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Abstract

Space-based agriculture poses unique challenges due to the limited availability of nutrients, volatile moisture retention, and the sterile nature
of extraterrestrial regolith. In this study, we explored the cultivation of Pleurotus ostreatus in Martian regolith simulant (MGS-1) across different
soil and compost ratios, aiming to identify conditions conducive to mushroom mycelial growth while minimizing mold outbreaks. An automated
irrigation system (calibrated to a scaled-down water demand based on typical P. ostreatus needs) provided precise moisture control, and a
UV lighting arrangement—combined with daily pot randomization—ensured standardized environmental exposure. Over eight weeks, mold
initially outcompeted the targeted fungi in high-humidity chambers, prompting temporary drying measures and the introduction of fresh shiitake
spore plugs. Subsequent trials revealed that a sealed, humidity-rich environment facilitated robust mycelial colonization, whereas pot-based
substrates—particularly those with high regolith content—experienced slower progression. pH measurements showed that compost-rich mixes
generally stayed nearer the neutral range, whereas regolith-dominant mixes exhibited higher alkalinity. These findings highlight the importance
of substrate composition, water management, and inoculation strategies in fostering productive fungal growth and reducing invasive mold. Our
results point to a broader strategy for developing mushroom-based resource utilization, potentially enriching regolith for future plant cultivation
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while offering an alternative food source.
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1. Meta Analysis

1.1. Abstract

Space-based agriculture faces unique obstacles stemming from the
extreme properties of extraterrestrial regolith and the operational
constraints of closed environments. This meta-analysis compiles and
synthesizes data from Plant the Moon and Plant the Mars Challenge
winners—educational projects in which teams grew crops in simu-
lated lunar or Martian soil. We surveyed the most common strategies
(soil amendments, microbial inoculants, water management systems)
that yielded successful germination, growth, and harvests, compar-
ing these with instances of partial or total failure. Across nearly
all winning experiments, participants found that regolith must be
enriched with nutrients, organic matter, or both to offset intrinsic
deficits in nitrogen, phosphorus, and organic carbon. Teams that
supplied additional microbes (e.g., mycorrhizae, nitrogen-fixing bac-
teria) saw modest gains in plant growth or root health, confirming the
importance of biological activity in regolith-based systems. Several
recurring challenges (high pH, poor water retention, salinity, and
incomplete composting) further align with published space agricul-
ture literature. Integrating these findings with peer-reviewed sources
reveals consensus on the necessity of multifaceted regolith ameliora-
tion if in situ Moon or Mars farming is to be viable. We conclude with
recommendations for future research, including multi-cycle com-
posting, robust microbial inoculation, and system-level modeling of
nutrient flows in regolith-based bioregenerative life support systems.

1.2. introduction

Human missions to the Moon and Mars will require reliable food
production systems to sustain crews during long-duration surface op-
erations. Unlike Earth’s soils, lunar and Martian regolith lack organic
matter and are chemically and structurally inhospitable to plant life
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[3],[10],[42] [15], [40]. Lunar regolith is essentially pulverized rock
formed by eons of meteoritic bombardment and contains no native
life or readily available nutrients [34], [15]. Martian regolith has a
basaltic mineralogy with traces of soluble salts (e.g. perchlorates)
and similarly contains no organic content [22], [40]. These character-
istics result in an extremely nutrient-poor, sterile growing medium
that presents multiple challenges for plant growth: essentially zero
bioavailable nitrogen, limited phosphorus, micronutrients locked in
minerals, extreme pH, and poor water retention capacity [15], [25]. In
addition, potential toxins like perchlorate in Martian soil can further
inhibit plant development [9],[28]. Overcoming these challenges is
central to developing bioregenerative life support systems (BLSS) for
future habitats [15],[8],[19].

Past research in extraterrestrial agriculture has made significant
strides in controlled environments. NASA has successfully grown
Arabidopsis thaliana and other crops in small samples of actual Apollo
lunar regolith, demonstrating that plants can germinate and grow
in genuine Moon soil when provided with water and nutrients [20].
However, those plants showed stunted, stress-induced morphologies
compared to controls grown in terrestrial soil or high-quality sim-
ulants [20]. Similarly, multiple studies with high-fidelity regolith
simulants have concluded that no plant species can thrive in pure
simulant without nutrient supplementation [6],[18],[4]. For instance,
Wamelink et al. (2014) found that several crop and wild plant species
could germinate and survive for a time in Martian regolith simulant
(and to a much lesser extent in lunar simulant) using only dem-
ineralized water, but growth was severely limited [15]. In follow-up
experiments, adding organic matter from a first crop’s biomass greatly
improved the yield of a second planting in the simulant [15]. These
findings reinforce that regolith needs to be transformed into a more
Earth-like “soil” - via amendments and biotic inputs — to support
robust plant growth.
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To explore practical approaches to this problem, NASA and partner
organizations have engaged citizen scientists and students in exper-
imental challenges. The Plant the Moon Challenge and Plant the
Mars Challenge, run by the Institute of Competition Sciences with
support from NASA’s UCF Exolith Lab, provide teams with standard-
ized lunar or Martian soil simulant and ask them to design growth
experiments. Participants from middle school to college level must
devise ways to grow edible plants in the simulant over 8-10 weeks,
reporting their methods and results. These challenges have scaled
worldwide; by Spring 2023 over 800 teams (roughly 20,000 partici-
pants) were testing ideas on regolith-based cultivation [31],[29],[23].
Winning projects are recognized across categories such as Best Plant
Growth, Best Experimental Design, Innovation, and Evaluation of
Results. Collectively, this program has generated a trove of empirical
data on what works (and what fails) when attempting to “farm” the
Moon or Mars in a classroom setting.

In this study, we conduct a meta-analysis of the winning experi-
ments from recent Plant the Moon and Plant the Mars Challenges. By
synthesizing the approaches and outcomes of top-performing teams,
we aim to identify broad patterns of success and failure in regolith
agriculture. Key questions include: Which plant types tended to
perform well (or poorly) in simulant? Which soil amendments or
nutrient strategies consistently boosted growth? What growth sys-
tems or techniques helped mitigate issues like watering or pH? We
then connect these findings to the existing peer-reviewed literature
on space agriculture, including studies on simulant-based cultivation,
water use efficiency in controlled environments, the role of microbial
inoculants, and designs for closed-loop life support. By comparing
student-led trial outcomes with professional research, we can validate
the pedagogical experiments against scientific baselines and highlight
knowledge gaps. The results not only inform future challenge partic-
ipants but also provide insight into practical strategies for early lunar
or Martian greenhouses [16][34] . Ultimately, merging grassroots
experiments with academic research helps chart a more informed
path toward sustainable crop production beyond Earth.

1.3. Methods

Data Collection: We reviewed documentation of award-winning
projects from multiple seasons of the Plant the Moon and Plant the
Mars Challenge (2021 through 2024). Sources included team reports
(where available), abstracts from the challenge’s virtual symposia,
news articles, and school press releases profiling winning teams.
From these, we compiled information on each winning experiment’s
plant species, growth setup, regolith simulant type (lunar or Martian),
soil amendments or treatments applied, and reported outcomes (ger-
mination rate, plant height/biomass, any harvest attained, etc.). We
focused on “Best in Show” winners and category winners in Plant
Growth or Experimental Design, reasoning that these represented
the most successful or insightful approaches. In total, data on >20
top-ranked team projects were aggregated, spanning elementary to
university level teams and both lunar and Martian regolith trials.
Analysis: We qualitatively coded each experiment for key factors:
Plant Type (leafy green, root crop, legume, etc.), Amendment Strat-
egy (none, chemical fertilizer, organic matter, microbial inoculant,
Earth soil mixture, etc.), Watering and Lighting Regime, Container
or System (pots, hydroponic hybrid, sensors used), and Notable Chal-
lenges Encountered (e.g. nutrient deficiency symptoms, mold, pH
issues). We then identified common patterns associated with success-
ful plant growth (defined as achieving healthy plants or edible yields)
versus those associated with failed or stunted outcomes. To ensure
robustness, we cross-checked patterns against non-winning teams’
experiences reported anecdotally in articles (for example, many teams
that did not add nutrients observed no growth [35]). Concurrently,
we performed a literature review of peer-reviewed research on ex-
traterrestrial agriculture relevant to the observed patterns. This in-
cluded studies of plants grown in regolith simulants, research on
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water use and recycling in hydroponic systems, investigations into
plant-microbe interactions (thizobium, mycorrhizae) in regolith, and
reviews of bioregenerative life support system design. We used schol-
arly databases to find experimental results comparable to the chal-
lenge approaches (e.g. the effect of compost on simulant, or plant
responses to perchlorate). Each key trend from the challenge meta-
analysis was compared against published data for confirmation or
contrast. We documented whether the student-generated insights
aligned with scientific consensus or if any novel ideas emerged.

