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PROPOSITIONS 

1. Interesting things are coming by accident. 
(The Tulips, Anna Pavord, 1999) 

2. With boundaries of something we can explain everything of it, but without 
boundaries we cannot explain anything. 

3. Plants are able to make a decision very much the way computers do. 
(Aphalo etal. 1999. Journal of Experimental Botany, 50:1629-1634.) 

4. Scientific models are not useful for practice, and practical models are not 
good for science; yet they need each other. 

(Kearney M. 1992. Acta Horticulturae, 313, 165-171) 

5. Light use efficiency is a hyperbolic function of daily light integral. 
(this thesis) 

6. Practical innovations should come from industry, rather than from science. 

7. If you want to be happy for a lifetime, grow chrysanthemums. 
(A Chinese philosopher) 

These propositions are a part of the thesis, "Analysis and Simulation of Growth and 
Yield of Cut Chrysanthemum" by Jeong Hyun Lee, Wageningen, The Netherlands, 
17 December, 2002. 
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ABSTRACT 
Lee, J.H. 2002, Analysis and Simulation of Growth and Yield of Cut Chrysanthemum. 
Dissertation, Wageningen University, Wageningen, The Netherlands. 120pp: English and 
Dutch summaries. 

Seasonal variation in daily light integral naturally leads to seasonal variation in production and 
plant quality in year-round cut chrysanthemum (Chrysanthemum, Indicum group). Growers try 
to deliver constant product quantity and quality throughout the year by adapting plant density, 
day length, duration of long-day periods and supplementary lighting. Optimising crop 
management is very complex and requires a great deal of knowledge that is best represented by 
a generic model. There is, however, no such model available and there is also a lack of 
information on the dynamics of crop performance, i.e. dry mass production and leaf area index. 

In this thesis, growth and yield of cut chrysanthemum were analysed and quantified, as 
related to radiation, planting date and plant density. A generic model, CHRYSIMvl.O, was 
derived from an existing photosynthesis-driven model, calibrated and validated for year-round 
cut chrysanthemum. 

Final plant fresh and dry mass and number of flowers per plant decreased with plant density 
and this decrease was larger in summer than in winter. The observed variation in plant fresh 
mass can be described by a linear relationship with cumulative incident photosynthetically 
active radiation (PAR) per plant. Dynamics of aboveground total dry mass per m2 (TDM) and 
leaf area index (LAI) were well described by the expolinear growth equation. Moreover a 
modified expolinear growth equation, formulated as a function of accumulated daily incident 
PAR was used to derive the light use efficiency (LUE, g MJ"1) for closed canopies. LUE showed 
a hyperbolic relation to daily incident PAR and LUE was used to determine the maximum crop 
growth rate (g m"2 d"1) at closed canopy. However, it was hard to generalise growth and yield of 
cut chrysanthemum under a wide range of crop growing conditions and in this approach 
measured LAI is still required as an input. These limitations lead to the development of a model 
for predicting LAI and use of it with a generic model for predicting growth and yield of year-
round cut chrysanthemum. 

Dynamics of LAI can be simulated by the combination of increase in leaf dry mass (LDM) 
and specific leaf area of new leaves (SLA„). Dynamics of LDM could be adequately described 
using a Gompertz function to describe dry mass partitioning to the leaves. SLAn was linearly 
related to the inverse of the daily incident PAR, to temperature and to plant density. Dynamics 
of LAI were satisfactorily simulated for independent experiments and for commercially-grown 
crops. 

CHRYSIMvl.O was validated, using measured LAI and dry matter partitioning to the organs 
as an input, to check first possible errors in crop photosynthesis, maintenance respiration and 
dry mass conversion efficiency. Global radiation outside, inside greenhouse temperature and 
CO2 concentration were also input to the model. Simulated TDM was equal to measured TDM 
in summer (natural light) only, whereas a large under-estimation occurred at constant shade, and 
in winter. At low light LUE was largely underestimated by CHRYSIMvl.O. Calibrating the 
parameters of the photosynthesis light response curve of the leaves, i.e. initial light use 
efficiency, e, and maximum leaf photosynthetic rate, Pgmax, based on one experiment resulted in 
largely improved simulations of TDM in all experiments, but unrealistic parameter values. 
Finally some limitations for application of CHRYSIMvl.O are discussed in this thesis. 

Key words: chrysanthemum, crop growth, development, explanatory model, expolinear growth, 
dry mass, dry matter partitioning, fresh mass, leaf area index, light interception, light use 
efficiency, plant density, season, simulation, validation, year-round. 
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I. GENERAL INTRODUCTION 

Greenhouse horticulture is the most intensive and sophisticated form of crop production 

among agricultural production systems (Challa and Van Straten, 1993; Bakker and 

Challa, 1995). At present, greenhouse crop production systems are closer than ever to 

generating plant products independent of season, and are therefore referred to as 'plant 

factories' (Hashimoto, 1993) or 'the greenhouse industry' (Bakker and Challa, 1995). 

Modern greenhouses have sophisticated computerized control systems for (dynamic) 

control of greenhouse environmental conditions such as temperature, water vapour 

pressure, CCh-concentration, radiation, day length and root environment, presenting 

numerous options to creatively control the most essential production factors, based on 

outside weather conditions, inputs (set points) and type and growth stage of the crop 

(Bakker et al., 1995; Heuvelink, 1996). Vast knowledge, however, is required to 

optimise these production systems in terms of balancing production costs and economic 

returns (Challa and Van Straten, 1993; Lentz, 1998). Furthermore, due to the large 

variation of plant species and cultivars grown, each with different properties and 

requirements, cultivation system control has become more complex (Challa et al, 1994; 

Heuvelink, 1996). Several authors (Krug 1989; Challa, 1990; Lentz, 1998) have 

discussed this complexity for greenhouse systems in general, and they concluded that 

crop growth models could help to define optimal production strategies. 

YEAR-ROUND CUT CHRYSANTHEMUM 

Cut chrysanthemum (Chrysanthemum, Indicum group), a short-day plant, naturally 

blooms in the autumn of the Northern Hemisphere. In the past, cut chrysanthemum was 

mostly grown under natural day length conditions (outside, or in unheated glasshouses). 

Chrysanthemum supplies to the flower market were therefore seasonally limited 

(Spaargaren, 2002). However, since 1961 the use of blackout screens and artificial 

lighting in heated greenhouses has led to effective day length control, such that cut 

flowers can be produced at any time of year. As a result, cut flower production in the 

Netherlands has rapidly increased (Spaargaren, 2002). In 2000, glasshouses for cut 

chrysanthemum covered 774 ha in the Netherlands, which is 21% of the entire area of 

cut flower cultivation in Dutch glasshouses (Spaargaren, 2002). The present value of cut 

chrysanthemum production in the Netherlands amounts to approximately € 319 million 
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(Spaargaren, 2002). Coming second after rose, chrysanthemum dominates the flower 

market. 

Sophisticated year-round production programs for cut chrysanthemum, built upon 

growers' empirical knowledge, scientific research and the development of new 

cultivars, involve more than four crops per greenhouse area per year. Therefore cut 

chrysanthemum is one of the most intensive crops in greenhouse horticultural 

production systems (Machin, 1996). Chrysanthemum growers have to be able to carry 

out their production program with great accuracy every week of the year, and operate 

with a high decision making frequency (Machin, 1996). While seasonal variation in 

daily light integral naturally leads to seasonal variation in production and plant quality, 

chrysanthemum growers are commercially challenged to deliver constant product 

quantity and quality throughout the year. To maximize productivity and minimize 

variation in plant quality, growers therefore vary plant density, day length and duration 

of long-day periods (Langton et al. 1999). In the cut flower market, plant mass is one of 

the most important quality aspects, and this has been shown to be largely affected by the 

amount of light per plant (Langton et al. 1999). Particularly plant density is an 

important and effective crop management factor in determining final quality and 

productivity (Van der Hoeven et al, 1975). In the Netherlands, chrysanthemum growers 

decide in advance on plant density, when they order rooted cuttings for their next crop. 

