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PREFACE

| started with this project thinking it would becantinuation in the same line of work of that of
Ad Lavrijsen, partly it turned out that way, worliwith LEDs for example, but for most of the
project this is not the case. The subject forthsearch quickly changed when Ad started
working on a research project for Philips at theiboltural production chains group. Part of this
project consisted of finding out the effects ofgama light on plant growth, this was something
that interested me very much and because it ddegally make sense to do two almost similar
subjects at the same research group, | startedigook this subject. Throughout this thesis |
have had much support from the previous work oBAd of his help, and | would like to thank
him for that.

My supervisor on this project was Dr. Jeremylifeson; | would like to take the opportunity
here to thank him. Because without his extensivaltedge on building electronic and other
related equipment, this project would not have h@assible. Furthermore the knowledge he has
on chlorophyll fluorescence, radiation uptake @ and photosynthesis were of prime
importance for this project.

But most of all | want to thank my friend, LotkeeLauwerijssen for her endless support of me
and for the time she put in checking the spellind grammar of this report, certainly when | hit a
rough spot she was always there to lift my spirit.

For me this has been a very good chance toaeedsearch is being done in the field of plant
sciences, and in particular in horticulture. Funthere | always had an interest in assimilation
lighting in horticulture; this project has deepemey understanding of this subject and has taught
me a few new things. The aspect of building my @gnipment was also very nice, since |
always like doing things with my hands.

Last but certainly not least | hope that you efiljoy reading about everything discussed in this
report. But let me ensure you that this report byneans tries to give a complete and definite
overview of everything there is to know on pulsigdhting. It is just a starting point for further

research, and an interesting subject to read about.

Elias Meerwaldt
September 2004
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SUMMARY

In the last few years the use of assimilation ligghin the Netherlands increased enormously,
however the lights currently used for assimilatighting are not the most efficient lights for
plant growth. Therefore research is done into difjat sources to be used for the growth of
plants. One of these light sources on which ingesitbns are centred, are light emitting diodes
(LEDs). For this research LEDs where used to cragielsed light system, which could provide
pulsed light for plant growth. The proposed effatpulsed light lie in the field of
photosynthesis, and than especially between thé digd the dark reaction. However, from
literature the hypothesis was made that photosgigtland thus the growth of plants under pulsed
light can only approach, but never exceed photd®aid and thus growth under continuous light
with the same daily light integral under identieavironmental conditions. To test this
hypothesis an experiment was set-up whemnaplants where grown in the same environment,
21 °C, 60% RH and a photoperiod of 16 hours, withgdame daily light integral, 11.52 mofm
day*, but different light sources providing this ddlilyht integral. One treatment consisted of
fluorescent tubes, which provided a light intensity200 pmol rif s*, another treatment that
consisted of 24 LEDs spread out over 306 tirat provided light over an area of 500%cthis
treatment also had a light intensity of 200 umdlsh The last treatment provided light in pulses
and consisted of 48 LEDs spread out over 30dtortight an area of 500 drwhere the ‘on’-
signal was 400 pmol fnis® and the ‘off-signal was 0 pmol frs®. With these light sources six
experiments were set-up, where the frequency optiteed light ranged from 0.012 Hz till 120
Hz, with a difference of a factor ten between theegiments. These frequencies also were used
to name the experiments in some graphs. The rasuitese experiments where not as expected,
in that different effects occurred over the ranfirequencies. At 1.28 Hz the area growth rate of
the plants was higher than that of the controlttneat, and there also was a higher leaf area ratio
(LAR). However, at 0.012 and 0.12 Hz a higher retabrea growth rate is combined with a
lower LAR. At 12 and 120 Hz the relative area giowdte is equal to the control treatment, at 12
Hz the LAR is also equal, but at 120 Hz the LARnisch lower. The final conclusion reached
from these data is that it is possible to grow f@amder pulsed red LEDs, however some
morphological features of the plants change, funtioee most of the time it is not beneficial to
grow plants under the pulsed light, certainly neiblwv a frequency of 1 Hz. A lot of interesting
processes occur in the plants when they are graxdarypulsed light that are not clearly
understood yet, so this remains an area of coraitiemterest for future research. Furthermore

microsecond pulses and a different duty cycle ¢smlze of interest for future research.
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1. INTRODUCTION

1.1 Assimilation lighting

The use of lamps for improvement of g&ssimilation (assimilation lighting) of greenhouse
crops has increased enormously during the laseabsyin the Netherlands. The main reasons for
the use of assimilation lighting, be it in the ptant, cut flower or vegetable sector, are to emsur
high product quality and high production, an evesrerimportant reason however is to ensure
year-round production and quality level which mabtsmarket demand (Marcelis et al., 2002).
The LEI has calculated that in the year 1999 13%hefcomplete Dutch greenhouse area used
assimilation lighting and that this had increaséith wne percent point a year since 1994 (Bakker
et al., 2000). By 2002 they have calculated th&b 22 the Dutch greenhouse area made use of
assimilation lighting, and that this figure hadre&sed with 1.7 percent point a year since 1994
(Knijff and Benninga, 2003). In a few years tirhe increase of assimilation lighting is
enormous. This increase in area was mainly elidiiethe increase of the pot plant and cut
flower greenhouses which use assimilation lightfgrthermore, the developments in the
vegetable sector are going fast, but this aretilisedatively small (Knijff and Benninga, 2003).

In 2003 nearly 20 hectares of tomatoes were beaindyzed under assimilation lighting, which is
approximately one and a half percent of the tateh®f tomatoes (Meerwaldt, 2003). The
prospect for the upcoming year, 2004, is that tlea avill increase to 60 or 65 hectares (Burg,
2003).

Besides this increase in area under assimiléiibting, the intensity and the lighting hours
have also increased rapidly in the last years.aMeeage intensity has reached 39 WWand the
average lighting hours per year have reached 34bijffland Benninga, 2003). Around 1990
these values where respectively 28 V¥ amd 2900-3000 hours per year (Bakker et al., 2000)

These developments in the Netherlands can alsmticed in other countries on the Northern
Hemisphere, some are even ahead of the Netherleadsexample in Iceland tests with
assimilation lighting have started already in 188 the vegetable growers there are presently
using an intensity of 200 W fr(Jakupaj-de Snoo, 2004). In the province Quebmost all
lettuce growers and approximately 10% of cucumberi5% of the tomato growers use
assimilation lighting in wintertime (Lavrijsen, 2B0Dorais and Gosselin, 2002). In Denmark by
1992 assimilation lighting was used on 35 % ofltgtaenhouse area and on 50 % of the

ornamental area (Hendriks, 1992).
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The most commonly used assimilation lights todayhigh pressure sodium lights (HPS).
These lights were primarily developed for the illnation of roads and other public
environments. And even therein they were not tifaient, approximately 20% of the incoming

radiation is converted into visible
100

radiation, everything else is

20 dissipated as heat. Moreover, plants

have a very different absorption

0 spectrum from the human eye

40 L (Figure 1.1), which results in an

even smaller efficiency for plant

20 - growth. The newest HPS lights have

an energy conversion efficiency for
araEE plant growth of 38% (Pot, 2004).

Figure 1.1. The standard CIE photopic response mbanal  However, these lights where
eye (eye) compared to the absorbance spectrunteaf a .
(leaf). Especially interesting is the drop in atisance of the €SPecially developed for the
leaf at around 550 nm which is why we see leavé®@y o ticyltural sector. This means that
green. (Harbinson and Rosenqvist, 2003)

percentage absorption or relative response

400 500 600 700

there is still a lot of energy which is
converted into heat. This could be seen as beightlsl advantageous, especially in the
wintertime, since the greenhouse has to be helagedanyway (Brault et al., 1989; Lavrijsen,
2003). Due to the constant intensification of figating this becomes less useful. This means that
the total energy efficiency of the greenhouse desee, naturally this is not an ideal situation.

Therefore research is done into new lightingsfmkities for the horticultural sector. For
example on microwave powered lamps (Kozai et 8B5) and on light emitting diodes (LEDS)
(Kim et al., 2004; Yorio et al., 2001; Yanagi ankamioto, 1997; Lavrijsen, 2003). This research
will focus on the latter, the LEDs. These LEDs familiar to nearly everyone, because they are
used as indicator lights of computers, keyboardsjitars, etc. Less known but also of
importance is that they are used in backlightingnobile phones and related devices.

LEDs are solid-state devices, which emit radiatn a very narrow wavelength range (a few
nm), so called monochromatic light, which our eperceive as light from one colour. The low
light output of LEDs and a lack of colour optiorevk limited LED technology, to the uses
mentioned earlier, in the past. Recently, new LERarials and improved production processes
have resulted in bright LEDs in colours throughtht visible spectrum with efficacies greater
than incandescent lamps (Craford, 2000). At pres$gpical indicator-LEDs have light outputs

on the order of one to several lumens, whereas LfBDiumination produce on the order of tens
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to hundreds of lumens (Narendran et al., 2003)s@&igighter, more efficient and colourful
LEDs are moving LED technology into a range of tigh applications (Bierman, 1998; Craford
et al., 2001; Narendran et al., 2003). For exanmpteaffic signals, car taillights, car turn sigaal

in interior design and large area displays (Craf@afip0; Craford et al., 2001).

These current applications and the promising futoré EDs as a replacement for light bulbs in
many more applications (Craford et al., 2001; Ndran et al., 2003), and a fierce competition to
produce the best LEDs, encourages engineers tmaonsly try to lower the cost of
manufacturing LEDs and improve their light outpati@fficiency (Craford et al., 2001). The
reported results for red LEDs are approximatelg @D-fold decrease in costs per lumen ($/Im)
per decade and an approximately 30-fold increatightoutput (Im) per decade (Craford, 2000).
The efficiency of red LEDs increased from 10 luni@estt in 1990 to approximately 50
lumens/Watt in 2001 (Craford et al., 2001).

The above defined efficiency increase for LE®®iused on the human perception of light,
but the efficiency for plant growth is different alseady has been shown in figure 1.1. This
efficiency is given in the unit pmot'dNatt*. When looking at this efficiency the LEDs are
already approaching HPS lamps. To be precisgrisent efficiency of HPS lamps for plant
growth is about 1.9 pmol'sVatt®, whereas the result of the latest calculationd EiDs is
around 1.7 pmolsWatt! (Lavrijsen, 2004). Other calculations based onetisting LED
arrays, which have been used in this research, athaw efficiency of 1.2 pmol*svatt* (1100
umol on 0.05 m= 55 pmol nf s* for 48 LEDs, so for 1 LED (= 1 Watt) = 55/48 = & fimol m
2sY. So the LEDs are approaching the efficiency oSH&nd in a few years time it is envisioned

that they will exceed the efficiency of HPS.
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1. Introdiom

1.2 Photosynthesis

It is common knowledge that higher plants and offfetosynthetic organisms, like

cyanobacteria and algae, use light, carbon dicxitkwater to create their own metabolic

products. This is used, either direct or indiréamt,our energy needs. The best known form of

photosynthesis and also the one that will be desdrhere, is the one carried out by higher plants

and algae (equation (eq) 1.1).
nCO, + nH,O0 — (CH,0),+ NG,

(eq1.1)

This process can be divided in two reactions; ithtet keaction, where the light is captured(H
is transferred in Hand G and energy is fixed in ATP and NADPH, and the dadctions that
uses the energy released from ATP and NADPH toet @G to (CH,0), (Lawlor, 1993a).

The light reaction and photon transport

Not all of the electromagnetic radiation emittedthg sun can be used in the light reaction, only

a small part of the spectrum, called photosynth#jiactive radiation (PAR), can be used in the

light reaction (figure 1.2).

lo-ro_

|0-Iii-

g=rnma radiation
|-l

1Qele__

oosmic radiation
|0-Ii_

i

Figure 1.2. The electromagnetic
radiation spectrum, the
photosynthetically active radiation

is enlarged (Pot and Leest, 2002).

The light reaction of photosynthesis occurs gedes of
protein complexes bound to the thylakoid membrdrthe
chloroplast, which are interconnected by mobiletedn
carriers (Rosenqvist and Kooten, 2003). These prote
complexes are the cytochromgflzomplex, the ATP
synthase/hydrolase complex, photosystem Il (P3id) a
photosystem | (PSI). (Taiz and Zeiger, 2002; Rosgistq
and Kooten, 2003). The way the photosystems are
described above is not the most obvious one. Tdworefor
this is that photosystem | was the first to be aligzed and
then photosystem Il secondly, however in the pathwa
photosystem Il comes first.

Each photosystem consists of a huge arealdf lig
harvesting centres (LHCs) and a reaction centre. Th

energy entities in the LHC are called excitons.yTae
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capable of energizing the photosynthetic reactamtre chlorophyll dimer calleds&g in PSII or
Pz00in PSI, where 680 and 700 denote the peak wavitlexig@bsorption in the respective
reaction centres (Rosenqvist and Kooten, 2003).LHf@s contain several types of pigments that
absorb light of different parts of the electromagneadiation spectrum (photons with different
energy content); although all light that is absdrbes in the photosynthetically active radiation.
Chlorophyll a and b absorb predominantly blsielQ0-450 nm) and red 650-700 nm) light
(figure 1.3), whereaB-carotene (carotene) and lutien (xanthophyll) liatretenoids, absorb also
light from the green part(450-550 nm) of the spectrum (Lavrijsen, 2003)adidlition

chlorophyll a absorbs in the blue part of the speatat lower wavelengths and in the red part of

the spectrum at higher wavelengths than chlorogh{figure 1.3).
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Figure 1.3. Estimated absorption spectra of
chlorophyll a, chlorophyll b and carotenoids, the
most important components of the LHCs (modified

from Whitmarsh and Govindjee, 1999).

LHCI is linked to PSI and LHCII to PSII, theselCs each consist of different combinations of
the above described components, chlorophylls, eaoids etc., this is why they have different
absorption spectra. And this again determines Wwhyphotosystems each have a different
absorption spectrum. In higher plants and greeaealRfS1l absorbs more light than does PSI at
wavelengths below about 670 nm till approximated® 4m. At wavelengths longer than 670 nm
and shorter than 450 nm, PSI absorption become®prieant (figure 1.4). For maximum
efficiency of photosynthesis, however it is impaitthat both photosystems operate at
approximately the same rate. On the short termctimisbe achieved by state transitions, they
provide a mechanism whereby more balanced exaitafithe two photosystems can be achieved
(Fork and Satoh, 1986). On the longer term howdherphotosystems react by changing the
amount of PSI versus PSII (Rosenqvist and Koote@3p

10
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carotenoid band chl bband
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Figure 1.4. Comparative absorbances of photosysteand 1.
The red absorbance peaks are 700 nm for PS| andh68fbr
PSII. The long wavelength tail of the PSI spectaliows PSI
to be preferentially excited by far-red light. (Mfield from
Harbinson and Rosengvist, 2003)

It was once assumed that all of the light cagioy the plants was used for photosynthesis, it
has become clear however that this is not the &8ken a photon is captured by an atom of the
light harvesting complex, it becomes excited. Défg colours of light have different
wavelengths, and thus different energy levels,iteatb different excitation levels; these have to

be de-excitated in their own special way (Figui.1.

Il
excited
mhrg bl ES————
slane | Escion migrakioi Por
! n=onan! fransios 3ig
)
R # ADP#H
.'II #
1st i
exciied ElE 1}
wing el ar poit
e |
AP
i i
Ground
ele

Figure 1.5. Concept of absorption of photons (hahyatom, energizing an electron to an excited
state (a) and its subsequent decay with releaseefyy. Capture of a more energetic photon (b)
results in higher energy level orbitals being filland then decay by radiationless transition (R).
Heat (H) may also raise an electron to higher egdayel and the energy is emitted when the
electron drops back to the ground state. The maérgy —dissipating processes are by radiationless
transition (R), prompt fluorescence (F), delayagghtiemission (DL), phosphorescence (P) and by
chemical reactions, for example, which are, in pghthetic organisms assimilation of CO2 and
transfer, for example of triplet energy to oxygeraretonoids or of excitation energy to other
chlorophyll and pigment molecules. (Lawlor, 199Bbyrijsen, 2003)

11
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As shown in figure 1.5 the rate of decay of theitexicstate depends on radiationless transitions,
fluorescence and photochemistry. These processesrage constants for de-excitation,
respectively, i, Kr and K, so that the overall rate constant is:

K= (Kq + Kt + Kp) (eq 1.2)

When ry excited states are present initially, the decréaseexcited states in time, t, is given by
n = npre’™ (eq 1.3)

e is the base of the natural logarithm (Lawlor, 399

The excitation of §yand Byycauses ejection of chlorophylls from the RCs (otiadg to
primary electron acceptors, a chlorophyll a monofoePSI (Schubert, 1997) and a pheophytin
molecule for PSII. After that electron transpodrts along the chain of redox components
(Lawlor, 1993c). This electron transport resultsvater splitting, production of NADPH and
acidification of the thylakoid lumen which drivdgetATP synthesis by the ATP
synthase/hydralase complex (Lawlor, 1993c). This-eyclic electron transport and coupled
processes is depicted in figure 1.6, and will rofurther explained here, as it has been described
well before (Lawlor, 1993c; Taiz and Zeiger, 2002).

STROMA (low H*)

Plastoguinone

@ Electrochemical

ol 0, + @

@ Plastocyanin potential
gradient
Oxidation

of water

LUMEN (high H*)

Figure 1.6. The transfer of electrons and protanghie thylakoid membrane is carried out verticély
four protein complexes. Water is oxidized and prstare released in the lumen by PSII. PSI reduces
NADP+ to NADPH in the stroma, via the action ofrégtoxin (Fd) and the flavoprotein ferredoxin-NADP
reductase (FNR). Protons are also transported thiolumen by the action of the cytochrorgk b
complex and contribute to the electrochemical pnajocadient. These protons must then diffuse to the
ATP synthase enzyme, where their diffusion dowel#wrochemical potential gradient is used to
synthesize ATP ithe stroma. Reduced plastoquinone (B{#hd plastocyanin transfer electrons to
cytochrome pf and to PSI, respectively. Dashed lines represtgdtron transfer; solid lines represent
proton movement (Taiz and Zeiger, 2002; Lavrij293).

12
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The dark reaction

The dark reaction, although it is called in suahay does not need the dark to function, as is the
case with the light reaction which needs the light,it functions both in the light and in the dark
so a better name would be the light independewticea In the dark reaction the products
produced in the light reaction (ATP and NADPH) pdavthe energy and electrons to reduce
carbon dioxide to organic molecules. This procakes place in the so called Calvin cycle, the
reaction takes place in the stroma of the chlosileq 1.4).

