
Optimizing the experimental design for the evaluation 

ƻŦ {ǇƛǘǘŜǊǎΩ ƳƻŘŜƭ ƻƴ Ǉƭŀƴǘ ŎƻƳǇŜǘƛǘƛƻƴ. 

 

 
MSc Thesis 
Rob Derks 

 
 

 

Crop and Weed Ecology Group 
Wageningen University 

The Netherlands



Optimizing the experimental design for the evaluation 

ƻŦ {ǇƛǘǘŜǊǎΩ ƳƻŘŜƭ ƻƴ Ǉƭŀƴǘ ŎƻƳǇŜǘƛǘƛƻƴ. 

 

 

Rob Derks 

MSc thesis 

Wageningen, March 2013 

 

 

Registration number: 891111179140 

Course-code:   CSA-80436 

Supervisors:   Lammert Bastiaans  

   Aad van Ast 

Examiner:  Niels Anten 

 

 

 

Crop and Weed Ecology Group 

Centre for Crop Systems Analysis (CSA) 

Department of Plant Sciences 

Wageningen University 

Droevendaalsesteeg 1 

6708 PB Wageningen 

The Netherlands  



II 
 

PREFACE 

  
 

Almost half a year ago I started my thesis research at the Centre for Crop Systems Analysis. In this 

ƘŀƭŦ ȅŜŀǊ L ƘŀŘ ǘƘŜ ƻǇǇƻǊǘǳƴƛǘȅ ǘƻ ŘƛǎŎƻǾŜǊ ǿƘŀǘ ŀ ǎŎƛŜƴǘƛŦƛŎ ǊŜǎŜŀǊŎƘ ƛƳǇƭƛŜǎΦ LΩƳ ƎƭŀŘ ǘƘŀǘ L ƘŀǾŜ 

experienced many different facets of a research myself. Such as working with a model on crop-weed 

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 parts. During my 

thesis work L ŘƛǎŎƻǾŜǊŜŘ ƻƴŎŜ ŀƎŀƛƴ ǘƘŀǘ LΩƳ ƳƻǊŜ ŀ ǇǊŀŎǘƛŎŀƭ ǇŜǊǎƻƴΦ ¢Ƙƛǎ ǿƛƭƭ ǇǊƻōŀōƭȅ ōŜ ǘƘŜ Ƴƻǎǘ 

important reason why I liked the experimental part of my thesis most. Throughout the thesis it 

became clear that a lot of things I learned during the different courses came applicable in my thesis. 

This makes, in my opinion, that the thesis is a good ending of the University-ǇŜǊƛƻŘΦ LΩƳ ǎǳǊŜ ǘƘŀǘ a 

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

 

 This nice experience was only 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 the opportunity to work on this topic. I also want to thank the staff of 

Unifarm for their helpfulness and useful recommendations on my experiment. Finally I would like to 

thank my friends for answering questions, helping me with harvesting and reading through my drafts. 

Thank you. 

 

Rob Derks 
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SUMMARY 
 

In weed population models, competition is preferably taken into account in a simple descriptive way. 

Most models only describe the negative impact of one weed species on the production of a crop. In 

reality, several weed species will simultaneously expose their negative impact on crop production. 

Spitters published a paper in 1982 (Spitters 1982) where he referred to this phenomenon. In this 

paper, Spitters describes a model which is based on the relationship between plant density and 

biomass. In this model, intra-specific competition is represented by the product of an intra-specific 

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 an inter-specific 

competition coefficient and the density of that particular species. In the paper he suggests that in 

this way the model could be easily extended for numerous species. In a three species competition 

situation there may be a three-species interaction, enabling serious changes in the competitive 

relationship. Question was, whether SpitterǎΩ Ŝǉǳŀǘƛƻƴ ǘŀƪŜǎ ǘƘƛǎ ƛƴǘƻ ŀŎŎƻǳƴǘ ŀƴŘ ǘƻ ǘŜǎǘ ǘƘƛǎΣ 

experimental evidence is needed. Before investigating this three-species interaction, it has to be 

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

data and how to set up such a competition experiment.  

 

 The aim of this study was to find out which factors influence the estimation of SpittersΩ 

competition parameters and to provide useful recommendations on the set-up of experiments 

designed to study three-species interactions. Therefore in this study the effect of density range and 

step-size within a density range on the value and precision of SpittersΩ competition parameters was 

investigated. An ideal set-up in a plant competition experiment would be that the target pots are 

surrounded by guard pots with the same plant density. But this is simply impossible due to 

limitations of space. Therefore, the use of wired pot fences was investigated to study whether pot 

fence is a good alternative to mimic the ideal plant situation. 

 

 Data generated with the mechanistic model for interplant competition INTERCOM (Kropff 

and van Laar 1993) 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 SpittersΩ competition parameters (b1,1 and 

b1,0). Varying plant density steps had a negligible effect on the estƛƳŀǘƛƻƴ ƻŦ {ǇƛǘǘŜǊǎΩ ǇŀǊŀƳŜǘŜǊǎΣ 

ǿƘŜǊŜŀǎ Ǉƭŀƴǘ ŘŜƴǎƛǘȅ ǊŀƴƎŜ ƘŀŘ ŀƴ ŜƴƻǊƳƻǳǎ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ŜǎǘƛƳŀǘƛƻƴ ƻŦ {ǇƛǘǘŜǊǎΩ ŎƻƳǇŜǘƛǘƛƻƴ 

parameters. Different plant density ranges resulted in different parameter estimates. Simulated data 

almost fitted perfectly in tƘŜ Ǉƭŀƴǘ ŘŜƴǎƛǘȅ ǊŀƴƎŜ ǘƘŀǘ ǿŀǎ ǳǎŜŘ ǘƻ ŘŜǘŜǊƳƛƴŜ {ǇƛǘǘŜǊǎΩ ŎƻƳǇŜǘƛǘƛƻƴ 

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 mono-culture of sugar beet (Beta vulgaris L.), ǘƻ ŎǊŜŀǘŜ ŀ ΨΩƳƛȄ-

ŎǳƭǘǳǊŜΩΩΣ ǊŜǎǳƭǘŜŘ ƛƴ ǘƘŜ ǎŀƳŜ ŜŦŦŜŎǘ ŀǎ ǿŀǎ ŦƻǳƴŘ ŦƻǊ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ Ǉƭŀƴǘ ŘŜƴǎƛǘȅ ǊŀƴƎŜΦ ¢ƘŜ 

estimated parameter values for b1,1 decreased with more plants added to the mono-culture, whereas 

the estimated parameter b1,0 increased. This effect could be due to differences in competitive 

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

competitiveness in mono- and mixed-cultures was done by only including those observations where 

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

methodology resulted in exactly the same parameter values for b1,1 and b1,0 when a fixed number of 

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

Chenopodium album plants was added to the mono-culture of sugar beet, the estimated parameter 

value b1,1 was almost not influenced when the entire data range was taken into account. With a 

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

there was a difference in the estimated b1,1 value. This could indicate that the effect of increased 

competition due to higher plant densities in the mix-culture, cancelled out against the direct 

influence of Chenopodium album on the intra-specific parameter b1,1 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 is an oversimplification. This 

aspect clearly deserves further attention. 

 

 Besides the INTERCOM simulations, two pot experiments were executed, one with bean 

(Vica faba L.) and one with winter wheat (Triticum aestivum L.) with 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 influence on total plant dry weight . 

However, for the plant density series of winter wheat, there was a significant difference in total dry 

weight between the fenced and non-fenced pots. Plants grown without a pot fence had a 

significantly higher total dry weight. Based on the experimental data from the plant density series, 

SpittersΩ parameters were estimated. For both crops the estimates of SpittersΩ parameters were 

more precise when plants were grown with a pot fence. There was also less variation in the 

estimated parameter values for plants grown 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 plant density ranges, it is recommended to compare mono- 

and mixed stands in an additive series in a situation where the competitive pressure on the main 
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plant species is similar. Finally, the use of pot fences seems a good alternative to mimic the use of 

guard Ǉƻǘǎ ŀƴŘ ǘƻ ƻōǘŀƛƴ ƳƻǊŜ ǇǊŜŎƛǎŜ ǇŀǊŀƳŜǘŜǊ ŜǎǘƛƳŀǘŜǎ ŦƻǊ {ǇƛǘǘŜǊǎΩ ƳƻŘŜƭ ƻŦ Ǉƭŀƴǘ ŎƻƳǇŜǘƛǘƛƻƴΦ  
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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 yield-reducing effect of weeds on crop production. 

