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Rice and fish are preferred foods, critical for healthy and nutritious diets, and provide the foundations of local and national economies across Asia. Although transformations, or “revolutions,” in agriculture and aquaculture over the past half-century have primarily relied upon intensified monoculture to increase rice and fish production, agroecological approaches that support biodiversity and utilize natural processes are particularly relevant for achieving a transformation toward food systems with more inclusive, nutrition-sensitive, and ecologically sound outcomes. Rice and fish production are frequently integrated within the same physical, temporal, and social spaces, with substantial variation amongst the types of production practice and their extent. In Cambodia, rice field fisheries that strongly rely upon natural processes persist in up to 80% of rice farmland, whereas more input and infrastructure dependent rice-shrimp culture is expanding within the rice farmland of Vietnam. We demonstrate how a diverse suite of integrated production practices contribute to sustainable and nutrition-sensitive food systems policy, research, and practice. We first develop a typology of integrated production practices illustrating the nature and degree of: (a) fish stocking, (b) water management, (c) use of synthetic inputs, and (d) institutions that control access to fish. Second, we summarize recent research and innovations that have improved the performance of each type of practice. Third, we synthesize data on the prevalence, outcomes, and trajectories of these practices in four South and Southeast Asian countries that rely heavily on fish and rice for food and nutrition security. Focusing on changes since the food systems transformation brought about by the Green Revolution, we illustrate how integrated production practices continue to serve a variety of objectives to varying degrees: food and nutrition security, rural livelihood diversification and income improvement, and biodiversity conservation. Five shifts to support contemporary food system transformations [i.e., disaggregating (1) production practices and (2) objectives, (3) utilizing diverse metrics, (4) valuing emergent, place-based innovation, (5) building adaptive capacity] would accelerate progress toward Sustainable Development Goal 2, specifically through ensuring ecosystem maintenance, sustainable food production, and resilient agricultural practices with the capacity to adapt to global change.
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INTRODUCTION

The world's food systems are simultaneously overreaching planetary boundaries and failing to meet nutritional needs (Gordon et al., 2017; Willett et al., 2019). In response, transformation of current food systems is increasingly called on to minimize environmental impacts and sustain livelihoods while also producing food of sufficient quantity and quality to meet the growing needs and demands of populations globally (Ericksen et al., 2010; IPES-Food, 2016; Schipanski et al., 2016). A food system incorporates “all the elements (environment, people, inputs, processes, infrastructures, institutions, etc.) and activities that relate to the production, processing, distribution, preparation, and consumption of food, and the outputs of these activities, including socio-economic and environmental outcomes” (HLPE, 2014). Transformation toward more sustainable and equitable food systems is a foundation of the Sustainable Development Goals, directly for the second goal “Zero Hunger” and as a critical enabler of many of the other goals (Caron et al., 2018). To re-shape food systems to meet the environmental, economic, and social challenges of sustainability, we must shift away from a narrow productivity focus that dominated previous “revolutions” in agriculture (Pingali, 2012; Blesh et al., 2019), aquaculture (Troell et al., 2014), and fisheries (Ratner and Allison, 2012).

Agroecological practices are important in the package of solutions needed to transform food systems (IPES-Food, 2016; HLPE, 2019) and to build resilience of livelihoods and landscapes in the face of global change (Sinclair et al., 2019). Agroecological practices are diverse, but can be characterized by a generic set of agroecological principles, such as a preferential use of natural processes and a focus on local suitability, equity, and systems management (Altieri, 2002; HLPE, 2019). The principles are conceptualized in categories of technical and/or biophysical and of organizational, institutional and/or socio-economic attributes (Therond et al., 2017; AFD CIRAD, 2018) and their application occurs in varying degrees along a gradient (HLPE, 2019). These gradients can be used to develop a typology that organizes and describes the diversity of practices within a production sector, e.g., maize and livestock production in central United States (Blesh and Wolf, 2014). A typology of production practices can guide evaluation of the contribution of various practices to food systems objectives (Blesh and Wolf, 2014) and facilitate planning for transformation pathways to sustainable food systems. We demonstrate this approach in the context of Asian agricultural landscapes and diets, which have been dominated by rice and fish for more than a millennium (Ruddle, 1982; Miao, 2010).

Rice cultivation occurs in a range of agroecosystems, including lowland areas that are seasonally inundated by rainfall and floodplains extending from the edges of rivers and lakes (Heckman, 1979; Fernando, 1993). These agroecosystems also provide habitats for a “wide range of aquatic species (including finfish, crustaceans, mollusks, reptiles, insects, amphibians, and aquatic plants) used for consumption and/or sale” (FAO, 2014). Rice-fish production practices (RFPPs) are those where the cultivation of rice takes place while allowing the simultaneous or rotational presence of: naturally occurring fish and other aquatic species that are harvested through fisheries; and/or introduced fish populations that are cultured (FAO, 2014). Throughout Asia, RFPPs have developed, persisted, and been transformed under a range of environmental, social, and agricultural policy contexts and comprise diverse fish species and rice varieties (e.g., Heckman, 1979; Halwart, 1998; Amilhat et al., 2009). Presence of fish within agri-food systems is observed globally (Halwart and Gupta, 2004) and is especially important in food insecure nations (Fisher et al., 2017). Despite this, incorporation of fish in agricultural food security programs is lacking (Fisher et al., 2017) and fish are rarely more than anecdotally mentioned in agroecology and food systems literature, despite their relative resource efficiency among animal sources of dietary protein and rich micronutrient content for diets (Kawarazuka and Béné, 2011; Béné et al., 2015).

In addition to the production of rice and fish for food and nutrition, RFPPs can provide a range of ecosystem services and farmer benefits, depending on the approach and application of agroecological principles. For example, RFPPs can make efficient use of scarce water and land resources (Frei and Becker, 2005), maintain biodiversity (Liu et al., 2013; Freed et al., 2020), regulate water flows and water quality (Zhang et al., 2012), and reduce the need for agrochemicals for rice production (Halwart, 1994; Cheng-Fang et al., 2008; Xie et al., 2011). RFPPs can also provide local food and nutrition security (Garaway et al., 2013; Halwart, 2013), income benefits (Hortle et al., 2008), generate more revenue per hectare than rice monoculture (Dwiyana and Mendoza, 2006), and produce higher rice yields (Halwart and Gupta, 2004; Dubois et al., 2019), although rice monoculture can be more cost and labor efficient (Dwiyana and Mendoza, 2006) and in some contexts, the economic return from fish replacing a rice crop in a rotational system can be lower than the return from the second rice crop (Ahmed et al., 2011). RFPPs are not the only agroecological alternatives to rice monoculture: ecologically engineered farm design can enhance biodiversity and ecosystem function (Horgan et al., 2016); and alternate wetting and drying can reduce water and input use in irrigated systems (Tirol-Padre et al., 2018).

