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PREFAE

Almost half a year ago | started my thesis research at the Centre for Crop Systems Analysis. In this
KFfF @SFENJL KFER GKS 2L NIdzyAde G2 RAAO2OSNI gKI
experienced many different fats of a research myself. Such as working with a model onvwemol

competition setting up and conducting an experiment, analysing results and writing a report. Like

everything in life, some parts of my thesis were easier and more fun than other parisgDuy

thesisworkL RA&02@3SNBR 2y 0S 3FAYy GKIG LQY Y2NB | LINI
important reason why | liked the experimental part of my thesis most. Throughout the thesis it

became clear that a lot of things | learned durihg tifferent courses came applicable in my thesis.

This makes, in my opinipthat the thesis is a good ending of thimiversitylJS NA 2 R® LaQY & dzNB

lot of things| learned during my thesis will be useful in my future career.

This nice experience wanly possible due to the help and support of many people. First of
all I want to thank my supervisors Lammert Bastiaans and Aad van Ast, for their support, useful
feedback and giving me thrapportunity to work on this topicl also want to thank the stabf
Unifarmfor their helpfulress and useful recommendations oy experiment. Finally | would like to
thank my friends for answering questions, helping me with harvesting and retimggh my drafts.

Thank you

Rob Derks
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SUMMARY

In weed population models, competitias preferably taken into account in a simple descriptive way.
Most models only describe the negative impact of one weed species on ddeigiron of a crop. In
reality, several weed species will simultaneously expose their negative impact on crop production.
Spitters published a paper in 1982pitters 1982where he referred to this phenomenon. In this
paper, Spitters describes a model which is basethe relatiorshipbetweenplant density and
biomass. In this model, intrspecific competition is represented by the product of an irgpecific
competition coefficient and the density of the species. Spitters showed that the impact of
competition from a second species can be easily included as the product of aspetefic

competition coefficient and the density of that particular species. Inghperhe suggests that in

this way the model could be easily extended for numerous species. In a three species competition
situation there may be a threspeciednteraction, enabling serious changes in the competitive
relationship. Question was, whether Spigde2 SljdzZ- A2y GF1Sa GKAa Ayd2 O
experimental evidence is needeBefore investigating this thregspeciednteraction, it has to be

known with which precision the competition coefficients can be estimated based on experimenta

data andhow to set up such aompetition experiment.

The aim of this study was to find out which factors influence the estimation of Sgkters
competition parameters and to provide useful recommendations on theupatf experiments
designed to study threspeciesinteractions. Therefore in this study the effect of density range and
step-size within a density range on the value and precision of Silterapetition parameters was
investigated An ideal seup in a plant competition experiment would be that tterget pots are
surrounded by guard pots with the same plant density. But this is simply impossible due to
limitations of space. Therefortéhe use of wired pot fences wasvestigated to study whethguot

fence is a good alternative to mimic the ideadm situation.

Data generated with the mechanistic model for interplant comgaemni INTERCONKropff
andvanlLaarl993 were used to study the effect of varying density ranges, density steps and the
addition of a second crop on the value and precision of Spferspetition parametergb, ;and
by o). Varying plant density steps had a negligible effectonth&@ &st G A2y 2F { LA GGISNAQ
GKSNBI & LXFyld RSyaArde NIy3aS KIR Fy Sy2N¥2dza STTFS
parameters. Different plant density ranges resulted in different parameter estimates. Simulated data
almost fitted perfectly ink S LJX I yi RSy aAdGe NIy3IS GKFG 6+ & dzaSR

parameters. Outside the range, the fitted data underestimated the simulated data. Adding a fixed
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plant density of sugar beet plants to a meoolture of sugar beetBeta vulgaris ).ii 2 ONB -G0S | W
Odzf G dzNBQQ> NBadzZ 6§SR Ay (GKS alFyS STFSOO la sl a ¥2
estimated parameter values for, pdecreased with more plants added to the meowlture, whereas

the estimated parameter tyincreased. Thisffect could be due to differences in competitive

pressure that plants experience, caused by different plant density ranges. Creating equal

competitiveness in monand mixedcultures was done by only including those observations where

individual plant wight of the main plant species fell within a specified range. Testing this

methodology resulted in exactly the same parameter values feaibd b o when a fixed number of

sugar beet plants was added to a density range of sugar beet plants. When auirbér of

Chenopodium alburplants was added to the moneulture of sugar beet, the estimated parameter

value h ;was almost not influenced when the entire data range was taken into account. With a

limited data set, through which equal competitiveness wesated for mono and mixed culture

there was a difference in the estimated jvalue. This could indicate that the effect of increased

competition due to higher plant densities in the ralture, cancelled out against the direct

influence ofChenopodim albumon the intraspecific parameter fy of sugar beet. This would imply

that the ability of a plant species to compete with individuals of the same species is affected by the
presence of a second species, indicating that the model of Spitters iseesiraplification. This

aspect clearly deserves further attention.

Besides the INTERCOM simulations, two pot experiments were executed, one with bean
(Vicafaba L) and one with winter wheafT{riticum aestivum Lwith pot fence as the most important
factor (ideal situation with guard pots, pot fence and no fence). Only for bean plants grown with a
plant density of 1 plant/pot, fence type had a significant influeandotal plant dry weight
However, for the plant density series of winter wheat, theresvaasignificant difference in total dry
weight between the fenced and nefienced pots. Plants grown without a pot fence had a
significantly higher total dry weight. Based on the experimental data from the plant density series,
Spitter<parameters were edinated. For both crops the estimates of Spit@arameteswere
more precise when plants were grown with a pot fence. There was also less variation in the
estimated parameter values for plegrown with a pot fence when estimates were based on fewer

data points.

Based on this study it is concluded that it is extremely important to use a broad plant density
range for a proper estimation of the yield density response curve. To exclude the effect of unequal
competitive pressure caused by different plal@nsity ranges, it is recommended to compare mono

and mixed stands in an additive series in a situation where the competitive pressure on the main

Vi



plant species is similar. Finally, the use of pot fences seems a good alternative to mimic the use of

guardLi2 & FyYR (G2 26GFAY Y2NB LINBOAaS LI NI YSGSNI Sai
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1.INTRODUCTION

Competition between plants is an interesting phenomenon, which has been widely studied. In crop
weed interaction studies most interest is in the yiedlucing effect of weeds on crop production.
Determining the competitive relations between crop and weed quantifying the extent of yield
reduction are important elements. It has been shown that the loss in crop yield caused by a single
weed species is well described by a simple rectangular hypef@olasens 1985This descriptive

model is still widely used and referred to in recent studies: @.gusefi et al. 20)2(Far et al. 20111
and(Saral et al. 201).The models typically describes the negative impact of one weed specie

the production of a crop.

In reality, several weed species wilinultaneously expostheir negative impact on crop
production. Spitters refeed to this in his pblication of 1984 Spitters 1982 Spitters published a
simple model based on the relatishipbetweenplant density and biomastn this model, intra
specific competibn between plants of the same species is represented by the product of an intra
specific competition coefficient and the density of the species. In this article, Spitters showed that
the impact of competition from a second species can be easily inclusldtegoroduct of an inter
specific competition coefficient and the density of that particular species. Furthermore, Spitters

suggested that in this way the model could be easily extended for numerous species.

In weed population models, competition byceop, or others weed species, is preferably
taken into account in a simple descriptive way. The model described by Spitters is ideally suited for
this purpose. Question is, whether it is an accurate model. In a three species competition situation
there maybe interaction, enabling serious changes in the competitive relationship between species
A and species B, due to the presence of species C. The question is whether the proposed model by
Spitters takes this into account. One possibility is that the madstill valid, but with modified
competition coefficients or, alternativelan explicit interaction component should be included.
Therefore, the validity of Spitte€@odel for three species situations should be experimentally

determined.

This study sbuld be regarded as a pitudy. Before a threspeciednteraction is
investigated experimentally, it has to be known with which precision the competition coefficients can

be estimated. When the standard error of parameter estimates become too largecaintes very



RAFFAOMZA G G2 NB&az2t @S SELISNAYSyidlfte oKSGEKSNI { LA
three-speciegnteraction. Therefore, in this study it is investigated with which precision the

competitive coefficients of Spittefinodel can be determined. For this purpose, date sets generated

with both a mechanistic model for crepeed competition, as well as a simple density experiment

with beans and wheat were used.

The aim of this study was to find out whether the proposeddel®mf Spitters provides a solid
basis for the analysis of competitive relations in crops with more than one dominant weed species.
The aim of this prestudy is to investigate which factors influence the estimation of the competition
parameters and to prade useful recommendations on the sep of experiments designed to study
three-speciednteractions. Therefore the focus in this study will be on the competitive relations

within a plant stand consisting of single species. The two main points addredbézistudy are:

- What is the effect of density range and stsize within a density range on the value and

precision of Spitterf@ompetition parameters?

To achieve this, thtNTERCOM mod@ropff andvanLaar 1993for interplant
competitionwas used to generate a number of data sets on accumulated biomass
for a widerange of plant densities. These data setxe then used to estimate the
variousparameters of Spitte@quation, to unravel how various factors

influence the outcomes.

- Can pot fences minimize the errors that arise from a-gptimal setup of potexperiments

on plant competition?

Ideally, pots in a competition experiment should be surrounded by guard pots with
the same plant density. In practise this will be simply impossible due to limitations of
space. Is a pot fence that forces plants to stay within the boundaries set by

the siz of the pot able to minimize the error that will be created by this-epbmal
experimental seup. In a plant density experiment conducted in a glasshouse the

influence of adding a fence to the pots was studied.