Determining the competitive relations between crop and weed and 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 hyperbola (Cousens 1985). This descriptive 

model is still widely used and referred to in recent studies: e.g. (Yousefi et al. 2012), (Far et al. 2011) 

and (Sarabi et al. 2011).The models typically describes the negative impact of one weed species on 

the production of a crop. 

 

 In reality, several weed species will simultaneously expose their negative impact on crop 

production. Spitters referred to this in his publication of 1982 (Spitters 1982). Spitters published a 

simple model based on the relationship between plant density and biomass. In this model, intra-

specific competition 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 included as the product 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 by a crop, 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 may be 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 model is still valid, but with modified 

competition coefficients or, alternatively, an explicit interaction component should be included. 

Therefore, the validity of SpittersΩ model for three species situations should be experimentally 

determined.  

 

 This study should be regarded as a pre-study. Before a three-species interaction 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 large, it becomes very 
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ŘƛŦŦƛŎǳƭǘ ǘƻ ǊŜǎƻƭǾŜ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ǿƘŜǘƘŜǊ {ǇƛǘǘŜǊǎΩ ƳƻŘŜƭ ƛǎ ǊŜŀƭƭȅ ŀōƭŜ ǘƻ ǇǊƻǇŜǊƭȅ ŘŜǎŎǊƛōŜ ǘƘŜ 

three-species interaction. Therefore, in this study it is investigated with which precision the 

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

with both a mechanistic model for crop-weed 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 proposed model of Spitters provides a solid 

basis for the analysis of competitive relations in crops with more than one dominant weed species. 

The aim of this pre-study is to investigate which factors influence the estimation of the competition 

parameters and to provide useful recommendations on the set-up of experiments designed to study 

three-species interactions. Therefore the focus in this study will be on the competitive relations 

within a plant stand consisting of single species. The two main points addressed in this study are:  

 

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

precision of SpittersΩ competition parameters?  

 

 To achieve this, the INTERCOM model (Kropff and van Laar 1993) for interplant 

 competition was used to generate a number of data sets on accumulated biomass 

 for a wide range of plant densities. These data sets were then used to estimate the 

 various  parameters of SpittersΩ equation, to unravel how various factors 

 influence the outcomes. 

 

- Can pot fences minimize the errors that arise from a sub-optimal set-up of pot-experiments 

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 size of the pot able to minimize the error that will be created by this sub-optimal 

  experimental set-up. In a plant density experiment conducted in a glasshouse the 

  influence of adding a fence to the pots was studied. 
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2. SPITTERSΩ MODEL 
 

(Spitters 1982) used the relation crop yield and crop plant density as a starting point for quantifying 

the competitive relations in mono-cultures. In mono-cultures, there is intra-specific competition: 

competition between plants of the same species. Spitters used the following hyperbola to relate yield 

to plant density:  

 
Y1 = N1 / (b1,0 +b1,1N1)        [1]  

       

 In which Y1 = crop yield or biomass (g/m2), N1 = plant density (#/m2) and b1,0 and b1,1 are 

parameters. Parameter b1,0 is the reciprocal of the virtual biomass of an isolated plant. The value 

1/b1,0 represents the initial slope of the hyperbola (Figure 1). At low plant density yield increases 

almost proportional when plants are 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 other. At even 

higher densities, yield becomes independent of plant density and it is resource availability that limits 

yield. Parameter b1,1 is the reciprocal of the maximum yield per unit area and the value 1/b1,1 thus 

represents the asymptote of the relation between Y1 and N1.  

 

 

 Equation 1 can be used to obtain the relation between plant density and individual plant size 

(W; g plant -1): 

 

W1 = Y1 / N1  = 1 / (b1,0+b1,1N1)      [2] 

 

Figure 1. Yield of plant biomass per unit area as function of plant density. 
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 When the inverse of this value (1/W1; plants/g) is taken, a linear equation evolves: 

 

1/W1 = b1,0+b1,1N1        [3] 

 

  This is often considered a useful representation, as simple linear regression can be used to 

obtain estimates for b1,0 and b1,1. Figure 2 shows the reciprocal of individual plant weight against 

plant density, based on the same data as used in Figure 1. From this Figure it can be seen that the 

intercept b1,0 is the reciprocal of the virtual biomass of an isolated plant. The slope b1,1 shows how 

1/W1 increases and hence the per-plant weight W1 decreases with any plant added to the 

population. The ratio b1,1/b1,0 express this increase of 1/W1 relative to its value without competition. 

Therefore this ratio may be used as a measure for intra-specific competitive stress (Spitters 1982). 

 

 

 

 

 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 as inter-specific 

competition. From Figure 2 and from equation 3 it can be seen that adding one plant of the same 

species affects 1/W1 additively. Spitters considered it plausible that adding an individual of a second 

weed plant species would also affects 1/W1 additively. Therefore equation 3 was extended in the 

following way: 

 

1/W1 = b1,0+b1,1N1+b1,2N2       [4] 

 

Figure 2: The reciprocal of individual plant weight against plant density. 
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 The first subscript of the regression coefficients represents the species which biomass is 

considered. b1,2 is the parameter for inter-specific competition. Equation 4 is rewritten in equation 5.  

  

Y1,2 = N1 / (b1,0+b1,1N1+b1,2N2)       [5]  

  

 With this equation yield of crop Y1 can be calculated when this crop has also to deal with 

inter-specific competition from species 2. In this way Spitters separates intra- and inter-specific 

competition mathematically.  

 

Spitters estimated the different competition effects (intra- and inter-specific) based on 

addition series. He found data that meet the assumption of additivity: the influence of a fixed 

number of species 2 on 1/W1 of species 1 remained equal of size, independent of the number of 

plants of species 1. This is illustrated by the parallel lines in Figure 3. Because of the parallel lines, this 

substitution holds independent of the relative frequencies of the species and independent of total 

population density. In recent studies, SpittersΩ model is still frequently used to study competitive 

effects between two plant species (Echarte et al. 2011; Edalat et al. 2011; Neumann et al. 2009 and 

(Ryan et al. 2009). 

 

 

  

  

 

 

Figure 3. The influence of the addition of a fixed number of individuals of species 2 (x) on 

1/W1 of species 1 remains equal in size, independent of the plant number of species 1. 
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 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 could, for instance, 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 species, and 2 and 3 are 

the different weed species. Adding this third weed species to 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 b1,2 will change. If the actual level of change 

depends on the density of species 3, the implication might be that an interaction term needs to be 

included. 

 

y1,2,3 = N1 / (b1,0 +b1,1N1+b1,2N2+b1,3N3)       [6] 
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3. MATERIAL AND METHODS 
 

In the first part of the project an attempt was made to determine the accuracy and precision with 

which SpittersΩ parameters can be estimated from experiments. This would translate in factors that 

need to be considered when setting up and conducting experiments on interplant competition. 

Obviously, it is of importance whether any deviation in competition parameter represents a real 

change or is just a derivative (or artefact) of the experimental set-up. In the first part of this chapter 

the INTERCOM model is discussed. This model was used to generate various data-sets representing 

density experiments with one, two or three plant species. These data-sets were then used to 

estimate the various parameters of the SpittersΩ equation. In the final section the details of the pot 

experiment are presented. 

3.1 INTERCOM simulations 

 

The INTERCOM model (Kropff and van Laar, 1993) for interplant competition was used for generating 

data-sets. Generated data-sets consisted out of plant density (N; plant/m2) and simulated biomass 

(kg/ha) for each plant density. The model parameterized for sugar beet in competition with 

Chenopodium album L. was used. A second imaginary weed species was created by copying the 

parameters of Chenopodium album and adapting the values for the leaf extinction coefficient (from 

0.69 to 0.90) and the value for per plant leaf area at emergence (from 0.13 to 0.25).  

 

 Mix-culture simulations were made when plant species were grown in competition with itself 

or with other plant species. When 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 information INTERCOM 

 

The model INTERCOM is programmed in FST (Fortran Simulation Translator) (Kraalingen et al. 2003). 

A detailed description of the INTERCOM model can be found in the book Modelling Crop-Weed 

Interactions by M.J. Kropff and H.H. van Laar (Kropff and van Laar 1993). 

 

 INTERCOM is an ecophysiological model for crop-weed 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 for species based on environmental conditions (Figure 4). The growth 

models are expanded to account for the simultaneous absorption of available resources (light and 
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water) by the different species in mixed vegetation. Under favourable conditions, light is the main 

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 photosynthetic area within the canopy, and the light extinction 

coefficient of the species (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 consists of the following 

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

precipitation. 

 

 

Figure 4. General structure of the eco-physiological model for interplant competition (INTERCOM), 

dealing with competition for l ight and water (copied from the book Ecology and Management of 

Weeds). 