The nutritional, environmental, and cultural value of integrated rice and fish production has been recognized in contemporary agricultural discussions since the 1948 convening of the FAO Rice committee (Halwart and Gupta, 2004). However, interest in RFPPs has periodically waxed and waned, and has yet to gain traction alongside the more locked-in monoculture production focus (Halwart and Gupta, 2004; IPES-Food, 2016). This is at least in part due to the disciplinary approaches to agricultural and aquatic systems research and development that impedes integration among crops and wild and cultured aquatic resources (Amilhat et al., 2009; Tezzo et al., 2020). Currently, agricultural investments increasingly seek to achieve food and nutrition security as well as environmental sustainability objectives (Asian Development Bank, 2015; McCartney et al., 2019), leading to increased interest in agroecological approaches (e.g., FAO, 2019; HLPE, 2019). To assist in these efforts, we describe the range of RFPPs and evidence of their respective advantages, constraints, and contributions toward sustainable food systems outcomes. This focus is particularly urgent, given that the types of RFPPs that actively stock, enclose, and feed fish are expanding in China and elsewhere in Asia (Hu et al., 2015; Miao, 2016; FAO, 2019), without consideration of other types of RFPPs that are more aligned with agroecological principles.

To bridge the evidence gap constraining decision-making, we draw on literature to develop a typology to distinguish RFPPs based on the nature and degree of: water infrastructure and management, the use of inputs, the source of fish populations, and the institutions that control access to fish. We illustrate these variations across four RFPP types for which we also highlight current and potential research and innovation to improve delivery of food system outcomes (specifically, food and nutrition security, equitable and secure incomes, and ecological integrity). We review the trajectory of RFPPs in four case studies from South and Southeast Asian countries and examine the enabling and constraining factors determining the contributions of each RFPP to food systems objectives. We discuss how RFPPs might contribute to different pathways for food system transformation in rice producing nations, and explore ways in which research, innovation and policy might enable achievement of multiple food system objectives.



RICE-FISH PRODUCTION PRACTICE TYPOLOGY

Rice-fish production practices vary substantially between different contexts and countries. Scholars have noted distinctions based on biophysical and technical attributes such as relative use of naturally occurring or stocked fish, water control measures, intensity, and volumes of production inputs (e.g., Welcomme and Bartley, 1998; Koohafkan and Furtado, 2004) and organizational and institutional attributes such as the fit with, and use of, a range of governance institutions (e.g., Dey et al., 2013). Drawing on literature and field observations, we developed a typology of RFPPs along an agroecological continuum. The continuum runs from high levels of human control and substitution of natural processes to lower levels of control and greater reliance on natural processes for five variables; (1) fish stocks, (2) water control, (3) inputs to support fish production, (4) inputs for rice, and (5) institutions that control access to fish (Figure 1). Rice varieties, fish species, water access, and rice planting methods are also variable, but do not help to distinguish RFPPs as they vary as much (or more) within types than between them. The typology is not meant to be an exhaustive catalog of all factors that vary and all types of RFPPs, but instead aims to elucidate at a broad level distinguishing characteristics that influence RFPP performance in terms of food systems outcomes. The typology is also not meant to impose a “good-better-best” ordering of production practices, as RFPP suitability is highly context dependent. In addition, differing contexts and drivers of change can also result in variable outcomes within each RFPP type. In this sense, RFPPs are only one component necessary for delivering food systems objectives. Below, we describe in greater detail each exemplar RFPP in terms of the five aforementioned attributes.


[image: Figure 1]
FIGURE 1. Typology of rice-fish production practices with (A) illustrations and photos that depict each of four exemplars (3–6) and their monoculture reference points (1,2). (B) The types can be distinguished by use of agroecological attributes along a continuum of (high to low) control and substitution of natural processes in terms of; (1) fish stocks, (2) water control, (3) inputs to support fish production, (4) inputs for rice, and (5) institutions that control access to fish. Notes: *May include some naturally present; **May include some stocking; ∧Water control is low during monsoon season and fish production, but irrigation is used during dry season for rice cultivation; ×May include privatization of fish remaining in ponds within rice fields after flood recession; ××Commons for small wild fish harvest, contractual shared access for cultured and wild fish.



Rice Field Fisheries

Rice field fisheries lie on the “natural” end of the agroecological continuum. Rice field agroecosystems often contain both rice fields and water bodies such as canals, streams, ponds, and ditches. The harvest or capture of naturally occurring (or “wild”) fish, aquatic animals, and plants from these rice field agroecosystem habitats is referred to as “rice field fisheries” (Gregory, 1997). An important contributing factor to these fisheries is the natural inundation of rice fields that occurs following seasonal rainfall and/or rising water levels in rivers and other water bodies. During the inundation period, many fish and other aquatic species migrate from perennial water bodies to the shallow rice field wetlands to feed and spawn. Studies on the aquatic biodiversity of rice field fisheries across China and Southeast Asia reveal that between 32 and 147 species are caught and used (Supplemental Table 1; Supplemental Figure 1). Flood waters and fish may be considered a common pool resource even when occurring in privately owned rice fields. Wild fish are most prevalent when water management infrastructure (dikes and irrigation) and agrochemical use is minimal (Ali, 1990). Stocking may occur in rice field fisheries, but if it does occur is usually minimal. Small water bodies within or near the rice field may be managed as perennial refuges for fish, or may function as trap ponds from which fish are harvested when the pond is pumped or dries out.

