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Multiple uses of water aquaculture-integrated agriculture systems (AIAS) are inevitable to produce more food per drop of
water to address water shortage, food insecurity, and climate change. Pond-based AlA could aid in increasing productivity,
income for food producers and soil fertility, ecosystem maintenance, and adaptation to environmental change. AIAS helps
adapt to and mitigate climate change by reducing waste and greenhouse gas emissions, reducing pressure on water
resources, and recycling nutrients.
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| 1. Introduction

The current world population is anticipated to reach 8.5, 9.7, and 10.9 billion in 2030 (10%), 2050 (26%), and 2100 (42%),
respectively . These future projections imply the imperative of sustainable, high-yield food production systems that
maximize water and nutrient reuse while minimizing environmental impact. It is realized that the shift toward a more
sustainable food framework is the second goal of the “Sustainable Development Goals (SDG) Zero Hunger” to achieve
food sovereignty, enhance nutrition and advance feasible agriculture” &,

Agriculture is essential for achieving food security in the face of population growth worldwide. Globally, agriculture
consumes roughly 69-70% of yearly water withdrawals, while in a few dry countries, it consumes 90% [&. The
intergovernmental and legislative assemblies advocate for sustainable agriculture because agriculture is the major cause
and victim of water pollution . Any solution to save water must start by reinforcing water use for irrigation by
implementing the “more crops per drop” intensification approach to increase yield, particularly in regions with limited water
resources.

Similar to agriculture, aquaculture production pollutes water resources Bl Fish waste, including excretions and
unconsumed fish feed, accumulates, leading to water pollution. Aquaculture is a consumer of water, and its integration
with agriculture is logical and coherent, transforming it into a non-consumptive production sector that does not contend
with agriculture, which improves the benefits of sustainable farming 4. Therefore, the multiple usages of water in
aguaculture-integrated agriculture systems (AIAS) are effective in enhancing farm and water productivity, improving fish
pond water quality, and reducing the environmental impact of nutrient-rich water discharge, cost of water, and amount of
chemical fertilizer needed for crops. A potential strategy to increase “crops per drop” is aquaculture-integrated agriculture
(AIA), which is sometimes referred to as “more crop per drop” [41.

Aquaculture-integrated agriculture systems (AIAS)-based soil is a sort of sustainable intensification that produces more
food from the same land area and water use without ecological impacts . AIA incorporates the joining of fish, fruits,
vegetables, and livestock. In AIA, wastes are recycled from one system as inputs to another, and thus, pollution is
reduced (€. AIA has increased sustainability, productivity, profitability, efficiency, and maximally benefits from water, land,
and labor B, AIA has benefits for increasing food production and reducing dangers related to water deficiency &. One of
the main kinds of AIA systems is pond-based AIA, where fish mature as an essential crop for production and income.
Pond-based AlA is environmentally feasible and gives a strategy for water reusing and nutrient recycling (&l.

| 2. Multiple-Use Water

With critical challenges in managing water resources facing the developing world, the need to progress in multiple-use
water in AIAS to reinforce both water and crop productivity has acquired critical impact. Multiple-use water could be
tracked down in blue water (surface and groundwater) and green water (rain), which entails largely untapped chances to
enhance the efficacy and productivity of water use. The distinction between blue and green water utilization in crop
production is unclear . Finally, blue water cannot be segregated from green water in aquaculture-integrated agriculture,
as the two types of water are closely interrelated and complementary 9.



Various yields for a similar amount of water are obtained through the water use in fish pond aquaculture and reutilizing
this water in the irrigation of crops. The water efficacy can also be essentially expanded through (1) the utilization of
fertilizers by advancing the growth of fish and plants and yields per unit of water 1I: (2) relying on natural feeds in pond
water, which can also increase blue water efficiency 2: (3) the diversification and intensification of cropping patterns; (4)
micro-irrigation for the production of crops in combination with pond-dike cropping 228l: and (5) small ponds or reservoirs
that can potentially conserve or storage rainwater for AIAS.

