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Abstract

The study proposed s ¢ part of research on the development of an algorithm for
antomatic control of plant growth environment in space greerhouses in order to maintain
optimal conditions in chosen substrate at each plant development stuge. In particufar the
dependence of seed germination on the substrate moisture level was imvestigated. For the
purpose. a seed sermination and plant growth-testing appuratus was developed to evaluate
substrate agro-properties at differcnt constant moisture, fight intensity and temperature
levels, The effect of Balkanine substrate moisture on the germinaiion percentage and rute
for seedys of « Lettuce crop was evaluated. Highest seed germination (82-84 %) at moisiure
levels between the water holding capacity and saturation and delay in passing 10 the
wctivation phase at lowering water potentials was observed and discussed. 4 critical level
of about 22% volumetric water content (VWC) for radical emergence was determined.
laitial substrate meoisture of 0.33-0.5 cm¥em’ VWC in the sowing subsiraie faver is
recommended for the experimenial safed crop. Discussions about the number and heighis of
experimental dishes necessary 10 achieve the desived gradient of moisture levels on the
subsirate surface and about the possibilities provided by the apparatus to record
experinieptaliy profifes of the germination—-environmental parameters relations for
Balkanine substrate are drawn,

Introduction

‘The key to successful plant development in space is to provide suitable root
environment for the growing plants. Systems for controlling root environment are
required to provide steady substrate moistening, non-stop and balanced transfer of
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nutrients to plant roots and good gas exchange.

A range of factors. conflicting and inadequate requirements have raised
problems on the development of root modules for space application. Mass. volume
and power constraints have been caused by the requirement to get maximum vield
from minimum plant area, power and time. This imposes hard power and spacc
restrictions on the equipment and reduces the root modute volume which leads 1o
higher density of components in the root area. The problems of water containment
and liquid and gas phase separation in microgravity, discussed in the NASA Technical
Memorandum. presented by Steinberg S.L. etal. {11, are of great importance for
providing adequate water-air balance In small volume root environment. The separate-
phase systems based on porous solids have established themselves for space utilization
in most plant growth facilitics. Substrates of solid particles are considered te be the
most appropriate medium for plant growth in long term space experiments because
of their longevity. repeated use and repeated crops in the same substrate.

Microgravity affects heat transfer, mass exchange processes, fluid behavior,
gradients of nutritive concentration in the substrates, and capillary properties of
artificial soils. The substrate media selected {or plant growth research purposes
should have defined physical and hydraulic characteristics. The problems with
selection of a substrate capable to support suitable root environment in small volume
containers on earth and in space are due to the impossibility to comply with all the
requirements which are quite conflicting and sometimes mutually incompatible. in
addition the process of selection involves a lot of long, hard and expensive analvsis
in specialized laboratories.

A lotofresearches have been directed at study and control of {luid movement
in a multi-porous medium. Another important issue 1s related to sced germination
and plant growth responses 1o various conditions in such medium. There is a need of’
measurements of the subsirate agro-propertics that contribute to reveal its
productivity. This corresponds with the research work of Kostov et al. [2] on the
development of the Svet-3 SG cquipment - a space greenhouse (SG) of third
generation which allows evatnating plant status and optimizing growth conditions
during the experiment in order to provide most favorable conditions at each stage of
plant development. Such adaptive control of the piant environmental parameters
requires development of an algorithm for automatic control of substrate moisture so
that optimal conditions are maintained in the rhizosphere. Therefore there is a need
of experiments to show what different moisture levels are necessary to be maintained
in the chosen substrate at different plant development stages - from sowing to harvest.
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Seed germination is strongly dependent on a variety of factors such as
substrate temperature and moisture, physical properties and chemical substrate
composition, quantity and quality of light, depth of sowing, plant variety, preliminary
seed treatment etc. Such an experiment requires available equipment to maintain
different constant light intensity, temperature and substrate moisture levels. Soil
moisture is critical as it affects how quickly water penetrates into the seed. Moisture
in appropriate amount for fast, uniform and complete germination of the seeds is
ven important.

With these considerations in mind, a seed germination and plant growth-
testing apparatus was developed to study some critical problems on providing
adequate water and air supply to the plant roots. [tallows testing a variety of substrate
media in order to evaluate substrate agro-properties at different constant moisture
levels. Adjusting light intensity and constant temperature maintained by inverter air
conditioner allow recording profiles of the germination—environmental parameters
relations.