Historically, rice field fisheries were the most widespread form of integrated rice and fish production (Coche, 1967; Ruddle, 1982), and are most common in rainfed and deepwater rice growing areas (Vo, 1975; Gregory, 1997). Rice field fisheries have been an important source of food and nutrition security, and livelihoods for rural communities in low and middle income countries across Asia, including in Bangladesh (Dey et al., 2013), Cambodia (Freed et al., 2020), Lao PDR (Nguyen Khoa et al., 2005; Garaway et al., 2013), Myanmar (Gregory, 2017), and Vietnam (Berg et al., 2017; Nguyen et al., 2018). The level of formal recognition and management support for these fisheries varies greatly, with the greatest support occurring in Cambodia (e.g., Fisheries Administration, 2011; MAFF, 2014). While rice field fisheries are a long-standing RFPP, associated agricultural and water use practices and infrastructure have changed substantially in many places. Community fish refuges (Kim et al., 2019) and “fish friendly” irrigation (Baumgartner et al., 2016) are two examples of contemporary rice field fisheries research and innovations for improving environmental connectivity, biodiversity conservation, and food and water security.



Community-Based Fisheries and Aquaculture

Community-based fisheries and aquaculture straddles the intervention and natural ends of the agroecological continuum. This practice emerged out of three decades of research in Bangladesh on floodplain aquaculture and community-based fisheries management (Sheriff et al., 2010) and was introduced and adapted in Vietnam, Cambodia, Mali, and China, but was not as widely adopted or expansive as in Bangladesh (Joffre and Sheriff, 2011). Community-based fisheries and aquaculture occurs in lowland flood-prone areas where one crop of rice is grown only during dry months. During the monsoon, rice fields are inundated to a depth of 2–3 m. The resulting inundated water bodies were traditionally common areas to harvest wild fish and aquatic plants. Under community-based fisheries and aquaculture, the water bodies are managed for both wild fish and fish culture through technical and water governance innovations that allow wild fish (and fishers) to remain while introducing a communal governance model for cultured fish production (Joffre and Sheriff, 2011). For example, inlets and outlets are fenced to keep cultured fish in while allowing passage for smaller wild fish. Community-based fisheries and aquaculture includes stocking the water body with fish; most commonly cultured fingerlings of carp species (e.g., Hypophthalmichthys molitrix, Labeo rohita), but also wild-sourced broodfish of mola (Amblypharyngodon mola), other small indigenous species such as darkina (Esomus danricus), chela (Chle phulo), puntius (Puntius spp.), and indigenous species of catfish (Clarias spp.) and snakehead (Channa spp.). Ongoing social (e.g., water governance), economic (e.g., market connections and resilience), and ecological (e.g., optimal stocking densities and biodiversity) innovations continue to be tested and refined in Bangladesh.



Rice-Fish Culture

Rice-fish culture lies predominantly on the intervention end of the agroecological continuum, yet comprises a broad range with many variations in practice. Rice-fish culture is the deliberate introduction of fish from cultured or wild sources into a rice field. While some practices may include natural water flows to retain wild stocks and biodiversity, these are recused in areas with greater water control and physical barriers to prevent escape of cultured fish (Lu and Li, 2006). Water is actively managed to control inflow during the dry season, and dikes are used in the wet season to prevent flooding. In many contexts, rice-fish culture is privately managed by the rice farmers who own or lease the plot of land.

There are two main sub-types: concurrent culture and alternating culture. Concurrent culture is where rice and fish are cultivated together in the same space and at the same time. Alternating culture is where production cycles of rice and fish crops are sequential. It is possible for both concurrent and alternating culture to take place within the same rice plot, as in extended growing seasons for fish beyond the rice harvest, or multiple crops of fish with fewer crops of rice (e.g., Halwart and Gupta, 2004; Dwiyana and Mendoza, 2008). Input use is often determined by the extent of intensification and the timing and duration of the fish culture (Halwart and Gupta, 2004). Fish are often fed when present at high densities and for fish grow-out, while low densities of fish and/or short duration fish culture are likely to require either no inputs or only the application of fertilizers to promote phytoplankton growth and enhance the natural food web that supports fish (Halwart and Gupta, 2004).



Concurrent Rice-Fish Culture

In concurrent culture, also referred to as rice fish co-culture, the rice field is modified with the addition of small water bodies such as trenches, small ponds, or depressions that retain water for fish habitat when water levels become low in the rice field. Concurrent culture tends to use fewer agrochemical inputs than alternating culture or rice monoculture and aquaculture. Fish can feed from the biodiversity in the flooded rice field and have a symbiotic relationship with rice crops; fish are eating insects and so reduce the pest load, and fish waste contributes nutrients to the water and soil. Concurrent rice-fish culture requires a relatively high degree of management, for water levels in the rice field and the fish shelter through irrigation and dikes. A drop in water levels in the rice field can undesirably shorten the duration of fish culture, especially toward the end of a monsoon season or as water availability declines during a dry season. In Asia, rice fish co-culture has been practiced for over a 1,000 years, with documented cases in China, Indonesia, Thailand, Vietnam, Philippines, Malaysia, Bangladesh, and Myanmar (Halwart and Gupta, 2004). Recent innovations for this long-standing practice focus on diversifying production through fish polyculture and integrated (i.e., plant and vegetable) farming (FAO, 2019).



Alternating Rice-Fish Culture

Alternating culture of rice and fish allows the use of crop-specific inputs during both rice and fish culture. The use of inputs for both fish and rice is relatively common, and as such alternating culture is considered an intensive form of rice-fish culture. During fish culture, the rice field is managed as a shallow pond for fish. Feed and other inputs may be used to maintain and grow fish. Alternating culture also occurs in coastal areas, such as the “gher” in Bangladesh and rice-shrimp culture in Vietnam, in which a monsoon season rice crop is followed by a dry season shrimp crop that coincides with saline water intrusion in the rice field. Production of fish fingerlings in alternating culture has emerged as aquaculture growth has boosted the demand for fingerlings, particularly in Indonesia (Costa-Pierce, 1992) and Bangladesh (Barman and Little, 2006). Recent research investigates technical and social innovations that might improve institutional arrangements among stakeholders and across scales (Joffre et al., 2018; Nguyen et al., 2020). A primary focus of this research is to improve management of organic and agrochemical effluents from culture ponds and rice cropping (Joffre et al., 2018).