2. SPITTERERIODEL

(Spitters 1982used the relation crop yield and crop plant density as a starting point for quantifying
the competitive relations in monoultures. In monecultures, there is intrespecific competition:
competition between plants of the same species. Spitters used the following hyperbola to relate yield

to plant density:

Y1 =N/ (by0+by IN) [1]

In which Y= crop yield or biomass (gfn N, = plant density (#/rf) and b gand b ; are
parameters. Parameter;Qis the reciprocal of the virtual biomass of an isolated plant. The value
1/b, o represents the initial slope of the hyperbola (Figure 1). At low plant density yield increases
almost proportional when plantare added. This proportional increase holds only at low plant
densities, when plant density is sufficiently low to avoid competition among plants. When plant
density increases the curve levels off, indicating that plants are competing with each othgenAt e
higher densities, yield becomes indegiemt of plant density and it iesource availability that limits
yield. Parameter , is the reciprocal of the maximum yield per unit area and the valie,1hus

represents the asymptote of the relation betee Y and N.

——————> Yield (Y,)

1/bye

———> Density (N,)

Figurel. Yield of plant biomass per unit area as function of plant density.
Equation 1 can be used to obtain the relation between plant density and individual plant size

(W; g plant®):

W;=Y/N; = 1/(byotbriNy) [2]



When the inverse of this value (1A\\plants/g) is taken, a linear equation evolves:

1/W1 =Dy gtby 1Ny [3]

This is often considered a useful representation, as simple linear regression can be used to
obtain estimates fob; pandb; ;. Figure2 shows the reciprocal of individual plant weight against
plant density, based on the same dataused inFigure 1. From thiBigure it can be seen that the
intercept b o is the reciprocal of the virtual biomass of an isolatechplahe slope b, shows how
1/W; increases and hendbe perplant weight W decreases with any plant added to the
population. The ratio b/b, o express this increase of 1Akelative to its value without competition.

Therefore this ratio may be used as a measure for igpecific competitive stredSpitters 1982

——> 1/W, (plant/g)

bl.D

» Density (N,)

Figure2: The reciprocal of individual plant weight against plant density.

As mentioned before, crop plants not only compete with plants of the same species but also
with weed species or with other plant species. This form of competition is referred to aspeeific
competition. FronHgure2 and from equatiorB it can beseen that adding one plant of the same
species affects 1/\\Madditively.Spitters considered it plausibthat adding an individual of a second
weed plant specigwould also affects 1/Wadditively. Therefore equation 3 was extended in the

following way:

W1 =Dy gtby 1N+ N, [4]



The first subscript of the regression coefficients represents the species which biomass is

considered. b, is the parameter for intespecific competition. Equation 4 is rewritten in equation 5

Y12= N/ (b10+by 1N+ oNp) [5]

With this equation yield ofrop Y can be calculatedhen this crop has also to deal with
inter-specific competition from species 2. In this way Spitters separates andhinterspecific

competition mathematically.

Spittersestimated the different competition effecténtra- and interspecific) based on
addition series. He found data that meet the assumption of additivity: the influence of a fixed
number of species 2 on 1A\f species 1 remained equal of size, independdrihe number of
plants of species 1. This is illustrated by the parallel lines in Figuee8u®e of the parallel lines, this
substitution holds independent of the relative frequencies of the species and independent of total
population densityln recentstudies Spitter€modelis still frequentlyused to study compdive
effectsbetween two plant specieEcharte et al. 201 Edalat et al. 20L;INeumann et al. 2008nd
(Ryan et al. 2009

— | cpecies 2 =X

| cnecies 2 =0

—> 1/W, species 1 (plant/g)

——> Density of species 1 (N,)

Figure 3. The influence of the addition of a fixed number of individuals of species 2 (x
1/W; of species 1 remains equal in size, independent of the plant number of species 1



In his article(Spitters 1982 Spitters mentioned that equation 4 could be easily expanded to
cover mixtures of more than two species. Expanding this equation doulshstance be useful for
describing the yield of a crop when it has to compete with two different weed species. In equation 6
such an expansion is illustrated. In this equation number 1 denotes the crop speciesakahd are
the different weed speciesAdding this third weed spea#o the mixture could have an influence on
the competitive effect of weed species 2 on the crop. The consequence might be that due to the
introduction of a third species the competition index.lwill change. If the actudvel of change
depends on the density of species 3, the implication might be that an interaction term needs to be

included.

Y123= N/ (D10 +b1 1IN+ 2N 4D 5N5) [6]



3. MATERIAL AND METHODS

In the first part of theproject an attempt was made to determine the accuracy and precision with
which SpitterSparameters can be estimated from experiments. This would translate in factors that
need to be considered when setting up and conducting experiments on interplant ¢ibiope
Obviouslyit is of importance whether any deviation in competition parameter represents a real
change or is just a derivative (or artefact) of the experimentalgetn the first part of this chapter
the INTERCOM model is discussed. This moalelused to generate various datats representing
density experiments with one, two or three plant species. These-sletta were then used to

estimate the various parameters of the Spitt@sguation. In the final section the details of the pot

experimentare presented.

3.1 INTERCOM simulations

The INTERCOM model (Kropff aad ‘taar, 1993) for interplant competition was used for generating
data-sets. Generated datsets consistedut of plant density (N; plant/@ and simulated biomass
(kg/ha) for each plant density. The model parameterized for sugar beet in competition with
Chenopodium alburh.was used. A second imaginary weed species was created by copying the
parameters ofChenopodium alburand adapting the Maes for he leaf extinction coefficienffrom

0.69 © 0.90)and the value for per plant leaf area at emergence (ffads to 0.25).

Mix-culture simulations were made when plant species were grown in competition with itself
or with other plant speciedVhen the plant species has to compete with itself, the concerning
parameter values of the plant species was copied into INTERCOM. This resulted in a new individual

growth model in INTERCOM, with exactly the same plant characteristics.

3.1.1 Background imrmation INTERCOM

The model INTERCOM is programmed in FST (Fortran Simulation Trafistatdingen et al. 2003
A detaileddescription of the INTERCOM model can be found in the book Modelling@zegd
Interactions by MJ. Kropff and H.H. van LgKropff andvanLaar 199}

INTERCOM is an ecophysiological model for-areed competition. The model consists of a
set of individual growth models (one for each competing species), that calculate the daily rate of
growth and development fospecies based on environmental conditions (Figure 4). The growth

models are expanded to account for the simultaneous absorption of available resources (light and

7



water) by the different species in mixed vegetation. Under favourable conditions, ligle mam

factor determining the growth rate of the crop and its associated weeds. In INTERCOM, the quantity
of photosynthetically active radiation absorbed in mixed canopies by each species is a function of the
amount and vertical distribution of photosynttie area within the canopy, and the light extinction
coefficient of the specie@Bastiaans 2009 The model generates data based on real weather data. A
weather file of the year 1985 was uploaded in the INTERCOM model, the file soh#is following

daily data: global radiation, minimum and maximum temperature, vapour presstinel speed and

precipitation.

Competition
for light

L= capture S i
o~ ‘ T
Transpiration| .| Growth I Growth || Transpiration?|
Specles 1 Species 1 ; Species 2 Species 2/
i 1
I
} ! A
I | 1
i - I
1 Biomass |! Biomass i
F Specles 1 I Species 2 j
|
I H ] I
| t F =
| LAl 1 LAl :
: Species 1 Species 2 |
: i
|
1
! X_Rain | |
| i
i . I
I, — E- 7. 11 A —
molsture |
content

Evaporation

[oraimsse K] D

Figure 4. General structure of the egrhysiological model for interplant competition (INTERCOM),
dealing with competition for light and water (copied from the book Ecology and Management of

Weeds).
The competitive effes simulated by the model are primarily based on the interception of
light. Most important parameters that are relevant for the light interception in the INTERCOM model

are: plant density, leaf extinction coefficient and day of emergence.



3.1.2 Simulatns and data analysis

The growing period simulated with INTERCOM started on day 128 (May, 8) and finished on day 191

(July, 10). For all three plant spegib®mass was initially simulated with plant species growing in
mono-culture. Several reruns wereade with plant densities ranging from 0 to 40 plantéimith

accrued steps of 0.1. For each plant density, the total simulated biomass of a plant stand (kg/ha) was
converted in individual plant biomass (W; g/plant), which in turn was converted in thesipéant

weight (1/W: plant/g). Datssets consisting of plant number (N; planfrand 1/W were used to
SAGAYFGS GKS LI NI YS{SNE -caiftire fedutionB,kEim@ter§hpnttt G A 2y F2
b, ;).To find out how sensitive these estimate® to the steps in plant density and the plant density

range, sukdata sets were created based on the original dse#s.

In the first analysis, the plant density range was fixed from 0 to 40 plaftid plant
densitystepswere varied with accrued steps:df.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.0 and 4.0 plantsior
eachsulRI G &aS3G GKS LI NIYSGSNBR 2F GKS {LARGGSNEQ Sl|d

Additionally, plant density ranges were varied in two different ways, whereas the density
step was fixed at 0.5 plant/mFirst the plant density range started at 0 plantsfand was gradually
extended to 10, 15, 20, 25, 30, 35, 40 pIant%/FFhe second way was the opposite and the highest
plant density was fixed at 40 plantsfnwhereas the lowest plant density wgsadually increased
from 0 to 5, 10, ... to 30 plants/m

For all three plant speciebiomass was also simulated when plant species were grown in
mix-cultures. Several reruns were made with plant densities of the rayop ranging from 0 to 40
plants/n? (accrued steps of 0.5), with added to this fixed range 5, 10, or 15 plahté/either the
same plant species or anothéfor every specific mixture simulation, the data was processed as

described in the first paragraph of this section.