Materials and Methods

SUBSTRATE MATERIAL

Balkanine™ (Stoilov, G..I. Petkov, D. Dimitrov, (1979), Bulgarian Patent
#40343) was used as a root medium during the experiments.

After determining the water holding capacities for four Particle Size
Distributions (PSD) of Balkanine, the 1.5-2.0 mm fraction was selected to be used
for seed experiments.

PLANT MATERIAL

Lettuce (Lactuca Sativa L)), “Yellow beauty” varicty. sceds s/n
8711989%171 (SORTOVISEMENAITRASTITELNAZASHTITALTD. Sofia,
Bulgara) were used (or the expernments.

LABORATORY APPARATUS

An apparatus for assessment of the agro-physical properties of substrates
was developed.

Description of the apparatus

An apparatus, designed {or these experiments. was specially developed
and produced. }t 1s an advanced modification of the device described by Xiao-
Chun Wan ctal. [3]. The apparatus is composed of a plastic water container with
storage capacity of about 25 I, twelve plastic pots of different heights filled with the
substrate subjected to test and a water reservoir (Mariotie siphon arrangement)
which represents a 201 polyvinyl chloride (PYC) bottle (Fig. 1).
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Fig. 1. A view of the experimenial apparaius

The water reservoir and the container are connected by a polyethylene tubing
{6 mm OD). which siphens water from the reservoir to the water container in which
the pots are placed.

The water container is surrounded by a light aluminum mechanical structure,
1.2 m high. which holds fixed a movable light unit. The light unit can be positioned
horizontally or ai some angle and provides adjusting distance from the lighted container
surface. :

A horizontal shelf 60 cm long, 13 cm wide and with a slope of 15% of the
narrow side is mounted on the aluminum structure. Five Petri dishes are placed
there and used for a germination test experiment performed by standard method
(Fig. 2). '

Fig. 2. Five Petri dishes are placed on the shelf



Muriotte siphon thotile)

The water reservoir (20 Iiters PVC bottle) is equipped with a vertically
inserted stainless steel pipe (6 mm OD) allowing ambient air to enter the reservoir
through the water in the form of air bubbles. The water pressure in the bottom end
of the pipe is equal to the atmospheric pressure and the water level in the container
is maintained constant at the height of this end of the pipe. Another pipe is inserted
below the air-entry pipe to siphon the water from the water reservoir through a
flexible hose to the water container. The Mariotte bottle can be positioned at different
heights to allow adjusting the desirable water table in the container. The Mariotte
reservolr 1s filled with sufficient water amount to support a two-month plant experiment
without need of recharging.

Water container and experimental pots (EP} for substrate

The water container has internat dimensions L.=55 x D=35 x H=13 cm and
allows disposing the 12 PVC pots filled with substrate. The container is placed ona
levelled laboratory table next to the Martotte bottle. The container has a firm bottom
which bears the load of the 12 pots with substrate and the water without deformation
providing good levelling and the same height of the water table in each pot with
substrate.

Twelve pots, respectively 3.5.5.6,7,8.9,10, 12, 14, 16, 18 and 20 cm
high and with sowing arca of about 86.5 cm? allow testing the agro-physical propertics
of particulate substrates at different substrate surface moisture levels and the same
other environmental conditions. The pots are filled to the brim with substrate which
has been previously packed to the desirable bulk density. 27 small holes. uniformly
situated on the botlom pot wall. permit the water to enter the substrate from the
container.

Light unit

"The substrate surface 1s lighted by four 15 W fluorescent lamps, 60 cm long
and with ~“Cool white™ light characteristic. A 6 W fluorescent lamp of the same light
characteristic is used to ensure the minimal fighting necessary for the operation of a
phote camera during the “night”. A timer controls the light unit operation and adjusts
the photoperiod from 0 to 24 hours in steps of 15 min. A simplified hanging system
provides a possibility to adjust the distance to the experimental surface at 5 to 100
cminstepsof 2 cm.

Petri controls
A shelf for the five Petri dishes (D=120 mm, H=20 mm) is mounted on the
long side of the metal structure. The percentage germination of the seeds selected
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for the main experiment is determined in a control experiment with 100 seeds sown
ineach Petri dish. Both experiments are simultaneously conducted. The Petri dishes
are positioned at the mean height of the experimental pots with substrate {about 12
cm) so that al! the seeds for both, the controf and main experiment, are placed under
comparable environmental conditions.

