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Abstract: Integrating urban agriculture with aquaculture can reduce the use and cost of water,
competition for water, chemical fertilizers, and environmental impact of discharging nutrient-rich
agricultural water into fresh and saltwater bodies. In addition, aquaculture in cities can directly
benefit human health by providing a local source of lean protein. Despite the potential advantages,
few studies have demonstrated the feasibility and production advantages of using aquaculture
wastewater to fertigate specialty crops in an urban environment. Therefore, we grew four spring
crops (bok choy, tatsoi, radish, turnip) and two fall crops (pole beans, sugar snap peas) in nutrient-
rich effluent from fish aquaculture versus well or municipal water to evaluate whether the effluent
improved soil fertility and crop production. The fish effluent resulted in changes to the soil through
an increase in pH and potassium and to crop production through a 9.1% increase in the number
of pole beans (mass of beans also trended toward significance). The soils we used were relatively
nutrient-rich prior to the application of the fish effluent, which may be responsible for the limited
impact, and differences may be more apparent in acidic and nutrient-poor soils or when fertigation is
used over a longer duration.

Keywords: aquaculture; fertigation; soil nutrient; pole beans; potassium; soil pH; irrigation;
water quality

1. Introduction

Cities place immense pressure on resources at local, regional, and global scales. The
continuous growth of urban populations with the concomitant exploitation of natural
resources is a major challenge for achieving environmental sustainability [1]. The food
system needed to support a growing population is a large contributor to environmental
impacts worldwide [2]. The food system produces 19–29% of global greenhouse gas (GHG)
emissions [3] at all stages of its life cycle, from preproduction activities (e.g., production
of animal feeds, fertilizers, and pesticides), to production activities (e.g., agriculture), to
postproduction activities (e.g., primary and secondary processing, storage, packaging,
transport, refrigeration, retail activities, catering and domestic food preparation and con-
sumption, and waste management) [3,4]. Recognizing the current and future dynamics in
food systems are crucial to making cities inclusive, healthy, resilient, and sustainable [5].

Novel urban food systems have been designed and deployed in cities worldwide,
driven by principles of sustainability and resource use efficiency [1,6]. Community gar-
dens, green roofs, urban farms that span several city blocks, and intensive hydroponic
or aquaculture facilities are all examples of urban agriculture that can produce nutritious
specialty crops [7–9] and satisfy a substantial proportion of local food demand [10]. Most
produce from urban agriculture is used for consumption by households and sold in local
markets, which helps alleviate urban food deserts [11] while shortening transportation
distances [12]. Urban agriculture also has the potential to benefit the nutritional health
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of a community [13–15], create business opportunities for urban farmers and neighbor-
hoods [16], improve social cohesion and ecosystem awareness [11], and mitigate urban
heat islands, in part, by reducing energy needed to cool buildings [17].

Urban agriculture in the United States mostly relies on city water for irrigation (MLR,
unpublished data) but limiting the use of water will be of fundamental importance to
achieve sustainability and reduce cost and competition with domestic and industrial de-
mands for a potentially scarce resource [18]. Integrating urban agriculture with aquaculture
(the farming of aquatic plants and animals) has several advantages, such as reducing: the
use and cost of water; competition for water; chemical fertilizers; and environmental impact
of discharging nutrient-rich agricultural water into fresh and saltwater [19]. Fish farming
coupled with irrigation structures may also improve the cost–benefit ratio of agriculture
and aquaculture simultaneously. The income from selling fish can offset costs of obtaining
water. Raising fish in water used to irrigate crops has the potential to add substantial
amounts of nutrients (metabolic by-products of fish production) to the water, thus reduc-
ing the need for commercial fertilizers for crops. A major portion of a crop’s nutritional
demand can be supplied from the effluent from fish production [20]. Despite the potential
advantages of using aquaponics technology, few studies have demonstrated the feasibility
and production advantages of using aquaculture wastewater to fertigate field crops in the
urban environment. Therefore, we used four spring crops and two fall crops grown in
nutrient-rich effluent from fish aquaculture versus well or municipal water to evaluate
whether this affected soil fertility and crop production.

2. Materials and Methods
2.1. Aquaculture System and Fish Culture Conditions

The recirculating fish culture system was maintained in a climate-controlled green-
house equipped with fans and thermostats (Beltsville, MD, USA). The water recirculated at
a flow rate of 1 m3 h−1 from two fish tanks (4000 L) to a drum filter, two biofilters (400 L to-
tal), a sump collector tank (200 L), and a back to the fish tanks. Approximately 150 L
of water was transferred from the sump container to a storage tote weekly for irrigating
crops and replaced with municipal water. The tanks contained 648 blue tilapia with an
approximate total weight of 125 kg. Fish were fed daily with 400 g of a commercial feed
(Purina® AquaMax® Pond Fish 2000, Purina Mills, St. Louis, MO, USA). We measured
water quality parameters (ammonia, nitrite, and nitrate) weekly with an API Master Kit
(Aquarium Pharmaceuticals, Inc., Chalfont, PA, USA). The system received equal amounts
of calcium carbonate and potassium hydroxide as needed to maintain a water pH of 6.8.