3 CQO; + 9 ATP + 6 NADPH— glyceraldehyde-3-phosphate + 9 ADP + 8 Pi + 6 NARS 1.4)

Glyceraldehyde-3-phosphate may be converted ta adreohydrate metabolites (e.g., fructose-
6-phosphate and glucose-1-phosphate), energy gggessucrose or starch), or cell wall
constituents (e.g., cellulose). Glyceraldehyde¢aR also be utilized by plant cells as carbon
source for synthesis of fatty acids and amino a@i&an, 2003).

The dark reactions are principally a serieshafngical reactions and are much slower than the
light reaction (picosecondscale (®)), therefore it might be beneficial to have arsdark
period in between the light periods to make suag time products made in the light reaction are
all processed before new products arrive. Butwliisbe discussed in more detail in the next

paragraph (1.3).

Chlorophyll fluorescence

As already shown in figure 1.5, an absorbed photomundergo multiple fates, in the leaf these
are reduced to three main fates. Photons can lefoisthe photosynthesis, they can be
dissipated as heat and they can be re-emittedi@®ficence. By measuring the yield of
fluorescence one is able to say something aboulggtain deficiency of photochemistry and heat
dissipation. Although only 1-2% of the absorbedtphe are converted into fluorescence it is
quite easy to measure (Maxwell and Johnson, 2@iYnges in fluorescence where first
observed by Kautsky and co-workers in the early0l9@&autskyet al, 1960). They discovered
that if a leaf is transferred from the dark to fiigat an increase in fluorescence occurs in a time
period of one second (Maxwell and Johnson, 20088. fise in fluorescence can be explained by
a reduction in electron acceptance in the photbfiat pathway of photosystem Il (PSII), where
mainly the plastoquinone Qs reduced. When PSII absorbs light anda@cepts an electron, no

other electrons can be taken up untilgasses its electron tgs(@During this period the reaction

13
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centre of PSIl is closed. When a leaf is transtefrem the dark to the light thex@ool is
completely reduced and fluorescence is at its marir(F,) because the rate of electron transport
(photochemical quenching) is constant and non mihaimical quenching (NPQ) has not taken
place yet. After then the fluorescence level deseeans a result of photochemical quenching and
by NPQ (Schaftenaar, 2004).

Photochemical quenching parameters always reddtee relative value of 'and variable
fluorescence (. The most useful is the parameter that measheesfficiency of PSII
photochemistrypPSII (Maxwell and Johnson, 2000). This is calcwas (Rosenqvist and
Kooten, 2003):

OPSII =AF' / Fy) = (F = FS) 1 Fy (eq 1.5)
With:

F’ = fluorescence

Fr = maximal fluorescence

Fs = steady state fluorescence

This parameter measures the proportion of the dgsbrbed by the chlorophyll associated with
PSIlI that is used in photochemistry. As such, it geve a measure of linear electron transport and
so an indication of overall photosynthesis (Maxvegltl Johnson, 2000).

Mostly fluorescence of PSIl is measured bec&®&i¢ has a higher fluorescence than
photosystem | (PSI) and the yield of the fluoreseecthanges with changing physiological
conditions. The fluorescence of PSI remains magiiye stable (Schaftenaar, 2004).

14
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1.3 Pulsed light

The first experiments on the application of ligtarh electric lamps to plant growth marked the
beginnings of an effort to improve the electriclliceency and spectral properties of lamps for
optimum plant growth and development. In thesereffose of intermittent light has been of
major interest (Sager and Giger, 1980). The @ings to start with these experiments where
Brown and Escombe (1905), who used a rotating setpdevheel to reduce irradiance by 25%
without altering the spectral quality and rate bbsynthesis. In later articles use of intermitten
radiation was proposed to increase yields, fastewtt rates, or both (Emerson and Arnold,
1932; Rabinowitch, 1956; Warburg, 1919). Theretaefactors which are important to describe
the effect of intermittent light. These are thegfrency of the pulses and the duty ratio of the
intermittent light. The duty ratio is defined ag ttatio between the duration of light-on,{To

the light-off (T.) period (figure 1.7). Warburg (1919) found that tixygen yield oChlorella per
amount of light, which is a measure for the efficig of photosynthesis, was improved 10 to
100% by providing intermittent light, at 0.067 HZ50% duty ratio and 133 Hz at 50% duty

ratio, respectively over continuous light.

Light inensity Limha irl=msiny

Tmca A B

Ty

Ty

Timse (aech Tirme [a52)
Figure 1.7. Intermittent light (A) versus contingdight (B). TH and TL mean the light on and off
durations, respectively (Modified from Jao and FaRg04).
Emerson and Arnold (1932) observed a 400% incrisagield of photosynthetic oxygen per
amount of light wherChlorella pyrenoidosavere illuminated at 50 Hz and 17% duty ratio. On
the other hand, an improvement of yield in lettpoeduction was not observed using high
frequency (37 kHz) fluorescent lamps compared wétiular (60 Hz) fluorescent lamps
(Hashimoto et al., 1988).
A different approach in studying intermitterght was adopted by Tennessen et al. (1995).
They used LEDs to study the effect of light pul§es to ms) on photosynthesis of intact tomato

leaves. The light response of photosynthesis wasured in continuous light and compared with
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the same total photon flux but given in pulses tmdy lasted 1% of the time. They found that
photosynthetic output was similar during light mssand continuous light (50 pmof’ra®)
treatments. However when light/dark pulses whemngtleened to 2 ms of light and 198 ms of
dark, net photosynthesis was reduced to half tlegtsored in continuous light. Their conclusion
was that plants use intermittent light (in kHz fneqcies) only as good as they use continuous
light. Emerson and Arnold (1932) found that at €5 & dark period of 40 ms was “adequate for
the complete removal of the material remainindghateénd of each light flash.” The same reason
can be used to explain why the light/dark pulsagtleened to 2 ms of light and 198 ms dark
reduced the net photosynthesis as observed by $semet al. (1995) (Jao and Fang, 2004),
because the dark period in this experiment wasotog compared to the light period.

Sager and Giger (1980) analysed the publishedald 4 experiments on intermittent light, to
the extent possible, by a method introduced by &/elhd Franck (1941), in which intermittent
and continuous light are reduced to a common enargjoton flux density (independent
variable) and the photosynthetic rate (dependenmeiva) is compared between light modes. Of
the 14 experimental studies reviewed, consistingotth algal and higher plant experiments, the
data of eight, but not necessarily the conclusaifrtbe authors, supported the hypothesis of
Rabinowitch (1956). This hypothesis was as follothis; rate of photosynthesis under intermittent
light can approach but not exceed the rate unddiraeus light, for equal amounts of light
applied during equal times under identical envirental conditions. One study did not support
this hypothesis and five did not contain enougbrimiation to test the hypothesis. Therefore it
seems like the hypothesis stated by RabinowitcB&L® true, or is at least in the right direction.

This would mean that any research leading to @ifft outcome would be incorrect.
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1.4 Research objective

The research objective for this research, whigdpéecified by everything described above, is as

follows.

To test the feasibility of using red LEDs in a madight system as a light source for the growth
of plants, by looking at the growth and photosytithearameters of these plants.

To investigate this several research questions mewe.
» Isit possible to use pulsed LED light for planbyth?
* What are the effects of pulsed light on the groweftplant species?
* What is the cause of the effects of pulsed lighthengrowth of plant species?
« What are the operational limits of pulsed lighthié normal growth of the plants has to be

maintained?

The hypothesis is based on the one formulated lojnBavitch (1956); the rate of photosynthesis
and thus the growth of plants under intermittegittlican approach but not exceed the
photosynthesis rate and thus the growth undermomntis light, for equal amounts of light applied
during equal times under identical environmentalditons.
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2. MATERIALS AND METHODS

2.1 Design of Spirodela trial experiment

The first experiment that has been set-up was asedtrial experiment, wherein it could be
tested whether or not the duckweed fromdsild grow under red light supplied by the LED
arrays. Furthermore this first experiment was aksed to check what kind of environment would
be best to grow the duckweed fronds. For this eérpartSpirodela polyrhizavas used, the

fronds were taken from the ‘stadsgracht of Wagesnhgnd they were allowed to grow for four
days in a little container filled with water frofnet ‘stadsgracht’, replaced by demineralised water
if water had evaporated. After this period the expent was set up as a complete randomised
design, there were 5 treatments; 24 hours or 16shaflight, complete nutrient solution or 50%
diluted nutrient solution, and red LEDs or fluoresclight (table 2.1). Each treatment was placed
in a two litre plastic container, on which a floggiraster was placed, wherein Bgrodelawere
placed (figure 2.1). The climate chamber that usexd was set at 21 °C and 60% RH. The light
intensity of each treatment was set at + 200 umbsmhowever some variation was measured
(table 2.2). Later ohemna minol. was also tested, however since it grew quitd inall the

tested environments no data is discussed here.

Table 2.1. Treatment scheme for the first Spirodgl@eriment.

Light colour'  Photoperiod (H) Nutrients

1 Red 16 Complete
2 White 16 Complete
3 White 24 Complete
4 White 16 50% diluted
5 White 24 50% diluted

1 Only the red colour is provided with LEDs the atbees are provided
with Philips white fluorescent tubes of 58 Watt O0'84).

Figure 2.1. Placement of the Spirodela in the two
litre plastic container
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Table 2.2. Light intensity and variation thereineafch treatment.

Treatment Light intensity Variation in light intensity
(umol m? s?) (umol m? s?)
1 195 9.0
2 197 55
3 201 2.5
4 191 10.0
5 193 7.0

! For the explanation of the treatment numbersaisle 2.1

The contents of the nutrient solutions are giveagpendix A. Any water which had evaporated
was replaced on a daily basis with demineraliseryao that the distance between either the
LED array or the fluorescent tubes and the aquargnmmained the same at all times. This meant
however, that the amount of nutrients in the sotutiropped over time, because of the nutrients

taken up by th&pirodelafronds themselves.

Measurements done on the trial experiment.

Photos were taken from every treatment on a daifysband analysed by using ImageJ (ImageJ
version 1.32J, Wayne Rasband, National Instituteeafth, USA), further explained in the next
paragraph, 2.2. After this analysis it was posdibleheck how the growth of tt&pirodela

fronds proceeded when looking at the area occupiettieSpirodelafronds.

On every Monday, Wednesday and Friday one cubm fthe raster, of each treatment was taken
out and the fresh and dry weight was measureddifjhereight ratio was also calculated to see if
this was influenced. The dry weight was establideglacing theSpirodelafronds in an oven

located at Unifarm (appendix B).
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2.2 Lemna experiments

Choice for Lemna

In the rest of the experimeritemna minoL. was chosen ove3pirodela polyrhize&scheid. both

are duckweed species; however ttieenaas its name already suggests is quite small. Mmhide

it easier to grow them in the nutrient solutionheitit self shading etc. The main reason why
duckweed was used as a model plant in this expatimgust that, that it is a widely used model
plant. When the first physicists started with expeints on photosynthesis they useinnaas a
model plant, primarily because you only have td detn one layer of leaves, so the processes
that occur are easy to follow. Moreover, there listaf information available on the growth and
development of duckweed. But perhaps most impdytanémmais a relatively easy plant to
grow; it will grow in almost any environment and miever suffer from water stress, since it is
an aquatic plant. It remains quite small, whichl# essential for this experiment, since the LED
arrays constructed where only 500°ciith this area it is very difficult to give ligho plants,

since most plants that grow quickly, likemnadoes, quickly exceed this area. Whereasnais
able to grow quite fast, a growth curve can beredd in approximately nine days, but remains
small enough to be kept under these arrays. Dudksgecies are higher plants, and they react in
substantially the same way as other higher plamtshetrefore it is acceptable to extrapolate the

conclusions on duckweed to other plant species.

Set-up of the Lemna experiments

All of the experiments on theemnafronds were conducted in a similar manner, insiéume

climate chamber and each of the treatments cohstalated at the same position within the
climate chamber (appendix C). The climate chambdrds set points a temperature of 21 °C and
a relative humidity of 60%, relatively no variatisras detected in the temperature; however the
relative humidity was often higher but never lowean the set point. The carbon dioxide
concentration within the chamber remained at antbésmels.

For the cultivation of duckweed, 11.5 X 11.5 &dm plastic aquaria containing two litres of
growth media were used. The set-up within an agoais essentially the same as for the
Spirodelaexperiment (figure 2.1). The growth medium used watandardized tomato nutrient
solution (provided by Unifarm), which was diluted 0% with demineralised water. An analysis

of the amount of nutrients present in this mediamiven in appendix A. Every day the water
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that had evaporated was replaced with demineralisger, also every day after this water was
added the pH and the EC of the solutions was medgMyYTW pH/Cond 340i), so that any
variations resulting from differences in these dastcould be explained. Hardly any differences
in the pH was measured, but over the different expmnts the EC differed very much, but not
between treatments within an experiment (data imows).

A nursery containing the duckweed fronds wasipethortly after taking the fronds out of a
ditch, so that the fronds used for each experirabwiys came out of a similar background. This
nursery was also placed in the climate chambeiptamkd at approximately the same conditions
as the actual treatments, so that the variatiotoimtest conditions was as low as possible. The
fronds in the nursery were kept in an exponentiawh stage, by removing some fronds when it
became overcrowded. Any fronds that did not locddthg, for example because of chlorosis or
necrosis, were also removed. When algal or micta@oiataminations were noticed on the fronds,
they were also taken out.

The daily light integral for each treatment vehsays set at 11.52 molhday®. For the
fluorescent treatment this was achieved by platiiegaquarium containing thheemnafronds on
a ‘labjack’, that was able of altering the distabe¢ween the fluorescent tubes and the aquarium,
in that way altering the light intensity that readtthe fronds. For the LED treatments this was
achieved by altering the current over the array, thas decreasing/increasing the light intensity
provided by the arrays.

The photoperiod was set at 16 hours, predomniinbatause the fluorescent tubes were already
installed in this way, achieved by cutting off tharent to the LED arrays (see paragraph 6.2 for
details).

The duckweed fronds were placed in a floatirsgarawith 12 separately confined cubes; so that
every treatment had 12 separate repetitions (figure Before they were placed in the nutrient
solution, they were subjected to a method to redlue@mount of microbial and algal activity.
This method was based on a method used by ChuBiaksbn (1964), and consisted of rinsing
the fronds in demineralised water, dipping therB(&6 ethanol followed by a few seconds
emersion in 1% sodium hypochlorite (bleach) andeghent rinsing in demineralised water, and
finally placing them in the appropriate cube witklie raster. This method resulted in some
growth retardation of the duckweed fronds; howeherresulting reduction in algal and
microbial activity was more beneficial. When alltbé fronds had been placed in the three

aquaria, a treatment was randomly placed undghéadource.
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Measurements done on Lemna

The following measurements were conducted orLé#mnafronds, and they will be discussed
below; relative area growth rate, photosystemfitieincy, dry weight and red, green and blue
(RGB) values of the fronds.

The measurement of the relative area growth ratedeae in a way described by Evans (1972).
The formula he describes is slightly modified heereepresent area growth rate.

A, = A 0¥ (eq 2.1)

With:

A, = area present at time n,

e = base natural logarithm (2.718),

R = mean relative area growth rate,

T,=time atn

So to get the mean relative area growth rate ifarnent it is necessary to know the area that is
present on a daily basis, so that this formulaaised on as much data as is possible. Therefore
every day a photo was taken of every treatmentmRhese photos the area that was present was
calculated with an analysis done in ImageJ (ver$i82J, Wayne Rasband, National institute of
health, USA). The picture was analysed per culeepitture was centred and enlarged for every
cube consecutively. Around the duckweed fronds saitite distortions regularly occurred, these
where filtered out. After this the centred pictwras split in three different pictures; the red,egre
and blue part of the original picture, respectivdllie green part was then thresholded, so that
only the area of the fronds was converted to btawkthe rest of the picture remained white. The
black area that was the result of these stepsheasanalyzed, so that the area in pixels was
measured. This area in pixels was converted withcavn area in pixels, measured with a coin,
into an area in square centimetres. The area iarsqentimetres was then used over a period of
ten days to fit the exponential growth formula getj), this was done with Microsoft excel

(version 10.5815.4219 SP2, Microsoft corporatidiQ2), from this fitted equation the mean
relative area growth rate (R in eq 2.1) per cuhddcbe read. However, since the fronds were
treated with sodium hypochlorite and where moved tlifferent environment, it took two days
before they reached a state of exponential groWits meant that these first two days were kept
out of the calculations of the mean relative ameavth rate. The values for the mean relative area
growth rate where then analysed by an analysisud@nce test in Genstat (Version 7.1.0.205,

Lawes agricultural trust, 2003).

22



LEDs grow; Pulsed lighting with LEDs. 2. Matesand methods

At the end of each experimental period the @aguamtaining the duckweed fronds were placed
under a chlorophyll fluorescence imaging systerndfCam) (Photon Systems Instruments (700
MF, SN: FC8080)), except for experiment 2, in txgberiment this fluorcam was not available,
so another fluorcam (Photon Systems Instrumen 0, SN: FC8030)) was used. This was
done to estimate the quantum yield of photosystg@®PSll), calculated using the following
equation (Rosengvist and Kooten, 2003):

OPSII =AF' / Fy = (F = FS) 1 Fy (eq2.2)
With:

F' = fluorescence

F.' = maximal fluorescence

Fs = steady state fluorescence

This quantum yield was estimated for multiple dctlight percentages; 0% (dark adapted
fluorescence), 20%, 60% and 100%. Correspondimgdlitght intensity at the height of themma
of 0, 6, 18 and 30 pmol As* respectively. Before the fluorescence image wiesniathe aquaria
where adapted to the corresponding actinic ligtetrigity for 20 minutes. This was done to
acclimate the plants and PSlI to the light intgneged.

After the fluorescence imaging was completedyfahe samples were taken out and put into an
oven to dry (appendix B). When the samples wheyethley were weighed and the so obtained
dry weight was analysed with an analysis of vagatest in Genstat. Furthermore the leaf area

ratio (LAR) was calculated from the following eqiaat (Evans, 1972).
A

LAR=— eq2.3
W (eq 2.3)

With:
A = leaf area, in this case frond area

W = total dry weight

The LAR was then analysed by an analysis of vagdest in Genstat (Version 7.1.0.205, Lawes
agricultural trust, 2003). This particular indexsh@en chosen over the specific leaf area, which
in principle is a more accurate index, becausgrieiarly impossible to get separate weights of the
roots and the ‘leaves’ in duckweed, and that tlseparate weights are needed for that index.

The dry weight of the plants on day 0 was aldoudated as the area present at day 0 multiplied
by the LAR of the continuous fluorescent treatnerthe end of the experiment. This could be

done because the continuous fluorescent treatmemessentially the same as the nursery from
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where the fronds where taken out of. This calcotetvas made because the differences in dry
weight at the end of the experiment could be erpladiby differences in the beginning of the
experiment.