FISH, RICE, AND FOOD SYSTEM TRANSFORMATION

The Green Revolution and transformation of rice culture into intensively farmed monoculture began in Asia around 55 years ago (Hazell, 2009; Pingali, 2012). The changes to farming practices included increased use of agrochemicals and more rigid control of water flows and storage that reduced connectivity to floodplains and water bodies (e.g., Shankar et al., 2005; Tong, 2017). Resultant gains in rice production were substantial; across all developing countries rice yields increased 109% (Pingali, 2012), and across Asia total rice production rose steadily and rice prices decreased (Hazell, 2009). However, these farming practices also resulted in losses of long-standing integrated rice and fish production in, at least, Malaysia (Ali, 1990), Vietnam (Berg et al., 2017), and China (Lu and Li, 2006). In Bangladesh, Cambodia, Vietnam, and Myanmar, rice yield per hectare doubled between 1965 and 2000 and rice production tripled by 2013 (FAO, 2020c). Rapid growth in aquaculture production occurred around the same time globally (Troell et al., 2014) and across Asia (Ahmed and Lorica, 2002).

While these agriculture and aquaculture revolutions gained substantial investment and policy attention, inland capture fisheries persisted, but were underappreciated and largely ignored (Cambodia is a notable exception). Recent research illustrates the magnitude of inland capture fisheries contributions to food and nutrition security (Fluet-Chouinard et al., 2018). Yet, the low profile of inland fisheries in national and global policies, including their absence in the Sustainable Development Goals, persists to this day (Cooke et al., 2016; Funge-Smith and Bennett, 2019). This is most likely due to a combination of factors, including the difficulty of collecting reliable data to fulfill official statistics (Coates, 2002; Bartley et al., 2015), the popular crisis narrative of declining fisheries (Friend et al., 2009), and of the fact that fisheries are not easily amended to the Green Revolution approach of increasing productivity. This lack of policy support for fisheries greatly reduces the nutrition provision potential of food systems (Thilsted et al., 2016).

Current conditions are ripe for transformation in Asia's rice and fish sectors, yet there are multiple interpretations about what this transformation might entail. Rice producing regions are now contending with issues of climate change (Johnston et al., 2009) and factors exacerbating persistent rural poverty, such as increasing indebtedness and loss of land (Ingalls et al., 2018). Local, regional, and international demand for rice and fish are expected to increase for decades to come (Reardon and Timmer, 2014; Chan et al., 2017). Fish demand is tracking faster than population growth, with increases in per capita consumption associated also with rising incomes (Chan et al., 2017). Rice demand is expected to continue to grow as populations do, but at a slower rate given that as incomes rise, diets tend to diversify away from staples (Reardon and Timmer, 2014; Cramb and Newby, 2015). Growth in both rice and inland capture fishery production have recently slowed or reversed in the case study countries. Rice production seems to have peaked in Myanmar (in 2009) and Vietnam (in 2015) and production growth is slowing in Bangladesh and Cambodia (since 2010; FAO, 2020c). Inland capture fisheries production has begun to level off or gradually decline (since 2009 for Bangladesh, 2013 for Cambodia, 2016 for Myanmar, and 2001 for Vietnam; FAO, 2020a). As of 2013, capture fisheries still contributed substantially to inland fish production in Bangladesh (36%), Cambodia (86%), and Myanmar (49%; FAO, 2020a). While growth in aquaculture production has continued, the relative contributions of inland capture fisheries remain sizeable in terms of fish production (Edwards et al., 2019; Funge-Smith and Bennett, 2019), food provision (Arthur and Friend, 2011; Fluet-Chouinard et al., 2018), and nutrition (Halwart, 2006; Kawarazuka and Béné, 2011; Thilsted et al., 2016; Golden et al., 2019).

The Green Revolution aim of increased rice production was adopted to varying degrees in Bangladesh, Cambodia, Myanmar, and Vietnam. Yet, the cases below (illustrated in Figures 2–6) illustrate how each country also adopted different objectives and strategies for food system transformation, including different policies, investments, and institutions that influenced the various roles RFPPs played. For each country we examine: (1) the changes to RFPPs and the trajectory of rice and fish sectors since 1980; (2) prevalent RFPPs, innovations, and evidence of RFPP contributions to food systems objectives; and (3) current gaps to achieving food system objectives and the potential pathways for rice and fish production to address these challenges.


[image: Figure 2]
FIGURE 2. Transformation pathways for rice-fish production practices. Starting from similar initial practices (predominantly rice field fisheries), rice-fish production in the four case study countries transitioned or transformed along different pathways according to their context and the objectives that followed from the Green Revolution (ca. 1985) onwards. During the present opportunity for food systems transformations, four potential pathways are foreseen, once again depending on the context and objectives in the push for sustainable food systems.



Cambodia

Rice field fisheries have been maintained, initially as consequence of socio-political crisis, but more recently through deliberate policy recognizing their importance as a productive fishery, their provision of food and nutrition security, the cultural appreciation of wild sourced foods, as well as the difficulty to compete with already advanced aquaculture in neighboring countries. Regaining food self-sufficiency was Cambodia's initial food system objective following the Khmer Rouge crisis, while a longer-term objective has been to employ the large rural population. Rice and fisheries contributed to Cambodia's substantial GDP growth from the 1990s, although the contribution from these sectors has declined in recent years (The World Bank, 2017a).

Rice field fisheries are prevalent in Cambodia's 2.6 million hectare wet season rice landscape, due to relatively little irrigation (17% of total area) and expansive rainfed lowlands (80% of total area; MAFF, 2017, 2018) with relatively little flood control. Official estimates place rice field fisheries at 30% of national inland fisheries production, while field-based studies estimate a higher contribution equivalent to 60–70% (Chheng et al., 2016; Freed et al., 2020). It is estimated that more than 50% of Cambodian rural households engage in fishing at least occasionally (Nasielski et al., 2016). Cambodia law stipulates that wild aquatic species in flooded rice landscapes are a common pool resource available to anyone who chooses to fish, provided non-destructive gear is used as stipulated by law. At least 150 wild aquatic species are present within the rice field landscape of Cambodia's Tonle Sap Region, including finfish, snakes, frogs, bivalves, prawn, crab, turtle, waterbirds, insects, and aquatic plants (Freed et al., 2020). The majority of aquatic species are used for food, and in sum these fisheries can provide more than 60% of the fish and other aquatic animals consumed within local farming-fishing households (Freed et al., 2020).