 The competitive effects 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.  
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3.1.2 Simulations 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 species, biomass was initially simulated with plant species growing in 

mono-culture. Several reruns were made with plant densities ranging from 0 to 40 plants/m2 with 

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 the inverse plant 

weight (1/W; plant/g). Data-sets consisting of plant number (N; plant/m2) and 1/W were used to 

ŜǎǘƛƳŀǘŜ ǘƘŜ ǇŀǊŀƳŜǘŜǊǎ ƻŦ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ŦƻǊ ŀ Ƴƻƴƻ-culture (equation 3; parameters b1,0 and 

b1,1).To find out how sensitive these estimates are to the steps in plant density and the plant density 

range, sub-data sets were created based on the original data-sets. 

 

 In the first analysis, the plant density range was fixed from 0 to 40 plants/m2 and plant 

density steps were varied with accrued steps of: 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 2.0 and 4.0 plants/m2. For 

each sub-Řŀǘŀ ǎŜǘ ǘƘŜ ǇŀǊŀƳŜǘŜǊǎ ƻŦ ǘƘŜ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿŜǊŜ ŜǎǘƛƳŀǘŜŘΦ  

 

 Additionally, plant density ranges were varied in two different ways, whereas the density 

step was fixed at 0.5 plant/m2. First, the plant density range started at 0 plants/m2 and was gradually 

extended to 10, 15, 20, 25, 30, 35, 40 plants/m2. The second way was the opposite and the highest 

plant density was fixed at 40 plants/m2, whereas the lowest plant density was gradually increased 

from 0 to 5, 10, ... to 30 plants/m2.  

 

 For all three plant species, biomass was also simulated when plant species were grown in 

mix-cultures. Several reruns were made with plant densities of the mono-crop ranging from 0 to 40 

plants/m2 (accrued steps of 0.5), with added to this fixed range 5, 10, or 15 plants/m2 of either the 

same plant species or another. For every specific mixture simulation, the data was processed as 

described in the first paragraph of this section.  

 

 For the analysis of these mix-cultures, the competitiveness for the mono-culture 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 (1/W) to an upper and a 

lower limit. The upper limit was based on the highest inverse plant weight (1/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 plant density was recorded. For each limit value (1/W), the same value in 
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either mix- or mono-culture was search for and the corresponding plant density was noted. Setting 

up those limits resulted in different plant densities ranges for the mono- and mix-culture. 

 

 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 an array that describes the line. Yƴƻǿƴ ȅΩǎ ǊŜǇǊŜǎŜƴǘ data of the dependent variable, 

ŀƴŘ ƪƴƻǿƴ ȄΩǎ ǊŜǇǊŜǎŜƴǘ Řŀǘŀ ƻf one or more independent variables. Based on plant number (x-axis) 

and the corresponding inverse plant weight (y-axis), LINEST estimates parameter values b1,0 and b1,1 

for every sub-data set. For each parameter value the best estimate, standard error and R2 was given.  

 

 The R2 value was used as a first estimation of the accuracy of the fit. With the LINEST 

estimated parameter values, the inverse plant weight (1/W; plant/g) was calculated (equation 3) for 

every sub-data 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 were homogenously distributed around the linear regression 

line. This was used as a second estimation of the accuracy of the fit. Afterwards, the LINEST 

estimated parameter values were compared for the different sub-data sets to see if there was 

variation. When there was variation, the values were examined whether there was a correlation. 

Finally the standard error was checked to estimate the accuracy of the fit.  

3.2 Glasshouse experiment 
 
Two pot experiments were carried out, one with mono-cultures of faba bean (Vica faba L.) and one 

with mono-cultures of winter wheat (Triticum aestivum L.). In both experiments two factors were 

included: pot fence (absence or presence) and density (faba bean: 1-10 plants/pot, step-size = 1; 

winter wheat: 2-20 plants/pot; step-size = 2). One objective of this study was to minimize the errors 

that arise from a sub-optimal set-up 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 plant density. 

This is impossible due to limitations of space. Therefore the factor pot fence was studied. The ideal 

plant competition situation, as described above, was created in two-fold, both for the highest and 

the lowest plant density per crop. It should be considered as an independent part of the experiment. 

This was done to compare the results from the sub-optimal set-up on plant competition with this 

ideal plant competition situation.  
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3.2.1 Experimental design  

 

In the experiments with faba bean and winter wheat, a split plot design with 5 blocks was used, 

where blocks were used as replicates. Pot fencing was the main-plot factor with 2 levels, fence or no 

fence. Position of the fenced and non-fenced pots in each block was randomly assigned. Within these 

main plots, plant density was the sub-plot factor with 10 levels. Plant densities were randomly 

assigned over the pots. Plant density level for bean varied from 1 to 10 plants per pot with accrued 

steps of 1 plant. For winter wheat, plant density varied from 2 to 20 plants per pot with accrued 

steps of 2 plants.  

 

 The ideal plant competition situation was created only in two-fold for the highest and lowest 

plant density of each crop. Every replicate contained 3 rows, with 6 pots in a row. This means that 

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 experiments were conducted in a glasshouse of Unifarm Serre (compartment 5.4) of 

Wageningen University. Temperature in the glasshouse was 26°C during day time and 23°C during 

night time. Black screens were used to create a day length of 12 h (5.00h ς 17.00h) throughout the 

entire growing period. The transition between day and night and vice versa took one hour. Additional 

illumination was performed by 12 SON-T Agro, 400 W, Philips lamps. Lamps automatically switched 

on during day time when photosynthetically active radiation (PAR) outside the glasshouse dropped 

below 910µ E m-2s-1. Relative humidity in the glasshouse ranged from 23% to 80% and was set at 70% 

during day time and at 20% during night time. For a complete overview of the conditions in the 

glasshouse see Appendix I. 

 

 Plants were grown in 3 litre black plastic pots with an upper diameter of 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 II. After filling, the pots were placed in the glasshouse and were watered and covered 

with a plastic sheet. This was done to prevent evaporation and to ensure that the potting soil 

remained moist. 
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 The crop variety used for Vicia faba was  5ǊƛŜ Ƴŀŀƭ ǿƛǘ  ŀƴŘ ŦƻǊ Triticum aestivum this 

was  /ŀǊŜƴƛǳǎ  Φ {ŜŜŘǎ ǿŜǊŜ ǎǳǇǇƭƛŜŘ ōȅ ¦ƴƛŦŀǊƳΦ hƴ 5ŜŎŜƳōŜǊ мл, 2012, the seeds of both crops 

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

 

 On December 12, 2012, 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 density, a cardboard mold was made. 

The molds, with holes corresponding with the desired plant density, were made by dividing the 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 the pre-germinated seeds, the 

pots were covered with a transparent plastic sheet to keep the soil sufficiently moist. 

 

 The plastic sheet was removed when the seedlings started to emerge. For winter wheat this 

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 cm, a total height of 50 cm and 

a diameter of 19.4 cm. The fences were placed 5 cm below the pot rim, therefore the net fence 

height was 45 cm. On December 19, the fences were placed on top of the pots concerned. In 

Appendix III the layout of the experiment and further 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 meshes. In this case, 

the leaf was put back within the fence.  

 

 On January 16, block I, II, III and IV 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 I and the ideal plant competition situation of the winter wheat was harvested, on January 22, 

block II, III, 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 to the soil surface and subsequently the leaves were removed from the stems. 

Then, the leaf area was measured with a leaf area meter (LI-Cor, model 3100). Plant material was 
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dried for 24 hours in an oven at 105°C and weighed with a Sartorius scale (model CP 4202S). 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 in g/m2. Total 

dry weight in g/m2 was converted in individual plant dry weight and subsequently in the inverse of 

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 returns an array that describes the line. Yƴƻǿƴ ȅΩǎ ǊŜǇǊŜǎŜƴǘ 

data of the dependent vaǊƛŀōƭŜΣ ŀƴŘ ƪƴƻǿƴ ȄΩǎ ǊŜǇǊŜǎŜƴǘ data of one or more independent variables. 

Based on plant number (N, plant/m2; x-axis) and the corresponding inverse plant weight (1/W, 

plant/g; y-axis), LINEST estimated parameter values b1,0 and b1,1. 

 

 To find out how sensitive these estimates were to the number of data points, sub-data sets 

were created based on the original data-sets. Based on these sub-data sets, LINEST estimated 

parameter values b1,0 and b1,1.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 were estimated.  