The RGB values of the different fronds were read from the photos taken on the last day of
each experiment; this was done because the greeahadrond, or leaf for that matter, says
something about the chlorophyll content of the éhorhich says something of the radiation
absorption capability of the fronds. Because afdhe fronds were growing under an angle to
the photo camera a lot of ‘highlights’ occurrede$h ‘highlights’ did not have the same RGB-
values as the normal fronds; therefore only snpaitsof fronds per cube could be measured.
Furthermore it was not possible to compare thekeegdetween different experiments. This was
caused by the ‘background lighting’, by which inieant that the light levels inside the climate
chamber where not always the same between diffesgrariments, mainly because of other
experiments going on inside the climate chambevak possible however to compare between
different treatments within one experiment. Thailtssfor the different treatments did not differ
much, however the results within one treatmentersh within one cube within a treatment

differed considerably, and therefore these resuisnot taken into account any further.
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2.3 Pulsing experiments

The pulsing of the light output was done with and&dized oscillator, which was only capable
of altering the frequency of the signal. Thus théydatio of each experiment always remained 1,
which means that the ‘on’-signal was as long asdfiesignal. Also in the first two experiments,
as well as in the first three days of the thirdesipent the box that turned the signal completely
off was not yet finished, so the light intensitytbé ‘off-signal was still 27.5 umol ths*. This
was taken into account when setting up the dailytlintegral, in that the ‘on’-signal was lower,
however in the first experiment an error was mautkthe ‘on’-signal was higher than thought.
All light intensities were measured with a quantsensor (Licor LI-250). Each treatment was
always checked against two treatments conductét atame time, of which one was a
continuous red LED system, and the other one causf continuous white fluorescent tubes of
58 Watt (Philips TLD 84). Both treatments had thme daily light integral as the pulsed LED
system, except for experiment 1, as already discligbove. The experiments conducted had a
frequency ranging from 0.012 till 120 Hz with steysa factor ten. This would result in five
experiments, but again as already discussed abim/experiment at 1.28 Hz was repeated
because of some errors. The first time it was cotedlis still described in this report because it
shows the effect that the daily light integral hEse different experiments are numbered
according to the time when they were performedegmeriment 1 was done first, followed by 2
etc. (table 2.3).

The light intensity of each treatment was meagat the beginning of experiment 3, except for
the pulsed LED treatment, which was measured hglfhva experiment, since the ‘box’ that
turned the signal totally off was installed thend at the end of experiment 6 (table 2.4). All tigh
intensities were measured with a quantum sensoo(LLil-250).

At the end of experiment 6 a system was alsaigethich could measure the daily light
integral (DLI), this was done to check the calcedaDLI. The system consisted of a photodiode
that was linked to a computer, which served agaldgger. The photodiode was first used in
combination with the quantum sensor, to calculdmmula which would relate the light
intensity to the output of the photodiode (eq 2.4).

Light intensity (umol rif s*) = - 90.653 * photodiode output + 4.969 (eq)2.4

However some strange data points occurred, for pieawhen there should be no signal at all, so
a complete dark environment, the calculated ligterisity from the output of the photodiode was

still 5 umol m? s?, this has a huge influence on the daily lightgné, because with a dark
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period of 8 hours, this results in an overestinmatibthe DLI of 144300 pumol. And there will
probably be some more deviations throughout thied4s. So the data have to be taken with a
‘korrel of zout’ as we say in Dutch, which meanattive should not believe everything that the

data says (table 2.4).

Table 2.3. Overview of the Lemna pulsing experimeonducted.

Experiment Frequency Light intensity (umol nf s Dalily light integral
(Hz) ‘off-signal  ‘on’-signal (mol m? day”)
1 1.28 27.5 400 12.31
2 1.28 28 372 11.52
3 0.12 0 400 11.52
4 12 0 400 11.52
5 0.012 0 400 11.52
6 120 0 400 11.52

Table 2.4. Light intensity and the variation therand the measured daily light integral of the
different Lemna treatments.

Treatment Light intensity Variation in the light Daily light
(umol m? s?) intensity (umol rif s%) integral
Beginning  End  Beginning End (mol m” day”)
Continuous fluorescent 200 195 20 10 12.32
Continuous LED 200 184 5 12 13.18
Pulsed LED 400 377 10 17 13.51

! Beginning means the beginning of experiment 3epkfor pulsed LED as discussed
2 End means at the end of experiment 6
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3. RESULTS

3.1 Spirodela trial experiment

There were no significant differences (P<5%) betwide two lighting periods (P=0.146) and
between the two nutrient treatments (P=0.973), wbeking at the average area in square
centimetre occupied by ti&pirodelafronds (table 3.1 and appendix D). Also for the weight

of the fronds, there is no significant differen@vbeen the different treatments (P=0.342 and
P=0.677 respectively) (table 3.2 and appendix Dyydver this was mainly caused by a very high
variability within treatments. Since there wereodbrge differences in dry weight, for example
the treatment with complete nutrient solution anqghatoperiod of 16 hours weight less than half
of the same nutrient treatment at a photoperid2édiours, 0.51 and 1.18 mg respectively.

Table 3.1. Statistical analysis of the effect éfiedent nutrient and light period treatments on #werage
area (cn) of the Spirodela fronds.

Light period Complete nutrients Half nutrient half demi-water
16 hours 1.94 NS 2.15NS
24 hours 3.02 NS 2.86 NS

1 NS means that there is no significant differeri®e5%).

Table 3.2. Statistical analysis of the effect fledent nutrient and light period treatments on thrg weight
(mg) of the Spirodela fronds.

Light period Complete nutrients Half nutrient half demi-water
16 hours 0.51 NS 0.63 NS
24 hours 1.18 NS 0.73 NS

1 NS means that there is no significant differeriRe5).

If the average area in square centimetre and theveiight of the fronds under the different light
sources with the same nutrient treatment and ighibd, complete nutrient solution and 16 hours
respectively, are compared then there is no sgarifidifference (P=0.284 and P=0.932
respectively) between light from the LED array mmfi the fluorescent tubes (table 3.3, table 3.4
and appendix D).

Table 3.3. Statistical analysis of the effect efdfifferent light sources on the
average area (cf) of the Spirodela fronds.

Light source Average area
Fluorescent 1.94 N'S
LED 1.41 NS

1 NS means that there is no significant differerRe56).
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Table 3.4. Statistical analysis of the effect efdifferent light sources on the
dry weight (mg) of the Spirodela fronds.

Light source Dry weight (mg)
Fluorescent 0.51 NS
LED 0.54 NS

1 NS means that there is no significant differerRe5).
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3.2 Pulsing experiments

The intensity of the wavelength of the pulsed LE&Eatment was much higher then for the
continuous LED treatment; this was caused by tbetfeat the pulsed LED treatment had a light
intensity that was two times higher than that ef ¢bontinuous LED treatment (table 2.4). The
wavelength of the fluorescent treatment consistedarily of peaks at the blue, red and green
part of the spectrum, what is interesting howeséhat the peak in the red is at a slightly lower
wavelength than that of the LEDs. Furthermore afdhe energy provided by the fluorescent
lamps is less efficiently utilized by themnabecause the peak at approximately 550 nm
coincides with the lowest point in the absorptipearum of leaves as shown in figure 1.1 (figure

3.1).
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Figure 3.1. The wavelength of the light sourceslidsethe different Lemna treatments. The contiisuou
and pulsed LED systems have the same wavelengtputied LED is only higher because of the higher
light intensity of the pulsed treatment (table 2ad it is actually much higher then shown herds Th

caused because with this graph the scale only goé800, but the pattern is the same as for the
continuous treatment. The fluorescent system dsrgignarily of peaks in the red, green and blue.

The area growth of the duckweed fronds betwaeh eneasurement, averaged over the 12
cubes, was plotted against time. This mostly redult a distinct pattern of acclimation to the
environment in the first two days and then a ‘soids’ type of function, of a day, or several days
of high growth, followed by a day, or several dayfdlower growth. This pattern occurred for all
the treatments and for all of the experiments,amdxample is shown in figure 3.2, this is the

figure of the first experiment, at 1.28 Hz.
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Figure 3.2. An example of a plot of the relativewgth (%) of the different Lemna treatments between
each measurement. This shows the distinct patterthe relative growth, in that the first few dape

plants need to acclimate to their environment, aftdr that show a pattern of ups and downs. Thos pl
is of the first 1.28 Hz treatment.

To eliminate the pattern in the relative growtly(fie 3.2), the area occupied by the Lemna in
each cube was plotted against time and then amexgial growth curve was fitted on this data,
to get a measure of the relative area growth me@raph 2.2). When plotting the exponential
growth curve, the first two days are left out, hesmof the acclimation period of the duckweed
plants. In figure 3.3 this is shown for the firs28 Hz treatment, for the continuous LED
treatment in part A and for the pulsed LED treattiempart B. In both parts the highest and
lowest growth curves are plotted. In the continubED treatment the Rwhich is a measure for
how good the fit aligns with the data points, foe highest and the lowest growth curve are
0.9972 and 0.9881, respectively. For the pulsed tEBXment these figures are 0.999 and 0.992,
respectively. For both treatments the figures nosetil are very high, which means that the fit is

very good. This is in general the case with theditthe exponential growth curve.
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Figure 3.3. An example of the graphs showing teaaccupied by the duckweed fronds in each cube,
which was used to estimate the exponential growvthdla. In part A the continuous LED treatment is
shown and in part B the pulsed LED treatment issshdlhese data were taken from the first
experiment at 1.28 Hz. In both parts the highestvih curve and the lowest growth curve are fitted.

Experiment 1

Experiment 1 was the first experiment at 1.28 Hze d@ry weight of the duckweed fronds was
calculated for day 0 as area*leaf area ratio otthrtinuous fluorescent treatment, since this was
expected to be roughly the same as that of theenur§here was no significant difference
(P=0.458) between the different treatments. Theadright of the duckweed fronds was
measured at the end of the experiment and thereavatatistical difference (P<5%) between the
different treatments (table 3.5 and appendix Ejyéw@r the probability was very low (P=0.073).
The dry weight measurement was based on 11 ofZleeilies because of a continuation
experiment with the last cube, however. Also theasurement was taken after ten days, whereas
the relative area growth rate sampling stoppea aftee days. The relative area growth rate of the
different treatments differed significantly (P<0190The duckweed fronds under the fluorescent
light had the highest relative area growth rate,dbntinuous LED treatment the lowest and the
pulsed LED was in between (figure 3.4 and appeBdlixrhese data were based on 12 samples
per treatment over 9 days. When looking at thedea# ratio (LAR), so the area divided by the
dry weight, than there is no significant differefi@ween the continuous fluorescent and the
pulsed LED treatment, and both have a significaniyer LAR than the continuous LED
treatment (P<0.001) (figure 3.5 and appendix E)weler the area measurement was at day nine

and the dry weight measurement at day ten, s@thikl give some strange results.
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3. Results

Table 3.5. Statistical analysis of the effect ef different treatments on the dry weight (mg)
of the Lemna fronds and a comparison with the drigiat at the start of the experiment.

Treatments Dry weight (mg)
Day O Day 10
Continuous fluorescent 0.0485 0.942 N3
Continuous LED 0.045 NS 0.778 NS
Pulsed LED (1.28 Hz) 0.043 NS 0.715 NS

! Calculated as the area of the duckweeds preseayd * leaf area ratio of the continuous
fluorescent treatment.
NS indicates that there is no significant diffeemvithin columns (P<5%).
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fluorescent Hz)

Figure 3.4. Relative area growth rate (tom? day’) of the various Lemna treatments.
Different letters above the bars indicate signifitéP<5%) differences as established
by the LSD-test. LSD = 0.01689.

leaf area ratio
w

continuous fluorescent continuous LED pulsed LED (1.28 Hz)
Figure 3.5. LAR (cfimg?) of the various Lemna treatments. Different |ett@bove the
bars indicate significant (P<5%) differences asabtished by the LSD-test. LSD =
0.2642.
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The average relative PSII efficiency over the défe treatments was calculated and this showed

that both LED treatments have a slightly loweradiincy as the fluorescent treatment, where the

pulsed treatment is lower then the continuousrmeat, except for 0% actinic light, where the
pulsed LED treatment had the highest efficiencyti@rmore when the actinic light intensity is
increased, the efficiency decreases, not by muualeher, and at 100 % actinic light the
efficiency is higher again, than at 60% actinihti¢figure 3.6).

B Fluoresent continuous
@ LED continuous
0O LED pulsed (1.28 Hz)

| —

relative PSII efficiency

0 20 60 100
% actinic liaht

Figure 3.6. Average relative photosystem Il efficieover
each treatment as established by chlorophyll flaceace,
error bars indicate standard deviations.

Experiment 2

Experiment 2 was the second experiment at 1.28Hitzwas repeated because the daily light
integral of the pulsed treatment was too high ephrevious experiment. The dry weight of the
duckweed fronds on day 0 was calculated, therenwasgnificant difference (P=0.642) between
the different treatments. The dry weight of theldueed fronds was measured at the end of the
experiment and there was no statistical differdfeed.880) between the different treatments

(table 3.6 and appendix E).

Table 3.6. Statistical analysis of the effectef different treatments on the dry weight (mg)
of the Lemna fronds and a comparison with the dright at the start of the experiment

Treatments Dry weight (mg)
Day 0 Day 9
Continuous fluorescent 0.02BRS 0.400 NS
Continuous LED 0.031 NS 0.418 NS
Pulsed LED (1.28 Hz-2) 0.030 NS 0.416 NS

! Calculated as the area of the duckweeds preseayd * leaf area ratio of the continuous
fluorescent treatment.
2 NS indicates that there is no significant differemithin a column (P<5%).
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The relative area growth rate of the differenttimeents differed significantly (P<0.001). The
duckweed fronds under the fluorescent light hachibbest relative area growth rate, the
continuous LED treatment the lowest and the puldeld was in between (figure 3.7 and
appendix E). When looking at the LAR, than theredssignificant difference between the
continuous fluorescent and the pulsed LED treatpserd both have a significantly higher LAR
than the continuous LED treatment (P=0.005) (fighi&2and appendix E).
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Figure 3.7. Relative area growth rate (tom? day?) of the various Lemna
treatments. Different letters above the bars intlicggnificant (P<5%) differences as
established by the L¢-test. LSD = 0.0160
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continuous fluorescent continuous LED Pulsed LED (1.28 Hz-2)

Figure 3.8. LAR (cimg") of the various Lemna treatments. Different lett@ibove
the bars indicate significant (P<5%) differencesessablished by the LSD-test. LSD =
0.554.

The average relative PSII efficiency over the défe treatments was calculated and this showed
that there was not much variation between the miffetreatments; however the pulsed LED

treatment was usually lower. Because of some teahoonstraints the 100% actinic light
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pictures were not taken. Furthermore when the iadight intensity is increased, the efficiency
decreases, not by much however. The higher stamfdaietion in this figure compared to other
figures (for example figure 3.6) was caused byf#loe that these data were taken with an older

Fluorcam because the other one was in use (figQje 3

B Fluoresent continuous
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Figure 3.9. Average relative photosystem Il efficieover
each treatment as established by chlorophyll flaceace,
error bars indicate standard deviations.

Experiment 3

In experiment 3 the frequency of the pulses wa2 Bl4; this frequency was chosen because of
the factor ten differences between this one angtéeious ones. The dry weight of the
duckweed fronds on day O was calculated, therenoasgnificant difference (P=0.502) between
the different treatments. The dry weight of theldueed fronds at the end of the experiment was
measured and the two continuous treatments, fluerétubes and LEDs, had a significantly
higher (P<0.001) dry weight than the pulsed LERtiment (table 3.7 and appendix E).

Table 3.7. Statistical analysis of the effect ef different treatments on the dry weight (mg)
of the Lemna fronds and a comparison with the deight at the start of the experiment

Treatments Dry weight (mg)
Day O Day 9
Continuous fluorescent 0.038%" 0.516
Continuous LED 0.029 NS 0.598 b
Pulsed LED (0.12 Hz) 0.032 NS 0.379 a

! Calculated as the area of the duckweeds preseayd * leaf area ratio of the continuous
fluorescent treatment.

NS indicates that there is no significant differemvithin a column (P<5%).

% Means followed by different letters differ siguiintly (°<5%), within a column, as
established by the LSD-test. LSD = 0.0846

35



LEDs grow; Pulsed lighting with LEDs. 3. Results

The relative area growth rate of the differenttimeents differed significantly (P<0.001). The
duckweed fronds under the fluorescent light anceutite continuous LED light had a
significantly higher relative area growth rate thlae fronds under the pulsed LED light (figure
3.10 and appendix E). When looking at the LAR, ttlenpulsed LED treatment has a
significantly higher LAR then the continuous LERadtment, and both do not differ significantly

from the continuous fluorescent treatment (P=0.{#&lre 3.11 and appendix E).
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Figure 3.10. Relative area growth rate (tom? day") of the various Lemna
treatments. Different letters above the bars intlicsignificant (P<5%) differences as
established by the LSD-test. LSD = 0.01344.
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continuous fluorescent continuous LED Pulsed LED (0.12 Hz)

Figure 3.11. LAR (cfimg") of the various Lemna treatments. Different lettaiove
the bars indicate significant (P<5%) differencesessablished by the LSD-test. LSD =
0.4106.

The average relative PSII efficiency over the défd treatments was calculated and this showed

that both LED treatments have a slightly loweradfincy as the fluorescent treatment, where the
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pulsed treatment is lower then the continuousrmeat. Furthermore when the actinic light
intensity is increased, the efficiency decreasesby much however, and at 100 % actinic light

the efficiency is higher again than at 60% actligiht (figure 3.12).
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Figure 3.12. Average relative photosystem Il efficly over
each treatment as established by chlorophyll flaceace,
error bars indicate standard deviations.

Experiment 4

In experiment 4 the frequency of the pulses wabl4;2his was chosen to be a factor ten
different from the first experiment only to the etlside as experiment 3. The dry weight of the
duckweed fronds at the start of the experimenteadésulated, the continuous fluorescent
treatment had a significantly higher (P=0.013)wgight then both LED treatments, continuous
and pulsed. The dry weight of the duckweed frondheend of the experiment was measured
and there was a statistical difference (P<0.00&yé&en the different treatments (table 3.8 and
appendix E), the continuous fluorescent treatmadtthe highest dry weight, followed by the
continuous LED treatment and the pulsed LED treatrhad the lowest dry weight.

