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Abstract
This study explores the effects of fish-based organic fertilizer on the growth and harvest of baby
spinach (Spinacia oleracea) as well as using hydrobeads as a water and nutrient source. Rainbow
trout fish tailings were used to evaluate the effect of using fish waste products under different
soil conditions. Plant growth was assessed by measuring leaf development, plant height, leaf size
in length, and harvested wet mass. It was hypothesised that the use of organic fish matter, in the
presence of hydrogel beads, would enhance plant growth and increase the production of edible
leaves. Results indicate that using fish tailings may be an effective nutrient source for growing
plants in simulated lunar regolith. Additionally, supplementing lunar regolith with hydrogel
beads, and supplemental waterings with nutrient rich fish water also contributes to plant growth.
The findings of this study suggests that more research using fish tailings, hydrogel beads, and
nutrient rich fish water should occur. The results of this research could contribute to more

sustainable and efficient agricultural practices in space and on earth.

Background

In the future, astronauts will require reliable and sustainable protein sources to support
long-term life in space. Establishing a basic agricultural system will be essential for these
missions. One proposed method involves vertical farming using baby spinach (Spinacia
oleracea), which maximizes space efficiency, increases edible crop yield, and uses fish waste as
a fertilizer. The cultivation of fish, such as tilapia, provides a rapid and efficient source of animal
protein. A three-ounce serving of tilapia (3.9 ounces pre-cooked) contains 23 grams of protein,

making it a highly nutritious option(Lui, 2020). In addition to providing protein, tilapia generates



by-products such as fish emulsions (fertilizer derived from fish scraps), fish tailings, and
nutrient-rich wastewater.

Tailings consist of the sediment, extra food, and fish waste that settle to the bottom and
ends (tails) of the fish runs during production. The organic fish matter and the nutrient rich
water, have the potential to improve infertile environments, such as lunar soil. However, fish
tailings, or “sludge”, is dense, slimy, and prone to compaction. This compaction could be
reduced by adding lunar regolith.

Moon regalith contains agglutinates, a mineral fragment that takes up to 60% - 70% of
materials (Noble, 2019). Agglutinates do not contain nutrients. Plants need P,N,K (phosphorus,
nitrogen, and potassium) to grow. The use of the fish tailings and fish water provide nutrients to
the plants, while the hydrogel beads store these nutrients, making them easily accessible to the
plants.

The moon regolith does not have microorganisms. Microorganisms improve the root
growth and development of plants. The addition of microorganisms to regalith has been
demonstrated to enhance plant growth (Ameha, S. et al., 2025). Fish water and tailings may
provide additional microbes that could enhance plant growth. The addition of topsoil would
improve growth medium quality, add microbial life, and reduce compaction, all which are
critical for root development. The topsoil used in this experiment was collected from rodent
mounds located at the edge of agricultural fields located in Chickasaw County, lowa.

It was hypothesized that the use of the nutrient filled hydrogel beads would feed the
plants and direct the roots for better nutrient and water absorption. Additionally, the utilization

of the hydrogel beads would provide space for the roots to grow. The use of the central tube



would provide a constant nutrient/water source, keeping the beads hydrated. The use of
aquarium air pumps will saturate the water and soil with oxygen.

The Spayberry STEM Moon Explorers 1 demonstrated that the use of hydrogels
showed promise for directing root growth (Yacob, F., 2025). This experiment was to explore
the effectiveness of hydrobeads as a source of nutrients delivery and seed starting medium.
The advantage of hydrogel beads are very small and do not expand until hydrated. Because of
this, the hydrogel beads have a reduced shipping volume, and they can be hydrated at their

final location. Both of wich are important considerations in space transport.

Discussion of Variables

The aim of this project was to determine what effect, if any, growing baby spinach
(Spinacia oleracea) with organic fertilizer derived from fish waste has on plant growth and
usable food production. The hypothesis was that the addition of fish-based organic matter and the
use of hydrobeads would enhance plant growth and increase the yield of edible baby spinach
(Spinacia oleracea) leaves.

The independent variables are changed to observe their effect on plant growth. In this
experiment, the independent variables were soil composition and water source. Fish tailings
were obtained through Iowa DNR employee Chuck Gipp at the Decorah Fish Hatchery rainbow
trout rearing station in Decorah, lowa . Water was either distilled water or water obtained from
school fish tanks.

