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Propositions (Stellingen) 

oPZol, ^W 

1. Although the DIF concept (difference between day and night temperature) has no 
biological meaning it is still a good tool to manipulate plant height in 
chrysanthemum. 

This thesis 

2. When a chrysanthemum has liberty to choose, it will produce more flowers rather 
than larger flowers. 

This thesis 

3. Models are very useful at present times since we are drowning in information, but 

starving for knowledge. 

4. It is not because things are difficult that we do not dare. It is because we do not dare 

that they are difficult. (Seneca) 

5. Because words are actions they make things happen. Once they are out you cannot 
put them back. (Hanif Kureishi) 

6. Just like the plants if we loose our roots we cannot grow. 

7. Dutch find a 'broodje kaas' always 'heel lekker en gezond' as long as there is no 
'gratis' warm meal around. 

Stellingen bij het proefschrift: 
Effects of growth conditions on external quality of cut chrysanthemum: analysis and 
simulation. 

Susana Maria Pinto de Carvalho 
Wageningen, 28 May 2003. 
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General Introduction 



Chapter 1 

Year-round production of cut chrysanthemum 

Chrysanthemum is an important greenhouse crop worldwide, both as cut flower and as 

pot plant (Machin, 1996). In The Netherlands, cut chrysanthemum is since 1969 the 

second most important cut flower, after the rose (Spaargaren, 2002). There are few cut 

flowers that have developed as rapidly as year-round chrysanthemum (Van der 

Hoeven, 1987). Breeding, research and new cultivation methods have contributed 

considerably to this fast development (Bakker et al, 1990; Van der Hoeven, 1987). 

Growers can choose from a vast range of chrysanthemum cultivars differing in form, 

size, colour, reaction time, etc. (Trip et al, 2000). Cultivars are commonly divided in 

three groups: 'spray', 'santini' and 'standard' type. The most important commercial 

flower group is the 'spray' type, where the axillary shoots are allowed to develop and 

only the terminal flower bud is removed to obtain a cluster of similar flowers. In 

contrast with the 'spray' cultivars, in the 'standard' type (monoflower) all the axillary 

shoots are removed to allow the terminal flower to develop only. The 'santini' 

cultivars are a special kind of the 'spray' type, which has more flowers of a smaller 

diameter (< 4 cm) (Spaargaren, 2002). Chrysanthemum cultivars are also classified 

according to their response group, i.e. number of weeks from beginning of short-day 

(SD) period till harvest (Kofranek, 1992). 

Thanks to a strong productivity increase, improved energy utilisation and labour 

saving measures, the cost price per unit of product has hardly changed in the last years 

in The Netherlands, despite the steady increase in the total production costs per m2 

(Van der Hoeven, 1987; Spaargaren, 2002). From 1990 to 2000, glasshouse 

production of chrysanthemum increased from 165 to 207 plants m"2year"' and the total 

production costs raised from € 38 to 46 m"2year_1. The build-up of the production costs 

was, however, roughly the same: 30 % materials, 20 % labour, 20 % capital, 15 % 

energy and 15 % others. In 2000, cut chrysanthemum production in Dutch glasshouses 

covered 774 ha, which represented 21 % of the total surface of cut flower cultivation, 

with a return of € 319 million (Spaargaren, 2002). In the same year, 83 % of the cut 

chrysanthemum cultivars sold at the Dutch auctions belonged to the 'spray' type 

group, followed by the 'santini' (12 %) and the 'standard' (5 %) cultivars. Five out of 

the top ten 'spray' cultivars were 'Reagan', which represented 50 % from the total 

share of this group. The main reasons for their dominance are related with the fast 

development (7-7.5 weeks, response group), high uniformity, strong stem, no brown 

leaves, diversity of colours and good keeping quality of these cultivars (Spaargaren, 

2002). 
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Chrysanthemum is one of the oldest cultivated flowers (Salinger, 1985). Most of 

the current cultivars {Chrysanthemum Indicum group, syn. Chrysanthemum 

morifolium Ramat. and Dendranthema x grandiflorum (Ramat.) Kitam.) are complex 

hybrids of species that are native to China and Japan (Spaargaren, 2002). The genus 

Chrysanthemum belongs to the family Asteraceae (former Compositae) and its 

inflorescences are known as capitulum. The single inflorescences (daisy-like) are 

formed of ray florets (outside row) and disc florets (central fertile florets). These 

florets open from the periphery to the centre and are supported by a flat or convex 

receptacle, which is surrounded by an involucre of bracts (Salinger, 1985; Kofranek, 

1992). 

