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Increasing demand on water resources, reduced land water availability, and concerns over food security have spurred the evolution of many innovative and complex food production. An aquaponic system is a productive, innovative, and sustainable fish and vegetable production system that is revolutionizing agriculture in the face of drought, soil fertility losses, and climate change. Aquaponics, as an advanced aquaculture-agriculture system, is expected to improve food security in developing countries. However, as an emerging technology, there is very limited information on the system in Africa. Questions about the ecological and socio-economic sustainability of aquaponics are answered in this comprehensive review. This review considers aquaponics projects in Africa, categorizes the technology by evidences of their effectiveness, fish and plant yields, and juxtaposes the technology within best-use practices to make recommendations that will inform evidence-based policymaking. It also maps the present spatial adoption of the technology in sub-Saharan Africa and highlights the system's contribution to improving food security on the continent. Egypt and South Africa are countries where aquaponics is emerging and being adopted at faster rates and contributing to food security. In West Africa, significantly lower net-discounted benefit-cost ratios were realized when aquaponics systems were constructed using imported materials compared to using locally available materials. Despite aquaponics systems generally having higher start-up costs currently, its potential to be economically viable when undertaken with local materials is very high.
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INTRODUCTION

One of the greatest challenges facing the world is how to meet the nutritional needs of a growing human population that is projected to hit 10 billion by 2050. To meet the additional food demands imposed by the nearly 30% population increase, global food production has to increase by as much as 50% (FAO, 2017). Food production will, however, be challenged by factors such as climate change, pollution and degradation of arable lands (Goddek et al., 2019a). According to the projections of Bajželj et al. (2014), despite the development of high yielding crop varieties and enhanced food production methods, current food production trends will not meet the projected global food demand by 2050. The situation will further be exacerbated by reductions in agricultural lands. Between 1970 and 2013, global agricultural lands have decreased by more than 50% (Goddek et al., 2019a). By the end of the 21st century, climate change alone is projected to account to for up to 18% of arable land losses in Africa (Zhang and Cai, 2011) which will negatively affect the

continent's already dire food insecurity situation. These challenges to food production require innovation in food production systems, methods and practices, given that a billion people are already chronically malnourished (Godfray et al., 2010).

Aquaponics is a sustainable food production system that uses circular economy concepts and a biomimetic natural system to minimize input and waste. It is an industrious mechanism that incorporates impeccably with the sustainable growth of intensive agriculture (Tyson et al., 2011; Vermeulen and Kamstra, 2012; Joly et al., 2015). Aquaponics combines two primarily productive systems: recirculating aquaculture system (RAS) and hydroponic cultivation. Recirculating aquaculture involves the farming of fish and crustaceans in a tank, while hydroponic cultivation involves the cultivation of vegetables in a medium other than soil. Aquaponics emerges as a key technology with potential to transform agriculture and enhance food security in the wake of climate change, particularly in arid regions (Conijn et al., 2018).

Aquaponics in one form or another has been practiced for centuries in several countries but the technology still remains less popular compared to traditional food production methods and is largely practiced on small scales by individuals (Junge et al., 2017). The technology is, however, rapidly transforming from a largely backyard technology into industrial-scale production due to practical improvements in design and practice which have significantly increased both fish and crop output capacities and production efficiencies (Bernstein, 2011). Improvements in design and functions have transformed aquaponic systems beyond a water-reuse innovation into an efficient energy and wastewater recycling system (Goddek et al., 2019b). The technology is usually proffered as a solution for efficiently using marginal lands in urban areas for food production. Although the technology has been recommended as a means of addressing some of the food insecurity and nutrition-related challenges in Africa, its adoption across the continent is still very low. This chapter focuses on the adoption of aquaponics technology and reviews published information to highlight the potential of the technology in contributing to food security issues.