Synthesis: Finally, we synthesized the findings into a structured
format. We present summarized results with representative examples
(including a table comparing experiments) and cite literature to con-
textualize each point. In discussing results, we integrate the student
experiment outcomes with scientific explanations for the successes or
failures observed. All citations for challenge data refer to published
descriptions of the teams’ projects, while citations for external studies
come from academic sources. We will end our synthesis with recom-
mendations for Future Research that bridges both the student-led
experimentation and professional research needs.

1.4. Results
1.4.1. Overview of Successful vs. Unsuccessful Approaches

A clear overarching pattern emerged: teams that heavily amended or
supplemented the regolith simulant generally achieved plant growth
and even harvests, whereas teams that attempted to grow plants in
pure simulant with minimal intervention often saw failed germina-
tion or seedling death. The lunar and Martian simulants provided in
the challenge kits were, by themselves, almost incapable of support-
ing plant life - a finding mirrored by virtually all scientific studies
of these media [4]. Many participants’ final reports noted that with-
out added nutrients or organics, their seeds either failed to sprout
or produced only tiny, chlorotic (yellow) sprouts that soon stalled
[31,[6],[10]. An instructor whose classes trialed unamended simu-
lant candidly reported that the phrase “no viable sprouts” appeared
frequently in student research posters [35]. By contrast, nearly all
the award-winning teams had modified the simulant in some way
to improve its fertility or structure. Table 1 summarizes a selection
of winning experiments, illustrating the range of strategies used and
their outcomes.

1.4.2. Plant Species Performance in Regolith Simulants

Fast-growing, resilient crops tended to be the choices for many teams,
and with good reason - these species had the highest success rates.
Leafy greens (like collard greens, kale, lettuce) and quick-maturing
root vegetables (radishes especially) were repeatedly shown to ger-
minate and grow to harvestable size within the 2 month challenge
window if given appropriate care [10],[22],[16],[24],[42]. For exam-
ple, the Bluejay college team selected collard greens because of their
known hardiness and achieved significant biomass when nitrogen
was supplied [33],[22],[26],[42]. Nipmuc High School chose black
radish, a variety known for tolerating poor soils, and saw it reach
12cm tall in simulant with the help of inoculated nutrients[27], [45].
Radishes were a popular choice across many teams and consistently
germinated within days; their short life cycle (harvestable in 40-60
days) meant some teams even measured actual radish bulbs forming
in simulant by the end [7],[11],[24],[27],[32]. This mirrors space-
agriculture research where radish has been a model crop - NASA has
successfully grown Raphanus sativus on the International Space Sta-
tion in a controlled habitat [41]. The general consensus from the chal-
lenges and literature is that rapid-cycle, small stature plants (radishes,
leafy greens, herbs) are most feasible in marginal substrates because
they require less time and resources to reach maturity [3],[10],[25],
[41].

On the other hand, teams that attempted more resource-intensive
or long-season crops faced greater difficulties. A few high school
teams ambitiously tried to grow fruiting plants like tomatoes or pep-
pers in lunar simulant, but none of these made it to the winner’s
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Table 1. Selected winning Plant the Moon/Mars Challenge experiments, showing plant type, regolith environment, amendments, outcomes, and limiting

factors.

Team (Season)

Plant(s)

Regolith & Amend-
ments

Outcome

Notable Challenges/In-
sights

Bluejay (Fall 2022) -
Minnesota West College

Nipmuc HS (Fall 2024) -
Massachusetts

“Team YAPPERS” (Spring
2023) - Meadowbrook HS,
VA

Chalkville ES (Fall 2023) -
AL (5th graders)

NHTI College (Spring
2024) - NH

Sprayberry HS (Fall 2023)
-GA

Collard greens
(Brassica oleracea)

Black Spanish
radish (Raphanus
sativus)

Cucumber (Cu-
cumis sativus)

Cucumber (and
others)

Cabbage and
radish

Lettuce (Lactuca
spp.)

Lunar simulant + chem-
ical N fertilizers (urea,
nitrate, etc.)

Lunar simulant + micro-
bial inoculant (UltraBio
mix)

50:50 Lunar simulant and
potting soil; lime added
mid-way

Comparative test: Earth
potting soil vs. Martian
simulant + mixes

Lunar simulant (cabbage)
and Martian simulant
(radish) + composted
manure + simulated
urine

Martian simulant + 3D-
printed nutrient matrices

All fertilized treatments
grew vigorously; no-N
control had minimal
growth. Urea proved the
most mass-efficient N
source.

Germination and growth
up to 12 cm in 8 weeks.
Healthy green foliage.

Grew multiple cucumber
plants with significant
biomass. Best HS crop.

Earth soil grew best; Mars
simulant poorest. Mixes
had proportional results.

Very low success: Most
seeds didn’t sprout; few
seedlings stunted and
discolored.

Lettuce grew successfully
around nutrient matri-
ces. Won Experimental
Design.

Confirmed extreme nitrogen
deficiency in simulant. Use of
concentrated fertilizers like
urea reduces resupply mass.

Soil microbes and organics
improved nutrient availability
and root health. No major
issues due to careful water
monitoring.

Required pH adjustment.
Shows importance of pH
control and benefit of mixing
simulant with Earth soil.
Martian simulant lacks fer-
tility. Suggests mixing in
Earth-derived or composted
materials to improve soil
quality.

Likely nutrient imbalance or
salt stress. Organic amend-
ments must be carefully
formulated to avoid high
salinity or poor nutrient
ratios.

3D-printed nutrients en-
abled sustained feeding and
minimized leaching. Inno-
vative solution to nutrient
distribution.

Note: ES = Elementary School, HS = High School. Simulants used were standard lunar and Martian regolith analogues from UCF’s Exolith Lab. Outcomes are based on team

reports and judging feedback. Challenges/insights are inferred from reported data and team observations.
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circle - typically, they failed to set fruit or even to thrive vegetatively,
likely due to the high nutrient demands and longer growth period re-
quired [5][23]. One notable success was Team YAPPERS’ cucumbers,
but significantly, those were grown in a 50/50 simulant-soil mixture
with abundant nutrients and care [44]. Pure simulant would almost
certainly not support a heavy-feeding fruit crop like cucumber or
tomato; even in the YAPPERS’ enriched conditions the mentor noted
the plants needed pH correction and careful feeding. Root crops like
potatoes were attempted by at least one winning team (the Aerospace
2: POTATO team). They managed to grow potato plants in lunar
simulant, presumably by providing substantial fertilizer (exact details
were proprietary), and their success suggests that even calorie-dense
staples can be grown if the simulant is sufficiently amended. This
aligns with historical experiments - for instance, Chinese scientists
once grew potatoes in a Mars simulant soil with added nutrients, and
found reasonable yields. The Purslane Gang team took a different
approach by choosing purslane, an edible succulent weed. Purslane
is extremely drought- and salt-tolerant, so it likely coped well with
regolith; that team won for experimental design, hinting their plant
did grow. In general, stress-tolerant plants (including many wild
species) may have a role: Wamelink et al. grew 14 wild plant species
in Martian simulant and found some (such as mustard and rye) could
grow without fertilizer better than others [15],[18].

A crucial point from both student experiments and research is
that plant choice must be matched to the growing medium’s limita-
tions. Crops that naturally require rich soil (e.g. most fruiting veg-
etables) will not do well in regolith simulant unless one essentially
compensates by making the medium more Earth-like via amend-
ments[32],[27],[13]. Crops that are adapted to poor, sandy, or alka-
line soils (many herbs, some legumes, certain cereals) have a better
chance. Interestingly, legumes (beans, peas) which could theoreti-
cally fix their own nitrogen were tried by a few teams (e.g. one team
grew lima beans). However, without the specific rhizobium bacteria
present, the nitrogen-fixation symbiosis would not occur, so those
legumes behaved like any other plant — suffering from N deficiency
in bare simulant. One scientific study confirms this: beans grown
in Mars regolith simulant without nitrogen-fixing bacteria had no
significant growth advantage [9],[18],[27],[34]. Thus, simply being a
legume is not enough; the microbial partnership must be introduced
(which was generally beyond the scope of most student teams except
where inoculants were used). In summary, fast-growing leafy and root
vegetables emerged as the “winners” in regolith trials, while more
demanding crops only succeeded when heavy amendment effectively
mitigated the simulant’s limitations.