Observation system and data collection

Although the apparatus maintains autormatically the water level in the substrate
and the air-controlled system takes care of the environment, a set of sensors provide
continuous monttoring of the changes in some environmental parameters. Four
temperature sensors SMT160-30 (SMARTEC B.V, Delpratsingel 26, 4811 AP
Breda. Netherlands) and a relative air humidity sensor SMT RHOS (SMARTEC)
are located in places of interest. A photo camera Konica Q-M100 takes pictures
aulematically at previously set time intervals. Data obtained from the sensors and
the photo camera are collected and saved in a computer. The computer operates in
amode of a Dial-Up Server which permits remote access to the data collected by a
modem connection. A Web camera 1s connected to another computer operating as
an IP Server and provides user access through the Web for visual observation in
real time during the experiment. A data collection system aliows inclusion of other
sensors in order to expand the range of the environmental variables monitored.

Description of the experiments
The apparatus described above provides a possibility for testing all kinds of
substrates (Balkanine in our case) at different moisture levels. Adjusting light intensity
and constant temperature mantained by an inverter air conditioner allow recording
the profiles of the germination—environmental parameters relations.
Experiment objective —evaluation of the effect of Balkanine moisturc on the
germination time and percentage for sceds of'a Lettuce crop.,
[nitial conditions for the experiment:
- Balkanine substrate. 1.5-2.0 mm PSD;
Twelve pots of different heights, filled and compacted with substrate and providing
12 different water tables above and below the sowing substrate surface: h =
r1.5em.h,=0cm,h,=-Tem.h,=-2¢m b =-3em, b =-4cm, b, =-5cm.
h,=-7cmyhy=-9e¢m,h =-1lcm h =-13cmandh,=-15cm;
- Seeds of Lettuce (Lactuca Sativa L.), “Yellow beauty” variety; 12 pots with
100 seeds sown in each one:
- Water — from the water-main, purified by CFS-SOLVO®, coagulant for potable
water treatment; '
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- Lighting period — 16 h day/8 hnight;

- Air temperature in the laboratory - controlled at (25+2)°C - a typical ambient
temperature leve] for the living cabin environment onboard space vehicles;

- Relative air humidity - (60-75) %, uncontrolled;

- Petricontrol experiment — 5 Petri dishes (D120 mm x H20 mm) with 100 sceds
sown i each one:

- Duration of thc experiment — 1+2 weeks.

‘The experiment was performed in two stages— (1) initial capiilary substrate
moistening in every EP till equilibrium between moistening and evaporation from the
substrate surface was reached (in the first week), and (2) 100 seeds wete placed
among the particles of the surface substrate layer in each of the 12 EPs and 100
seeds in each of the Petri dishes (Petri control) for the next two weeks (see Fig. 3).

Fig 3. Seeds are sown in the Petri controls
and experimental pois using emplates

The seeds in P No. 1 were covered by a glass plate and the pot was
dipped 1.5 cm below the water surlace. A sced was counted germinated when the
shoot reached a height of 10-15 mm. Then it was removed. As an exception to the
procedure described above some plant shoots were left to the end of the experiment
for visual evaluation of the germination uniformity in each EP

A Petn control experiment was performed in 5 Petri dishes simultaneous!y
with the main experiment in order to cvaluate the seed germination for the used
batch of seeds. Two sheets of filtering paper were placed in each dish and damped
with 5 ml of purified water. 100 seeds were arranged on the paper using a sowing
template. the dishes were covered and placed on the apparatus shelf. Both
experiments (the main one and the Petri control) were performed under the same
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environmentat conditions. The shoots (10-15 mm) were counted and removed from
the Petri dishes every day. Data about the seed germination in the Petri controls
were statistically processed and the results about the germination time and percentage
in the EPs were presented graphically.

A surface substrate layer of about 1 ¢m in height was removed in each EP
and the absolute water content was determined. Data obtained were added to the
data set obtained during measurements of the physical and hydro-dynamic propertics
of Balkanine in Russia. USA and Bulparia (Zakharov [4]: Bingham atal.. |5.6]:
Jonesand Or [7]; Ivanovaatal. [9, 10]).

Substrate-water characteristic curve (SWCC) gives matric head ¢h) -
volumetric water content (@) relation. Fitted SWCC of Balkanine (1-2 mm PSDD}is
determined by Jones and Or [8] using the van Genuchten | 11] nonlinear model.
defined as -

08 1(0 -8 )[1+ {aln])]"

where ¢/is current volumetric water content, f is saturated volumetric water
content. { is residual volumetric water content, a, n, m are fitting parameters, and #
is matric head {cm).