Chrysanthemum is a qualitative short-day (long-night) plant, which means that it 

will not produce flowers when day-length is above a critical value that is cultivar 

dependent (Furuta, 1954). Hence, natural flowering occurs in autumn in the Northern 

Hemisphere (Kofranek, 1992). Actually, in plants grown under long-day (LD) 

conditions after a certain number of leaves has been initiated (cultivar dependent), the 

terminal meristem becomes generative, but the flower bud aborts and vegetative 

growth continues with formation of side shoots (Cockshull and Kofranek, 1985). 

Under SD conditions, chrysanthemum has a determinate growth pattern (Pearson et 

al., 1995), with a basipetal progression of flower initiation (Langton, 1992). 

Therefore, year-round production is only possible by an effective day-length control. 

In general, cut chrysanthemum cultivation period varies from 9 to 13 weeks, 

depending on the cultivar and on the season. In the first 10 to 25 days, depending on 

the season, plants are submitted to a LD period (Fig. 1A). This aims at promoting the 

vegetative development (extension growth). When plants have reached the desired 

height, a SD treatment is given till harvest, i.e. during 7 to 9 weeks depending on the 

cultivar's response group, to stimulate flower induction and development (Kofranek, 

1992). The chrysanthemum crop can be programmed accurately using supplementary 

light to extend the natural photoperiod, to promote LD conditions in autumn and 

winter. Blackout screens are used during the SD treatment in spring and summer crops 

(Bakker et al., 1990). As the production is continuous, this can allow up to five 

cultivations per year, in the same area (Salinger, 1985). Besides photoperiod, also 

temperature, light intensity, CO2 concentration and relative humidity are commonly 

controlled in the glasshouse cultivation. For these reasons, chrysanthemum cultivation 

is considered one of the most intensive and controlled crop production systems in 

horticulture (Machin, 1996). 
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FIG. 1. Duration of the long-day (LD) period (A, A) and plant density (B, o 5 years old 
glasshouse without assimilation light, • new glasshouse with assimilation light) as a function 
of the planting week in cut chrysanthemum production (After: Spaargaren, 2002; Roelofs, 
DLV consultancy group, personal comm.). Solid line repents outside global radiation for 
Dutch reference year (Breuer and Van de Braak, 1989). Based on assimilation light levels of 
4000 lux (49 umol m"2d"') (A) and 6000 lux (73 umol m"2d"') (B). 

External quality in cut chrysanthemum 

Commercial flower production is an example of an agricultural sector where product 

differentiation has always been important (Trip et al, 2000). Nevertheless, for many 

years the main line in floricultural research was quantity rather than quality (Vonk 

Noordegraaf, 1994). Nowadays, since the prices are often determined on the basis of 

the visual quality aspects, morphogenesis is receiving more attention mainly to 

improve these aspects (Vonk Noordegraaf, 1994; Vonk Noordegraaf and Welles, 

1995). Furthermore, the majority of the chrysanthemum production in The 

Netherlands is sold at the auctions under the producer's name, which is an incentive 

for growers to outperform their competitors (Trip et al, 2000). 

