many aquatic species have been cultured, including fish, crustaceans and molluscs and aquatic plants 
and algae. Aquaculture production methods have been developed in Kenya and adapted to suit environmental 
and climatic conditions. The four major categories of aquaculture systems are extensive fish farming system, 
semi-intensive systems and intensive systems. These systems vary in the manner water is used and the 
characteristics of the associated “waste” by-products (Dauda et al., 2019). 

3.1 Extensive Fish Farming 

The system is primarily conducted in dams and water reservoirs. The fish are left in low density over a large 
culture area and fed on naturally occurring organisms, with some aid from pond fertilisation (Ajani et al., 2011). 
The farmed fishes depend on the primary productivity of the culture water and no artificial feed is given. 
Consequently, there is minimal potential for nutrients discharge because no supplemental feed is given to fish. 

3.2 Semi-intensive Systems 

Semi-intensive farming is the main culture system in Kenya and it comprises earthen and liner ponds. In this 
aquaculture system, feed costs typically account for around 40 to 60 percent of production costs (Liti et al., 
2006). Fish are stocked at a moderate to relatively high density. They rely on both feeds from natural production 
and supplemental feed (Dauda et al., 2017). 

3.2.1 Pond Culture 

Pond culture is the most prevalent and the traditional system of fish culture rearing method in Kenya. Most fish 
farmers practising pond culture add manure or inorganic fertilizer to ponds to increase the supply of natural food 
organisms to the fish, thereby reduce production costs arising from the use of supplemental feeds (Mbugua, 
2008). Over 90 per cent of cultured fish in Kenya come from earthen ponds, which range in size from 150 to 500 
m2 (Ngugi et al., 2007). Ponds rely mainly on internal natural processes to purify the water in the pond systems 
and a large proportion of the waste is confined within the pond, with some of the organic waste mineralised in 
situ (Verdegem et al., 2001). The biological community acts on the dissolved wastes. This in turn helps to 
stabilize and recycle waste. The ammonia is converted by Nitrobacter and Nitrosomonas to become less toxic 
nitrate. The nitrate and phosphate in the waste in turn serve as nutrients for the phytoplankton and macroalgae in 
the pond ecosystem. However, the pond system's ability to manage wastes is limited and depends directly on the 
amount of waste that is recycled by the pond on a daily basis (Tucker et al., 2001), while solids accumulate and 
undergo microbial decomposition in the bottom of the pond. Nutrient outflow may not ordinarily pose serious 
problems during the growing season when discharge is minimal, but pond draining preceding the annual harvest 
and during harvesting operations can increase waste significantly, loading in-receiving waters due to disturbance 
of the pond sediments. The excess of organic matter in the ponds’ sediment and the lack of conditions for 
decomposition could potentially cause an imbalance in the nitrification and denitrification processes. This 
contributes to the accumulation of toxic ammonia and nitrite during cultivation (Hargreaves & Tucker, 2004; 
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Durborow et al., 1997). The sediment in turn over may trigger an increase in nitrogenous and phosphate 
compounds and elevate Chemical Oxygen Demand (COD) levels. The use of decantation ponds is an effective 
practice reducing the concentration of these solids (Coldebella et al., 2018). Small and large ponds do not present 
significant differences in the quality of effluents. However, medium size ponds showed poor effluent quality 
(Coldebella et al., 2018). 

3.3 Intensive Systems 

The intensive systems practised in Kenya typically include recirculating aquaculture systems (RAS), raceways, 
cages and net pens. While intensive systems rely on large amounts of supplementary or complete feeds and 
supply of external inputs and technologies targeted towards fast growth (Ajani et al., 2011; Naylor et al., 2001). 
In recent years, fish operations in Kenya have shifted towards intensive farming systems. These changes involve 
an increase in culture density and a decrease in the consumption of water. In integrated intensive aquaculture 
systems, the waste load such as nitrates and phosphates can be reduced if the fish is cultured with other 
organisms, while plants are used as a biofilter, which often converts nutrient discharges into valuable products 
(Turcios & Papenbrock, 2014). Notably, intensive farming systems can impact the environment mainly due to 
residues related to food left overs and faeces produced by fishes. These residues are primary sources of N and P, 
the principal nutrients responsible for eutrophication in freshwater ecosystems. 

