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Problem

The challenge of growing crops in space is immense and complex. There are many
challenges such as the soil, radiation, and lack of oxygen. Of course, these can all be overcome,
but with a cost. On average, it costs $20,000 for one kilogram of a substance to be taken to the
ISS. (NASA hikes prices for commercial ISS users - SpaceNews) But to go to the moon, a trip

approximately 855x the distance, one kilogram could cost as much as one million U.S. dollars.
This means that one must be as sparing as possible with the materials taken to the moon. To
determine the optimum balance of materials to crop yield, we designed an experiment to test the
limits of what conditions crops could grow in.

Based on the components listed on the label of our regolith, Lunar Highlands Stimulant
contains, by weight, 74-80% anorthosite (mainly calcium and aluminum), 18-25% glass-rich
basalt, and a small amount of iron and titanium (around 1%).

Experimental Design

In our team’s experiment, we chose to grow Daikon radishes because they germinate
quickly (generally within a week) and don’t require a large quantity of nutrients. Each of our four
non-control pots received a mixture of regolith, soil, and a liquid fertilizer known as
“SuperThrive Liquid Concentrate”. We reasoned that using a liquid fertilizer would be more
concentrated than a solid one, making it so less would have to be used. To ensure the experiment
was fair, each pot received a proportionately decreasing amount of the mixture, which was added
in every pot (minus the controls) along with 150 mL of the regolith. The controls each received
300 mL of regolith to ensure the pot was filled. The contents of each pot are found below. Note
that pots 5-7 are controls.

Pot Amount of Regolith | Amount of Soil (mL) | Amount of Liquid
(mL) Fertilizer (mL)

1 150 mL 150 mL 50 mL

2 150 mL 90 mL 30 mL

3 150 mL 54 mL 18 mL

4 150 mL 30 mL 10 mL

5 300 mL 0 mL 0mL

6 300 mL 0mL 0 mL

7 300 mL 0mL 0mL




The pots were then placed inside of a cart covered in a thick plastic tarp to trap heat and
humidity (see “Charts, Photographs, and Graphs section). Our team did not want the weather to
interfere with our experiment, so the cart was placed away from direct sunlight and the plants
received their light from growth lights kept on for twelve hours a day (7 am to 7 pm). Inside the
cart, the temperature was set to 75 degrees and 70% humidity, although it is important to
recognize that the temperature and humidity fluctuated due to the plants releasing water vapor
(transpiration), and the fact that the cart is not completely a closed environment.

The plants were watered as we saw fit, usually 10-15 mL every few days. To ensure our
constants stayed the same, every pot was given the same amount of water when they were
watered. Since water is quite heavy, weighing one gram for every milliliter, we tried to water as
sparingly as possible.

Measurements were also taken often, generally every other day, or as our schedules
allowed. The recorded measurements include pH, plant height, number of leaves, temperature of
soil, and amount watered, as well as any other general observations such as color or texture of
soil.

Observations

Germination time varied significantly between pots. The control group sprouted first
(Day 1 for Pot 7 and Day 3 for Pots 5 and 6), while the amended groups germinated much later
(Day 8 for Pots 1 and 4, Day 12 for Pots 2 and 3). This suggests that pure regolith allowed faster
initial germination. We hypothesize that this is because of the regolith’s fine grain and therefore
increased contact with the seed, although the regolith did not support long-term plant health
because of its nitrogen, phosphorus, and potassium deficit.

By Week 2, the control plants began to wilt. We observed that the regolith-only pots
drained quickly, dried out faster than the other pots, and eroded easily during watering. This left
the radish plants’ roots exposed to the air, dehydrating them, which led to plants’ deaths and the
need for replanting. The other amended pots containing soil and fertilizer retained moisture far
better and supported continued growth.

As of Day 19, the most successful growth, as defined by leafiness and height, occurred in
Pot 4 (30 mL soil, 150 mL regolith, 10 mL nitrogen fertilizer), which produced two healthy
plants measuring 8 centimeters and 9 centimeters tall with multiple, emerging leaves. Pot 1 also
produced a plant (4 cm tall with two leaves), while Pots 2 and 3 had only small sprouts. The
control cups resprouted on Day 17 but showed minimal growth (approximately 0.5 cm).

In the following days (up to day 26), growth continued at a steady pace for our amended
pots, each growing around 2 centimeters. The controls, however, grew minimally, with each



plant growing just a few centimeters each. Of course, this is to be expected, as the regolith will
have only a fraction of the amount of nutrients as the other pots contain.

On days 25-26, the controls began to droop. A likely explanation for this occurring only
in the controls and not in the amended pots is because of erosion and drainage. When watered,
the regolith erodes incredibly quickly, leaving the roots exposed to the air. This means that the
cells located in the stem of the plant dry out, and the turgor pressure inside the stem is decreased,
causing it to droop. Turgor pressure is the pressure that is instrumental in keeping a plant stem
rigid, (The biomechanics of turgor pressure - PubMed ) and is caused by water filling the central

vacuole, making it expand and push against the cell wall.

