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There is a need to develop production technology that efectively uses limited
water and other resources to create a stable food supply in space. Aquaponics,
which combine hydroponics and aquaculture, is expected to be an efcient
system for producing crops and animal proteins. This system sustains the reuse
of water and balances nutrient elements between both cultures using dissolved
elements in fsh excrement for plant growth. To evaluate the efect of fsh
density on biological production and nitrogen usage efciency in aquaponics
combining lettuce hydroponics and loach aquaculture, we investigated the
growth performance of lettuce plants and loach fsh. We focused on the balance
of nutrient elements, especially nitrogen fow in the system. As a result, we found
that lettuce grew in aquaponics with a half-strength standard solution with an
optimal combination of the number of plants and fsh as well as hydroponics
with a standard solution. Increasing the density of loach fsh and lettuce plants
can increase the total biological production of fsh and plants. However, it will be
important to control both fsh and plant densities to increase nitrogen recovery
in aquaponics with a high fsh density.
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1 Introduction

Plant production in space has become a growing concern as the possibility of long-
term manned space fights and human habitation on the moon increases. T e feasibility of
such missions depends heavily on the availability of crops grown in Controlled Ecological
Life Support Systems (CELSS) or space farms. Tese crops will provide food, CO,/O,
conversion, and water purifcation for the crew. For long-term manned space missions and
human habitation in space, space food and nutrition systems should be based on space
farming, with scheduled crop production that yields high volumes and has a rapid turnover
rate. T e development of production technology that optimizes the use of limited water
resources to create a stable food supply is also crucial for success in space. Although plant
materials are an important source of nutrients, they alone are insufcient to meet the needs
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necessary for maintaining human health. Essential amino acids,
which cannot be synthesized in the human body, are critical for
maintaining physique and longevity. Richter et al. (2016) pointed
out that obtaining complete nutrition from a purely plant-based
diet (vegan diet) is impossible or difcult without considering the
proper amounts and combinations. Tey reported that the most
important missing nutrient is vitamin B,,, and other potentially
defcient nutrients include protein, essential amino acids, long-chain
n-3 polyunsaturated fatty acids, other vitamins (ribofavin, vitamin
D), and minerals (calcium, iron, iodine, zinc, selenium). T erefore,
animal proteins must be consumed to obtain certain vitamins and
amino acids necessary for human health.

Aquaponics, a biological production system that combines
hydroponics and aquaculture, can provide a stable supply of
plant and animal ingredients while efectively using limited water
resources. In this system, nutrients dissolved in fsh excretion are
recycled and used to promote plant growth. Using material reuse,
aquaponics reduces waste and creates a sustainable production
model. Aquaponics is an efcient system for water and nutrient
use (e.g., Al-Hafedh et al., 2008; Wongkiew et al., 2017). By sharing
water between hydroponics and aquaculture systems, plants can
use the nutrient-rich components derived from fsh excrement
to grow. Tis allows for food production while simultaneously
recycling nutrients and converting waste into valuable
resources.

Te nitrogen balance has been the main focus of aquaponics
research on Earth (e.g., Huetal., 2015), due to its importance for
plant growth (Xuetal., 2012) and the availability, concentration,
and accumulation of nitrogen compounds (Goddek et al., 2016).
As a biological production system combining hydroponics and
aquaculture, a thorough understanding of nitrogen balance is
necessary to increase system productivity. Aquaponics can produce
animal protein and semi-complete nutritional food crops that
are the ingredients providing the best balance of human daily
nutritional requirements, as demonstrated by Islametal. (2022)
with high-nutritional sweet potato plants (Kitaya et al., 2021) and
tilapia Fsh. Garlic plants and tilapia fsh have also been successfully
grown in aquaponics, promoting biosynthesis of the medicinally
important metabolite ‘ajoene’ in garlic plants compared to no fsh
(Naznin et al., 2015).