3.3.1 Raceways 

This system is mainly used in the production of rainbow trout (Oncorhynchus mykiss). The potentially negative 
impact of effluents in raceways is occasioned by failure to control suspended and settleable solids from leaving 
the facilities.The degree of impact can be reduced significantly by enhancing feed quality, improving feeding 
efficiency and effective solids capture and handling (Hinshaw & Fornshell, 2002). 

3.3.2 Recirculating Aquaculture Systems (RAS) 

Recirculating aquaculture systems (RAS) are usually indoor tank-based systems. They achieve high rates of 
water re-use by mechanical, biological chemical filtration and other treatment steps. The RAS in Kenya are 
primarily used for culturing Nile tilapia (Oreochromis niloticus) and African catfish (Clarius gariepinus). Fish 
are typically reared in tanks indoors or under greenhouses. The RAS is designed utilise minimal water, control 
culture conditions and allow waste products to be fully managed. They generally incorporate components that 
efficiently collect and remove solid waste, aerate or oxygenate the water, and reduce the build-up of toxic 
metabolites (Chen et al., 2002).  

3.3.3 Cages and Net Pens 

In-situ production of farmed aquatic organisms in caged enclosures is a relatively recent practice in aquaculture 
innovation in Kenya. Cage culture development increased from around 2013 and currently plays an important 
role in rejuvenating fish supply to urban and rural consumers (Aura et al., 2018; Njiru et al., 2018). Cages or 
net-pens hold fish at relatively high density and are often sited in a much larger body of water, where fish are fed 
a formulated diet. Settled waste passes through the bottom of the pen and is diluted in the surrounding waters. 
Ordinarily, dissolved nutrients are dispersed rapidly and utilised by bacteria, phytoplankton and zooplankton. 
However, if there are high levels of nutrients released continuously, this could potentially lead to eutrophication 
and or algal blooms. In Kenya, cage farming is growing fast in Lake Victoria, with the highest number of cages 
reported in Siaya County (Aura et al., 2018). However, one drawback associated with cage farming is increased 
nutrient loss from the uneaten feed, faecal wastes and excreta from cage-reared fish and possible negative 
impacts upon water quality and surrounding aquatic environment and ecosystem health (Mente et al., 2006; Leon, 
2006). Waste feed increases eutrophication and enhances the growth of algae and water hyacinth in and around 
the fresh water lake. Recent, though isolated cases of fish kills were attributed to low dissolved oxygen 
concentrations (< 0.64 mg/L), increased cases of fish disease were signs of poor management practices among 
cage farmers (Njiru et al., 2018). 

Mariculture in sea cages has been associated with the deterioration of water quality and eutrophication of coastal 
waters in fish cage culture, as water passes freely through the nets. The distribution of the nutrients, on the other 
hand, is highly influenced by the hydrodynamics of the cage location. All excess nutrients are released to the 
environment, increasing the dissolved nutrient concentration in the water body and enriching the sediment 
beneath the cages. If the environment is unable to assimilate these nutrients fast enough, they tend to accumulate, 
causing eutrophication and changes in benthic abundance and biodiversity. Wastes from feeds used in cages in 
Lake Victoria have been associated with increased eutrophication and promoting the growth of algae and water 
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hyacinth in the lake. On the contrary, Islam (2005) argues that although nutrient loading still occurs in cage 
farming, its main cause is due to too many cages concentrated together, rather than poor feeding practices. 