 

 For the three fencing types (ideal situation with guard pots, pot fence and no pot fence) it 

was determined whether pot fence had an effect on total plant dry weight (g/m²), because the 

objective of both experiments was to find out if pot fences can minimize the errors that arise from a 

sub-optimal set-up of pot-experiments on plant competition. Therefore, the data was analysed with 

ANOVA (Split-Plot Design) using GenStat 15th edition.   
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4. RESULTS 
 

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

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, because simulations with Chenopodium album and 

an imaginary weed species gave similar results. In the first sub-section, Spitters' equation is fitted to 

simulation outcomes of the INTERCOM model. Next, the effect of different plant density steps and 

plant density ǊŀƴƎŜǎ ƻƴ ǘƘŜ ǾŀƭǳŜ ŀƴŘ ǇǊŜŎƛǎƛƻƴ ƻŦ ǘƘŜ ŜǎǘƛƳŀǘŜŘ ǇŀǊŀƳŜǘŜǊǎ ƻŦ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ 

was studied. In the final part of this section, the effect of adding a fixed number of plants of either 

the same, or another plant species, on the value and precision of the estimated SpittersΩ parameters 

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 

рΦ ¢ƘŜǎŜ ǎƛƳǳƭŀǘŜŘ Řŀǘŀ ǿŜǊŜ ǳǎŜŘ ǘƻ ŜǎǘƛƳŀǘŜ ǘƘŜ ǘǿƻ ǇŀǊŀƳŜǘŜǊǎ ƻŦ {ǇƛǘǘŜǊǎΩ equation [1]. 

Regression analysis resulted in a good fit, reflected in low standard errors for both parameters and a 

high R2 (> 0.99) (Table 1). Comparison of simulated data and the obtained fit showed the close 

resemblance between simulated and fitted data, but also revealed that the error term was not 

homogeneously distributed with plant density. At low and high plant densities, {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ 

underestimated the sugar beet yield, and for plant densities ranging from 7 to 30 plants/m2, SpittersΩ 

equation overestimated the simulated dry weight (Figure 6).  

 

 

Table 1.Values and standard error (SE) of SpittersΩ parameters b1,1 and b1,0 obtained through regression analysis 
on simulated sugar beet dry weight. In the simulations plant density ranged from 0 to 40 plants/m

2
 with 

accrued steps of 0.1.  

     
b1,1

I 
SE

 
 b1,0

II 
SE 

     
0.00104  1.86E-06  0.00304  4.31E-05 
I
 Parameter reflecting the inverse of maximum dry weight (m

2
/g) 

II 
Parameter reflecting the inverse of maximum individual plant dry weight (plant/g) 

R
2 
was > 0.99 
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Figure 5. The relat ion between plant density and sugar beet dry weight. Dots represent the simulation 

outcomes of the INTERCOM modelΦ ¢ƘŜ ƭƛƴŜ ǊŜǇǊŜǎŜƴǘǎ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ with parameter values 

obtained after regression analysis on the simulated data. 

 

 

Figure 6. Difference between the original yield simulated with the INTERCOM model and the yield 

ƻōǘŀƛƴŜŘ ǿƛǘƘ {ǇƛǘǘŜǊǎΩ ŜǉǳŀǘƛƻƴΦ tŀǊŀƳŜǘŜǊ ǾŀƭǳŜǎ ƻŦ ǘƘƛǎ Ŝǉǳŀǘƛƻƴ ǿŜǊŜ ŘŜǊƛǾŜŘ ǘƘǊƻǳƎƘ ǊŜƎǊŜǎǎƛƻƴ 

analysis. 
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4.1.2 Plant density steps 

 

Based on the data-set ranging from 0 to 40 plants/m² (accrued steps of 0.1 plants/m²), sub data-sets 

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 of SpƛǘǘŜǊǎΩ ŜǉǳŀǘƛƻƴΦ ¢ƘŜ ǾŀƭǳŜ ƻŦ ǘƘŜ ƛƴǘǊŀ-specific 

competition, parameter b1,1 hardly changed with an increase in plant density step size, whereas the 

value of parameter b1,0 gradually decreased from 0.00304 (step-size 0.1) to 0.00232 (step-size 4.0) 

(Table 2). With increasing plant density steps, and thus fewer data points, the standard error for both 

parameters increased. For all plant density steps, 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 2).  

 

Table 2. Values and standard error (SE) of SpittersΩ parameters b1,1 and b1,0 obtained through regression 
analysis on simulated sugar beet dry weight for different plant density steps. In the simulations plant density 
ranged from 0 to 40 plants/m

2
. 

Plant density steps 

(plants/m
2
) 

Parameter estimates 

 b1,1
I 

SE
 

 b1,0
II 

SE 

      
0.1 0.00104  1.86E-06  0.00304  4.31E-05 

0.2 0.00104  2.77E-06  0.00301  6.41E-05 

0.4 0.00104  4.27E-06  0.00297  9.89E-05 

1.0 0.00105  8.11E-06  0.00285 1.88E-04 

2.0 0.00105  1.38E-05  0.00266  3.22E-04 

4.0 0.00106  2.36E-05  0.00232 5.58E-04 
I
 Parameter reflecting the inverse of maximum dry weight (m

2
/g) 

II 
Parameter reflecting the inverse of maximum individual plant dry weight (plant/g) 

R
2 
was > 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 were selected 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 (Figure 8). The smallest plant density step (0.1 

plant/m²), had the highest underestimation at low plant densities (up to 6 plants/m²). The highest 

plant density step (4.0 plants/m²), overestimated total dry weight in the range from 4 to 30 

plants/m². The intermediate plant density step (1.0 plant/m²), had the highest underestimation at 

high plant densities (30 to 40 plants/m²) (Figure 8).  
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Figure 7. The relat ion between plant density and sugar beet dry weight. Dots represent the simulation 

outcomes of the INTERCOM model. The different l ines represent SpƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿƛǘƘ ǇŀǊŀƳŜǘŜǊ 

values obtained after regression analysis on the simulated data for the various plant density steps.  

 

 

Figure 8. Difference between the original yield simulated with the INTERCOM model and the yield 

ƻōǘŀƛƴŜŘ ǿƛǘƘ {ǇƛǘǘŜǊǎΩ equation for the different plant density steps. Parameter values of this 

equation were derived through regression analysis. 
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4.1.3 Plant density range 

 

Based on the data-set ranging from 0 to 40 plants/m² (accrued steps of 0.1 plants/m²), sub data-sets 

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

First plant density range started at 0 plants/m² and was gradually extended from 10 to 40 plants/m². 

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

gradually extended from 30 to 0 plants/m². This was done to determine the effect of the length of 

ǘƘŜ Ǉƭŀƴǘ ŘŜƴǎƛǘȅ ǊŀƴƎŜ ƻƴ ǘƘŜ ŜǎǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ǘǿƻ ǇŀǊŀƳŜǘŜǊǎ ƻŦ {ǇƛǘǘŜǊǎΩ ŜǉǳŀǘƛƻƴΦ  

 

 When the density range was gradually extended from 10 to 40 plants/m², the value for intra-

specific competition parameter b1,1 decreased from 0.00120 (range 0 to 10) to 0.00104 (range 0 to 

40) with an increasing value for parameter b1,0 from 0.00189 to 0.00304, respectively (Table 3). When 

plant density range was extended by increasing low plant densities, the opposite effect was found. 

Parameter b1,1 increased from 0.00097 (range 30 to 40) to 0.00104 (range 0 to 40) and b1,0 decreased 

from 0.00511 to 0.00304 respectively. 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 (Table 3).  

 

Table 3. Values and standard error (SE) of SpittersΩ parameters b1,1 and b1,0 obtained through regression analysis on 
simulated sugar beet dry weight for different plant density ranges, with accrued steps of 0.1 plants/m² within each 
range. 