Total daily evaporation and evapo-transpiration during the experiment were
determined by measuring the weight of the Mariotte reservoir with water.

The experimental apparatus ability to maintain relatively constant subsirate
maosiure content and water gradient in each EP during the experiment was analvzed.
Some suggestions for additional evaporation and transpiration measurercnts were
made.

Resulis

The picture shown in Fig. 4 gives anidea of the reducing number of germinated
seeds in the higher seediing pots.

Fig 4. A view of the experiment
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The germination percentage for the used batch of seeds selected for the
main experiment, determined in the Petri control. is 81%+1.58 SD. The seed
germination percentage distribution depending on water table in the 12 EPs is shown
inFig. 5,
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Highest seed germination of (82-84) %15 observed in the EPs No. 3.4 and
5 where the substrate moisture in the sowing layer is between the water holding
capacity and saiuration. Water imhibitions in the lowering water potential from EP
No. 6 towards EP No. 12 reduces the seed water content. postpones passing to the
activation phase and delays entering the radical growth phase. Radical emergence
and growth occurs when the water content exceeds a critical level. Forour experiment
this critical level 1s about 22% volumetric water content.

i 14
% — 8
— — F 7
2 |l '.»x'//ﬂ ‘
5 i _ i
a= i 4
E ey B
& L S A o
8 2
]
- 0
EEEEEECEETETETFEE
[ SR ) [¥] (4] [ I ] Ly o [N ¥l (4]
LI e T o r"lﬂ QI Wy Cl::a : Q _‘Q
. .

Water latble depth
Fig. 6. A J-dimensionual plot of seed
g(’?‘f”fﬂﬂff:‘)” Foles versuy ”r?(;' wWerer f{!h!(’
dopth in the [H-day germination period

107



From EP No. 6 to EP No, 9 the germination time is prolonged by 1 10 3
days respectively (Fig. 6).

Discussions

Soil moisture s critical as it aftects the rate of water penetration into the
seed. The germination experiment results suggest clearly a strong dependence of the
seed germination percentage and rate on substrate moisture. Highest germination
was observed at high moisture levels (0.35-0.5 cm/cm’') between water holding
capacity and saturation (Fig, 5). A few centimeters lower watcer table in the next EPs
(malric suction at inner-particle moistitre} reduces germination to zero. At the same
time the germination time prolongs by 3+8 days. Hence the automatic system tor
initial Balkanme wetting should provide higher moisture in the sowing substrate layer
what was tixed t0 0.35-0.5 em*/omy’ volumetric water content or 63-85% of saturation
for the experimental salad crop.

‘The water status of the surface substrate layers was determined for the ten
EPs(No 3-12) {Fig. 7).

70
60 0"!’\ —o- Surface layer water
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Fig 7. Absolute volumetric water content in the swrfice
substrare faver against the experimental pot height
af the end of the experiment

The zeolite used tor Balkanine production has double porosity - inner-particle
and inter-particle. Zakharov [4), and Jones (in Bingham et al.. {3, 6]) measure the
basic hydro-physical characteristics and report that the sharp drop in the matric
potential at 22% volumetric water content, due to full macro-pore water draining,
leads to drastic decrease of water conductivity (Fig. 8).
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content. (Jones and Or, 1999)

The total daily evaporation and evapo-transpiration during the experiment
were determined by measuring the weight of the Manotte reservoir with water. With
some simplifications a mean daily evaporation of .15 cm’/ermr.day (without planis)
was calculated. Shaidorov {12] reports about a mean daily evaporation ot (.24
cmiem’ day in plant experiments with Balkanine and at air flow rate ot about 1.3 m/
sec.

Measured and plotted values of surface layer water contents {Fig. 9} in [:Ps
shows close congrucnce with SWCC plotied for a similar dish. Using the RETC
program (van Genuchlen et al | [13]) the retention and conductivity characteristics
were modetted where 8 =0.58 cmi/ent’ (saturation) and 0=0.23 cm/em’ {pot No,
9y were enclosed in model.

