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The Martian surface is constantly exposed to a high dose of cosmic radiation consisting of
highly energetic particles and multiple types of ionizing radiation. The dose can increase
temporarily by a factor of 50 through the occurrence of highly energetic solar ﬂares. This
may affect crop growth in greenhouses on the Martian surface possibly making settlement
of humans more complicated. Shielding crops from radiation might be done at the expense
of lighting efﬁciency. However, the most energy-efﬁcient cultivation may be achieved
through the use of natural daylight with the addition of LED lights. The goal of our research
was to investigate whether Martian radiation, both the constant and the solar ﬂares events,
affects plant growth of two crop species, rye and garden cress. The levels of radiation
received on the surface of Mars, simulated with an equivalent dose of 60Co γ-photons,
had a signiﬁcant negative effect on the growth of the two crop species. Although
germination percentages were not affected by radiation, biomass growth was
signiﬁcantly decreased by 32% for cress and 48% for rye during the ﬁrst 4 weeks
after germination. Part of the biomass differences may be due to differences in
temperature between radiation and control treatment, however it cannot explain the
whole difference between the treatment and control. Coloring of leaves, necrosis and
brown parts, was observed as well. Temporary increases in ionizing radiation dose at
different development stages of the plants did not signiﬁcantly inﬂuence the ﬁnal dry
weight of the crops.
Keywords: radiation, Mars, Secale cereale, rye, Lepidium sativum, garden cress, regolith, food

INTRODUCTION
The intention of the National Aeronautics and Space Administration (NASA) to send the ﬁrst
humans to Mars in the 2030’s means that (semi-) permanent space communities will be set up at
the Martian surface. An important task will be crop production, which is needed to provide the
astronauts with sufﬁcient fresh food (Horneck et al., 2006; Wamelink et al., 2014). There are
several options to grow food on Mars. The ﬁrst option is hydroponics. A second option is
aeroponics (Maggi & Pallud, 2010). A third option is to use the regolith on Mars or the Moon for
crop growth, the option used in this research. Wamelink et al. (2014) showed that different crop
species are able to germinate and grow on Mars regolith simulant JSC 1A. However, crop
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production on Mars will be more difﬁcult compared to Earth
due to the many adverse conditions present. One of those
adverse conditions is the permanent higher ionizing radiation
(IoR) on the Martian surface (Guo et al., 2017).
The source of IOR on the Martian surface is bipartite. The
permanent part consists of galactic cosmic rays (GCRs) at a
relatively low, constant ﬂux (ICRP, 2013). Their composition
varies slightly over time but in general 85–90% consist of protons
(r), 10–13% of He-ions (α), 1% of electrons (f) and 1% of heavier
nuclei (Hassler et al., 2013). Measurements done by the Mars
Curiosity Rover in 2012 showed that the total amount of radiation
received at the surface is 233 ± 12 μGy/d (Matthiä et al., 2017).
This is approximately 17 times higher than the highest natural
absorbed dose measured on the Earth’s surface (UNSCEAR,
2008). Measurements in Skylab showed mean dose rates up to
860 μGy/day and Apollo 14 even up to 1,270 μGy/day (Benton &
Benton, 2001). This absorbed dose (further referred to as IoR
dose) is easily increased with a factor of 50 (Zeitlin et al., 2004) by
the second, variable source of IoR, the solar energetic particles
(SEPs). SEPs are primarily protons which are accelerated up to
hundreds of MeV by sun ﬂares and coronal mass ejections and
their corresponding chocks (Hassler et al., 2013). SEP ﬂuxes are
relatively sporadic in nature and depend on the reversal of the
Sun’s magnetic ﬁeld each one-half of the 22 years Hall cycle. SEPs
have a mean duration of 4.13 days (Jun et al., 2007), but the
duration of an individual SEP can vary from a few hours up to
a week.
The SEPs and the GCRs together form a complex radiation
environment which differ signiﬁcantly from the radiation
environment present at the Earth’s surface. On Earth,
radiation is a less inﬂuential factor for crop growth since the
Earth’s thick atmosphere and its strong magnetic ﬁeld protects
crops against high doses and UV-radiation (Jakosky & Phillips,
2001; Nicholson et al.,2005). Nevertheless, crops generally possess
a high degree of resistance to single, short-term high IoR doses
which are not present under natural circumstances; in the case of
barley (Hordeum vulgare) seeds, a dose of X-rays of 500 Gy was
lethal (Caldecott, 1955). Curiosity measurements on Mars
showed a dose of 233 ± 12 μGy/d (Matthiä et al., 2017), which
is magnitudes lower than the experiment by Caldecott.
Other experiments have shown that a single exposure to
500 Gy of γ-photons still resulted in 20% seedling survival by
different Poaceae species (Kianian et al., 2016). Experiments with
Arabidopsis thaliana showed that seeds displayed 100% survival
under normal radiation conditions after exposure to γ-photons
with a total dose of ±1800 Gy (Hase et al., 2017). Survival rates for
doses obtained by radiation with ionizing particles was much
lower. Single exposures to a dose of ±100 Gy obtained by using
15.8 MeV u−1 neon ions resulted in only 40% survival. The
survival of seeds exposed to 17.3 MeV u−1 carbon ions with a
total dose of 300 Gy was 17% (Hase et al., 2017).
Experiments assessing the effects of long-term IoR exposure
are scarce and show that plants are able to deal with chronic doses
which are factors higher than the Martian radiation dose of
233 μGy day−1 (Van Hoeck et al., 2017). Therefore, it is
assumed that the Martian IoR doses will not inﬂuence plant
growth and development. However, as far as we know, this has
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never been tested. In particular, sudden dose increases,
comparable to SEP events, have not been investigated yet.
In this study we investigated how non-ionizing radiations on
the surface of Mars may affect the growth of rye (Secale cereale)
and garden cress (Lepidium sativum). The goal of the experiment
was to investigate whether or not germination and subsequent
growth and development was inﬂuenced by the presence of a
simulated Martian radiation environment. Both crops were sown
in Mars regolith simulant and exposed to a constant Martian
radiation dose during the course of the experiment. SEP-events
were simulated on plants during different development stages to
determine whether radiation changes over time affect plants.