The dependent variables, which were measured to determine the outcome of the

experiment, included leaf growth, plant height and leaf size, wet mass of harvested leaves, root,
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and shoot mass. These measurements provided data on both above-ground and below-ground
development of the baby spinach (Spinacia oleracea) plants.

Control variables were kept consistent throughout the experiment to ensure accurate
results. Some controlled variables were: seed type, temperature, watering schedule, moisture
content, planter types, and where the fish tailings and fish water came from. The purpose of
controlling variables is to isolate the effects of the independent variables on the growth and

development of the plants.

Experimental Design Explanation
Microscopic analysis of lunar regolith
revealed small crystalline structures that could
potentially damage young plant roots. When
water was introduced, these particles formed a
dense, compacted sludge, further highlighting
the challenges of growing plants in such an

environment.

Based on these observations, Spinacia oleracea seeds were germinated
using two different methods: the paper towel method and the hydrogel method.
The paper towel method was intended to better prepare seedlings for harsh soil
conditions, while the hydrogel method provided an alternative germination
environment that encapsulated the seed in a protective covering.

For the paper towel method, Hillyard brand biodegradable paper towels were moistened
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and folded around the seeds before being placed in resealable plastic ziplock
bags with airflow. These were kept in a greenhouse on heating pads set to
72°F (22.2°C). Similarly, seeds placed in hydrated hydrogels were inserted

using a bent tweezer, placed in ziplock bags, and then stored under the same

conditions. In addition to baby spinach (Spinacia oleracea) , beets,
cucumbers, and mint were planted in both the hydrogel beads and paper
towels.

After day one, seed expansion was observed in both methods. By the
second day, seedlings had begun to sprout in the paper towel method, while

the hydrogels showed only continued swelling. Growth in the hydrogels did

not progress further for any species, however, the paper towel method
produced viable seedlings with significant root growth for all sampled plants.

Baby spinach (Spinacia oleracea) was selected for our test species. Seeds were started
again using the paper towel method. After three days on the heat mat,
the new seedlings were transplanted into soil mixtures, with four
seedlings placed into each of seven growth tubes. Each growth tube had
4 holes that were labeled A, B, C, and D.

The growth tubes were constructed from 4" x 4" x 3" PVC

Y-connectors allowing for growth vertically. The base was sealed with a

4” cap, and 17cm 3” diameter pipe extension was added with a 3” cap.
Four holes were drilled into each tube extension to house the seedlings, each being named A,B,

C, and D. This made documenting information easier and more




efficient.

Each system used either distilled water or nutrient-rich fish water. An aquarium air pump
was used to maintain oxygen and nutrient circulation. A cellulose sponge was placed at the base
of the 17cm tube to prevent soil from entering the water reservoir while still allowing for water
absorption. Cellulose is made of wood pulp, making it a fast biodegradable option. Plants were
watered once a day by filling the middle pipe to the top of the ‘y hole’. With the added
hydrobeads, extra moisture was absorbed. The idea was to prevent plants from being drowned.
In cases of high moisture, the supplemental greenhouse fan was turned on. The hydrobeads were
also used to help guide plant root growth, which could grow into the sponge or up towards the
tube cap.

The tip of each root has a root cap. Inside it are special cells containing tiny, heavy
starch-filled statoliths. When gravity pulls on them, the statoliths sink to the bottom of the
cell—like a built-in level. As a result, the root curves downward. In microgravity, water forms
floating blobs, making it easier for plants to dry out—or drown—at the same time. Oxygen
diffusion to roots is reduced and the plant begins to suffer (Cowing, 2025). By using the
hydrobeads to guide the roots, and the aquarium air pump to provide extra oxygen, plants were
allowed sufficient water intake and were nutrient sufficient.

Various soil compositions were tested, including combinations of lunar regolith, Earth
soil, fish tailings, straw manure, and hydrobeads. Control groups used only Earth soil, while
experimental groups incorporated regolith and other organic matter. The systems were watered
with either distilled water or nutrient rich fish water to evaluate the effects of different fertilizer

SOources.



Each soil composition was carefully measured by volume to ensure that the correct

amount of each additive was used.