For theanalysis of these migultures, the competitiveness for the morwmilture and mix
culture was set equal based on the inverse plant weight (1/W) for the plant species grown in the
mono-culture. This was done through restricting the inverse plant weight (18/n upper and a
lower limit. The upper limit was based on the highest inverse plamghtg1/W) for plants grown in
mono-culture. The lower limit was based on the lowest value for inverse plant weight in the mixture.

Per limit, the corresponding plaxiensity was recorded. For each limit value (1/W), the same value in



either mix or mono-culture wassearch forand the corresponding plant density was noted. Setting

up those limits resulted in different plant densities ranges for the mamal mixculture.

The Excel function LINEST is used to perform linear regression. It calculates the statistics for a
line by using the least squares method to calculate a straight line that best fits the collected data, and
then returns ararray that describes the lin&. y 2 gy & Q adathldbtheNi&an8eyitivariable,

YR 1y26y EQafonblind ihdepeidenRiariables.Based on plant numbex(s)
and the corresponding inverse plant weighiayis), LINEST estimates parameter valygsibd b ;

for every subdata set. For each parameter value the best estimate, standard error andsRgiven.

The Rvalue was used as a first estimation of thecuracyof the fit. With the LINEST
estimated parameter values, the inverse plant weight (1/W; plani/g$ calculated (equation 3) for
every subdata set. A linear regression line was drawn based on these calculated inverse plant
weights. In the same Figure the INTERCOM modelled inverse plant weight was shown to check
whether the INTERCOM data points wemartogenously distributed around the linear regression
line. This was used as a second estimation oftmiracyof the fit. Afterwards, the LINEST
estimated parameter values were compared for the different-gdala sets to see if there was
variation. Wherthere was variation, the values were examined whether there was a correlation.

Finally the standard error was checked to estimate dleuracyof the fit.

3.2 Glasshouse experiment

Two pot experiments were carried out, one with meadltures of faba beafVica fabal.) and one

with mono-cultures of winter wheatTriticum aestivum ). In both experiments two factors were
included: pot fence (absence or presence) and density (faba bebhplants/pot, stepsize = 1;

winter wheat: 220 plants/pot; stepsize = 2). One objective of this study was to minimize the errors
that arise from a suoptimal setup on plant competition. An ideal set up in a plant competition
experiment would be that the target pots are surrounded by guard pots with the same plaritydens
This is impossible due to limitations of space. Therefore the factor pot fence was studied. The ideal
plant competition situationas described abovy&vas created in twdold, both for the highest and

the lowest plant density per crop. It should bensidered as an indegmdent part of the experiment.
This was done to compare the results from the-syitimal setup on plant competition with this

ideal plant competition situation.

10



3.2.1 Experimental design

Inthe experiments with faba bean awdnter wheat a split plot design with 5 blocks was used,
where blocks were used as replicates. Pot fencing was the-phairiactor with 2 levels, fence or no
fence. Position of the fenced and néenced pots in each block was randomly assigned. Witleéeeh
main plots, plant density was the sybot factor with 10 levels. Plant densities were randomly
assigned over the pots. Plant density leveldeanvaried from 1 to 10 plants per pot with accrued
steps of 1 plant. For winter wheat, plant density vdrfeom 2 to 20 plants per pot with accrued

steps of 2 plants.

The ideal plant competition situation was created only ineta for the highest and lowest
plant density of each crop. Evenyptieatecontained 3 rows, with 6 pots in a row. This mearsat th
every target pot was surrounded by eight guard pots. Plant densities were randomly assigned over

the target pots.

3.2.2 Growth conditions and plant material

The experimergwere conducted in a glasshousé Unifarm Serre (compartment 5.4) of

Wageninga University Temperature in the glasshouse w26°C during day time and 23°C during
night time.Black screens were used to create a day length of 12 h (5.Q@@t00h) throughout the
entire growing periodThe transition between day and nigand vice vesatook one hour. Additional
illuminationwas performedoy 12 SONT Agro, 400 W, Philips lamps. Lamps automatically switched
on during day time whenhmtosyntheticallyactive radiation (PAR) outside thiaghouse dropped
below 910u E rfs™. Relative humidlity in theglas$iouseranged from 23% to 80% and weet at 70%
during day time and at 20% during night time. For a completevieerof the conditions in the

glas$iouse sedppendix I.

Plants were grown in 3 litre black plastic pots with an upper diamaf 19 centimetres. The
pots (weight 40 g) were each filled with 960 g potting soil. An analysis of the potting soil can be found
in Appendix Il. After filling, the pots were placed in the glasshouse and were watered and covered
with a plastic sheet. Tt was done to prevent evaporation and to ensure that the potting soll

remained moist.
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The crop variety used foficia fabawas 5 NRA S Y | |  Trificurd aestivuhtlysR ¥ 2 NJ
was/ I NBy A dza ® {SSRa ¢ SNB ad0IpJthésé&eBs obbdth drogsh I NI &

were placed in the glasshouse on wet paper towels in plastic containers to germinate.

On December 12012, the germinated seeds were planted in pots at a depth of £ 2.0 cm for
bean and + 0.5 cm for winter wheat. For every specific plant demsisrdboard mold was made.
The molds, with holes corresponding with the desired plant density, were madeibyndithe pot
area through the specific plant density to ensure that every plant had exactly the same space
available. In extra pots, reserve seeds were sown. After planting of thggrminated seeds, the

pots were covered with a transparent plastic sh& keep the soil sufficiently moist.

The plastic sheet was removed when the seedlings started to emerge. For winterthiseat
was at December 14, and for faba bean this was at December 16, 2012. The emerged seedlings were

counted. On December 18, missing seedlings were replaced by plants from the extra pots.

Pot fences were made of steel wire with a mesh with of 1.25 cmtal teeight of50 cm and
a diameter of 19.4m. The fences were placedB below the pot rim, therefore the net fence
height was 4%m.On December 13he fences were placed on top of the pots concerned.

Appendix Il the layout of the experiment and fther specifications can be found.

3.2.3 Crop maintenance and analysis

Pots were frequently watered and weed seedlings were pulled out directly after emergence. Pots
with a fence were frequently checked on leaves that were growing through the meshibis tase,

the leaf was put back within the fence.

On January 16, block I, 11, 1l and 1V with bean plants were harvested and on January 17, block
V and the ideal plant competition situation of the bean experiment was harvested. On January 21,
block land the ideal plant competition situation of the winter wheat was harvested, on January 22,

block II, 1ll, IV and on January 23, block V.
At harvesting, as a check, the number of plants per pot was counted. After this, the plants

were cut off close tohe soil surface and subsequently the leaves were removed from the stems.

Thenthe leaf areavas measured with a leaf area meter-@dr, model 3100). Plant material was

12



dried for 24 hours in an oven at 1@and weighed with a Sartorius scale (model CB2&}In

appendix IV the original experimental data can be found.

Based on pot size, total dry weight per pot was converted in total dry weight if Giotal
dry weight in g/ri was converted in individual plant dry weight and subsequently in the inwrse
individual plant weight (1/W). The LINEST function in Excel was used to perform linear regression. It

calculates the statistics for a line by using the least squares method to calculate a straight line that

best fits the collected data, and then retwnarray that describes the lin&.y 2 g6y & Qa NB LINS & ¢

data d the dependentvAlA | 6 f ST | Yy R 1 gafadfgne Brnare indBpeiid@htvarighles.
Based on plant number (N, plantfmxaxis) and the corresponding inverse plant weight (1/W,

plant/g; y-axis), LINEST estimated parameter valugshbd b ;.

To find out how sensitive these estimates were to the number of data pointsgatabsets
were created based on the original degats. Based on these sulata sets, LINEST estimated
parameter \alues hyand b ;. The estimated parameters values from both pot experiments were
checked to see whether fencing had an impact on the parameter values and on the precision with

which these values werestimated.

For the three fencing types (ideal sitiemn with guard pos, pot fence and no pot fence) it
was determined whether pot fence had an effect on total plant dry weight (g/m?), because the
objective of both experiments was to find out if pot fences can minimize the errors that arise from a
sub-optimal setup of potexperiments on plant competition. Therefore, the data was analysed with

ANOVA (SphPlot Design) using GenStat™é&dition.
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4. RESULTS

In the first part of this chapter the results obtained with the INTERCOM model are discugsbed. In

final section the results of both pot experiments are presented.

4.1 Intercom simulations

In this section the results from the INTERCOM simulations are discussed. The results presented in this
section are the simulations done for sugar beet, becaisrilations withChenopodium alburand

an imaginary weedpecies gave similar resulta.the first subsection, Spitters' equation is fitted to

simulation outcomes of the INTERCOM model. Next, the effect of different plant density steps and
plantdensityNI y3Sa 2y (GKS @FfdzS FyR LINBOA&AAZ2Y 2F GKS S
was studied. Ithe final part of this section, the effect of adding a fixed numdiigplants of either

the same, or another plant species, on the value and precisioneaéstimated Spittei@arameters

was studied

4.1.1 INTERCOM model fit

The relation between plant density and simulated total dry weight for sugar beet is shown in Figure

p® ¢KS&aS aAvydzZ I 6SR RIGF $SNB dzaSRquatien[1FaidAYlFdS (K
Regression analysis resulted in a good fit, reflected in low standard errors for both parameters and a

high R (>0.99) (Table 1). Comparison of simulated data and the obtained fit showed the close

resemblance between simulated and fitted dabut also revealed that the error term was not

homogeneously distributed with plant density. At low and high plant densftidsIA G § SNR Q S|j dzI G A
underestimated the sugar beet yield, and for plant densities ranging from 7 to 30 plénSpitter

equation overestimated the simulated dry weight (Figure 6).

