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Introduction & Theory 

As humans continue to develop space technologies the prospect of terraforming another 
planet has slowly been moving from science fiction to a future possibility. However, one of the 
biggest challenges to this comes from using the natural resources available on the Red Planet to 
support a space station and its inhabitants. More specifically, growing crops within the planet’s 
soil. Martian soil regolith is an extremely fine mixture of silicon dioxide, iron oxides, aluminum 
oxide, magnesium oxide, and calcium oxide along with trace amounts of other elements and 
negligible levels of soil organic matter (Ming & Morris, n.d.). Our experiment examined the 
addition of different amendments (worm castings, vermiculite, and tapioca pearls) to Martian 
regolith (hereafter referred to as Mars soil) to determine if plants can be feasibly grown in Mars 
soil in controlled conditions.  
 Our research aims to investigate how different soil amendments affect radish growth in a 
Mars soil simulant, focusing on nutrient availability and soil aeration. We chose to plant radishes 
because they start quickly, have a short growing period before harvest, and provide a lot of 
calories with relatively little effort and resources. Our primary concerns were nutrient 
availability and soil structure/aeration, so we chose our treatments accordingly. Previous 
research of Mars soil predicts that the bulk density of Mars soil between 1.07–1.64 g cm3 (Moore 
et al., 1999). For a sandy texture any bulk densities above 1.4 g/cm3 could restrict root growth.  
Our first treatment was earthworm castings and vermiculite. Adding worm castings should 
improve plant growth by enhancing nutrient content and water retention. Vermiculite is a soil 
mineral that should improve both aeration and water retention. Tapioca pearls are our wild card 
treatment that should improve aeration while also providing some nutrients as they break down. 
Tapioca pearls can be dehydrated which would make them easier to ship to Mars.   
 We included both positive and negative controls. Our negative control was just Mars soil. 
Positive controls included: standard potting mix, potting mix with earthworm castings and 
vermiculite, and potting mix with tapioca. Those positive controls should allow us to tease out 
the effects of tapioca and earthworm castings and vermiculite. By including positive and 
negative controls, we aim to determine whether these treatments can provide a viable solution for 
growing food in Mars soil. 
 As the Soil Judging Team, we have expertise in soil physical properties which is why we 
are interested in bulk density and its effect on plant growth. Bulk density is a measure of soil 
compaction, usually measured as dry weight of soil per volume in the field, meaning that it takes 
into account pore spaces from soil structure. Soil pores are important for allowing aeration and 
oxygen movement because roots need to breathe too! To create soil structure and pore space, you 
usually need clay (which is charged and aggregates), organic matter which sticks aggregates 
together, and living roots and organisms that excrete sticky organic acids. Mars does not have 
clay, organic matter, roots, or organisms, so we suspect that the soil will have high bulk density. 
Our overall question was whether soil amendments that decrease bulk density and increase soil 
nutrition will help radish growth and health.  



Our specific hypotheses:  
1. The Mars soil will have high bulk density, and amendments that decrease bulk 

density will help to improve plant growth and health.  
2. The Mars soil amended with worm castings and vermiculite will have the tallest 

plants, most leaves, healthiest plants, and largest/heaviest taproot.  
3. The Mars soil amended with tapioca pearls will be second best, behind the Mars soil 

with worm castings and vermiculite.  
4. The straight Mars soil (negative control) will have the shortest plants, least leaves, 

least healthy plants, and smallest taproot.  
 

Measurements and Methods 

We started the radish seeds in small cells of potting mix and transplanted them into their 
treatments after four days. The treatments included:  

A. 60% Mars + 10% vermiculite + 30% worm castings 
B. 60% Potting mix + 10% vermiculite + 30% worm castings 
C. 90% Mars + 10% tapioca 
D. 90% Potting mix + 10% tapioca 
E. 100% Potting mix  
G. 100% Mars  

 
 We mixed the treatments first in large tins, then added water and distributed them into 
pots. Most treatments had three replicates, while A and B had four replicates each and the 
negative control, G, only had one replicate because we ran out of Mars soil. These were arranged 
randomly in the propagation room in the greenhouse where they were automatically watered and 
have consistent temperature and light. We did have to replant a few of the plants (A2, C1, C2), 
which we did on day 6. We measured leaf count, plant height, and plant health index as repeated 
measures over time. Plant height was measured using a ruler (centimeter side), specifically by 
gently pulling the longest radish leaf upward and measuring from base to tip. Leaf count 
included cotyledons. The plant health index was based on visual inspection, using a scale as 
follows: 

0 - Dead 
1 - Dying/severe stress - Extensive wilting, major leaf drop, discoloration (brown/ 

 yellow), minimal chance of recovery. 
2 - Poor/significant stress - Wilted or yellowing leaves, stunted growth, some leaf drop 
3 - Fair/moderate stress - Some discoloration but actively growing. 
4 - Good/mild stress - Mostly healthy, minor imperfections like small yellow spots or 

 slight leaf curling. 
5 - Excellent/healthy - Vibrant green, strong growth, no visible stress or disease. 