1.4.3. Efficacy of Soil Amendments and Nutrient Strategies

Perhaps the strongest determinant of success in the challenges was the
use of soil amendments to supply nutrients and improve soil quality.
Virtually all winning teams employed some form of amendment,
falling roughly into three categories:

1. Chemical Fertilizers: Some teams added measured quantities
of mineral nutrients (e.g., nitrates, phosphates, sulfates) to the
simulant. The Bluejay Team explicitly compared different nitro-
gen fertilizers — urea, ammonium nitrate, etc. - and found all
three supported plant growth, whereas the no-nitrogen control
failed [33],[22],[26],[42]. Their data showed a dramatic contrast:
collard greens in nitrogen-enriched pots grew large, green leaves,
while those in unamended regolith were stunted and yellow [33].
Notably, they saw no significant growth difference between the
N sources, which matches agronomic knowledge that plants can
use nitrate, ammonium, or urea (which converts to ammonium)
similarly if dosage is sufficient. However, they recommended
urea as the optimal source because it packs the most nitrogen
per unit weight, an important consideration for space missions
where launch mass is at a premium [33]. This finding reinforces
a point from the literature: since lunar and Martian soils have
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essentially zero fixed nitrogen [18],[34],[15], any productive agri-
culture will require an external N input, whether via fertilizer
or biological fixation. Other teams likely added complete hy-
droponic nutrient solutions to their watering regime (even if
not fully reported), essentially treating the simulant as an inert
medium while plants were fed by liquid nutrients — a strategy
functionally similar to hydroponics [10],[23].

. Organic Matter Amendments (Compost/Soil): Organic Mat-

ter Amendments (Compost/Soil): A large number of successful
projects incorporated organic materials to “kick-start” a soil
ecosystem in the simulant. For example, Team YAPPERS simply
mixed a good quality potting soil (rich in composted organics)
into the simulant at a 1:1 ratio [44], [16]. This provided not
only nutrients (potting soil contains some fertilizer and organic
nitrogen) but also vastly improved the texture and water reten-
tion of the medium. Lunar regolith simulant on its own has
very poor water holding capacity (Deepagoda et al. measured it
as the worst among substrates tested, due to large pore spaces)
[15],[29],[25]. By blending in organic matter and fine particles
from real soil, the mixture can retain moisture much more like a
normal soil, preventing the rapid drying that often kills seedlings
in pure simulant. Other teams created their own compost: some
used kitchen scraps, some used manure. One high school team,
for instance, mixed coffee grounds and eggshells into their lunar
soil simulant as a homemade compost - a practice that improved
germination (perhaps by adding small amounts of nitrogen and
calcium). The efficacy of organic amendments was strongly sup-
ported by comparisons: an NC State University review noted
that mixing just 10% compost by mass into regolith simulant sig-
nificantly increased plant biomass in tests [15],[7],[13]. Organics
help pH buffering as well; lunar regolith tends to be alkaline and
Martian regolith slightly alkaline to neutral, but decomposition
products can release acids that neutralize pH or provide chelates
for nutrient uptake [15]. Indeed, the literature emphasizes that
adding organic matter (compost or manure) is a sustainable
way to enhance chemical fertility and biological activity in re-
golith, aligning with in-situ resource utilization (ISRU) goals
[15],[8],[19].

. Afew cutting-edge teams went beyond just chemistry and added

biology directly in the form of beneficial microbes. The Nipmuc
team’s use of the commercial inoculant “UltraBio” introduced
a consortium of soil bacteria and mycorrhizal fungi along with
some organic nutrient base [45],[27]. This approach recognizes
that on Earth, plants rely on symbiotic microbes for nutrient
cycling - for example, mycorrhizal fungi extend root systems
and help solubilize phosphorus, while nitrogen-fixing bacteria
can supply N to legumes [6][34]. In sterile regolith, none of
these helpers are present unless we add them. Nipmuc’s radish
growth indicated that these microbes can survive and function
in the simulant (since their radishes grew to a respectable size).
The judges praised their rigorous methodology, which likely
included comparing results with and without the inoculant to
show its benefits [45]. Peer-reviewed research backs this up:
preliminary studies show mycorrhizal fungi can establish in
lunar simulant (JSC-1A) and assist plant seeds in germinating
[40],[3],[18]. For instance, Trichoderma (a fungus) and Glomus
(a mycorrhizal fungus genus) have been shown to colonize sim-
ulant and improve host plant nutrient uptake [40]. Similarly,
rhizobium bacteria for legumes could, in theory, allow beans
or peas to fix nitrogen in Martian soil — one MDPI study found
that bean plants inoculated with Rhizobium had higher germi-
nation in simulant (though the effect was not huge) [9],[27],[34].
Overall, the challenge results and research both suggest that
introducing a microbial community greatly enhances regolith’s
capacity to support plants, essentially jump-starting the soil for-
mation process that is absent on lifeless moons and planets.
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A concise illustration of these findings appears in the heat map
(Figure 1), which visually depicts how different plant-amendment
pairings correlated with outright success, partial growth, or failure
across the Challenge’s diverse experiments.

Plant vs. Amendment Heat Map

~ I . .
Success
Tomato
Kale
Radish
Common Bean
Partial
soybean

Oyster Mushroom
Opuntia Cactus

e ]
Fail

spinach
E =
Arugula

Collard Greens -
Not tested

Amaranth

Mung Bean

Figure 1. Heat map illustrating plant growth outcomes (success, partial, or
failure) for different plant species (y-axis) cultivated with various soil
amendments (x-axis) in lunar or Martian regolith-based trials. Red indicates
successful growth, yellow partial success, blue failure, and white cells signify
untested combinations.

In contrast, teams that did not adequately amend or that misused
amendments often struggled. The NHTI college project is a caution-
ary example: they did add organic matter (composted cow manure)
and even attempted a “waste recycling” approach by formulating a
fertilizer from reclaimed nutrients (to mimic astronaut urine) [35].
However, their outcome was poor - likely because the amendment
was imbalanced. Cow manure, if not fully composted or applied in
excess, can lead to high salts and ammonia that inhibit seeds. Indeed,
the instructor speculated that the compost itself may have hindered
growth [35]. This underscores that not all amendments are automat-
ically beneficial; proper processing and dosing are critical. It also
reflects real-life concerns: using human wastes as fertilizer in space
is attractive for closure of the loop, but it must be treated to be safe
for plants (just as on Earth, raw manure can “burn” crops) [18],[6].
Another team reported that their first trial with compost failed be-
cause the mix became waterlogged and anaerobic (lacking drainage
in the simulant), leading to mold growth that killed seedlings. Thus,
teams learned that gradual integration of organics and maintaining
aeration is important — which mirrors composting best practices in
controlled ecological life support system (CELSS) research [15] [19].
In summary, the winning experiments affirm that providing nutrients
— whether via chemical fertilizers or organic matter — is absolutely
essential for plant survival in regolith [4],[10],[32]. Moreover, the
most effective approaches combined nutrients with improvements to
soil structure and biology, essentially engineering a fertile substrate
out of the inert simulant. These findings line up with decades of space
agricultural research advocating for combined physical, chemical,
and biological soil improvement for off-world farming [15],[13],[42].
The challenges demonstrate this principle in action at a small scale.

1.4.4. Growth System Designs and Environmental Control

Beyond soil chemistry, teams employed a variety of growth systems
and techniques to maximize their plants’ chances, and innovative
designs were recognized in the competition. Most teams grew their
plants in pots or containers under artificial lights, essentially cre-
ating micro-greenhouses or growth chambers in their classrooms.
However, within this general approach, details differed in ways that
affected outcomes:

1. Watering Methods: Teams quickly discovered that watering
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regolith is tricky. Pure simulant, especially lunar, drains wa-
ter almost instantly due to large pores, leaving little moisture
for roots [15],[10],[28]. To combat this, successful teams used
frequent, small waterings or employed irrigation systems like
drip lines or wicks to maintain consistent moisture. The use
of moisture sensors (as Nipmuc did) helped avoid both drying
out and overwatering [45]. Some teams covered their pots with
plastic or grew in clear bins to reduce evaporation - effectively
increasing humidity around the plants. These adaptations speak
to the larger issue of water management in extraterrestrial farm-
ing: water is precious and must be efficiently used. In research
settings, closed-loop hydroponic systems are known to achieve
90% lower water usage than open soil irrigation [30] by recycling
nutrient solution. While most student teams did not go full hy-
droponic, a few flirted with the idea. For instance, one team
lined the bottom of their regolith pots with a hydrogel to hold
water, creating a crude sub-irrigation [10]. Others noted that a
capillary mat under the pots helped distribute water evenly. The
emphasis on water control in the competition results mirrors
NASA’s focus on water-efficient systems - NASA is even testing
aeroponic and hydroponic methods (the XROOTS experiment)
on the ISS to eliminate the need for soil at all [41].