Cambodia's government has formally recognized, in the form of an enhancement strategy, the values and potential of rice field fisheries for national food production and food and nutrition security (Fisheries Administration, 2011; CARD, and TWG-SP&FS, 2014). The enhancement strategy centers around scaling community fish refuges, which are perennial water bodies (i.e., a small pond or part of a large reservoir) that provide habitats for fish within the rice field landscape (Figure 3). Research and pilots implemented throughout the Tonle Sap region have informed the development of best management practices for community fish refuges, including co-management, community engagement, and fisheries management strategies as well as habitat improvement and conservation measures (Kim et al., 2019).


[image: Figure 3]
FIGURE 3. Timeline of events that influenced rice-fish production practices in Cambodia.


One of Cambodia's primary food system challenges is to ensure more secure farming livelihoods, as evidenced by the concentration of poverty in rural areas, pronounced rural migration (Ingalls et al., 2018), and low Gross National Income per capita ($1,063, the lowest among the four case study countries; The World Bank, 2017b). Another challenge is to improve nutritional outcomes. Despite relatively high availability of freshwater fish per capita (Supplementary Table 2; FAO, 2020a), Cambodia performs poorly in terms of childhood stunting (ranked third among case study countries; GHI, 2019) and prevalence of maternal anemia (ranked fourth among case study countries; WHO, 2016). Potential impediments to achieving nutritional benefits from the relatively high fish consumption rate include demographic or geographical pockets of low fish consumption (for example, low fish consumption in children under 2 years of age) and issues of food safety, sanitation infrastructure, and lack of available clean water (Kawarazuka and Béné, 2011; Vyas et al., 2016). A transformation focused on availability of affordable fish for consumption and production of high-quality rice and fish for income generation could address these nutritional and livelihood challenges. Production of high-value rice and fish and ensuring their quality along the value chain could also improve international trade in the face of the large volumes of cheap rice and fish produced in nearby countries. Quality assurance would most likely require substantial investments, properly targeted incentives for value chain development, and improvements in regulatory policies and their implementation (Ponte et al., 2014).

Water demand is a growing challenge due to recurrent dry periods and increased frequency and/or severity of adverse conditions during rice cultivation (Chhinh et al., 2014; Thangrak et al., 2020), the limited capacity of existing reservoirs in the Tonle Sap basin (Johnston et al., 2014), “water-scavenging” irrigation at farm level (Mukherji et al., 2009), and large scale upstream hydropower development affecting the Mekong and its inflow into the Tonle Sap (Arias et al., 2014). This last factor has already been linked to an expected decline in food and nutrition security through loss of fish availability (Golden et al., 2019). Local mitigation measures such as effective water management, “fish friendly” designs for irrigation development (McCartney et al., 2019), and continued community fish refuge support and scaling of best management practices (Kim et al., 2019) are essential for sustaining rice field fisheries. Some policies have recognized the benefits of rice field fisheries and supported innovations to enhance performance. However, more policy consistency is needed to ensure irrigation and agricultural intensification are not carried out at the expense of natural water flow and biodiversity, for example the directive on irrigation development (MAFF, 2017) and the promotion of rice dry season crop intensification in the Tonle Sap region (RGC, 2008).



Bangladesh

Integrated rice and fish production practices diversified during the Green Revolution in Bangladesh due to aims of livelihood diversification alongside irrigation development for food system transformation. Diversification pursued due to famine, very low income per capita (the second lowest among all nations in 1975; World Bank Group, 2015), high levels of landlessness, and very small farm size. Bangladesh's economy also diversified away from agriculture (World Bank Group, 2015). However, rice and fish remain important agricultural products and dietary staples. Fisheries, and aquaculture in particular, may be considered key sectors for livelihood diversification and food and nutrition security, especially in rural areas. Around 11% of Bangladesh's population is employed in fisheries full or part-time (DoF, 2018). Aquaculture in particular provides rural income opportunities for landholders and landless alike (Belton et al., 2014). Improved fishery and aquaculture production remains a policy objective of Bangladesh for enhancing both employment and income, and food and nutrition security. Fisheries and aquaculture remain important contributors to agricultural gross domestic product and recently became productive enough to consider the nation's fish supply as self-sufficient (DoF, 2018).

Rice field fisheries in Bangladesh were once widespread, but diminished as dry season fish habitat was lost to intensification of dry season rice cultivation (Dey et al., 2013). Rice-fish culture is prevalent in southern Bangladesh, supporting the livelihoods of an estimated 600,000 people, including farmers, fish traders, and processors (Karim et al., 2014). Referred to in Bangla language as a “gher” farming system, rice-fish culture in this region consists primarily of alternating culture and most commonly incorporates shrimp and prawn, selected for their export value and high income potential for producers (Rahman et al., 2006; Belton, 2016; Faruque et al., 2017). The widespread production of shrimp and prawn has led to the development of hatcheries and irrigation infrastructure, adoption of compatible rice varieties, and more employment opportunities.

Two additional RFPPs, rice field nurseries and community based fisheries and aquaculture (covering approximately 3,000 and 50,000 hectares, respectively), are emerging through innovations responding to investment, climatic, demographic and/or economic changes (Figure 4). The rice field nursery model emerged in the 1980s and 1990s, when farmers opted to pilot fingerling production that required less investment than fish grow-out and was more amenable to the rice production cycle, using lower water depths and shorter growing periods (Barman and Little, 2006). Increased demand for fingerlings, availability of inputs including fry and commercial feed, and the relatively low risk and quick return on investment also encouraged farmer adoption of rice field nurseries. Currently, little information is published on the environmental, food security, and income benefits of these nurseries.


[image: Figure 4]
FIGURE 4. Timeline of events that influenced emerging rice-fish production practices in Bangladesh.