AQUAPONICS TECHNOLOGY IN AFRICA

Aquaponics systems are fairly new to countries in Africa and as expected, there are a few published information (including gray literature) on the subject obtained through online search on Google Scholar and Scopus and also by an international survey conducted in 2014 where only a single response each was received from Ghana and South Africa (Love et al., 2015). The bubble plot for the number of aquaponic publications in different African countries is shown in Figure 1. A total of 82 publications on aquaponics were found from 15 African countries. Egypt, South Africa and Kenya (23, 20, and 14 publications, respectively) are the countries that appear to have widely adopted the technology in Africa. Except for Nigeria that had nine publications on aquaponics, the remaining countries had between 1 and 3 publications. The low adoption of aquaponic technology can be linked to low penetration of innovative fish production systems such as recirculating aquaculture systems that are an integral part of aquaponic systems. Adoption rates (based on the number of publications found) appear to correlate with the scale and development of aquaculture in the different countries. Egypt, Nigeria, Kenya and South Africa are major contributors to the continent's aquaculture production. Water scarcity could also be driving widespread adoption of aquaponics in an arid country like Egypt. In arid regions, circulation of water between the RAS and hydroponics units can result in a remarkable water re-use efficiency rate of 95–99% (Dalsgaard et al., 2013). The following subsections extensively review the adoption of aquaponics on a sub-regional basis across Africa. Although the review covers African sub-regions, the narrative in some instances may be skewed toward the countries that have wide-scale adoption of aquaponics.
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FIGURE 1. Bubble plot showing the number of aquaponic publications in different African countries (bubble color and size indicate the number of studies in each highlighted country).



North Africa

Water scarcity and food insecurity, combined with human population growth, pose serious challenges to North Africa's agricultural sector. Egypt's population is expected to increase from around 80 million today to around 97 million in 2025 (UN Population data), and current per capita water supply is expected to drop by 40% by 2025 (http://www.fao.org/nr/water/aquastat). According to McCarl et al. (2015), the effect of climate change on Egyptian agriculture might be very devastating. Most of the publications on aquaponics in the regions have thus touted the expansion of the technology as critical to address water scarcity issues (Essa et al., 2008; Soethoudt et al., 2016; El-Essawy et al., 2019). As opposed to traditional agriculture, aquaponics has higher economic potential and less negative effects on groundwater resources (El-Essawy et al., 2019). Commercial aquaponics units that have been coupled with greenhouses to improve crop production have been established in Egypt to grow Nile tilapia (Oreochromis niloticus) and olives. The feedbacks on the quality and sizes of fish produced in aquaponic units in Egypt are overwhelmingly positive and the reputation of the technology being a clean process has resulted in it rapidly gaining traction in the retail and wholesale markets (El-Essawy et al., 2019). Comparative studies on vegetable yield in the two commonly used aquaponics systems in Egypt, the deep-water culture (DWC) and sand-bed systems indicate that yields are about 30% higher in the DWC systems although this system uses lower water reuse efficiency (Salem, 2019).

While aquaponics has higher capital and operating costs than traditional agriculture in the short term, it is more profitable in the long run and saves more than 90% of the water wasted by conventional farming techniques in Dalsgaard et al., 2013 and El-Essawy et al., 2019. Profits from aquaponics systems after deducting operational expenditures are also about 30-fold higher than conventional agriculture due to the more efficient use of space and the additional income from the fish (El-Essawy et al., 2019). There is ongoing research to develop and build affordable aquaponics systems that use locally available recyclable materials to lower capital costs. Intermediate bulk containers (1,000 L capacity) are commonly used as fish culture and water treatment units in most of the aquaponics systems in Egypt as a cost-saving measure. While aquaponics has more economic and environmental benefits than drawbacks, there are technical and social limitations in addition to the high start-up investments that must be considered for it to be widely adopted in the arid regions of North Africa. According to Soethoudt et al. (2016), the development of aquaponics in Egypt is constrained by limited experience, technical expertise and scalability issues. Given the high start-up costs, it has been recommended that more research efforts should be targeted at developing units that can easily be adopted by small farms for the production of fish and crops that constitute a significant portion of local diets such as tomatoes (Soethoudt et al., 2016).



Southern Africa

The idea of aquaponics may be useful to southern African countries that have limited agricultural production resources (water and fertile croplands), high urbanization rate and exponentially increasing urban poverty (Mchunu et al., 2018). In South Africa, aquaponics has been viewed as having the potential to rehabilitate degraded coal mining sites (Botha, 2014). Another factor that has encouraged the adoption of aquaponics in South Africa is the near-collapse of freshwater pond aquaculture because outside environmental conditions do not allow cultured fish to independently establish economically viable populations (Swap et al., 2002). Water temperatures often fall below the tolerable minima required by the common aquaculture species on the continent including the Nile tilapia (Van der Waal, 2000). For year-round fish production, aquaponics installation in Southern Africa will require temperature control mechanisms or adjustments to efficiently operate. Heating costs in aquaculture generally contribute significantly to production costs.

