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Aquaculture now supplies half of the fish consumed directly by humans. We evaluate whether aquaculture, given current patterns of production and distribution, supports the needs of poor and food-insecure populations throughout the world. We begin by identifying 41 seafood-reliant nutritionally vulnerable nations (NVNs), and ask whether aquaculture meets human nutritional demand directly via domestic production or trade, or indirectly via purchase of nutritionally rich dietary substitutes. We find that a limited number of NVNs have domestically farmed seafood, and of those, only specific aquaculture approaches (e.g., freshwater) in some locations have the potential to benefit nutritionally vulnerable populations. While assessment of aquaculture's direct contribution via trade is constrained by data limitations, we find that it is unlikely to contribute substantially to human nutrition in vulnerable groups, as most exported aquaculture consists of high-value species for international markets. We also determine that subpopulations who benefit from aquaculture profits are likely not the same subpopulations who are nutritionally vulnerable, and more research is needed to understand the impacts of aquaculture income gains. Finally, we discuss the relationship of aquaculture to existing trends in capture fisheries in NVNs, and suggest strategies to create lasting solutions to nutritional security, without exacerbating existing challenges in access to food and land resources.
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INTRODUCTION

For the first time in human history, farmed fish production has outpaced wild capture fisheries in seafood destined for human consumption (World Bank, 2014). Seafood is a critical component of our diets, comprising one-sixth of global animal source food consumption (FAO, 2014). With rapid human population growth, looming food insecurity (Godfray et al., 2010), and declining marine and freshwater fish stocks affecting food and nutrition security (Golden et al., 2016; McIntyre et al., 2016), aquaculture is a potential solution for cheaply and easily providing animal source foods to poor and food-insecure populations around the world (Kobayashi et al., 2015).

Here, we ask whether aquaculture, given current patterns of production and distribution, supports the needs of such populations. This question has been asked before (i.e., Merino et al., 2012; Beveridge et al., 2013; Béné et al., 2016); however, our approach differs in that we begin by identifying nutritionally vulnerable nations (NVNs) and then determine whether aquaculture meets important nutritional needs in these settings. We find that, with exceptions, the evidence for aquaculture currently serving the needs of the nutritionally vulnerable is limited. However, there is enormous potential for aquaculture in supporting a burgeoning global population's dietary needs if policy reforms incentivize markets to deliver these resources equitably.

The Role of Aquaculture in Nutritionally Vulnerable Nations

Seafood is a nutritionally valuable food, rich in long-chain polyunsaturated fatty acids, iron, zinc, vitamin A, vitamin B12, and many other important micronutrients (Golden et al., 2016). In order to directly support the needs of those at risk of reduced access to seafood, aquaculture production must be accessible by nutritionally vulnerable populations either through domestic production or trade. For this to be true, at least one of the following conditions must be met:

(1) if domestic aquaculture production exists within a nutritionally vulnerable nation, products must remain primarily within the nation;

(2) if aquaculture production is focused in non-NVNs, then policies and/or market mechanisms must direct the flow of aquaculture products to NVNs.

Further, in order for aquaculture to indirectly support the needs of those at risk, if aquaculture production within NVNs is largely exported, income from the sale of aquaculture production must enable these nations to purchase nutritionally rich dietary substitutes. We define national vulnerability to nutritional deficiencies driven by inadequate intake of seafood as being characterized by two factors: risk and dependency (Golden et al., 2016). We define risk as the population of a country having its overall dietary nutrient supply within 2x the estimated average requirement (EAR) for iron, zinc, or vitamin A1. We define dependency as a population's fish-derived nutrient supply comprising >10% with respect to vitamin A or zinc or >5% with respect to iron2. We also characterize nations vulnerable to inadequate supply of vitamin B12 or fatty acids by the proportion of seafood in their total animal source food supply, following methods in Golden et al. (2016). Based on these thresholds, we identified 41 seafood-based NVNs (Table 1)3.