Table 1Values and standard error (SE) of Spitesameters b, and b pobtained through regression analysi
on simulated sugar beet dry weight. In the simulations plant density ranged frord@ pdants/n‘f with
accrued steps of 0.1.

bl,ll SE bl,o” SE

0.00104 1.86206 0.00304 431E05

' Parametereflecting the inverse of maximum dry Weigmnzlg)
"Parameter reflecting the inverse of maximum individual plant dry wefiglant/g)
Rwas > 0.99
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4.1.2 Plant densitysteps

Based on the datgaet ranging from 0 to 40 plants/m2 (accrued steps of 0.1 plants/m?2), substa

were made for varying plant density steps. This was done to determine the effect of fewer data

points on the estimation of the two parameters ofASA & SNE Q Slj dz ( A 2 y'specificKk S @I f dz
competition, parameteb, ; hardlychangel with an increase in plant density step size, whereas the

value of parameter fy gradually decreased from 0.00304 (steige 0.1) to 0.00232 (stegize 4.0)

(Table2). With increasing plant density steps, and thus fewer data points, the standard erfooth
parametersincreasedFor all plant density steps, regression analysis resulted in a good fit, reflected

by the low standard errors for both parameters anBavalue that always exceeded 0.99 (Table 2).

Table 2 Values and standard error (SE) of Spitt®arameters h; and b pobtained through regression
analysis on simulated sugar beet dry weight for different plant density steps. In the simulatiohs gxeity
ranged from O to 40 plants/fn

Plant densitysteps Parameterestimates
(plantdm?)
bl,lI SE bl,o“ SE

0.1 0.00104 1.86506 0.00304 431E05
02 0.00104 2.77T06 0.00801 6.41E-05
04 0.00104 4.27E06 0.097 9.89E05
1.0 0.00105 8.11E06 0.00285 1.88E04
2.0 0.00105 1.38E05 0.00266 3.22E04
4.0 0.00106 2.36E05 0.00232 5.58E04

' Parameterreflecting the inverse of maximum dry weigfm/g)
"Parameter reflecting the inverse of maximum individual plantwiejght (plant/g)
Rwas > 0.99

Comparison of the original simulated data and the best fits based on density steps 0.1, 1.0
and 4.0 plant/m2 showed the close resemblance between simulated and fitted data (Figure 7). These
different density steps wereelected because they gave a good reflection of the ranges that were
used. Again, it revealed that the error terms for the various plant density steps were not
homogeneously distributed with plant density (Figu)eThe smallest plant density step (0.1
plant/m?2), had the highest underestimation at low plant densities (up to 6 plants/m2). The highest
plant density step (4.0 plants/m®verestimatel total dry weight in the range from 4 to 30
plants/m2. The intermediate plant density step (1.0 plant/m?2), iael highest underestimation at

high plant densities (30 to 40 plants/m?) (Figure 8).
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4.1.3 Plant density range

Based on the dataet ranging from 0 to 40 plants/m2 (@ied steps of 0.1 plants/m3ub datasets

were made for varying plant density ranges. Plant density ranges were varied in two different ways.

First plant density range started at O plants/m2 and was gradually extended from 10 to 40 plants/mz.

The second way was the opposite and thghest plant density was fixed at 40 plants/m2 and was

gradually extended from 30 to O plants/m2. This was done to determine the effect of the length of

GKS LI IFyd RSyaAaide NIry3aS 2y (GKS SadAYlFdiAzy 2F (KS

When the dengy range was gradually extended from 10 to 40 plants/m?, the value for-intra
specific competition parameter;h decreased from 0.00120 (range 0 to 10) to 0.00104 (range O to
40) with an increasing value for parametapfrom 0.00189 to 0.00304, respeaetly (Table 3) When
plant density range was extendéy increasindow plant densities, the opposite effect was found.
Parameter b,increased from 0.00097 (range 30 to 40) to 0.00104 (range 0 to 40),amokcreased
from 0.00511 to 0.00304 respectilye For all plant density ranges, regression analysis resulted in a
good fit, reflected by the low standard errors for both parameters and a R2 valualthays
exceeded 0.99 (Table 3).

Table 3Values and standard error (SE) of Spitt®arameters b, and h pobtained through regression analysis on
simulated sugar beet dry weight for different plant density ranges, with accrued steps of 0.1 plants/m?2 within eacl
range.

Plant density range Parameterestimates
from 0.0 to
by SE bio" SE

10.0 0.00120 7.87E06 0.00189 4.55R05
150 0.00115 4.68E06 0.00212 4.06E05
20.0 0.00111 3.44E06 0.00232 3.9805
25.0 0.00109 2.78E06 0.00251 4.02E05
30.0 0.00107 2.37E06 0.00269 4.10&05
35.0 0.00105 2.0806 0.00287 4.20E05
40.0 0.00104 1.86206 0.00304 4.31E05

Plant density range

from .. to 40.0

30.0 0.00097 3.15=07 0.00511 1.11E05
25.0 0.00098 4.23F&07 0.00487 1.39505
20.0 0.00099 5.44507 0.00461 1.66505
15.0 0.00099 6.91E07 0.00433 1.96505
10.0 0.00100 8.47E07 0.00400 2.34E05
5.0 0.00102 1.17506 0.00361 2.90505
0.0 0.00104 1.865-06 0.00304 4.31E05

' Parameterreflecting the inverse of maximum dry weigfmh/g)
"Parameter reflecting the inverse ofaximum individual plant dry weight (plant/g)
Rwas > 0.99
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The relation between plant density and simulated total dry weight for sugar beet is shown in
CAIdzNE o ¢KS LI IFyd RSyaArde NIy3aS 2y gKAQ@K GKS
an enormous influence on the predicted sugar beet dry weight. Comparison of the original simulated
dataand the besfits based on plant density ranged®10 and 30 to 40 plants/m2 showed that the
obtained fits, fitted the original simulated data almgsrfect in the plat density range that was
usedi 2 SadGAYFGS GKS G2 LINIYSGSNE 2F {LAGGSNRERQ S|
used for parameter estimation, the original simulated data were underestimated, resulting in an

error term thatwas not homogeneously distributed with plant density (Figure 10).
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Figure 9. The relation between plant density and sugar beet dry weight. Dots represent the simulation
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values obtained after regressiomnalysison the simulated data for the various plant density ranges.
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4.1.4 Mixculture

Based on Figure 9 it is evident that plant density range has an influence on the parameter estimates
2T {LAGGSNEQ S| dzbditatthé dcompekiige pe&lreaitiBayplanfsieoirience
influences the competition parameters. Obviously, plants grown in a plant density range from O to 10
plants/m2 encounter a lower competitive pressure than plants grown in a plant density range from

30 to 40 plants/mz2. If an effect of competitive pressure really exists, it will obstruct a fair comparison
of competition parameters in an additive series competition experiment, where the addition of a
second species will always result in an increased ebitiye pressure compared to the mono

culture. One possible way of excluding such an effect is to compare-cuwnoes and additive

series in a density range where the competitive pressure on the main plant species was similar. This
can be easily reachdal only including those observations were individual plant weight of the main

plant species falls within a specified range.

First the effect of adding a fixed number of sugar beet plants (5, 10 or 15 plants/m?) to the
mono-culture of sugar beetonthe@sh YI G A2y 2F GKS (62 LI NI YSGSNA
investigated. Afterwards the estimations were repeated in a plant density range where the individual

plant weight of the main plant species were identical.

When 15 sugar beet plants were addedatplant density range, the value of the intra
specific competition parametds, ; decreased from 0.00104 (mortulture) to 0.00097 (Table 4).
This is a similar trend as was found in Table 3 when the plant density range was increased. This is
logical, becase adding plants of the same species to a moualbure is in fact comparable to
increasing the plant density range. With increasing plant density ranges (more plants added to the
mono-culture), and thus more data points, the standard error for both pararetiecreased. For
the mono and mixcultures, regression analysis resulted in a good fit, reflected by the low standard

errors for both parameters and a R2 value that always exceeded 0.99 (Table 4).

Since the number of added plants,J\Was kept constat, it was impossible to directly obtain
estimates for hpand b ,. Through linear regressi@n estimate fothe termb, o+ b ;*N, was
obtained Since the same plant species was added the value a¥ds equal to b;, and based on
this parameter B o was calculated With an increase in number of plants added to the pldensity
range parameter hogradually mcreased from 0.00310 (morzulture) to 0.0049Emix-culture, 15
plants added) (Table)4This wasa similar trend as found in Table 3 where plant density range was

increased.
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Table4.Values and standard error (SE) of Spitleesameters b ;and b gobtained through regression analysis ol
simulated sugar beet dry weighin mono-culture and in mixculture with itself. In the simulations plant density o
the main plants species ranged from 0.5 to 40 plantsiith accrued steps of 0.5.