2.1. Aquaculture Species in Different Water Environments

As per water salinity, aquaculture can be classified as freshwater (<0.5 g/L), brackish (0.5-30 g/L), and marine 30 g/L
cultures [14],

= Freshwater (inland) culture mainly produces fish using a culture system such as ponds, flow-through systems,
recirculation aquaculture systems (RAS), or other inland waterways created based on economic perspectives. Species
raised in inland ponds are the “snakehead, carp, tilapia, trout, palaemonids, goldfish, gourami, the giant freshwater
prawn, trout, pike, tench, salmonids, and catfish” [14],

= Brackish (coastal) culture is carried out in coastal ponds, swamps, lagoons, and tidal regimes. This type of fish is called
euryhaline, since it can maintain a variety of salinity. Crab, mullet, oyster, and shrimp are common species 131,

= In marine (Mari) culture, highly valuable fish such as salmon, seabass, bream, barramundi, trout, bivalve mollusks, and
seaweeds 18 are farmed in artificial facilities for fish farming, such as cages or basins that can be operated
conventionally.

Hence, numerous freshwater sorts can be effectively developed in the salinity range of 0.5-30 g/L because most fish
types can adapt to the conditions of the new environment.

2.2. Plant Growth under High Salinity

A series of moderate and tolerant plants and their threshold values are depicted and experimentally tested [ZZI18]
Halophyte plants are best suited to growing and living in high-salinity conditions or even seawater L7[28],

To deal with climate change, research will be needed to develop or promote a new strain or breed of aquaculture species
and hybrid plant (crops) crops that are tolerant of water with a poorer quality index and high salinity levels. To lessen the
effects of environmental change on freshwater, integrated mariculture is necessary. The low cost of feeding, ease of
propagation, resistance to disease, tolerance to adverse climatic conditions, rapid growth, and high endurance should be
observed for desert aquaculture management.

2.3. Legal Framework

Lately, much consideration has been paid to the role and work of legal organizations in aquaculture improvement 22, Risk
management in aquaculture is mandatory to ascertain the efficacy and safety of production. Chemical waste and
pollutants are estimated by legislation in three ways: (A) banning or restricting the utilization of unsafe chemicals to the
environment; (B) improving a wastewater discharge licensing system, which is generally controlled by “a water law”; and
(C) prohibiting the utilization of specific drugs, chemicals, and hormones that can, unfortunately, influence the
physiological performance of fish 29,

Due to the higher risk associated with higher contaminants in ponds, various countries have ordered specific rules relating
to the following. (1) First, there is “under an aquaculture-specific legislative text”, for instance, the United States (US),
Australia, etc. 19, In the US, the US EPA (Environmental Protection Agency) has established rule production systems for
aquaculture, such as lists of detected pollutants and vessel classifications for various degrees of operational discharge
(21, Then, different countries have gone with the same pattern. Farmers must develop further production techniques to
meet water quality standards when regulations are authorized based on drainage standards. (2) Second, there is the
“under a basic fisheries law”, for example, Albania, Belgium, etc. 2. (3) A third rule is “under management (law cover
fisheries or water) in general” such as Brazil, Australia (New South Wales), etc. 9. For example, Malaysia has guidance
for using the Environmental Quality (Industrial Waste) Regulation 2009 as the primary reference. The sewage discharge
standard covering three different sewage discharge standards consisting of five sub-standard grades has been
implemented in China. (4) Fourth, there is the “under a water law”; countries such as Thailand, Taiwan, etc. 19 have set
water quality standards for aquaculture. These standards consist of water quality constraints and restrictions to ensure



that waste cannot adversely affect water bodies. (5) Countries that do not have regulations or guidelines can follow those
provided by the International Finance Corporation (IFC) or the General Authority for Awgaf (GAA) 14!,

Fish cultivating is not allowed to be created on agricultural lands. The main guideline influencing land usage is Law
124/1983, which states that only fallow land (not fit for crop production) can be used for fish farming. This regulation aims
to prevent the conversion of ‘old’ agricultural land for other purposes and usage. Yet, it poses complications to the rotation
of aquaculture and agriculture, for instance, the growing of cereal crops on the bottom of fishponds during the winter
season. Aquaculture is also temporarily permitted for a specified period in salty lands; once the salt is leached and the
salts are removed from the land, it turns into agricultural land for the cultivation of crops 22,

| 3. Pond-Based AIA

Fish culture in ponds has long been practiced by rural communities in many or several countries in Asia and is a current
practice in Africa. Pond culture is an extremely known aquaculture production strategy. It can be divided into two sorts
depending on their water supply, namely levee ponds (1.79 m3/kg productivity) and watershed (or depression) ponds [23],
Pond sizes fluctuate from 100 to 100,000 m?, depending on their production scale, site, and species types. Ponds have a
typical depth of 1.2-1.5 m 28 Most fish farming families in rural communities are engaged in extensive and semi-
intensive farming because of the absence of resources 24, so fish productivity is variable [22[28127][28][29] A A systems
typically range from extensive to intensive types of aquacultures, and they frequently rely on fertilization of some kind to
produce phytoplankton and zooplankton as natural fish food B2 (Edwards et al., 2000). According to the type of structure
utilized in operation, such as cage, pond, or tank farming systems, aquaculture can be further classified.