 After 41 days of growth (following transplant on day 1), we took final measurements of 
height, leaf number, and plant health. Then, we pulled the radish taproot out, cut off the leaves, 
rinsed it with water, dried it with a towel, and weighed it. We also measured the volume of soil 
in each pot, then dried and weighed the soil/potting mix. By dividing the dry weight by the 
volume, we were able to calculate the bulk density of the soil material.  

Statistical analyses were conducted using Excel (Microsoft Excel, Version 2503. 
Microsoft Corporation, Redmond, WA) and JMP (JMP, Version 18.0. SAS Institute Inc., Cary, 
NC). We completed one-way ANOVA and simple linear regression analyses. All error bars are 
standard error, and letters on box plots represent statistical differences to p=0.05 using means 
separation via Tukey HSD. 
 

Experimental Limitations 

Our goal was to complete measurements at least once a week, but we were locked out of 
the greenhouse for the week of spring break and could not get measurements. We had originally 
intended to add fertilizer to the tapioca treatments, but after two weeks they seemed to be doing 
well enough without it, so we did not add fertilizer. We also did not pre-soak the tapioca pearls 
as planned, since we assumed they would swell when we watered the treatments.  

Another limitation related to different people completing measurements and 
inconsistencies between them. For instance, the leaf count lacked standardization, and the health 
index was subjective. For leaf count, some participants counted each compound leaf as one unit, 
while others counted individual leaflets, leading to inconsistencies. Additionally, there was 
variation in whether the count included all leaves in the pot or only those from the main plant. 
Another ongoing challenge was the growth of grass in our radish seedlings. We think this was 
caused by grass seeds contaminating the potting mix used in planting.   

Lastly, we observed some aphids on the radish plants when harvesting and processing 
them. We think they were there for less than a week because the person doing measurements a 
few days before did not notice them. We believe they should not have majorly affected the 
results, but it is difficult to say for sure. Aphids would probably not be an issue on Mars!  

 

  



Analysis & Results 

 
Figure 1. Photos of the treatments on Day 41. Treatments E and F ended up being the same and 
were therefore combined. (A) Mars soil with vermiculite and worm castings, (B) potting mix 
with vermiculite and worm castings, (C) Mars soil with tapioca, (D) Potting mix with tapioca, 
(E&F) potting mix, (G) Mars soil.  



 
Figure 2. Radish height over time and final radish height. The line chart shows growth over time, 
and that potting mix with vermiculite and worm castings had the fastest growth rate, followed by 
the Mars soil with vermiculite and worm castings and the potting mix control. The other three 
treatments showed reduced growth from the potting mix control. The box plot compares the final 
height of radishes grown in different soil treatments. Treatments are labeled with letters to 
indicate which groups are statistically different from one another. Similar to the line chart, the 
data show that adding vermiculite and worm castings resulted in significantly taller radish plants 
compared to straight potting mix. Additionally, the other three treatments depressed growth 
lower than the potting mix control.   

 



 
Figure 3. Health index over time and final health index. The line chart shows that potting mix 
with vermiculite and worm castings had the healthiest plants, followed by the Mars soil with 
vermiculite and worm castings and the potting mix control. The other three treatments showed 
reduced growth from the potting mix control. The box plot compares the final health index of 
radishes grown in different soil treatments. Treatments are labeled with letters to indicate which 
groups are statistically different from one another. The data show that adding vermiculite and 
worm castings did not mean significantly healthier plants than the potting mix control.  
Additionally, the other three treatments depressed health under the potting mix control.  



 

 
Figure 4. Leaf number over time and final leaf number. The line chart shows that potting mix 
with vermiculite and worm castings had the most leaves, followed by the Mars soil with 
vermiculite and worm castings. The potting mix positive control and Mars soil negative control 
had very similar leaf numbers. The other three treatments showed reduced leaf numbers. The box 
plot compares the final leaf number of radishes grown in different soil treatments. Treatments are 
labeled with letters to indicate which groups are statistically different from one another. The data 
show that potting mix with vermiculite and worm castings did not have significantly more leaves 
than the potting mix control or Mars soil with vermiculite and work castings. Potting mix with 
vermiculite and worm castings had significantly more leaves than potting mix and tapioca, Mars 
soil and tapioca, and Mars soil alone (which were not significantly different from each other or 
the other two treatments).  