Grow Sponge Moon Earth Fish Straw Aqua Water Seeds/Crop
Set: Regoleth Soil Feces/ | Manure | Beads Type
Blocker Tailings
Moon “x X 100% DI Baby Spinach
Control (850 mL)
Earth X X X (DI DI Baby Spinach
Control 80% Water)
1 (680 mL) 20%
(170mL)
Earth X X X (Fish) Fish Baby Spinach
Control 80% 20% (Water)
2 (680 mL) (170mL)
Earth X100 DI Baby Spinach
Control X (850mL)
3
Exp 1 X X 50% X X X (DI) DI Baby Spinach
(425 mL) 15% 15% 20%
(275mL) | (275mL) (170mL)
Exp 2 X X 50% X X X (Fish) Fish Baby Spinach
(425 mL) 15% 15% 20% (Water)
(275mL) | (275mL) (170mL)
Exp 3 X X 50% X X X (DI) DI Baby Spinach
(425 mL) 15% 15% 20
(275mL) (275mL) 20%
(170mL)




Once transplanted, the seedlings were monitored closely and moisture was kept at a
constant. After one week, the cotyledons, the seed leaves, were removed to encourage the plants
to direct energy toward true leaf development and vertical growth. Cotyledons are not considered
part of the mature plant structure, but serve as early nutrient sources during germination
(“Cotyledon.” Encyclopaedia Britannica).

During the growth period, multiple replantings took place in nearly every experiment
version besides Earth 1 and Experiment 2. Four days after the initial transplant, Moon Control A,
B, C, and D were replanted. Throughout the growth period, Earth 2 experienced one replanting
of one plant, Earth 3 experienced one replant of one plant, Experiment 1 experienced one
replanting of one plant, and Experiment 3 experienced one replant of three plants.

Midway through the experiment, it was noted that the baby spinach (Spinacia oleracea)
had grown its reproductive system and few plants had actually grown seeds that were beginning
to mature. These seeds were infertile, however, as hybrid seeds from ‘BURPEE’S’ were used. In
future experiments, seeds from Seed Savers Exchange (seedsavers.org) will be used to ensure
seed viability and seeds for future plantings.

The cellulose sponges decomposed more quickly than what was anticipated. Future
experiments should use thicker sponges or sponges made of material that will not deteriorate.

On day 26, there were three plant losses in experiment #2 due to sponge deterioration and loss
of soil into the water pipe.. The sponge was replaced with a 40-mm thick, rigid, foam substrate
scrub sponge to maintain plant life for the continuation of Experiment 2 and other groups which
showed signs of soil in the water. When exploring the sponges after the growth period, we found

that the sponges decomposing at the quickest rate were the ones that contained the nutrient rich


http://seedsavers.org
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fish water. It is hypothesized that the fish water contained bacteria and other microbes which
broke down the sponge much faster than the distilled water.

Earth Control 3 was 100% earth soil. Moon Control was 100% simulated earth regolith.
All experimental groups performed better than the Moon Control Group. Experimental group
#2, using lunar regolith, fish water Hydrobeads, and watered daily with fish water showed more
growth in height (Graph 1) and mass (Graph 2) than Earth Control 3 . Experiments 1 and 3
performed better than the other two control groups for average height. Experiment 1 (fish
tailings, DI water Hydrogel beads, and watered with DI water) had comparable mass to Earth

Control 3.

Final Heights vs. Plant
50

Graph 1. Shows the end height for each

of the growing groups
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In the final stages of the experiment, the above-ground portions of the plants were cut at

ground level and weighed for the wet weight, and after dehydrating, a dry weight which was not

applicable due to unmeasurable weights. Larger plants like basil could be used in future

experiments to allow for usable dry weights.

Roots were carefully removed from the soil for measuring and wet mass weighing using a

gentle washing process which included soaking in a small tub and carefully maneuvering the

tube to get the soil and roots out without harm. Later, they were taken for a more thorough wash

using a turkey baster.

Plant Height Comparison for all Data Sets
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Graph 3. Shows change in average plant height throughout the experiment.

Average Number of True Leaves per Plant vs. Time for All Planting Groups.
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Average Leaf Size (cm) vs. Date for All Trial Groups

4 == Moon Control Ave (cm)
Leaves

== Earth Control 1 Ave
(cm) Leaves

Earth Control 2 Ave
(cm) Leaves

Earth Control 3 Ave
(cm) Leaves

Experiment 1 Ave (cm)
Leaves

Average leaf size (cm)

Experiment 2 Ave (cm)
Leaves

Experiment 3 Ave (cm)
Leaves

3/1/26 3/8/26 3/15/26 3/22/126

Date

Graph 5. Shows the average size of each leaf for each of the trials during the experiment. A drop in leaf

size can indicate that more new plants were present.
It was observed that the roots would grow into the cellulose sponges. When removing the
solid compositions of plant soil from the tubes, root growths were found with Experiment 2
having grown into the sponge. Experiment 2 showed accelerated growth after 3/22 (Graph 3).
This suggests that the roots started using nutrient rich fishwater directly from this point forward.
The results above imply that fish tailings and a combination of hydrobeads significantly
improved plant growth and productivity of baby spinach (Spinacia oleracea) in simulated lunar

regolith over the length of the 45 day growth period.