2.2. Plant Growing Conditions and Experimental Design for Spring Crops

A high tunnel (30.48 m long × 9.1 m wide × 4.6 m high) was covered with a 6-mil
thick double-layered polyethylene film (Sun Master®, Farmtek, Dyersville, IA, USA). There
were five rows of approximately 15.2 m in length each and within each row there were
four blocks (20 total blocks, numbered from 1–20) with each block containing four crops:
tatsoi, bok choy, radish, and turnip. We randomly assigned the layout of the crops within
each block. Half the blocks within each row received aquaponics effluent and half received
municipal water. Therefore, there were a total of 10 replicated blocks for each crop receiving
effluent and 10 receiving water. We randomly selected which treatment would be applied
to the blocks numbered 1 and 2 and then alternated the treatments for each subsequent
pair of blocks. We used drip tape (Model 510-12-450, Rivulis Irrigation Inc., San Diego, CA,
USA) with a dripper spacing of 30 cm in each row to apply the irrigation treatments. Plants
were watered from 45 to 120 min as needed every other day.

Tatsoi (variety “Tatsoi”) and bok choy (variety “Black Summer”) were planted on
2 February 2019 in plastic trays and maintained in a greenhouse until seedlings were
transplanted into the loam soil in the high tunnel on 19 March at 30 cm spacing. The radish
(variety “Cherrette”) and turnip (variety “Hakurei”) were direct seeded in the high tunnel
on 20 March, and seedlings were later thinned on 3 April to approximately 5–8 cm of
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spacing. We harvested tatsoi and bok choy between 23–26 April 2019, with equal numbers
of plants harvested from each block on each day. The entire edible portion was separated
from the roots and weighed. We harvested radishes and turnips 26–29 April and 6 May
2019, respectively, and weighed the entire plant.

2.3. Plant Growing Conditions and Experimental Design for Fall Crops

In the summer, a field row was prepared (30 m long × 0.9 m wide) in an open field
(Beltsville, MD, USA). This row was divided into ten consecutive blocks, with each block
containing both tested crops: pole beans and peas. We randomly assigned the layout of the
crops within each block. We randomly selected the irrigation treatment applied to the first
block and then alternated treatments for each subsequent block such that half the blocks
received aquaponics effluent and half received well water.

We direct-seeded pole beans (variety “Monte Gusto”) and peas (variety “Super Sugar
Snap”) 30 July 2020 and 11 August 2020, respectively. We then thinned the beans and peas
to 8 cm spacing and ten plants per block each on 21 August and 31 August, respectively.
We applied the irrigation treatments using drip tape (Model 508-12-450, RainFlo Irrigation,
East Earl, PA, USA) with a dripper spacing of 30 cm. Plants were watered for 30 to 60 min
as needed three times per week. Neither treatment was watered if rainfall was sufficient
to irrigate. Crops were harvested three times per week from 24 September to 28 October
2020 (beans) and from 19 October to 16 November 2020 (peas). The number of bean and
pea pods from each block was counted, and the total mass per crop per block was weighed
at each harvest. The total number of plants per crop per block was adjusted if plants died.

2.4. Soil Samples

We collected soil samples before and after field experiments, one sample per block,
using a soil auger in the center of each block to a depth of 15–25 cm. We mailed samples
to a third-party, ISO 17025 accredited laboratory (Waters Agricultural Laboratories, Inc.,
Camilla, GA, USA), for analysis.

2.5. Statistical Analysis

Comparison between the two treatments (aquaculture effluent versus water) was
performed using the Student’s t-Test with TIBCO Statistica® (version 13.3.0, TIBCO Ltd.,
Palo Alto, CA, USA). Differences were considered significant when p < 0.05. Experimental
data are expressed as means and standard deviation.

3. Results and Discussion
3.1. Soil Fertility

Soil pH was higher in blocks treated with aquaculture effluent, whereas all other soil
fertility parameters were similar between treatments for the spring crop trial (Table 1). Soil
pH was also higher in blocks treated with aquaculture effluent during the fall crops trial,
along with potassium.

The higher soil pH and potassium concentration in plots receiving aquaculture effluent
was possibly due to the potassium hydroxide and dolomitic lime added to control the pH
in the aquaculture system. Several studies have reported variations in soil pH resulting
from irrigation with effluents [21,22]. In general, the soil pH reflects the pH of the effluent
used for fertigation [21]. Although the pH change was not dramatic, this effect shows that
irrigation with aquaculture effluent might be more suitable for acidic soils than basic soils.
In basic soils, one must routinely monitor the pH so it does not increase to undesired levels.