Aquaponics is, however, an emerging but rapidly evolving practice in South Africa (Love et al., 2014, 2015; Mchunu et al., 2018). Fish stocking densities usually range from 15 to 19 kgm−3, which is low and suggests small-scale or subsistence nature of most of the systems (Sace and Fitzsimmons, 2013). The wide-scale adoption of these small units is, however, very critical in addressing some of the food security issues in the country. Magazines and news articles on aquaponics in South Africa are very common and highlight the potential of the technology on hobby, small-scale and commercial levels. Commercial aquaponics in South Africa has an intensive outlook and usually adopts fish stocking densities between 60 and 200 kgm−3 in 5,000 m3 tanks (FAO, 2014). The increased interest in aquaponics could also be because of the recent drought, food safety concerns, land reforms and increasing population size (Van der Waal, 2000; Faber et al., 2011; Mabhaudhi et al., 2013; Mchunu et al., 2018).

Most aquaponics operations started as aquaculture farms and then evolved to aquaponics (El-Essawy et al., 2019) and this is true for most of the South Africa establishments. Commercial aquaponics practitioners in South Africa have very good access to vegetable and fish markets (Mchunu et al., 2018). Vegetable are, however, harvested at higher frequencies of every 1–3 months compared to fish which are usually harvested at periods >6 months (Love et al., 2014, 2015). The plant component of most aquaponic system in South Africa comprise mostly salad greens, lettuce, basil, herbs, pepper, cucumber, beans and peas, tomatoes, carrots flowers and ornamental plants. While fruity vegetables have a higher economic value and return, most farmers raised leafy vegetables (salad greens, lettuce, basal, and herbs). Because of their low agronomic requirements, leafy vegetables use fewer nutrients than fruity vegetables (Rakocy et al., 2004) and grow fast when all nutrients are supplied (FAO, 2014). Moreover, leafy vegetables can be raised in higher density (up to 30 plants m−2) than fruity vegetables, which usually grown at a maximum density of 8 plants m−2 (USAID, 2013; FAO, 2014). These plants are grown in growth medium be, nutrient film technique and deep water culture production systems. Fish sales from aquaponics are quite popular because of perceived higher product quality, growing food insecurity and dietary lifestyle changes (Faber et al., 2011; Mchunu et al., 2019). Species of tilapia and trout are the commonly raised fish in typical South African aquaponic systems (Mchunu et al., 2018). Other less popular fish include catfishes, bass, bluegill, and some ornamental species. The Nile tilapia is the most dominant species cultured in South African aquaponics (FAO, 2014; Love et al., 2014, 2015). Tilapia grows well in a recirculating tank culture with higher tolerance to fluctuating water conditions such as pH, temperature, oxygen, and dissolved solids; tilapia can tolerate a wide range of water temperatures (9–42.5°C), dissolved oxygen as low as 0.1 mgL−1, and unionized ammonia concentration of 2.4 mgL−1 (D'Amato et al., 2007). The lower percentages for other fish species can be attributed to limiting environmental conditions in South Africa. Fish stocking densities commonly range between 15 and 19 kgm−3 although in some intensive systems densities can be >50 kgm−3 (Mchunu et al., 2018).

The nationwide survey of aquaponics users in South Africa by Mchunu et al. (2018) revealed that practitioner experiences ranged from 1 to 10 years and highlighted aquaponics as a new technology in the country. Most systems were self-constructed by the operators, sometimes with extension service assistance from the Department of Agriculture. Growth medium beds are the dominant method of crop production in South Africa (Mchunu et al., 2018) because it does not require setting up independent biofilters to remove excess nutrients from the water as the bed itself acts as a biofilter (Hu et al., 2015). Nutrient film techniques and the deep-water culture systems usually require independent biofiltration systems to facilitate nitrification, which add to the installation costs. Gravel media are the dominant method of crop production, as it is easily accessible and readily available compared to other media (Sikawa and Yakupitiyage, 2010). The flood and drain system is a cheap, simple, and easy to use method to return dissolved nutrients to the rearing tank, while giving plants enough time to take up the nutrients (FAO, 2014).