 
Figure 5. Box plot of taproot weights. Different letters indicate statistically significant 
differences. Only the potting mix with vermiculite and worm castings had significantly larger 
taproot weights. All others were not statistically significant. In addition to weights, we observed 
that the taproot of D1, D3, E1, and F2 all showed signs of rot. That’s not enough data to draw 
conclusions. 
 

 
Figure 6. Box plot of bulk density by treatment. Different letters indicate statistically significant 
differences. The straight Mars soil and the Mars soil plus tapioca pearls had the highest bulk 
density, meaning that it was the densest. This was followed by the Mars soil with vermiculite and 
worm castings. The other treatments (with potting mix) had much lower bulk densities. For 



context, according to the Natural Resources Conservation Service (2019), a bulk density of 1.5 
g/cm3 would be considered compacted and could restrict root growth.  

 

 

Figure 7. Regression between bulk density and plant height. Differences in bulk density explain 
40% of differences in final plant height. The relationship was statistically significant (p = 
0.0096). This indicates that there is some relationship between bulk density and plant height, but 
there are other factors that contribute to plant height as well.  

 



Figure 8. Regression between bulk density and taproot weight. Differences in bulk density 
explain only 24% of differences in final plant height. The relationship was not statistically 
significant (p = 0.0834). We thought there would be a relationship here but there was not.  

 

Discussion & Conclusions 

1. Aeration/bulk density 

Unfortunately, the tapioca pearls did not decrease bulk density of the soil, as shown in 
Figure 6, so we cannot definitely draw conclusions about it. We had hoped that cycles of the 
pearls drying out and swelling up would help aerate the soil and decrease bulk density, but the 
watering schedule meant that the soil rarely dried out and actually had the opposite effect of 
preventing drainage. We observed that the drainage through the treatments of Mars soil and Mars 
soil with tapioca were particularly bad.  
 Adding vermiculite and worm castings did significantly reduce bulk density of the Mars 
soil from 1.5 g/cm3 to around 1 g/cm3. The addition of vermiculite and worm castings 
significantly increased plant health and height, but not leaf number or taproot weight. The three 
treatments with potting mix had much lower bulk density but that did not necessarily translate to 
plant growth and health. This means that there is more than bulk density contributing. Our 
regression analyses gave us a little more information. Bulk density explained some of the 
variation in final plant height, it did not significantly explain variation in taproot weight. This 
indicates that while compaction influences above-ground growth, other factors (e.g., nutrient 
availability or waterlogging) are important too. 

1. Soil fertility and plant nutrition  

Adding nutrients to the substrate also was important for plant growth and health. The 
treatments containing worm castings (which are a good source of nutrients) consistently had the 
best growth, health, and leaf number. The potting mix with worm castings and vermiculite was 
the highest in nearly every category, including taproot weight, suggesting that nutrient-rich 
amendments were not only beneficial for shoot growth but also for root development. 
 The worm castings seemed to partially compensate for the Mars soil’s natural nutrient 
deficiencies. The Mars soil with worm castings did not do better than the potting mix positive 
control in most categories, but it consistently did better than unamended Mars soil or Mars soil 
with tapioca. However, we observed that improved nutrition alone was not always enough—
plant performance in the Mars with worm castings treatment was limited compared to the potting 
mix with worm castings, likely due to its higher bulk density and poor physical structure. 

Future research 

The experiment could have benefited from the availability of more Martian soil.  The 
pure Martian soil pot was not filled with as much soil as the other trials, which could have been a 



limiting factor for the growth of the radish. We also should have done some more extensive 
testing before starting our experiment, both on the Mars soil itself (for pH, nutrients, etc) but also 
on our potential treatments like testing the tapioca pearls. Future experiments should take into 
account both soil fertility and bulk density. For our next experiment, we would try to find more 
specific combinations of nutrients that optimize growth. We would also add different materials 
that would reduce bulk density like vermiculite, pearlite, lava rocks, or something else.  

Conclusions 

• The highest bulk densities were observed in treatments with straight Mars soil and Mars 
soil with tapioca pearls, which also corresponded with reduced plant health and growth, 
further supporting the importance of well-aerated soil for plant growth and health.  

• Bulk density was correlated with radish height. Treatments with lower bulk densities, 
such as potting mix and amended Mars soils, supported taller radish plants, suggesting 
that better aeration improves shoot growth. 