Table 1. Total aquaculture production, aquaculture exports, total seafood exports, and percent of exports directed to nutritionally vulnerable nations (NVNs) from each NVN.
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To assess the criterion by which aquaculture may have direct contribution to NVNs, we use the FAO global commodities production and trade database provided by FishStatJ (FAO, 2016a) for statistics on annual production, imports and exports of fisheries commodities (for details, please see Supplementary Information). In the 41 nations most nutritionally vulnerable to reduced seafood access, a majority of these nations (26 of 41) have little or no aquaculture production (Figure 1). Of the remaining 15 nations that do have domestic aquaculture production, five nations have export-oriented aquaculture, meaning more than 50% of production by volume goes to international markets. By this assessment, 10 seafood-based NVNs have domestic-oriented aquaculture production (Figure 1): Bangladesh, China, Cote d'Ivoire, Ghana, Indonesia, Republic of Korea, Laos, Malaysia, Philippines, and Sri Lanka. These nations represent a diverse array of aquaculture species and approaches, with mixed effectiveness in conferring farmed seafood to nutritionally vulnerable populations. In some cases, aquaculture is effectively retained for domestic food security; for example, carp- and tilapia-based aquaculture in Bangladesh, Indonesia, Laos, Philippines, and Sri Lanka are largely for domestic consumption (Bush and Kosy, 2007; Dey et al., 2008), and aquaculture approaches in nations such as Bangladesh have real potential for providing animal protein to poorer households (Dey et al., 2010; Toufique and Belton, 2014). In contrast, farmed species in nations such as Cote d'Ivoire and Ghana are often marketed to the emergent urban middle classes (Paclibare, 2005; Sanogo, 2006). Of note, having a domestic-oriented aquaculture production system does not necessarily mean that nutritionally vulnerable subpopulations have access to or consume these aquaculture products. Moreover, even when aquaculture is consumed domestically by those in need, the biomass of wild capture fish can be compensated for but the nutritional shortfall still exists (Bogard et al., 2017).
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FIGURE 1. In red, aquaculture, whether domestic or export-orientated, is currently too small to contribute to food security and nutrition. In yellow, aquaculture for export markets usually focus on high value species, and contribution to food security is unlikely via imports. Nutritionally vulnerable populations often do not benefit from multiplier effects of exports, and may feel shortages of local supply. In green, domestic aquaculture has mixed characteristics, and only those that focus on specific approaches and species are likely to contribute to food security. All other countries not deemed nutritionally vulnerable to wild capture marine fish catch declines were not assessed.



In addition to domestic production, aquaculture may directly benefit NVNs through the import of non-domestically produced farmed seafood. However, assessing aquaculture's contribution to NVN imports is a difficult task. Since international trade statistics do not currently distinguish between wild caught and aquaculture products, precise estimates of aquaculture imports are not possible (FAO, 2016b). However, to determine whether the NVNs identified here were trading their seafood with other NVNs or with non-NVNs, we obtained 2014 data on both exports reported by any NVN as well as imports any country reported receiving from that NVN. Since separate estimates for capture and aquaculture were not available, we used total seafood trade (United Nations, 2014a), and found that generally less than 20% of exports were destined to other NVNs (Figure 1; Table 1). Since these data include both capture and aquaculture production, exports represent the upper limit of aquaculture trade reported between NVNs (Table 1). Therefore, while a complete picture of aquaculture imports to NVNs is not currently possible, only a small portion of aquaculture exported by NVNs remains available to nutritionally vulnerable populations. Further, considering the fact that 73% of world seafood imports are destined for developed nations, and aquaculture products are disproportionately high-value exports destined for international markets, the substantial contribution to NVNs via imports appears unlikely (FAO, 2007; Asche et al., 2015b). FAO further states that while aquaculture may represent an important component of food security, it is likely through consumption of low-value domestic species rather than import (Smith et al., 2010; FAO, 2016b).

In addition to the direct means by which aquaculture may support the needs of those most at risk, aquaculture products may also indirectly benefit NVNs through the purchase of nutrient-rich alternative foods with the income generated by the trade of domestic aquaculture products (Asche et al., 2015a). Classical theory of international trade and comparative advantage states there are welfare gains for both nations, in aggregate, when they open to trade. However, this theory does not assume equivalent gains in kind, an especially important consideration in the trade of nutrient-rich food products, and there are likely winners and losers from a nutritional standpoint in the transition to export-oriented fisheries production. Key questions with respect to this transition include: (1) who is losing access to seafood as a food source? (2) who is gaining income as a result of seafood exports? and (3) and what food products are being purchased with this increased income? It is likely that poor subsistence or artisanal fishermen will not receive the monetary benefits of national-level exports and may well feel the loss of locally available seafood supply (Béné et al., 2010). Even if these fishermen and those they support are benefiting from the multiplier effects of income gains through export/trade, they may not be purchasing foods of nutritional equivalence to seafood. These topics represent important future research directions.