MATERIALS AND METHODS
Plant Material
The experiment was carried out with two crop species Secale
cereale and Lepidium sativum. Both species were used in earlier
experiments on growing crops on Mars (and Moon) regolith
simulants JSC 1A and MMS (Wamelink et al., 2014, 2019). Both
plant species germinate quickly (normally within 24 h) have no
seed dormancy, rapid growth and grew well on Mars regolith
simulant JSC 1A (enriched with organic material) if nutrient
solution was supplied (Wamelink et al., 2019). Seeds of both
species were sown in pots located in six rectangular trays of 52 by
32 cm (Figure 1A). Each tray consisted of 84, 4 × 4 × 6 cm (l x w x
d), pots located in seven columns and twelve rows. On the bottom
of a pot a piece of paper was put to prevent leaking of soil/
simulant. Trays with pots were placed in trays to collect
leakage water.
Rye seeds were sown in the center of the 84 pots ﬁlled with
potting soil (composition: Welkoop, 2017; www.welkoop.nl;
Control Earth; CE rye) and in 84 pots ﬁlled with Mars
regolith simulant (Mars regolith simulant JSC-1A; Control
Mars; CM rye). Cress seeds were sown in two other trays in
the same way (CE Cress & CM Cress), with two seeds per pot in
opposing corners of each pot. All seeds were pushed gently into
the soil/simulant without covering the seeds with the substrate.
The CE and CM trays were placed in two similar fume hoods (90
× 70 × 95 cm) without radiation and functioned as the control
experiments. Note that each of the two fume hoods only
contained one plant species.
In the remaining two trays, consisting of 72 pots ﬁlled with
Mars regolith simulant and 12 pots ﬁlled with potting soil, seeds
were sown in the same way as in the control treatments, with each
species in its own tray (Figure 1B). Each pot was randomly
allocated to one Solar Energetic Particle (SEP) treatment. SEP
treatment was applied to part of the seeds or germinated plants
(see 2.3). Seeds sown in the pots with potting soil were marked
with Earth (E) and were not imposed to a SEP event.
Subsequently, the two trays were put in a fume hood
containing a radiation ﬁeld.
To sum up, we had per plant species:
- Control: 84 pots in potting soil and 84 pots in Mars regolith
simulant.
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FIGURE 1 | (A) sowing the cress control Earth (CE, left) and control Mars (CM, right). Shown are the pots with trays, the water cups and the temperature and
humidity meter located in between the two trays. (B) is showing the radiation treatments in the radiation fume hood surrounded by lead walls. Treatments of cress (left)
and rye (right) are indicated with white labels. Lego towers hold thermoluminescent dosimetry (TLD) cups at the top. Pictures were taken on the morning of harvest.