Whereas greenhouse temperature can be effectively controlled throughout the year in 

modern greenhouses, daily light integral varies largely. However, supplementary 

assimilation light, which is increasingly applied in year-round cut chrysanthemum, may 

reduce seasonal variation in daily light integral and hence increase crop quality and 

production. Yet the optimal use of supplementary lighting, considering plant density, 

final plant mass, financial investments and returns, is not well quantified. In complex 

production systems such as these, growers could benefit from crop growth models to 

optimise farm management. 

RELATIONSHIP BETWEEN LIGHT AND PLANT DENSITY IN CUT CHRYSANTHEMUM 

Plant density is an important determinant of plant quality and yield (number of 

harvested stems). Manipulation of the number of plants per area has resulted in widely 

variable plant growth and quality of cut chrysanthemum (Van der Hoeven et al, 1975; 

Langton et al, 1999). At sufficient water and nutrient supply and effective pest and 

disease management, variation in plant growth and quality is mainly determined by 

competition for light among individual plants (Langton et al, 1999). Therefore 



GENERAL INTRODUCTION 

optimizing the amount of light per plant during the crop growth period is an important 

strategy to control plant growth and final quality. 

The daily amount of light intercepted by a crop strongly influences its growth rate 

(Monteith, 1977). Plant density affects light interception before the canopy closes, and 

hence plant density affects crop growth to some extent. The amount of intercepted light 

integral before canopy closure depends on leaf area per plant, number of plants, day 

length, duration of long-day periods and daily light integral. However, when the canopy 

is closed the fraction of intercepted light will reach its maximum (Monsi and Saeki, 

1953). Therefore plant density may not be a key factor influencing crop growth rate. 

Nevertheless, plant density does have strong effects on plant morphological aspects 

such as plant size, stem length, number of lateral branches and number of flowers (Van 

der Hoeven et al, 1975; Carvalho and Heuvelink, 2001). Clearly, in year-round cut 

chrysanthemum yield and plant quality are strongly interconnected. 

Supplementary assimilation light results in increased production, improved crop 

quality and decreased production time for chrysanthemum (Eng et al, 1985; Anderson, 

1990; Vernooij and Ploeger, 1999). However, important practical questions about 

application of assimilation light remain, particularly concerning (1) optimal use of 

supplementary lighting considering both plant growth and economic aspects, and (2) 

suitable plant densities throughout the year at different levels of supplementary light 

intensity. An almost infinite number of experiments would be required to answer these 

questions, because of the large number of possible combinations of leading factors such 

as planting week, assimilation light intensity and plant density. Crop simulation models 

are valuable additional tools in this situation, as valid models allow for swift and 

accurate crop growth prediction for a large range of input combinations. These 

predictions will assist in answering the aforementioned questions. In addition, economic 

information such as electricity price and market prices for different qualities of cut 

chrysanthemum is needed to determine the economical optimum for plant density and 

supplementary lighting intensity. 

CROP GROWTH MODELS 

Crop growth models are powerful tools to describe and understand complex systems, 

compare different scenarios, and recapitulate acquired knowledge (Marcelis et al, 

1998). Therefore, models can be used as tools for research and education, in decision 

support systems and greenhouse climatic control systems, for prediction and production 

planning, and in policy analysis (Challa, 1985, 1988, 1990; Gary et al, 1998; Lentz, 

1998; Marcelis et al., 1998). In general, a distinction can be made between descriptive 
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and explanatory models. Descriptive models usually consist of one or more 

mathematical equations, which are derived from measured data sets (Penning de Vries 

et al., 1989). In contrast, explanatory models consist of quantitative descriptions of 

mechanisms and processes, and are based on scientific theory and hypotheses (Penning 

de Vries et al., 1989). The predictive potential of descriptive models is larger than of 

explanatory models as the former include all unknown effects, although its model 

parameters often lack biological meaning (Marcelis et al, 1998; Ishag and Dennett, 

1998). However, descriptive models and its model parameters are dependent on species 

or location (Marcelis et al, 1998), which is a major limitation to applying these models 

to variable conditions. Nevertheless, descriptive models are useful to summarize 

measurements as model parameters are relatively easy to estimate (Larsen, 1990; Kage 

et al, 200lab). In addition they are useful in on-line greenhouse climatic control 

systems because few state variables are included and computing time is short (Larsen, 

1990; Marcelis etal, 1998). 

Explanatory models for crop growth are mostly photosynthesis-driven models based 

on the amount of intercepted light by plant leaves, and hence predict assimilation 

(Marcelis et al, 1998). Subsequently, loss of assimilates to respiration and conversion 

of assimilates into structural dry mass are calculated, and partitioning of assimilates (or 

dry mass) into individual organs is estimated. Finally, fresh mass can be estimated from 

calculated dry mass (Marcelis et al. 1998). These models are used to predict dry mass 

production as an indicator for crop physical yield, as a function of greenhouse 

environmental conditions (Kano and Van Bavel, 1988; Lieth and Pasian, 1991; Dayan et 

al. 1993; Gary et al., 1995; Heuvelink, 1996). Explanatory photosynthesis-driven 

models have successfully been applied and validated for greenhouse tomato and 

cucumber crops (De Koning, 1994; Marcelis, 1994; Heuvelink, 1996; Marcelis and 

Gijzen, 1998). Compared to descriptive models, explanatory models have much more 

potential for application in complex year-round crop production systems, in terms of 

dynamic climatic control, production planning, crop management and economic 

evaluation. According to Lentz (1998), optimal set points for short term and long term 

cultivation periods cannot possibly be determined without explanatory crop models. 

However, although the use of explanatory models has received attention in the 

greenhouse research for many years, application of these models for predicting yield 

response to greenhouse environmental conditions is still limited to a few fruit-vegetable 

species and some ornamental crops (De Koning, 1994; Heuvelink, 1996; Marcelis et al, 

1998; Marcelis and Gijzen, 1998). Before practical application, models need to be 

validated in detail not only at the yield level, but also at the level of underlying 

processes (Heuvelink, 1996). The main obstacles for validation and application of 
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explanatory models in greenhouse production systems are lack of information, for most 

greenhouse crops, on dry mass dynamics in relation to (comprehensive) climatic data, 

and poor quantification and generalization of dry mass partitioning into organ and leaf 

development (Heuvelink, 1995a; Marcelis e? a/., 1998). 

CHALLENGES TO MODELLING YEAR-ROUND CUT CHYSANTHEMUM 

As mentioned earlier, crop performance dynamics are not well studied for many 

(ornamental) greenhouse crops, including cut chrysanthemum. Available data are often 

limited to final yield, final plant quality, and crop growth conditions in the vegetative 

phase. Growth curves are usually missing, and climatic data are often lacking or limited 

to overall figures during the crop growth period. Apart from this soaring lack of data, 

modelling greenhouse crop performance is challenged further by the problem of 

predicting leaf area development, which is a weak part of photosynthesis-driven models 

even as this information is essential to the process of crop light interception described 

by these models. 

The problem of predicting leaf area has been well reviewed by Marcelis et al. (1998). 

Principally, two approaches to prediction of leaf area development are available: (1) leaf 

area may be described as a function of plant developmental stage or (2) leaf area may be 

predicted from simulated leaf dry mass (Marcelis et al, 1998). Commonly, 

photosynthesis-driven models predict leaf area development based on simulated leaf dry 

mass and specific leaf area (SLA). However, according to Marcelis et al. (1998), this 

approach shifts the modelling problem from predicting leaf area to estimating SLA and 

dry mass partitioning into leaves. SLA is sensitive to environmental factors and sink-

source ratios, whereas dry mass partitioning into leaves is highly species-dependent 

(Marcelis et al, 1998). Acock et al. (1979) formulated a simple and promising model 

for the SLA of chrysanthemum considering light and temperature, but this model has 

not yet been validated. As for dry mass partitioning into leaves, this was shown to be 

constant during the vegetative phase of dry mass increase (Acock et al., 1979), but 

strongly declined during the generative phase of chrysanthemum (Hughes and 

Cockshull, 1971; Karlsson and Heins, 1992). None of these authors, however, have 

attempted to generalize dry mass partitioning into leaves, nor tried to predict leaf area 

development for cut chrysanthemum. Generalizing dry mass partitioning into leaves has 

only been done for arable crops, using Gompertz equation as a function of 

developmental stage (De Visser, 1994), and as a function of the day after emergence 

(Teietal., 1996). 
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AIM AND OUTLINE OF THIS THESIS 

The aim of this study is to generalize the dynamics of crop growth performance for 

year-round cut chrysanthemum in terms of dry mass production and leaf area 

development, and to apply an existing explanatory model to cut chrysanthemum to 

determine its response to radiation and cropping strategies, specifically plant density 

management. This aim is approached by (1) describing and analysing the dynamics of 

growth and yield of greenhouse-grown cut chrysanthemum as influenced by planting 

date (season), plant density, and their interaction; (2) generalizing the effect of 

radiation and plant density on dry mass dynamics of year-round cut chrysanthemum 

with biologically meaningful parameters; (3) predicting leaf area development based on 

dry matter partitioning into leaves and specific leaf area of new leaves; (4) adaptation, 

validation, calibration and evaluation of an explanatory model for the prediction of dry 

matter production of year-round cut chrysanthemum. 