Table 3.8. Statistical analysis of the effecthef different treatments on the dry weight (mg)
of the Lemna fronds and a comparison with the deight at the start of the experiment

Treatments Dry weight (mg)
Day 0 Day 9
Continuous fluorescent 0.02¥° 0.534 ¢
Continuous LED 0.022 a 0.429 b
Pulsed LED (12 Hz) 0.021 a 0.344 a

! Calculated as the area of the duckweeds preseayd * leaf area ratio of the continuous
fluorescent treatment.

2 Means followed by different letters differ siguidintly (P<5%), within a column, as
established by the LSD-test. LSD = 0.003253 for @aynd LSD = 0.0867 for day 9.
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The relative area growth rate of the continuousrigcent treatment was significantly higher
(P<0.001) then the other two treatments. Therenwasignificant difference between the
continuous LED and the pulsed LED treatment (figdE3 and appendix E). The continuous
fluorescent treatment had a significantly higherq®01) leaf area ratio (LAR) then the other
two treatments. There was no significant differebetveen the continuous and pulsed LED

treatments (figure 3.14 and appendix E).
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Figure 3.13. Relative area growth rate (comi? day") of the various Lemna
treatments. Different letters above the bars intlicggnificant (P<5%) differences as
established by the LSD-test. LSD = 0.01172.
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Figure 3.14. LAR (cfmg") of the various Lemna treatments. Different |ett@ibove
the bars indicate significant (P<5%) differencesessablished by the LSD-test. LSD =
0.3258.
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The average relative PSII efficiency over the défe treatments was calculated and this showed
that both LED treatments have a slightly loweradiincy as the fluorescent treatment, where the
pulsed treatment is lower then the continuousmeat. Furthermore when the actinic light
intensity is increased, the efficiency decreasesby much however (figure 3.15).

W continuous fluorescent
@ continuous LED
0O pulsed LED (12 Hz)
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0 20 60 100
% actinic light

Figure 3.15. Average relative photosystem Il efficly over
each treatment as established by chlorophyll flacemce,
error bars indicate standard deviations.

Experiment 5

In experiment 5 the frequency of the pulses wa$2DHz; this was chosen to see what would be
the lowest possible frequency and this was a fdetofower than experiment 3. The dry weight
of the duckweed fronds at the start of the expantmaes calculated, there was no significant
difference (P=0.135) between the different treatsiefhe dry weight of the duckweed fronds on
day 9 was measured and both continuous treatmidfixs and fluorescent tubes, had a
significantly higher (P<0.001) dry weight then {hdsed LED treatment (table 3.9 and appendix
E).
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Table 3.9. Statistical analysis of the effecthef different treatments on the dry weight (mg)
of the Lemna fronds and a comparison with the deight at the start of the experiment

Treatments Dry weight (mg)
Day O Day 9
Continuous fluorescent 0.03RS 0.884 B
Continuous LED 0.042 NS 0.862 b
Pulsed LED (0.012 Hz) 0.037 NS 0.277 a

! Calculated as the area of the duckweeds presedaya * leaf area ratio of the continuous
fluorescent treatment.

NS indicates that there is no significant differemvithin a column (P<5%).

% Means followed by different letters differ sigeiintly (°<5%) within a column, as
established by the LSD-test. LSD = 0.1037

The relative area growth rate of the treatmentsaeaémulated and there was a significant

difference (P<0.001), the continuous fluorescezdtment had the highest relative area growth

rate, followed by the continuous LED treatment #relpulsed LED treatment had the lowest
(figure 3.16 and appendix E). The pulsed LED trestninad a significantly higher (P<0.001) leaf

area ratio (LAR) then the other two treatments. dtier two treatments also differed

significantly, in that the continuous LED treatméad a lower LAR then the continuous

fluorescent treatment (figure 3.17 and appendix E).
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Figure 3.16. Relative area growth rate (tomi? day") of the various Lemna
treatments. Different letters above the bars intlicsignificant (P<5%) differences as
established by the LSD-test. LSD = 0.00930.
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leaf area ratio
w

continuous fluorescent continuous LED Pulsed LED (0.012 Hz)

Figure 3.17. LAR (cimg") of the various Lemna treatments. Different letter
above the bars indicate significant (P<5%) diffecen as established by the LSD-
test. LSD = 0.354.

The average relative PSII efficiency over thiedént treatments was calculated and this
showed that both LED treatments had a slightly loefficiency as the fluorescent treatment,
where the pulsed treatment is lower then the coatis treatment, except for the 100% actinic
light. Furthermore when the actinic light intenggyincreased, the efficiency decreases, not by
much however (figure 3.18).
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Figure 3.18. Average relative photosystem Il efficly over
each treatment as established by chlorophyll flacemce,
error bars indicate standard deviations.

Experiment 6

For experiment 6 the frequency of the pulses wésHZ2, so this is a factor ten higher then

experiment 4 and a factor hundred higher then éxyet 1. This was done to see if this would
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result in an upper limit for pulsed light. The drgight of the duckweed fronds on day 0 was
calculated, and there was no significant differeffize0.346) between the different treatments.
The dry weight of the duckweed fronds at the enthefexperiment was measured and there was
no statistical difference (P=0.092) between théedéht treatments (table 3.10 and appendix E).

Table 3.10. Statistical analysis of the effeahefdifferent treatments on the dry weight (mg)
of the Lemna fronds and a comparison with the dright at the start of the experiment

Treatments Dry weight (mg)
Day 0 Day 9
Continuous fluorescent 0.04MS° 0.946 NS
Continuous LED 0.047 NS 0.935 NS
Pulsed LED (120 Hz) 0.044 NS 0.819 NS

! Calculated as the area of the duckweeds preseayd * leaf area ratio of the continuous
fluorescent treatment.
2 NS indicates that there is no significant differemvithin a column (P<5%).

The relative area growth rate of the continuousrtgcent treatment was significantly higher

(P<0.001) then the other two treatments (figur® 2uid appendix E). The pulsed LED treatment
had a significantly lower (P<0.001) leaf area r#tiAR) then the other two treatments. The other
two treatments also differed significantly, in thia¢ continuous LED treatment had a lower LAR

than the continuous fluorescent treatment (figu2® &nd appendix E).
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Figure 3.19. Relative area growth rate (tom? day”) of the various Lemna
treatments. Different letters above the bars intlicsignificant (P<5%) differences as
established by the LSD-test. LSD = 0.00999.
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leaf area ratio
w

continuous fluorescent continuous LED Pulsed LED (120 Hz)

Figure 3.20. LAR (cfimg") of the various Lemna treatments. Different lettaiove
the bars indicate significant (P<5%) differencesessablished by the LSD-test. LSD =
0.1714.

The average relative PSII efficiency over the défd treatments was calculated and this showed
that both LED treatments had a slightly higheroddficy as the fluorescent treatment in 0 and
20% actinic light, whereas it is the other way adfor the 60 and 100% actinic light. The
pulsed LED treatment is lower then the continuoE®|.except for 100% actinic light.
Furthermore when the actinic light intensity isremsed, the efficiency decreases, not by much

however (figure 3.21).
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Figure 3.21. Average relative photosystem Il efficly over
each treatment as established by chlorophyll flacemce,
error bars indicate standard deviations.
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3.3 Comparison of the experiments

Finally the leaf area ratio and the relative aneawgh rate over all the experiments were
compared, to see what the total effect was of thgiqg treatments. First a graph was made to
check if the differences between the experimentddoh LED treatments were similar to the
differences between experiments for the fluoresteatment (figure 3.22). Itis clear that the
growth rate of the pulsed treatment lies alongstimae line as that of the continuous treatment.
But there is one outlying point at 0.012 Hz, whitvere is clearly a much lower growth rate. For
the LAR it is obvious that that of the pulsed treant is somewhat higher than that of the
continuous treatment, where the most interestingtg®at 0.012 Hz with a very high LAR and

at 120 Hz with a quite low LAR.
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Figure 3.22. The relative area growth rate fcom? day?) (A) and the leaf area ratio (¢nmg?) (B) of
the LED treatments versus that of the fluoresaesttinent. The trendline in both graphs is based on
the continuous treatment.
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Figure 3.23. Relative area growth rate (com? day") (A) and leaf area ratio (cfrmg")(B) of the two
LED treatments, continuous and pulsed, versusafarithm of the frequency of the pulses of thequlils
treatment. The uninterrupted line is the lineamleof the continuous treatment; the interruptee lis;
the linear trend for the pulsed treatment.
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The effects seen in figure 3.22 where checked dmgapiotting the leaf area ratio and the relative
area growth rate of both LED treatments versudaparithm of the pulsing frequency (figure
3.23). To check whether there really was a diffeecetween the two LED treatments, an one
way ANOVA of the two linear trends was done andé¢heas a statistical significant difference
(P=0.050) between the two treatments for the lezd &atio, but there was no statistical
difference between the two treatments for the inedadrea growth rate (P=0.103) (appendix F).

Finally the comparison was made over the diffetiemes when the experiments were done,
denoted as the frequency of the pulsed treatmemteisults for the relative area growth rate are
shown in figure 3.24 and the results for the leahaatio are shown in figure 3.25. According to
this test there were significant differences (P8Q)between the different experiments for the
two control treatments, the continuous fluorestesatment and the continuous LED treatment
(appendix F). This means that there is a signifiedfiect of the time when the experiment was
done. The relative area growth rate will be disedd#st, starting from the top to the bottom
(figure 3.24). The relative area growth rate offile 1.28 Hz experiment is the highest, together
with the 0.012 Hz, 12 Hz and 120 Hz experimentsyloth only the last one is not significantly
higher then the 0.12 Hz experiment, which is sigaiitly higher then the second 1.28 Hz
experiment, which has the lowest relative area tfigate. In the continuous LED treatment the
0.012 and 0.12 Hz experiments had the highesivelatea growth rate, followed by the first
1.28 Hz, 12 Hz and the 120 Hz experiments, whiehsignificantly higher then the second 1.28
Hz experiment, which has the lowest relative aresvth rate. In the pulsed LED treatment the
first 1.28 Hz experiment had the highest relatiraaarowth rate, followed by the 12 and 120 Hz
experiments, followed by the 0.12 Hz and the sedo8 Hz and the 0.012 Hz treatment had the
lowest relative area growth rate (figure 3.24).

Next the leaf area ratio (LAR) will be discussatso from the top till the bottom (figure 3.25).
The LAR of the first 1.28 Hz experiment is the |l@aydollowed by the 0.12 Hz experiment, that
is not significantly different from the second 1128 experiment and the 120 Hz experiment, that
are both not significantly different from the 12dah012 Hz experiment, however they are both
significantly higher then the previously discussggeriments. In the continuous LED treatment
the first 1.28 Hz experiment had the lowest LARIofwed by the second 1.28 Hz, 120 Hz and
the 0.12 Hz experiments. Of these the 0.12 Hz hed 20 Hz treatments do not differ
significantly from the 12 Hz, the 12 Hz treatmenged not differ significantly from the 0.012 Hz,
which has the highest LAR. In the pulsed LED tresitthe first 1.28 Hz experiment and the 120
Hz experiment have the lowest LAR, followed by th&2 Hz, the second 1.28 Hz and the 0.12
Hz treatments, and all of these differed signiftbafrom the 0.012 Hz experiment (figure 3.25).
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Figure 3.24. Comparison of the relative area
growth rate (cricmi? day) of the different pulsi
experiments over the three Lemna treatments.
are arranged from top to bottom, continuous
fluorescent, continuous LED and pulsed LED,
respectively. Different letters above bars indic:
significant differences (P<5%) within a graph,
established by a LSD test, with LSD for CF=
0.01365; for CL= 0.01304; for PL = 0.01215.
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Figure 3.25. Comparison of the leaf area ratio
(cnf mg?) of the pulsing experiments over the
three Lemna treatments. They are arranged from
top to bottom, continuous fluorescent, continuous
LED and pulsed LED, respectively. Different
letters above bars indicate significant differences
(P<5%) in a graph, as established by a LSD test,
with LSD for CF= 0.4194; for CL= 0.2618; for

PL =0.3831.
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4. DISCUSSION

4.1 Spirodela trial experiment

There was no significant difference of differentriant solutions or photoperiods on the average
area of theéSpirodelafronds (table 3.1) and on the dry weight of 8m@rodelafronds (table 3.2).
This implies that a photoperiod of 16 hours andimient treatment that was diluted by 50%
(appendix A) could be used in the rest of thisaed® However, as can be seen in table 3.2, there
is a very big difference between the differenttiments; it is striking that this does not lead to a
significant difference between the treatments. Most obvious reason for this is that there was a
very big difference between the different sampléhiw a treatment, which is probably the case.
Furthermore the area measurements are not thelogastl way of studying the growth, that is
mainly caused by the dry weight measurement; tlis done on every Monday, Wednesday and
Friday, so that the average area was based orreadety amount of samples. The dry weight
samples were taken in a logical way starting in cor@er of the raster and working down the
raster, however since not all of the samples weaetly the same at the start of the experiment,
this lead to some strange results and very bigtian. The most important outcome of this trial
experiment was that the growth@pirodelamight not be the best model plant for this
experiment, therefore as already stated in thenmatand methods section, the rest of the
experiment was conducted witemna minolL.

The above discussion led to a set-up folLmnaexperiments with a photoperiod of 16 hours,
a 50% dilution of the standard tomato nutrient 8ofuand most importantly a sample method
that made sure that the area measurements wem drass much samples as possible. So the dry
weight measurement was done only at the end of @equérimental period and the dry weight at
the beginning of each experimental period was taied.

Another important outcome of this trial experithevas that the duckweed fronds were able to
grow quite normally under the red LED array, sittoere was no statistical difference of the light
source on the average area of $pérodelafronds (table 3.3) and on the dry weight of thenfts
(table 3.4). The same explanations for the fadtttiere is no statistical difference as in the
previous part of this discussion can be given. Thagain mainly caused by the taking out of the
fronds during the growth period, to use them imavdeight measurement. Whereas the lack of a
significant difference in the dry weight measureb@uld be caused by the large variation in
different samples within a treatment as alreadgudised previously. However, it has been shown

that plants grown under red light alone leads texaessive increase in hypocotyl elongation,
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furthermore it increases the length of leaves pioobably solely by increasing the length of the

petiole (Hoenecke et al., 1992). This does not teaahy problems with the duckweed species,

because they do not contain any hypocotyl tissdetlze leaves, or leaf like bodies, do not have
any petioles to speak of (Cross, 2002).
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4.2 Pulsing experiments

The wavelength of the light sources used in théeaech (figure 3.1) show that the red LEDs emit
their radiation in an area where leaves absorbrélgimtion very efficiently (figure 1.4), whereas

a lot of the radiation emitted by the fluorescees falls into zones where leaves are not very
efficient in their absorption. Therefore these LE®uld be more efficient sources of
assimilation light for the growth of plants, théretfluorescent tubes, but this is only the case
when the development and morphology of the plant®t changed by the monochromatic light
source. However multiple reports indicate thatatidition of some blue light is essential for the
healthy development of plants (Yorio et al., 200kamoto et al., 1996).

The ‘sinusoidal’ growth patterns of the Lemnanfils (figure 3.2) is probably caused because
the plants accumulate starch one day, and onlystretegars on the outgrowth of existing fronds,
and on the following day use some of the accumdlstarch together with the newly acquired
sugars to create new fronds, however this explamadinot grounded with experimental data.

The agreement of the calculated area growthwikethe measured area of the duckweeds was
as expected, since plants normally grow in an egptial growth pattern. Sometimes some
deviations from this pattern occurred, but that wabably caused by duckweed fronds growing
over each other, so that not all of the area ptesanbe measured. Furthermore, the overgrowth

also causes self-shading, which leads to growthatazh of the fronds (Szabo et al., 2003).

Red light effects

In general the relative area growth rate of thetinopus LED treatment is lower than that of the
continuous fluorescent treatment (for example #g8u7), however some exceptions occur like in
experiment 3 where the continuous LED treatmentahslghtly higher relative area growth rate,
but not significantly so (figure 3.10). So it sedlike that even foLemnait is not possible to
grow normally under monochromatic red light alofis conclusion seems justified from the
results of the PSII efficiency, since in almostexdperiments and over all actinic light
percentages, except for experiment 5 at 0 and 2@#ialight (figure 3.21), the continuous LED
grown plants have a lower PSII efficiency than¢batinuous fluorescent grown plants. This
seems to be in agreement with previous researchevehiewer photosynthesis efficiency and a
lower stomatal conductance was also reported fortplgrown under red LEDs, compared to a
white xenon arc lamp. However, they reported thatghotosynthesis efficiency was higher for

the LEDs under low light intensities (<300 pumof 81), which were also used in this experiment
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(Tennessen et al., 1994). But this lower PSII &ficy in this experiment is probably caused
because of the measurement method. The measurkgiesbf the Fluorcam are red-orange
LEDs that are a little different from the LEDs unaeéhich the plants where grown. The same off
course holds for the plants under the fluoresdght,lthis is also different from the light of the
Fluorcam, but a different response probably ocddrerall the differences in PSII efficiency
found in this experiment are so low, however, thit not certain that this is caused by the red
light and could depend on the measurement methinde $he applied actinic light intensities
where very low (<30 umol ths?), there is not the clear effect one would expémereasing the
light intensity, this is caused by the way the festence pictures were taken, and it applies for
all of the PSII efficiency data discussed in tl@part. The entire aquarium was placed under the
imager for each picture; therefore it had to beesavay below the camera, and thus below the
actinic light sources. There is hardly ever anaféd the use of red LEDs on the dry weight of
theLemnafronds (table 3.5 through 3.10), except for experit 4, where the continuous LED
grown plants had a lower dry weight then the cardirs fluorescent grown plants (table 3.8).
This is probably caused by the fact that in thewdated dry weight on day 0 there also was a
significant difference and that the continuous L§Dwn plants where not able to eliminate this
difference over the growth period.