. Lighting and Temperature: All teams used artificial lighting,

commonly LED grow lights, to provide sufficient photosyntheti-
cally active radiation. Winners often optimized light intensity
and duration (some ran lights 16 hours a day to speed growth). A
few experiments compared different light colors or types, though
that was tangential to the soil question. Temperature was gen-
erally ambient (room temperature), which for many plants is
acceptable. A few teams growing cool-weather crops (like lettuce
or cabbage) made sure the room stayed 20°C. We did not find
cases of teams needing special temperature or CO enrichment
- the scale and duration were small enough that ambient CO
was fine, and temperature control beyond basic ranges wasn’t a
major reported issue. However, it is worth noting that in sealed
environments, plants can deplete CO and stall growth; advanced
life support tests on Earth (e.g., BIOS-3 in Russia) had to supple-
ment CO for their indoor crops. In the student projects, frequent
handling and open growth bins likely allowed gas exchange with
the room air.

. Containers and Physical Structure: Most grew in small pots

(10 cm diameter). A few innovative projects tried different con-
tainer geometries - for instance, one team used a vertical tower
concept (an aeroponics tower that mists roots suspended in sim-
ulant particles) which won an innovation award (Mars “Dust
to Bloom” project). Another built a terrarium with separated
layers of simulant and hydroponic medium, allowing roots to
choose. These novel systems underscore the experimental spirit:
some were essentially moving towards soil-less cultivation while
still involving regolith as a component. The judges seemed to
encourage such creativity, as seen with Sprayberry’s 3D-printed
nutrient matrix embedded in the soil [38]. By printing a lattice
loaded with fertilizer that sits within the simulant, they created
a hybrid between a soil and a controlled-release hydroponic nu-
trient source. This system likely ensured that as water passed
through the simulant, it dissolved nutrients from the printed
matrix, feeding the plant in a controlled way. It’s analogous to
putting slow-release fertilizer stakes in the soil, but tailored for
Martian conditions. The success of that design (winning first
place in Experimental Design) suggests that integrating tech-
nology (sensors, 3D printing, controlled delivery) with regolith
agriculture is a promising path.

. Scale and Density Almost all teams planted relatively low den-

sities — often just a few seeds per pot — to avoid competition in
the nutrient-scarce medium. This meant yields per area were
low, but it maximized the chance each individual plant could
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make it. In a real mission scenario, one would want to eventually
ramp up planting density for efficiency, but the results indicate
initially each plant needs a generous “bubble” of resources in
regolith, further highlighting how poor a growth medium it is
by itself.

Across these system factors, a theme is that teams who treated the
experiment more like a scientific plant growth chamber (monitoring
moisture, adjusting pH, controlling environment) fared better than
those who treated it like a simple potted plant. The importance of
control and monitoring was explicitly noted by judges in praising Nip-
muc’s methodical approach (they even did post-harvest soil analyses)
[45]. This is essentially an educational confirmation that regolith
agriculture is not forgiving - it requires careful management. In
professional literature, this is well recognized: proposed lunar green-
houses involve tightly controlled watering, temperature, humidity,
and perhaps hydroponic feeding systems [41]. The student projects
that approximated those controls achieved measurably better plant
outcomes.

1.4.5. Major Challenges Encountered

Analyzing reports of what went wrong in trials is as informative
as what went right. The challenges teams most frequently cited as
limiting plant development were:

1. Nutrient Deficiencies: As discussed, lack of available nu-
trients (especially nitrogen and phosphorus) was the number
one barrier. Many teams initially underestimated how barren
the simulant was. A few thought that because the simulant is
“rocky”, it might have minerals to sustain plants. They soon
learned that essential nutrients like N are essentially absent [15]
, and others like P or K, while present in the simulant’s rocks,
are in insoluble forms that roots cannot uptake quickly [15].
Visual symptoms of nutrient deficiency were common - pale
or reddish leaves (nitrogen or phosphorus deficiency signs) -
and once identified, teams corrected by adding fertilizer. The
literature notes that total elemental content is not the same as
nutrient availability; factors like pH and solubility matter [15].
In the simulant, any phosphorus is likely locked in apatite or
other minerals that dissolve too slowly. So, nutrient starvation
was a universal challenge requiring supplementation. (See also
[22],[26],[34],[42]).

2. pH Imbalance: Lunar regolith simulant often has a basic pH
(estimates range pH 9-10 for Apollo regolith; the simulant might
be slightly lower). Martian simulant is sometimes near neutral,
but depending on the batch it could be slightly alkaline from
basaltic salts. Several teams measured their soil pH and found
it outside the optimal range ( 6-7 for most crops). For instance,
Team YAPPERS discovered their 50/50 mix was too acidic for
cucumber initially (possibly the potting soil had a low pH peat
base) [37]. The mentor instructed them to add lime (calcium
carbonate) to raise the pH, after which the plants improved
[37]. Conversely, another team growing beans in lunar simulant
found the pH was too high ( pH 9) and added sulfur to lower
it. Managing pH was thus an important challenge - too high
pH can lock up nutrients like iron (causing chlorosis), too low
can impede nutrient uptake and harm microbes. The need for
pH adjustment is echoed in research: one review emphasizes
that pH control is vital when adding amendments to simulant
to ensure nutrients become bioavailable [15]. Luckily, pH is
one of the easier variables to correct with standard gardening
techniques (lime or sulfur), and winning teams did so when
needed. (See also [34],[42]).

3. Water Retention and Irrigation: Many teams struggled ini-
tially with how often to water. Those treating simulant like nor-
mal potting soil often over-watered at first (since water would
pool then drain quickly, giving a false impression of saturation).
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Overwatering plus poor drainage led to temporary waterlog-
ging in some cases — one team mentioned algae growing on
the surface, indicating stagnant water. More commonly, teams
underwatered at first, not realizing how fast the medium dries.
Wilting or desiccated seedlings taught them to increase watering
frequency. The low water retention of simulant required teams
to be vigilant; automation (drip systems or frequent manual
checks) was almost mandatory for success. This is a known is-
sue: lunar soil’s porosity means it holds little water under Earth
gravity [15], and under lunar gravity the capillary forces might
behave differently (some studies suggest water might form un-
stable lenses in low-gravity soils). While not testable in the class-
room, that looming challenge was not lost on students — some
discussed in reports that on the Moon, watering might have to
be via subsurface irrigation or hydroponics to avoid water waste.
Indeed, NASA’s approach for lunar farming likely leans towards
hydroponics, partly to sidestep this tricky soil-water physics
problem [41]. In the competition, learning to keep the simulant
moist but not waterlogged was a key hurdle (and an educational
win in plant science for the students). (See also [10],[28],[23]).

. Microbial Absence and Organic Matter Breakdown: A sub-

tle but important challenge was the lack of a soil ecosystem. In
Earth soil, countless microbes decompose organic matter, fix
nitrogen, and mobilize nutrients. In sterile simulant, if a team
added organic material, it might not break down effectively with-
out microbial help. Some teams who mixed in raw organics (like
food scraps) observed that these pieces just sat there or grew
mold on the surface (from airborne spores) rather than being
transformed into useful nutrients quickly. The Nipmuc team’s
success, conversely, was likely because their inoculant contained
decomposer microbes to process the provided organic matter.
The viability of microbes in the foreign regolith environment is
itself a challenge - pH, absence of clay/organic protective parti-
cles, and potential toxic metal oxides can all inhibit microbial
growth. Research indicates some hardy strains can survive (e.g.
certain Bacillus bacteria and fungi were fine in simulant tests)
[40], but establishing a robust microbial community may take
time. In a few cases, teams noted that the second half of their
experiment went better than the first, suspecting that “the soil
got conditioned.” This could be because microbial colonies fi-
nally established and started releasing nutrients in week 4-5,
improving plant growth in later weeks. It’s a reminder that time
is a factor - initial plantings in raw regolith might suffer, but
subsequent cycles (if the same soil is reused with added organic
inputs) could yield better results as a proto-soil ecosystem devel-
ops [15]. (See also [6],[27],[34],[19]).

. Salinity and Toxins: While not universally encountered (be-

cause the simulants provided are generally low in salts), a few
teams did encounter issues reminiscent of Martian soil chal-
lenges. For example, one team that added a bit of table salt
to simulate Mars perchlorates ended up killing their plant -
illustrating the toxicity of high salinity. Martian regolith’s per-
chlorate content is a major concern in real missions, as even 1%
perchlorate can significantly stunt plant growth [9]. The student
challenges didn’t include actual perchlorate in the kits for safety
reasons, but teams discussed it in their research sections. One
winning team’s report involved using microorganisms to degrade
perchlorate in the simulant (a nod to an active area of research
[41]), which won an innovation award. Generally, whenever
a team had inexplicable plant stress, they considered whether
some contaminant or salt buildup was at play - for instance,
the NHTI team suspected high salt from their manure compost
[35]. Thus, salinity management emerged as a concern: teams
learned not to over-fertilize (which raises electrical conductivity)
and to flush the soil occasionally if using chemical nutrients, to
avoid salt accumulation. In a space greenhouse, a closed-loop
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water system must carefully remove excess salts to prevent such
issues. (See also [14],[28]).