Cropping system Parameterestimates

bl,ll SE b1o+ b N, ! SE bl,oIII
Mono-culture 0.00104 3.85E06 0.00310 8.97E05 0.00310
Mix-culture (5) 0.00101 2.48E06 0.00884 5.77E05 0.00379
Mix-culture (10) 0.00099 1.8606 0.01424 4.34E05 0.00434
Mix-culture (15) 0.00097 1.50E06 0.01945 3.49E05 0.00490

' Parameterreflecting the inverse of maximum dry weigm/g)

"Term including parameters referring to a situation without insg@ecific competition and with intespecific
competition.

""Parameter reflecting the inverse of maximum individual plant dry weigangfg) (calculated)

Numbers between brackets are the numbef sugar beet plants/m2 added

R was in all cases > 0.99

Creating equal competitiveness in a raidture was done by restricting the inverse plant
weight (1/W) to a maximum and a minimwalue. The upper limit was based on the highest inverse
plant weight (1/W) for plants grown in morzulture. The lower limit was based on the lowest value
for the inverse plant weight in the mixture. In Figure 11 the horizontal dotted lines represent the

upper and the lower limits. This resulted in different plant densities ranges for the rooltare and

mixOdzt G dz2NBE® . I aSR 2y (KS NBaLSOuUAGS LXFyd RSyarulue

were estimated (Table 5). For parametgn the estimated parameteralue for mone and mix

culture was identical.

For parameter hthe values, calculated in a similar way as described above, were almost
similar.When the density range was gradually decreased per rornix-culture combinationthe
value for intraspecific competition parameter;h decreased from 0.00102 (monand mixculture
with 5 plants) to 0.00099 (mor@nd mixculture with 15 plants) with an increasing value for
parameter h ofrom 0.00364 to 0.00435, respectively. Withcreasing plant density ranges, the
standard error for both parameters decreased. For all plant density ranges, regression analysis
resulted in a good fit, reflected by the low standard errors for both parameters and a R2 value that

always exceeded 0.99 éble 5).
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Table5. Values and standard error (SE) of Spitfesameters b and b gobtained through regression analysis on
simulated sugar beet dry weight in moswolture and in mixculture with itself. In the simulationglant density rage

wasspecific for each monbmix-culture combination with accrued steps of 0.5 plants/mz2.

Cropping system Plant densityrange (plantémz) Parameterestimates

by
Mono-culture 5.540.0 0.00102
Mix-culture (5 0.535.0 0.00102
Mono-culture 10.5-40.0 0.00100
Mix-culture (L0) 0.5-30.0 0.00100
Mono-culture 15.540.0 0.00099
Mix-culture (15) 0.525.0 0.00099

SE
2.60E06
2.60E06

1.97606
1.97=06

1.55E06
1.55E06

bio+ by o NzII
0.00364
0.00872

0.00400
0.01406

0.00435
0.01924

SE
6.48E05
5.31E05

5.36E05
3.46E05

4.43E05
2.27E05

by "
0.00364
0.00362

0.00400
0.00406

0.00435
0.00439

"Parameterreflecting the inverse of maximum dry weigm/g)

"Term including parameters referring to a situation withdntra-specific competition and with intespecific

competition.
n

Parameter reflecting the inverse of maximum individual plant dry weight (platt&dgulated)

Numbers between brackets are the number of sugar beet plants/m2 added

R was in all cases®:99
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Figurell. The relation between plant density and invereésugar beet plant dry weightl(W).

Different lines representhe simulation outcomes of the INTERCOM model. The addition of a fixed
number of sugar beet plants on 1/W of sugar beet grown in mendture remains equal in size,
independent of the number of sugar beet plants in menalture. The dotted lines ar the limits for

analysing theequal competitiveness based on inverse plant weight (1/W).
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The previous analysis suggests that comparing nauitires and miscultures for density
ranges that represent a similar competitive strga®vides a better basis for agparing the intra
specific competition parameter of the main plant species. This anghsigeve, was based when
the same plant species was added to the first species. To investigate whether this effect was also
found when a fixed density of another plarspecies was added to the mowalture, 5 and 10 plants
of Chenopodium albuwere added to a density range of sugar beet plants. Adding 15 plants of
Chenopodium alburoreated aoo highcompetitive stress and did not allow for comparing meno

and mixcultures, due to the absence of an overlapping density range (Figure 12).

When the entire density range was considered, the value of the-gpieific competition
parameterb, ; did almost not change whe@henopodium alburplants were added to the density
range of sugar beet. For the morand mixcultures, regression analysis resulted in a good fit,
reflected by the low standard errors for both parameters and a R2 value that always exceeded 0.99
(Table 6).

Table6. Value and standard error (SE) of Spit@arameter h ; obtained through regression analysis on
simulated sugar beet dry weight in mowaolture and in mixculture with Chenopodium albunin the
simulations plantensity for sugar beetanged from 0.5 to 4¢)Iants/m2 with accrued steps of 0.5.

Cropping system Parameterestimates

byy' SE by ot by N, SE
Mono-culture 0.00104 3.85E06 0.00310 8.97E05
Mix-culture (5%) 0.00105 4.60E06 0.01146 1.07E04
Mix-culture (10*) 0.00106 4.7806 0.01872 1.11E04

' Parametereflecting the inverse of maximum dry weighmzlg)

"Term including parameters referring to a situation without ing@ecific competition and with inter
specific competition.

Numbers between brackets are the numberGlienopodium alburplants/m2 added

R2 was in all cases > 0.99

Redoing the analysis on a restricted plant density range, that followed from the criteria used
to obtain data ranges with an equal competitive pressure, did now result in estimatesfiab
differed (Table 7). Per mormix-culture combination, differences between the estimated
parameter values fyincreased from 0.00007 to 0.00013, with an increas€henopodium album
plants added to the monaulture. The implication is that if the gposed procedure provides a fair
comparison, addin@henopodiunalbum plants to sugar beet plants directly influences the intra
specific competition among sugar beet plants. In the analysis based on the entire data set this effect

might be masked, as it @®@mpensated by the decrease injlthat was previously found when
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estimates were based on data ranges with a higher plant number (representing situations with an

increased competitive pressure).

Parameter value b, could not be resolved abe valuefor parameter k, could not be
estimated since Nwas kept constant~or all mone@mix-culture combination, regression analysis
resulted in a good fit, reflected by the low standard errors for both parameters and a R2 value that

always exceeded 0.99 (Tial7).

Table7. Value and standard error (SE) of Spit@arameter b ; obtained through regression analysis on simulated
sugar beet dry weight in moreulture and in mixculture with Chenopodium albumn the simulationsplant density
range wasspecific for each monémix-culture combination

Cropping system Plant densityrange (plantém®)  Parameterestimates

byq' SE biot+ b #*N;'  SE
Mono-culture 7.540.0 0.00101 2.31E06 0.00381 5.92E05
Mix-culture (5 0.531.0 0.00108 5.46E06 0.01110 9.88E05
Mono-culture 14.0-40.0 0.00100 1.66506 0.00426 4.66E05
Mix-culture (19 0.5-23.0 0.00113 6.33F&06 0.01798 8.55E05

' Parametereflecting the inverse of maximum dry weighmzlg)

"Term including parameters referring a situation without intraspecific competition and with intespecific
competition.

Numbers between brackets are the numberGlienopodium albumplants/m? added

R2 was in all cases > 0.99
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Figurel2. The relation between plant density and inverse sugar beet plant dry weight (1/W). Different
lines represent the simulation outcomes of the INTERC®O&tlel with the influence of theaddition of

a fixed number ofChenopodium albunplants on 1/W of sugar beegrown in moncculture. The dotted
linesrepresentthe limits for analysing thequal competitiveness based on inverse plant weight (3/W
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4.2 Potexperiment

In this section the results from both experimemigh bean and winterer wheadre discussedlhe
objective of both experiments was to find out if pot fences can minimize the errors that arise from a
sub-optimal setup of potexperiments on plant competition. Ideally, pots in a competition

experiment should be surrounded by guard pots with theneglant density. In practisénis will be
simply impossible due to limitations of space. Therefpes, plant specietwo sets of pots, each with

the same plant density range, were installed. In one set the shoots of the plants were allowed to
grow unregricted, whereas in the second set shoot grovathitside the pot areavas limited by a

wired fence. Growth of the two sets of plants was compared. Additionally, pots surrounded by eight
guard pots with the same plant density, considered as the ideal situatiere installed for two plant
densities. In the first part of this section the results obtained from the bean experiment are reported.

In the final section the results of the winter wheat experiment are presented.

4.2.1 Bean experiment

First the resiits for bean plants grown with and without a pot fence are presented. This was done to
determine if pot fence had an effect on total plant dry weight (g/m?2). Next, the effect of the three
different fence types (ideal situation with guard pots, pot fencd an pot fence) on total plant dry
weight was studied. In the final part, an analysis was done on how reliable the two parameters of
{LIAGGSNEQ Sl dzl G Aased dd atiafthie dedsBy rahgewkh¥amdihs &ensity range
without the fence. Additinally, estimates based on subsets of both density ranges were made, to

determine the influence of number of data points on the parameter estimates.

4.2.1.1 Influence of pot fence on total plant dry weight of bean plants

The relation between plardensity and total dry weight for bean plants grown with and without a
pot fence is shown in Figure 13. Unfortunately, no observatimuld be made for the treatmentt@
plants+fenceQ &s for this treatment at least one plant died in each of the rafibns.

Consequently, no value could be presented for this treatment.

Fence type had no influence on total plant dry weidght@130), whereas plant density did
(P<0.001)In generglwith an increasing plant density, total dry weight increcide Apndix V the

output of the ANOVA analysis can be found. Dry matter distribution was not influenced by neither

27



fence type P=0.663% nor plant density®=0.057%, though with the latter a small, but gradual increase
leaffractionwas observed. Average leahction was 49%.
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Figure 13. Average total dry weight of bean plants for different plant densities grown with pot fence
(dark bars) and without pot fence (white bars).