- Radiation ﬁeld: 72 pots in Mars regolith simulant treated with
a SEP event (12 per treatment) and 12 pots in potting soil.

inﬂuence our experiment. After one day of cooling, individual
cups were transferred to ﬁve source holders. The four source
holders in the corner received three irradiated cups each and the
remaining ﬁve cups were put in the central source holder to create
an even ﬁeld. The total dose rate of the radiation environment at
the growing tips of the plants was equal to 270.50 Gy d−1 as
measured by thermoluminescence dosimetry at ﬁve different
locations in the radiation fume hood (Supplementary
Appendix 2). The meters were placed in the fume hood below
the ﬁve 60Co emitters and raised during the experiment to match
the top of the plants (Figure 1B, the small ‘Lego’ towers). The
exposure to the roots was not measured. The dose rate of 270.50 ±
25.31 μGy d−1 was higher compared to the dose rate measured at
the Martian surface of 233 ± 12 μGy/d (Matthiä et al., 2017), but
close enough for our purpose. All irradiated plants were placed in
the led walled fume hood.

Radiation Environment
A radiation environment was created in a Perspex fume hood
(110 × 65 × 90 cm) surrounded by a 4.5 cm thick lead wall at three
sides in order to protect the surrounding environment against the
IoR used. An aluminum frame was placed in the fume hood. At
80 cm from the bottom surface of the fume hood wires were
connected to the framework. To the wires ﬁve plastic capsules
were attached in a ﬁve-point dice formation. The four capsules in
the corners were attached at a distance of 5 cm in width and 7 cm
in length from the corner edge. The ﬁfth capsule was located
exactly in the middle of the aluminum framework
(Supplementary Appendix 1).
In 17 plastic High-Density Polyethylene (HDPE) type E cups,
25 mg of 59Co powder was placed. The cups were piled and put
into a plastic irradiation capsule. The capsule was irradiated with
a thermal neutron ﬂux of 3.7*1012 neutrons cm−2 s−1 for 5 h in the
Befa-08 irradiation facility of the Reactor Institute Delft (RID):
Delft, Netherlands (www.rid.tudelft.nl). This resulted in 60Co,
and some other radionuclides as by-products. The yield of these
radionuclides is very limited (<< 0.1%) and/or their half-life is
much shorter than that of the 60Co and therefore did not
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Solar Energetic Particle Events
SEP-events were simulated by imposing seeds, seedlings and
plants to the beam of the 60Co source 8,290 of the RID with
an equivalent calculated dose rate of on average 1,333 μGy h−1.
The time plants were exposed to the 60Co source slightly
increased over the experiment due to decreasing activity of the
60
Co source but equaled on average 22.51 h. The duration of each
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TABLE 1 | Overview of imposed simulated Solar Energetic Particle (SEP) events per plant species (n  12 per treatment). A SEP-event was simulated by exposing the plant
material 22.51 h to a 60Co-source with a dose rate of 1,333 μGy h−1. Days are counted from the start of the experiment.
Treatment code
T1
T2
T3
T4
T5