6. Dust and Particle Handling: A more operational challenge
(affecting the experimenters as much as the plants) was the
nature of the simulant particles. Many remarked that the fine
dust was messy and abrasive. While this didn’t directly kill
plants, it hinted at what Apollo astronauts like Gene Cernan
warned: lunar dust is a serious impediment to operations [41].
Some teams found that when the simulant dried out, a hard crust
formed on top, preventing seedlings from pushing through - a
phenomenon also observed in regolith studies. The solution was
to keep it moist or gently stir the surface. This foreshadows the
need for soil conditioning or structure in real regolith farming,
perhaps by adding aggregates or mulch to prevent crusting. A
few teams mulched the top of their pots with a thin layer of
coconut coir to keep moisture in and dust down - a simple trick
that improved their germination rates. (See also [16],[23]).

In conclusion, the challenges that most frequently limited plant de-
velopment in the student experiments were entirely consistent with
those identified by experts for extraterrestrial agriculture: nutrient
scarcity, pH extremes, watering difficulty, lack of soil biota, and po-
tential toxicity (salts) [40], [15]. The student teams, through trial
and error, hit upon solutions to many of these (fertilize, adjust pH,
controlled irrigation, inoculate microbes, moderate fertilizer use) —
solutions that echo recommendations in scientific literature [15], [40].
The next section discusses these parallels and the broader implica-
tions. (See also [8],[18],[17],[32],[25],[42])

1.5. Discussion

The aggregated results of the Plant the Moon and Plant the Mars
Challenge winners present a compelling, ground-level validation
of many principles established in formal research on space-based
agriculture. Broadly, the successes achieved by students reinforce
the idea that with sufficient amendments and control, lunar/Martian
regolith can serve as a growth medium for plants, albeit one that
starts as a blank and unforgiving slate. The failures and difficulties,
on the other hand, underscore the risks of treating regolith like regular
soil and the necessity of technological interventions to overcome its
shortcomings.

1.5.1. Nutrient supplementation is non-negotiable

Both the competition results and decades of research converge
on this point — raw regolith simply does not contain the bioavail-
able nutrients to support plant life beyond the seedling stage [4],
[15],[3],[6],[5][22],[26],[42],[36]. All winning teams added substan-
tial nutrients (fertilizers, compost, etc.), which was the only way to
get normal plant growth. This complements studies such as Caporale
et al. (2020), who found that Martian simulants must be enriched
with nutrients to sustain crops, and without supplementation even
hardy plants fail to thrive [4] . The Bluejay team’s finding that any
nitrogen source works (with growth directly proportional to added
N) aligns with hydroponic research where nitrogen often limits yield
[22][26][42]. Their recommendation of urea for efficiency is notable;
urea’s high N content (46%) makes it a wise choice for space transport,
but future work must consider that urea’s conversion to usable forms
depends on enzymes (urease) that might need to be present. In a
bioactive soil (with microbes or added enzyme), urea will break down
to ammonia and then to nitrate — a sequence that should occur if an
inoculant or even plant root exudates facilitate it [6][34]. Thus, the
choice of fertilizer in a BLSS context might prioritize compounds like
urea for weight, but also require inoculating the system with the right
biology to process it, or using slow-release coatings.

1.5.2. Organic matter and “soil” creation

The strong performance of teams who mixed in organic matter sup-
ports the concept of in-situ soil formation as advocated by NASA’s
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bioregenerative life support researchers [15],[8],[19],[13]. By com-
posting organic waste (crop residues, food waste, etc.) and mixing
it with local regolith, future astronauts could gradually build arable
soil on the Moon/Mars [6][34]. The challenges showed a microcosm
of this: teams that added compost saw better plant vigor and water
retention, essentially kick-starting a soil ecosystem. Wamelink et al.
(2019) explicitly demonstrated that adding a first crop’s biomass to
lunar and Martian simulants improved the growth of a second crop
significantly [15], which is exactly what we see when students reuse
their potting mix for multiple trials - it tends to get better after the
“learning” crop. This is an encouraging synergy between student find-
ings and research: both indicate that successive planting cycles with
organic recycling can progressively ameliorate regolith. However, a
note of caution comes from cases like NHTT’s failed compost attempt
- showing that simply adding raw organic matter is not enough; it
has to be properly balanced and broken down [35]. This is where
controlled composting units (perhaps with temperature and aeration
control to produce safe, mature compost) would be vital in a space
habitat. The idea of composting as part of ISRU (In Situ Resource Uti-
lization) is increasingly discussed [15], and student experiments are
a great testbed for which composting techniques yield plant-friendly
substrate.

1.5.3. Microbial symbiosis and soil health

One of the more forward-looking aspects of some challenge projects
was the incorporation of microbes, reflecting an understanding that
plants rarely thrive alone. The success of the inoculated radish at
Nipmuc, for example, provides anecdotal evidence that a microbial
consortium can function in lunar regolith simulant [45], [27]. This
dovetails with recommendations in a recent npj Sustainable Agri-
culture review, which calls for integrating studies of plant-microbe
interactions in regolith-based agriculture [40]. The review noted
that including nitrogen-fixing bacteria and mycorrhizal fungi could
be game-changing for making regolith viable, as these symbioses
are ancient and critical for nutrient acquisition in poor soils [40],
[6],[18],[34]. Preliminary work cited in that review confirms that my-
corrhizae can colonize simulant with a suitable host plant [40]. Our
analysis strongly supports that notion: the presence of mycorrhizal
fungi in UltraBio likely aided Nipmuc’s radishes in accessing phos-
phorus or other micronutrients in the simulant that otherwise would
remain locked away. Additionally, microbes improve soil structure
(via biofilms and organic acids they produce) [3][19]. Looking ahead,
a logical next step is to simulate a true BLSS soil by having a continu-
ous rhizosphere in regolith - i.e., an active community of bacteria and
fungi around plant roots. The educational challenges have begun to
address this, but it could be expanded (see Recommendations). The
literature suggests caution in one regard: not all introduced microbes
will survive in the harsh regolith chemistry, and some may even pro-
duce harmful byproducts [27]. So, targeted selection of robust strains
(perhaps extremophiles) will be important. Still, the core takeaway
is that reinstating the biological loop (with decomposers, symbionts,
etc.) is critical to long-term soil fertility off-world, just as it is on Earth
[15],[6].[34].

1.5.4. Water management and system design

The student projects that engineered clever watering or nutrient de-
livery systems are essentially mirroring the path of professional space
food production research. For instance, the 3D nutrient matrix used
by Sprayberry’s team is conceptually similar to controlled-release fer-
tilizers used in greenhouse agriculture to ensure plants have steady
nutrition without daily fertigation [16],[23]. The positive result from
that approach indicates that “smart” fertilization techniques can re-
duce the need for frequent human intervention - an important factor
when crew time is limited. Likewise, the heavy use of moisture sen-
sors and automated drip irrigation by some top teams presages what
actual lunar/Martian greenhouses would use: you want feedback-
controlled irrigation to avoid drought or waterlogging [34],[42]. 1t
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is noteworthy that some teams essentially converged on hydroponic
principles (feeding liquid nutrients, using inert medium primarily
for support) even if they still had soil present [22],[26]. This conver-
gence is supported by NASA’s current stance that soilless cultivation
(hydroponics/aeroponics) may be more reliable in the near term than
regolith-based cultivation [41]. The reason is straightforward - hydro-
ponics sidesteps unknown soil behaviors and allows precise control of
nutrient and water delivery. However, regolith could still be used as a
substrate in hydroponics (just as clay pellets or sand can be on Earth),
which might be a compromise approach. The student experiences
show that when they effectively turned their simulant into a form of
substrate supplemented by a full nutrient solution (as some did), they
got good growth [10][32]. This suggests a potential strategy for early
missions: use local regolith as a component of a hydroponic system,
perhaps mixed with some compost, and supply complete nutrition via
recirculating solution. This way, the regolith contributes mechanical
support and some slow-release minerals, while the heavy lifting of
feeding and watering is done by technology. It leverages the “free”
bulk material (regolith) but doesn’t rely on it solely for fertility or
water retention.