4. Approaches to Mitigate Nutrients Discharged Into the Environment 

Most intensive and semi-intensive aquaculture production systems rely heavily on formulated diets. Research 
efforts on nutrition and feeding management strategies must play a key role in the sustainable development of 
the aquaculture sector (Hernandez & Roman, 2016). Several recommendations and approaches to mitigate 
impacts of eutrophication have been explored, including feed formulation, feeding management practices, 
system designs, site selection, effluent treatment and recovery of uneaten feed and dead fish. However, the 
primary solution for managing the environmental impacts of aquaculture lies in the management of feed (Turcios 
& Papenbrock, 2014). 

4.1 Nutritional Strategies 

Nutritional strategies to minimise the impact of aquaculture waste on aquatic environments are multiple, and 
include improvement, manipulating and formulating diets without affecting growth and production efficiency. 
This involves selecting raw materials with high dry matter digestibility, or use of feed additives to improve the 
apparent digestibility. Other strategies include processing ingredients, adopting more effective feed management 
practices for particular fish species; recovering unconsumed feeds, and selecting fish species and strains with 
higher feed efficiency and better nutrient utilization (Amirkolaie, 2011). 

4.1.1 Diet Formulation 

The primary objective in diet formulation for fish is to provide a nutritionally balanced mixture of ingredients to 
support their maintenance, growth, reproduction, and health at an acceptable cost and have minimum effect on 
water quality in the culture system (NRC, 1993). According to Kirimi et al. (2020), fish feed quality depends on 
the number of essential amino acids and the balance among the respective amino acids, which in turn determine 
the utilisation of the protein. Feeding excess of amino acids could lead to amino acid catabolism with associated 
ammonia excretion and loss of energy. Dissolved nitrogen waste can be reduced by ensuring a balance between 
protein intake and energy utilization. To reduce phosphorus excretion in animal production, formulation of diets 
based on available P rather than total phosphorus is necessary (Lynch & Caffrey, 1997). Feeds with adequate 
concentrations of available P decrease the excretion and release of phosphorus in the environment, which 
improves water quality. Nitrogen pollution arising from fish feed can also be reduced by applying the concept of 
ideal protein when formulating the fish feed. This concept was developed in the late 1950s and 1960s, where the 
main goal was to provide a combination of indispensable amino acids that precisely meets an animal’s 
requirements for protein accretion and maintenance while avoiding deficiencies or excesses (Emmert & Baker, 
1997).  

Nitrogen pollution from the fish feed can be reduced by replacing protein with synthetic amino acids. Nitrogen is 
supplied through the crude protein (CP) content in the diet. As CP content in the diet increases, N concentration 
rises similarly. However, fish do not require CP per se; instead, they need amino acids (the building blocks of 
protein) in specific amounts and combinations for efficient production. Reducing the CP (N) content in the diet, 
with supplementation of crystalline amino acids is one of the best methods to reduce N excretion. To avoid 
amino acid losses in fish due to unbalanced protein profiles, several authors have monitored the effects of 
supplementing feeds with industrial amino acids (Furuya et al., 2004; Nunes et al., 2014). They propose adding 
these supplements as it makes it possible to meet essential amino acid requirements more accurately. However, a 
drastic reduction in protein levels associated with the use of synthetic amino acids is not recommended as the 
minimum N contribution from protein must be considered (Gaye-Siessegger et al., 2007). 