From the area growth rate and the dry weighiheffronds, the next results appear to be logical,
in that the leaf area ratio is usually lower foe tHED grown plants compared to the fluorescent
grown plants (figures 3.5, 3.8, 3.14, 3.17 and B.2%cept for experiment 3 where there is no
difference (figure 3.11), but there, there was alsdifference in the area growth rate. This
would mean that the development@mnaunder red LEDs is altered compared to under white
fluorescent tubes. So under the red LEDs the frgedshicker and longer roots develop, which is
something that can also be seen in sun leaves,areahpo shade leaves, which stretch further
and are thus slimmer (Raven et al., 1999). Thisceff sun and shade leaves is linked to the
red/far red ratio of the light a plant receivesjahhis far higher for the plants grown under thé re
LEDs, so they can be seen as sun leaves (figuye 3.1

When looking at the graph of the LED light versine fluorescent light (figure 3.22), then it is
clear that the datapoints of the LEDs both forréative area growth rate and for the LAR there
is a clear line. So the variation that is preseriiath control treatments appears to have the same
causes. One of these causes could be that themtugdlution used in the experiment was not of a
consistent nature, the EC of this solution wasiBaantly different for each experiment (data not

shown).
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Pulsed light effects

As can be seen from figure 3.23 the LAR decreasas the lowest pulsing frequency till the
highest frequency and this trend is significaniffedent from the trend in the continuous LED
treatment, which is very close to a straight liRer the relative area growth rate this difference
does not occur, so the trend visible in that pathe graph seems a bit unrealistic. However,
there will be some differences in this variablerabe different experiments. At a pulsing
frequency of 1.28 Hz, in both repetitions the pdIc&D treatment had a higher relative area
growth rate (figures 3.4 and 3.7), an equal drygive(tables 3.5 and 3.6), and thus a higher leaf
area ratio (figures 3.5 and 3.8) then the contisudtD treatment. The results from the
fluorescence measurements showed that there haediya difference in PSII efficiency (figures
3.6 and 3.9), and if there was a difference theguuLED grown plants had a lower efficiency. It
is obvious from these results that the plants athegit photosystems, and thus their entire
photosynthesis to the pulsed light. The Lemna fsamuder the pulsed light seem to operate less
efficient, since they need a higher amount of psytthetic tissue, the area of the fronds, to be
able to produce the same amount of dry weight. Rfmrexperiments of Chua and Dickson
(1964), who also used pulsed lighting for the gtoaft duckweeds, it seems that at a flash time of
approximately 0.4 seconds, as in this experiméetgtin in dry weight over 72 hours is about
300% higher than for a light period of 12 hourss th different from what is found here. They
suggest that it is caused by the flash frequendytlea length of the dark period. So that it should
lie in the dark period, but then it is strange tbtier results are found here. However, they ldok a
treatments with similar light intensities, and agth similar daily light sums. Furthermore, they
did not measure any area growth, thus the compadan not be taken any further. Poni and
Intrieri (2001) showed that at a frequency of 183 the photosynthesis efficiency of vine leaves
is approximately 75% of the photosynthesis in $ulhlight; however they did not receive the
same photon flux density, so the comparison igewlty valid. Therefore it is quite well possible
that the photosynthesis rate of the plants at H2& the same as for those under continuous
irradiation. The effect of the daily light integtilat is the only difference between the two 1.28
Hz treatments will be discussed in the next pagagra

At a pulsing frequency of 0.12 Hz, so a pulseatan of 4 seconds, followed by an equal dark
period, the relative PSII efficiency is much lower the pulsed LED treatment than for the
continuous LED treatment (figure 3.12). This resudta lower dry weight of the pulsed LED
treatment (table 3.7), and because of the shoahgssimilates a lower area growth rate (figure

3.10). However, the plants try to adapt to thisiemment by using as much of the limited
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amount of assimilates available to produce frotmgtercept as much radiation as possible to
increase the assimilate production, as can befsg®rthe higher LAR (figure 3.11). From the
review of published data by Sager and Giger (198&),shown that for almost all higher plant
species at a duty ratio of 1 and a pulse duratigndoseconds, the plant growth is reduced. The
same holds for the data of Chua and Dickson (19@1yever in both cases there are no data
points at this frequency, it is an interpolatioonfrthe graphs.

At a pulsing frequency of 12 Hz, so a pulse tlaneof 0.4 seconds, followed by an equal dark
period, the relative PSII efficiency is slightlywer than that for continuous LED light (figure
3.15), resulting in a lower dry weight for the mdsreatment (table 3.8). However, both the
relative area growth rate (figure 3.13) and the LfiRure 3.14) are not significantly different.
This indicates that the plants under the pulsdd Bge not triggered to increase there leaf area to
increase the assimilate production. This is inrotksagreement with data published by Chua and
Dickson (1964), as well as by others mentionedhéirtarticle, which show a definite increase in
the dry weight production at a duration below loseccompared to at a photoperiod of 12 hours.
But they compare equal light intensities, and mpiat light sums, like in this experiment,
furthermore their data were unsuitable for the gsialof Sager and Giger (1980), so the relative
efficiency of intermittent versus continuous lighinot known. Since the report of Chua and
Dickson (1964) is one of the few known experimatghe application of pulsed light dilemna
species however, it remains interesting to comtiaseexperiment with their data.

At a frequency of 0.012 Hz, so a pulse duratibdGseconds, followed by an equal dark period,
the relative PSII efficiency of the fronds undetseudl light is slightly lower, but more or less
equal to that of the continuous LED treatment (f#&g8.18). However, the dry weight of the
plants under the pulsed light is lower (table 3s®)this is a result of another limitation in thedip
of photosynthesis to plant growth. The relativeaageowth of the fronds under the pulsed light is
also decreased (figure 3.16), probably becaudeedfrhited amount of assimilates available to
produce new tissue. All in all it seems like theaagrowth is much less reduced then the dry
weight, since the LAR is much higher for the pultigtt grown plants (figure 3.17), it even
exceeds the LAR of the plants grown under the 8aoent light, and thus overcomes the usual
effects of red light. Chua and Dickson (1964) shib&/same decrease in dry weight, around a
pulse duration of one minute, they even say thattteatment results in the lowest dry weight.
This seems to agree well with these data, it ange however that this does not seem to be an
effect on the photosynthesis efficiency, but thaiis another cause. It is not sure what this cause
could be, however. It should be kept in mind thahwhis experiment the frequency had to be

checked on a daily basis, since it was at the atessahinimum of the capability of the oscillator.
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At a pulsing frequency of 120 Hz, so a pulseatian of 0.004 seconds, followed by an equal
dark period, the relative PSII efficiency of thdgmd treatment was equal to or even slightly
higher than that of the continuous LED treatmefiggi(e 3.21). As a result of this similar
efficiency, the dry weight of the plants under phsed light was also equal to those under the
continuous light (table 3.10), the area growth ddtthe plants under the pulsed light was also
equal to that under the continuous LED light (fg3r19). However, when we look at the LAR,
the pulsed LED plants have a lower LAR then thetioowus LED plants (figure 3.20). The
plants react as though they have no need to imvéissue to harvest more light, and can in stead
of that invest their assimilates in root tissue #ridker fronds. It could be the case that thiaris
effect of the nutrient solution in which themnawhere placed, since the EC was measured, and
did not differ between the treatments within anezikpent, but that does not say anything about
the availability of single nutrients. Furthermohe tuptake characteristics of fronds and roots of
Lemnadiffers (Cedergreen and Madsen, 2002), so wheenki#onment changes than themna
will adapt by producing different tissue types. Hmer it is strange that this happens since it is

something that goes straight against the responsthér experiments.

53



LEDs grow; Pulsed lighting with LEDs. 4. Discussi

4.3 Comparison between the experiments

Over time, so between the experiments, differencesrred both in the relative area growth rate
and in the LAR of the continuous fluorescent treaitr{figures 3.24 and 3.25), the control
treatment. These results could have different cawstew of these are; variations in the starting
material of the_emna Variations in the climatic conditions inside ttianate chamber, mainly
caused by the amount of people visiting it andtithie they spent inside, this if nothing else
causes a higher G@oncentration inside the climate chamber. In igjiat intensity of the
fluorescent tubes, this decreased somewhat over(table 2.4). Furthermore there can always be
differences in the amount of algae present in thenatrient solution, etc. The nutrient solution
was also varying over time, although it is takehafia stock solution, which is made in large
guantities, four separate batches were taken@bg used in these experiments. The EC of the
diluted nutrient solution for each experiment diéfe between each experiment. So this could be
a cause of the variation. Which of these, or alhatsame time, is/are the causes of the
differences in the LAR and relative area growtle @ter time is not known. The variation in the
dry weight is not discussed, since that is too nuegending on the size of the fronds taken out at
the beginning of the experiment, and that thiseghxiery much between and within experiments.
For the continuous LED treatment, that is theticd treatment mostly correlated with the
pulsed LED treatment, because of the same ligHitgwend light source, there also was a
difference between the different experiments ferltiAR and relative area growth rate (figure
3.24 and 3.25). What is more interesting thoughas the pattern of differences in the continuous
LED treatment is the same as the pattern in th&ragous fluorescent treatment (figure 3.22). So
the differences between the experiments leaditlggwariations in relative area growth rate and
LAR are the same for both treatments, this wouldmribat they are probably also the same for
the pulsed treatment, and since it is shown thathf LAR the trend in both LED treatments is
different, there will be a real difference in thekta (figure 3.23). Small deviations in the
variation of the LED treatment compared to the fiszent treatment could be caused by a
variation in the light intensity that decreasedrdime in all treatments. This decrease is differen
for the continuous LED treatment compared to therscent treatment. The fronds that were put
into the experiment at the start also showed aflgariation, although when comparing the dry
weight on day O there usually was no differencevbeh the continuous LED treatment and the
continuous fluorescent treatment, it could causeesdifferences when comparing within one

treatment.
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For the pulsed LED treatment, as compared tadindnuous LED treatment, first the most
striking differences will be discussed. At 120 He LAR is very much lower, than is seen in the
other experiments. Here probably the physiologthefplants is adapted to the pulsed light in
such a way that it has less need to produce admgiunt of photosynthetic tissue. So the
adaptation that usually occurs in the red lightdsreversed in this particular experiment, like it
usually occurs when pulsed light is used. For #iative area growth rate the very low value at
0.012 Hz is striking. This is probably caused by lthwer photosynthesis, which made it hard to
grow fast for the plants in this experiment. Whemparing the LAR with the relative area
growth rate between the pulsed LED and the contiawd=D treatment, there are some strange
results.

At 0.012 and 0.12 Hz the lower relative areanghorate was combined with a higher LAR, but
at 1.28 Hz the higher relative area growth rate ezasbined with a higher LAR. The cause of
this is probably to be found in the stretchinghe fronds to capture as much of the radiation as
possible. This happens at all of these frequenb@msever because there are more assimilates
available in the 1.28 Hz experiments, they are edgmable of growing faster and thus have a
higher relative area growth rate, whereas at th2 8nd 0.012 Hz treatments there are not so
much assimilates available. So they try to getg@elamount of photosynthetically active tissue,
like shade leaves do. Also like commonly seen fiade leaves the leaf specific weight,
expressed as the leaf area ratio, its inversewier (Poni and Intrieri, 2001). But because of the
limited assimilate availability this does not lgada higher area growth. Furthermore the dark
periods after each pulse in the 1.28 Hz experimatiitdrad a light intensity of approximately 28
pumol m? s*, because the pulse stopper was not yet completbd snoment these experiments
were run. It is not really clear what the effedtswch dark pulses will be on the plants, to
conclude anything about that an experiment shoellddne where the dark pulse would be
completely dark and compare it.

At 12 and 120 Hz the relative area growth rditdne pulsed LED grown plants is equal to that
of the continuous LED treatment. For the 12 Hz expent the LAR is also equal, but for the 120
Hz experiment the LAR is lower. This would indic#éibat at 120 Hz the pulsed LED treatment
triggers the fronds to act more like a sun leafttiee continuous LED treatment, resulting in a
lower stretching of the fronds. However, becausedlare enough assimilates available, the
relative area growth rate is the same for theseraxgnts.

Finally the comparison between the two 1.28 Kzeeiments will be discussed, so a
comparison where one experiment had a slightlyerigi_l than the other. The higher DLI leads

to a higher relative area growth rate, but notaabfference in the LAR. This means that the
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physiology of the plants is not altered by havirggher DLI, but that only the growth is altered.
However according to experiments done by Aziz andh{ (1999) withSpirodela polyrhizand

S. punctatanot only does lowering the light intensity andghhe DLI lead to a lower fresh
weight, but also to a decreased fresh weight perdfr This would mean a lower leaf weight ratio
and thus a higher leaf area ratio. Also in a stméytioned by them, ihemnaan increased
surface to weight ratio was observed with a riskgint intensity (Ashby and Oxley, 1935).
However, in both cases the increases in light sitgrare of a very high order, double or even
more, whereas in this experiment it was only a Vewyincrease in light intensity, of £ 7.5%
(table 2.3). In the study of Aziz and Kochi (1999& amount of chlorophylls per sample also
decreases with decreasing light intensity, thase not noted in this study, as expressed by the
greenness of the fronds. Again this could be cabgdtie very low decrease in light intensity,
and by the method of analysis of these data.
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4.4 Recommendations for further research

Pulsed lighting

The equipment and the experience of applying pulgatwith LEDs is now available, the
causes of the differences in response to pulsaddigdifferent frequencies have not been found
out completely though. Therefore it would be verieresting to investigate different aspects of
the photosynthesis as only PSII efficiency and ginowor example an interesting thing would be
to see how the stomata react to the pulsed ligththaore importantly how the stomata react in
combination with the photosynthesis efficiency &mel chlorophyll content of the fronds is also
very interesting. Furthermore the effect of thespdllight around a frequency of approximately
one Hertz deserves a lot of attention. It has Isbemwn here that a distinctly different response
occurs there. However, it is interesting to seethdrethis effect has been caused by the fact that
the ‘off’-signal still had a light intensity of 28mol m? s, or by the frequency of the pulsed
light. Last but not least pulses at a microsecaadkeswould also be very interesting for future

research.

Working with Lemna

When working withLemnait is of major importance to keep the level ofe@dgn the nutrient
solution as low as possible, this means that elignythas to be disinfected. It would also be nice
if there is a filter installed in the climate chagnlbo take as much algae out of the air as is
possible. Furthermore it could be a good idea tarwoves or to disinfect ones hands when
working withLemna

Next to this it is nice to always start out gvekperiment with the same genetic batch of
Lemna therefore they should be grown out of one moftmrd that is disinfected. This was not
done in this experiment, and could be seen as  emar. However, since they were taken out
of the same part of the same ditch, one would ebxgémv amount of genetic variability, but it is
always possible that there is some variability.
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5. CONCLUSIONS

« LEDs are good light sources for studying the effexdtpulsed light.

« Lemna minoralthough it is an aquatic plant, is a good maudieht to study the effects of
different environmental factors on photosynthesisigher plants.

e ltis possible to grow plants under pulsed light.

« Pulsed light has differing effects when the frequyeof the pulses is altered, but there is
always an effect of the pulsing.

» The photosynthesis efficiency of the plants undesed light can only approach, but
never exceed the photosynthesis efficiency of thetp under continuous light with the
same daily light integral.

* The dry weight accumulation under pulsed light cagproaches the dry weight
accumulation under continuous light, but never egsehis.

* The photosystem Il efficiency alone is not enoughbxplain all of the effects
encountered in these experiments. The effectsleégddight are also caused by different
processes, probably also related to the dark mraofiphotosynthesis.

e The exact causes of the differing effects at déffefrequencies has still to be found out.

« If pulsed LED light is used to grow plants, thee frequency of this pulsing should
always remain above 1 hertz, to maintain a motess normal plant growth.

» If the frequency of the pulses is increased frodlR.Hz till 120 Hz, the leaf area ratio
decreases. The relative area growth rate appeaes@in almost equal over the same

range, or even increases slightly.

It is possible to grow plants under pulsed red LBEWsvever some morphological features of the
plants change, furthermore most of the time itosbeneficial to grow plants under the pulsed
light. A lot of interesting things are going onthre plants, so this remains an area of considerable

interest for future research.
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6. LED ARRAYS

6.1 I ntroduction

To investigate the effects of pulsed light providgd EDs it was necessary to build LED arrays
which were capable of providing enough light outpuér a sufficiently large area. Since some
arrays where already available from previous expenits (Lavrijsen, 2003), they were used as a
basis for the calculations on how the new LED astyould look, and how they should be build.
Especially since the new arrays had to be capdm®iking with the same current supply as was
used for the earlier arrays (Lavrijsen, 2003). Hesvehere also had to be some new design
features for the new arrays, for example a bredalbox was made to make sure that the arrays
could not be short-circuited, and which was alde &t protect the array from a too high current.
Furthermore a box which could turn off the powemgptetely at night was also made. This box
contained a relay which could switch the curreovfoff when it had no power and switch the
flow on when it was powered. And for the pulsedtneent a special box was made that turned
the current completely off, since there always s@ne leakage current when the signal should
be off (Lavrijsen, 2003).

6.2 materials and methods

Input for Matlab scripts

Single LEDs were mounted on a copper ‘pole’ thatesg as a heatsink. Eight of these ‘poles’
were made, they had a diameter of twelve mm aedgth of ten cm. The upper part of the
‘poles’ was made absolutely flat. On this uppet pargle LEDs were mounted with ‘seconde
lijm’ (figure 6.1). After the LEDs had been attadhe the poles they were wired. The LEDs were
hung on a movable frame, which was at five cm altbgequantum sensor, this frame made it
possible to move the LEDs ten cm relative to thenqum sensor (figure 6.2). The LEDs were
run at a current of 20 mA except for the amber wad LED that had to be run at 30 mA in order
to see the output of the quantum sensor (figure Gl8s current was applied by a Voltcraft
(DPS-4005 PFC) variable DC current source.
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Figure 6.1. Design of the Figure 6.2. Drawing of the
LEDs mounted on the poles,set-up of the light intensity
in order to test their light measurement. Modified

intensity from Lavrijsen, 2003.

From these light intensity measurements a polynbwaa estimated to model what the light
intensity will be at each distance from the LEDb(#a6.1). These polynomials are the main input
for the calculations in the Matlab program, whisldéscribed in the next section. Five of the
main colours of LEDs were tested in such a way,éwewr the remainder of this chapter will only
focus on the red one, since this was the only oyma fvhich an array was actually build.

Movable frame

LED

Quantum
sensor

Figure 6.3. Design used for testing the light
intensity of the LEDs.