For this study, the photosynthesis-driven model TOMSIM (Bertin and Heuvelink, 

1993; Heuvelink, 1995b) was selected as explanatory model, as TOMSIM is built and 

validated based on a series of comprehensive experiments. TOMSIM is based on 

SUCROS87 (Spitters et al., 1989), and on a crop photosynthesis model of Gijzen 

(1992). The photosynthesis module of TOMSIM is not specific to tomato (Heuvelink, 

1996) and hence may be applied to other greenhouse crop species such as 

chrysanthemum. For this study, the module for calculating light intensity has been 

adjusted to the growing conditions of cut chrysanthemum in terms of supplementary 

assimilation light intensity and day length control. The resulting model, CHRYSIMvl.O 

(Chrysanthemum simulator version 1) has the same structure as TOMSIM (Heuvelink, 

1995b), consisting of a standard and adjusted model. The model computes daily crop 

growth rate (g m"2), based on daily crop gross assimilation rate (Pgd) and maintenance 

respiration (Rm). In the standard model, Pgd depends on crop leaf area and radiation, 

while Rm is a function of temperature and plant organ biomass. In the adjusted model 

(Heuvelink, 1995b) a reduction factor for Rm is included, which is a negative 

exponential function of simulated relative growth rate (RGR). 

The study is described and presented in four chapters. In Chapter II, long-term 

growth analyses are presented based on greenhouse experiments, conducted to obtain 

comprehensive data on dynamics of chrysanthemum dry mass production and leaf area 

index with detailed climatic data. Those data are needed to extend knowledge on 

dynamics of crop growth performance and for model development, calibration and 

validation. In Chapter II-1, the effect of planting date and plant density on dynamics of 

dry mass production and leaf area index are described and analysed. In addition, effects 
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of planting date and plant density on the relationship between yield and intercepted light 

are quantified. Theoretically, crop growth rate is approximately linearly related to daily 

light integral. Hence, a relative increase of light should result in proportional yield 

increases, but firm experimental proof for year-round greenhouse crops is lacking 

(Challa et al. 1994, Challa and Bakker, 1999). In Chapter II-2, this question is addressed 

in greenhouse experiments with different combinations of planting date, supplementary 

assimilation lighting, shading levels and plant densities. In addition, an attempt is made 

to generalize crop growth in relation to factors with biologically meaningful model 

parameters. 

Predicting leaf area index is a crucial component of photosynthesis-driven models 

based on light interception. Combining dry matter partitioning into leaves and specific 

leaf area appears to be a promising approach to predicting leaf area index. In Chapter 

III, this approach is applied to generalize leaf area index for cut chrysanthemum, based 

on seasonal experiments. 

Structure and application of the photosynthesis-driven model CHRYSIMvl.O is 

presented in Chapter IV. Using the measured data of Chapter II-2, model inputs are 

environmental factors (radiation, temperature, CO2), dry mass partitioning and leaf area 

index. This chapter includes an evaluation of the standard model, as well as an adjusted 

model with maintenance respiration reduced depending on simulated RGR, and a 

calibrated model implemented with a generalized crop growth rate (as in Chapter II-2) 

based on daily global radiation averaged over several years. 

In the general discussion (Chapter V) limitations of the model for application in 

ornamental crops are considered, specifically in terms of predicting physical yield by 

photosynthesis-driven models. In addition, possible improvements to the model are 

discussed, including the addition of quality aspects of cut chrysanthemum to the 

photosynthesis module. 



II. ANALYSIS OF GROWTH AND YIELD 

II. 1. EFFECTS OF PLANTING DATE AND PLANT DENSITY ON 

CROP GROWTH OF CUT CHRYSANTHEMUM 

Lee JH, Heuvelink E, Challa H 2002. Effects of planting date and plant density on crop growth of cut 
chrysanthemum. Journal of Horticultural Science and Biotechnology. 77, 238-247 

ABSTRACT 

The effects of planting date (season) and plant density (32, 48 or 64 plants m"2) on 

growth of cut chrysanthemum (Chrysanthemum, Indicum group) were investigated in 

six greenhouse experiments, applying the expolinear growth equation. Final plant fresh 

and dry mass and number of flowers per plant decreased with plant density and this 

decrease was larger in summer than in winter. Stem length hardly responded to plant 

density and total dry mass production per m2 linearly increased with plant density. Plant 

dry matter content was not influenced by plant density. Plant dry matter content, plant 

fresh and dry mass, number of flowers per plant, stem length and biomass production 

per m2 were all higher in summer than in winter. Final plant fresh mass (y; g) showed a 

linear relationship with cumulative incident photosynthetically active radiation (PAR) 

per plant (x; MJ plant"1) (y = 16.7x + 28.0, R2 = 0.97). This relationship implies 

proportionality between incident light per plant and plant density (at the same final plant 

fresh mass), showing that plant density effects were primarily mediated through 

competition for light. Dry mass production in time could be described accurately by the 

expolinear growth equation with three regression parameters: maximum relative growth 

rate (rm; assumed to be independent of plant density), maximum absolute growth rate 

(cm) and lost time (4). rm was 2.4 times higher and cm was 4.1 times higher in summer 

than in winter and no effect of plant density on cm was observed, whereas tb decreased 

linearly with increased plant density. Using these parameters and measured maximum 

leaf area index (LAI) for calculating dynamic growth patterns of LAI, resulted in large 

over- or under-estimations, except for summer-grown crops. When an extended 

expolinear growth function was fitted simultaneously on dry mass production and LAI 

in time, accurate time curves for LAI were obtained, whereas dry mass production was 

only accurately described for the summer crops. Only under rather constant radiation 

levels during a cultivation (summer), could accurate descriptions for both dry mass 
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production and LAI increase in time be obtained. Light use efficiency (LUE), the slope 

of the linear relationship between crop growth and cumulative intercepted PAR, varied 

between 3.4 g MJ"1 in summer and 5.3 g MJ"' in winter and LUE slightly increased with 

plant density. 

INTRODUCTION 

Daily light integral varies strongly throughout the year in northern Europe and as a 

consequence crop production and product quality varies. For many crops, including cut 

chrysanthemum, a constant ratio (light use efficiency, LUE, g MJ"1) between intercepted 

radiation and biomass production has been observed (Monteith, 1994; Heuvelink et al, 

2002). Hence, chrysanthemum plant dry mass tends to be much higher in summer than 

in winter (Hughes and Cockshull, 1971; Van der Hoeven et al, 1975; Langton et al., 

1999). Furthermore, crop management, e.g. plant density can have an influence on crop 

productivity and plant quality (Langton et al, 1999). Increased plant density increases 

the productivity per unit area whereas the individual plant mass decreases, e.g. for 

tomato (Heuvelink, 1995c) and for cut chrysanthemum (Van der Hoeven et al., 1975; 

Langton et al, 1999; Heuvelink et al, 2002). 

Growers have to produce the right amount and right quality at the right moment under 

pressure of the market throughout the year (Langton et al., 1999). Growers of cut 

chrysanthemum, a short-day (SD) plant, therefore vary plant density and duration of the 

long-day (LD) period with the season and they reduce the variation in daily light 

integral throughout the year by using supplementary assimilation light. By using a 

longer duration of the long-day period and applying lower plant densities and 

supplementary assimilation light in winter, Dutch cut chrysanthemum growers are able 

to reduce seasonal variation in plant mass to a factor two only (Lee et al, 2002), 

whereas natural daily light integral varies by a factor eight between summer and winter. 