Asevident from Fig. 9, the unsaturated hydraulic conductivity curve is
considerably smoother than the one determined during hydro-dynamical
measurements (Fig. 8) because of the evaporation. Evaporation from surface
subsirate layer was maintained relatively constant by controlling the ambient
icmperature and the streamlining air flow. Moistures of the surface subsirate layers
measured for EPNo. 10, 11 and 12 were 0.13-0.14 em'/em? and corresponded to
the Balkanine maximum hygroscopicity.
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Conclusions

Summarizing the results we can conclude the following: (1) using measurement
data about the physical, hydrostatical and hydrodynamical properties of a particular
substrate, the number and heights of experimental dishes necessary to achieve desired
gradient of moisture levels on the substrate surface when placed in water container
tor capillary moistening can be determined; (2} using the apparatus described above
the germination percentage and norm for seeds of experimental plants can be precisely
determined: (3) senes of plantexperiments can be carried out at different temperature
and light intensity gradients. substrate water contro!l algorithm for optimal seed
germination can be developed.
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NOJABOP HA CYBCTPATHH CPEJIH
3ATNIPHITIOKEHHE B KOCMHYECKH OPAHMKEPHUUN:
JABOPATOPEH ANAPAT 3A OIIEHKA HA KbJIHSIEMOCTTA
HA CEMEHA B YCJIOBHUH HA ITOBbPXHOCTHH
CYLCTPATHW CJTOEBE C I'PAJIMPAHU BJIAZKHOCTH

I1. Kocmoe, H. Cmoanvs, C. Canynosa

Pesome

[pC1oKCHOTO U3CNEUBANE € YACT 0T HAY HHOM3C:ICL0BaTeACKa padoTa
no paszpadorganero Ha aNrOpUATHM 33 ABTOMATWYHO YMPABIICHUE HA
KOCMAHCCKI OPaHKEPHH C e NOAALPHKANE Ha ONTHMANIIN YCIIOBHA BbB BCEKH
etan OT pa’BUTUCTO HA pacTcHuATa. B uvacTHocT Oewe n3caenBana
3ABMCHMOCTTA HA KBIHAEMOCTTAa HA CEMCHA OT NMouBeHata (cyberpaTHa)
BIaAKHOCT. Ja wenra beure paspabored amapar 3a TeCTBaHe Ha mpolieca ia
Pa3BHIMC HA PYCTCHHATA, HIPCHA3HAYeH 38 OLUEHKa HA KauecTsara Ha cybcTparu
npr paiIdiyH i, HOCTOAHHH HUBA HAa BNAXHOCT, HHTCH3HBHOCT HA CBETIIMHATA
¥ temncpartypa. beinie olieHeHo BIUSHUCTO Ha BIaXHOCTTA Ha cybeTpar
“bankanuH” BBpPXY NPOUEHTA HA KbLAHAEMOCT i HOPMATA HA IMOKLIBAHE HA
cemera o1 canara (Lactuca Safiva L)), Hali-BHCOKa KbAIIMEeMOCT Ha CCMEHaTA
(82-84 %0) bewie Hab roAEBaHA L1IPH BAAKHOCT HA CYOCTpATa MEHAY NIPEIeiHata
MOUREHA BAAIOCMHOCT U Hacvwane, [Ipyd HaMansBaim BoAHKU [TOTCHIMATH
Gewre oTveTeno 3abapaHe Ha NPEMHHABAHCTO KbM akTUBALMOHHA dasa.
Kpuruuna obevna siamuocT Ha cyberpara ot 22% Ocwie yoraHoBCHa 34
AOKBABAHCTO Ha MUHUMANEH HPOLENT CemMeHa. 3a KOHKpCTHATa
eKCIIEPUMCHTAINE KYJITYpa O¢lie [IPENOPbYaH0 MbPBOHAYMIKQC OBIAKHABAHE
ua cyberpara ao 0.35-0.5 em¥/em?® obemHo BiArochiabpKaHue B IOCEBHUS
cyDeTpare caoi. JAMekyTHpat ¢ MeTo 3a onpedensiie Ha Oposd M BUCOUMHATA
Ha eKCIIEPUMCHTATRMTE ChAOBE, HEOOXOAMMH 33 MOCTHUTAHE HA KEjad
rPAANCHT Ha HUBATA HA BAAXKHOCT B IOBEPXHOCTHUS CTTOH HA CYOCTPATA. KAKTO
M BB3MOKHOCTHTC, IPCAOCTABHHA OT A1AapATa, 38 CKCNIEPUMEHTAIHO CHEMaHE
HA NPOMGUIY Ha 3aBUCHMOCTHTE KBJIHAEMOCT — [IAPAMETPH Ha cpejata 3a
cyberpar “hankaHnn™.