Feasibility studies have been conducted in Namibia to assess the viability of setting up aquaponics systems to enhance food security, sustainability, income generation, and as an educational resource (Rego et al., 2020). About 430,000 Namibians are reported to be food insecure as almost 70% of food is imported from South Africa (FAO, 2020). In this Namibian case, aquaponics is one of the most efficient way to combat food security (Rego et al., 2020). Aquaponic and hydroponic systems use water effectively to provide sustainable agriculture. Besides food security, aquaponics will be a sustainable agricultural system in Namibia during droughts (Rego et al., 2020). The trial runoff the prototype system indicated that tilapia and koi are the best suited fish species for aquaponics development in Namibia (Rego et al., 2020). Rego et al. (2020) found out that aquaponics would have a compound annual growth rate of 12.5% in Namibia. The study concluded that aquaponics is a lucrative agricultural system to invest in due to short- and long-term profit margins and potential local market expansions.

Facing a growing human population, inefficient traditional food production methods and unreliable rainfall, Zimbabwe is considering aquaponics as a viable means to avert famine (Marimbona and Mushiri, 2019). To offset the problem of frequent power outages and ensure continuous running of water and air pumps, a prototype aquaponics system powered by a standalone solar photovoltaic (PV) system has been tested in Zimbabwe. A 1.6 kW solar PV array produced enough output to run a combined electrical load of 293.2 W from a water pump, an aerator and electronics devices. The system used an Arduino based system to automatically monitor the temporal changes in pH, temperature and water flow velocity. The system was designed to be scalable and easy to set up in different localities.



West Africa

Literature on aquaponics in West Africa is limited compared to the Northern and Southern regions of Africa. Although internet search produces information on aquaponics from four West African countries, only a few of the publications contained enough information to be included in the review. The Sustainable Aquaponics for Nutritional and Food Security in Urban Sub-Saharan Africa (SANFU), a small-scale pilot project in Lagos, Nigeria, conducted an experiment to collect data on key variables to bring a small-scale aquaponics system to a productive and economically feasible level (Benjamin et al., 2020). This information had been up until this project been largely lacking for the sub-region. The prototype SANFU aquaponics system that was set up using relatively expensive foreign sourced components can yield about 28 kg of fish and 3 kg of vegetables per annum with a nitrogen outflow of 48.5 g. This corresponds to a rather unfavorable net discounted benefit-cost rate (DBCR) of 0.08 over a 20-year period. A similar system was setup constructed using locally sourced components had a significantly higher DBCR of 1.12. However, it is anticipated that the yield from the fish harvested can be 10 times the experimental yield if optimum real-life stocking and planting densities are considered (Benjamin et al., 2020). The SANFU study highlights the possibility of using locally available materials and increasing the chances of low-income individuals to set up small-scale aquaponic systems and contribute to food and nutrition security.

In Ghana, the implementation of aquaponic systems is slow and reports on aquaponics is very scarce. The most notable aquaponics project in Ghana was a collaborative project between a Ghanaian and Brazilian research institute, which was aimed at increasing smallholder food production through implementation of water conserving aquaponics-based food systems ensuring all-year-round food production for enhanced nutrition to the smallholder farmer (Frimpong et al., 2017). Aquaponics system may be configured to be fully recirculating or decoupled systems, and in the case of the project in Ghana, it was a decoupled system. Decoupled aquaponic are designed to culture the fish and plants as separate units whereby water is used to culture fish and the effluents supplied to the plants without circulating the water back to the fish (Karimanzira et al., 2017). In the Ghana trial, effluents from the fish production was administered to maize plots. This resulted in a maize yield of 2.3 t/ha (Table 1), which is higher than the maize yield range for Ghana of 1.5–1.7 t/ha (Ragasa et al., 2013). Decoupled designs allow more flexibility in customizing and optimizing the water chemistry in the effluents from the fish culture before supply to plants through supplementation of low or absent nutrients (Goddek et al., 2019b). Adding digesters to decoupled aquaponics systems can facilitate the microbial conversion of phosphorus in fish waste into orthophosphates that can be utilized by plants, with high recovery rates (Goddek et al., 2019b).