Plant density ranges 

from 0.0 to  

Parameter estimates 

 b1,1
I  

SE
 

 b1,0 
II 

SE 
      
10.0 0.00120  7.87E-06  0.00189  4.55R-05 
15.0 0.00115  4.68E-06  0.00212 4.06E-05 
20.0 0.00111  3.44E-06  0.00232  3.98E-05 
25.0 0.00109  2.78E-06  0.00251  4.02E-05 
30.0 0.00107  2.37E-06  0.00269  4.10E-05 
35.0 0.00105  2.08E-06  0.00287  4.20E-05 
40.0 0.00104  1.86E-06  0.00304  4.31E-05 
      
Plant density ranges 

from .. to 40.0   

     

      
30.0 0.00097  3.15E-07  0.00511  1.11E-05 
25.0 0.00098  4.23E-07  0.00487  1.39E-05 
20.0 0.00099  5.44E-07  0.00461  1.66E-05 
15.0 0.00099  6.91E-07  0.00433  1.96E-05 
10.0 0.00100  8.47E-07  0.00400  2.34E-05 
5.0  0.00102  1.17E-06  0.00361  2.90E-05 
0.0 0.00104  1.86E-06  0.00304  4.31E-05 
I
 Parameter reflecting the inverse of maximum dry weight (m

2
/g) 

II 
Parameter reflecting the inverse of maximum individual plant dry weight (plant/g) 

R
2 
was > 0.99 
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 The relation between plant density and simulated total dry weight for sugar beet is shown in 

CƛƎǳǊŜ фΦ ¢ƘŜ Ǉƭŀƴǘ ŘŜƴǎƛǘȅ ǊŀƴƎŜ ƻƴ ǿƘƛŎƘ ǘƘŜ ǘǿƻ ǇŀǊŀƳŜǘŜǊǎ ƻŦ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿŜǊŜ ōŀǎŜŘΣ Ƙŀd 

an enormous influence on the predicted sugar beet dry weight. Comparison of the original simulated 

data and the best fits based on plant density ranges 0 to 10 and 30 to 40 plants/m² showed that the 

obtained fits, fitted the original simulated data almost perfect in the plant density range that was 

used ǘƻ ŜǎǘƛƳŀǘŜ ǘƘŜ ǘǿƻ ǇŀǊŀƳŜǘŜǊǎ ƻŦ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ όCƛƎǳǊŜ фύΦ hǳǘǎƛŘŜ ƻŦ ǘƘŜ ǊŀƴƎŜ ǘƘŀǘ ǿŀǎ 

used for parameter estimation, the original simulated data were underestimated, resulting in an 

error term that was not homogeneously distributed with plant density (Figure 10).  

 

Figure 9. The relat ion between plant density and sugar beet dry weight. Dots represent the simulation 

ƻǳǘŎƻƳŜǎ ƻŦ ǘƘŜ Lb¢9w/ha ƳƻŘŜƭΦ ¢ƘŜ ŘƛŦŦŜǊŜƴǘ ƭƛƴŜǎ ǊŜǇǊŜǎŜƴǘ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿƛǘh parameter 

values obtained after regression analysis on the simulated data for the various plant density ranges. 

Figure 10. Dif ference between the original yield simulated with the INTERCOM model and the yield 

ƻōǘŀƛƴŜŘ ǿƛǘƘ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ŦƻǊ ǘǿƻ Ǉƭŀnt density ranges. Parameter values for both equations 

were derived through regression analysis. 
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4.1.4 Mix-culture 

 

Based on Figure 9 it is evident that plant density range has an influence on the parameter estimates 

ƻŦ {ǇƛǘǘŜǊǎΩ ŜǉǳŀǘƛƻƴΦ ¢ƘŜ ǊŜŀǎƻƴ ƳƛƎƘǘ be that the competitive pressure that plants experience 

influences the competition parameters. Obviously, 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/m². 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 competitive pressure compared to the mono-

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

series in a density range where the competitive pressure on the main plant species was similar. This 

can be easily reached by 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/m²) to the 

mono-culture of sugar beet on the esǘƛƳŀǘƛƻƴ ƻŦ ǘƘŜ ǘǿƻ ǇŀǊŀƳŜǘŜǊǎ ƻŦ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿŀǎ 

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 added to a plant density range, the value of the intra-

specific competition parameter b1,1 decreased from 0.00104 (mono-culture) 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, because adding plants of the same species to a mono-culture 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 parameters decreased. For 

the mono- and mix-cultures, 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 (N2) was kept constant, it was impossible to directly obtain 

estimates for b1,0 and b1,2. Through linear regression an estimate for the term b1,0 + b1,2*N2 was 

obtained. Since the same plant species was added the value of b1,2 was equal to b1,1, and based on 

this parameter b1,0 was calculated . With an increase in number of plants added to the plant density 

range, parameter b1,0 gradually increased from 0.00310 (mono-culture) to 0.00490 (mix-culture, 15 

plants added) (Table 4). This was a similar trend as found in Table 3 when the plant density range was 

increased.  



21 
 

 

Table 4.Values and standard error (SE) of SpittersΩ parameters b1,1 and b1,0 obtained through regression analysis on 
simulated sugar beet dry weights in mono-culture and in mix-culture with itself. In the simulations plant density of 
the main plants species ranged from 0.5 to 40 plants/m

2
 with accrued steps of 0.5. 

Cropping system Parameter estimates 

 b1,1 
I 

SE
  

b1,0 + b1,2*N2 
II 

SE b1,0
III 

       

Mono-culture 0.00104 3.85E-06  0.00310 8.97E-05 0.00310 

Mix-culture (5) 0.00101  2.48E-06  0.00884 5.77E-05 0.00379 
 Mix-culture (10) 0.00099 1.86E-06  0.01424  4.34E-05 0.00434 

Mix-culture (15) 0.00097 1.50E-06  0.01945  3.49E-05 0.00490 
I
 Parameter reflecting the inverse of maximum dry weight (m

2
/g) 

II 
Term including parameters referring to a situation without intra-specific competition and with inter-specific 

competition. 
III 

Parameter reflecting the inverse of maximum individual plant dry weight (plant/g) (calculated) 
Numbers between brackets are the number of sugar beet plants/m² added 
R² was in all cases > 0.99 
 

 Creating equal competitiveness in a mix-culture was done by restricting the inverse plant 

weight (1/W) to a maximum and a minimum value. The upper limit was based on the highest inverse 

plant weight (1/W) for plants grown in mono-culture. 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 mono-culture and 

mix-ŎǳƭǘǳǊŜΦ .ŀǎŜŘ ƻƴ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ Ǉƭŀƴǘ ŘŜƴǎƛǘȅ ǊŀƴƎŜǎΣ ǘƘŜ ǘǿƻ ǇŀǊŀƳŜǘŜǊǎ ƻŦ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ 

were estimated (Table 5). For parameter b1,1 the estimated parameter-value for mono- and mix-

culture was identical.  

 
  For parameter b1,0 the values, calculated in a similar way as described above, were almost 

similar. When the density range was gradually decreased per mono-/mix-culture combination, the 

value for intra-specific competition parameter b1,1 decreased from 0.00102 (mono- and mix-culture 

with 5 plants) to 0.00099 (mono- and mix-culture with 15 plants) with an increasing value for 

parameter b1.0 from 0.00364 to 0.00435, respectively. With decreasing 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 (Table 5). 
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Table 5. Values and standard error (SE) of SpittersΩ parameters b1,1 and b1,0 obtained through regression analysis on 
simulated sugar beet dry weight in mono-culture and in mix-culture with itself. In the simulations, plant density range 
was specific for each mono-/mix-culture combination with accrued steps of 0.5 plants/m². 
Cropping system Plant density range (plants/m

2
) Parameter estimates 

  b1,1 
I 

SE
 

b1,0 + b1,2*N2
II
 
 

SE b1,0
III
 

Mono-culture 5.5-40.0 0.00102  2.60E-06 0.00364  6.48E-05 0.00364 

Mix-culture (5) 0.5-35.0 0.00102  2.60E-06 0.00872  5.31E-05 0.00362 

       

Mono-culture 10.5 - 40.0 0.00100  1.97E-06 0.00400  5.36E-05 0.00400 

Mix-culture (10) 0.5 - 30.0 0.00100  1.97E-06 0.01406  3.46E-05 0.00406 

       

Mono-culture 15.5-40.0 0.00099  1.55E-06 0.00435  4.43E-05 0.00435 

Mix-culture (15) 0.5-25.0 0.00099  1.55E-06 0.01924  2.27E-05 0.00439 
I
 Parameter reflecting the inverse of maximum dry weight (m

2
/g) 

II 
Term including parameters referring to a situation without intra-specific competition and with inter-specific 

competition. 
III 

Parameter reflecting the inverse of maximum individual plant dry weight (plant/g) (calculated) 
Numbers between brackets are the number of sugar beet plants/m² added 
R² was in all cases > 0.99 
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Figure 11. The relation between plant density and inverse of sugar beet plant dry weight (1/W). 