Most studies on aquaponics conducted on Earth have used
tilapia and catfsh in aquaculture due to their high growth rates
and edibility (e.g., Graber and Junge, 2009; Nuwansi et al., 2016).
However, their heads, internal organs, and bones are inedible, which
is a disadvantage. In contrast, loach has a 100% edible portion
and high nutritional value, as recognized by the Japan Ministry of
Education, Culture, Sports, Science and Technology (2015). Loach
is also a traditional Japanese ingredient. Additionally, loaches are
capable of breathing through their intestines, making them resistant
to dissolved oxygen defciency. T us, loach was selected as the fsh
species to be cultured in this study.

For the perspective of aquaponics in bio-regenerative life
support systems (BLSS) in space, Przybyla (2021) and Brown et al.
(2021) reviewed the possibility of space aquaculture. Tey also
emphasized the importance of a closed aquaponic system for water
and material recycling as well as a balanced nutritional intake
(proteins, lipids, and carbohydrates) in a long-term human stay in
space.
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FIGURE 1
A schematic diagram of the aquaponics experiment combining lettuce
hydroponics and loach aquaculture.

Many studies have investigated aquaponic culture with various
plant types on Earth. In this study, lettuce was selected as the
food plant to be cultured, as it is a common vegetable in plant
factory culture and has a wealth of physiological and ecological data
on environmental responses. \We are assessing the efectiveness of
Tsh excreta-derived components as fertilizers for plant growth in
aquaponics, using a combination of loach aquaculture and lettuce
hydroponics for integration into CELSS in space. We are particularly
examining the nitrogen compound fow within the system, as itisan
essential element for plants and is abundant in fsh excreta while also
being harmful to fsh.

T is study examined the impact of fsh density on the biological
production rate by manipulating fsh density on Earth. Furthermore,
the nitrogen balance was analyzed.

2 Materials and methods
2.1 General matters

Lettuce (Lactuca sativa L., ‘crunch’) and loach (Misgurnus
anguillicaudatus) were cultured for 21 days on Earth. Each culture
container in six test groups described later was flled with 12 L of
water and stocked with loaches (initial average weight 2.9 g/fsh)
in the rootzone of lettuce plants in each container. Te number
of loaches per container ranged from 6 to 30, depending on the
density. Twenty-one-day-old lettuce seedlings (fresh weight of 2.8
+ 0.2 g/plant) were planted in the holes, spaced 5 cm apart in a grid
pattern (Figure 1).

Six lettuce plants were grown in each test group under controlled
environmental conditions, with a temperature of 25°C, relative
humidity of 70%, a CO, concentration of 700 umol mol™, a
photosynthetic photon Fux density of 200 umol m™2 s, and a light
period of 16 hd™. Te light source used was LEDs (LDL-B20T
50/08/10-KOD, Sanwa Seimitsu Co., Ltd.). Te nutrient solution
was made from dechlorinated tap water. Continuous aeration
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TABLE 1 Component of the fsh feed.

Component Content(5)
Protein 43
Lipid 7
Crude Fiber 3
Ash 20
Phosphorus 17
Moisture 10

TABLE 2 Concentrations of chemical fertilizer elements.

Elements Concentration (mg L™)

Anmonium-N 12
Nitrate-N 117
P,05 60
K,0 203
CaO 115
MgO 30
MnO 0.75
B,O, 0.75
Fe 1.35
Cu 0.015
Zn 0.045
Mo 0.015

(3.5 L min™t) was provided to the nutrient solution. Loaches were
fed once a day, fve times a week, with commercially available
goldfsh feed (Sakihikari, Kyorin Co., Ltd.) equivalent to 1% of
their body weight (about 0.03 g/fsh) for 2 weeks before starting the
experiment. T e component of fsh feed used are shown in Table 1.

Prior to the experiment, a bioflter consisting of non-woven
fabric as a carrier for microorganisms was placed in the loach culture
tank for a period of 3 weeks to facilitate the colonization of nitrite
and nitrate bacteria.