4.2.1.2 Analysis of fence types

At plant densities of 1 and 10 plants per pot a mela&borate comparison was made. Pots with and
without fence were compared with a pot that was surrounded with eight pots with the gaearg
density. For a plant density of 1 plant/pot, fence type had a significant influéw@ @16 on total
plant dry weght (TableB). Total plant dry weight of the guarded pot and the pdath a fence was
identical andsignificantly higher than for plants grown without a pot fence (T&pl&or a plant

density of 10 plants/pot, fence type had no significant influerReQ713) on total dry weight.

Table8. Effect of fence type on the average total dry weight (§/fior two plant densities (# plants/potf faba
bean

Plant density (#lants/pot) Fence type s.e.n
Guard pots Fence No Fence

1 55.55b 49.55 b 29.63 a 10.58

10 298.91 337.53 305.97 11.87

'Standard error of mean
Differentletters indicate that means faa plant densityof 1 plant/pot, differed significany (P<5% with LSD =
10.57
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Dry matter distribution over leaf and stem was not influenced by fence typeR«th639
andP=0.33%or plant densities of 1 ah10 plants/pot, respectivelYOn average4d9% of the dry

matter was allocated to the leaves.

4.2.1.3 Spitters Gestimated parameters

{LAGGSNERQ Sljdzd GA2Yy o6l & ljdzAGS OFLIo6tS 2F FAGGAY3
pot fence. When all obseations were taken into accouriR?=0.80 (Tabl8). For bean plants grown

without a pot fencethe fit was raher poor (R?=0.24). Also when fits were based on fewer data

points, this difference between fenced pots and Henced pots remained. For fenced pots R? even
increased to values between 0.95 to 0.96, whereas R2 offenced pots reduced to an R2 of only

0.02, when the fit was based on 5 dgiaints. In Figure 14 the different fits are displayed.

There were large differences in the values for the estimated ispecific competition

parameter k ;between the two fencing types. For bean plants gromith a pot fence parameter

b, ;was 0.00143, whereas this was 0.00071 for beantplgrown without a pot fencevariation in

the estimated value for the intrapecific parameter fwhen based on fewer observations was
smaller when bean plants were grawvith a pot fence (0.0012410.00169) than without a pot fence
(0.00017-0.00071). The ratio SE/bshows the precision which with the parameter is estimated. For
bean plants grown with a pot fengthis ratio was much smaller (0.19) than for bean plagitown
without a pot fence (0.62). A ratio as high as 3.88 was even found for bean plants grown without a

pot fence and based on only 5 densities (plant density step size of 2.0 plants/pot).

There were small differences in the estimates of parametgbbtween the two fencing
types, particularly when compared to the differences in parametgr Bor bean plants grown with a
pot fence parameter owas 0.01866, whereas this was 0.02273 for bean plants grown without a
pot fence. When grown without pot fence, there was a larger variation in parameter estirsate
when estimates were based on fewer observations (0.022¥.82871). For bean plants grown with a
pot fence this variation was rather small (0690- 0.01866). The ratio SE/pwas lower forbean
plants grown with a pot fence than for plants grown without a pot fence (based on all@&&and
0.12, respectively)ndicating less variation in the estimation of parametepfor bean plants grown

with a pot fence (Tabl8).

29



Table9. Valwes and standard error (SE) of Spitt@rarametersb; ;and b oobtained through regression analysis on experimental
data of bean dry weight obtained in pots with and without a pot fence. In the experiment plant density ranged from 1 to 10
plants/pot. Fits were also obtained on fewer data points, using a plant density step size of 2 and 3 plants/pot.

Plant densitysteps # data points Parameterestimates
(plantd pot)

by, SE Ratio by SE Ratio R2

SE/Q 4 SE/R,

Bean grown with pot fence
1 9 0.00143 0.00027 0.18881 0.01866 0.00170 0.09110 0.79615
2 5 0.00169 0.00022 0.13018 0.01690 0.00129 0.07633 0.94974
3 4 0.00121 0.00016 0.13223 0.01836 0.00106 0.05773 0.96450
Bean grown without pot
fence
1 10 0.00071 0.00044 0.61972 0.02273 0.00275 0.12099 0.24403
2 5 0.00017 0.00066 3.88235 0.02582 0.00381 0.14756 0.02206
3 4 0.00029 0.00039 1.34483 0.02871 0.00248 0.08638 0.21549

' Parametereflecting the inverse of maximum dry weiglnnzlg)
: Parametereflecting the inverse of maximum individual plant dry weight (plant/g)
#Number of data points where the regression analysis per plant density step was based on
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Figure 14.The relation between plant densitgnd bean dry weight. Dark dots represent the experimental data for bean plants grown with pot fence, open dots represent the
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4.2.2 Winter wheat experiment

In this section the results for the winter wheat experiment are presented.

4.2.2.1 Influence of pot fence on tota | plant dry weight of wheat plants

The relation between plant density and the total dry weight for winter wheat plants grown with and
without a pot fence is shown in Figure 15. Fence type had a significant effect on total plant dry
weight (P=0.00}, justas plant density§<0.00). On top of that a significant interaction between
fence type and plant density was fourld=0.012)For plant densities with 8 plants/pot or higher,

total dry weight was significantly higher for plants grown without a pot fethea for plants grown

with a pot fence. For plant densities with 2, 4 or 6 plants/pot, there was no significant difference in
total dry weight for plants grown with or without a pot fence. In Appendix Wrésailtsof the

ANOVA analysis can be fouly matter distribution was influenced by fence type<0.00} and

plant density P=0.0®). Only for the plant density with 4 plants/pot, there was a significant
difference in dry matter distribution. The allocation of dry matter to the leaves was significantl
higher for winter wheat plants grown with a pot fence (82%) than for plants grown without a pot
fence (78%).

250 B Winter wheat grown with pot fence I Led.=20.39

O Winter wheat grown without pot fence

3

Total dry weight (g /m?)
n
[==]

8

50

2 4 & B 10 12 14 16 18 20
# Plants/m?

Figure 15. Average total dry weight of winter wheat plants for different plant densities grown with pot
fence (dark bars) and without pot fence (white bars).
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4.2.2.2 Analysis of fence types

At plant densities of 2 and 20 plants per pot a more elaboratefarison was made. Pots with and
without fence were compared with a pot that was surrounded with emlrirdpots with the same
density. Total dry weight was not affected by fence type0362andP=0.417or plant densities 2

and 20 plants/pot, respeately. For both plant densities, average total dry weight was lowest for
winter wheat grown with pot fence, highest for plants grown without pot fence and in between was

winter wheat grown surrounded by guard pots (Tab@3.

TablelO0. Effect of fence typ on the average total dry weight (gfbnfor two plant densities (# plants/pot) of
winter wheat.

Plant density (#lants/pot) Fence type s.e.m
Guard pots Fence No Fence

2 37.74 27.51 48.85 5.03

20 181.29 165.77 193.10 6.46

'Standarderror of mean

For a plant density of 2 plants/pot, dry matter distribution over leaf an stem was significantly
influenced by fence type P=0.004, whereas for a plant density @0 plants/pot the influence of pot
fence was almost significar®£0.079. The allocation of dry matter to the leaves dikéer
significantly with significant differences beteen all the three fencing typesidthest allocation was
for plants grown with a pot fence (83%), lowest for pots without a pot fence (76%) and in between

were plants grown surround bguard pots (78%).

4.2.2.3 Spitters destimated parameters

{LAGOGSNBRQ Sldz2 GA2Yy gl a OFLIOGES 2F FAOGGAYI GKS
and without a pot fence. When all observations were taken atoount, R? for pots with and
without a pot fence was 0.93 and 0.9&spectively(Table 1). When fits were based on fewer data
points, R? even increased in most instances, except for the fit of@oced pots based on 5 data

points, for which R? decread to 0.84. In Figure 16 the different fits are displayed.

There were small differences in the values for the estimated isprecific competition
parameter h ; between the two fencing types. For winter wheat grown with a pot feteewas

0.00312, viereas this was 0.00254 for winter wheat plants grown without a pot fence. Variation in
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the estimated value for the intrapecific parameter {ywhen based on fewer observationss
smaller when winter wheat plants were grown with a pot fence (0.002260324) than without a
pot fence (0.002310.00309). The ratio SE/bshows the precision which with the parameter is
estimated. For winter wheat grown with or without fence, this ratio datdlydiffer, based on all
data this was 0.10 and 0.11, respegety (Table 1).

There were large differences in the estimates of parametgbbtween the two fencing
types, particularly when compared to the differences in parametgr Bor winter wheat plants
grown with a pot fence parameter, pwas 0.06697whereas this was 0.04811 for winter wheat
plants grown without a pot fence (Tabld)1 When grown without a pot fence, there was a larger
variation in parameter estimates when they were based on fewer observations (0.040338131).
For winter wheat gravn with a pot fence this variation was rather small (0.0660206919). The
ratio SE/hwas a bit lower for winter wheat plants grown with a pot fence than for plants grown

without a pot fence (based on all data: 0.06 and 0.07, respectively).

Tablell. Values and standard error (SE) of Spitlbesameters ;and b oobtained through regression analysis on experimental
data ofwinter wheatdry weight obtained in pots with and without a pot fence. In the experiment plant density ranged2tor0
plants/pot. Fits were also obtained on fewer data points, using a plant density step sizndf6 plants/pot.