Different l ines represent the simulation outcomes of the INTERCOM model. The addit ion of a f ixed 

number of sugar beet plants on 1/W of sugar beet grown in mono-culture remains equal in size, 

independent of the number of sugar beet plants in mono-culture. The dotted lines are the limits for 

analysing the equal competitiveness based on inverse plant weight (1/W).  
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 The previous analysis suggests that comparing mono-cultures and mix-cultures for density 

ranges that represent a similar competitive stress, provides a better basis for comparing the intra-

specific competition parameter of the main plant species. This analysis, however, 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 plants species was added to the mono-culture, 5 and 10 plants 

of Chenopodium album were added to a density range of sugar beet plants. Adding 15 plants of 

Chenopodium album created a too high competitive stress and did not allow for comparing mono- 

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

 

 When the entire density range was considered, the value of the intra-specific competition 

parameter b1,1 did almost not change when Chenopodium album plants were added to the density 

range of sugar beet. For the mono- and mix-cultures, 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).  

  

Table 6. Value and standard error (SE) of SpittersΩ parameter b1,1 obtained through regression analysis on 
simulated sugar beet dry weight in mono-culture and in mix-culture with Chenopodium album. In the 
simulations plant density for sugar beet ranged from 0.5 to 40 plants/m

2
 with accrued steps of 0.5. 

Cropping system Parameter estimates 

 b1,1 
I 

SE
  

b1,0 + b1,2*N2
II 

SE 

      

Mono-culture 0.00104 3.85E-06  0.00310 8.97E-05 

Mix-culture (5*) 0.00105 4.60E-06  0.01146 1.07E-04 

Mix-culture (10*) 0.00106 4.78E-06  0.01872 1.11E-04 
I
 Parameter reflecting the inverse of maximum dry weight (m

2
/g) 

II 
Term including parameters referring to a situation without intra-specific competition and with inter-

specific competition. 
Numbers between brackets are the number of Chenopodium album plants/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 estimates for b1,1 that 

differed (Table 7). Per mono-/mix-culture combination, differences between the estimated 

parameter values b1,1 increased from 0.00007 to 0.00013, with an increase in Chenopodium album 

plants added to the mono-culture. The implication is that if the proposed procedure provides a fair 

comparison, adding Chenopodium album 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 is compensated by the decrease in b1,1 that 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 b1,0 could not be resolved as the value for parameter b1,2 could not be 

estimated since N2 was kept constant. For all mono-/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 (Table 7). 

 

Table 7. Value and standard error (SE) of SpittersΩ parameter b1,1 obtained through regression analysis on simulated 
sugar beet dry weight in mono-culture and in mix-culture with Chenopodium album. In the simulations, plant density 
range was specific for each mono-/mix-culture combination. 

Cropping system Plant density range (plants/m
2
) Parameter estimates 

  b1,1 
I 

SE
 

b1,0 + b1,2*N2
II 

SE 

Mono-culture 7.5-40.0 0.00101  2.31E-06 0.00381  5.92E-05 

Mix-culture (5) 0.5-31.0 0.00108  5.46E-06 0.01110  9.88E-05 

      
Mono-culture 14.0 - 40.0 0.00100  1.66E-06 0.00426  4.66E-05 

Mix-culture (10) 0.5 - 23.0 0.00113  6.33E-06 0.01798  8.55E-05 
I
 Parameter reflecting the inverse of maximum dry weight (m

2
/g) 

II 
Term including parameters referring to a situation without intra-specific competition and with inter-specific 

competition. 
Numbers between brackets are the number of Chenopodium album plants/m² added 
R² was in all cases > 0.99 
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Figure 12. The relation between plant density and inverse sugar beet plant dry weight (1/W). Different 

l ines represent the simulation outcomes of the INTERCOM model with the influence of the addit ion of 

a fixed number of Chenopodium album plants on 1/W of sugar beet grown in mono-culture. The dotted 

lines represent the l imits for analysing the equal competitiveness based on inverse plant weight (1/W). 
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4.2 Pot experiment 

 

In this section the results from both experiments with bean and winterer wheat are discussed. The 

objective of both experiments was to find out if pot fences can minimize the errors that arise from a 

sub-optimal set-up of pot-experiments 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. Therefore, per plant species two sets of pots, each with 

the same plant density range, were installed. In one set the shoots of the plants were allowed to 

grow unrestricted, whereas in the second set shoot growth outside the pot area was 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 situation, were 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 results 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/m²). Next, the effect of the three 

different fence types (ideal situation with guard pots, pot fence and no pot fence) on total plant dry 

weight was studied. In the final part, an analysis was done on how reliable the two parameters of 

{ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ŎƻǳƭŘ ōŜ ŜǎǘƛƳŀǘŜŘ, based on both the density range with and the density range 

without the fence. Additionally, 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 plant density and total dry weight for bean plants grown with and without a 

pot fence is shown in Figure 13. Unfortunately, no observations could be made for the treatment ΨΩ 6 

plants + fenceΩΩ, as for this treatment at least one plant died in each of the replications. 

Consequently, no value could be presented for this treatment.  

  

 Fence type had no influence on total plant dry weight (P=0.130), whereas plant density did 

(P<0.001). In general, with an increasing plant density, total dry weight increased. In Appendix V the 

output of the ANOVA analysis can be found. Dry matter distribution was not influenced by neither 
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fence type (P=0.665) nor plant density (P=0.057), though with the latter a small, but gradual increase 

leaf fraction was observed. Average leaf fraction was 49%. 

 

Figure 13. Average total dry weight of bean plants for different plant densit ies 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 more elaborate comparison was made. Pots with and 

without fence were compared with a pot that was surrounded with eight pots with the same plant 

density. For a plant density of 1 plant/pot, fence type had a significant influence (P=0.016) on total 

plant dry weight (Table 8). Total plant dry weight of the guarded pot and the pot with a fence was 

identical and significantly higher than for plants grown without a pot fence (Table 8). For a plant 

density of 10 plants/pot, fence type had no significant influence (P=0.713) on total dry weight.  

 

Table 8. Effect of fence type on the average total dry weight (g/m
2
) for two plant densities (# plants/pot) of faba 

bean. 

Plant density (# plants/pot) Fence type s.e.m
I 

 Guard pots  Fence
 

No Fence  

     

1 55.55 b 49.55 b 29.63 a 10.58 

     

10 298.91 337.53 305.97 11.87 

I 
Standard error of mean 

 
Different letters indicate that means for a plant density of 1 plant/pot, differed significantly (P<5%) with LSD = 
10.57  
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 Dry matter distribution over leaf and stem was not influenced by fence type with P=0.639 

and P=0.339 for plant densities of 1 and 10 plants/pot, respectively. On average, 49% of the dry 

matter was allocated to the leaves. 

  

4.2.1.3 Spittersȭ estimated parameters  

 

{ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿŀǎ ǉǳƛǘŜ ŎŀǇŀōƭŜ ƻŦ ŦƛǘǘƛƴƎ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ŦƻǊ ōŜŀƴ Ǉƭŀƴǘǎ ƎǊƻǿƴ ǿƛǘƘ ŀ 

pot fence. When all observations were taken into account, R²=0.80 (Table 9). For bean plants grown 

without a pot fence, the fit was rather poor (R²=0.24). Also when fits were based on fewer data 

points, this difference between fenced pots and non-fenced pots remained. For fenced pots R² even 

increased to values between 0.95 to 0.96, whereas R² of non-fenced pots reduced to an R² of only 

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

  

 There were large differences in the values for the estimated intra-specific competition 

parameter b1,1 between the two fencing types. For bean plants grown with a pot fence, parameter 

b1,1 was 0.00143, whereas this was 0.00071 for bean plants grown without a pot fence. Variation in 

the estimated value for the intra-specific parameter b1,1 when based on fewer observations was 

smaller when bean plants were grown with a pot fence (0.00121 - 0.00169) than without a pot fence 

(0.00017 - 0.00071). The ratio SE/b1,1 shows the precision which with the parameter is estimated. For 

bean plants grown with a pot fence; this ratio was much smaller (0.19) than for bean plants grown 

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 parameter b1,0 between the two fencing 

types, particularly when compared to the differences in parameter b1,1. For bean plants grown with a 

pot fence, parameter b1,0 was 0.01866, whereas this was 0.02273 for bean plants grown without a 

pot fence. When grown without a pot fence, there was a larger variation in parameter estimates 

when estimates were based on fewer observations (0.02273 - 0.02871). For bean plants grown with a 

pot fence this variation was rather small (0.01690 - 0.01866). The ratio SE/b1,0 was lower for bean 

plants grown with a pot fence than for plants grown without a pot fence (based on all data: 0.09 and 

0.12, respectively), indicating less variation in the estimation of parameter b1,0 for bean plants grown 

with a pot fence (Table 9).  
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Table 9. Values and standard error (SE) of SpittersΩ parameters b1,1 and b1,0 obtained 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 density steps 

(plants/pot) 