Table 1. Fish and crop yields from aquaponics in Africa.
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East Africa

From literature, it is apparent that aquaponics is a recent concept in East Africa. Most of the East African aquaponics trials are concentrated in Kenya. Adoption of new farming technologies that can increase climate resilience has been proposed as a way to increase food security in East Africa, particularly for subsistence farmers (Bryan et al., 2013). In Kenya, productivity of main crops such as maize is declining due to infestation of army worms, land degradation, unpredictable weather events such as prolonged dry conditions and continuous splitting of land between inheritors (Henze and Ulrichs, 2015). Food security in the 21st century requires new, innovative and sustainable food production systems that can increase crop yields using limited land and water resources with little impact on the environment and biodiversity (Pearson, 2007).

To offset the high cost of fish feed which can account for up to 70% of fish production costs (Obirikorang et al., 2020), the black soldier fly larvae (BSFL) has been experimentally included in fish feeds as substitutes for the expensive fishmeal for use in aquaponics systems in Ethiopia (Koop, 2016). Black soldier fly feeds could be suitable for use in aquaponics systems based on positive effects in optimizing fish and plant growth (Koop, 2016). van Gorcum et al. (2019) conducted an exploratory study into the demand side of the Kenyan market and consumer perceptions for aquaponically produced food products in Nairobi. Majority of the respondents in that study were willing to pay more for aquaponics products mainly because they perceived them to be fresher, healthier and free of pesticides. Based on the results of the market survey there appears to be a potential for marketing aquaponics products and the adoption of the system could represent an approach to bypass seasonal production issues due to Kenya's erratic climatic conditions. Besides market value and customer acceptance, the plants used in aquaponics are chosen based on their abilities to sufficiently recover nutrients for growth. Sweet wormwood, pigweed and pumpkin in the hydroponic component of aquaponics systems for the intensive production of Nile tilapia are able to take up nearly 74% of nitrate from the effluents from the fish production units (Gichana et al., 2018).

The challenges to establishing aquaponics projects in East Africa include lack of electricity in many rural areas, cost and access to fish feed which is the one important and most expensive inputs into the system, high set-up cost; which hinders many farmers from adopting aquaponics as most do not have access to agricultural loans. The lack of expertise and long-term planning as well as challenges related to changing customary practices undermine diffusion and adoption of new methods, tools and technologies (van Gorcum et al., 2019).




FOOD SECURITY ISSUES IN AFRICA

The United Nation's 2030 development agenda outlines 17 Sustainable Development Goals (SDGs) including SDG 2 which aims to address all forms of hunger and nutritional insecurity issues over the next decade (United Nations, 2015). Although significant progress has been made, food insecurity is still a key issue globally and over 1 billion people suffer from starvation, undernutrition and malnutrition. A disproportionate number of the people experiencing food insecurity are natives of developing countries. Whilst some African countries made significant gains in Millennium Development Goal targets such as “ending extreme poverty and hunger” and “reducing by half the proportion of people who suffer from hunger” by 2015, the large continental picture is patchy and the overall progress slow (FAO, 2015). Food insecurity reached catastrophic dimensions in some areas of Africa, particularly in the Horn of Africa and southern Madagascar (Sasson, 2012), and in some central African countries, the number of undernourished people has more than doubled since 1990 due to the synergistic effect of population growth, political instability and civil wars (FAO, 2015). West Africa has reduced the number of undernourished people by 60% since 1990 and is highlighted as one of the most successful sub-regions south of the Sahara (Hall et al., 2017). Eastern and Southern Africa also made significant progress in reducing the number of people facing food insecurity (FAO, 2015).

Food insecurity transcends insufficient food production, availability, and intake and also relates to the quality and nutritional composition of the food. Fish has often been promoted in many nutritional campaigns as a “rich food for poor people” (Beveridge et al., 2013), and plays an important role in improving Africa's food security and nutritional status. The potential of fish in improving the food security and nutritional status of rural poor, particularly of women and young children is well highlighted (Aiga et al., 2009; Longley et al., 2014; Thilsted et al., 2016; Bennett et al., 2018; Akuffo et al., 2020). Sensitization interventions tailored toward caregiver utilization of food sources like fish to improve child malnutrition has also positively affected fish consumption patterns (Bandoh et al., 2018). Africa's human population is the fastest growing in the world, with the population projected to reach 2.4 billion in 2050 from the present count of 1.1 billion (United Nations, 2015). This directly translates into more than half of the projected global population increase between now and 2050 being born in Africa. Africa's role in achieving SDG 2 is key to mitigating global food insecurity and several governments and sub-regional unions have made commitments to increase agricultural budgets and invest in technical solutions, high yielding crop varieties and sustainable agriculture (Sasson, 2012).