Table 6.1. Polynomials estimating light intensitydestance x for each LED

Amber y = -0.001*% + 0.0041*x + 2.7298
Blue y = -0.0012*% + 0.0086*x + 4.5825
Cyan y = -0.0005*%+ 0.0087*x + 2.1815
Green y = -0.0006%+ 0.0005*x + 2.5285
Red y = 0.0002*%- 0.0827*x + 6.519
Red-Orange y = -0.0021*x+ 0.042*x + 5.441
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Matlab scripts

In order to calculate the variability in the LEDrays which where build, Matlab (Matlab release
11, version 5.3, 1999, The Mathworks inc.) scrilgsfhave been written (Harbinson, 2004).
Multiple scripts are needed to calculate the valitgbthey are included in appendix G and will
be discussed here to show how they were used andke sure that they can be used easily by
other people when they have read through this bexhis paragraph all variables are written in
the same way as in the scripts. The scripts are:

* Make_list

» Index_vec

* Red (red can be substituted by any of the colo@denby changing the polynomial used)

» Diversity

The file red starts by asking you how big theaaishould be, in order to calculate that it asks
for the size of one side of the square. This isedoecause the only shape of array possible in this
program is a square shape. The program continuaskigg for the LED locations, they must be
given as an array like this [a b; ¢ d; etc]. Frdm &rray of LED locations the program calculates
the amount of LEDs that are inserted and givesvidllise as loop_number. Subsequently it uses
the make_list program to make a list of grid callich is calculated as 1 till the grid_size
squared and transposed in order to create a collinenvariable created is grid_cells. Thereafter
space is allocated for the irradiation output, thidone by making an array of zeros with the
width of loop_number and a length of grid_size sqda

The following step is the loop that calculates tlistance between each cell. The loop starts by
creating location, which is repeated as many tiazethere are LEDs present. And for each of
these repeats it calculates the distance by usim§lé index_vec. This file needs grid_cells,
grid_size and each single led location, definedhbwhich loop it is, which is defined by
location, as inputs. From these inputs it calcsldte distance that each single position has from
each LED. However the distance which has now batnlated is not the real distance, because
the program calculates the distance between edictheereal distance is given by multiplying
the distance calculated by 7, because the LED da&an®7 mm. Based on the distance the light
intensity is calculated, for this calculation ayp@mial function was created by measuring the
light intensity of each colour LED at increasingtdince and using these data for making the
polynomial. The light intensity is checked for néga values, because negative light intensities

are impossible. The last item of the loop createsliation arrays for each LED. These irradiation
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arrays are the same as the light intensities, ¢xtbapthe negative values are substituted by
zeroes. Then the loop is ended.

Then x is defined as the sum of all the irradiatirrays for each position. These x values are
then reshaped, which means that the values remadtilyg the same, only their position changes.
The variable x is a list of light intensity valuéswever the initial array was a square. So the
variable y is created in which x is reshaped ihtinitial square. The amount of LEDs present is
shown in the output by the command loop_number.

Subsequently a figure is created which consista/o subplots. The first subplot contains a
colourmap of the light intensities. The second $ofighows the locations of all LEDs present. At
last variables are calculated in the file diversitith these variables it is possible to show the
variation in light intensity over the array. It ssthe light intensity array and the grid size as
inputs. From these inputs it calculates the vaeisbland number. z is a column of percentages of
the maximum light intensity, and number is a liM@oembers ranging from 1 till the grid_size,
which is needed for the plotting of z. This plohd# made by inserting the command
‘plot(number, z(51,number))’ the 51 which is stateste could be replaced by every number one
wants to plot, this number stands for the positinrthe x-axes from which one wishes to plot.

These scripts could be used for the calculaifasther light distributions of for example
greenhouse lighting. However some lines then havxetaltered for the program to work
properly, these are lines 17 and 19 in file reégthlines have been marked in the appendix (G)
with an asterisk (*)). Line 17 has to be altereglttsat the real distance is calculated, this cteld
different when another light source is used. Li@éhas to be altered so that the real light
intensities are calculated, for this purpose offedynomial functions should be established, based
upon light measurements taken from the light saukoel of course some titles could be
changed, in accordance to the light source used.

A problem that occurs in all colour files isthhey cannot calculate the light intensity ifrhe
is only one light source present. In order to oware this, on line 16 after led_locations
(location,:) needs to be removed (marked with & plgn (+)). And on line 27 x=
sum(irr_array,2) needs to become: x= irr_array(n2rked with a minus sign (-)). Then it

calculates everything correctly if only one ligbusce is present.

Light intensity

An experiment was done to check how many LEDs aeslad to achieve the light intensity

needed by the plants, in order to make the caloul@ossible, a light intensity of 200 pmof’ra
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! was chosen. This calculation was done in Microseéel (office 97 edition, 1997). The LED
arrays build by Ad Lavrijsen (Lavrijsen, 2003) weested for their light intensity output at 1.8 A
(measured with a Voltcraft® GDM707 graphical digphaeter), this means 162 mA per LED (24
LEDs per array). All of the available arrays wesedi for this calculation, so that there could be a
comparison between the different colours and thiput. This output was then input for the
excel calculations. Which are shown and explaingdlle 6.2. The amount of LEDs shown here
might be on the optimistic side, probably morersgeded. The maximum current for these LEDs
is 350mA which is used for this calculation; howeités not wise to drive the LEDs at this

maximum, since this will diminish both the lightihgurs and the efficiency of these LEDs.

Table 6.2. Calculation of the amount of LEDs neddeén average light intensity of 200 umof st.

colour Light intensity Light # LEDs needed
At 162 mA At 350 mA intensity/LED?
Amber 71.7 154.2 6.4 31
Yellow 53.9 115.9 4.8 41
Green 59.5 127.9 5.3 38
Red 205.8 442.5 18.4 11
Blue 120.8 259.7 10.8 18

! Calculated as the maximum forward current dividgdhe current used for measurement multiplied by
the measured value of the light intensity

2 Calculated as the light intensity at the maximuwided by the amount of LEDs present

% Calculated as the light intensity desired divitlgahe light intensity per LED, rounded off to ameiger
value.
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Figure 6.5 Typical Representative Spatial

Figure 6.4. LED array lambertian Radiation Pattern for Luxeon Star
covered with aluminium Red, Red-Orange and Amber (luxeon
foil, to test the light datasheet DS23, 2003).

intensity

A second experiment was run where the arrays warered with aluminium foil (figure 6.4).
This was done because aluminium foil reflects wyealtlof the light, so nearly all of the light can
be captured with the quantum sensor. This resirdtednuch higher light intensity per array,

which clearly indicates that much of the light tiaémitted by the LED arrays is emitted
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sideways and not directly down. This leads to thectusion that when these arrays are used it
would be wise to cover the sides of the area thatth be emitted; so that all of the light reaches
the place it is intended to reach. This partictéature is caused by the type of LEDs used and
their design (figure 6.5). However all of the dgieen here are for an area as big as the original
arrays that were tested. The new arrays had a faupr area, to light a greater area.

Table 6.3. Calculation of the amount of LEDs neddeén average light intensity of 200 umof st.

Colour Light intensity Light # LEDs needed
At 54 mA' At 350 mA intensity/LED
Red 345 2236 93 3
Blue 335 2171 90 3
Cyan 115 745 31 7
Green 112 725 30 7

! Average values are taken over 3 measurementsoanded off to 0 decimals.
2 All calculations performed as in table 6.2.

After some careful consideration of the above noeil results the choice was made to keep on
the safe side and also be able to use low dutesytthe number of LEDs per array was set at 24
for the normal array, and 48 for the array that Mtdne used for the pulsing. These were divided

over an area of 300 éon a heatsink with an area of 500%cso the actual lit area was 500cm

LED characteristics

An important aspect of LEDs is that they are curdgiven, and thus not voltage driven. Their
luminous output rises with rising forward curramgder while just slightly increasing in the
Forward Voltage (Datasheet Luxeon DS23, 2003).

Important for the LEDs used is the maximum aveffag&ard current ({z) they can take and the
voltage across them when operating at this cufképt) (table 6.4). To ensure right operation
and to protect the LED respectively, the voltagess the LED must be higher thag,y and

may not exceed Wax -

Table 6.4 Electrical LED characteristics. (Modifit@m Datasheet Luxeon DS23, 2003)

lar (MA) Vi (V) Vive (V) Vax (V)
350 2.31 2.95 3.51

When LEDs are run at high power, they tend to hpathis leads to a higher junction
temperature within the LEDs, when the junction temapure gets too high, the luminous output

of the LEDs changes. Therefore when in operatierLiDs have to be cooled, this can be
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achieved by mounting them on a heatsink and plagiRg cooling fan on the back of the
heatsink. But the leads and the slug (which isetexttrically neutral) must be isolated from the
heatsink to prevent short-circuiting. This problesais overcome by spraying a layer of plastic on
the heatsink and bending the leads of the LEDs dway the surface of the heatsink (figure 6.6).

Sy oy vy v LEDs
Plastic layer

Heatsink

| | Cooling fan

Figure 6.6 Construction LED-array. (Modified
from Lavrijsen, 2003).
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Figure 6.7. Circuit diagram LED-array (24 or 48 LER (Modified from Lavrijssen,
2003).

The slugs of the LEDs are mounted on the heatsittkttvermo conductive glue to provide
adequate heat exchange. After that the leads litered in series with wire between them. One

array, the one made to be pulsed, was construdtedi® LEDSs, resulting in six LEDs in series
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and eight series wired in parallel (figure 6.7)eTdther array was constructed with 24 LEDs,
resulting in three LEDs in series and eight sesiged in parallel. With figure 6.7 and the values
from table 6.4, the totahd, Vmin, Vrve and Muax for the LED-arrays are calculated (table 6.5),
using the following equations:

Total lag = sum {k...lIg} =8 * I 5r (eq 6.1)
Total Viin = sum {Va...Vc} = 3*V uin (for the array with 24 LEDS) (eq 6.2)
Total Viin = sum {Va...Vg} = 6*V iy (for the array with 48 LEDs) (eq 6.3)

The Vryp and yax are calculated in the same way as thg VvV

Table 6.5. Total electrical values for used LEDays. (Modified
from Lavrijsen, 2003).
IAF (A) VMIN (V) VTYP (V) VMAX (V)
24 LEDs 2.8 6.93 8.85 10.53
48 LEDs 2.8 13.86 17.70 21.06

Other electronic equipment

In order to run the LED arrays in the way neededHis research some other electronic
equipment was needed. In the first place the ctuspply to the LED arrays had to be cut off at
the end of the photoperiod. Therefore a relay wadenwhich was capable of interrupting the
current flow to the arrays. The linkage betweenatiays and the relay was made by a
measurement box which was already made for theureraent of the current supplied to the
arrays. Another box was made whit a fuse, whichld/blow when the arrays where short
circuited or when the current on the arrays washigh. Last but not least a box was made to turn
off the current flow completely, since there alwayas some leakage current from the current
source when it should be turned off completely.

These components will not be discussed anydutikre, because it is not the purpose of this
research to give an in-depth review of the eleétrequipment needed to drive an LED array.

Validation of the Matlab scripts
The Matlab scripts were validated by measurinditte intensity that the pulsed LED array

could generate, at a given current and at pointstwtould also be given as an output of the

Matlab scripts. In the Matlab scripts a same med® introduced, which contained 48 LEDs
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which were placed at the exact same locationseastil array, and were spread out over an area
of approximately 300 cfrover a total modelled area of 500%nin total the light intensity at 121
data points was modelled and measured, then tlyggéritensities where compared by an
analysis of variance (ANOVA) test in Genstat (Versv.1.0.205, Lawes agricultural trust, 2003).

Evaluation of the LED array

In order to check whether it was possible to geigh enough light intensity out of the array, it
had to be evaluated. In order to do this, a set-apmade wherein the current and the light
intensity could be measured simultaneously by pgdsie current through a measurement box
before reaching the LED array. The current was oregiswith a graphical-display-meter
(Voltcraft, GDM705, SN: 707120752), and light ins#ly measurement was done with a
guantumsensor (Li-cor, Li-250). The variabilitylight output of the different LED arrays was
measured with a quantumsensor, which was placed adéntimetres above the height where the
duckweed fronds were growing. The LED arrays wiseteo emit the light intensities that they
would normally do during an experiment, 200 and g@tbl m? s* respectively for the
continuous and pulsed LED array (see paragraph Bh&) guantumsensor was placed at various
predefined locations in the area where the aquétiathe duckweed fronds would normally be
placed. In total 48 datapoints were taken in thié énf area, from these datapoints the

variability was calculated as:

Variability(%) = (W] 100 (eq 6.4)
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6.3 Results

Evaluation of the LED array

The light intensity that was measured at 10 cm ftoenLED array increased linearly with

increasing current (Figure 6.8).
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current (A)

Figure 6.8. The light intensity measured at 10 somfthe LED array versus the current
applied on the array.

Validation of the Matlab scripts

Although the light intensities predicted by the Mhbtscripts are slightly lower then the actual
intensities of the LED array, there is no signifitdifference (P=0.251) between them (table 6.6
and appendix H).

Table 6.6 Statistical analysis of the accuracyhef Matlab scripts used to model the amount of
LEDs needed for an LED array.

Matlab scripts LED array
44.08 NS 46.79 NS

! Values given are averages over 121 datapoints.
2 Means followed by NS do not differ significantl<{5%) as established by an analysis of variance.

Variability in light output

The different variability’s of the two LED arraysesgiven in table 6.7. For comparison the
variability in the light output of the fluorescdamps is also given in this table. The variability
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percentage for the pulsed array was the highesttfdh the continuous array was the lowest and

the fluorescent lamps were in between (Table 6.7).

Table 6.7 Variability in the light output of the DEarrays, and of the fluorescent lamps.

Continuous array Pulsed array Fluorescent lamps
12.49 % 18.81 % 14.55 %
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6.4 Discussion

Evaluation of the LED array

The LED arrays reacted in a way that was expeatetiat the light intensity increased linearly
(figure 6.8) with respect to the current appliectiom arrays (Datasheet Luxeon DS23, 2003).

This means that the array reacts in the same wtyeasngle LEDs do.

Validation of the Matlab scripts

The Matlab model that was build made it possiblestimate how many LEDs should be placed
to reach a certain light intensity. Furthermoreoitild even give an estimation of the best place to
place the LEDs. However it had to be checked ayadadity with other arrays than that where
used to build the model in the first place. Therefe@hen the first LED array was build, it was
checked against the model to see if there wheraldfgyences. It seems that the model makes a
reasonable estimate of the reality, since therengasgnificant difference between the model
and the real LED array (table 6.6). However thelsaraderestimation of the model can be easily
explained by the fact that we were only able tosneathe light intensity emitted by the LEDs at
maximally 10 cm from the LED. While the LEDs wiltghbably emit light further away, this will
influence the model in estimating a lower overglht intensity.

All'in all the Matlab scripts can be used to middow an LED array will react. As described in
paragraph 6.2 the scripts could even be used tehtioel light output of other light sources,
however some minor changes have to be made béfoaa model this. Furthermore a same type
of validation is required before it can be madeaaierthat the model works. But in conclusion it
is a good model for an estimation of how much liglight source will emit and how it is spread

out over a given area.

Variability in light output

The variability for the pulsed array was highemtliar the continuous array, but this result is
guite obvious, because the pulsed array consistgicd the amount of LEDs of the continuous
array. This will lead to spots with a very highdnsity and some spots that have a quite low
intensity. Furthermore some errors were made duhiagonstruction of the pulsed array and the

LEDs are due to these errors not placed exactlyeviiney should be and are not dispersed the
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way they should be. This will also lead to moreiadaitity in the light output. However, since the
variability in light output of both LED arrays liés the same range of that of the fluorescent
lamps, the variability will probably not lead to ohudifference in the experiments. However it is
something to keep an eye on, certainly when thargtilled with the duckweed fronds are
always placed at the same location.

71



LEDs grow; Pulsed lighting with LEDs. 7. Literagu

7. LITERATURE

Ashby, E. and T.A. Oxley 1935. the interaction of factors in the growth.emna VI. An
analysis of the influence of light intensity anchfgerature on the assimilation rate and the rate of
frond multiplication.Annals of botany49. pp. 309-336.

Aziz, A. and M.N. Kochi, 1999. Growth and morphology 8pirodela polyrhizaandS. punctata
(lemnaceae) as affected by some environmentalffa@angladesh journal of botan28(2) pp.
133-138.

Bakker, R., A. van der Knijff, N.J.A. van der Velden and A.P. Verhaegh,2000. Energie in de
glastuinbouw van Nederland, Ontwikkelingen in deteseen op de bedrijven t/m 199Rapport
3.00.07 The Hague, The Netherlands.

Bierman A, 1998. LEDs: from indicators to illumination? Inghting futures3(4). Lighting
Research Center, Rensssalaer Polytechnic Instete,Wrk. 25 Sept. 2003.

Brault D., C. Gueymard, R. Boily and A. Gosselin1989. Contribution of HPS lighting to the
heating requirements of a greenhouaper American Society of Agricultural Engingexe.
89-4039.

Brown, H.T. and F. Escombe 1905. Researches on some of the physiologicakgses of
green leaves, with special reference to the ingergh of energy between the leaf and its
surroundingsProceedings of the Royal Society of London. S&i&iological Sciences76. pp.
29-111.

Burg, J. van der,2003. Areaal belichting breidt fors ugroenten & fruit 40.

Cedergreen, N. and T.V. Madsen2002. Nitrogen uptake by the floating macrophytenna
minor. New phytologist]55. pp. 285-292.

Chua, S.E. and M.H. Dickson 1964. The effect of flashing light supplementgdcbntinuous
red and far-red light on the growth of Lemna mihoin the presence of growth
regulatorsCanadian journal of botany2. pp. 57-64.

Craford G, 2000. Overview on high brightness LEDs and thibool for red and yellow devices.
Presentation at Intertech 200DumilLeds Lighting. 25 Sept. 2003.
<http://www.lumileds.com/pdfs/techpaperspres/inte2@00.pdé

Craford M.G., N. Holonyak, F.A. Kish, 2001. In pursuit of the ultimate lanmpcientific
American,February 2001, pp. 48-53.

Cross, J.W.,2002. Duckweed Anatomy: the Structure of DuckwEerzhds from the work of
Elias Landolt.The Charms of Duckweed.2 Oct. 2002) kttp://www.mobot.org/jwcross
{duckweed/duckweed.htm

72



LEDs grow; Pulsed lighting with LEDs. 7. Literagu

Datasheet Luxeon™ DS232003. Power light source, Luxeon™ sfeechnical datasheet ds23

Lumileds lighting. July 2003.kttp://www.lumileds.com/pdfs/protected/DS23.PDF

Diwan, J.J., 2003. Photosynthetic dark reactidfolecular biochemistry 1.
<http://www.rpi.edu/dept/bcbp/molbiochem/MBWeb/mbévid /dark.htre

Dorais M. and A. Gosselin,2002. Physiological response of greenhouse vegetabps to
supplemental lightingActa Horticulturae (ISHS%80, pp. 59-67.

Emerson, R. and W. Arnold 1932. A separation of the reactions in photosgsithby means of
intermittent light.Journal of general physiolog{5. pp. 391-420.

Evans, G.C, 1972. Chapter 13, History of the main analytomaicepts. InThe quantative
analysis of plant growthn: Anderson, D.J., P. Greig-Smith and F.A. Pitelka (Ed.). Studies
in ecology Blackwell Scientific publications, Oxford, England.

Fork, D.C. and K. Satoh 1986. The control by state transitions of theriistion of excitation
energy in photosynthesi@nnual review plant physiolog87. pp. 335-361.