Beginning around Day 37-38, the pH of the pots, even the controls, began to even out, all
within a range of 5.5-6.5. We hypothesize that this is because the added nutrients of the liquid
fertilizer have been depleted. To allow for nutrient absorption, plants release protons into the soil
around them via their roots. This process, known as proton extrusion, is driven by membrane
transport proteins located in the membranes of plant cells. This makes the inside of the plant’s
cells negatively charged and the surrounding soil positively charged. This creates an
electrochemical gradient and because of this, important cations like Ca?* and Mg?" are attracted
to the interior of the cells. In this process, since hydrogen cations are expelled into the soil, the
pH of the soil will decrease, which is consistent with our data. (Nutrient Acquisition by Plants |
Organismal Biology) In the following days, the pH of the pots continued to decrease.

On Day 41, the controls perked up. As previously mentioned, the controls had drooped
due to a lack of pressure in their stems caused by shallow, exposed roots and therefore a lack of
water. A likely explanation as to why they have regained their turgor pressure is because the
plants have matured and their roots have descended farther into the soil, allowing them to reach
past the powdery top layer of the regolith and into the moister mid-layers. The controls also have
developed their more mature leaves and have shed their small, round leaves, further supporting
the theory that the radish plants have matured.

Day 46 brought an unexpected and sudden decline in the controls’ health. The plants in
Pots 7 and 6 exhibited severe yellowing and thinning, and many plants lost their leaves entirely.
Although this mass withering was most prevalent in Pots 7 and 6, the plants in Pot 5 also
yellowed to an extent. This was most likely caused by severe dehydration, as the regolith doesn’t
hold water well.

On Day 53, the regolith in the control pots (5-7) became extremely powdery, to the point
that it felt less like sand and more like flour. At first, we suspected that this was because of high
soil salinity due to overfertilization, which would create a yellowish-white crust on top of the
soil. But the powdery nature of the controls continues to the bottom of the container, disproving
this. This leads us to the conclusion that the powdery nature of the control pots is due to a lack of
any stable aggregates. The presence of organic matter such as plants and decaying matter in soil
like that found in Pots 1-4 creates aggregates, which are clusters of the different components of



soil, generally sand, topsoil, clay, and organic matter, but in this case the regolith would take the
place of the sand. These aggregates are crucial for maintaining water, as they contain a variety of
pores of different sizes. The larger pores, commonly referred to as “macropores”, allow water to
irrigate quickly, but the smaller pores, “micropores”, trap water like a sponge. Since stable
aggregates would be absent in soil lacking organic matter, like the controls, the soil would
become dry and powdery, as well as crusting on the top, which is what we have observed with

our pots. (Five Benefits of Soil Organic Matter | Mosaic Crop Nutrition)

At the end of the growth period, we dug each plant out of the soil to determine if there
was a radish plant present. Our radishes, Daikon radishes, require sixty days to mature enough to
produce a fruit, which would ideally mean a fruit had formed within our eight-week growth
period. At the end of the growth period, we dug up the plants, and unfortunately none of them
had developed enough to yield a crop. However, many had large roots systems that we did not
expect to form. The largest root system occurred in Pot 5, as Plant One had roots measuring 8.5
cm. The other controls faired less well, as the second-longest control root system was 5 cm
(Plant One) in Pot 7. The other controls fell between 0.75 cm (Plant One, Pot 5) and 4.5 cm
(Plant Two, Pot 7). In terms of the non-control pots, the largest root system was found in Pot 4,
measuring 5.2 cm (Plant One), and the smallest was in Pot Three, measuring 1 cm (Plant Two).
These measurements were a surprise, as the controls had such a variety of lengths. In general,
when a plant doesn’t have enough nutrients in its area, it extends its roots in search of more. But,
in this case, the majority of the controls had very short roots. This is likely because the regolith
drains quickly, leaving soil dry. Roots can’t grow in dry soil because the apical meristems, or the
tips of the roots, require water to undergo mitosis. In mitosis, the cell swells (called osmotic
swelling), and to facilitate this swelling, the cell must take in water. Therefore, without water, the
roots of a plant cannot lengthen. Pot 5 always seemed to be more hydrated than the other
controls, although there was no difference in their conditions.

Discussion

This midpoint data suggests that while seeds can germinate quickly in pure lunar regolith
simulant, it does not provide sufficient water retention or nutrients for quality and long-lasting
growth. The likely reason for this phenomenon is because the finer grain of the regolith greatly
increases the soil’s surface area. This allows the seed to absorb more nutrients while buried,
leading to, as we have observed with all three controls, faster germination. Adding organic
material improved moisture retention and plant health. The coarser grain creates gaps in the soil,
which make pathways for water to drain more efficiently. Interestingly, the best-performing cup
contained the smallest amount of soil and nitrogen fertilizer, which may indicate that too much
amendment can limit early germination while smaller amounts create a better balance between
drainage and nutrient availability. One possible explanation for why the pot with the least
amendments outperformed the others is that the fertilizer, which is very nitrogen-dense, created a
salty environment around the roots, drying them out.