CONTRIBUTION OF AQUAPONICS TO FOOD SECURITY IN AFRICA

The current discussions on food security and sustainable food production have highlighted the “water-energy-food nexus” approach as key to analyzing and managing the interactions among global resource systems (Scott et al., 2015). The nexus approach acknowledges the interconnectedness of land, water, energy, capital and labor and their associated drivers (Joyce et al., 2019). An important element of the food security agenda in most African countries is to adopt a practice or programme that directly supports food insecure people to achieve some level of food self-sufficiency, particularly nutrition security. Mchunu et al. (2017) highlights the immense potential of aquaponics systems in ensuring food security in many areas in Africa through the provision of fish and vegetables. Fish is very important to human nutrition and health and is projected to play an essential role in the food security and nutrition discussions (Beveridge et al., 2013). The role of cultured fish in ensuring food security discussion is quite recent, and has become crucial in the face of stagnated outputs from natural waters. Even in small quantities, fish can improve the nutritional profiles of human diets by contributing essential amino acids which are often deficient in plant ingredients (FAO, 2014). The healthy macro- and micronutrient profiles of fish highlight its important role in improving malnutrition, especially among children, pregnant and lactating women (Simler et al., 2005; Béné et al., 2015). Many African nations are promoting fish culture as the answer to some of their current and future food production challenges (Robaina et al., 2019). However, the expansion of fish production through conventional earthen ponds and floating cages is constrained by several factors including limited land and water spaces, reduced water availability and concerns over environmental impact (Badiola et al., 2012). Production system diversification with particular emphasis on intensive recirculating systems including aquaponics are thus vital to the increasing fish production to meet the growing human population (Thilsted et al., 2016). Aquaponics systems have generally been projected as an innovative food system that effectively manages the food-water-energy-nexus and exceeds traditional paradigms and can resolve some of the complexities arising from sustainability and food security issues (Werner et al., 2015).

Food insecurity issues in urban areas have been projected to become worsen in Africa (König et al., 2016) leading to significant deficits in the food supply infrastructure and the creations of what has been aptly termed “food deserts” (Beaulac et al., 2009). Aquaponics implemented either as commercial enterprise or as community intervention can enhance local food production capacities (König et al., 2016). The technology is presently an emerging but rapidly growing one in Africa which is well-suited to alleviate some of the negative consequences of climate change and population growth, particularly in urban centers (Robaina et al., 2019). In the Western Cape of South Africa, aquaponics systems have been set up in urban landscapes in response to the increasing levels of food insecurity (Milliken and Stander, 2019). Poor households have been assisted to set up different scales of backyard aquaponics systems to augment food self-sufficiency and incomes. Some have in addition to growing fish and crops, added the production and sale of fingerlings and seedlings. According to Milliken and Stander (2019), increasing popularity of urban food production through aquaponics as a way to reconnect urban residents with food production improved the food self-sufficiency of these low-income communities. In space-limited urban areas, food security can be enhanced by adopting more efficient growing technologies such as vertical farming (Khandaker and Kotzen, 2018).

The drier and water-scarce regions of Africa, particularly those with limited arable lands can benefit from aquaponics given to meet food self-sufficiency while reducing environmental footprints. As part of the measures to meet the millennium development goal of eradicating extreme poverty and hunger and of ensuring environmental stability in Egypt, the country targeted aquaculture and aquaponics as viable options (United Nations, 2015). The significance of fish in Egypt's food security discussions typically correlates with increasing demands for dietary animal protein (Zwirn, 2002). Aquaponics technology has been piloted and implemented as part of the country's solution to reducing the volumes of food imports. The increased promotion of sustainable food production technologies in Egypt and other North African countries is partly as a result of the social and political unrest the region faced following periods of food insecurity and increasing food prices. To dampen the effects of fluctuating world food prices and its impacts on citizens, particularly the impacts felt by the rural poor of that country, national agencies in charge of fisheries and aquaculture have piloted small-scale aquaponics systems in rural areas and report of favorable uptake of the technology (Goada et al., 2015). There have been several private establishments in Egypt offering scalable aquaponics models aimed at improving household food self-sufficiencies. Large-scale aquaponics farms have also been established across the country, especially in the regions with pervasive water problems and limited availability of arable land. Although presently the continent-wide adoption rate of aquaponics is low, there is a high potential for increased uptake of the technology if the installation components are sourced from local materials (Benjamin et al., 2020). While most of the narrative in this section highlights the contribution of aquaponics to food security, it should be seen as a complementary technology to conventional aquaculture and agriculture since it is presently well-suited for the culture of a few fish species and has not been optimally proven to be able to support the growing of most key staple foods.