No major differences in soil fertility parameters between the two treatments were
detected except for potassium, which may suggest that a single season is not sufficient
for a high accumulation of nutrients in the soil. Other studies have also reported slight
changes in soil fertility after fertigation with wastewater. For instance, Fonseca et al. [23]
reported no variation in total carbon and phosphorous, but total nitrogen increased in
soils irrigated with treated sewage effluent. It is worth noting that the high tunnel and
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field used for our research had been extensively used for agriculture for many years, thus
background residual nutrients were expected to be present, which was demonstrated by
the soil samples analyzed prior to the irrigation treatments (unpublished data).

Table 1. End-of-trial means ± standard deviation of soil fertility parameters in blocks irrigated with
aquaculture effluent or water.

Soil Fertility
Treatments

p-Value
Effluent Water

Spring crops
pH 7.70 ± 0.12 7.46 ± 0.15 0.02

NO3-N (ppm) 18.0 ± 6.6 15.4 ± 3.4 0.46
Phosphorus (kg/ha) 39.2 ± 5.1 38.6 ± 10.9 0.90
Potassium (kg/ha) 39.0 ± 6.6 36.3 ± 6.8 0.54
Organic matter (%) 8.82 ± 1.14 7.74 ± 1.09 0.34

Fall crops
pH 7.28 ± 0.19 7.00 ± 0.24 0.01

NO3-N (ppm) 7.19 ± 4.77 7.07 ± 3.78 0.95
Phosphorus (kg/ha) 70.9 ± 9.7 77.9 ± 18.4 0.30
Potassium (kg/ha) 330.4 ± 130.3 210.7 ± 39.7 0.01
Organic matter (%) 2.71 ± 0.27 2.65 ± 0.33 0.68

3.2. Plant Growth

The type of irrigation water had no effect on biomass of spring crops (Table 2). Irrigat-
ing fall crops with aquaculture effluent increased the number of beans by 9.1% (p < 0.01),
and the total mass of beans was marginally non-significant. The number and mass of pea
pods did not differ between irrigation treatments (Table 2).

Table 2. Mass (g) of four spring crops and number and mass (g) of two fall crops irrigated with either
aquaculture effluent or water.

Crop
Treatments

p-Value
Effluent Water

Bok choi (g) 397 ± 93 330 ± 74 0.10
Tatsoi (g) 305 ± 66 266 ± 64 0.19
Radish (g) 30 ± 10 27 ± 7 0.42
Turnip (g) 67 ± 28 55 ± 18 0.31

Pole beans (no.) 1056 ± 28 968 ± 56 0.01
Pole beans (g) 5189 ± 226 4826 ± 324 0.07

Snap pea pods (no.) 141 ± 61 141 ± 40 0.99
Snap pea pods (g) 656 ± 292 682 ± 208 0.90

Crops can produce high yields when supplied with aquaculture wastewater [24–26].
However, in our study most crops irrigated with aquaculture wastewater produced similar
yield to those irrigated with plain water, possibly due to the history of previous agricultural
practices and high soil nutrients where this study was carried out. Urban agricultural
systems with nutrient-poor soil or no history of conventional agricultural practices may
receive a prominent benefit from fertigating their crops with aquaculture effluent as op-
posed to plain water. The long-term use of fertigation may yield different results as well.
Additionally, even in nutrient-rich soils, there could be benefits to using aquaponic wastew-
ater on crops instead of commercial fertilizers, including being a more sustainable practice
because waste is repurposed as fertilizer, economic savings are realized by eliminating the
purchase of commercial fertilizers, and the carbon footprint of food production may be
reduced by eliminating commercial fertilizers. Aquaculture also has distinct value in urban
agriculture because it creates local production and access to a source of high-quality lean
protein in the fish. Blue tilapia, the fish species selected for this experiment, is prevalent in
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aquaculture and hardy in a wide range of rearing conditions. Tilapia can gain weight with
high feed efficiency at low-cost inputs, so it could be incorporated into urban agriculture
without major impediments. Aquaculture can be an asset to the local community and its
integration with urban specialty crops in an urban environment should be further explored.

In conclusion, aquaculture wastewater increased soil pH and potassium (in one of two
instances) and increased the number of beans, whereas it had no effect on other soil fertility
and measures of plant productivity. We attribute the lack of observable effects to the high
fertility of the soil where this work was done and the short duration of the study. As next
steps, we recommend trials in nutrient poor soils with crops that need high nutrient inputs
and for multiple growing seasons. Additionally, a life cycle sustainability assessment of
using aquaculture wastewater to fertilize crops versus conventional fertilizers would show
the economic, environmental, and social costs and benefits of each practice.
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