Community based fisheries and aquaculture emerged largely in Bangladesh's northwest (e.g., Rajshahi district) and central regions (e.g., Cumilla district; Toufique and Gregory, 2008; Dey et al., 2013). Innovation of the management model was essential for this RFPP's success. A community based committee is formed from diverse stakeholders, receives training, and develops functional rules and regulations with support from formal institutions such as local government, Department of Fisheries, non-governmental organizations, and members of civil society (Joffre and Sheriff, 2011). Governance is challenging, especially to ensure inclusion of fishers and landless individuals and equity of benefit sharing (e.g., Toufique and Gregory, 2008). When managed inclusively, employment opportunities are generated and fishers gain additional fishing opportunity for up to 6 months each year (Haque and Dey, 2017). Successful examples have demonstrated that community based fisheries and aquaculture increased expenditure equality by 15% among community participants (Haque and Dey, 2016). In addition, the increased fish production bolstered fish consumption, especially for landless non-fishers (33% increase in annual per capita fish consumption) and improved household incomes from fish by a factor of 3.7 (Haque and Dey, 2017).

Adequate nutrition remains a challenge in Bangladesh, particularly in terms of hunger and maternal anemia (ranked fourth and third among the four case study countries, respectively; WHO, 2016; GHI, 2019). Natural disasters and climate change effects are also key challenges, with diverse patterns affecting food production across the country (Dastagir, 2015; Raihan et al., 2020). Scaling of RFPPs with an emphasis on resilience to climate change and accessibility for local consumption could ensure the contribution of rice and fish production to improved nutrition. Community based fisheries and aquaculture is a suitable candidate for scaling, considering the demonstrated positive benefits for household consumption. Effective scaling will require development of policy conducive to RFPPs and producer-focused initiatives such as dissemination of farm management best practices, market development for inputs and outputs of fish culture, as well as initiatives to support the entire value chain (e.g., transportation facilities and financial and information technology instruments).



Myanmar

Rice production has remained the primary focus of agricultural and food policy in Myanmar since the Green Revolution, despite delivering relatively low yields and economic returns per unit of land area (Ministry of Agriculture, Livestock and Irrigation, 2018; World Bank, 2018). Rice and fish are the fourth largest contributors to gross domestic product and are the main sources of rural incomes (Raitzer et al., 2015; FAO, 2020b). The government has declared revitalization of the agriculture sector as a priority, following the impacts of a tumultuous political history (Figure 5).
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FIGURE 5. Timeline of events that influenced and ultimately restricted rice-fish production practices in Myanmar.


Rice field fisheries have continued as an abundant but “hidden harvest” in Myanmar. Myanmar's 2012 Farmland Act has reinforced the stringent conditions required for the conversion of rice fields for any other permanent purpose (Gregory, 2017), constraining physical modifications to the rice farming landscape for fisheries enhancement or integration of aquaculture. Nevertheless, informal rice field fisheries are very common (Gregory, 2017; Oo and Mackay, 2018). While not officially recognized, rice field fisheries remain important for food and nutrition security in rice farming regions and may in fact constitute a large proportion of inland fisheries production in Myanmar. A survey of 180 leasable fishing lots in the Ayeyarwady Region found that 34% of these lots included seasonally flooded wetlands that were used for rice cultivation during the dry season. Fish productivity in these areas was comparable to the most productive seasonal floodplains in Bangladesh and Cambodia (Tezzo et al., 2018). Most households participating in rice field fisheries benefitted from savings due to self-supply of fish and income from selling surplus catch (Gregory, 2017). Fishery decline is observed, however, likely due to large numbers of fishers, increasing use of agrochemicals, and electrofishing (Gregory, 2017). Rice-fish culture is also present in Myanmar, but much less prominent. Shrimp are produced in saline zones through alternating rice-fish culture, but very little rice-fish culture occurs in fresh and brackish water areas (Gregory, 2017). The number of farmers practicing concurrent rice-fish culture in freshwater regions is currently limited due to restrictions in the 2012 Farmland Act.

Myanmar is showing signs of shifting from a monoculture focus to diversified production. Recent on-farm piloting of concurrent rice-fish culture showed positive benefits for rice yield, agrochemical reduction, and mean gross margin (which was 25% greater than that of rice monoculture; Dubois et al., 2019). These results highlight the improved resource efficiency and potential economic benefits of adopting concurrent rice-fish culture in the Ayeyarwady Delta without compromising rice production. Approximately 70% of the fish produced in the research trials was sold to the local market and purchased by rural and peri-urban consumers, while 30% was consumed by the farming households (Dubois et al., 2019), indicating the potential to improve the diets of rice farming households and contribute to food and nutrition security in the region.

Economic inequality and food insecurity remain important challenges. Myanmar has the highest income inequality among the four case study countries (19.9% as of 2018; UNDP, 2020). Hunger and malnutrition affect large segments of the population and food insecurity remains a serious problem among resource poor people (Robertson et al., 2018). Inequalities in fish consumption exist, with the poorest households consuming less than one-quarter of the amount consumed by wealthier households (Wilson and Wai, 2013). In terms of environmental challenges, the central dry zone of Myanmar faces water availability limitations (Boori et al., 2017), while coastal regions face saline intrusion along with sea level rise (Oo et al., 2018).

Further studies are needed to assess the extent and benefits of RFPPs in Myanmar. Rice field fisheries likely make substantial contributions to food and nutrition security. Concurrent rice-fish culture could maintain rice production relative to rice monoculture, with the added benefit of fish as a more nutritious food and higher value commodity, however this has yet to be tested at scale (Dubois et al., 2019). Monoculture-focused policy and practices have limited the extent of RFPPs and land use regulations limit widespread adoption of rice-fish culture. The fast modernization of the agriculture sector may constitute another significant barrier to RFPPs. Further research on the current status and benefits of RFPPs to women and men in farming and non-farming households could provide guidance for policy makers to facilitate adoption and/or restoration of RFPPs toward local incomes and food and nutrition security.



Vietnam

Transformation of fish and rice sectors have been pronounced since the Green Revolution in Vietnam. The improvement in rice yields and production secured self-sufficiency and exportation, and the Mekong delta remains the “rice bowl” of the country, producing 50% of Vietnam's paddy rice (25 million tons) and 90% of its rice exports (Demont and Rustaert, 2017; Thang, 2017). The once prolific rice field fisheries of Vietnam's Mekong delta declined in tandem with rice intensification. Although the delta once produced up to 90% of total inland fisheries production in southern Vietnam (Taki, 1975), rural households in the delta have experienced significant decreases in wild fish catch and consumption (Berg et al., 2017; Nguyen et al., 2018).