4.1.2 Appropriate Choice of Ingredients 

Development of sustainable aquaculture primarily depends on the establishment of alternative feed stuffs to fish 
meal. The influence of supplementary fish feed on discharged water quality, on the other hand, depends on the 
composition and physical characteristics of the feed used (Hlavac et al., 2014). The introduction of highly 
digestible feed has reduced solid waste excretion. Further reductions can be achieved through a careful selection 
of the ingredients used. Appropriate choice of ingredients is primary used to achieve a reduction in (P) and (N) 
loading (Jahan et al., 2003). Use of multiple ingredients can provide a sufficient amount of the amino acid, 
despite the lower fish meal level. Adequate combination of alternative plant low P protein ingredients, mainly 
soybean meal, significantly reduces the P loading in diets without compromising the growth (Satoh et al., 2003). 
The need to formulate diets which minimize P excretion in fish and consequent eutrophication of the water 
requires the replacement of fish meal with low-P protein sources. The use of high protein ingredients that have a 
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high percentage of digestible P may help to reduce the unavailable P concentration of the feed. According to 
Suryaningrum et al. (2017), evaluation of digestibility is key to determining material for feed ingredients. Feed 
containing high digestible ingredients is associated with better growth performance and lower feed waste that 
potentially pollutes the environment. 

4.1.3 Feed Processing 

One of the most effective ways of improving aquaculture effluent water quality is by modifying diets fed to 
culture fish. The use of extruded diets has proved to be an important facet in fish nutrition. Extruded diets 
possess higher stability and digestibility. This significantly reduces the amount of nutrients excreted into the 
rearing water (Johnsen et al., 1993). Floating feeds are often recommended for feeding tilapia as they are easier 
for the fish to see and eat than sinking pellets, which often end up as waste. This in turn leads to nutrient 
enrichment, thus enhancing eutrophication. To reduce lake pollution, extruded free-floating feeds should be 
utilized in place of sinking feeds (Njiru et al., 2018). Proper grinding, pelleting, and steam flaking of feed 
ingredients can increase nutrient availability, which reduces faecal loss. Thermal and mechanical treatment of 
feed cereals prior to application can also help reduce the amount of poorly or undigested feed (Hlavac et al., 
2014; White et al., 2007).  

4.1.4 Use of Phytase Enzyme 

In aquaculture industry, fish meal is gradually being replaced with plant by product-based ingredients but use of 
these by products is nutritionally restrained because of phytate content, which is the main form of storage for 
phosphorus (P) in plants (Hussain et al., 2017). The majority of P in most protein-rich plant ingredients is bound 
in phytate, which limits bioavailability to most fish because they lack the digestive enzyme phytase (Jobling et 
al., 2001). Up to 80 per cent of the total P content in plant ingredients may be present as phytate (Ravindran et al., 
1994). This fraction is practically unavailable for monogastric aquatic animals during digestion due to the lack of 
endogenous enzymes, which are benefitial for their efficient hydrolysis (Cao et al., 2007). Phytase is an enzyme 
known chemically as myo-inositol hexaphosphatephosphohydrolase (Class 3: Hydrolases) that may be present in 
some plant ingredients. Alternately, may be produced by microorganisms. It is specific to hydrolyse, the 
indigestible phytate present in plant protein sources. Excess level of dietary available P decreases the P retention 
rate (as a percentage of absorbed P) from the amount absorbed, which increases non-fecal P excretion (Jahan et 
al., 2002). Phytase can be utilised in fish feeds by pre-treating feedstuffs, or incorporating it during diet 
preparation, or spraying onto pellets (Portz & Liebert, 2004; Vielma et al., 2002). Phytase supplemented fish 
feeds have been generally reported to improve the bio-availability and utilization of plant phosphorus by fish 
(Cao et al., 2007). Furthermore, better use of nutrients results in the discharge of less phosphorous into the 
aquatic environment (Baruah et al., 2004). However, optimum level of its supplementation varies depending on 
its source, fish species; feed processing technology and phytate concentration in the diet (Hussain et al., 2017). 
The inclusion of microbial phytase in feed is meant to increase phytic phosphorus bioavailability, which reduces 
or fully replaces the use of inorganic phosphorus supplements (Cao et al., 2008). 