1.5.5. Comparisons of lunar vs. Martian regolith cultivation

Although the challenge was split into separate Moon and Mars tracks,
comparing across them yields insights. In general, teams working
with Martian simulant had a slightly easier time - many more plants
sprouted in MGS-1 (Mars Global Simulant) than in lunar simulant
JSC-1A under identical conditions, according to anecdotal reports
[27][18]. This aligns with findings by Wamelink et al. (2014) where
several species grew (albeit limitedly) in Mars simulant but almost
none thrived in lunar simulant without nutrients [15]. Martian sim-
ulant typically contains some clay and salts, which confer a bit of
natural structure and mineral nutrient content (for example, Mars
simulant has trace amounts of bio-available potassium and phospho-
rus) [15]. Lunar simulant, being basically pulverized volcanic glass
and anorthosite, has zero innate nitrogen and minimal immediately
available of other nutrients [15],[3],[6],[10],[22]. The student experi-
ments confirmed that the Moon is the tougher farming environment
- e.g., one team that tried the same plant in both simulants found the
Martian one yielded better germination. So, strategies might differ:
on the Moon, one might need to bring or generate more amendment
to get started, whereas on Mars, the soil itself gives a slight head-start
(tempered by the need to remove perchlorate salts). Indeed, experi-
ments by Oze et al. (2021) show that even 1 wt% perchlorate in Mars
soil stunts plants severely [9] , meaning soil washing or bioremedia-
tion will be necessary on Mars [14][28]. One team in the challenge
explicitly tackled that by proposing microbes to consume perchlorate
- an innovative student idea that matches ongoing NASA-funded
research (e.g., using perchlorate-reducing bacteria to cleanse Martian
soil) [39].

System-level integration: The challenges gave students a taste of
the systems engineering required for BLSS. Not only did they have
to grow a plant, they had to measure and analyze results, echoing
how scientists evaluate crops in life support tests. The “Best Evalua-
tion” awards highlight the need to quantify outcomes, which some
teams did via biomass measurements, soil nutrient tests, etc. This
is analogous to how researchers evaluate crop yield, edible biomass,
and resource consumption in closed tests (e.g., weighing how much
water was used per gram of lettuce produced in a Mars simulant study
[4]). The better student projects attempted to calculate things like
germination percentage, growth rate, and even nutritional content —
building skills and data that could feed into larger models [27], [29].
We see a strong connection here: engaging students in authentic data
collection adds to the collective knowledge base. NASA has leveraged
similar citizen science in its “Growing Beyond Earth” program for
selecting space crop varieties [41]. The Plant the Moon/Mars Chal-
lenges extend this citizen science approach to soil-based research,
effectively crowdsourcing preliminary trials on regolith simulants
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across many conditions. The data from hundreds of teams, if consoli-
dated, could form a huge comparative dataset on what amendments/-
plants work best. It would be beneficial for the organizers or NASA
to formally analyze the combined results, as our meta-analysis only
sampled the highlights.

1.5.6. Implications for future extraterrestrial agriculture

The findings from these educational trials, buttressed by parallel sci-
entific evidence, point toward a hybrid approach for growing food
on the Moon/Mars. In the early stages of a habitat, a hydroponic or
soilless system might jump-start crop production because it’s more
predictable and can use precise nutrient solutions [41], [26], [42].
Over time, as missions become longer and waste materials accumu-
late, it would be advantageous to gradually convert some of the hydro-
ponic outputs (like inedible biomass, crew waste) into compost that
can be mixed with local regolith to create soil. This soil could then
support less technologically intensive crop growth (e.g., in planting
beds), reducing reliance on storing large volumes of nutrient solution
[6], [34]. The student projects demonstrate that within a couple of
growth cycles, regolith can begin to act more like a conventional soil
if managed well (with compost and microbes introduced). There-
fore, a viable strategy is: Phase 1: purely controlled environment
hydroponics for critical crops; Phase 2: introduce regolith+compost
beds for hardy crops once enough organic matter is available; Phase
3: iterate and expand the soil-based cultivation, potentially leading
to greenhouses that use local “soil” extensively. The ultimate goal
is to minimize resupply - carrying a small stock of chemical fertil-
izer to supplement what cannot be recycled, but largely relying on
ISRU (regolith + recycled organics). This combination of BLSS and
ISRU is seen as key for sustainable extraterrestrial farming [15], [13],
[18], [42]. The challenges students faced also inform engineering
requirements: for instance, the dust issue suggests any real planting
system must contain or bind the regolith (perhaps using pellets or
embedding it in a matrix, similar to Sprayberry’s idea) [23]. The water
retention issue suggests some form of wicking or hydrogel might be
needed if using regolith in pots [10], or else default to sub-irrigation
methods. The pH variability indicates sensors and automated dos-
ing (adding base/acid) should be part of a smart lunar greenhouse
[34][42]. Fortunately, none of these are insurmountable - they are
standard practices in advanced greenhouse operations on Earth, just
needing adaptation to off-world conditions.

Finally, it is worth reflecting on the educational aspect: the fact
that K-12 and college teams could meaningfully contribute insights
to problems of space farming is encouraging. They confirmed known
challenges (which is valuable reinforcement of scientific truth) and
also came up with novel twists (like nutrient matrices, unique com-
post recipes, etc.). This melding of education and research can acceler-
ate innovation. As one NASA scientist noted, involving the “Artemis
generation” in tackling these problems now means we will have a
cohort of engineers and scientists ready to implement solutions when
humanity does establish lunar or Martian outposts [31], [43]. The
meta-analysis of their experiments assures us that many fundamental
concepts — nutrient cycling, waste reuse, controlled environments
— are grasped and can be executed in miniature by students, which
bodes well for scaling up to real missions.

In conclusion, the key findings from the student challenge meta-
analysis align strongly with current scientific understanding: ex-
traterrestrial regolith can support plant life only when we modify it
to resemble Earth soil (through nutrients, organics, microbes, and
careful water/pH management) [15], [40], [8], [34], [42]. The main
growth-limiting factors observed (nutrient scarcity, pH, water, salt,
lack of biota) are precisely the issues researchers have identified and
are attempting to solve through advanced life support systems [40],
[15], [6], [18], [13]. The successes achieved in these small-scale exper-
iments - lush cucumber vines in half-regolith, or radishes in bacterial-
enriched dust - serve as proof of concept that with knowledge and
ingenuity, the problems can be overcome. They also highlight that a
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combined approach using biology (compost, microbes) and technol-
ogy (sensors, controlled release fertilization, hydroponics) is likely
the optimal path. This interdisciplinary insight is a microcosm of
what actual space farming will entail: horticulture meets engineering
meets microbiology.

1.6. Recommendations for Future Research

Building on the patterns identified and the gaps revealed by both
the challenge results and the literature, we propose the following
recommendations for future research and experimentation in ex-
traterrestrial agriculture:

1. Optimize Regolith Amendment Ratios and Processes: Con-
duct systematic experiments to determine the ideal proportion
of organic matter (compost) to mix with lunar/Martian regolith
for various crops. This includes testing consecutive planting
cycles — grow multiple generations of crops in the same simulant
with added organics to quantify improvements in fertility and
structure over time [15], [14], [23], [25]. Such studies will in-
form how quickly inedible biomass and waste can be converted
into productive “soil” and what processing (e.g. pre-composting,
vermiculture) yields the best outcomes.

2. Nutrient Release and Recycling Technologies: Further de-
velop and test controlled-release nutrient delivery systems tai-
lored for regolith. For example, expand on the 3D-printed nutri-
ent matrix concept by trying different nutrients and release rates,
and evaluate long-term stability in simulant. Parallelly, research
nutrient recovery from waste (urine, feces) - e.g., bio-reactors
that convert waste to nitrate or struvite fertilizer. The goal is
a closed-loop nutrient cycle where minimal external fertilizer
is needed [15], [18], [34], [42]. Experiments should measure
nutrient use efficiency under closed-loop vs open conditions to
quantify savings.

3. Microbial Inoculant Trials and Soil Ecologies: Initiate con-
trolled trials introducing specific microbial communities into
regolith simulants. For instance, set up parallel plantings of a
crop in simulant: one sterile with chemical fertilizer, another
with the same fertilizer plus a consortium of mycorrhizal fungi,
beneficial bacteria (e.g. Rhizobium, Azospirillum), and decom-
posers. Monitor plant growth, nutrient uptake, and soil health
indicators (enzyme activity, nutrient mineralization rates). Also,
assess microbial survival and colonization in the simulant over
time [40], [6], [27]. This will help identify which microbes are
most effective and robust for inclusion in a lunar or Martian soil
starter Kkit.

4. Crop Selection and Breeding for Regolith Conditions: Ex-
pand the range of plant species tested in regolith simulants,
especially focusing on stress-tolerant and quick-growing crops.
Candidate crops include extremophile plants (certain succu-
lents or halophytes), hardy cereals like millet or sorghum, and
nutrient-dense leafy greens (amaranth, for example, which some
studies tried and found mixed results [9]). Compare their perfor-
mance to known space crops like lettuce and radish. In parallel,
consider breeding or engineering crop varieties for regolith agri-
culture - for instance, selecting plants that exude more organic
acids to solubilize phosphorus, or that form stronger mycorrhizal
associations. Any promising traits observed in the challenges
(e.g., the purslane’s apparent salt tolerance) could be targets for
breeding programs.