In general, quality can be defined as to what extent the product meets the 

consumers' expectations. Some quality aspects are not visible (internal quality) and 

others are (external quality) (Vonk Noordegraaf and Welles, 1995). For instance, 

internal quality of cut chrysanthemum refers to its vase life (Nijsse, 2001), whereas 

external quality can be evaluated in terms of stem and leaf morphology and flower 

characteristics (Fig. 2). Because cut chrysanthemum is frequently divided into weight 

categories with a different selling price, plant fresh mass can be also considered as a 

quality aspect. The priority within these external quality aspects depends on the 
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market (Vonk Noordegraaf, 1994). Nowadays, growers have been commercially 

pressured to supply a constant product quality throughout the year (Langton et al., 

1999). Several growth conditions have an impact on the quality and price of the final 

product (Trip et al., 2000). A strong seasonal variation in the outside daily light 

integral leads to a seasonal variation in the production and product quality. In 

Northern Europe, daily light integral can vary by a factor ten, when comparing 

different weeks of the year (Fig. 1). When integrating the complete chrysanthemum 

cultivation period, and taking into account the screening out of light during the SD 

period in spring and summer crops, still the seasonal light variation can be around a 

factor four to five (Fig. 1). To face this huge variation in the outside global light 

intensity, growers commonly adjust the duration of the LD period and plant density to 

the planting week, depending on the use of supplementary assimilation light and age 

of the greenhouse (e.g. Fig. 1). Nevertheless the impact of their choices on the 

external quality has not been quantified. 

EXTERNAL QUALITY ASPECTS 

GROWTH CONDITIONS 

I) Greenhouse Climate: 

• Temperature 
• Light: intensity, quality 
• RH 
• C02 concentration 

II) Cultivation practices: 

• Duration LD period 
• Plant density 

r i > • 

QUI > 

n > 

FLOWERS 

• length 
• diameter 
• 'strength' 

• number 
• size 

r • number 
• size 
• position 
• colour 

PLANT FRESH MASS 

FIG. 2. Growth conditions affecting different external quality aspects of cut chrysanthemum. 
Leaf aspects refer to the ones on the main stem. Main external quality attributes presented in 
bold (Adapted from: Carvalho and Heuvelink, 2001). Abbreviations: LD = long-day; RH = 
relative humidity. 
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To produce year-round high quality chrysanthemum, it is necessary to know how the 

growth conditions influence plant quality, in order to choose the optimal strategy 

adapted to the growing season. Thus, the effects of the individual factors involved in 

chrysanthemum external quality should be analysed and combined in such a way that 

chrysanthemum achieves its maximum ornamental value and high uniformity year-

round, whilst maintaining a low energy input and high productivity. 

Crop growth models 

When dealing with environmental regulation of plant morphogenesis the manipulation 

of a climatic factor may affect several processes at the same time. Furthermore, in 

greenhouse production most actuators (e.g. heating system, ventilators) have a 

simultaneous effect on a number of climatic factors (e.g. temperature, humidity and 

CO2 concentration) (Challa, 1990). As a consequence experiments are often difficult 

to interpret and hence to generalise (Challa, 1997). For such complex systems, a 

common way to generalise knowledge and obtain quantitative information is to design 

a model, preferably an explanatory model (Challa, 1997). Two main categories of 

crop models can be distinguished: descriptive models, also called regression, 

statistical, empirical or 'black-box' models; and the explanatory models, also known 

as mechanistic or dynamic models (Challa, 1985; Marcelis et al., 1998). The first type 

of models reflects little or none of the mechanisms behind the behaviour of the studied 

system, and often the parameters have no biological meaning (Marcelis et al., 1998). 

Despite the advantage of the simplicity of the descriptive models, and their high 

predictive value under the conditions where they were developed, extrapolation to 

other species or locations is often impossible (Challa, 1985). Adding new input factors 

to such a model means building a new model based on an extended data set (Marcelis 

et al., 1998). In contrast, the explanatory models enable the integration of knowledge 

at the level of the underlying processes that belong to the system (Challa, 1985; 

Marcelis et al, 1998). Due to its modular character, an explanatory model can be 

divided into subunits ('modules'), each dealing with related groups of processes 

(Acock and Reynolds, 1989). This structure has the advantage of being easier to 

validate, by examining individual modules. It is also easier to transfer to other 

cultivars or crops, as only some modules may need to be adapted (Acock and 

Reynolds, 1989). However, subunits used to describe the behaviour of a process, 

mainly at the lowest hierarchical level, are often descriptive models (Challa, 1985; 

6 
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Marcelisefa/., 1998). 