4.1.5 Reducing Anti-nutritional Factors 

Plant protein feedstuffs are increasingly being used in fish diets to reduce the dependence on fish meal and other 
animal protein feedstuffs, to keep feed costs in aquaculture down. Although most plant ingredients are readily 
available at lower cost than fishmeal, their use within aqua feeds is usually restricted by a relatively low protein 
content, unbalanced essential amino acid profile and presence of one or more anti nutritional factors (NRC, 1993; 
Kirimi et al., 2020). Antinutrients factors (ANFs) are defined as substances which by themselves or through their 
metabolic products arise in living systems, interfere with food utilisation and affect the health and production of 
animals (Makkar, 1993). Digestibility and absorption of protein is hampered when these ANFs are present. 
Elimination of ANFs from the feed and better processing conditions can enhance N utilization and consequently 
reduce N excretion. 

4.1.6 Match Supply of Available Nutrients to Requirements (Precision Feeding) 

Feeding fish to meet their nutrient requirements is key to minimising nutrient output. Over or underfeeding 
nutrients risks increasing output since animals will simply excrete all of the nutrients they are unable to utilise 
for maintenance and growth. The release of dissolved and suspended N and P can be significantly reduced 
through precise knowledge of the requirements of the fish and the supplying them appropriately (Kaushik, 1998). 
The other benefit of matching the nutrient concentration of the diet to the nutrient needs of the fish can reduce 
nutrient excretion, reducing the concentration of nutrients in faeces. 
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4.2 Feeding Management Practices 

Optimised aquafeeds have long been a major concern of the sustainable aquaculture development. Not only 
should feed composition meet the nutritional requirements of the fish, it should be reasonably managed (feed 
ration and feeding frequency) to enhance feed utilisation efficiency, growth performance and decrease the 
amount of wastes (Azaza & Dhraief, 2020). One of the greatest causes of excess nutrients entering the 
environment is overfeeding due to the use of poor feeding strategy. Undoubtedly, profitability of commercial 
farming operation is key to all farmers. This means adopting appropriate feed management strategies to ensure 
feed use is optimised for maximum returns. While maximum growth rates can be attained by feeding to satiation, 
over or under-feeding results in poor feed management practices (White, 2013). Underfeeding lowers growth 
rates because of lower protein intake and promotes size heterogeneity. Optimisation of feeding strategies requires 
the calculation of appropriate ration sizes, feeding rates and feeding frequencies. 

4.3 System Design 

4.3.1 Recirculatory System With Aquaponics 

Aquaponics, the combined production of fish in recirculated aquaculture systems and hydroponically grown 
plants, has gained popularity in recent years due to its sustainability. Aquacultural waste contains N (in the form 
of ammonia and nitrate) and P (mainly in the form of phosphate). These are essential nutrients for plant growth 
(Yildiz et al., 2017). In an aquaponic unit, water flows from the fish tank through filters, plant grow beds and 
then back to the fish. In the filters, the fish wastes are removed from the water, first using a mechanical filter that 
removes solid wastes, and then through a biofilter that clears the dissolved wastes. The biofilter provides a 
location for bacteria convertion of ammonia, which is toxic for fish, into nitrate, a more accessible nutrient for 
plants. This process is called nitrification. As the water (containing nitrate and other nutrients) travels through 
plant grow beds, the plants feed on these nutrients before the water returns to the fish tank purified. This process 
allows the fish, plants, and bacteria to thrive symbiotically and to create a healthy growing environment for each 
other. In aquaponics, the aquaculture effluent is diverted through plant beds and not released to the environment. 
At the same time the nutrients for the plants are supplied from a sustainable, cost-effective and non-chemical 
source.  

5. Conclusion 

This article has presented scholarly evidence on how aqua-feed contribute to nutrient pollution of ambient water 
bodies. Waste output from aquaculture operation to the aquatic ecosystem may be reduced but not completely 
eliminated as fish cannot retain all the food they consume, and even some part of the feed is left uneaten. 
Pollution can be highly reduced through appropriate nutritional strategies that increase feed conversion 
efficiency and reduced wastage in form of uneaten feed.  
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