Optimising the production system for cut chrysanthemum with its many variables is 

very complex. Besides the factors discussed above also temperature and CO2 play an 

important role. This complexity has been discussed for greenhouse production systems 

in general by several authors (Krug 1989; Challa, 1990; Lentz, 1998), who concluded 

that crop growth models could help defining optimal strategies. Models, in particular 

photosynthesis-driven models, are powerful tools to recapitulate our knowledge to 

describe and understand complex systems and to compare different scenarios (Marcelis 

et al, 1998). For the development, calibration and validation of such models 

10 
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quantitative information, especially dynamics of crop growth and crop growth 

characteristics e.g. leaf area index (LAI), are needed under a range of conditions 

(Heuvelink, 1995a). For many ornamental greenhouse crops, including cut 

chrysanthemum, however, dynamics of crop performance in time have hardly been 

studied. Concerning dynamics of crop growth, the expolinear growth equation provides 

biologically meaningful parameters as shown by several authors (Goudriaan and 

Monteith, 1990; Goudriaan, 1994; Dennett and Ishag, 1998; Ishag and Dennett, 1998). 

This growth equation, however, has not been thoroughly investigated for year around 

cultivated crops. 

The aim of the present work is to describe and analyse the dynamics of growth and 

yield of greenhouse-grown cut chrysanthemum as influenced by planting date (season) 

and plant density and their interaction. Six greenhouse experiments, with planting dates 

throughout the year, each with three plant densities were conducted. The expolinear 

growth equation and the LUE concept were used to generalise the growth 

measurements. In future papers, the detailed periodic crop measurements combined with 

climatic data presented here, will be used for the development, calibration and 

validation of an explanatory crop growth model for cut chrysanthemum. 

MATERIALS AND METHODS 

EXPERIMENTAL SET-UP 

Six experiments with different planting dates were conducted during three years (Table 

1) using two cultivars of cut chrysanthemum (Chrysanthemum (Indicum group)) i.e. 

'Reagan Improved' (Expt. 1, 2, 4 and 6) and 'Vyking' (Expt. 3 and 5; CBA, Aalsmeer, 

The Netherlands). The experiments were conducted in two (Expt. 1 and 6), three (Expt. 

2 and 4) or four (Expt. 3 and 5) compartments (12 m x 12.8 m) that were part of the 

multispan Venlo-type glasshouse at Wageningen University, The Netherlands (Lat. 52 

°N). Rooted cuttings of chrysanthemum were obtained from a commercial propagator 

(Fides Goldstock Breeding, Maasland, The Netherlands), and planted at 32, 48 or 64 

plants m"2 in each compartment (plots randomized). Plants were grown by single stem 

on four or eight-parallel soil beds (1.125 m wide and 10.25 m length per bed, a border 

soil bed was always present on both sides of the experimental soil beds). All beds had a 

movable wire netting (maze size: 0.125 m x 0.125 m) system, consisting of a frame 
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which included the heating pipes, to support the crop. LD was given at 16 h for 14 days 

after planting in Expt. 2 and 3 and at 19 h for 21 days in Expt. 1 and 6 by incandescent 

lamps (5-6 \imo\ m"2 s"' PAR measured with a 1 m line quantum sensor, LI-191 SA, LI-

COR, USA) and was at natural day length (about 15 h) for about 21 days after planting 

in Expt. 4 and 5. SD was given at 10 h in Expt. 2, 3 and 5 and at 11 h in Expt. 1, 4 and 6 

by using a blackout screen until the end of the experiment. Incandescent lamps were 

continuously turned on during day hours of the LD and SD period for Expt. 1, 2, 3 and 6. 

Soil was stem-sterilized before starting each of the Expt. 1, 2 and 5 and nutrient 

condition in the soil before starting each experiment was adjusted according to soil 

analysis (BLGG, Naaldwijk, The Netherlands). During cultivation, when soil moisture 

level (pF; tensiometer, DM-8, Nieuwkoop, Aalsmeer, The Netherlands) reached a value 

of about 2, irrigation was performed by micro sprinklers (overhead or on-the-ground 

system) with a nutrient solution (EC=1.2 dS m"1, pH=5.6) for 4-5 min followed by water 

application for 1-1.5 min in order to prevent damage to the leaves. Pest and disease 

control were according to an integrated pest management (IPM) scheme, using 

biological and chemical agents. No growth regulators were applied. 

The terminal bud was removed when this bud separated from the lateral buds and 

final harvest was conducted for all plant densities at the same date, i.e. when three or 

four flowers were fully open (ray florets horizontal) for plants grown at 48 plants m"2. 

TABLE 1. Basic information on the six glasshouse experiments. Dates are expressed as day of 
the year (day 1 = 1 January). 

Year 
Cultivar" 
Planting day 
Number of long days 
Number of short days 
Last day of the experiment 
Duration of cultivation (d) 
Outside global radiationb (MJ m"2 d'1) 
Incident SPARC (MJ m1) 
Average glasshouse temperature (°C) 
C02 concentration*1 (umol mol"1) 

1 
2000 

R 
12 
21 
61 
94 
82 

2-7 
91 

17.2 
415 

2 
1999 

R 
29 
17 
56 

102 
73 

4-9 
110 
18.7 
447 

Experiment 
3 

1998 
V 
55 
15 
54 

124 
69 

4-12 
129 
18.3 
370 

4 
1999 

R 
126 
22 
53 

201 
75 

17-19 
305 
21.4 
407 

5 
1998 

V 
177 
21 
60 

258 
81 

14-7 
231 
20.4 
395 

6 
1999 

R 
273 
21 
60 

354 
81 

6-2 
73 

19.2 
432 

a R=Reagan Improved, V=Vyking 
b Average over first two weeks of cultivation and last two weeks of cultivation 
c Cumulative incident daily photosynthetically active radiation over the whole cultivation 
d Between 10:00 and 16:00 h inside the glasshouse and averaged over the whole growing period 
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GREENHOUSE CLIMATE 

Greenhouse temperature set point for heating was 18°C for day and 19°C for night 

except for Expt. 1, where day/night temperature set points were 16/17°C. Set-point 

temperature for ventilation was always 1°C higher than for heating. Greenhouse 

temperature was measured with PT100 elements. CO2 concentration in each 

compartment was measured by a CO2 analyzer (URAS G, Hartmann & Braun, 

Frankfurt, Germany) and maintained between 350 - 400 \imo\ mol"1 by enriching with 

pure CO2. Global radiation was measured with a solarimeter (Kipp and Sons, Delft, The 

Netherlands) outside the greenhouse. Greenhouse temperature, CO2 concentration inside 

the greenhouse and outside global radiation intensity were recorded every 5 min by a 

commercial VitaCo system (Hoogendoorn, Vlaardingen, The Netherlands). 

Daily photosynthetically active radiation (PAR, MJ m"2 d"1) inside the greenhouse 

was calculated based on measured daily integral of outside global radiation and 

greenhouse transmissivity. From daily global radiation integral, half-hourly values for 

diffuse and direct PAR were calculated according to Gijzen (1992) and instantaneous 

greenhouse transmissivity was determined using Bot's (1983) model, parameterised as 

in Heuvelink et al. (1995). This model predicts transmissivity for direct radiation based 

on solar position, greenhouse roof angle, dimensions of the roof construction parts, 

transmissivity of the glass panes and the orientation of the greenhouse. For the 

greenhouse described by Heuvelink et al. (1995) measured and simulated transmissivity 

for diffuse radiation was 0.62, whereas for the present greenhouses transmissivity was 

0.49 (average of 42 positions measured on a cloudy day). Therefore, instantaneous 

greenhouse transmissivity was calculated as for the greenhouse of Heuvelink et al. 

(1995) and then divided by 0.62 and multiplied by 0.49. Daily PAR takes into account 

the loss of radiation by SD treatment and additional PAR from the incandescent lamps. 

Daily intercepted PAR was calculated as daily incident PAR multiplied by the fraction 

of PAR intercepted by the crop (= 1 - e(~k LAI); k = 0.72, see below). Accumulated 

incident PAR (SPAR, MJ m"2) was obtained as the integral of daily PAR inside the 

greenhouse from planting day until final harvest day. 