Since chrysanthemum cut flower cultivation in greenhouses is intensively 

controlled, management of such a complex system would highly benefit from the use 

of simulation models. Furthermore, consumers' preferences may change rapidly over 

time (Trip et al., 2000) and therefore a model can be an useful tool for decision 

support, to adapt the growth conditions to the new quality requirements. The 

introduction of climate computers, as well as the increased restrictions on the use of 

chemical growth retardants, have stimulated the interest in new greenhouse 

environmental control strategies, based on plant growth models (Karlsson et al., 1983; 

Hendriks et al., 1992). Although greenhouse culture offers far more potentials for 

application (Challa, 1985), most of the crop growth models currently available are for 

agricultural crops (Marcelis et al., 1998). Recently, a photosynthesis-driven crop 

growth model for predicting yield in cut chrysanthemum has been developed (Lee, 

2002). 

Aim and outline of the thesis 

This thesis aims at quantifying and understanding the effects of the aboveground 

growth conditions on the chrysanthemum external quality at harvest. The focus is, 

therefore, on the morphological responses. The ultimate goal of the study is to 

integrate this information into a model to predict the main external quality aspects of 

cut chrysanthemum. The model should, therefore, be able to predict the effects of 

temperature, light intensity, CO2 concentration, duration of the LD period and plant 

density on plant height (stem length), number of flowers and flower size. Plant height 

is the same as stem length plus approximately the length of the uppermost flower 

peduncle, at harvest stage. Therefore, the first represents better the external quality of 

the plant. 

Factors that influence external quality were limited to the main controls the 

grower has. Thus, the root environment is excluded from the studied factors as plants 

are grown in soil. Relative humidity was not studied, because when extreme levels are 

avoided plants grow well within a large interval (70 to 90 %) (Machin, 1996). Light 

quality was only varied via plant density, due to its effect on the phytochrome 

photoequilibrium (Heins and Wilkins, 1979). 

Experiments were conducted always under glasshouse conditions, except when 

temperature needed to be strictly controlled and a constant light level was desirable to 

avoid possible interactions among these two factors. This was the case in Chapter 3. A 

7 
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'Reagan' cultivar was chosen as a model cultivar, because of its above-referred 

importance. Besides 'Reagan Improved' two 'santini' type cultivars, 'Goldy' and 

'Lupo', were included in this study because of their special flower characteristics 

(more flowers of a smaller size). In the present work the term 'flower' has been used 

throughout when referring to the complete inflorescence (after Cockshull and Hughes, 

1972). 

The general aim of this study is addressed in four main chapters. In Chapter 2 a 

literature review is presented. This chapter gives an overview of the growth 

conditions, involved in the different external quality aspects, and identifies the gaps in 

literature. A synthesis of the available models, which have been built to predict some 

external quality attributes of chrysanthemum, is also presented. 

The influence of temperature on stem length and flower characteristics is given in 

Chapter 3. Chapter 3.1 aims at clarifying conflicting results in literature, concerning 

the effects of day and night temperature on internode and stem length. The validity of 

the DIF concept (difference between day and night temperature) is analysed. In 

contrast with the influence of temperature on stem length, only limited information is 

available for the flower characteristics. In Chapter 3.2 an in depth study is presented 

on this topic. An attempt is made to separate the effects of temperature applied at 

different phases of the cultivation period on several flower characteristics. 

Except for the temperature, all the other studied growth conditions (light 

intensity, CO2 concentration, duration of the LD period and plant density) are known 

to primarily affect assimilate availability. The role of the assimilate availability on the 

flower characteristics and plant height is addressed in Chapter 4.1. In this chapter the 

results from a series of greenhouse experiments, performed in different seasons, are 

integrated. Functional relationships for predicting number of flowers and flower size 

are developed, to be further incorporated as 'modules' of an explanatory model. The 

influence of assimilate availability can also be tested by manipulating sink-source 

ratio, which is particularly interesting for studying flower size. This is done in 

Chapter 4.2, by removing flower buds, axillary shoots and varying light intensity. To 

understand flower size formation it is also important to consider the flower position 

within the stem. Therefore, the apical terminal flower, the apical lateral flowers (from 

first order axillary shoots) and the first flower located in a second order axillary shoot 

are compared in this chapter. In order to test how general the results are, both in 

Chapter 4.1 and 4.2 the analysis of the effects of assimilate availability on the flower 

characteristics is extended to the two 'santini' cultivars. 