Plant material
Seeds
Seedlings
Plants
Plants
Plants

Day
1
8
13
20
27

and
and
and
and
and

Species
2
9
14
21
28

S.
S.
S.
S.
S.

SEP-treatment was calculated by dividing the intended total dose
of 30 mGy by the absorbed dose rate of the 60Co source at the
moment of radiation. The total dose of 30 mGy was chosen based
on the records of a real SEP-event on Mars (Zeitlin et al., 2004).
In our experiment one SEP-event consisted of a dose of on
average 27.29 ± 1.17 mGy (Supplementary Appendix 3). The
distance between the 60Co source and the plant material was
300 cm during each treatment to get the correct absorbed dose
(D). 5 days before sowing, twelve seeds of both species (T1) were
exposed to a simulated SEP-event. Subsequently, every week a
new set of twelve plants (whole plants including the roots in the
soil/simulant) of each species grown in the radiation environment
was exposed to a simulated SEP-event, treatments T2-T5
(Table 1). Another twelve pots were marked with No-SEP
(NSEP) and similar to the Earth (E) treatments they were
never exposed to a simulated SEP-event. So, for every
treatment we had twelve plants giving twelve independent
responses per treatment.
During each SEP-event the total absorbed dose was measured
by thermoluminescence dosimetry in quadruple. At the end of
each SEP-event TLD cups were collected and stored till the end of
the experiment. The ﬁnal radiation dose was calculated by
multiplying the amount of counts with a 60Co-conversion
factor of 2.29 μGy count−1. After exposure to a SEP-event, all
plants were put back in the fume hood with the constant radiation
environment at places similar to the places they stood before.

1 and 2
9 and 10
14 and 15
21 and 22
29 and 30

Species
L.
L.
L.
L.
L.

sativum
sativum
sativum
sativum
sativum

FIGURE 2 | Temperature changes over the course of the experiment for
control and radiation fume hoods. Gaps in lines indicate missing data.
Temperatures were obtained with a 2-in-1 humidity- and temperature
measurement device (see also Supplementary Appendix 4).

Water was supplied as normal tap water. Once a week instead
of water a standard nutrient solution was supplied (with EC 1.45
mS, pH 5.7). The solution was made by adding 25.2 L Zwakal,
44.2 L BFK, 14.4 L Baskal, 13.8 L Amnitra, 10.4 L Magnitra and
64 L Calsal to 100,000 L of water (standard nutrient solution at
WUR, see also Wamelink et al., 2019). Plants were watered daily
with paper cups to keep the soil/simulant moist, excessive water
was stored in a second tray underneath the tray with the pots.
Spraying was used to increase humidity. Average air humidity
was 50 ± 8% for control experiments and 47 ± 3% for the
radiation experiment and do not differ signiﬁcantly overall
(Supplementary Appendix 4). Once a week instead of water a
standard nutrient solution was supplied (with EC 1.45 mS, pH
5.7). The solution was made by adding 25.2 L Zwakal, 44.2 L BFK,
14.4 L Baskal, 13.8 L Amnitra, 10.4 L Magnitra and 64 L Calsal to
100,000 L of water (standard nutrient solution at WUR, see also
Wamelink et al., 2019). Average air temperature was 20.5 ± 0.4 C
for the control experiments and 18.0 ± 0.8 C for the radiation
experiment (Figure 2). Air temperature and humidity were
measured daily in all fume hoods with a 2-in-1 humidity- and
thermometer (www.woodandtools.com, ref. number WT1485393632).

Growth Conditions
All treatments were placed in fume hoods. This was not ideal for
plant growth, but a necessity because of safety precautions related
to the radiation treatment. In the two fume hoods used for the
control treatments ventilation was shut down to improve
environmental conditions regarding temperature and moisture
content, which would be too low with the ventilation on. In the
radiation fume hood ventilation was kept on, with an air speed of
0.25–0.45 m/s at the opening (according to NEN standard),
because of radiation safety regulations.
The glass or Perspex windows of all fume hoods were covered
with light-impermeable black garbage bags, to prevent light
coming from the outside to inﬂuence the experiment. Lighting
was done by PAN-KW-60–60 LED-lights (40W, white, 5000 K,
5630 SMD Samsung) with dimensions of 60 × 60 × 11 cm. The
lights were adjusted to the aluminum frame at 85 cm above the
pots, yielding around 2,200 Lux (or around 42 µmol/m2/s) at pot
level. A time switch was used to switch the lights on at seven AM
and off at seven PM resulting in a 12 h photoperiod.
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cereale
cereale
cereale
cereale
cereale