# data points Parameter estimates 

  b1,1
I 

SE
 

Ratio 

SE/b1,1 

 b1,0
II 

SE Ratio 

SE/b1,0
 

R² 

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 

I
 Parameter reflecting the inverse of maximum dry weight (m

2
/g) 

II 
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 14. The relation between plant density and bean dry weight. Dark dots represent the experimental data for bean plants grown with pot fence, open dots represent the 

ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ŦƻǊ ōŜŀƴ Ǉƭŀƴǘǎ ƎǊƻǿƴ ǿƛǘƘƻǳǘ Ǉƻǘ ŦŜƴŎŜΦ ¢ƘŜ ŘƛŦŦŜǊŜƴǘ ƭƛƴŜǎ ǊŜǇǊŜǎŜƴǘ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿƛǘƘ ǇŀǊŀƳŜǘŜǊ Ǿŀlues obtained after regression on the experimental 

data, using either all data or sub-sets of the original data. 
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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 l 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=0.001), just as plant density (P<0.001). On top of that, a significant interaction between 

fence type and plant density was found (P=0.012). For plant densities with 8 plants/pot or higher, 

total dry weight was significantly higher for plants grown without a pot fence than 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 V the results of the 

ANOVA analysis can be found. Dry matter distribution was influenced by fence type (P<0.001) and 

plant density (P=0.008). 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 significantly 

higher for winter wheat plants grown with a pot fence (82%) than for plants grown without a pot 

fence (78%). 

 

 
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 elaborate comparison was made. Pots with and 

without fence were compared with a pot that was surrounded with eight guard pots with the same 

density. Total dry weight was not affected by fence type, P=0.362 and P=0.417 for plant densities 2 

and 20 plants/pot, respectively. 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 (Table 10).  

 

Table 10. Effect of fence type on the average total dry weight (g/m
2
) for two plant densities (# plants/pot) of 

winter wheat. 

Plant density (# plants/pot) Fence type s.e.m
I 

 Guard pots  Fence
 

No Fence  

     

2 37.74 27.51  48.85 5.03 

     

20 181.29 165.77 193.10 6.46 

I 
Standard error 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 of 20 plants/pot the influence of pot 

fence was almost significant (P=0.079). The allocation of dry matter to the leaves differed 

significantly, with significant differences between all the three fencing types. Highest 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 by guard pots (78%). 

 

4.2.2.3 Spittersȭ estimated parameters  

 

{ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿŀǎ ŎŀǇŀōƭŜ ƻŦ ŦƛǘǘƛƴƎ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ Řŀǘŀ ŦƻǊ ǿƛƴǘŜǊ ǿƘŜŀǘ Ǉƭŀƴǘǎ ƎǊƻǿƴ ǿƛǘƘ 

and without a pot fence. When all observations were taken into account, R² for pots with and 

without a pot fence was 0.93 and 0.91, respectively (Table 11). When fits were based on fewer data 

points, R² even increased in most instances, except for the fit of non-fenced pots based on 5 data 

points, for which R² decreased to 0.84. In Figure 16 the different fits are displayed.  

 

 There were small differences in the values for the estimated intra-specific competition 

parameter b1,1 between the two fencing types. For winter wheat grown with a pot fence, b1,1 was 

0.00312, whereas this was 0.00254 for winter wheat plants grown without a pot fence. Variation in 
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the estimated value for the intra-specific parameter b1,1 when based on fewer observations was 

smaller when winter wheat plants were grown with a pot fence (0.00295 - 0.00324) than without a 

pot fence (0.00231 - 0.00309). The ratio SE/b1,1 shows the precision which with the parameter is 

estimated. For winter wheat grown with or without fence, this ratio did hardly differ, based on all 

data this was 0.10 and 0.11, respectively (Table 11).  

 

  There were large differences in the estimates of parameter b1,0 between the two fencing 

types, particularly when compared to the differences in parameter b1,1. For winter wheat plants 

grown with a pot fence parameter b1,0 was 0.06697, whereas this was 0.04811 for winter wheat 

plants grown without a pot fence (Table 11). When grown without a pot fence, there was a larger 

variation in parameter estimates when they were based on fewer observations (0.04330 - 0.05131). 

For winter wheat grown with a pot fence this variation was rather small (0.06697 - 0.06919). The 

ratio SE/b1,0 was 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).  

 

Table 11. Values and standard error (SE) of SpittersΩ parameters b1,1 and b1,0 obtained through regression analysis on experimental 
data of winter wheat dry weight obtained in pots with and without a pot fence. In the experiment plant density ranged from 2 to 20 
plants/pot. Fits were also obtained on fewer data points, using a plant density step size of 4 and 6 plants/pot. 

Plant density steps 

(plants/pot) 

# data points Parameter estimates 

  b1,1
I 

SE
 

Ratio 

SE/b1,1 

 b1,0
II 

SE Ratio 

SE/b1,0
 

R² 

Winter wheat grown with 

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 

I
 Parameter reflecting the inverse of maximum dry weight (m

2
/g) 

II 
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 relation between plant density and winter wheat dry weight. Dark dots represent the experimental data for winter wheat plants grown with pot fence, open 

dots represent the experimental data for winter wheat plants grown without pot fence. The different l ines represŜƴǘ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿƛǘƘ ǇŀǊŀƳŜǘŜǊ ǾŀƭǳŜǎ ƻōǘŀƛƴŜŘ ŀŦǘŜǊ 

regression on the experimental data, using either al l data or sub-sets of the original data. 
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5. DISCUSSION 
 

Most crop-weed competition models, be it descriptive or mechanistic, account for the negative 

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 a well-cited paper, Spitters 

(1982) developed a simple descriptive model for 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 intra- and inter-specific competition coefficients. In his paper, 

Spitters developed 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 easily expanded to represent a three 

species competition situation by simply adding a second inter-specific competition coefficient and 

the plant density of this third species. The question is whether this statement holds. In a three 

species competition situation there might be a three-species interaction, resulting in serious changes 

in the competitive relationship between species A and B, due to the 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.  

  

 So tƘŜ ǉǳŜǎǘƛƻƴ ƛǎΣ ǿƘŜǘƘŜǊ ǘƘŜ ǎƛƳǇƭŜǎǘ ŦƻǊƳ ƻŦ {ǇƛǘǘŜǊǎΩ model can be used to describe 

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 three-species interactions, 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 becomes ǘƻƻ ƭŀǊƎŜΣ ƛǘ ƛǎ ŘƛŦŦƛŎǳƭǘ ǘƻ ǊŜǎƻƭǾŜ ŜȄǇŜǊƛƳŜƴǘŀƭƭȅ ǿƘŜǘƘŜǊ {ǇƛǘǘŜǊǎΩ 

model is really able to properly describe the three-species interaction. In this study, it was therefore 

ƛƴǾŜǎǘƛƎŀǘŜŘ ǿƘƛŎƘ ŦŀŎǘƻǊǎ ŀŦŦŜŎǘ ǘƘŜ ǇǊŜŎƛǎƛƻƴ ǿƛǘƘ ǿƘƛŎƘ ǘƘŜ ŎƻƳǇŜǘƛǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘǎ ƻŦ {ǇƛǘǘŜǊǎΩ 

equation (b1,1 and b1,0) can be determined. The aim was to investigate which factors influence the 

estimation of the competition parameters and subsequently to provide useful recommendations on 

the set-up of experiments designed to study three-species interactions.  

  

 Data generated for sugar beet and Chenopodium album with the mechanistic model on 

interplant competition INTERCOM (Kropff and van Laar 1993) were used to study the effect of 

varying density ranges and density steps on the value and precision of SpittersΩ competition 
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parameters (b1,1 and b1,0). Comparison of simulated data for sugar beet with a plant density ranging 

from 0 to 40 plants/m² (accrued steps of 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 b1,1, whereas the value of parameter b1,0 gradually decreased with an increased plant 

density step (Table 2). With fewer data points, the standard error for both parameters increased. 

This increase was, however, almost negligible, because standard error 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, resulted in a 

simultaneous, but opposite trend in estimated b1,1 and b1,0 values. When the upper end of the plant 

density range was gradually extended the value for parameter b1,1 decreased and the value for 

parameter b1,0 increased. The opposite effect was found when the lower end of the plant density 

range was gradually extended (Table 3). Based on this, it can be concluded that the choice of the 

plant density range has a clear influence on the estimation of the parameter values b1,1 and b1,0. 