The data obtained in the previous chapters are further explored to model some 

external quality attributes (Chapter 5). In Chapter 5.1 a process-based model is 

8 
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developed, to describe intemode elongation as a function of temperature. In Chapter 

5.2 a case study is presented on the interactive effects of duration of the LD period 

and plant density on external quality. Here, a photosynthesis-driven crop growth 

model for cut chrysanthemum (Lee et al, 2002a) is validated and further used to 

simulate total dry mass on different growing seasons, using different combinations of 

these two factors. The possible trade-off between them is analysed, while aiming at 

certain quality attributes. The 'modules' developed in Chapter 4.1, concerning both 

flower number and size, are validated using an independent data set. 

The main achievements, limitations and practical applications of this study are 

discussed in Chapter 6. Suggestions for future research are presented. 



Chapter 2 

Effects of growth conditions on external quality aspects 

Stem morphology 
Chrysanthemum has to meet strict quality specifications for height, which makes stem 

elongation control of utmost importance (Karlsson and Heins, 1994; Langton, 1998). 

Total stem length results from the number of internodes (equal to leaf number) times 

the average of the internode length (Pearson et al., 1995). In chrysanthemum, new 

internodes are formed until flower initiation starts. After that stage, stem length 

increase depends on internode elongation only. Chemical growth retardants are 

frequently used to achieve more compact and better-shaped plants. However, based on 

environmental considerations and also from the viewpoint of cost savings, there has 

recently been an effort to minimise their use (Myster and Moe, 1995; Langton, 1998). 

Therefore, it is a priority to find effective environmental friendly alternatives of 

regulating plant height (Bertram and Karlsen, 1995; Erwin and Heins, 1995; Pearson et 

al, 1995; Khattak and Pearson, 1997). Efforts have been concentrated on temperature 

control, which could result in well-shaped plants without affecting time to flowering 

(Myster and Moe, 1995). Besides temperature control, other techniques are also 

presented in this chapter. 

Temperature'. Control of stem elongation by temperature manipulation is widely 

used in practice for chrysanthemum (Langton and Cockshull, 1997b; Langton, 1998). 

It is generally accepted that higher average day temperature (ADT) increases 

chrysanthemum stem elongation rate (SER) resulting in taller plants. This stem length 

increase is due to both higher internode number and longer internodes. Below the 

optimum temperature for flowering, the positive effect of increased ADT on node 

initiation rate is, however, counteracted by a reduced node initiation period, as a 

consequence of earlier flower initiation (Cockshull et al, 1995; Pearson et al., 1995). 

Therefore, only a small increase in the stem length is observed. Above the optimum 

temperature for flowering, an increase in temperature delays flower initiation and 

development (see flower characteristics section), which allows, respectively, more 

and longer internodes to be formed (Cockshull et al, 1995), resulting in a stronger 

increase of final stem length. 

The sensitivity of chrysanthemum stem elongation to temperature is not the same 

during 24 h, which can be used to control stem length. To obtain a maximum effect on 

elongation control a shift in temperature should be given when the sensitivity of the 

stem elongation to temperature is highest (Erwin and Heins, 1995; Hansen et al, 

12 
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1996). In chrysanthemum, a distinct response of stem elongation to day temperature 

(DT) and night temperature (NT) is observed (Mortensen and Moe, 1987; Pearson et 

ah, 1995; Langton and Cockshull, 1997a, 1997b). Changes in DT have a much larger 

effect on the internode length than the corresponding changes in NT (Fig. 1). Thus, 

the effect of average 24 h temperature mainly results from DT, the main 

environmental factor controlling height in chrysanthemum (Cockshull et al., 1981; 

LePage et al., 1984). Moreover, the beginning of the day is considered a moment with 

especially high sensitivity of elongation rate to temperature (Langton, 1998). This is 

likely to be triggered by a 'light-on' signal, as the light perception is assumed to be an 

important component of the sensitivity response (Langton, 1998). 