Conclusion

The results of the experiment strongly supports the hypothesis that the addition of
fish-based organic matter and the use of hydrobeads will enhance plant growth and increase the
yield of edible baby spinach (Spinacia oleracea) leaves. Compared to the control group in
standard earth soil, experiments using fish tailings and nutrient rich fish water showed
comparable or greater growth patterns. This information indicates that these methods can help
overcome the problem of infertile soil in space travel.

This experiment introduced us to challenges such as the durability of the materials used
as well as system stability when using cellulose sponges in nutrient-rich environments. In future
experiments, sponge types could be adjusted for durability and control of soil moisture.
Replacing the cellulose sponges with an artificial sponge would be more efficient for long-term
use. Additionally, growing the control groups in pots, along with growth in the experimental
setup can help determine the impact of the new planting strategy. Structural improvement will
be taken into consideration for any future projects involving similar materials.

These seeds produced in this experiment were infertile due to using hybrid plants. In
future experiments, seeds from Seed Savers Exchange (seedsavers.org) will be used to ensure
seed viability, seed purity, and producing seeds for future plantings. Despite limitations, this
experiment was successful in suggesting that aquaculture waste products and unique watering

techniques could play a key role in producing food in space using lunar regolith.


http://seedsavers.org
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Weekly Photos and Notes:

Week 1: February 27, 2026

Photo. Transplant of seedlings
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Moon Control
e Very small

Average Height: 2.75 cm

Largest Plant: A-1:3.5cm

100% Lunar Regolith

Water Source: DI

Earth Control 1

Average Height: 7.25 cm

Largest Plant: B-8.0cm

80% Earth Soil
20% DI Water Hydrogel
Beads

Water Source: DI

Earth Control 2

Average Height: 4.5 cm

Largest Plant: C-6.5cm

80% Earth Soil
20% Fish Water
Hydrogel Beads

Water Source: Fish
Water

Earth Control 3

Average Height 7.1 cm

Largest Plant: B-8.5cm

100% Earth Soil

Water Source: DI
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Experiment 1

Average Height: 8.1 cm

Largest Plant: C/D (tie) - 9.0cm

50% Lunar Regolith
15% Earth Soil

15% Fish Tailings

20% DI water Hydrogel
Beads

Water Source; DI

Experiment 2

Average Height: 7.75 cm

Largest Plant: D - 10.0cm

50% Lunar Regolith
15% Earth Soil

15% Fish Tailings
20% Fish Water
Hydrogel Beads

Water Source: Fish
Water

Experiment 3
e The two replanted did not
take

Average Height: 5.0 cm

Largest Plant: A- 5.5 cm

50% Lunar Regolith
15% Earth Soil

15% Pig Straw Manure
20% DI water Hydrogel
Beads

Water Source: DI
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Week 3: March 12, 2026

Moon Control 100% Lunar Regolith

Average Height: 4.0 cm

Water Source: DI
Largest Plant: A-15.0 cm

Earth Control 1 80% Earth Soil
20% DI Water Hydrogel
Average Height: 6.5 cm Beads

Water Source: DI
Largest Plant: B- 8.0 cm

Earth Control 2 80% Earth Soil
20% Fish Water Hydrogel
Average Height: 6.0 cm Beads

Water Source: Fish Water
Largest Plant: C - 7.0 cm

Earth Control 3 100% Earth Soil

Average Height: 9.75cm
Water Source: DI

Largest Plant: C-13.0cm
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Experiment 1