MEASUREMENTS 

Destructive measurements were carried out every 7 to 10 days or every 3 to 4 days until 

start of SD in Expt. 1 and 6. Samples were taken from 5 (Expt. 4), 6 (Expt. 1, 2 and 6) 

or 8 (Expt. 3 and 5) plants per experimental plot, excluding border plants in two rows 

on each side of a bed. Stem length, number of flowers (including buds), total leaf area 

13 



CHAPTER II 

(LI-COR Model 3100) and plant fresh and dry (105 °C for 14 h in a ventilated oven) 

mass were determined. No root measurements were conducted. 

EXPOLINEAR GROWTH EQUATIONS 

Two regressions (fittings) were conducted to describe dry mass production and LAI in 

time, based on the periodic measurements. First, a regression was performed on 

measured dry mass production in time only, using the simple expolinear equation 

(Goudriaan and Monteith, 1990): 

W = (cJrm)-hV + eir-i'-'>]] (1) 

where W (g m2) is dry mass at time t (d), and rm (g g"1 d"1) is the maximum relative 

growth rate in the exponential phase and cm (g m"2 d"1) is the maximum absolute growth 

rate in the linear phase, tb, (d) is the lost time to indicate the apparent time lost during 

canopy development before all radiation is intercepted; it determines the position of the 

curve on the time-axis (Goudriaan and Monteith, 1990). The weakest assumption in this 

simple expolinear equation is that leaf area ratio (LAR, m2 g"1) remains constant during 

the growing season and hence LAI increases indefinitely (Ishag and Dennett, 1998). An 

extended expolinear growth equation for describing a realistic growth pattern of leaf 

area was suggested by Goudriaan (1994): 

W = [cm-fJrm]-\n[\ + eM-^] (2) 

1, r 1 + e(r"'('-'')) 

— ln[ j 
k l + e° 

LAI = T\n[^ ^ J (3) 

where cm is the potential maximum absolute growth rate, fm (= l-e(~kLA'")) is the 

maximum fraction of light intercepted at maximum leaf area index (LAIm), and rm and tb 

are fitted parameters from the simple equation. LAIm is the maximum leaf area index 

and k is light extinction coefficient. Potential growth rate, cm* can be calculated by 

cmlfm, where cm is the fitted value from the simple expolinear equation. Thus it can be 

ensured that the calculated total dry mass production in time is the same as for equation 

(1). LAI progression in time can be calculated from equation (3) using the fitted 

parameters from the simple equation (1) as shown by Ishag and Dennett (1998). These 

authors, however, showed over- or under-estimation of LAI using the parameters from 

the simple equation for legume crops. Alternatively to this first method, in a second 

regression procedure, a simultaneous fitting for both measured total dry mass and LAI 

using equation (2) and (3) was conducted. 
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In both fitting procedures rm was assumed to be independent on plant and k was fixed 

for all experiments. In an experiment k was measured to be 0.87 (unpublished data), but 

this may not be representative for all planting dates in this study and therefore a 

theoretical value of 0.72 was assumed, based on a spherical leaf angle distribution 

(Goudriaan and Van Laar, 1994). Each fitting was performed by weighted least squares 

(Ishag and Dennett, 1998) using the non-linear fitting procedure of the SPSS software 

package (version 10, SPSS company, Chicago, USA). In the second fitting procedure 

periodically measured LAI was multiplied by a factor 100 in order to have a similar 

scale and weighting as the measured dry mass (g m"2). 

AN EMPIRICAL MODEL FOR PLANT FRESH MASS 

A relationship between total plant fresh mass (TFM) of year-round cut chrysanthemum 

and radiation and plant density (p^, plant m"2) has been presented by Langton et al. 

(1999): 

TFM = ^ (4) 
a + ». 

c + d-RADg 

where a = 0.00119 plant g"1, c = 1881.4 g m"2 and d = 4.006 (g MJ"1) and RADg = 

accumulated outside global radiation integral (MJ m"2) with adjusted photoperiod. These 

three regression parameters were estimated, based on a wide range of plant spacings 

(82.6-244.3 cm2 per plant, which is equal to 121-41 plants m"2) and an accumulated 

global radiation integral ranging from 236.9 to 1262.1 MJ m"2 (Langton et al., 1999). 

COMPARISON OF MEANS AND PARAMETERS 

Effects of planting date, plant density and their interaction were tested by analysis of 

variance based on a split-plot design using the Genstat software package (Genstat 5 

Committee, 1993). The plant density effect was separated in a linear and a quadratic 

component. For significant (P < 0.05) effects, means were separated by Students Mest 

(P = 0.05), using the least significant difference (LSD) based on the minimum number 

of replications. Additionally polynomial trend for a qualitative treatment of plant 

density was also tested. 
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RESULTS 

CLIMATIC DATA 

Clear differences between experiments in global radiation levels were observed (Table 

1). Expt. 1, 2 and 3 were planted in January or February and showed a rapid increase in 

daily global radiation during the experiment, whereas the opposite was observed for 

Expt. 6, which was planted at the end of September. Global radiation was high and 

rather constant for Expt. 4 and also for Expt. 5 except for the last weeks where radiation 

decreased by 50 %. As a consequence of the different global radiation levels, 

accumulated incident PAR was about 4 times higher in Expt. 4 compared to Expt. 6 and 

values for the other experiments were intermediate. Daily glasshouse temperature was 

3-4 °C higher in summer than in winter (Table 1) and almost constant during a 

cultivation, except for Expt. 4 and 5. In Expt. 4, daily glasshouse temperature averaged 

over 14 days rose from 20 °C to 24 °C during the last month of the experiment and in 

Expt. 5 it rose from 19 °C to 22 °C during the first month of the SD treatment and 

thereafter remained at about 19 °C until the end of the experiment. These increased 

temperatures resulted from the high radiation levels in summer combined with closure 

of the blackout screen partly during daytime, as natural daylength was about 15 h, 

whereas photoperiod during SD treatment was 11 h for Expt. 4 and 10 h for Expt. 5. As 

a result of CO2 enrichment, CO2 concentration was above ambient in all experiments, 

although not to the same extent (Table 1). 

FINAL PLANT CHARACTERISTICS 

Strong seasonal and plant density effects on several plant and crop characteristics were 

observed (Fig. 1 and Table 2). Number of flowers per plant, plant fresh mass and plant 

dry mass decreased with plant density, this decrease being larger in summer than in 

winter (Fig. 1). Final plant fresh mass at 48 plants m"2 (Fig. IB), was 2.7 times higher in 

Expt. 4 than in Expt. 6 (for plant dry mass this factor was 3.2) and plant mass in the 

other experiments was intermediate. The differences in ratio (2.7 versus 3.2) can be 

explained by variation in the dry matter content throughout the season: plant dry matter 

content was about 2 point % higher (13.3 % instead of 11.2 %) in Expt. 4 than in Expt. 

6 (Table 2). Stem length showed an optimum response to plant density with a maximum 

length at 64 plants m"2, however, differences between densities were only small (< 6 %). 
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Stem length was highest in Expt. 4 and lowest in Expt. 3. Total biomass production per 

m2 showed a linear increase with plant density and was highest for Expt. 4, and lowest 

for Expt. 6. 

TABLE 2. Effect of season (Experiment) and plant density on dry matter content (DMC), stem 
length and total dry mass production (TDM) of glasshouse-grown cut chrysanthemum at final 
harvest. 

Factor 

Experiment 

Plant density (plants 

F-probabilities 
Experiment 
Plant density 

Linear 
Quadratic 

Experiment x Plant 

m"2) 

density 

1 
2 
3 
4 
5 
6 

LSD1 

32 

48 

64 

DMC 

(%) 
11.7 
12.6 
11.8 
13.3 
12.5 
11.2 
0.6 

12.2 

12.2 

12.3 

< 0.001 
0.466 
0.225 
0.884 
0.309 

Stem length 
(cm) 
63.6 
73.7 
57.9 
96.6 
84.1 
84.9 
3.3 

73.9 
77.2 

78.2 

< 0.001 
< 0.001 
< 0.001 

0.056 
0.349 

TDM 
(gm-2) 

351 
408 
382 
831 
693 
263 
65 

459 

515 
566 

< 0.001 
< 0.001 
< 0.001 

0.841 
0.795 

Least Significant Difference (P=0.05) for comparing experiment means. 