Upon inspecting the early growth data (Day 19-26), it may appear as though Pot 4 far
outperforms the others, but one must consider that the data is biased towards Pot 4 because of its
early germination. The early sprouting makes it appear as though the plant is doing better than
the others when, in reality, it has simply sprouted first. This seems to be the case because in the
same week-long period (Day 19 — Day 26), Pot 4°s tallest plant grew 2 cm (from 9 cm to 11 cm),
whereas all other plants grew an average of 2.04167 cm, meaning that they essentially grew the
same amount.

After graphing the pH and height of the plants (see “Charts and Graphs” section), we
attempted to look for a pattern between the two. Upon observation, it seemed that whenever a
plant experiences an extreme increase in growth, the pH of its pot is lower. This is likely because
a plant’s optimal pH range is slightly acidic, being around 5.5-6.5. The reason plants prefer more
acidic pH is because the minerals that they need, like iron, magnesium, etc., are more soluble in
those conditions. This is because a high pH indicates more hydrogen cations are present. These
cations make it more difficult for soil to keep its nutrients due to their bonds weakening and
becoming easier to break.

While writing this, a topic came up that our pH data could be slightly inaccurate due to
the water content of the soil. Early into our growth period, we had decided to take our
measurements before watering the soil each day to ensure consistency, but this might have
skewed the pH. The reason for this is because pH depends on the amount of dissolved hydrogen
cations present per liter of a substance. In a liquid, this measurement is easily taken, as a liquid
will have equal contact with the instrument and will be sufficiently moist. But a solid must be
liquefied in some way for the best outcome. We could not do this because liquefying some of our
soil would, over time, decrease the amount of medium for the plants to grow in, ruining the
experiment. Even though this is less than ideal, it is an interesting lesson in experimental
procedure.

We also learned the importance of observing soil structure, not just plant height. The
properties of the regolith affected erosion, irrigation, and nutrient absorption. Replanting after the
initial plant loss helped us improve our procedures and showed that failure is part of the
scientific process.

After the eight weeks were up, we observed that the most successful growth occurred in
Pot 2, at 17.5 cm with four leaves and no wilting or yellowing. The second-best growth occurred
in Pot 4 at 15.5 cm with five leaves. Since Pot 4 contained the least amount of amendments aside
from the controls, we can conclude that, in our experiment, Pot 4 produced the best outcome, as
it would hypothetically cost $35,700 less than Pot 2 and yield similar results.

[Charts, Photographs, and Graphs]
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Note: Since we cannot record data every day, days lacking in data (like some weekends or
holidays) are averaged to what they would have been to ensure our graphs are accurate.

Total Cost of Materials (Assuming the cost per kilogram of material is 1,000,000 USD)

For content of pots in mL, see “Experimental Design” section

Graph of pH from February 2 — March 2

Pot Earth Soil Fertilizer ‘Water Regolith Total Cost
(weight in Concentrate Administered (Total water
grams) (weight in (weight in + Earth Soil

+ Fertilizer)
grams) grams)

1 27g 51.67¢g 285¢g 203g $363,670

2 19¢ 31g 285¢g 203g $335,000

3 15g 18.6g 285¢g 203g $318,600

4 8g 10.3g 285g 203g $303,300

5 Og 0g 285¢g 406g $285,000

6 Og 0g 285¢g 406g $285,000

7 Og 0g 285¢g 406g $285,000
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Graph of plant height from February 2 — March 2

Chart of watering amounts (Note: to be as succinct as possible, only days when the plants were
watered are recorded)

Day Amount of water per pot (mL)
2 50 mL
13 10 mL
15 10 mL
16 5SmL
18 10 mL
19 10 mL
23 25 mL
24 10 mL
26 15 mL
30 15 mL
35 30 mL
36 15 mL
38 30 mL
41 15 mL
42 15mL
44 5SmL
47 10 mL
49 5SmL
53 SmL
55 25 mL
57 15 mL
Total: 285 mL




Midpoint Growth Photo







Research and Data Collection




Video link: https://ul.padletusercontent.com/uploads/padlet-uploads-
usc1/4249896439/07afd8018303435920826507728f7afl/The Moondog Guild.mp4?token=2Frg
DQznJ1EuVDfMgBArhcYigbNCm5JcqRdD vbzj9bxyzYieTSb 4eS DwqoW8qH8eY CfdFZkk
qHVO-cWrhnBrJk9eUHb06qhyTg2 COtOffK1_ibRqVPGVIPS67M5dzwRVY Sv8Ni-
Wbb48sbuDBatfThdjB4ShXBPqCO0fgjFu9PwIM rQmEXBQAXUENXqC71voh2UPANY Pwj-
uC sQe8IsT]JEWq3BI ybtjS9yfajSwHpZQYW367bD7 OzEqRBh