Due to the inadequacy of certain fertilizer components required
for lettuce growth from loach excrement alone in our preliminary
experiment, we supplemented with a chemical nutrient solution. Te
additional medium used was a half-strength OAT House A-formula
solution (OAT Agrio Co., Ltd.). Te electrical conductivity of the
culture medium was adjusted to about 1.2 dSm™. Te pH in the
solution was adjusted to about 6.0. T e chemical composition of the
half-strength nutrient solution is shown in Table 2.

Fresh weight measurements of lettuce and loach, along
with  ammonium nitrogen, nitrite nitrogen, nitrate-nitrogen
concentration, pH, and electrical conductivity of the nutrient
solution, were conducted weekly. On the fnal day of the experiment,
the dry weight and nitrogen content of lettuce and loach were
determined. To measure the dry weight, the harvested lettuce and
loach were dried for approximately 7 days in a constant temperature
drying oven at 80°C.
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For solution analysis, the ammonium nitrogen concentration
was determined using a spectrophotometer (AT-2000, Central
Kagaku Co., Ltd., Japan), nitrite nitrogen concentration was
measured using a simple refection photometer (RQ fux plus 10,
Kanto Kagaku Co., Ltd., Japan), and nitrate-nitrogen concentration
was measured using a compact nitrate ion meter (LAQUAtwin
NO3-11C, Horiba, Co., Ltd., Japan). Te pH was measured using a
compact pH meter (LAQUAtwin pH-33B, Horiba, Co., Ltd. Japan).

To analyze the nitrogen content of loach and lettuce, three
individuals of loach and the edible parts (leaves and stems) of six
individuals of lettuce from each group were powdered. T e nitrogen
content was measured using the heated persulfate decomposition
method and an absorption photometer (DR-3900, DKK-Toa Co.,
Ltd., Japan).

T e relative growth rate (RGR), a growth index for lettuce and
loach, was calculated using Eq. 1. Additionally, the nitrogen usage
efciency (NUE), which represents the ratio of the accumulated
nitrogen in lettuce and loach to the input nitrogen, was calculated
using Eq. 2.

InW, — InW
RGR= —2 "1 (1)
L-4
Noppant + Nii
NUE = plant fish (2)
Ninput

In Eq. 1, W, represents the dry weight (g) of plants and fsh
at time t;, and W, represents the dry weight at time t,, where
t; and t, represent the times of transplanting and harvesting
(in days). W; was calculated from the actual measured fresh
weight of each individual at t; by using the Dry weight/Fresh
weight ratio calculated from sample individuals previously
obtained. In Eq.2, Nj,,, represents the amount of nitrogen
(9) contained in the applied chemical fertilizer and feed, Npjan¢
represents the amount of nitrogen (g) contained in lettuce,
and Ngg, represents the amount of nitrogen (g) contained in
loach.

2.2 Test groups

Six test groups were established, comprising fve aquaponic
groups and one hydroponic group. Additionally, to determine the
quantity of dissolved nitrogen released from 20 loaches, a test
group was established where only loaches were cultured in the same
hydroponic solution in a tank of the same size. Each aquaponic
group consisted of 6 plants and 6, 12, 18, 24, and 30 loach fsh
(Table 1). Each individual loach was fed 0.06 g d™. A commercial
feed for goldfsh (Sakihikari, Kyorin Co., Ltd.) was fed twice a
day with an interval of more than 3 h during the experimental
period.

2.3 Nitrogen contents
Te nitrogen content (g) of each component in the system

was calculated using the following procedure: Te amount of
nitrogen contained in the nutrient solution of each test group was
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calculated based on the nutrient solution composition specifed by
the manufacturer. Te amount of nitrogen contained in the feed
provided to the fsh was calculated by multiplying the nitrogen
content (g g™1) contained in the feed by the total feed amount (g).
No lefover feed remained during the experiment. T e amount of
nitrogen contained in the excretion from loaches was calculated as
the amount of nitrogen derived from loach emissions, which was
determined by measuring the total amount (g) of dissolved nitrogen
components discharged by 20 loaches over 21 days in the test group
where only loaches were cultured.