5. Water Management in Partial Gravity and Closed Systems:
While student experiments were on Earth, it’s crucial to study
how watering and drainage behave in reduced gravity relevant to
the Moon (é g) and Mars ( % g). Simulate partial gravity (through

parabolic flights or centrifuge planters) to test capillary action,
moisture distribution, and aeration in regolith columns [15]. Ad-
ditionally, experiment with subsurface irrigation or hydroponic
wicking systems in simulant under those conditions. This re-
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search will guide the design of irrigation systems that ensure ad-
equate moisture for roots without gravity-driven flow - possibly
favoring hydroponic membranes or wicks in lunar greenhouses.
It should also quantify water use efficiency: measure how much
water is lost to evaporation or sequestration in regolith versus
recovered (which informs how to design condensers and recir-
culation in a habitat).

. Perchlorate Remediation Strategies for Martian Soil: Since

perchlorate salts are a known hazard on Mars, research should
advance methods to mitigate their impact on plants. Building
on student ideas and ongoing projects [41], test perchlorate-
reducing bacteria or chemical leaching processes in Martian
simulant before planting. For example, inoculate simulant with
Azospira suillum (a perchlorate-degrading bacterium) and mon-
itor perchlorate levels and subsequent plant growth versus un-
treated controls. Determine if a pre-treatment “bioremediation
period” can render Mars soil non-toxic for crops. Also examine
if any plants (perhaps extremophile algae or salt-tolerant shrubs)
can be used in a first pass to uptake or bind perchlorate. The
outcome should be a recommended procedure for handling na-
tive Mars regolith for agriculture (e.g., wash soil with minimal
water and bacteria, or mix with activated carbon to adsorb toxins,
etc.), because without removing perchlorate, yields will suffer
dramatically [9], [14].

. Integration of Regolith Agriculture into Life Support Mod-

els: It’s important to incorporate the above empirical findings
into system-level simulations for life support. We recommend
developing or refining models that simulate a closed-loop habi-
tat growing crops in regolith-amended soil. These models (such
as NASA’s MELISSA or BIO-Plex simulators) should take into
account: nutrient inputs from crew waste, outputs in harvested
food, water flows in transpiration and soil, and microbial activity.
By plugging in real data from student experiments (e.g., how
much biomass was produced per kg of simulant, how often wa-
tering was needed, etc.), we can validate these models. This will
help answer system questions like: “How much initial fertilizer
is needed to sustain Xm? of lunar regolith farming for Y years?”
or “How many cycles until the system can rely mostly on recy-
cled nutrients?”. Essentially, use the data to tighten the error
bars on the requirements for a self-sustaining lunar farm. Pub-
lishing such integrative analyses will guide mission planners on
the feasibility of using local regolith vs bringing all hydroponic
equipment.

. Expanded Educational Research Collaborations: Given the

success of the Plant the Moon/Mars Challenges, we recommend
expanding these programs and improving data collection for
research purposes. Future iterations could have standardized
measurement protocols so that results from hundreds of teams
can be aggregated scientifically (with students’ consent). For
example, every team could measure final plant dry biomass and
soil pH in a prescribed way. This would create a large dataset
across varied conditions, effectively a giant factorial experiment.
Researchers can collaborate with the challenge organizers to
analyze this data for statistical trends (e.g., how strongly does
adding 10% compost increase odds of success across all teams?).
Such collaboration turns the educational exercise into a citizen
science project yielding publishable findings, and also provides
students with an authentic research experience. We specifically
recommend involving the Space Grant university network to
mentor student teams in collecting high-quality data and per-
haps even co-authoring papers on the outcomes.

. Long-duration and Multi-generational Studies:hus far,

most experiments (both student and professional) run for a few
weeks or months. We recommend initiating long-duration stud-
ies where plants are grown in simulant-based media for many
months, even allowing perennial plants or multiple successive
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crop rotations. This will reveal any slow-developing issues —
for instance, accumulation of certain waste products in soil,
emergence of pathogenic microbes, or structural breakdown of
the substrate. It will also show whether the soil amendment ap-
proach is truly sustainable (do yields improve, plateau, or decline
after several cycles?). Real missions will require year-round cul-
tivation, so reproducing that timescale in Earth-based testbeds
is crucial. A controlled environment agriculture facility (like a
large greenhouse or lunar habitat analog) could dedicate some
chambers to regolith simulant growth beds and observe them
over 1-2 years. Variables to monitor include nutrient content
evolution, microbial community shifts (via DNA sequencing),
and trace element buildup in plant tissues (to ensure food safety
- e.g., uptake of any heavy metals from simulant).

10. Cross-disciplinary Human Factors Research: Finally, be-
yond the plant science, there’s an opportunity to study the hu-
man factors and operational aspects of regolith farming. The
student challenges illustrated how labor-intensive it can be to
manage these experiments (frequent watering, monitoring). Fu-
ture research could simulate what it’s like for astronauts to tend
a regolith-based garden: How much crew time does it take?
Does the dust pose respiratory or equipment hazards in a habitat
(needing mitigation like air filters or electrostatic dust collec-
tors)? What are the psychological benefits of tending plants in
regolith (some students reported immense satisfaction seeing
“life on moon soil”, which could translate to astronaut morale)?
Answering these questions will involve analog missions or habi-
tat mock-ups where crew perform gardening tasks on a schedule.
Measuring workload, air quality, and crew well-being in those
scenarios will inform the design of actual lunar greenhouses -
for example, whether they should be automated or if crew gar-
dening time is desirable as a leisure activity. It also underscores
the importance of safety protocols for handling extraterrestrial
soil (the challenges required PPE when handling simulant; sim-
ilarly, astronauts will need protocols for dealing with lunar dust
to avoid contamination of the habitat).

By pursuing these recommended research directions, we can build
upon the grassroots findings of the Plant the Moon and Plant the
Mars Challenges and advance the state of knowledge required to one
day grow a robust, regenerative garden on the Moon or Mars. The
synergy of student-driven discovery and professional research will
accelerate progress toward that goal, fostering both the technology
and the workforce needed for off-world farming to become a reality.
As one NASA administrator put it, “to boldly go, we must boldly grow”
[20]- and that growth will be fueled by continuous learning and
innovation on multiple fronts, exactly as outlined in the steps above.

2. Principal Study

2.1. Introduction

Over the past few semesters, our team—The Plantstronauts—has
sought to address emerging gaps in the literature surrounding the
Plant the Moon Challenge. In Spring 2024, we examined the effect of
soil amendments (namely Miracle-Gro) on Glycine max (edamame),
thereby highlighting how targeted nutrient supplementation could
boost growth in simulated lunar or Martian regolith. Building on
that work, we recognized an additional gap when reviewing reports
from all Plant the Moon Challenge winners since 2021: the growth
of Pleurotus ostreatus (oyster mushrooms) in regolith-based systems
has been comparatively underexplored.

In this semester’s study, we therefore shift our focus to Pleurotus os-
treatus and again leverage Miracle-Gro as a primary soil amendment.
Our aim is to offer small yet meaningful insights into how oyster
mushrooms respond to such amendments in simulated extraterres-
trial conditions. We emphasize that science does not always need to
be monumental or groundbreaking to be valuable. In many cases,
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incremental findings—such as those reported here—can help spark
new hypotheses, refine existing protocols, or inspire future research
directions (See Figure 2). Although our investigation did not achieve
statistically significant growth results this term, we present our meta-
analysis and experimental findings with the hope that they will en-
courage others to explore creative avenues of plant-amendment inter-
actions. The collective impact of such endeavors, each contributing
a piece to the puzzle, ultimately shapes the larger body of scientific
progress in the Plant the Moon Challenge and beyond.

Plant vs. Amendment Heat Map

Success
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Soybean
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Figure 2. Caption

This focus on Pleurotus ostreatus arises from the unique ecological
role that mushrooms play as decomposers in terrestrial ecosystems
Stamets2005, [12]. By harnessing their ability to break down com-
plex organic compounds, researchers can potentially transform oth-
erwise inhospitable soil substrates—such as Martian regolith—into
more fertile growing media. While plants often require a delicate bal-
ance of water, nutrients, and stable soil structure, fungi thrive under
varying humidity conditions and can tolerate an array of substrates,
including those laden with inorganic matter. This characteristic posi-
tions P. ostreatus as a prime candidate for testing the practical limits
of fungal cultivation in environments that were previously thought
to be nonviable for conventional farming methods.

Moreover, integrating fungal cultivation into the Artemis Space
Program framework aligns with the growing emphasis on in-situ
resource utilization (ISRU) [1], [2]. Successfully cultivating P. os-
treatus on Mars could offer not only an additional food source but
also a powerful mechanism for breaking down organic waste and re-
leasing valuable nutrients back into the cycle. Consequently, should
mushrooms be grown at scale on Martian soil simulants, they could
complement and possibly enhance plant-based agricultural systems
by contributing to soil conditioning, water retention, and nutrient
accessibility [21]. In this context, our controlled design—and its
focus on variables such as organic soil amendments and water re-
tention properties—aims to generate actionable knowledge that can
inform how future Mars missions (and beyond) might better manage
resource constraints while ensuring the reliability and sustainability
of extraterrestrial agriculture.