Day

Data
The germination rate was determined daily during the
experiment and ﬁnal germination percentages were calculated.
Differences between germination rates for the various treatments
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FIGURE 3 | Pictures of individual plants showing the observed malformations in rye (A) and cress (B) and the abnormal coloring of leaves for both rye (C) and cress
(D). (E) gives ‘normal’ non-irradiated cress plants on Mars regolith simulant.

p  0.01) used for the SEP treatments. Experiments with more
seeds are required to detect germination differences.

were pairwise tested by means of t-test. After 28 days, plants were
harvested and dry weight (DW) was determined after two days of
oven (Marius Nieuwegein. 380 v, 8 KW) drying at 70 C. DW was
statistically analyzed by means of regression from which p-values
for pairwise differences were obtained using a Fisher exact test by
calculations in Genstat (VSN International, 2020). Differences
were assumed signiﬁcant when p < 0.01 in all tests performed.

Visible Coloring and Malformation of Leaves
For both rye and cress, remarkable malformations and coloring of
leaves were observed for irradiated plants. Malformation included
divergent leaf form (Figure 3A) and lagging of length growth
without malformation of leaves (Figure 3B). Coloring was mainly
observed at leaf tips for both crops (Figures 3C,D). Colors varied
from light green to yellow or brown and necrosis varied from
1 mm to approximately 2 cm. Coloring and malformation
occurred for all radiated plants on both Earth potting soil and
Mars regolith simulant. No malformations or colorings were
observed in the non-irradiated pots.

RESULTS
Germination
For both rye and cress, the highest germination percentage
(98.8%) was observed in the CE treatments. Lowest
germination percentage for rye was found for the T5
treatment (Table 1, 75.0%). For cress, the lowest germination
percentage (91.7%) was found for T1, T3, T4 and E
(Supplementary Appendix 5). Pairwise comparisons of
germination percentages proved no signiﬁcant differences
among treatments (n  12 per treatment; 12 Earth control and
six SEP events on Mars regolith simulant of 12 replicas, p < 0.01;
Supplementary Appendix 6). There is only an indication for a
difference in rye between T5 and CE (p  0.011; Supplementary
Appendix 6).
Germination under a Martian radiation dose did not
signiﬁcantly differ from germination in a non-radiation
environment for both rye and cress. The Control and Martian
germination percentages were all above 96%. Only for some
speciﬁc SEP radiation treatments germination of rye dropped
below 90%. These were not statistically different from other
treatments, also due to the small number of seeds (n  12,
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Dry Weight
For rye, the highest mean DW was found for the Control Earth
(CE) treatment, 0.0414 g (n  12, Figure 4A and Supplementary
Appendix 7A). This mean differed signiﬁcantly (p  0.000) from
the Control Mars (CM) treatment mean of 0.0215 g. DW of both
CE and CM differed signiﬁcantly with treatments T1-T5 and
NSEP (Supplementary Appendix 7A). Treatment Earth (CE)
differed signiﬁcantly with all other treatments except CM. The
treatments T1-T5 and NSEP did not differ signiﬁcantly among
each other.
For cress, the mean DWs of CE (0.00767 g) and CM
(0.00523 g) differed signiﬁcantly (n  12 per treatment, p <
0.01, Figure 4B and Supplementary Appendix 7B). All
radiation treatments differed signiﬁcantly from the CE
treatment, but only T3, T4 and T5 did differ signiﬁcantly from
the CM treatment. The lowest treatment mean, 0.00264 g, was
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negative effects of the increased ROS production, inherent to the
reactivation of the metabolic system during germination (Bailly,
2004). The ROS formed due to IoR can be scavenged by these
processes as well, limiting the negative effects of IoR on plants.
For Arabidopsis thaliana and Raphanus sativus seeds it was
shown that for IoR up to 1 kGy almost all seeds germinated.
Above this dose scavenging of ROS was not efﬁcient enough to
protect the seeds against the high concentrations of ROS
(Kumagai et al., 2000). Since the maximum total dose
obtained by seeds in our experiment was ±35 mGy, our results
are in agreement with these observations.