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 

ǇŀǊŀƳŜǘŜǊǎ ƻŦ {ǇƛǘǘŜǊǎΩ ŜǉǳŀǘƛƻƴΦ hǳǘǎƛŘŜ ǘƘŜ ǊŀƴƎŜΣ ǘƘŜ ŦƛǘǘŜŘ Řŀǘŀ ǳƴŘŜǊŜǎǘƛƳŀǘŜŘ ǘƘŜ ǎƛƳǳƭŀǘŜŘ 

data. This result indicates that it is extremely important that a broad plant density range is used for 

estimating parameters ƛƴ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ. In fact, data points that allow 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 yield, should 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 when exposed to 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/m². 

One possible consequence of this effect is that 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 exclude such an effect, it is important to compare mono-cultures and 

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

species is similar. Creating equal competitiveness in mono- and mixed-cultures was done by only 

including observations for which the inverse of the individual plant weight of the main plant species 
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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 added to a density range of sugar beet plants. For the mix-culture, the parameter 

value of b1,1 decreased and the value of b1,0 increased, compared to the mono-culture. This is a 

similar trend as found in the previous paragraph, when parameters b1,1 and b1,0 were estimated based 

on the entire plant density range for the mono- and mix-culture. When parameter estimates for both 

plant density ranges were based on a limited data set, only including treatments with individual plant 

dry weights in a predefined range, exactly the same parameter values for b1,1 and b1,0 were found 

(Table 5). 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 methodology was tested 

again, but with a fixed plant density of Chenopodium album added to the mono-culture of sugar 

beet. In this case, the addition of Chenopodium album plants to the mono-culture of sugar beet had 

almost no influence on the estimation of parameter b1,1, when the parameter was estimated based 

on the entire plant density range. If reduced data sets were used, allowing to compare the parameter 

estimates of mono- and mixed cultures under conditions of equal competitive stress, the b1,1 

parameter values for sugar beet obtained in the mixed-culture 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 the presence of Chenopodium 

album has a direct influence on the intra-specific competitive ability of sugar beet. This is reflected in 

a higher value of parameter b1,1. The simulations based on sugar beet alone revealed that including 

the entire data range results in a lower value of b1,1 in the mixed situation. Combining these two 

effects would explain why the parameter estimate of b1,1 based on the entire data range was not 

affected by the addition of Chenopodium album. The direct effect of Chenopodium album, resulting 

in an increased value, cancelled out the effect of parameter estimation under a higher competitive 

pressure, resulting in a reduced value. Clearly the data analysed in this research are not sufficient to 

come to a final conclusion. However, the data suggest 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 two-species interactions. This 

aspect clearly deserves more attention.  

 

Intra-specific competition was also investigated in pot experiments with winter wheat and 

bean plants. Both glasshouse experiments were conducted to investigate whether pot fences can 

minimize the error that might arise from not accounting for border effects in pot-experiments on 

plant competition. Data from the experiments were used to study if fence type (ideal situation with 

guard pots, pot fence and no fence) had an effect on plant growth. For winter wheat and the highest 
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plant density of bean (10 plants/pot) there was no significant difference in total plant dry weight 

between the three fencing types. Only for bean plants grown with a plant density of 1 plant/pot total 

dry weight differed significantly between the three fencing types (Table 8). Plants grown without a 

pot fence had a significantly lower total dry weight than plants grown surrounded by guard pots or a 

pot fence.  

 

When comparing the entire density series with and without a fence, there was no significant 

difference in total dry weight for bean plants. For winter wheat grown with 8 plants/pot or more, 

plants grown without a pot fence had a significantly higher total plant dry weight than plants grown 

with a pot fence (Figure 15). For plant densities ranging from 2 to 6 plants/pot, no significant 

differences were found between the two fencing types. Dry matter allocation to the leaves was 

significantly higher for winter wheat plants grown with a pot fence than for plants grown without a 

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 be representative 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. 1989). That this difference between fenced and non-fenced pots was not found for bean 

plants could be due to the fact that beans plants have no ability to tiller and therefore were less able 

to exploit a larger area than was available to them.  

 

Based on the experimental data from the plant density series, SpittersΩ parameters were 

estimated. When all observatiƻƴǎ ǿŜǊŜ ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘΣ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿŀǎ ǉǳƛǘŜ ŎŀǇŀōƭŜ ƻŦ 

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) (Table 9). Despite the fact that fence 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 

ǘŀƪŜƴ ƛƴǘƻ ŀŎŎƻǳƴǘΣ {ǇƛǘǘŜǊǎΩ Ŝǉǳŀǘƛƻƴ ǿŀǎ capable of fitting the experimental data for winter wheat 

plants grown with and without a pot fence, R² values were 0.93 and 0.91, respectively (Table 11). 

However, for both crops the estimates of SpittersΩ parameter were more precise when plants were 

grown with a pot fence, reflected by the lower SE/parameter ǊŀǘƛƻΩǎΦ CƻǊ Ǉƭŀƴǘǎ ƎǊƻǿƴ ǿƛǘƘ ŀ Ǉƻǘ 

fence, there was also less variation in the estimated parameter values (b1,1 and b1,0) when estimates 

were based on fewer data points (Table 9 & 11). 
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In conclusion, the results of both the INTERCOM simulations and the results from both pot 

experiments indicated that:  

 

- It is extremely important that a broad plant density range is used. This is essential for a 

proper estimation of the slope of the yield density response curve (Figure 1) and the 

maximum attainable yield (competition between plants). 

- It is important to compare mono-cultures and mixed stands in an additive series in a 

situation where the competitive pressure on the main plant species is similar, in order to 

exclude the effect of unequal competitive pressure caused by different plant density ranges.  

- It is highly recommended to use pot fences in future plant competition experiments. Results 

of both experiments indicated that the most precise estimations of SpittersΩ parameters 

were obtained when plants were grown in pots with a fence. When 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 

  I. CLIMATE CONDITIONS GLASSHOUSE 
 

  Temperature (°C)  RH1 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 

15-12-2012 Night 22.94 23.12 81.44 20.00 

15-12-2012 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 

18-12-2012 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 

23-12-2012 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 

25-12-2012 Night 23.07 23.12 77.73 20.00 

25-12-2012 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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1 RH = Relative humidity 

  

  Temperature (°C)  RH
1
 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 25.91 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 

15-1-2013 Night 23.07 71.03 23.12 20.00 

15-1-2013 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 

18-1-2013 Night 23.06 58.02 23.12 20.00 

18-1-2013 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 
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II. SOIL COMPOSITION 
 

Composition of 1 m3 potting soil used in the pot experiment. 
  

 

 

 

 

 

 

  

  

pH 5.70 

EC (mS/cm) 0.80 

EN-factor 1 1.23 

HWW2 154.00 

Horti clay (kg) 40.61 

Swedisch peat moss (EN/m3) 0.20 

Baltc peat medium (EN/m3) 0.30 

Garden peat normal (EN/m3) 0.30 

Structure Bark (EN/m3) 0.20 

Dolokal Extra potsoil (kg) 3.30 

PG-mix 15-10-20 (kg)3 0.81 

1Is the ratio between water scales, for example in m3, and the quantity of supplied soil 
in one m3. This is because substrates are compressible. The EN-factor is determined by 
the raw materials from which the substrate is comprised.  
2 Horticoop water value, the moisture content of a mixture potting soil expressed in a 
value. 
3 Fertilizer with 15% nitrogen, 10% phosphate and 20% potassium.  
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III. EXPERIMENTAL DESIGN 
 

Design       

      Split plot design 

 

Factors and levels 

Plant species:     Bean (Table 1) and Winter Wheat (Table 2) 

Plant densities (#/pot):    Bean: (A) = 1, (B) = 2, (C) = 3, (D) = 4, (E) = 5, (F) = 6, 

      (G) = 7, (H) = 8, (I) = 9, (J) = 10 

      Winter Wheat: (A) = 2, (B) = 4, (C) = 6, (D) = 8,       

      (E) = 10, (F) = 12, (G) = 14, (H) = 16, (I) = 18, (J) = 20 

Fencing:      Yes (dark circles) or No  

Blocks per plant species:   5 (numbered I-V) 

Ideal competition situation per plant species: 2 (numbered I-II)   

Pots:      208 (numbered 1-208) 

Guard pots:     g (numbered 301-364) 

Further specifications 

Location:     Unifarm Serre, compartment 5.4, Wageningen 

Soil type:     Potting soil 

Pot size:     3 litre, 19 cm upper diameter 

Sowing depth:     Bean 2 cm, Winter wheat 0.5 cm 

Disease and weed control:   No disease control and manual weeding 

Irrigation:     Every day done by hand 

Dimension green house:   8 x 12 m = 96 m2 

Experimental period:    Sowing date: December 12, 2012 

      Latest harvesting date: January 23, 2013 

Layout (not on scale)    Please turn over 
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Arrow points to the North 
