• Adding vermiculite and worm castings to both the potting mix and Mars soil improved 
plant growth and health compared to the control and unamended soils. This suggests that 
increased soil fertility via organic amendments positively affects overall plant 
performance. 

• Only the treatment with potting mix, vermiculite, and worm castings produced 
statistically significantly larger taproots, suggesting that high fertility alone may not be 
sufficient unless paired with lower bulk density. 
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Appendix 



Treat   Day 1 Leaf number Day 7 Leaf number Day 19 leaf 
number 

Day 24 leaf 
number Day 32 leaf number Day 41 leaf number 

A1 Mars + verm + worm  4   4 4 5 4 
A2 Mars + verm + worm    5 7 7 7 6 
A3 Mars + verm + worm  4   6 7 5 6 
A4 Mars + verm + worm  4   7 8 5 5 
B1 PM + verm + worm 4   9 13 6 6 
B2 PM + verm + worm 4   10 18 8 7 
B3 PM + verm + worm 4   12 26 6 7 
B4 PM + verm + worm 4   11 18 9 8 
C1 Mars + tap   4 3 4 3 2 
C2 Mars + tap   5 3 4 4 3 
C3 Mars + tap 4   4 3 3 3 
D1 PM + tapioca 4   6 4 3 3 
D2 PM + tapioca 2   4 3 3 3 
D3 PM + tapioca 4   3 2 2 2 
D4 PM + tapioca 2   3 4 4 5 
E1 PM 4   7 6 5 4 
E2 PM 4   7 6 5 6 
E3 PM 4   5 5 5 4 
F1 PM 4   6 5 5 4 
F2 PM 4   7 7 6 5 
F3 PM 4   5 4 4 2 
G1 Mars 4   6 5 5 4 

        

Treat   Day 1 Leaf number Day 7 Leaf number Day 19 leaf 
number 

Day 24 leaf 
number Day 32 leaf number Day 41 leaf number 

A Mars + verm + worm  4.25   6 6.5 5.5 5.25 
B PM + verm + worm 4   10.5 18.75 7.25 7 
C Mars + tap 4.333333333   3.333333333 3.666666667 3.333333333 2.666666667 
D PM + tapioca 3   4 3.25 3 3.25 

E + F PM 4   6.166666667 5.5 5 4.166666667 
G Mars 4   6 5 5 4 



Treat   Day 1 Height 
(cm) Day 7 Height (cm) Day 19 Height Day 24 Height Day 32 Height Day 41 Height 

A1 Mars + verm + worm  5   7.5 12 12.5 13.5 
A2 Mars + verm + worm   10 13.4 14.1 13.7 13 
A3 Mars + verm + worm  5   7 7.9 8.5 11.5 
A4 Mars + verm + worm  7   12.5 13 12.5  22.5 
B1 PM + verm + worm 5   18.4 20 20.6  16.5 
B2 PM + verm + worm 7   18.4 24.5 25.5  25.5 
B3 PM + verm + worm 6   17.5 20 19.5 21 
B4 PM + verm + worm 5   17.1 19.8 21 22.5 
C1 Mars + tap  2.5 6.3 6 5.5 4.5 
C2 Mars + tap  6 6.6 6.2 6.7 6 
C3 Mars + tap 6   6.3 5.5 6.2 6 
D1 PM + tapioca 7   5.5 6.2 5.8 5.5 
D2 PM + tapioca 5   6 6.1 5.6 6 
D3 PM + tapioca 6   6 5.8 4.5 4 
D4 PM + tapioca 5   4.5 4.9 3.8 3 
E1 PM 7   14.1 13.5 10.8 11 
E2 PM 6.5   13.3 14.4 14.5 13 
E3 PM 5   13.3 13.5 10.5 11 
F1 PM 6.5   10 9.5 8.1 7 
F2 PM 7   12.5 13.6 12.3 9 
F3 PM 5   8.4 9 8.5 5.5 
G1 Mars 5   6.1 6.9 6.1   

        

Treat   Day 1 Height 
(cm) Day 7 Height (cm) Day 19 Height Day 24 Height Day 32 Height Day 41 Height 

A Mars + verm + worm  6.75   10.1 11.75 11.56666667 15.125 
B PM + verm + worm 5.75   17.85 21.075 20.25 21.375 
C Mars + tap 5.4   6.4 5.9 6.133333333 5.5 
D PM + tapioca 5.75   5.5 5.75 4.925 4.625 

E + F PM 6.166666667   11.93333333 12.25 10.78333333 9.416666667 
G Mars 5   6.1 6.9 6.1   