Physiological and Morphological Reactions
The continues low dose radiation showed leaf malformation, leaf
coloring and dwarf growth for irradiated individual plants.
Tobacco plants exposed to relative low doses showed that
malformation was more severe for the lowest doses compared
to higher doses (Koeppe et al., 1970). At higher doses cessation of
growth was observed, explaining the lack of new malformed
leaves. Low chronic doses of gamma-photons also inﬂuenced leaf
shape and coloring in Curcuma alismatifolia. A possible
explanation may be that the accumulation of ROS induces
more double strand breakage, leading to genetic chimerism in
the plant (Taheri et al., 2016). In future experiments, chronic low
dose radiation experiments should therefore include ROSconcentration measurements.
Leaf coloring in both rye and cress may have been caused by
IoR damaging the photosynthetic system. Rice leaves exposed to a
very low dose of 5.34 μGy d−1 for 3 or 4 days already showed a
decrease of greenness of the leaves (Rakwal et al., 2009).
Moreover, stress-related accumulation of two major rice
phytoalexins, sakuranetin and momilactone A, was shown by
Rakwal et al. (2009). Those phytoalexins are involved in the
regulation of the ROS concentration in leaves and may protect the
plant against the negative consequences of ROS. Related
phytoalexins are, as well, involved in the initiation process of
apoptosis (Pervaiz, 2004), which may explain the brown necrosis
observed in our experiment. ROS mostly occurs at higher doses of
radiation, in our case only for the SEP events. A low dose of
ionizing radiation normally produces too few reactive oxygen
particles to directly affect antioxidant concentrations in cells
(Smith et al., 2012).

FIGURE 4 | Mean dry weight (DW) of Secale cereale (rye) (A) and
Lepidium sativum (cress) (B) in different treatments, with n  12 per treatment.
CE  Control Earth (Potting soil), CM  Control Mars regolith simulant, T1 
SEP 5 days before sowing, T2  4 days after sowing (a.s.), T3  7 days
a. s., T4  14 days a. s., T5  21 days a. s., NS  No SEP, E  Earth (Potting
soil), No SEP. Signiﬁcant differences (p < 0.01) between treatments are
indicated by different letters plotted above the bars. Error bars represent
positive standard errors of the treatment mean.

found in the T4 treatment and differed signiﬁcantly from CE, CM
and E. No signiﬁcant difference was found among E, CM and the
radiation treatments (Supplementary Appendices 7B, 8).

Dry Weight
The signiﬁcant decrease of DW for both crops under IoR
conditions is unexpected since earlier experiments did not
show detrimental effects on plant growth and development
with doses even higher than the doses in our experiment (part
of the difference could be due to the set-up, giving differences in
temperature, see below). Sheppard et al. (1982) showed that
chronic exposure of Pinus sylvestris L. did not inﬂuence total
DW of seedlings at doses till 0.7 mGy h−1. Severe impairment of
growth and total biomass was only observed at a dose rate of
7.0 mGy h−1, which is more than 600 times higher compared to
the dose rate of 0.011 mGy h−1 in our experiment. However,
results comparable with our experiment were reported by
Chandorkar and Clark, (1986). They showed that