Harbinson, J. and E. Rosenqvist2003. Chapter 1, An introduction to chlorophydidrescence.
In: DeEll J.R. and P.M.A. Toivonen (Eds.)Practical Applications of Chlorophyll Fluorescence
in Plant Biology Kluwer Academic Publishers, Dordrecht, The Ndtreds.

Harbinson, J., 2004. Personal communication. Horticultural Piiaun Chains group,
Wageningen university, Wageningen, The Netherlands.

Hashimoto, Y., Y. Yi, F. Nyunoya, Y. Anzai, H. Yamaaki, S. Nakayama and A. Ikeda
1988. vegetable growth as affected by on-off ligkénsity developed for vegetable factoficta
Horticulturae (ISHS)229. pp. 259-264.

Hendriks L., 1992. Supplementary lighting for greenhougeta Horticulturae (ISHSB12 pp.
65-76.

Hoenecke, M.E., R.J. Bula and T.W. Tibbitts 1992. Importance of ‘blue’ photon levels for
lettuce seedlings grown under red-light-emittingddis Hortscience 27 (5) pp. 427-430.
Jakupaj-de Snoo, E, 2004. l1Jsland belicht glasteelt al jar@ugst tuinbouwl2 maart 2004 p.
33.

Jao, R.C. and W. Fang 2004. Effects of frequency and duty ratio onghawth of potato
plantlets in vitro using light emitting diodedortscience39(2) pp. 375-379.

Kautsky, H., W. Appel and H. Amann, 1960. Chlorophyllfluorescenz und
kohlensauerassimilatioBiochemische zeitschri822 pp. 277-292.

Kim, S.J., E.J. Hahn, J.W.Heo and K.Y. Paek2004. Effects of LEDs on net photosynthetic
rate, growth and leaf stomata of chrysanthemumtlelsnin vitro.Scientia Horticulturae101,

pp. 143-151.

73



LEDs grow; Pulsed lighting with LEDs. 7. Literagu

Knijff, A. van der, and J. Benninga, 2003.Energie in de glastuinbouw van Nederland,
Ontwikkelingen in de sector en op de bedrijven2002.Rapport 3.03.06The Hague, The
Netherlands.

Kozai, T., Y. Kitaya, and Y.S Oh, 1995. Microwave-powered lamps as a high intengityt |
source for plant growthActa Horticulturae. (ISHSB99, pp. 107-112.

Lavrijsen A., 2003. Use of light-emitting diodes (LEDs) as sasrof assimilation light. Using
Lettuce as a ModeT hesis Horticultural production chains grougyageningen university,
Wageningen, The Netherlands.

Lavrijsen, A., 2004. Personal communication. Temporary reseassbciate. Horticultural
Production Chains group, Wageningen University, Nie¢herlands.

Lawlor D.W., 1993a. Chapter 1, Introduction to the photosyith@ocess. InPhotosynthesis
(2" Edition). Longman Scientific & Technical, Burnt Mill, England

Lawlor D.W., 1993b. Chapter 2, Light — the driving force obpisynthesis. InPhotosynthesis
(2™ Edition). Longman Scientific & Technical, Burnt Mill, England

Lawlor D.W., 1993c. Chapter 5, Electron and proton transpmrPhotosynthesis {2 Edition).
Longman Scientific & Technical, Burnt Mill, England

Marcelis L.F.M., F.M. Maas and E. Heuvelink 2002. The latest developments in the lighting
technologies in Dutch Horticulturécta Horticulturae (ISHS%80, pp. 35-42.

Maxwell, K. and G.N. Johnson 2000. Chlorophyll fluorescence — a practical guiburnal of
experimental botan1, pp. 659-668.

Meerwaldt E., 2003. Assimilatiebelichting in glasgroentetegéiricht op tomaat, paprika en
komkommer Scriptie plant- en gewaswetenschappéfageningen University, Wageningen, the
Netherlands.

Narendran N., L. Deng, A. Bierman and J.D. Bullough 2003. LED lighting systems:
Questions and Answers. lnighting Answers7(3). Lighting Research Center. Rensssalaer
Polytechnic Instute, New York. 25 Sept. 2003.
<http://www.Irc.rpi.edu/programs/nlpip/lightingansmséed/abstract.asp

Okamoto, K., T. Yanagi, S. Takita, M. Tanaka, T. Hguchi, Y. Ushida and H. Watanbe
1996. Development of plant growth apparatus using bnd red LED as artificial light source.
Acta horticulturae440. pp. 111-116.

Poni, S. and C. Intrieri, 2001. Grapevine photosynthesis: effects linkelehtd radiation and

leaf age Advances in horticultural sciencg5. pp. 5-15.
Pot, S. and G. van der Lees2002. Brochure Philips lighting b.v. Philiphs ltgig Prof. Lamps,
Eindhoven, The Netherlands.

74



LEDs grow; Pulsed lighting with LEDs. 7. Literagu

Pot S, 2004. Personal communication. Application spétialorticulture, Philips Lighting Prof.
Lamps, Eindhoven, The Netherlands.

Rabinowitch, E.I., 1956. Chapter 34, time effects. Il. Photosynthésintermittent lightin:
Photosynthesis and related proces3é&slume 2, part 2Interscience publishing, New York.
Raven P.H., R.F. Evert and S.E. Eichhorn1999. Chapter 26, the shoot: primary structue an
developmentin: Biology of plants (8 Edition). W.H. Freeman and Company/Worth publishers,
New York, USA.

Rosenqvist E., and O. van Kooten2003. Chapter 2, Chlorophyll fluorescence: A gahe
description and nomenclature. DeEIll J.R. and P.M.A. Toivonen (Eds.)Practical

Applications of Chlorophyll Fluorescence in PlaribBgy. Kluwer Academic Publishers,
Dordrecht, The Netherlands.

Sager, J.C. and W. Giger JR.1980. Re-evaluation of published data on theivela
photosynthetic efficiency of intermittent and cowtbus light Agricultural meteorology22. pp.
289-302.

Schaftenaar, M.W, 2004. Comparison of bio-impedance with chloropfiybrescence data on
chilling injury. Thesis Horticultural production chains group/ageningen university,
Wageningen, The Netherlands.

Schubert, W.D, 1997. Rontgenkristallographische UntersuchungerSiruktur des
cyanobakteriellen Photosystem | der oxygenen Piintbese aus Synechococcus elongatus bei
4A Auflosung.,PhD ThesislInstitut fur Kristallographie, Freie Universitaerlin.

Szabd, A., R. Roijackers and M. Scheffer2003. A simple method for analysing the effedts o
algae on the growth afemnaand preventing algal growth in duckweed bioassaychives of
hydrobiology,157. pp. 567-575.

Taiz L. and E. Zeiger, 2002. Chapter 7, Photosynthesis: The light reastin: Plant physiology
(3rd Edition) Sinauer Associates Incorporate, Sunderland USA.

Tennessen, D.J., E.L. Singsaas and T.D. Sharke}994. Light-emitting diodes as a light source
for photosynthesis researdPhotosynthesis researcBf. pp. 85-92.

Tennessen, D.J., R.J. Bula and T.D. Sharkey995. Efficiency of photosynthesis in continuous
and pulsed light emitting diode irradiatiddhotosynthesis researcid. pp. 261-269.

Warburg, O., 1919. Uber die geschwindigkeit der photochemisdkehlen siduerezersetzung in
lebenden ZellerBiochemische Zeitschrjft00 pp. 230-270.

Weller, S., and J. Franck 1941. Photosynthesis in flashing lighournal of Physical Chemistry
45. pp. 1359-1373.

75



LEDs grow; Pulsed lighting with LEDs. 7. Literagu

Whitmarsh, J. and Govindjeg 1999. The photosynthetic process.Singhal, G.S., G. Renger,
S.K. Sopory, K.D. Irrgang and Govindjee (Eds.)Concepts in Photobiology: Photosynthesis
and Photomorphogenesisluwer Academic Publishers, Dordrecht, Netherlands.

Yanagi, T. and K. Okamoto,1997. Utilization of super bright light emittingodies as an
artificial light source for plant growttActa Horticulturae (ISHS¥18, pp. 223-228.

Yorio N.C., G.D. Goins, H.R. Kagie, R.M. Wheeler, IC. Sager 2001. Improving spinach,

radish and lettuce growth under red light emittiigdes (LEDs) with blue light supplementation.
Hortscience36(2). pp. 380-383.

76



LEDs grow; Pulsed lighting with LEDs.

Appendices

Appendix A: Analysis of the nutrient solution used

Amount of nutrients supplied per nutrient suppbele

Nutrient supply level Complete Nutrients Half Nutrients
Macro elements (mmot})
N 14.79 7.40
P 1.78 0.89
K 13.85 6.93
S 5.66 2.83
Ca 5.56 2.78
Mg 2.52 1.26
Trace elementgimol )
Fe 25.0 12,5
Mn 10.0 5.0
Zn 5.0 25
B 40.0 20.0
Cu 1.0 0.5
Mo 0.5 0.3
Cl 2.1 1.1
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Appendix B: Drying procedure of the oven

Warming up till 70°C
3 hours at 70°C
Warming up till 105°C
10 hours at 105°C
Cooling off till 70°C

2 hours at 70°C

o g k~ w DN
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Appendix C: Set-up of the Lemna experiments in the climate chamber

Ventilation

Fluorescent LED treatments
treatment and
nursery
-
. 3
[

Top view of the climate chamber with the set-unefifferent

Lemna treatments.

Continuous
fluorescent

Continuous

LED

Electronic
equipment

In line view of the the climate chamber with thewgeof the different

Lemna treatmen
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Appendix D: Analysis of variance Spirodela experiment

Analysis of variance for the variates, average aceaipied by Spirodela fronds and dry_weight of the
Spirodela fronds. Abbreviations: d.f.= degreesreéflom, s.s.= sum of squares, m.s.= mean sum of
squares, v.r.= variance ratio, F pr.= F probabijlliep.= repetitions, I.s.d.= least significanfei€énce, HN=
half nutrient solution half demineralised water,€€dbmplete nutrient solution

Vari ate: average_area

Source of variation  d.f. S.S. m.s. v.r. Fopr.
light_period 1 7.224 7.224 2.22 0.146
nutrient_treatment 1 0.004 0.004 0.00 0.973
light_period.nutrients 1 0.309  0.309 0.09 0.760
Residual 32 104.354 3.261
Total 35 111.891
*reeek Tables of means ***+*
Grand mean 2.49
light_period 16 24
205 294
nutrient_treatment HN CN
250 2.48
light_period nutrient_treatment HN CN
16 215 194
24 286 3.02
**x | east significant differences of means (5% leve ) Dl
Table light_period nutrient_treatment li ght_period
Nu trient_treatment
rep. 18 18 9
d.f. 32 32 32
l.s.d. 1.226 1.226 1.734
Vari ate: average_area
Source of variation  d.f. S.S. m.s. v.r. Fopr.
light_source 1 1275 1.275 1.23 0.284
Residual 16 16.577 1.036
Total 17 17.852
*reek Tables of means ***+*
Grand mean 1.68
light_source LED Fluorescent
141 1.94
*+* | east significant differences of means (5% leve [) **
Table light_source
rep. 9
d.f. 16
l.s.d. 1.017
Variate: dry_weight
Source of variation  d.f. S.S. m.s. v.r. Fopr.
light_period 1 0.5852 0.5852 0.98 0.342
nutrient_treatment 1 0.1089 0.1089 0.18 0.677
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light_period.nutrient_treatment

1 0.3192 0.3192
Residual 12 7.1875 0.5990
Total 15 8.2009

*xkk% Tables of means *****
Grand mean 0.76

light_period 24 16
0.95 0.57

nutrient_treatment CN HN
0.84 0.68

light_period nutrient_treatment CN HN
24 1.18 0.73
16 0.51 0.63

*** | east significant differences of means (5% leve

Table light_period nutrient_treatment ligh
nutrient_tre

rep. 8 8 4

d.f. 12 12 12

l.s.d. 0.843 0.843 1.192

Variate: dry_weight

Source of variation  d.f. S.S. m.s.

light_source 1 0.0015 0.0015
Residual 6 1.1569 0.1928
Total 7 1.1584

**kk% Tables of means *****
Grand mean 0.53

light_source LED Fluorescent
0.54 0.51

*+* | east significant differences of means (5% leve

Table light_source
rep. 4

d.f. 6

l.s.d. 0.760

0.53 0.479

|) Kk

t_period
atment

v.r. Fopr.
0.01 0.932

|) *kk
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Appendix E: statistical analysis of theL emna experiments

Experiment 1 (1.28 Hz)

Variate: DWat_day_0_ng

Source of variation  d.f. S.S. m.s. v.r. Fopr.

Treatment 2 0.0002170 0.0001085 0.80 0.458

Residual 33 0.0044804 0.0001358

Total 35 0.0046973

* MESSAGE: the following units have large residuals

*units* 15 0.0257 s.e.0.0112

*units* 18 0.0278 s.e. 0.0112

*units* 32 0.0298 s.e.0.0112

*+xx Tables of means **+**

Variate: DW_at_day_0_mg

Grand mean 0.0457

Treatment continuous fluorescent continuou s LED pulsed LED
0.0488 0 .0453 0.0429

**x | east significant differences of means (5% leve ) Bl

Table Treatment

rep. 12

d.f. 33

l.s.d. 0.00968

Variate: dry_weight_g

Source of variation  d.f. S.S. m.s. v.r. Fopr.

Treatment 2 3.005E-05 1.502E-05 2.86 0.073

Residual 30 1.576E-04 5.255E-06

Total 32 1.877E-04

* MESSAGE: the following units have large residuals

*units* 14 0.00602 s.e. 0.00219

*xxk Tables of means *****

Variate: dry_weight_g

Grand mean 0.00812

Treatment continuous fluorescent continuou s LED pulsed LED
0.00942 0. 00778 0.00715

*** | east significant differences of means (5% leve [) **

Table Treatment

rep. 11

d.f. 30

lsd 0.001996
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Variate: relative_growh_rate

Source of variation  d.f. S.S. m.s.

treatment 2 0.0080328 0.0040164
Residual 33 0.0136458 0.0004135
Total 35 0.0216786

* MESSAGE: the following units have large residuals

*units* 16
*units* 19

0.0485 s.e. 0.0195
-0.0426 s.e. 0.0195

*xkk% Tables of means *****
Variate: relative_growth_rate
Grand mean 0.3533

continuous LED
0.3357

Treatment continuous fluorescent
0.3722

*** | east significant differences of means (5% lev

Table treatment

rep. 12

d.f. 33

l.s.d. 0.01689

Variate: LAR cn2_ng

Source of variation  d.f.(m.v.) s.s.

Treatment 2 24447 1.
Residual 30(3) 3.0123 0.
Total 32(3) 5.2533

* MESSAGE: the following units have large residuals

*units* 27
*units* 34

0.806 s.e.0.289
-0.637 s.e.0.289

*rkk Tables of means **++*
Variate: LAR_cm2_mg
Grand mean 3.189

Treatment continuous fluorescent continuou

3.288

*** | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 30

l.s.d. 0.2642

(Not adjusted for missing values)

Experiment 2 (1.28 Hz-2)

Variate: DWday_O

Source of variation  d.f. S.S. m.s.
Treatment 2 0.00003590 0.00001795

v.r. Fopr.
9.71 <.001

pulsed LED
0.35 20

el) *kk

m.s. v.r. Fpr.
2223 12.17 <.001
1004

s LED
2.832

pulsed LED
3.447

I) *kk

v.r. Fopr.
0.45 0.642
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Residual 33 0.00131871 0.00003996
Total 35 0.00135461

* MESSAGE: the following units have large residuals
*units* 6 0.0160 s.e.0.0061

*xxk Tables of means *****

Variate: DW_day_0

Grand mean 0.0296

Treatment continuous fluorescent continuou

0.0284 0

**x | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.00525

Variate: dry_weight_ng

Source of variation  d.f. S.S. m.s.

Treatment 2 0.00257 0.00129
Residual 33 0.33059 0.01002
Total 35 0.33316

* MESSAGE: the following units have large residuals
*units* 6 0.240 s.e.0.096

*units* 10 0.230 s.e. 0.096

*rexx Tables of means **+**

Variate: dry_weight_mg

Grand mean 0.412

Treatment continuous fluorescent continuou

0.400

*** | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.0831

Variate: relative_growh_rate

Source of variation  d.f. S.S. m.s.
treatment 2 0.0112479 0.0056240
Residual 33 0.0123068 0.0003729
Total 35 0.0235548

* MESSAGE: the following units have large residuals
*units* 4 -0.0564 s.e.0.0185
**xk Tables of means *****

Variate: relative_growth_rate

s LED
.0308

|) Kk

v.r. Fopr.
0.13 0.880

s LED
0.418

|) Kk

v.r. Fopr.
15.08 <.001

pulsed LED
0.0295

pulsed LED
0.417
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Grand mean 0.3069

Treatment continuous fluorescent continuous LED
0.3266 0.2837

*** | east significant differences of means (5% leve

Table treatment
rep. 12

d.f. 33
l.s.d. 0.01604

Variate: LAR cn2_ng

Source of variation  d.f. S.S. m.s.

Treatment 2 55601 2.7801
Residual 33 14.6849 0.4450
Total 35 20.2450

* MESSAGE: the following units have large residuals
*units* 3 3.02 s.e.0.64

*r+kk Tables of means *****

Variate: LAR_cm2_mg

Grand mean 4.19

Treatment continuous fluorescent continuou
4.61

*+* | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.554

Experiment 3 (0.12 Hz)

Variate: DWday_O

Source of variation  d.f. S.S. m.s.

Treatment 2 0.00003647 0.00001824
Residual 33 0.00085592 0.00002594
Total 35 0.00089240

* MESSAGE: the following units have large residuals
*units* 30 0.01255 s.e. 0.00488

*rkkk Tables of means *****

Variate: DW_day_0

Grand mean 0.03033

Treatment continuous fluorescent continuou
0.02976 0.

**x | east significant differences of means (5% leve

Table Treatment
rep. 12

0.3105

pulsed LED

I) *kk

v.r. Fopr.

6.25 0.005
s LED pulsed LED
3.66 4.29
I) *kk

v.r. Fopr.

0.70 0.502
s LED pulsed LED
02948 0.03174
I) *kk
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d.f. 33

l.s.d. 0.004230

Variate: dry_wei ght_ng

Source of variation  d.f. S.S. m.s. v.r. Fopr.

Treatment 2 0.29207 0.14603 14.09 <.001

Residual 33 0.34201 0.01036

Total 35 0.63407

* MESSAGE: the following units have large residuals

*units* 17 0.222 s.e.0.097

**xx Tables of means ***+*

Variate: dry_weight_mg

Grand mean 0.497

Treatment continuous fluorescent continuou s LED pulsed LED
0.516 0.598 0.379

*+* | east significant differences of means (5% leve [) **

Table Treatment

rep. 12

d.f. 33

l.s.d. 0.0846

Variate: relative_growh_rate

Source of variation  d.f. S.S. m.s. v.r. Fopr.