2.4 Statistical analysis

Signifcant diferences were tested using the Tukey—Kramer
method and expressed as the presence or absence of signifcant
diferences at a level of p < 0.05.

3 Results and discussion

3.1 Nitrogen compound concentration in
the solution

As the fsh density increased, so did the amount of feed and input
nitrogen. T is caused an increase in the amount of excrement and
an accompanying increase in ammonium nitrogen concentration in
the solution, as shown in Figure 2. Nitrite nitrogen concentrations

FIGURE 2

Concentrations of ammonium nitrogen, nitrite nitrogen, and nitrate
nitrogen in the solution for each fsh density during the experimental
period.
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also increased with increasing fsh density, but remained at low
levels. T e nitrate-nitrogen concentration reached its maximum at
a fsh density of 1.5 fsh L™ Te hydroponic group, which had
a fsh density of 0 fsh L™, had lower ammonium nitrogen and
nitrite nitrogen concentrations than the aquaponic groups. Te
increase in nitrite nitrogen concentration and decrease in nitrate-
nitrogen concentration at high loach densities may be due to
the denitrifcation of nitrate. Te insufcient water circulation in
the nutrient solution tank may have led to a local micro-partial
anaerobic environment, but further details are unknown since the
distribution of dissolved oxygen, especially in the bioflter, was not
measured in this experiment.

3.2 Growth performance

On the fnal day of the experiment, lettuce plants showed no
visible diferences among the test groups (Figure 3). Tere was
no signifcant diference (p < 0.05) in the lettuce biomass in the
aquaponic and hydroponic groups (Table 3). Similarly, the RGR of
lettuce plants did not change with increasing fsh density (Figure 4),
and there was no signifcant diference in the RGR of lettuce plants

FIGURE 3
Photos of 6 lettuce plants grown for 21 days in each test group.

TABLE 3 Fresh weights of lettuce plants and loach fsh as afected by fsh
density.

Density(fsh L™) Lettuce (g/plant) Loach (g/fsh)
leaves and stems  Roots

05 826+80" 6.4+06 39403

10 99.6+7.6 7707 38+03

15 754+33 73205 3802

20 79.7+9.0 11210 36+03

25 58.8+34 73%09 37402

Ogrycroponics) 93775 75+06

ANOVA (p) 0111 0.095 0.089

*Standard error.
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FIGURE 4

10.3389/fspas.2023.1197402

Efects of fsh density on relativegrowth rates (RGRs) of lettuce plants and loach fsh Error bars indicate standard errors.

in the test groups. It has been reported that lettuce growth can be
inhibited by the accumulation of nitrite in solution (Hoque et al.,
2007). However, in this experiment, the nitrite level did not inhibit
lettuce growth.

On the last day of the experiment, the fresh weight of
loach fsh did not show any signifcant diferences but tended
to decrease with increasing fsh density (Table3). Te RGR
of loach also tended to decrease with increasing fsh density
(Figure 4). Te increase in nitrite and ammonium ions in the
culture solution (Figure 2) seemed to cause a slight decrease in
the RGRs of loach, whereas there were no signifcant diferences
among the test groups. Te accumulation of nitrite ions and
ammonium ions inhibited loach growth, but the efect was not
signifcant.

3.3 Biological production

Te dry weight of the loach in each group is shown in Figure 5,
which reveals an increase in loach production with increasing fsh
density. However, the growth rate of the loach tended to decrease
as the fsh density increased. Despite this, the loach population
increased with the fsh density, leading to an overall increase in
production. In contrast, the RGR of lettuce was consistent across
all fsh densities, and the lettuce production was not afected by
the fsh density (Figure 5). T erefore, the total production of both
lettuce and loach tended to increase as the fsh density increased
(Figure 5).