Plant densitysteps # data points Parameterestimates
(plants/pot)

by SE Ratio byo' SE Ratio R2

SE/Q SE/Q

Winter wheat grownwith
pot fence
2 10 0.00312 0.00031 0.09936 0.06697 0.00389 0.05809 0.92558
4 5 0.00324 0.00051 0.15741 0.06871 0.00678 0.09868 0.93051
6 4 0.00295 0.00028 0.09492 0.06919 0.00363 0.05246 0.98209
Winter wheat grown
without pot fence
2 10 0.00254 0.00028 0.11023 0.04811 0.00347 0.07213 0.91141
4 5 0.00231 0.00058 0.25108 0.05131 0.00768 0.14968 0.84120
6 4 0.00309 0.00005 0.01618 0.04330 0.00064 0.01478 0.99948

' Parameterreflecting the inverse of maximum dvyeight (m?/g)
"Parameter reflecting the inverse of maximum individual plant dry weight (plant/g)
#Number of data points where the regression analysis per plant density step was based on
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Figure 16.The relationbetween plant density and winter wheat dry weight. Dark dots represent the experimental data for winter wheat plants grdatvipatifence, open
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5. DISCUSSION

Most cropweed competition models, be it descriptive or mechanistic, account for ggative

impact of just a single weed species on the production of a crop. In reality, several weed species will
simultaneously expose their negative impact on crop production. In acitetl paper, Spitters
(1982)developed a simple descriptive model the competition between plant species. In this

model, the yield of a crop is related to the density of the crop and the density of its competitors. The
parameters in the model are the intrand interspecific competition coefficients. In his paper,

Spitters develoed the model for the competition between two crop species, representing an
intercropping situation. The model is able to adequately describe the yield of the component crops in
the intercrop. Spitters also argues that the model can be easilyrelquhto represent a thre

species competition situatioby simply adding a second intgpecific competition coefficient and

the plant density of this third species. The question is whether this statement holds. In a three
species competition giation there might be a threespeciednteraction, resulting in serious changes

in the competitive relationship between species A and B,tdube presence of species C. If that is

the case, it would imply that the interspecific competition coefficients would take a different value

due to the presence of a third species.

SoKS ljdzSalGAz2y AazX ¢KSGKSMNIdéddrfbe dsadvddestribei T2 N 2
competition between more than two plant species. To test this, experimental evidence is needed and
therefore experiments should be conducted with at least three different plant species. Before
investigating such threspeciednteractions, it is essential to know with which precision the
competition coefficients can be estimated based on experimental data. When the standard error for
parameter estimates beconséi 2 2 f I NHSY A0 A& RAFTFAOdAZ G G2 NBaz2t
model is really able to properly describe the thrgjgeciesnteraction. In this studyit was therefore
AYyO@SaiaA3IlrGSR 6KAOK FFOG02NAR FFFSOOG GKS LINBOAaAZ2Y
equation(by;and b ) canbe determined. The airwas to investigate which factors influence the
estimation of the competition parameters arsdibsequentlyto provide useful recommendations on

the setup of experiments designed to study threpeciednteractions.

Data generted for sugar beet an€haopodium albunwith the mechanistic model on
interplant competition INTERCOMropff andvanLaar 1993were usedo study the effect of

varying density ranges and density steps on the value and precision of Spittengetition
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parameterg(b; ;and b o). Comparison of simulated data feugar beet witha plant density ranging

from 0 to 40 plants/m2 (accrued step$ 0.1) and the fitted response curve showed a close
resemblance (Figure 5). Maintaining the entire plant density range, but lowering the number of data
points by increasing the size of the plant density step had almost no influence on the estimation of
parameter b ;, whereas the value of parametei figraduallydecreased with an increased plant
density step (Table 2). With fewer data points, the standard error for both parameters increased.
This increase walowever, almost negligible, because standador values were very low, as the

simulated data do not contain an experimental error term.

Varying the plant density range on which the parameter estimation was based, resuéted in
simultaneous, but opposite trend in estimateg land b ovaluesWhen the upper end of the plant
density range was gradually extended the value for parameteddcreased and the value for
parameter k gincreased. The opposite effect was found when the lower end of the planttgtensi
range was gradually extendédabk 3). Based on thig can be concluded that the choice of the
plant density range has a clear influence on the estimation of the parameter valyasdb, o.
Consequently, plant density range had an enormous influence on the predicted yield (Figure 9)
Simulated data fitted almost perfectly in the plant density range that was used to estimate the two
LI N}» YSGSNR 2F {LAGGSNRQ Sljdzr GA2y® hdziaARS GKS
data. This result indicates that it is extremely impaottthat abroad plant density range is used for
estimating parameterd y { LJA (i ( SINFad® dafalpaintsiihat 2llsw for a proper estimation of
the initial slope, representing a situation with hardly any competition among plants, and data points

that allow for a proper estimation of the maximum attainable yjesldould be represented.

One possible reason for the influence of plant density range on parameter estimates might
be the difference in competitive pressure that plants experience wheonseghto a different
number of competing plants. Plants grown in a plant density range from 0 to 10 plants/m2 encounter
a lower competitive pressure than plants grown in a plant density range from 30 to 40 plants/mz2.
One possible consequence of this effécthat it obstructs a fair comparison of competition
parameters in an additive series competition experiment. The addition of a second species will
always result in an increased competitive pressure in the mixed treatments compared to the mono
culture treatments. In order to excludeuch areffect, it is important to compare monroultures and
mixed stand in an additive series in a situation where the competitive pressure omidiea plant
species is similaCreating equal competitiveness in merand mixed-cultures was done by only

including observation&r whichthe inverse of the individual plant weight of the main plant species
37
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fell within a specified range (Figure 11 & 12). To test this methodology, a fixed plant density of sugar
beet plants was addkto a density range of sugar beet plarfsr the mixculture, the parameter

value of i ;decreased and the value of increased, compared to the morwulture. This is a

similar trend as found in the previous paragraph, when parameterard h (were estimated based

on the entire plant density range for the monand mixculture. When parameter estimates for both
plant density range were based on a limited data set, only including treatments with individual plant
dry weighsin a predefined rangeexactly the same parameter values far;and h (were found

(Tableb). This suggests that the effect of an increased competitive pressure caused by the addition of
the second species on the estimated parameter values can be excluded. The methoddaggted
again, but with a fixed plant density Ghenopodium alburadded to the moneculture of sugar

beet. In this case, the addition @henopodium alburmplants to the moneculture of sugar beet had
almost no influence on the estimation of parameter bwhen the parameter was estimated based

on the entire plant density range. If reduced data sets were used, allowing to compare the parameter
estimates of moneand mixed cultures under conditions of equal competitive stréssh, ;

parameter values fosugar beet obtained in the mixexllture were higher than those obtained in
mono-culture. The most logical explanation for these results is that situations with equal competitive
stress do provide the best parameter estimates. This would imply that #sepice ofChenopodium
albumhas a direct influence on the intigpecific competitive ability of sugar beet. This is reflected in

a higher value of parameter, b The simulations based on sugar beet alone revealed that including
the entire data range restd in a lower value of ihin the mixed situation. Combining these two

effects would explain why the parameter estimate gf based on the entire data range was not
affected by the addition o€henopodiumalbum The direct effect o€henopodium albunresulting

in an increased value, cancelled out the effect of parameter estimation under a higher competitive
pressure, resulting in a reduced value. Clearly the datlysedn this research are not sufficient to
come to a final conclusion. However, thetalguggest that competitive pressure clearly affects the
parameter estimation. Additionally, the data suggest that a direct effect of plant species on the
competitive ability of another species might already be present in¢pecies interactions. This

aspect clearly deserves more attention.

Intra-specific competition was also investigated in pot experiments with winter wheat and
bean plantsBoth glasshous@xperiments were conducted to investigate whethett fences can
minimize the erroithat might arise fromnot accounting for border effects imot-experiments on
plant competition Datafrom the experimenswere used to study if fence type (ideal situation with

guard pots, pot fence and no fence) had an effecptamt growth For winter wheat andhe highest
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plant density obean(10 plants/pot)there was no significant difference in total plant dry weight
between the three fencing types. Onlyrfbean plants grown with plant density of 1 plant/pototal
dry weight differed significantly between thlree fencing typeg¢Table §. Plants grown without a
pot fence had a significantly lower total dry weight than plants grown surrounded by guasdrot

pot fence.

When comparing the entire density series with and without a fenterd was no significant
difference in total dry weighfor beanplants. For winter wheat grown with 8 plants/pot or more,
plants grown without a pot fence had a significantly higher tptaht dry weight than plants grown
with a pot fence (Figure 15Forplant densities ranging from 2 to 6 plants/pot, no significant
differences were found between the two fencing typBsy matter allocation to the leaves was
significantly higher for winter wheat plants grown with a pot fence than for plants grown without
pot fence. When winter wheat plants were grown without a pot fence, tillers were extending outside
the pot area. Through this, plants had more space available and could therefore intercept more light.
The consequence is that the dry weight might not bpresentative for a canopy that represents the
density installed in the pot. A plant that intercepts more light will also produce more plant dry weight
(Kiniry et al. 198p That this difference between fenced and ri@mced pots was not found for bean
plants could be duedtthe fact that beans plants have no ability to tiller ahdreforewere less able

to exploit a larger area than was available to them.