DISCUSSION
Germination
The results we obtained are in agreement with germination
experiments of Hui et al. (2017). They showed that wheat
seeds (Triticum aestivum L.) irradiated with doses varying
from 646 to 1,060 μGy s−1, displayed germination percentages
varying from 96 to 99%. An explanation for this high germination
percentage can be found in the upregulation of the reactive
oxygen species (ROS) scavenging processes. Under natural
conditions, these processes are needed to compensate for the
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neglects the composition of the Martian radiation spectrum,
consisting of 85–90% protons, 10–13% of He-ions, 1% of
electrons and 1% of heavier nuclei (Hassler et al., 2013). The
lack of high energetic particle radiation may have caused the
damage observed in the plants to be less severe than can be
expected at the Martian surface. Especially, since plants appear
to be less resistant to particle radiation compared to photon
radiation, due to local energy disposure (Hase et al., 2017).
Plants may partly be protected against those particles by using
polymers rich in low Z-materials, such as hydrogen (Nambiar
& Yeow, 2012). However, such materials are not sufﬁcient to
protect against the highly energetic γ-photon rays present,
which may cause a signiﬁcant decrease in DW, as shown in our
experiment.
The DW decrease we showed as a result of the Martian
radiation dose is a major concern for future civilization on
Mars, since this indicates that crop growth at the Martian
surface, indoors in a greenhouse, may not be very successful.
Yield will be limited resulting in the need for large-area
cultivation, which is economically and technically difﬁcult, due
to the likely scarce resources, e.g., construction materials and
essential plant resources. Therefore, crop cultivation is most likely
to succeed at locations under the Martian surface where the
Martian regolith will provide protection against the galactic
cosmic rays (GCR) and the SEP-events.

photosynthesis of Pinus strobus L. and Pinus sylvestris L. seedlings
exposed for 150 days to gamma dose rate of 0.1015 mGy h−1 was
reduced by 16–19%. Also, the respiration rate was lowered by
about 14–23% and the amount of 80%-ethanol soluble sugar
content decreased with 14–25%. Overall results included smaller
seedlings with a decreased weight and a more compact phenotype
(i.e., plants were more compact). Both were also observed in our
experiment.

Temperature, Humidity and Light
Due to radiation safety regulations the control was placed in a
separate room. This resulted in temperature differences between
the control experiments and the radiation experiment. Overall
differences in humidity were not signiﬁcant (50 ± 8% and 47 ±
3%). Differences for temperature were signiﬁcant (20.5 ± 0.4°C
and 18.0 ± 0.8°C, p < 0.001). The temperature differences may
signiﬁcantly inﬂuence the total DW accumulated by plants due to
the increased metabolic speed at higher temperatures (Berry &
Björkman, 1980). Optimum growth temperature for rye, as given
by the FAO (Acevedo et al., 2002), is between 12 and 25 C.
According to experiments carried out by Yamori et al. (2006) a
deviation of 2.5 C causes a decrease of photosynthesis of 11.6%
at most.
There may be an effect of temperature on the growth in our
experiment resulting in lower DW. But it is uncertain if it can
explain the differences found in this experiment. The effect of
temperature and air ﬂow in the fume hoods may also inﬂuence
moisture content of the soil/simulant and thus the growth. In a
later conducted experiment under the same circumstances, it
showed that there was almost no difference in moist content of
the soil and simulant for both fume hoods (see further Pouwels,
2019). Air ﬂow may also signiﬁcantly inﬂuence the
photosynthesis rate (Kitaya et al., 2012), the effects are not as
such monitored in this project.
The used LED-lights yielded 42 µmol/m2/s at the pot level.
This is rather low for the standards in 2021. The panels were
chosen also because they had to be ﬁt in the lead walls to contain
the radiation. This was at the moment of the experiment (2017)
the optimal LED panel. Nowadays smaller and more powerful
LED lights are available and that would be our choice.
Nevertheless, the less powerful lights may have inﬂuenced the
growth of the plants and looks to be visible in the elongated
growth of the garden cress. All treatments had the same light
conditions and most likely the results of the experiment will not
be inﬂuenced. But, an interaction between treatment and light
intensity can not be excluded.

CONCLUSION
Crops grown at the Martian surface will constantly be exposed to
a radiation dose 17 times higher compared to Earth. This dose of
Martian radiation, simulated with 60Co γ-photons, could have a
signiﬁcant negative effect on two crop species, rye and garden
cress. During the ﬁrst 4 weeks after germination biomass
production was almost halved for both cress and rye and
visible coloring of the leaves for both crops was observed.
Germination was not signiﬁcantly inﬂuenced by long-term
exposure to ionizing radiation. A temporary increase in the dose
of radiation, in order to simulate Martian SEP-events, at different
developmental stages of the young plants did not signiﬁcantly
inﬂuence the ﬁnal dry weight of the crops.
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