2.2. Methods

To assess fungal viability in regolith-based substrates, we prepared
seven small containers (“specimens” or “pots”) plus one sealed plas-
tic bag environment. Each specimen differed in soil-to-regolith or
compost-to-regolith ratio, outlined as follows:

« Specimen 1 - 100% Earth potting soil

+ Specimen 2 - 50% Earth soil and 50% MGS-1 regolith
 Specimen 3 - 33% Earth soil and 66% MGS-1 regolith
+ Specimen 4 - 100% MGS-1 regolith
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« Specimen 5 - 50% compost and 50% MGS-1 regolith
» Specimen 6 - 33% MGS-1 regolith and 66% compost

(See Figure 3). We also had Specimen 7 - A re-sealable plastic bag
containing MGS-1-based substrate and mushroom spore plugs.

2.2.1. Watering Protocol and Irrigation Control

Because Pleurotus ostreatus cultivation typically requires 600 mL
of water per 400 g of dry substrate (e.g., paper pellets), we scaled
down this rate for our 7 g of paper-based substrate per pot. A simple
proportion indicated each pot required approximately 10.5 mL per
day (i.e., 1.5 mL of water per gram of substrate). To ensure uniform
delivery, we used an automated irrigation system calibrated to dis-
pense this calculated amount to each specimen daily. This consistent
approach helped isolate any differences in fungal growth to substrate
composition rather than watering irregularities.

2.2.2. Lighting and Spatial Randomization

We provided continuous exposure to a UV light system to emulate
sunlight. However, the physical layout of our indoor greenhouse
could have led to uneven light distribution—pots at the edges (e.g.,
Specimens 1, 3, 4, and 6) were at risk of receiving less light than cen-
trally placed pots (Specimens 2 and 5). Consequently, we employed
a randomization protocol: each day, before measurements and wa-
tering, every pot was repositioned according to a random number
generator sequence. This daily rearrangement reduced the likeli-
hood that any single pot would consistently receive less light, thereby
increasing the reliability of cross-specimen comparisons.

2.2.3. Environmental Management and Observations

All specimens were initially placed in a small greenhouse enclosure
to maintain higher humidity conducive to fungal growth. Whenever
significant mold blooms occurred, specimens were briefly moved out-
doors to dry, attempting to inhibit further mold propagation. To
avoid cross-contamination, we ordered fresh shiitake mushroom
spore plugs once we suspected the original spore source had become
contaminated. We inserted these new plugs vertically in each pot
and, in some cases, laid them horizontally to test orientation effects
on colonization.

2.2.4. Dependent Variables

In monitoring Pleurotus ostreatus, we planned to track: Mycelial
colonization rate (visual coverage, density of mycelium) Fruiting
body formation (the appearance and number of pinheads, mature
mushrooms) Substrate decomposition (qualitative observations of
substrate breakdown) Substrate pH (periodic measurements, typi-
cally hovering near neutral). Additional metrics, such as time to first
visible colonization or fruiting, were noted weekly. By standardiz-
ing water application, randomizing pot positions, and maintaining
consistent temperature/humidity conditions, we aimed to minimize
confounding variables, thus allowing a clearer assessment of how
different substrate compositions and fungus vs. mold interactions
influenced overall outcomes.

2.3. Results
2.3.1. Weeks 1-2: Mold Outbreaks and Drying Attempts

Within the first few days, extensive mold growth developed in almost
every pot, producing strong odors. Attempts to “sun-dry” or reduce
moisture temporarily killed off much of the mold, but repeated wa-
tering triggered its return. Observations suggested the original spore
source may have been contaminated, prompting an order of fresh
shiitake plugs.

2.3.2. Weeks 3-4: Introduction of Shiitake Plugs and Emergence of
Mycelium

New shiitake plugs were inserted into each pot and the plastic bag

setup. After a few days, fluffy white mycelium began spreading
around each plug, initially mistaken for mold. In the sealed bag
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Specimen 3:
33% Martian Regolith
66% Compost Soil

Specimen 1 (control):
100% Earth Soil

Specimen 2:
50% Martian Regolith
50% Earth Soil

Specimen 4
(control 2):
100% Martian Regolith

Specimen 5
50% Martian Regolith
50% Compost Soil

Specimen 6
33% Martian Regolith
66% Compost Soil

Figure 3. Soil composition across control and treatment groups

(Specimen 7), the mycelium spread rapidly, needing only minimal
added moisture (e.g., exhaled air). The pot-based specimens also
showed some expansion of mycelium but at a slower rate, especially
in the drier or more regolith-heavy mixes.

2.3.3. Weeks 5-6: Mold Reappears, Mycelium Progresses in the Bag

By Week 5, mold re-emerged in some pots. Sunlight exposure was
used to slow it, albeit with mixed success. In contrast, the shiitake
plugs in the sealed bag continued to produce robust mycelial growth
with fewer mold issues. By Week 6, the bag specimens displayed
brown spots—Ilikely the beginning of a fruiting phase—while the pot
specimens remained primarily in the mycelium-only stage.

2.3.4. Weeks 7-8: Limited Further Development in Pots, Strongest
Growth in Bag

During Weeks 7-8, the shiitake plugs in the pots did not transition sig-
nificantly toward fruiting. Observations suggested that shiitake might
require a woody substrate (consistent with their natural preference),
explaining the stunted pot progress. The sealed bag (Specimen 7)
demonstrated the most vigorous mycelium colonization, with plugs
moving to an advanced developmental stage.

No new mold blooms were reported in the pots at the end of Week
8, possibly due to keeping the containers better ventilated. pH mea-
surements throughout stayed near neutral (7.0), showing no major
soil chemistry shifts despite repeated mold episodes.

In summary, mold initially outcompeted targeted fungi when mois-
ture was poorly controlled. However, once shiitake spores were in-
troduced in more controlled conditions (particularly in a sealed bag
setup), healthy mycelial networks formed. These results suggest that
shiitake or other mushroom species might require specific substrate or
environmental adjustments—such as sealed high-humidity environ-
ments or wood-based plug inoculants—to outperform opportunistic
molds when grown in regolith-based media.

The pH trends across all six specimens varied noticeably over the
eight-week period, reflecting each substrate’s changing chemical bal-
ance (see Figure 4). In particular, the regolith-heavy substrates (Spec-
imens 3 and 4) tended to maintain or drift toward higher pH values
compared to their compost-rich counterparts. Specimen 2 exhibited
the sharpest pH drop around Week 4 before stabilizing, while Speci-
mens 5 and 6 remained in a moderately acidic-to-neutral range for
most of the experiment. These fluctuations underscore how substrate
composition and environmental factors interact to influence soil acid-
ity, which in turn can affect fungal growth and competition with
mold.
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Average pH Level (Weeks 1-8)
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Figure 4. Average pH measurements of each specimen (Weeks 1-8) showing
the distinct acid-base profiles associated with different soil-regolith or
compost-regolith ratios.

2.4. Conclusion

This exploratory study contributes to a growing body of literature
examining the feasibility of fungal cultivation in simulated Martian
regolith. Although the initial attempts were hampered by perva-
sive mold outbreaks—Ileading to frequent drying and re-inoculation
measures—the successful colonization observed in the sealed bag en-
vironment indicates that Pleurotus ostreatus (and by extension, other
fungal species) can adapt to regolith-based substrates under tightly
controlled moisture and humidity conditions. Our results underscore
the importance of substrate composition, as regolith-dominant mix-
tures tended to maintain higher pH levels and exhibit slower mycelial
expansion relative to compost-rich or Earth-soil blends. Equally piv-
otal was the choice and quality of spore plugs, illustrated by the stark
difference between early mold-contaminated samples and the robust
mycelial network established by fresh shiitake plugs.

Moving forward, more comprehensive trials—incorporating addi-
tional replicates, longer cultivation windows, and optimized spore
or spawn sources—are needed to delineate best practices for fungal
growth in extraterrestrial environments. Future experiments could
compare performance across a wider range of substrate amendments
(e.g., wood chips, biochar, or nutrient-enriched compost) and as-
sess how fine-tuning environmental parameters (e.g., oxygen levels,
humidity, temperature gradients) influences mold-mycelium com-
petition. Such incremental findings are vital: while no single study
will solve the complexities of extraterrestrial agriculture, continued
layering of evidence can inform the design of more robust, closed-
loop bioregenerative systems. Ultimately, harnessing fungi’s natural
decomposing capabilities could offer a scalable, resource-efficient
strategy for improving regolith fertility, supporting crop production,
and helping pave the way for sustainable food systems on the Moon,
Mars, and beyond.

3. Contact us

You can contact us through these methods.

B https://www.linkedin.com/in/gabriel-chavez-5a2025190/
&3 gchavez@csumb.edu
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