Environmental and infrastructure changes have been profound as well. The Mekong Delta now hosts over 10,000 km of canals and 20,000 km of dykes, and irrigation infrastructure encompasses 90% of its cropland (Nguyen et al., 2020). Saline water intrusion is increasing in the delta due to land subsidence (to which groundwater extraction for irrigation is a contributing factor; Minderhoud et al., 2017), sea level rise, high levels of downstream sand mining, and reduced upstream flow of water and sediment (largely due to hydropower infrastructure along the Mekong and its tributaries; Eslami et al., 2019). Variability in soil fertility and large areas of acid sulfate soil further constrain the intensification of rice culture in the delta (Husson et al., 2000).

Policy mandates and market incentives have operated to convert and intensify RFPPs in the Mekong Delta. Intensification and commodification of fish (including prawn and shrimp) production followed the initial Green Revolution push for rice production and commodification (Figure 6). In response to the low farm-gate prices for the high-yield but low quality rice (Demont and Rustaert, 2017) and increased use of inputs that keep farmer incomes low (Berg et al., 2017), farmers have diversified production in increasing numbers since the early 2000s. The high value and salt tolerance of shrimp motivated farmers to convert a large area planned for rice intensification to shrimp aquaculture and alternating rice-shrimp culture (Hoanh et al., 2003).


[image: Figure 6]
FIGURE 6. Timeline of events that influenced rice-fish production practices in Vietnam's Mekong Delta.


Extensive alternating rice-shrimp culture now covers 160,000 hectares (Hai et al., 2016), or about 5% of the wet season rice cultivation area of Vietnam (General Statistics Office, 2016). Freshwater finfish aquaculture has also increased in the delta (Nguyen et al., 2020), as have alternating culture of freshwater prawn and rice (Nguyen et al., 2020) and concurrent culture of rice- freshwater prawn followed by shrimp (Penaeus vannamei or Penaeus monodon) is also increasing in the coastal zone of the Mekong Delta (Hai et al., 2017). Net returns of alternating rice-shrimp culture can be as high as $3,000 per hectare annually (AMDI, 2016). When compared with rice monoculture, rice-shrimp culture can improve economic and social equity and provide significantly higher net income at the household level, but may be difficult for poorer households to implement because of the high initial investment and reliance on household labor (Grassi et al., 2017). Although the shrimp sector is known for “boom and bust” cycles, alternating rice-shrimp culture in Vietnam appears to be more stable, at least in part because it is less prone to disease outbreaks than intensive aquaculture (Joffre and Bosma, 2009; Duc et al., 2015). While the rice may be consumed locally, nationally, or internationally, the shrimp are exported and rarely consumed locally, limiting the direct contribution to food and nutrition (Vu, 2012). Nonetheless, of the four countries we examine here, Vietnam has the lowest rates of childhood stunting and maternal anemia (WHO, 2016; GHI, 2019), due in part to increases in animal source food consumption in recent decades (Stür and Gray, 2015).

Currently, climate change, freshwater availability, and water quality are the greatest challenges for Vietnam's rice and fish sectors. Semi-intensive rice-shrimp culture can release exotic species, nutrient loads, and anti-biotic and agrochemical residues, even though rice-shrimp producers tend to report lower application of pesticides and antibiotics than in intensive shrimp culture (Be et al., 1999; Binh et al., 2018; Braun et al., 2019). Promotion of rice-shrimp management practices that limit nutrient discharge and restore connectivity between the plot and the wider ecosystem (e.g., Joffre et al., 2018) could mitigate some of the environmental and health concerns of high-input practices.

Recent severe drought and increasing saline intrusion is causing crop loss, particularly for rice (South China Morning Post, 2020). Alternating rice-shrimp culture may expand in the delta as saltwater intrusion continues, but it may be replaced by shrimp monoculture in areas where the duration of saline intrusion increases. The Ministry of Agriculture and Rural Development plans to develop the rice-shrimp area in the Mekong Delta to 250,000 hectares producing 125,000–150,000 metric tons by 2030, rendering a value of up to $1.3 billion and providing stable jobs for over 1 million people in rural areas (AMDI, 2016). At the same time, if there are no adaptation efforts, profit from intensive and semi-intensive shrimp farming is estimated to fall by $41 per hectare by 2050 due to climate change (affected in particular by increasing temperatures and lack of fresh water; Kam et al., 2012). Rising temperatures are anticipated to not only adversely affect shrimp, but also rice yields (Nhan et al., 2011). Although expansion of other RFPPs could further contribute to food system sustainability, continuing salinization and subsidence of the delta may require more dramatic shifts or a conversion to alternative production practices.




DISCUSSION

Food and nutrition security challenges are intensifying in the face of increasing demand for food as well as climate change and associated water stress and environmental degradation (Hanjra and Qureshi, 2010; Myers et al., 2017). In its current form, agriculture is overreaching the limits of global environmental sustainability (Gordon et al., 2017; Gerten et al., 2020). The typology and case studies in this review demonstrate how long-standing, adapting, and emergent agroecological practices can contribute to addressing these challenges in rice and fish producing nations. Reflecting on the Green Revolution approach to transforming food systems, the typology and case studies illustrate five shifts in approach, set out below, that could nudge food systems toward greater sustainability and better nutritional outcomes.

The first shift toward sustainable and nutrition-sensitive food systems is to apply an agroecological lens when identifying the range of production practices that can be enabled, improved, and scaled. The Green Revolution primarily promoted high-input practices and in doing so, sidelined other practices that are evidenced to effectively manage water availability, soil fertility, and pest control (Tilman, 1998; Tilman et al., 2002). The RFPP typology we developed illustrates the range and diversity of available agricultural practices for rice and fish production, including nutrition-sensitive practices. This typology broadens the solution space under consideration and illustrates opportunities for new practices or strengthening of agroecological features associated with existing practices.

The second shift in the approach to food system transformations is to account for the diversity of food system objectives. The Green Revolution focused primarily on the objective of increasing quantities of staple crops (Hazell, 2009; Pingali, 2012). Our review illustrates that, alongside this production goal, national food systems were also attuned to other objectives: nutrition gains and biodiversity conservation in Cambodia; livelihood diversification in Bangladesh; self-sufficiency in Myanmar; export value in Vietnam; and improving rural incomes in all cases. The contemporary demands for more sustainable and nutrition-sensitive food systems explicitly prioritize a much broader suite of objectives than the Green Revolution (De Schutter, 2017) and present an opportunity to build upon the breadth of food systems objectives found in the national food systems of Cambodia, Bangladesh, Myanmar, and Vietnam. The degree to which each objective will continue to be prioritized depends on the influence of divergent views of what constitutes a sustainable food system (Béné et al., 2019) and potential transformation pathways (Bezner Kerr, 2012; Blythe et al., 2018) within investments and policy.