Average Height: 10.5cm

Largest Plant: C/D 12.0cm

50% Lunar Regolith
15% Earth Soil

15% Fish Tailings

20% DI Water Hydrogel
Beads

Water Source; DI

Experiment 2

Average Height: 10.75 cm

Largest Plant: D - 17.0cm

50% Lunar Regolith

15% Earth Soil

15% Fish Tailings

20% Fish Water Hydrogel
Beads

Water Source: Fish Water

Experiment 3

Average Height: 6 cm

Largest Plant: C-7.0cm

50% Lunar Regolith
15% Earth Soil

15% Pig Straw Manure
20% DI Water Hydrogel
Beads

Water Source: DI
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Moon Control

100% Lunar Regolith

Water Source: DI

Earth Control 1
e Beginnings of flowers

80% Earth Soil
20% DI Water Hydrogel
Beads

Water Source: DI

Earth Control 2
e Beginnings of flowers

80% Earth Soil
20% Fish Water Hydrogel
Beads

Water Source: Fish Water

Earth Control 3

100% Earth Soil

Water Source: DI
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Experiment 1
e Beginnings of flowers

50% Lunar Regolith
15% Earth Soil

15% Fish Tailings

20% DI water Hydrogel
Beads

Water Source; DI

Experiment 2
e Sponge decomposed
and soil contaminated
the water, soil was
refilled and sponge
replaced
e Lost three plants
o Those three
plants’ leaves
were not
accounted for
in the data

after this point.

50% Lunar Regolith

15% Earth Soil

15% Fish Tailings

20% Fish Water Hydrogel
Beads

Water Source: Fish Water

Experiment 3
e Beginnings of flowers

50% Lunar Regolith
15% Earth Soil

15% Pig Straw Manure
20% DI Water Hydrogel
Beads

Water Source: DI
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Moon Control

Average Height: 3.1cm

Largest Plant: C-3.5cm

100% Lunar Regolith

Water Source: DI

Earth Control 1
e Flowering

Average Height: 10.0cm

Largest Plant: B - 16.0 cm

80% Earth Soil
20% DI Water Hydrogel
Beads

Water Source: DI

Earth Control 2
e Flowering

Average Height: 7.2 cm

Largest Plant: C- 11.0 cm

80% Earth Soil
20% Fish Water Hydrogel
Beads

Water Source: Fish Water

Earth Control 3
e Flowering with seed
pods

Average Height: 18.5

Largest Plant: C - 25.5cm

100% Earth Soil

Water Source: DI
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Experiment 1
e Flowering

Average Height: 19.75cm

Largest Plant: C - 29.0cm

50% Lunar Regolith
15% Earth Soil

15% Fish Tailings

20% DI water Hydrogel
Beads

Water Source: DI

Experiment 2
e Flowering

Average Height: 29.0 cm

Largest Plant: 29.0 cm

50% Lunar Regolith

15% Earth Soil

15% Fish Tailings

20% Fish Water Hydrogel
Beads

Water Source: Fish Water

Experiment 3
e Flowering

50% Lunar Regolith
15% Earth Soil

15% Pig Straw Manure
20% DI water Hydrogel
Beads

Water Source: DI
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Moon Control

Average Height: 2.9 cm

Largest Plant: 3.0cm

100% Lunar Regolith

Water Source: DI

Earth Control 1
e Flowering

Average Height: 10.8 cm

Largest Plant: B - 16.5 cm

80% Earth Soil
20% DI water Hydrogel
Beads

Water Source: DI

Earth Control 2
e Flowering

Average Height: 8.0cm

Largest Plant: C-13.0 cm

80% Earth Soil
20% Fish Water Hydrogel
Beads

Water Source: Fish water
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Earth Control 3
e Circular seed pods
actively drying

Average Height: 22.3 cm

Largest Plant: B - 23.5 cm

100% Earth Soil

Water Source: DI

Experiment 1
e Different shape seed
pods
© Due to hybrid
seeds
Average Height: 19.75 cm

Largest Plant: C-27.5 cm

50% Lunar Regolith
15% Earth Soil

15% Fish Tailings

20% DI water Hydrogel
Beads

Water Source: DI

Experiment 2
e Similar seed pod
shape to Experiment 1
e Tallest plant overall

Average Height: 43.0cm

Largest Plant: 43.0 cm

50% Lunar Regolith

15% Earth Soil

15% Fish Tailings

20% Fish Water Hydrogel
Beads

Water Source: Fish Water

Experiment 3
e Flowering

Average Height: 17.25 cm

Largest Plant: 23.5 cm

50% Lunar Regolith
15% Earth Soil

15% Pig Straw Manure
20% DI water Hydrogel
Beads

Water Source: DI
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