Challenges and Opportunities in Providing for Those at Risk

An additional factor to consider is the relationship of aquaculture to existing trends in capture fisheries in NVNs. To understand how these trends interact with, and may be supplemented by, aquaculture, we considered the role of aquaculture in the 12 NVNs identified here as having export-oriented capture fisheries [Cabo Verde, Chile, Fiji, Guinea-Bissau, Guyana, Mauritania, Mauritius, Peru, Suriname, Thailand, United Arab Emirates, and Yemen]. Of the twelve, nine have limited or no aquaculture production at all, meaning that aquaculture does not presently compensate for what is lost from fisheries exports. The remaining three nations are Thailand, Peru and Chile. Thailand exports 95% of its fisheries production and 61% of its aquaculture production, totaling nearly four times the amount conserved for domestic consumption; therefore, Thai aquaculture is likely unable to compensate for the fish lost to export. Similarly, Chile's fisheries exports are nearly 16 times the national production volume of aquaculture conserved for domestic use, and Peru's exports total nearly 200 times the national aquaculture production conserved for domestic use. While this analysis does not account for potential extenuating factors (e.g., import and re-export of capture fisheries products), the emerging trend suggests that within the NVNs with export oriented capture fisheries, aquaculture is more likely to be integrated into export markets than it is to act as a nutritional substitute for local populations. Furthermore, this trend of seafood trade globalization is expected to continue in light of growing populations, increasing animal-source food demand, and shifts in production potential (Gephart and Pace, 2015).

In determining the importance of aquaculture to the overall global food system, it is important to understand the energy and resources directed from wild capture fisheries to aquaculture production. Yet straightforward analyses of trade-offs between aquaculture inputs and human consumption are confounded by rapid changes in aquaculture technologies and the rate of development in the sector. While previous analyses suggested that aquaculture growth may redirect nutritious capture fish resources away from nutritionally vulnerable consumers and toward aquaculture inputs (e.g., Naylor et al., 2000; Cashion et al., 2017), this relationship relies heavily on factors such as consumer acceptance, fish to non-fish ratios in aquaculture feeds, overall aquaculture production volume, environmental shocks, species-specific trends in feed, and global market dynamics (Naylor et al., 2009; Merino et al., 2012; Fréon et al., 2013; Troell et al., 2014). The environmental impacts of aquaculture will not be limited to wild capture fisheries. Aquaculture development often requires the enclosure of the coastal and riparian commons, which can displace users of these systems, notably in mangrove forest systems and on floodplains (Beitl, 2011; Sultana, 2012). Appropriate oversight to minimize environmental damage must be considered so as to limit the pollution and habitat destruction often connected to aquaculture production systems (Ottinger et al., 2016). While recent studies suggest aquaculture growth and capture fisheries sustainability may not represent a zero-sum game, the trade-offs for nutritionally vulnerable populations are as yet unclear (Naylor et al., 2009).

CONCLUSIONS

Despite significant challenges and uncertainties, there are ways in which aquaculture may improve access to seafood by nutritionally vulnerable populations. For example, despite the general lack of research on how purchasing power, market access, and dietary preferences affect consumption of aquaculture products by nutritionally vulnerable people (Kawarazuka and Béné, 2010; Béné et al., 2016), a few studies have found that some commercial aquaculture systems have led to price reductions in seafood products, and in turn, increased seafood consumption by the poor (Toufique and Belton, 2014; Troell et al., 2014). Furthermore, certain types of aquaculture industries have been shown to improve the livelihoods of economically disadvantaged people via development benefits (Dey et al., 2013; Little et al., 2016a). For example, semi-intensive freshwater aquaculture, with its low price (relative to marine capture seafood) and limited international markets, has become an increasingly important source of animal protein in some developing nations in Asia, with particular significance for medium and low-income populations (Murshed-e-Jahan and Pemsl, 2011; Diana, 2012; Pomeroy et al., 2014). Seasonal aquaculture and rice-fish culture are also important sources of protein and micronutrients for many of the world's poor (Fiedler et al., 2016; Haque and Dey, 2017). Although data are limited, there remains a tremendous amount of hope that aquaculture production can provide economic and nutritional support to the poor in the future (Beveridge et al., 2013; Little et al., 2016b).

The potential of aquaculture interventions to create lasting solutions to nutritional security, without exacerbating existing inequities in access to food and land resources, relies on development programs to take into account the socio-cultural dynamics of local food systems (Morgan et al., 2016). Strategies to achieve this might include:

(i) Investment in infrastructure to facilitate domestic and regional processing and trade in farmed seafood. Much development assistance in the fisheries and aquaculture sector has been directed toward supporting engagement in global value chains, neglecting the importance of domestic and regional value chains as potential markets for producers, and as sources of nutrition for low income rural and urban consumers (Béné et al., 2010).

(ii) Promoting research and extension mechanisms that support production of nutritious, lower-cost farmed fish and shellfish. Organizations that have historically done global public goods research in the sector, like the WorldFish Center (Ponzoni et al., 2011) and the Network of Aquaculture Centers of Asia (De Silva and Davy, 2010), remain valuable in ensuring research and development support to reach resource-poor farmers. This focus often includes species, production systems and markets that may be neglected when all sector development is left to the private sector.