The first (1st) most applicable scenario is the entry of pond-dike (dam) crops in rural Bangladesh, Malawi 21, bamboo fish
in China, and Egypt as El-Riad-Tourism-Lake B2, where the mud of the pond rich with nutrients is utilized to compost.

Vegetables and fruit trees allow some fruits to grow on pond dams, for example, bananas, lemon, coconut, guava, palm,
orange, bamboo, and papaya. Pond slopes are also utilized for growing vegetables (e.g., beans, squash, and cucumber)
using bamboo structures to aid their spread over the pond water 3. Notwithstanding, a few aquatic weeds are applied as
fodder (grain) for fish and livestock, such as “Azolla, duckweed, water hyacinth, and water spinach” (24134

3.1. Impact of Pond-Based AlA on Soil, Fish, and Plant Characteristics

Fish pond wastewater is sometimes utilized as a potential irrigation resource to grow vegetables around places that are
directly or indirectly used by humans 5. The presence of organic feeding waste, nitrogen, and phosphorus in the lower
part of the pond contrasted with the surface water could directly influence water quality, increment parasite infection,
nutrient accessibility, fish growth, and production due to the exchange of substances among soil and water B8I37. Total
alkalinity and ammonia nitrogen (TN) are higher at the soil-water interface when contrasted with the surface water 381,
The accumulation of nutrients in the sediment increases directly with total nutrient input in a limited-scale freshwater pond
1391 Recycling water in an AIA is not only an approach to saving water, but it can also be a source of fertilizer (organic) to
soils with lower fertility to give a higher efficiency of crops. The efficiency of nutrient water aquaculture (17-340 g of
protein/m? water) is the most noteworthy among all significant food-producing sectors, including the production of animals
and vegetables 29, Fish wastewater irrigation was good for enhancing soil physical and chemical properties, the nutrient
perquisites of the soil, growth parameters, and productivity of crops such as maize, okra, and cucumbers [41142](43]

3.2. Water Use Efficiency (WUE)

The range of average WUE is reported to be 0.56-1.59 and 0.94-1.10 kg/m? for maize, and wheat, respectively. For
aquaculture, WUE accounts for 0.21-0.37, 0.71-2, and 0.02 kg/m? in well-managed ponds, super-intensive recirculating,
and extensive systems, respectively 24, The WUE in pond-based AIA systems is 2.13 kg/m? for fish-maize production
and up to 8.46 kg/m? for fish—vegetable production . The upshot is that the WUE in pond-based AIA is more than in the
non-AlA system. Therefore, using fish pond effluent to irrigate crops in integrated systems is preferable.

3.3. Economics, Social, and Environmental Benefits of Pond-Based AIA

Reusing wastewater from fish farming for irrigation reduces fertilizer costs 42, The gross revenue from tilapia production
(on 1 ha of land) for two production cycles in a year is US$ 960 x 20 with net revenue of US$ 384 x 20, while the gross
margin is about US$ 466 x 20 per year 48], The rate of return on investment represented by percent profit is 66.7%, which
is equivalent to a 1.67 production efficiency index that shows how beneficial tilapia cultivation is, despite tilapia farmers
exceeding cost by 67% 48] |n Malawi 33 AIAS was 11% more fertile than non-AIAS, and the incomes of AIAS farmers



increased by 134%/ha. The median annual income of farmers in AIAS and non-AIAS was $185 and $115, respectively.
Therefore, fish farming directly contributed to an increase in productivity, profitability, and income for the AIA farm.