In commercial practice, reduced stem elongation is obtained by higher NT than 

DT (negative DIF, DIFference between DT and NT; e.g. Moe and Heins, 1990; 

Jacobsen and Amsen, 1992; Bertram and Karlsen, 1994; Cockshull et al., 1995) at the 

same average temperature. A strong positive correlation between internode length and 

DIF has been observed for a wide range of species (e.g. Heuvelink, 1989; Erwin and 

Heins, 1995; Myster and Moe, 1995). However, Langton and Cockshull (1997a) have 

clearly shown that internode length does not respond directly to DIF, but rather results 

from the higher sensitivity of elongation to DT than NT, as mentioned above. 

16 20 24 28 

Temperature (°C) 

FIG. 1. Effects of DT (O) and NT ( • ) on the average length of chrysanthemum internode (< 1 
mm at the start) after 10 days of growth. A total of 16 temperature combinations was studied. 
DT values were calculated by averaging over NT, and NT values by averaging over DT. 
Vertical bar represents s.e.d. for comparison of DT means and NT means (0.36 mm). 
(Reprinted from Scientia Horticulturae, 69, Langton and Cockshull, page 234, copyright 
(1997), with permission from Elsevier Science). 
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These conflicting results are investigated in Chapter 3.1. The shift in temperature 

of a standard negative DIF treatment is commonly applied at daybreak (e.g. Bertram, 

1992; Cockshull et al, 1995; Langton and Cockshull, 1997a). However, it can also be 

done 2 h before sunrise, without reducing the effectiveness of negative DIF in 

decreasing internode length of chrysanthemum (Jacobsen and Amsen, 1992). This 

might be explained by the fact that in such a treatment the first hours of the day still 

have a low temperature. 

A short-term temperature reduction with only a brief duration of temperature drop 

(DROP treatment; e.g. Bertram 1992; Sach, 1995; Cockshull et al., 1995; Hansen et 

al., 1996), usually during the early part of the light period, is also applied to obtain 

shorter stems in chrysanthemum (Table l).The effectiveness of DROP treatments in 

reducing stem length is related with its magnitude, duration and timing (Table 1). In 

general it increases consistently with the magnitude (2, 4 and 8 °C DROP) or duration 

(3 and 6 h) (Cockshull et al., 1995). There is also a strong influence of the moment 

that a shift in temperature occurs (Bertram, 1992; Cockshull et al., 1995). In 

agreement with the above mentioned strong temperature sensitivity of stem elongation 

in the early morning hours, Bertram (1992) found that 8 °C temperature DROP for 2 h 

before sunrise did not affect chrysanthemum stem elongation. However, Cockshull et 

al. (1995) observed a stronger effect of 3 h drop treatment when applied 3 h after 

sunrise compared to directly following sunrise. 

TABLE 1. Effectiveness of different DROP strategies (magnitude, duration and timing) in 
reducing internode length. 

Magnitude 
(°C) 
8 

2, 4 or 8 

12 

12 

8 

Duration 
(h) 
6 

3 or 6 

2 

2 

2 

Timing 

from sunrise 

from sunrise 
and 

3h after sunrise 

from sunrise 

different times 
of the day 

before sunrise 

Photoperiod 

SD 

SD 

SD 

LD 

SD 

Effectiveness 

+ 

+ 

+ 

-

-

Authors 

Sach (1995) 

Cockshull et al. 
(1995) 

Hansen et al. 
(1996) 

Hansen et al. 
(1996) 

Bertram (1992) 

14 
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Many authors report that the efficiency of DROP treatment, in reducing stem 

elongation, is often lower than the DIF treatment (Bertram, 1992; Cuijpers and 

Vogelezang, 1992; Hendriks and Ueber, 1995). The use of different chrysanthemum 

cultivars (Hansen et al, 1996) and an interaction between growth factors (Myster and 