32 48 64 

Plant density (pi. m~2) 

32 48 64 

Plant density (pi. m'2) 

32 48 64 

Plant density (pi. m"2) 

FIG. 1. Effect of the interaction between season (experiment) and plant density on (A) number 
of flowers per plant (B) total plant fresh mass (TFM) and (C) total plant dry mass (TDM) for 
glasshouse-grown cut chrysanthemum. Symbols indicate Expt. 1 (O), Expt. 2 ( • ) . Expt. 3 
(A), Expt. 4 ( # ) , Expt. 5 ( • ) and Expt. 6 (A). Vertical bars represent standard errors for 
interaction means 
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200 
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Incident PAR (MJ plant1) 

10 

FIG. 2. Relationship between total plant fresh 
mass (TFM) and incident PAR integral per 
plant over the whole cultivation period of 
glasshouse-grown cut chrysanthemum. 
Regression line: y=16.7x+28.9 (R2=0.97). 
Symbols indicate Expt. 1 (O), Expt. 2 ( • ) , 
Expt. 3 (A), Expt. 4 (#), Expt. 5 ( • ) and 
Expt. 6 (A). Vertical bar represents standard 
error of regression. 
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FIG. 3. Predicted total plant fresh mass 
(TFM) according to equation 4, plotted 
against measured TFM from six experiments 
with glasshouse-grown cut chrysanthemum at 
three plant densities (32 (O), 48 ( • ) or 64 
(A) plants 
experiments. 

m"). Numbers indicate 

Figure 2 shows that final plant fresh mass increased linearly with increased amount of 

light per plant. This relationship implied that 1 MJ additional light per plant over the 

whole growing period would increase plant fresh mass by 16.7g. Langton et al. (1999) 

reported a formula predicting plant fresh mass as a function of global radiation and plant 

density (equation 4), which could well describe plant fresh mass in the present study 

(Fig. 3). However, plant fresh masses at lower plant densities in the present 

experiments, were overestimated except for Expt. 4 and 5. 

DRY MASS PRODUCTION AND LAI IN TIME 

In all experiments, total dry mass production showed an exponential increase followed 

by a constant linear growth phase (Fig. 4). The expolinear growth equation with three 

parameters (equation 1) could accurately describe the dry mass increase in time (Fig. 4 

solid lines and Table 3). Parameters rm, cm and h were significantly influenced by 

season whereas only tb showed a linear decrease with increased plant density (Table 3). 

rm was about twice as high for the crops planted May (Expt. 4) or June (Expt. 5) than for 

the crops planted in January (Expt. 1 and 2) or February (Expt. 3). cm was about four 

times higher in Expt. 4 than in Expt. 6. 
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0 50 100 150 200 250 300 350 
Day of year 

FIG. 4. Dynamics of dry mass production for glasshouse-grown cut chrysanthemum in six 
experiments (Expt. 1 (O), Expt. 2 ( • ) , Expt. 3 (A), Expt. 4 ( # ) , Expt. 5 (D) and Expt. 6 (A)) 
at three-plant densities (A: 32, B: 48 or C: 64 plants m"2). Lines represent fitted curves for the 
simple expolinear growth equation (equation 1, solid lines) and for the extended expolinear 
growth equation (equations 2 and 3), simultaneously fitting dry mass production and LAI 
(dashed lines). 
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TABLE 3. Parameters for the simple expolinear growth equation (equation 1) obtained by fitting 
periodic dry mass production measurements for glasshouse-grown cut chrysanthemum. Values 
between brackets are means over three plant densities. 

Experiment Density (pi. m"2) rm' (d1) cm (g m"2 d"1) tb (d) 

1 

2 

3 

4 

5 

6 

Mean2 

LSD3 

F-probabilities 
Experiment 
Plant density 

Linear 
Quadratic 

32 
48 
64 

32 
48 
64 

32 
48 
64 

32 
48 
64 

32 
48 
64 

32 
48 
64 

32 
48 
64 

Experiment x Plant density 

0.062 

0.076 

0.087 

0.136 

0.169 

0.145 

10.6 
9.6 
8.2 

(9.5) 

10.7 
10.3 
9.5 

(10.2) 

8.4 
8.8 
8.7 

(8.6) 

13.6 
13.5 
16.0 

(14.3) 

9.8 
10.4 
11.1 

(10.5) 

3.1 
3.6 
4.2 

(3.6) 

9.6 
9.7 

10.0 

53.9 
45.1 
37.6 

(45.6) 

37.7 
32.3 
28.1 

(32.7) 

29.5 
25.1 
21.1 

(25.5) 

19.4 
13.5 
17.1 

(16.5) 

14.4 
12.9 
11.8 

(13.0) 

6.5 
3.6 
2.7 

(4.2) 

26.0 
21.5 
19.5 

0.018 1.8 4.9 

< 0.001 0.001 
0.685 
0.418 
0.767 
0.414 

< 0.001 
< 0.001 
< 0.001 

0.192 
0.083 

1 rm was assumed to be equal for all three plant densities 
2 Values averaged over the six experiments 
3 Least Significant Difference (P=0.05) for comparing experiment means. 
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LAI in time showed a sigmoid pattern in all experiments, its final value was highest for 

crops planted in May (Expt. 4) and June (Expt. 5) and it increased with plant density 

(Fig.5). 

50 100 150 200 250 300 350 

Day of year 

FIG. 5. Dynamics of LAI for glasshouse-grown cut chrysanthemum in six experiments (Expt. 1 
(O), Expt. 2 ( • ) , Expt. 3 (A), Expt. 4 ( # ) Expt. 5 ( • ) and Expt. 6 (A)) at three-plant 
densities (A: 32, B: 48 or C: 64 plants m"2). Lines represent curves calculated from the simple 
expolinear growth equation (equation 1) fitted for dry mass production (solid lines) and for the 
extended expolinear growth equation (equations 2 and 3), simultaneously fitting dry mass 
production and LAI (dashed lines). 
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TABLE 4. Parameters for the extended expolinear growth equation (equations 2 and 3) obtained 
by fitting simultaneously periodic dry mass production measurements and leaf area index of 
glasshouse-grown cut chrysanthemum. Values between brackets are means over three plant 
densities. 

Experiment Density (pi. m"2) r j (d1) cm* (gm2 d>) ft (d"1) LAIm 

1 

2 

3 

4 

5 

6 

Mean2 

LSD3 

F-probabilities 
Experiment 
Plant density 

Linear 
Quadratic 

32 
48 
64 

32 
48 
64 

32 
48 
64 

32 
48 
64 

32 
48 
64 

32 
48 
64 

32 
48 
64 

Experiment x Plant density 

0.078 

0.098 

0.106 

0.166 

0.168 

0.095 

0.009 

< 0.001 

5.8 
5.6 
5.2 

(5.5) 

5.7 
5.9 
5.6 

(5.8) 

6.7 
6.8 
6.5 

(6.7) 

13.4 
13.3 
14.7 

(13.8) 

10.3 
10.6 
10.7 

(10.5) 

4.2 
4.4 
4.9 

(4.5) 

8.1 
8.2 
8.4 
0.8 

< 0.001 
0.319 
0.139 
0.825 
0.135 

28.1 
20.4 
15.4 

19.0 
14.2 
10.6 

19.0 
14.0 
9.5 

18.2 
12.7 
13.8 

16.7 
13.4 
10.0 

18.2 
13.4 
10.1 

1.7 

< 0.001 
< 0.001 
< 0.001 
< 0.001 
< 0.001 

3.4 
4.3 
4.7 

(4.2) 

3.5 
4.4 
4.7 

(4.2) 

3.8 
5.1 
5.7 

(4.9) 

6.1 
7.5 
7.6 

(7.1) 

7.2 
8.6 
9.7 

(8.5) 

3.7 
4.7 
5.8 

(4.8) 

4.8 
6.0 
6.7 
0.4 

< 0.001 
< 0.001 
< 0.001 

0.010 
0.075 

1 rm was assumed to be equal for all three plant densities 
2 Values averaged over the six experiments 
3 Least Significant Difference (P=0.05) for comparing experiment means; for tb LSD for 

comparing experiment x plant density interaction means is presented. 
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E 

100 200 300 100 200 300 

Intercepted PAR (MJ m"2) 

FIG. 6. Periodic measurements of dry mass production (O) at three plant densities plotted 
against cumulative intercepted PAR for glasshouse-grown cut chrysanthemum in six 
experiments (A, Expt. 1; B, Expt. 2; C, Expt. 3; D, Expt. 4; E, Expt. 5; F, Expt. 6). Lines 
represent linear regressions of which equations are shown in the graphs. R2 for each linear 
regression was larger than 0.98. 