In Kilombero 4, AlA-based farming systems, including fish and vegetables (B. Rapa Chinensis), resulted in a three and
2.5-fold increase in net production compared to fish and vegetable farming alone in non-integrated systems, respectively.
In selected areas of Bangladesh 44, it has been observed that a large number of agricultural enterprises (crop, poultry,
fisheries, cattle, etc.) and a large area of land ponds increase the income of farmers &, Finally, pond-based AIA produced
fish, crops, and protein and increased farm productivity and farm net income per hectare (ha) by 11% and 134%,
respectively, compared to pond-fish culture or non-AlA [Z[32][48],

Pond-based-AlA is considered an ecologically sustainable system as it provides water/nutrients recycling ability and
increases both productivity and water usage efficiency . Fish waste improves soil fertility by increasing the number of
organic fertilizers and renewing nitrogen and phosphorous elements. The fertilizer is dredged from the bottom (lower part)
of the ponds to be used as a successful fertilizer to enhance crop production 12, Furthermore, vegetables and herbs were
grown on the pond sediments to protect the embankments (dikes or levees) from erosion by rain.

| 4. AIAS in Coastal Areas

In recent decades, saltwater shrimp cultivation has increased significantly in Asia’s inner and coastal areas, including river
deltas, with well-known environmental effects on mangroves and other biotas X959 Additionally, agriculture has
significant repercussions, particularly in Thailand, Bangladesh, and Vietnam BB, |n the inland areas of Thailand, where
rice is grown extensively with irrigation that traditionally relies on free water, interference between agriculture and
aquaculture is notable (51][52][53] During the dry season, saltwater naturally enters these areas, and during the wet season,
it can be retained in ponds and mixed with fresh water to provide saltwater shrimp with ideal conditions for growth. In the
1990s, the seepage and release of water from ponds caused severe pollution of irrigation water and agricultural soils 29
(41 |n 1998, the Thai government responded by prohibiting shrimp aquaculture in some areas 9. However, enforcement
has not always been consistent. Shrimp are favored by economic incentives to such an extent that hypersaline water and

even bagged salt are trucked in to maintain shrimp growth conditions, despite the adverse effects on nearby agriculture
[501[55]

In Bangladesh, shrimp aquaculture relies on trapped seawater carried inland by tides through constructed and natural
channels. The ponds allow water to escape through percolation and overflow, accumulating sediment from upstream
runoff. During the growth season, water is also frequently released, and then after each annual cycle of shrimp culture,
the contents of ponds are pumped onto adjacent land B9, Soils can become unsuitable for agriculture as a result of
sedimentation and the release of saltwater from ponds in this manner 9,

In the UAE 158 the desalinated water is used to irrigate a wide variety of high-value crops such as radish, cauliflower,
maize, lettuce, spinach, amaranthus, carrot, tomato, mustard, asparagus, eggplant, and quinoa. On the other hand, about
150 m3/day of brine water is utilized for aquaculture, which is followed by irrigation salinity-tolerant forage grasses and
halophytes. The outcomes obtained within four months demonstrated that the weight of fish increased by 200% and the
length of fish increased by 60%. Two species of fish, Sparidentex hasta (sobaity seabream) and Oreochromis spilurus
(tilapia), demonstrated remarkable adaptability to the local conditions.

In Brazil B4, diluted brackish aquaculture effluent is used to irrigate Enterolobium contortisiliqum seedlings. The outcomes
revealed increased shoot growth and the total dry weight in E. contortisiliquum. These outcomes indicate that saline
aquaculture effluent can be reutilized to irrigate tree species.

In Egypt, some projects were completed in a salty environment, such as El-Gouna Park (water salinity 15 g/L) 22 rula for
land reclamation (RLR) 2. In the RLR project, groundwater with a salinity of more than 26 g/L was utilized for European
seabass (Dicentrarchus labrax) and gilthead seabream (Sparus aurata) cultivations. After that, water was used for
Sarcocornia planting. RLR is not operational due to the high cost of electricity, which in the end represented more than
30% of the total production cost and made further use unprofitable.

Salinity is an emerging issue that results in significant yield losses in many parts of the world, particularly in arid and
semiarid regions. Soil acidification, groundwater pollution, land subsidence, and other hydrological perturbations can shift
away from agriculture BY[E8] However, it is challenging to mitigate soil salinization. Consequently, the long-term economic
benefits of fish and shrimp culturing may not be realized. As a result, economic stimuli and localized environmental factors
significantly influence the integration that makes up the precarious balance between aquaculture and agriculture 225,



Farmers frequently face a difficult choice: They can continue fish and shrimp cultivations, mitigate cropland salinization, or

maintain agriculture.
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