CLIMATE CHANGE, LAND AND WATER RESOURCE ISSUES

In addition to population growth, climate change is projected to significantly affect food security in Africa over the coming decades and there is robust evidence suggesting that climate change impacts will be more severe in developing countries (Tschakert, 2007). Sub-Saharan Africa is predicted to be worst affected by climate change due to the already elevated air temperatures, reliance on rain-fed agriculture and fragile local economies (Niasse et al., 2004). About 600 million people in sub-Saharan Africa will be predisposed to food insecurity and malnutrition by 2060 because 60–90 million hectares of the land is expected to experience intense drought (Sasson, 2012). Farmers have increasingly made efforts to adapt to climate change through shifting planting seasons and planting draught-resistant crop varieties but the current trends in yield improvements will not match the projected global food demand by 2050, suggesting a necessary expansion of food production areas (Bajželj et al., 2014). Expansion in agricultural land, however, appears to be impossible due to the widespread land degradation and other environmental problems. Between 1970 and 2013, the availability of agricultural land globally has decreased by more than 50% (World Bank, 2018).

Climate change is also expected to impact water availability in Sub-Saharan Africa and this will affect water-dependent livelihoods such as aquaculture. Aquaculture is the fastest growing animal sector in the world and has been identified as an important sector to successfully address the challenges to global food security arising out of the increasing human population and climate change (National Research Council of the National Academies, 2015). However, aquaculture is likely to be affected by climate change, particularly temperature increments. Unlike other farmed animals, all cultured fish species for human consumption are poikilothermic. Consequently, any increase and/or decrease of the temperature of fish habitats could have a significant influence on general metabolism and hence the rate of growth and total production.

Increased frequency and severity of droughts, floods and extreme weather events are expected to affect water availability, food security, health, infrastructure and thus overall development. Water stress leading to decreased water availability in major rivers and lakes in Asia and Africa as reported by IPCC (2007) can significantly affect both cage and pond-based aquaculture by reducing water availability and/or retention times. The predicted increases in the occurrence of extreme weather events can also lead to significant economic losses resulting from damaged fish cages and fish escapes. Due to high poverty levels, the reliance on rain or natural water bodies as water sources and the lack of access to technology and improved aquaculture practices, these impacts are likely to be severely felt in the major aquaculture regions of Africa. This coupled with conventional food production systems facing limitations for further expansion due to lack of space, reduced water availability and heightened concerns over environmental impact (Goddek et al., 2019a), has led to progressive adoption of controlled food production systems. In this context, aquaponics as a food production system that recycles nutrient and waste can address food security issues, particularly for arid regions or areas with poor agricultural soils (Goddek and Körner, 2019). As a hybrid technology, aquaponics can also mitigate some of the effects of climate change on food production.



CONCLUSION

There is no simple solution to ensuring food security, but technological innovations in food production systems can directly support food insecure people to achieve some level of food self-sufficiency, particularly nutrition security. With current food production goals no longer aimed at simply maximizing productivity but optimizing outputs across different production systems, aquaponics technology holds an immense potential in ensuring food security in many parts of Africa. Household and commercial aquaponics establishments in Egypt and South Africa have been directly linked with ensuring food security in rural and urban settings. The continent-wide adoption of aquaponics positively correlates with the level of aquaculture output. Egypt, Nigeria, Kenya and South Africa who are major contributors to the continent's aquaculture in Africa are also countries leading in adoption of aquaponics. As the continent's population continues to increase and the threats of food insecurity heightens, aquaponics represents a promising technology for producing both high-quality fish protein and vegetables in ways that utilize substantially less land, less energy and less water while also minimizing chemical and fertilizer inputs that are used in conventional food production. It is, however, imperative that more research is directed at developing low-cost aquaponics systems that can easily be adopted by low- and middle-income Africans.
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