3.4 Nitrogen usage efciency
Contents of nitrogen accumulated during the experimental

period in lettuce plants and loach fsh as afected by fsh
density are shown in Figure 6. Te nitrogen contents in lettuce

Frontiers in Astronomy and Space Sciences

05

FIGURE 5
Dry mass production of lettuce plants and loach fsh in the system as
afected by fsh density.

plants and loach fsh tended to decrease with increasing fsh
density. T ese tendencies are partly due to the diference in the
accumulated amount of biomass, but investigation of the reason
requires more detailed analysis such as the type of nitrogen
compounds.

As shown in Figure 7, the NUE of lettuce decreased with
increased fsh density. Tis can be attributed to the increase in
input feed and nitrogen with increasing fsh density, which led
to the accumulation of unused nitrogen in the nutrient solution.
Despite the constant RGR of lettuce, the increase in fsh density
did not result in a proportional increase in nitrogen uptake by
lettuce, causing a decrease in NUE. In contrast, the NUE of loaches
remained constant as the amount of food ingested by loaches did
not change with increasing fsh density. Te total NUE of loach
and lettuce decreased with increasing fsh density, except for the
0.5 fsh L™* group, where there was a one-to-one ratio of lettuce
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FIGURE 6

10.3389/fspas.2023.1197402

Efects of fsh density on contents of nitrogen accumulated during the experimental period in lettuce plants and loach fsh.

FIGURE 7
Nitrogen usage efFciency of lettuce leaves and stems and loach fsh as
afected by fsh density.

plant to loach fsh, and the efciency was almost similar to that of
hydroponics.

In the nitrogen balance, approximately 70% of the nitrogen
from the feed was used by growing lettuce plants, while around
25% of the nitrogen from the feed was accumulated in loach
fsh. In all aquaponic groups, the end-of-experiment dissolved
component was less than 5% of the supply, indicating that nitrogen
was fully used in the entire system. Te results in this study
confrmed the facts of the usefulness of aquaponics from the
viewpoint of the availability, concentration, and accumulation of
nitrogen compounds (Goddek et al., 2016). However, as excessive
nitrogen supply can decrease usage efciency, further investigations
are needed to determine how an increased nitrogen supply in an
aquaponic system could afect the system’s NUE. In addition, to
fnd the optimal balance between plants and fsh for efciently
accumulating nitrogen as a food source, a more detailed analysis,
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such as the type of nitrogen compounds in plants and fsh is
required.

In the long-term operation of aquaponics, it is also necessary
to manage the mineral components other than the nitrogen
compounds so that they are neither excessive nor defcient. For
example, Lantovololona and Adavelo (2020) reported successful
aquaponics that combined loach and lettuce, but the possibility of
potassium defciency for the lettuce growth.

In this study, we did not monitor the microbial communities.
Te monitoring and regulation of microbes will be important,
especially for stable and safe production in the long term.

4 Conclusion

In this study, lettuce plants showed no diference in growth when
a portion of the chemical fertilizer was replaced with the excretory
component of loach fsh. Tis suggests that loach excreta can be
used to partially supplement chemical fertilizer. Aquaponics shows
promise in reducing the environmental impact of aquaculture by
enabling the simultaneous production of plants and fsh, reducing
the need for chemical fertilizers in lettuce hydroponics, and
purifying aquaculture water.

It is essential to increase plant nitrogen absorption, for example,
by increasing planting density, particularly to reduce unused
nitrogen and improve nitrogen recovery in food production. Future
studies should examine not only nitrogen but also other nutritional
elements to model the optimal combination of loach, lettuce, and
feed supply.

Due to the recent global population growth, there are concerns
about ensuring a stable food supply and conserving water resources
on Earth. Te spin-of technology of aquaponic development
in CELSS can provide valuable knowledge to meet the urgent
need for developing production technology that uses water and
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other resources efciently to create a stable food supply on
Earth.
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