Based on the experimental data from the plant density series, Sijiarameters were
estimated. When all observa&tiy & ¢ SNB GF 1Sy AydG2 002dzy i {LIAGGSN
fitting the experimental data for bean plants grown with a pot fence (R2=0.80). For bean plants
grown without pot fence the fit was rather poor (R2=0.24) (T&ldDespite the fact thaence type
did not have a significant influence on plant dry weight, it shows that the curve fitting process is
clearly favoured by the presence of a fence (Figure 14). For winter wheat, when all observations were
GF1Sy Aydz2 I 002 dzy (capable bifitting tBe\slip@rimSnijatidiata far Aviyiter avheat
plants grown with and without a pot fence, R2 values were 0.93 and 0.91, respectively (Table 1
However, for both crops the estimates of Spitt@arameter were more precise when plants were
grown with a pot fencereflectedby the lowerSEparameterNJ G A 2 Qa3 d® C2NJ LI | yia 3INP
fence, there was also less variation in the estimated parameter valygar(d b o) when estimates

were based on fewer data points (TaBl& 11).
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In conclugin, the resultof both the INTERCOM simulations and the results from both pot

experimentdndicated that:

- Itis extremely important that a broad plant density range is used. This is essential for a
proper estimation of the slope of the yield density pesse curve (Figure 1) and the
maximum attainable yield (competition between plants).
- Itis important to compare monaultures and mixed stands in an additive series in a
situation where the competitive pressure on the main plant species is sjnmlarder to
exclude the effect of unequal competitive pressure caused by different plant density ranges.
- Itis highly recommended to use pot fences in future plant competition experimBeisults
of both experiments indicated that the most precise estimatiohSpitter€parameters
were obtained when plants were grown in pots with a feng#hen estimates were based on
fewer data points, there was less variation in the estimated parameters values for plants

grown with pot fence.
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APPENDICES

|. CLIMATE CONDITIONS GLASSHOUSE

Temperature (°C) RH RH
measurement setting for heating measurement  setting

12-12-2012 Day 25.70 25.88 47.03 70.00
13-12-2012 Night 23.01 23.12 66.10 20.00
13-12-2012 Day 25.79 25.88 45.03 70.00
14-12-2012 Night 23.06 23.12 55.25 20.00
14-12-2012 Day 25.93 25.88 70.34 70.00
1512-2012 Night 22.94 23.12 81.44 20.00
1512-2012 Day 26.00 25.88 82.14 70.00
16-12-2012 Night 23.02 23.12 81.31 20.00
16-12-2012 Day 25.95 25.88 83.28 70.00
17-12-2012 Night 22.99 23.12 82.27 20.00
17-12-2012 Day 25.86 25.88 84.47 70.00
1812-2012 Night 23.01 23.12 83.17 20.00
18-12-2012 Day 25.93 25.88 85.33 70.00
19-12-2012 Night 23.06 23.12 85.80 20.00
19-12-2012 Day 25.92 25.88 86.27 70.00
20-12-2012 Night 22.90 23.12 85.72 20.00
20-12-2012 Day 25.82 25.88 80.87 70.00
21-12-2012 Night 23.06 23.12 69.65 20.00
21-12-2012 Day 25.94 25.88 57.38 70.00
22-12-2012 Night 22.92 23.12 73.27 20.00
22-12-2012 Day 25.90 25.88 56.76 70.00
23-12-2012 Night 22.97 23.12 67.30 20.00
2312-2012 Day 25.92 25.88 61.08 70.00
24-12-2012 Night 23.08 23.12 71.29 20.00
24-12-2012 Day 25.93 25.88 61.22 70.00
2512-2012 Night 23.07 23.12 77.73 20.00
2512-2012 Day 25.86 25.88 59.39 70.00
26-12-2012 Night 23.02 23.12 64.10 20.00
26-12-2012 Day 25.87 25.88 55.46 70.00
27-12-2012 Night 23.07 23.12 70.45 20.00
27-12-2012 Day 26.01 25.88 59.99 70.00
28-12-2012 Night 22.94 23.12 73.70 20.00
28-12-2012 Day 25.88 25.88 57.07 70.00
29-12-2012 Night 23.09 23.12 76.72 20.00
29-12-2012 Day 25.87 25.88 64.56 70.00
30-12-2012 Night 23.08 23.12 72.61 20.00
30-12-2012 Day 25.93 25.88 55.13 70.00
31-12-2012 Night 23.09 23.12 68.71 20.00
31-12-2012 Day 25.98 25.88 61.15 70.00

1-1-2013 Night 23.01 75.09 23.12 20.00

1-1-2013 Day 25.85 57.26 25.88 70.00
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Temperature (°C) RH RH
measurement setting for heating measurement setting
2-1-2013 Night 23.04 67.50 23.12 20.00
2-1-2013 Day 26.10 58.17 25.88 70.00
3-1-2013 Night 23.02 72.95 23.12 20.00
3-1-2013 Day 25.99 63.56 25.88 70.00
4-1-2013 Night 22.97 79.80 23.12 20.00
4-1-2013 Day 25.95 63.59 25.88 70.00
5-1-2013 Night 23.06 76.38 23.12 20.00
5-1-2013 Day 25.94 64.22 25.88 70.00
6-1-2013 Night 23.01 73.62 23.12 20.00
6-1-2013 Day 2591 64.58 25.88 70.00
7-1-2013 Night 23.06 76.51 23.12 20.00
7-1-2013 Day 25.91 64.08 25.88 70.00
8-1-2013 Night 22.97 82.55 23.12 20.00
8-1-2013 Day 25.93 61.99 25.88 70.00
9-1-2013 Night 23.02 80.95 23.12 20.00
9-1-2013 Day 25.91 54.90 25.88 70.00
10-1-2013 Night 23.04 73.15 23.12 20.00
10-1-2013 Day 25.89 59.28 25.88 70.00
11-1-2013 Night 23.11 67.99 23.12 20.00
11-1-2013 Day 26.09 57.00 25.88 70.00
12-1-2013 Night 23.02 74.90 23.12 20.00
12-1-2013 Day 25.79 54.57 25.88 70.00
13-1-2013 Night 23.09 64.53 23.12 20.00
13-1-2013 Day 25.50 48.23 25.88 70.00
14-1-2013 Night 23.07 69.77 23.12 20.00
14-1-2013 Day 25.93 50.94 25.88 70.00
151-2013 Night 23.07 71.03 23.12 20.00
151-2013 Day 25.55 48.47 25.88 70.00
16-1-2013 Night 23.07 67.45 23.12 20.00
16-1-2013 Day 25.98 48.60 25.88 70.00
17-1-2013 Night 23.00 61.98 23.12 20.00
17-1-2013 Day 26.00 48.47 25.88 70.00
181-2013 Night 23.06 58.02 23.12 20.00
181-2013 Day 25.88 47.63 25.88 70.00
19-1-2013 Night 22.98 55.36 23.12 20.00
19-1-2013 Day 25.69 41.63 25.88 70.00
20-1-2013 Night 23.10 45.87 23.12 20.00
20-1-2013 Day 25.79 36.50 25.88 70.00
21-1-2013 Night 23.18 45.43 23.12 20.00
21-1-2013 Day 25.86 45.24 25.88 70.00
22-1-2013 Night 23.11 51.94 23.12 20.00
22-1-2013 Day 25.85 44.72 25.88 70.00
23-1-2013 Night 23.05 42.91 23.12 20.00
23-1-2013 Day 25.92 37.97 25.88 70.00

' RH = Relative humidity
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II. SOIL COMPOSITION

Composition of 1 fhpotting soil used in the pot experiment.

pH 5.70
EC (mS/cm) 0.80
ENfactor* 1.23
HWW 154.00
Horti clay (kg) 40.61
Swedisch peat moss (ENfm 0.20
Baltc peat medium (EN/f 0.30
Garden peat normal (ENfin 0.30
Structure Bark (EN/f) 0.20
Dolokal Extra potsoil (kg) 3.30
PGmix 1510-20 (kg§ 0.81

Ys the ratio between water scales, for exampleif) and the quantity of supplied soi
in one m. This is becaessubstrates are compressiblEhe ENactor is determined by
the raw materials from which the substrate is comprised.

% Horticoop water value, the moisture content of a mixture potting sepressed in a
value.

® Fertilizer with 15% nitrogen, 10% phosphate and 20% potassium.

44



Design

Factors and levels

Plant species:

Plant densities (#/pot):

Fencng:

Blocks per plant species:

Idealcompetitionsituation per plant species:

Pots:
Guard pots:
Further specifications

Location:

Soil type:

Pot size:

Sowing depth:

Disease and weed control:

Irrigation:
Dimension green house:

Experimental period:

Layout(not on scale)

lIl. EXPERIMENTAL DESIGN

Split plotdesign

Bean Table 1) and Winter Wheaiéble 2)

Bean:(A)=1,(B)=2,(C)=3,(D)=4, (E)=5, (F) =6,
(G)=7,H)=8,()=9,(J) =10

Winter Wheat:(A) = 2, (B) =4, (C) =6, (D) =8,
(E)=10,(F)=12,(G)=14,(H) =16, () =18, (J) =20

Yes (dark circles) or No

5 (numbered4V)

2 (numberedHl)
208 (numbered 2208)

g (numbered 30864)

UnifarmSerre compartment 5.4, Wageningen

Potting soil

3 litre, 19 cm upper diameter

Bean 2 cm, Winter wheat 0.5 cm

No disease control and manual weeding
Every dayone by hand

8x12m=96Mm

Sowing date: December 12, 2012

Latest harvesting date: January 23, 2013

Please turn over
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Arrow points to the North

46
