Moe, 1995) are also possible reasons for differences in the effect of the temperature 

treatments. For instance, there is a higher sensitivity of length growth to temperature 

during the SD period, compared with LD (Myster and Moe, 1995). Several authors 

have shown this photoperiod influence on the efficiency of negative DIF (Cuijpers 

and Vogelezang, 1992) and DROP treatment (Vogelezang et ah, 1992; Hansen et al, 

1996) in reducing internode length (Table 1). However, the effect of both DIF and 

DROP treatments on shoot length is not persistent after transfer to a common 

environment. Hence, these treatments need to be continued for the most of the 

cultivation period of a chrysanthemum crop, to ensure that height reductions are 

visible at the marketing stage (Cockshull et al, 1995). 

Much attention has been given to the effects of temperature treatments on stem 

elongation of chrysanthemum but the physiological principles which underlie the 

effect of temperature regime on extension growth are not fully understood (Langton, 

1998). Analyses of the kinetics of stem elongation, under different temperature 

regimes (Bertram and Karlsen, 1994; Tutty et al., 1994), show that the suppressing 

effects of negative DIF and DROP regimes on chrysanthemum elongation are not 

satisfactorily explained by resultant SER patterns (Tutty et al., 1994). Strong evidence 

suggests the involvement of gibberellin (GA) metabolism in the regulation of stem 

extension by temperature (Langton, 1998). Nevertheless, other factors such as 

phytochrome photoequilibrium appear to interact with DIF to affect stem elongation 

(Erwin and Heins, 1995). 

Light: A number of studies have examined whether the manipulation of light intensity 

or spectral quality has potential for controlling chrysanthemum stem elongation. Higher 

irradiance during the day led to higher SER during the following night, which resulted 

in longer stems (Bertram and Karlsen, 1994). Therefore, the use of supplementary 

light during daytime significantly increases both stem length (Hughes and Cockshull, 

1972; Parups, 1978; Eng et al., 1985) and stem diameter (Eng et al., 1985), but only at 

low natural irradiance levels. These findings suggest that higher levels of 

photoassimilates are used to sustain stem growth (Bertram and Karlsen, 1994). 

Moreover, the light intensity effect on promoting stem growth can also be partly 

linked to a consequently higher plant temperature. 

Plant height is also regulated by the action of phytochrome and blue light level. 
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Increasing either level of blue light (Khattak and Pearson, 1997; Oyaert et al, 1999) or 

level of phytochrome photoequilibrium (§ = Pfr/Ptotal ratio: ratio of Pfr to total 

phytochrome) decreases chrysanthemum height (Heins and Wilkins, 1979). Thus, the 

use of red light (R-light) inhibits elongation and far-red light (Fr-light) increases 

elongation through an induction response of phytochrome. 

Many attempts have been made to remove the elongation stimulus of Fr-light 

from the natural spectrum, using different selective screening materials (Hendriks and 

Ueber, 1995). The 'fluid roof system' filter, with copper sulphate solutions (CuS04 

filters: high <j> and high blue light transmission), was very efficient in reducing plant 

height in trials with chrysanthemum (e.g. Mortensen and Stremme, 1987; McMahon 

et al, 1991; Rajapakse and Kelly, 1992; McMahon and Kelly, 1999). Chrysanthemum 

grown under CuS04 filters presented a lower SER (Rajapakse and Kelly, 1992) 

resulting in shorter internodes (Rajapakse and Kelly, 1992; McMahon and Kelly, 

1999). The effectiveness of these filters depends on the cultivar (Rajapakse et al., 

1993) and on the growing season (larger effect in spring and autumn compared with 

summer) (Rajapakse and Kelly, 1995). The effect of CuSCv, filters can be explained by 

the increase in the R/Fr ratio and blue/red (B/R) ratio of the transmitted light 

(Rajapakse and Kelly, 1992) but also by the strong reduction in the light intensity 

(McMahon et al., 1991; Hendriks and Ueber, 1995). CuS04 filters are not being used 

in practice (Hendriks and Ueber, 1995; Murakami et al., 1997) because a 'fluid roof 

system' is difficult to apply on a greenhouse scale (Hendriks and Ueber, 1995; Oyaert 

et al, 1999) and also due to the negative consequences for the total plant dry mass 

(TDM) (Mortensen and Stramme, 1987). 