 



Treat   Day 1 
Health Day 7 Health Day 19 Health Day 24 Health Day 32 Health Day 41 

Health Health notes 

A1 Mars + verm + worm  5   3 4 3 3   
A2 Mars + verm + worm  4 5 5 3 4 4   
A3 Mars + verm + worm  5   5 5 3 4   
A4 Mars + verm + worm  5   5 3 3 4   
B1 PM + verm + worm 5   5 4 5 5 (discoloration due to aphids)  
B2 PM + verm + worm 5   5 4 5 5 (discoloration due to aphids)  
B3 PM + verm + worm 5   5 5 4 4   
B4 PM + verm + worm 5   5 5 5 4   
C1 Mars + tap 5 5 3 2 1 2   
C2 Mars + tap 4 5 3 4 1 2   
C3 Mars + tap 5   2 5 1 2   
D1 PM + tapioca 5   3 3 1 3   
D2 PM + tapioca 5   2 2 1 3    
D3 PM + tapioca 5   2 2 1 3   
D4 PM + tapioca 4   2 3 1 3   
E1 PM 5   3 2 2 4   
E2 PM 5   5 5 4 4   
E3 PM 5   5 4 3 4   
F1 PM 5   5 4 2 4   
F2 PM 5   4 4 2 4   
F3 PM 5   3 3 2 2   
G1 Mars 4   3 4 1 2   

         

Treat   Day 1 
Health   Day 19 Health Day 24 Health Day 32 Health Day 41 

Health   

A Mars + verm + worm  5   4.5 3.75 3.25 3.75   
B PM + verm + worm 5   5 4.5 4.75 4.5   
C Mars + tap 4.8   2.666666667 3.666666667 1 2   
D PM + tapioca 4.75   2.25 2.5 1 3   

E + F PM 5   4.166666667 3.666666667 2.5 3.666666667   
G Mars 4   3 4 1 2   

 



Treat   Taproot weight (g) Taproot notes Pot 
height 

Pot 
radius 

Pot volume 
(cm3) 

weight soil 
(g) bulk density (g/cm3) 

A1 Mars + verm + worm  0.3    8 3.5 307.9 259.6 0.843196392 
A2 Mars + verm + worm  5.7    7.5 3.5 288.6 278.6 0.965236836 
A3 Mars + verm + worm  1.3    7.5 3.5 288.6 306.6 1.062245563 
A4 Mars + verm + worm  2.7    8 3.5 307.9 290.7 0.94421106 
B1 PM + verm + worm 16.5    8 3.5 307.9 123.6 0.401460224 
B2 PM + verm + worm 4.5    8.5 3.5 327.1 91.9 0.280938089 
B3 PM + verm + worm 12.4    8 3.5 307.9 110.7 0.359560249 
B4 PM + verm + worm 6.1    8 3.5 307.9 102.8 0.333900574 
C1 Mars + tap 0.1    7 3.5 269.4 323.8 1.201967827 
C2 Mars + tap 0.4    6 3.5 230.9 314.6 1.362452928 
C3 Mars + tap 0.2    6 3.5 230.9 351.4 1.521824408 
D1 PM + tapioca 0.3  root rot   6.5 3.5 250.1 33.9 0.13551906 
D2 PM + tapioca 0.3    6.5 3.5 250.1 31.8 0.127124074 
D3 PM + tapioca 0.2  rootrot  7.5 3.5 288.6 35.6 0.123339667 
D4 PM + tapioca 0.05    6.5 3.5 250.1 29.8 0.119128849 
E1 PM 2.8  , signs of mildew  7.5 3.5 288.6 42.3 0.14655247 
E2 PM   (missed)  8 3.5 307.9 63.9 0.207551038 
E3 PM 3.8    8.5 3.5 327.1 60.8 0.185865461 
F1 PM 2    8.5 3.5 327.1 75.4 0.230497627 
F2 PM 2.2  root rot   7.5 3.5 288.6 57.8 0.20025373 
F3 PM 1.9    7.5 3.5 288.6 58.5 0.202678948 
G1 Mars 0.2    3 7 147 218.2 1.484353741 

         

Treat   Avg Taproot 
weight (g) 

     Avg Bulk density 
(g/cm3) 

A Mars + verm + worm  2.5      0.953722463 
B PM + verm + worm 9.875      0.343964784 
C Mars + tap 0.233333333      1.362081721 
D PM + tapioca 0.2125      0.126277913 

E + F PM 2.54      0.195566546 
G Mars 0.2      1.484353741 
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