The third shift is to align decision-making and planning tools with the broader range of recognized objectives, particularly through adjustments of metrics and evaluation frameworks. Food systems decisions during the Green Revolution were evaluated against indicators and targets relating to production, yield, Gross Domestic Product, and (in some cases) employment (IPES-Food, 2016; De Schutter, 2017). As public and private actors increase commitments toward sustainable food systems (Asian Development Bank, 2015; McCartney et al., 2019), evaluation metrics must align with, and ensure accountability to, a broader set of nutrition, equity, and environmental targets. In addition to evaluating food system performance, a shift in approach to metrics can improve tracking of feedback loops among food system components and outcomes and can facilitate course-checking and course-correction. Existing measures must also be refined to better distinguish among production practices, especially to better account for fisheries and diverse aquatic foods (Thilsted et al., 2016; Funge-Smith and Bennett, 2019). For example, in rice and fish producing nations, rice monoculture and aquaculture areas are often well-represented in national statistics, but areas of integrated and agroecological production such as rice field fisheries remain largely unrepresented or misrepresented as rice monoculture.

The fourth shift brings equity to the fore through contextualized and inclusive approaches to research and innovation. The Green Revolution has been criticized for relying on generic technologies and innovations that are disseminated globally with too little consideration for social, ecological, and agricultural context and diversity (Horlings and Marsden, 2011). Transformations devoid of agroecological practices are prone to excluding and marginalizing certain stakeholders, most notably vulnerable rural farming households (Bezner Kerr, 2012), and can enhance social and environmental inequalities (Bezner Kerr, 2012; Blythe et al., 2018). An emerging paradigm shift in agronomy emphasizes support for local innovation to develop emergent and adaptive solutions that suit the heterogeneity of farmer-fisher contexts and objectives (Sinclair and Coe, 2019). Ensuring the alignment of innovations, institutions, and policies is also necessary for effective transformation (Horlings and Marsden, 2011; Bezner Kerr, 2012; Joffre et al., 2018). The suite of production practices represented in the RFPP typology allow for continued testing and refining of innovations to further improve nutrition, equity, and environmental outcomes. The innovations emerging from RFPPs demonstrate gains or promise in enhancing management of landscape connectivity (in the Mekong Delta; Joffre et al., 2018; Nguyen et al., 2020), equity and inclusivity (in Bangladesh; Haque and Dey, 2016), and enabling adaptation in the face of changing environmental and sociopolitical conditions (in Myanmar; Dubois et al., 2019). Even for the long-standing rice field fisheries in Cambodia, innovation and research have enabled adaptation to the contemporary agricultural, ecological, and institutional context (Kim et al., 2019).

To support this contextualized and inclusive approach to research and innovation, research must more consistently investigate food and nutrition provision, equitable benefit sharing, and environmental outcomes of different production practices. These shifts in research focus will help meet Blesh et al. (2019) call for “place-based, adaptive, and participatory solutions that simultaneously attend to local institutional capacities, agroecosystem diversification and ecological management, and the quality of local diets.” For example, rice field fisheries outcomes can vary due to environmental conditions (both natural biophysical characteristics and managed attributes such as barriers to water flow and migration) and fishing practices, including access to fishing grounds (Freed et al., 2020), and also differ from outcomes of other RFPPs. Understanding the range of outcomes produced under variable contexts and among practices would help guide decision-making on whether to invest in enhancing a rice field fishery, an alternative RFPP, or another farming approach. Research is also needed on actors and practices along the rest of the value chain, institutions, and policies, to determine their influence on food systems equity and sustainability (Ericksen et al., 2010; Horlings and Marsden, 2011; De Schutter, 2017).

Finally, the fifth shift in the approach to food systems transformations is to build adaptive capacity to cope with evolving challenges and harness opportunities that arise during the implementation period. Substantial environmental change is occurring across South and Southeast Asia, e.g., salinization in the deltas in Vietnam, Myanmar, and Bangladesh (Dastagir, 2015; Minderhoud et al., 2017; Oo et al., 2018; Eslami et al., 2019); increasing frequency and severity of already disastrous extreme weather events in Bangladesh (Dastagir, 2015; Raihan et al., 2020); and water scarcity in parts of Myanmar and Cambodia (Chhinh et al., 2014; Boori et al., 2017; Thangrak et al., 2020). RFPPs can help maintain adaptive capacity in the face of environmental change, especially in coastal Bangladesh and Vietnam (Hai et al., 2016; Faruque et al., 2017). This adaptability is a unique feature of diversified agroecological production practices, in contrast to the “lock-in” effect observed in monoculture systems (Chhetri et al., 2010; De Schutter, 2017; Magrini et al., 2018). A lock-in, or the “cumulative outcome of technological trajectories adopted by farmers and promoted by extension services, agricultural policies, and agricultural research systems” (Chhetri et al., 2010), requires concerted efforts across institutions, disciplines, and scales to break (Chhetri et al., 2010; Meynard et al., 2018).



CONCLUSION

Systems perspectives to the concurrent environmental and food and nutrition security challenges we now face are gaining traction in policy arenas, providing an opportunity to embrace diversity in visions of agricultural change. Enabling the contribution of agroecological approaches to transforming food systems has the potential to improve progress toward the “Zero Hunger” Sustainable Development Goal (SDG). The evidence we synthesize demonstrates this for rice and fish producing regions. Integrated and agroecological rice-fish production practices can contribute to productivity and income for small-scale food producers and to ecosystem maintenance and capacity for adaptation to climate change and natural disasters, in alignment with SDG targets 2.3 and 2.4. Implementation of the five shifts we propose for food system transformations could maintain or further improve sufficient rice yields and production of rice and fish. Beyond that, these shifts support ecological integrity and biodiversity conservation alongside the provision of a broad range of nutrition and livelihood benefits, commensurate with a holistic vision of sustainable food systems.
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