(iii) Supporting land, water and sea tenure arrangements (FAO, 2012) that enable a range of producers to engage in the sector, including the landless poor who may be able to access waterways (e.g., Adivasi Bangladesh; Pant et al., 2014), communities or cooperatives that can organize to meet local demand (e.g., Cambodia, Lao; Phomsouvanh et al., 2015) and contract-farming arrangements (e.g., India; Umesh et al., 2010) that can compete with private firms in terms of scale of production and access to input and output markets.

(iv) Encouraging policy development in the sector that considers the potential for mixed-intensity systems, ranging from technology-intensive recirculating (closed) systems, to low-input semi-extensive systems, such as shellfish beds and fish ponds (Diana, 2012).

(v) Incorporating the experience of agriculture, where productivist models are giving way to diverse policies that support conservation agriculture, peri-urban and urban agriculture, diversified rural livelihoods, and “nutrition-sensitive agriculture” (Pinstrup-Andersen, 2012).

With these systems in place, it will also be necessary to create policy and economic structures that facilitate the flow of affordable aquaculture products to those who are nutritionally vulnerable. With aquaculture and wild capture fisheries products being roughly nutritionally comparable, we must also ensure improvements in fisheries management and marine conservation schemes that will facilitate equitable delivery of seafood to nutritionally vulnerable populations. In essence, we are suggesting a move toward nutrition-sensitive aquaculture and fisheries policies.
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FOOTNOTES

1EAR is defined as the value at which 50% of the population is meeting its requirement. 2x EAR is chosen so that a sizeable portion of the population is still at risk of deficiency without requiring an alarmingly high percentage of 50% deficiency before raising concern. Furthermore, our nutritional assessment relies on nutrient supplies rather than nutrient intakes, which are assumed to represent an overestimate of true intakes.

2A lower threshold for vulnerability was used for iron because heme iron (a component of fish and other meat, but not vegetal, sources) is easily absorbed and therefore physiologically valuable in the diet.

3We limit ourselves to considering developing nations, as classified by the United Nations (United Nations, 2014b).
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Country Total aquacuiture Share of exports in aquaculture Total seafood NVN seafood exports

production (t) production (%) exports (108 USD) (% total exports)
Antigua and Barbuda (1] 00 00 08 00
Bahamas [1) 00 00 88.1 19
Bangladesh (1] 15237590 31 686.1 119
Barbados [1] 105 533 18 02
Belize [1) 5,1020 9.4 911 181
Benin 2] 4000 00 10 26
Brunei Darussalam (2] 5300 78 53 37
Cabo Verde (2] 00 00 586 37
Chite [2) 954,845.0 882 57463 82
China (1] 38,621,269.2 74 14,837.7 247
Congo republic of (2] 680 00 20 20
Cote divoire (1] 3,394.0 00 113 72
Fii (1) 186.0 00 1849 204
French Polynesia (2] 612 12 162 08
Gambia (1) 330 00 64 59
Ghana [1] 19,092.0 00 46.6 99
Grenada 1) 00 00 77 25
Guinea [1] 200.0 o g 295 75.2
Guinea-Bissau [2) 00 00 173 77
Guyana 2) 263.1 179 1019 93
Indonesia [2] 2,718,421.1 69 3,520.6 195
Lo people’s democratic republic (2) 95,6000 00 00 %5
Republic of Korea [2] 507,052.0 192 1,500.1 257
Libya (1] 100 00 156 233
Madagascar [2] 88450 665 1423 186
Malaysia (1) 26872425 278 7138 184
Maldives [1] 00 00 1915 30.1
Mauritania (2) 00 00 923.1 283
Mauitius [1) 5073 00 1425 160
Mozambique (2] 796.0 331 81.4 1356
Peru (2] 92,2065 603 7.7 162
Philippines [1) 767,287.0 27 691.8 204
Saint Lucia [2) 109 00 02 05
Saint Vincent and the Grenadines [2) 00 00 16 664
Senegal [2) 3346 231 5143 203
Sri Lanka [1] 11,9109 112 2028 55
Suriname (2] 2002 455 %7 58
Thailand [1] 1,201,465.4 506 24355 188
Trinidad and Tobago (2] 197 612 6.6 a3
United Arab Emirates [1] 4150 68.4 2433 10.4
Yemen [1] 150.0 58.1 2339 73

Aquaculture production and trade data are derived from FAO (20162) date. Total seafood trade and percent trade directed to NVNS are derived from UN Comtrade (2014a) data. [1]
Denotes general trade data whie [2] Denotes special export within FishStat. Details for these calculations are provided in the Si section.
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