Calculated LAI (Fig. 5 solid lines), based on the expolinear growth equation fitted for 

biomass production and measured maximum LAI, closely followed observed LAI for all 

plant densities in Expt. 4 and 5. In Expt. 1, 2 and 3 calculated LAI strongly 

underestimated observed LAI, whereas in Expt. 6 LAI was strongly overestimated. 

Hence, a simultaneous fitting of total dry mass production and LAI, using the extended 

expolinear growth equation (equations 2 and 3) was conducted. Estimation of LAI 

greatly improved in all experiments (Fig. 5 dashed lines and Table 4), but especially in 

Expt. 1 and 2 the description of dry mass production was less accurate (Fig. 4 dashed 

lines). 
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LIGHT USE EFFICIENCY 

Periodic measurements of dry mass production showed a strong linear relationship with 

accumulated intercepted PAR in all experiments (Fig. 6). However, the slope of the 

regression line, which represents LUE, was not the same for all experiments. The lowest 

value was observed for the crop planted in May (Expt. 4) and the highest value was 

observed for the crop planted at the end of September (Expt. 6). LUE showed a small 

linear increase with plant density (LUE = 3.75 + 0.0073 x plant density; P = 0.007, R2 

= 0.99). 

DISCUSSION 

PLANT BIOMASS 

Plant fresh mass is an important quality parameter for cut chrysanthemum. A fourfold 

variation in plant fresh mass, resulting from different planting dates and plant densities, 

was closely linearly related to available incident light per plant over the whole growing 

period (Fig. 2). Also Langton et al. (1999) reported a close relation between 

accumulated radiation per plant and plant fresh mass. However, their relationship 

contains three regression parameters (equation 4), whereas the present one has only two 

regression parameters. The relationship of Langton et al. (1999), with their parameter 

values (equation 4), gave in general a good prediction for plant fresh mass in the present 

experiments (Fig. 3), despite the use of a different cultivar and perhaps a different 

glasshouse transmissivity. However, at 32 plants m"2 in Expt. 1, 2, 3 and 6, equation 4 

overestimated plant fresh mass. This may be, because 32 plants m"2 is outside the 

density range (40 - 121 plants m"2) used by Langton et al. (1999) for determining the 

parameter values in equation 4. 

In the present experiments, all densities were harvested on one date, whereas it is 

commonly found that a higher density delays flowering (Langton et al., 1999). 

However, it is expected that the present procedure (harvest on one date) compared with 

harvest of each density plot 'when ready' will give almost identical results, as difference 

in harvest date between the lowest and the highest density would have been 3 to 5 days 

(Lee et al., unpublished data). 

The observed linear relationship (Fig. 2) between plant fresh mass (TFM) and 

incident PAR integral per plant over the whole growing period (£PAR/Pd) implies that, 
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when light integral is 1 % higher, a 1 % higher plant density (Pa) can be used, without 

effecting plant fresh mass, as the relationship in Figure 2 can be reformulated as Pd = 

SPAR x 16.7 / (TFM-28.9). According to equation 4, plant density could increase by 

0.90 % to 0.94 % (so also almost 1 %) as a result of a 1 % increase in total incident light 

integral in the range from 70 to 300 MJ m"2 incident PAR. This proportionality between 

incident PAR and plant density (at the same plant fresh mass) clearly shows that plant 

density effects in glasshouse-grown cut chrysanthemum are primarily mediated through 

competition for light. Hence, competition for water and nutrients is not or hardly 

playing a role, as one may expect for modern glasshouse cultivations. 

STEM LENGTH AND NUMBER OF FLOWERS PER PLANT 

A larger number of LDs will result in longer stems, as this results in a longer vegetative 

period and therefore the production of more leaves and internodes. Higher average day 

temperature increases stem elongation rate in chrysanthemum, resulting in taller plants 

(reviewed by Carvalho and Heuvelink, 2001) and hence the tallest plants were observed 

in Expt. 4 (longest duration of the LD period highest average temperature and). Expt. 3 

showed the shortest stems, in agreement with the shortest duration of the LD period and 

a low average glasshouse temperature (Table 1). Differences in stem length between 

experiments are also partly the result of cultivar differences. For example, Expt. 2 (cv. 

Reagan Improved) and Expt. 3 (cv. Vyking) have almost the same duration of the LD 

period and the same average temperature and light integral, whereas stem length was 27 

% higher in Expt. 2. This difference in stem length resulted from shorter internodes for 

'Vyking', as the number of leaves on the stem was almost the same in Expt. 2 and 3 (not 

shown). Despite the statistically significant effect of plant density on stem length, a 

doubling in plant density from 32 to 64 plants m"2 resulted in only 6 % increase in stem 

length. Also Van der Hoeven et al. (1975) reported only a small increase in stem length 

(9 %) with a doubling in plant density. 

The decrease in number of flowers per plant with increasing plant density (Fig. 1 A) 

agrees with observations of Van der Hoeven et al. (1975). They also observed a larger 

plant density effect on the number of flowers per plant for a summer crop than for a 

winter crop. These results also agree with Carvalho et al. (2002) who reported a positive 

relationship between biomass per plant and the number of flowers. However, also 

temperature influences flower initiation and development (e.g. Adams et al, 1998). A 

supra-optimal average 24 h temperature in Expt. 4 (24 °C during the last month of the 

experiment) may explain why the higher light sum (Table 1) and biomass production in 

this experiment compared to Expt. 2, did not result in more flowers per plant. This high 
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temperature may have delayed or even inhibited formation and development of second 

order flowers on the lower part of the axillary stems. 

EXPOLINEAR GROWTH FUNCTIONS 

Dynamics of dry mass production in time were accurately described by the simple 

expolinear growth equation (Fig. 4). The higher rm and cm in summer compared to 

winter (Table 3), is likely to be the result of higher light level and higher temperature in 

summer (Table 1). % corresponds to the reciprocal of rm with fixed initial fraction of 

light intercepted (Goudriaan, 1994) and hence an increase in rm by temperature 

(Monteith, 2000) or radiation (Hughes, 1973) will result in a decrease in h. This is not 

reflected in our results (Table 3), as for example in Expt. 6 % is extremely small due to 

the fact that daily radiation integral decreased drastically during the experiment, which 

resulted in a decrease in the growth rate of a closed canopy. However, the equation is 

based on the assumption of a constant growth rate when the canopy is closed and hence 

cm (fitted on the data for the whole growth period) will be an underestimation for the 

growth rate in the middle of the cultivation. As a result of this, h will be 

underestimated. Exactly the opposite holds for early spring crops: radiation level 

increases and therefore growth of a closed canopy increases and cm will be an 

overestimation of crop growth rate in the middle of the cultivation. As a result of this, tb 

will be overestimated. Increased plant density decreased tb (Table 3), since initial 

fraction of light intercepted is higher at higher plant density. 

When the dynamics of LAI were calculated, based on fitted parameters for the 

expolinear dry matter increase in time and a measured maximum LAI, as presented by 

Ishag and Dennett (1998), only in summer accurate descriptions of LAI in time were 

obtained (Fig. 5). This results from over- or underestimation of tb as explained above. In 

spring crops, tb is over-estimated and hence a delay in predicted LAI occurs, whereas in 

autumn tb is under-estimated, resulting in much faster predicted than observed LAI 

development. Simultaneous fitting of measured dry mass production and LAI 

development using equations 2 and 3 resulted in good predictions of LAI development 

in time in all experiments (Fig. 5). However, dry matter production was described 

accurately only in summer and a particularly poor fit was obtained in Expt. 1 and 2 

(early spring crops). The lower values of potential maximum growth rate (cm*) than 

actual maximum growth rate (cm) were not expected, because maximum fraction of 

intercepted radiation is always less than 1 at maximum LAI (Goudriaan, 1994) and 

hence cm* should be higher than cm (Table 3 and 4). For Expt. 1, 2 and 3, tb was on 

average about 50 % lower in the simultaneous fitting (Table 4) than in the fitting on dry 
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mass production alone (Table 3) and rm was higher in the simultaneous fitting. We 

conclude that fitting expolinear growth functions for dry mass production alone, or 

fitting on dry mass production and LAI development simultaneously, gave accurate 

descriptions only under more or less stable radiation levels (summer). Goudriaan and 

Monteith (1990) mention that their analysis, leading to the expolinear growth equation, 

is only valid when there is little change in the receipt of radiation on a weekly basis. 