Treatment 2 0.0151689 0.0075844 28.97 <.001

Residual 33 0.0086403 0.0002618

Total 35 0.0238091

* MESSAGE: the following units have large residuals

*units* 8 -0.0354 s.e. 0.0155

*units* 31 -0.0402 s.e. 0.0155

*rikk Tables of means *****

Variate: relative_growth_rate

Grand mean 0.3421

Treatment continuous fluorescent continuous LED pulsed LED

0.3502 0.3621 0.3139

*** | east significant differences of means (5% leve ) *xx

Table Treatment

rep. 12

d.f. 33

l.s.d. 0.01344

Variate: LAR cn2_ng

Source of variation  d.f. S.S. m.s. v.r. Fopr.

Treatment 2 2.0150 1.0075 4.12 0.025

Residual 33 8.0628 0.2443

Total 35 10.0778

*xxxx Tables of means ***+*
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Variate: LAR_cm2_mg
Grand mean 4.188

Treatment continuous fluorescent continuou
4.206

*** | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.4106

Experiment 4 (12 Hz)

Variate: DWday_O

Source of variation  d.f. S.S. m.s.
Treatment 2 0.00015376 0.00007688
Residual 33 0.00050605 0.00001533
Total 35 0.00065981

* MESSAGE: the following units have large residuals
*units* 28 0.01035 s.e. 0.00375

*xxk Tables of means *****

Variate: DW_day_0

Grand mean 0.02297

Treatment continuous fluorescent continuou
0.02579 0.

*** | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.003253

Variate: Dry_weight_ng

Source of variation  d.f. S.S. m.s.

Treatment 2 0.21740 0.10870
Residual 33 0.35988 0.01091
Total 35 0.57727

* MESSAGE: the following units have large residuals

*units* 11 0.236 s.e.0.100
*units* 28 0.256 s.e. 0.100

*xxxx Tables of means ***+*
Variate: Dry_weight_mg
Grand mean 0.436

Treatment continuous fluorescent continuou
0.534

*** | east significant differences of means (5% leve

s LED
3.890

|) *kk

v.r. Fopr.
5.01 0.013

s LED
02221

I) *kk

v.r. Fopr.
9.97 <.001

s LED
0.429

|) *kk

pulsed LED
4.469

pulsed LED
0.02090

pulsed LED
0.344
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Table Treatment
rep. 12

d.f. 33

l.s.d. 0.0867

Variate: relative_growh_rate

Source of variation  d.f. S.S. m.s.

Treatment 2 0.0122897 0.0061449
Residual 33 0.0065687 0.0001991
Total 35 0.0188584

*rxxk Tables of means *****
Variate: relative_growth_rate

Grand mean 0.3470

Treatment continuous fluorescent continuous
0.3731 0.3343

*** | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.01172

Variate: LAR cn2_ng

Source of variation  d.f. S.S. m.s.
Treatment 2 27909 1.3954
Residual 33 5.0786 0.1539
Total 35 7.8695

* MESSAGE: the following units have large residuals

*units* 18 0.916 s.e.0.376
*units* 30 0.881 s.e.0.376

*xxxx Tables of means ***+*
Variate: LAR_cm2_mg
Grand mean 4.294

Treatment continuous fluorescent continuou
4.662

*** | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.3258

Experiment 5 (0.012 Hz)

Variate: DWday_O

Source of variation  d.f. S.S. m.s.

Treatment 2 0.00018380 0.00009190
Residual 33 0.00142540 0.00004319
Total 35 0.00160920

v.r. Fopr.

30.87 <.001

LED

I) *kk

v.r. Fopr.
9.07 <.001

s LED
3.988

|) Kk

v.r. Fopr.
2.13 0.135

pulsed LED
.3335

pulsed LED
4.231
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*hkk Tables of means **xx*
Variate: DW_day_0
Grand mean 0.0386

Treatment continuous fluorescent continuou
0.0377 0

**x | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.00546

Variate: Dry_weight_ng

Source of variation  d.f. S.S. m.s.

Treatment 2 2.84715 1.42358
Residual 33 0.51433 0.01559
Total 35 3.36148

* MESSAGE: the following units have large residuals
*units* 16 0.368 s.e.0.120

*r+kk Tables of means *****

Variate: Dry_weight_mg

Grand mean 0.674

Treatment continuous fluorescent continuou
0.884

*** | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.1037

Variate: relative_growh_rate

Source of variation  d.f. S.S. m.s.

Treatment 2 0.0990136 0.0495068
Residual 33 0.0041341 0.0001253
Total 35 0.1031477

* MESSAGE: the following units have large residuals

*units* 23 -0.0307 s.e.0.0107
*units* 24 -0.0270 s.e.0.0107

*rkkk Tables of means **++*
Variate: relative_growth_rate
Grand mean 0.3263

Treatment continuous fluorescent continuou
0.3736 0.3520

**x | east significant differences of means (5% leve

Table Treatment
rep. 12

s LED pulsed LED
.0418 0.0365

|) Kk

v.r. Fopr.
91.34 <.001

s LED pulsed LED
0.862 0.277

|) *kk

v.r. Fopr.
395.18 <.001

s LED pulsed LED
0.2531

|) Kk

89



LEDs grow; Pulsed lighting with LEDs.

Appendices

d.f. 33
l.s.d. 0.00930

Variate: LAR cn2_ng

Source of variation  d.f. S.S. m.s.

Treatment 2 15.0940 7.5470
Residual 33 6.0031 0.1819
Total 35 21.0972

* MESSAGE: the following units have large residuals

*units* 29 1.223 s.e. 0.408
*xxk Tables of means *****
Variate: LAR_cm2_mg

Grand mean 4.861

Treatment continuous fluorescent continuou
4.690

*+* | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.3543

Experiment 6 (120 Hz)

Variate: DWday_O

Source of variation  d.f. S.S. m.s.

Treatment 2 0.00009976 0.00004988
Residual 33 0.00150098 0.00004548
Total 35 0.00160074

* MESSAGE: the following units have large residuals

*units* 18 0.0161 s.e. 0.0065
*units* 36 0.0152 s.e. 0.0065

*xxxx Tables of means *****
Variate: DW_day_0
Grand mean 0.0448

Treatment continuous fluorescent continuou
0.0435 0

*+* | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.00560

Variate: dry_weight_ng

Source of variation  d.f. S.S. m.s.
Treatment 2 0.11832 0.05916
Residual 33 0.76088 0.02306

v.r. Fopr.
41.49 <.001

s LED
4.168

|) *kk

v.r. Fopr.
1.10 0.346

s LED
.0471

|) *kk

v.r. Fopr.
2.57 0.092

pulsed LED
5.726

pulsed LED
0.0437
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Total 35 0.87920
*r+kk Tables of means *****
Variate: dry_weight_mg

Grand mean 0.900

Treatment continuous fluorescent continuou
0.946

*+* | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.1261

Variate: relative_growh_rate

Source of variation  d.f. S.S. m.s.
Treatment 2 0.0067685 0.0033842
Residual 33 0.0047756 0.0001447
Total 35 0.0115441

* MESSAGE: the following units have large residuals

*units* 16 -0.0267 s.e.0.0115

*reek Tables of means ***+*

Variate: relative_growth_rate

Grand mean 0.3423

Treatment continuous fluorescent continuou

0.3611 0.3372

*+* | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.00999

Variate: LAR cn2_ng

Source of variation  d.f. S.S. m.s.

Treatment 2 3.09471 1.54736
Residual 33 1.40489 0.04257
Total 35 4.49960

* MESSAGE: the following units have large residuals

*units* 2 0.594 s.e.0.198
*units* 10 -0.544 s.e.0.198

*rxxk Tables of means *****
Variate: LAR_cm2_mg
Grand mean 3.940

Treatment continuous fluorescent continuou
4.343

s LED pulsed LED
0.935 0.819
I) *kk

v.r. Fopr.

23.39 <.001
s LED pulsed LED

0.3287

I) *kk

v.r. Fopr.

36.35 <.001
s LED pulsed LED
3.825 3.653
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*+* | east significant differences of means (5% leve

Table Treatment
rep. 12

d.f. 33

l.s.d. 0.1714

|) *kk
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Appendix F: statistical analysis of the Pulsing comparison

ANOVA of the linear trends

RAGR

Source of variation  d.f. S.S. m.s.
treatment 1 0.0010665 0.0010665
Residual 10 0.0033068 0.0003307
Total 11 0.0043734

* MESSAGE: the following units have large residuals

*units* 7 -0.0346 s.e.0.0166
*units* 12 0.0342 s.e. 0.0166

*kk Tables of means **++*
Variate: estimate
Grand mean 0.3248

treatment continuous  pulsed
0.3342 0.3153

*+* | east significant differences of means (5% leve

Table treatment

rep. 6

d.f. 10

l.s.d. 0.02339

LAR

Source of variation  d.f. S.S. m.s.
treatment 1 0.9864 0.9864
Residual 10 1.9791 0.1979
Total 11 2.9655

* MESSAGE: the following units have large residuals

*units* 7 0.89 s.e.0.41
*units* 12 -0.88 s.e.0.41

*xkk% Tables of means *****
Variate: estimate
Grand mean 4.03

treatment continuous  pulsed
3.74 4.31

*** | east significant differences of means (5% leve

Table treatment
rep. 6

d.f. 10
l.s.d. 0.572

v.r. Fopr.

3.23 0.103
I) *kk

v.r. Fopr.

4.98 0.050
I) *kk
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Continuous fluorescent

Variate: LAR cn2_ng

Source of variation  d.f.(m.v.) s.s.

frequency_Hz 5 16.9612 3.
Residual 65(1) 17.1983 O.
Total 70(1) 33.1216

* MESSAGE: the following units have large residuals
*units* 39 3.018 s.e. 0.489

*reek Tables of means ***+*

Variate: LAR_cm2_mg

Grand mean 4.300

frequency_Hz 0.012 0.121.28 (1) 1.28 (2)
4.690 4.206 3.288 4.610

*** | east significant differences of means (5% leve

Table frequency_Hz
rep. 12

d.f. 65

l.s.d. 0.4194

Variate: RAGR cnR_cm 2 _day_1

Source of variation  d.f. S.S. m.s.

frequency_Hz 5 0.0206006 0.0041201
Residual 66 0.0185108 0.0002805
Total 71 0.0391113

* MESSAGE: the following units have large residuals

*units* 27 0.0406 s.e. 0.0160
*units* 40 -0.0564 s.e. 0.0160

*rkk Tables of means **++*
Variate: RAGR_cm2_cm_2_day_1
Grand mean 0.3595

frequency_Hz 0.012 0.121.28 (1) 1.28 (2)
0.3736 0.3502 0.3722 0.3266

**x | east significant differences of means (5% leve

Table frequency_Hz
rep. 12

d.f. 66

l.s.d. 0.01365

Continuous LED

Variate: LAR cn2_ng

Source of variation  d.f.(m.v.) s.s.
frequency_Hz 5 13.2478 2.
Residual 65(1) 6.6993 0.

m.s. v.r. Fpr.
3922 12.82 <.001
2646

12 120
4.662 4.343

I) *kk

v.r. Fopr.
14.69 <.001

12 120
0.3731 0.3611

|) Kk

m.s. v.r. Fpr.
6496 25.71 <.001
1031
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Total 70(1) 19.1334
* MESSAGE: the following units have large residuals

*units* 20 0.746 s.e. 0.305
*units* 54 0.916 s.e.0.305

*rkk Tables of means **xx*
Variate: LAR_cm2_mg
Grand mean 3.728

frequency_Hz 0.012 0.121.28 (1) 1.28 (2)
4168 3.890 2832 3.663

**x | east significant differences of means (5% leve

Table frequency_Hz
rep. 12

d.f. 65

l.s.d. 0.2618

Variate: RAGR cn2_cm 2_day_1

Source of variation  d.f. S.S. m.s.

frequency_Hz 5 0.0438496 0.0087699
Residual 66 0.0169006 0.0002561
Total 71 0.0607502

* MESSAGE: the following units have large residuals

*units* 28 0.0485 s.e. 0.0153
*units* 31 -0.0426 s.e.0.0153

*xxxx Tables of means ***+*
Variate: RAGR_cm2_cm_2_day_1
Grand mean 0.3342

frequency_Hz 0.012 0.121.28 (1) 1.28 (2)
0.3520 0.3621 0.3357 0.2837

*** | east significant differences of means (5% leve

Table frequency_Hz
rep.

d.f. 66

l.s.d. 0.01304
Pulsed LED

Variate: LAR cn2_ng

Source of variation  d.f.(m.v.) s.s.

frequency_Hz 5 38.5648 7.
Residual 65(1) 14.3490 O.
Total 70(1) 52.1723

* MESSAGE: the following units have large residuals
*units* 5 1.223 s.e. 0.446

*xxk% Tables of means *****

12 120
3.988 3.825

|) Kk

v.r. Fopr.
34.25 <.001

12 120
0.3343 0.3372

|) Kk

m.s. v.r. Fpr.
7130 34.94 <.001
2208
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Variate: LAR_cm2_mg

Grand mean 4.302

frequency_Hz 0.012 0.121.28 (1) 1.28 (2) 12 120
5.726 4.469 3.447 4.286 4.231 3.653

*** | east significant differences of means (5% leve ) *xx

Table frequency_Hz

rep.

d.f. 65

l.s.d. 0.3831

Variate: RAGR cnR_cm 2 _day_1

Source of variation  d.f. S.S. m.s. v.r. Fopr.
frequency_Hz 5 0.0689377 0.0137875 62.07 <.001
Residual 66 0.0146600 0.0002221

Total 71 0.0835978

* MESSAGE: the following units have large residuals
*units* 19 -0.0402 s.e. 0.0143

*+xx Tables of means **+**

Variate: RAGR_cm2_cm_2_day_1

Grand mean 0.3153

frequency_Hz 0.012 0.121.28 (1) 1.28 (2) 12 120
0.2531 0.3139 0.3520 0.3105 0.3335 0.3287

**x | east significant differences of means (5% leve ) Dl

Table frequency_Hz

rep. 12

d.f. 66

l.s.d. 0.01215
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Appendix G: Matlab scripts.

Red.m

% first step is to input the size of the square gri d within which the leds will be
located

% and the irradiance calculated

grid_size=input( 'input the length of the side of the square of grid \n' )

% next input the array of vectors (co-ords) of the led locations

led_locations=input( 'input a vector of led locations as [a b; c d; e f; etc)\n' )
% calculate the loop number (number of led location s input)
loop_number=length(led_locations);

%make a list of serial numbers corresponding to eve ry cell in the grid
grid_cells=make_list(grid_size);

%pre_allocate space for output array of irradiances - needs to have a length equal to the
number of cells in the grid

% and to have a width equal to the number of led lo cations

irr_array=zeros(grid_size”2, loop_number);

% begin loop procedure to calculate for every led | ocation a distance from every cell in

the grid and the corresponding
%irradiance at that cell in the grid
for location = 1:loop_number
distance=index_vec(grid_cells, grid_size, led _locations(location,?)); (-)
distance(:,2)=(7*distance(:,2)); (*)
% calculate the irradiance based on the distances
light_intensity=(-0.0021*(distance(:,2).2))+(0.017 9.*distance(:,2))+6.8674; (*)
%eliminate any negative values of irradiance
neg=find(light_intensity<0);
light_intensity(neg)=zeros(size(neg));

%place irradiance values into the output array (pre -allocated)
irr_array(:,location)=light_intensity;

end

% calculate the sum of the different irradiance val ues

X = sum(irr_array,2); (-)

% Reshape the sum of the irradiance values in order to view them

y = reshape(x,grid_size,grid_size);

% show the amount of LEDS present
loop_number

% Show the irradiance plot

subplot(1,2,1);image(y); colormap(hot); title( ‘Irradiance plot' )

% plot the places of the LEDs

subplot(1,2,2); plot(led_locations(:,1),led_locatio ns(:,2), ), title( 'LED positions' );
% show diversity

diversity

make_list.m

function list_of_numbers=make_list(square_size);

%input a number, the length of a side of a square, and this function returns a list of

numbers whose length matches the
%number of cells in the grid

list_of _numbers=1:square_size"2;
list_of_numbers=list_of numbers’;
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index_vec.m

function distance = index_vec(list, grid_size, ref_points);

% inputs: list - a list of numbers of a length equa

% inputs: grid_size the length of a side of the gri

% inputs: ref_points the points from which the ligh

% next: make an array of vectors for each cell in t

% first column contains the row elements - should b
vec_array(:,1)=list./grid_size;
vec_array(:,1)=ceil(vec_array(:,1));

vec_array(:,1) = vec_array(:,1)-1;
vec_array(:,1)=list-( grid_size.*vec_array(:,1));
%second column contains the column addresses should
vec_array(:,2)=list./grid_size;
vec_array(:,2)=ceil(vec_array(:,2));

% now calculate distance between each point referre
distance(:,1)=(((vec_array(:;,1)-ref_points(:,1))."2
ref_points(;,2)).”2)).~0.5;

distance=][list distance];

Diversity.m

% DIVERSITY.M Creates variables which can be called
ok, itis a subroutine of

% the irradiation calulations. These variables can
asses the variability

% First the column with the maximum values of irrad
cat=max(y);

% Next from this column the maximum value is chosen
cat=max(cat);

% Next the irradiance is divided by the maximal vla
maximum the output is called dog

dog=y./cat;

% lastly the fraction is converted into a percentag
variable is called z

z=100.*dog;

% The variable z needs to be plotted against someth

a list of 1 till grid size is

% made and shaped in one column in stead of in one
number=[1:grid_size];

number=number’;

| to the number of cells in a grid
d

t gradient will be calculated

he grid this is vec_array
elike1234etc

belike1111

d to in vec_array and ref_point
)+((vec_array(:,2)-

upon to check if everything is still
be used to plot a line function to
iance is chosen and named cat
and again named cat

ue in order to get a fraction of the

e by multiplying with 100, this

ing, and this will be the grid size so

row, this variable is called number.
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Appendix H: Analysis of variance Matlab scripts

Abbreviations: mat: matlab scripts, mea: measureth LLED array.

Variate: light_intensity

Source of variation  d.f. S.S. m.s.

treatment 1 448.8 44838
Residual 240 81501.7 339.6
Total 241 81950.5

*xxxx Tables of means *****
Grand mean 45.4

treatment mat mea
44.1 46.8

*** | east significant differences of means (5% leve

Table treatment
rep. 121
d.f. 240
l.s.d. 4.67

v.r. Fopr.
1.32 0.251
I) *kk
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