They consider this condition satisfied, which is true for field crops, grown in a rather 

limited part of the year. However, this condition is certainly not satisfied for year-round 

greenhouse crops. 

RELATIONSHIP BETWEEN LIGHT INTERCEPTION AND DRY MASS PRODUCTION 

The observed linear relationship between crop growth and cumulative intercepted 

radiation (Fig. 6) has also been reported by others for many crops (Monteith, 1994). 

Theoretically, the regression line should go through the origin. However, for five of the 

six regressions, the intercept differed slightly, however statistically significant, from 

zero. As intercepts were not much different from zero, fitting without intercept would hardly 

change the slopes (LUE) and therefore our conclusions would be the same. Measurements 

clearly showed variation in LUE among experiments and even a slight increase in LUE 

with plant density. Kage et al. (2001b) observed a reduction in LUE with daily PAR for 

field-grown cauliflower crops. A reduction of LUE at high light intensities is to be 

expected, based on light saturation of photosynthesis at leaf level, which also occurs, 

although to a much lesser extent, at crop level (Heuvelink et al., 2002). Furthermore, 

increased light intensities result in a larger fraction of direct radiation, which is used less 

efficiently than diffuse radiation (Gijzen, 1992). The observed small increase in LUE 

with increased plant density may be explained by a reduced average light intensity per 

leaf at higher plant density. 

In a previous paper, we reported a LUE between 2.7 and 4.1 g MJ"1 for cut 

chrysanthemum in a shading experiment in summer, assuming a glasshouse 

transmissivity of 63 % (Heuvelink et al., 2002). However, measured glasshouse 

transmissivity was only 49 % for our glasshouses, resulting in a 30 % increase in 

calculated LUE values. Hence, using the measured instead of the estimated glasshouse 

transmissivity for the data of Heuvelink et al. (2002) results in a LUE range almost 

exactly equal to the one presented here (3.4 - 5.2 g MJ"1). 
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CONCLUSIONS 

The linear relationship between light integral per plant and plant fresh mass (Fig. 2), 

provides an accurate summary of the observations in our experiments, however, it can 

not be used as a generalisation. For example, plant fresh mass also depends on CO2 

concentration (Hughes and Cockshull, 1972) and temperature (Karlsson and Heins, 

1992) and hence these climatic factors will influence the relationship between light 

integral per plant and plant fresh mass. The same is true for LUE (Fig. 6), which 

appeared to be rather constant within an experiment, but showed a clear seasonal 

influence being much higher in winter than in summer. Fitting expolinear growth 

functions for dry mass production alone, or fitting on dry mass production and LAI 

development simultaneously, gave accurate descriptions only under more or less stable 

radiation levels (summer). For an accurate description and generalisation of the present 

data, the approaches tested here, though very valuable, are all too limited. Therefore, the 

present data will be used for development, calibration and validation of an explanatory 

crop growth model. Such a model is expected to be able to simulate observed growth 

patterns accurately under the wide range of glasshouse climatic conditions used. For 

chrysanthemum, such a model does not exist yet (Marcelis et al, 1998). 
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II-2. USING THE EXPOLINEAR GROWTH EQUATION FOR 
MODELLING CROP GROWTH IN YEAR-ROUND CUT 

CHRYSANTHEMUM 

Lee JH, Goudriaan J., Challa H. Effects of planting date and plant density on crop growth of cut 
chrysanthemum. (Submitted) 

ABSTRACT 

The aim of this study was to predict crop growth of year-round cut chrysanthemum 

{Chrysanthemum, Indicum group) based on a model of maximum crop growth rate as a 

function of daily incident photosynthetically active radiation (PAR, MJ m"2 d"1), using 

the expolinear growth equation. Four experiments for developing an empirical crop 

growth model and three experiments for validating the model were conducted in 

glasshouse compartments. In the four experiments for model development, 

chrysanthemum crops received different light regimes (natural light, shading to 66 % 

and 43 % of natural light, and supplementary assimilation light [HPS, 40-48 umol m"2 s" 

']), at different plant densities (32, 64 and 80 plants m"2), and seasons (planting in 

January, May-June and September). Greenhouse temperatures (19-21 °C) and CO2 

concentrations (349 - 432 jxmol mol"1) were similar between experiments. 

The fitted expolinear growth equation as a function of time (EXPOj) or as a function 

of incident PAR integral (EXPOPAR) effectively described periodically measured total 

dry mass (R2 > 0.98). However, growth parameter estimates for the fitted EXPOPAR 

were more suitable than EXPOT as they were not correlated to each other. Coefficients 

of EXPOPAR were the relative growth rate per incident PAR integral (RGRPAR, [MJ m"2]" 

') and light use efficiency (LUE, g MJ"1) at closed canopy. In all four experiments no 

interaction effects between treatments on crop growth parameters were found. RGRPAR 

and LUE were not different between HPS and natural light treatments, but were 

significantly increased when light levels were reduced by shading in the summer 

experiments. There was no consistent effect of plant density on growth parameters. 

RGRPAR and LUE showed hyperbolic relations with daily incident PAR averaged 

over 10 day periods after planting (RGRPAR) or before final harvest (LUE). Based on 

those relations, maximum relative growth rate (g g"1 d"1) and maximum crop growth rate 

(g m"2 d"1) were successfully described by rectangular hyperbolic relations to daily 

incident PAR integral. TDM simulated over time was in good agreement with TDM 
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measured in three independent experiments, using daily incident PAR integral and leaf 

area index as inputs. 

Based on these results it is concluded that the expolinear growth equation is a useful 

tool for quantifying cut chrysanthemum growth parameters and comparing growth 

parameters between different treatments, especially when light is the growth-limiting 

factor. Under controlled environmental conditions the regression model worked 

satisfactorily, hence the model may be applied as simple tool for understanding crop 

growth behaviour under seasonal variation in daily light integral, and for planning 

cropping systems of year-round cut chrysanthemum. However, further research on leaf 

area development in cut chrysanthemum is required to advance chrysanthemum crop 

growth prediction. 

INTRODUCTION 

Year-round cut chrysanthemum (a short-day plant) is grown in intensive industrialised 

cultivation systems, with scheduled planting and harvesting throughout the year. Hence, 

prediction of crop growth over time is important for maximizing cropping system 

efficiency. However, compared to greenhouse vegetable crops, growth prediction has 

yet to be established for cut chrysanthemum (Marcelis et al, 1998). Seasonal variation 

in daily light integral is a major limiting factor for dry-mass production and product 

quality in chrysanthemum (Hughes and Cockshull, 1971, 1972; Van der Hoeven et al., 

1975; Langton et al., 1999; Chapter II-1). Temperature strongly influences plant 

development (Karlsson and Heins, 1992; Adams et al, 1998), and is, in modern 

greenhouses, a factor that can be controlled reasonably well throughout the year. 

Physiological plant processes are too complex to be described by simple models, but 

simplifications are often useful for interpolating or extrapolating measured data. 

Theoretically, crop growth rate is approximately linearly related to daily light integral 

(Challa et al. 1994a, Challa and Bakker, 1999). Hence, a relative increase of light can 

result in proportional yield increases, but firm experimental proof for year-round 

greenhouse crops is lacking (Challa et al. 1994a, Challa and Bakker, 1999). When 

nutrients, water, pests and diseases are not limiting, maximum crop growth rate can be 

largely explained by the ability of the crop to intercept and utilise radiation at a closed 

canopy (De Wit et al, 1978). Crop light use efficiency (LUE, g MJ"1) has been defined 

as dry mass production per unit of intercepted photosynthetically active radiation (PAR, 

MJ m"2) (Monteith, 1977; 1994). The LUE concept has often been used for analysing 
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