To overcome the problems of CuS04 filters the use of several selective plastic 

filters has been studied. Oyaert et al. (1999) evaluated the effect of different blue 

polyethylene (PE) films (low (j> and high blue light transmission) on growth reduction of 

chrysanthemum plants, using different pigment concentrations (1,2 and 3 % of blue 

pigment). These films were effective in reducing the growth of different 

chrysanthemum cultivars, at different seasons, under both natural and artificial 

assimilation light. The inhibition of stem elongation increased with increasing pigment 

concentration, with a maximum of 22 % growth reduction. However, blue filters also 

decreased total plant TDM (Oyaert et al, 1999) due to lower light intensity of the 

transmitted light. The vaporised mica film is an alternative filter characterised by a 

higher light transmission capacity and higher R/Fr ratio but a lower B/R ratio, 

compared to blue PE films (Oyaert et al, 1999). Therefore, despite the rather small 

reduction in chrysanthemum stem elongation (9 %), Oyaert et al. (1999) suggested 

that the vaporising technique should be improved as this film has the advantage of 
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reducing stem elongation without decreasing other plant quality aspects (no 

significant effect on branching rate, leaf area and plant TDM). 

Photoperiod: Shorter LD period is also a frequently used method to achieve 

compact chrysanthemum plants (Hendriks and Ueber, 1995; Heuvelink et ah, 1998; 

McMahon and Kelly, 1999). Chrysanthemum is a short-day (long night) plant 

(Andersson, 1990; McMahon and Kelly, 1999) hence LD conditions stimulate 

vegetative growth. Thus, it was observed that reducing LD period decreases stem 

length and stem diameter (Heuvelink et al, 1998). The stem length reduction is 

mainly a result of fewer internodes, due to earlier flower initiation (Heuvelink et al, 

1998), but also shorter internodes (Cathey, 1974). 

When photoperiod extension is done during the natural SD period it was observed 

that the effect on stem elongation depends on the timing that chrysanthemum is 

exposed to light (night break lighting vs. morning or evening day extension). Given a 

night interruption of 4h, chrysanthemum showed a typical LD response (Cathey, 

1974) resulting in longer internodes (Cathey, 1974) and taller plants (Cathey, 1974; 

McMahon and Kelly, 1999), than those lighted for the same duration but extending 

the photoperiod (Cathey, 1974). Moreover, internode length was considerably longer 

when chrysanthemum was exposed to light during the last 4 h of the dark period, 

rather than during the first 4 h (Cathey, 1974). 

Relative humidity and C02 concentration: Chrysanthemum shoot length was 

positively correlated with relative humidity (RH), at constant temperature (Mortensen, 

1986b; Gislerad and Nelson, 1997), which means a positive effect of absolute 

humidity. However, this effect was only significant after four weeks with high RH 

(95 % compared to 55 %) and no influence on stem TDM was observed (Gislerad and 

Nelson, 1997). Therefore, high RH levels have a negative influence on stem 'strength' 

(g cm"1) of chrysanthemum. 

C02 enrichment promotes both stem and shoot elongation (e.g. Lindstram, 1968; 

Mortensen and Moe, 1983; Eng et al., 1985; Mortensen, 1986a) and stem diameter 

(Eng et al., 1985; Mortensen, 1986a). Increasing C02 concentration (300-900 jimol 

mol"1) favoured stem mass over elongation, resulting in higher stem 'strength' (Heij 

and De Lint, 1987). However, above a certain C02 concentration (saturation level 

around 1000 jamol mol"1) there are no further significant effects on chrysanthemum 

growth (Mortensen and Moe, 1983). 
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Plant density: Besides climatic factors, plant density is also important in 

chrysanthemum quality (Huld and Andersson, 1997) as it is strongly related with the 

microclimate within the crop (Heins and Wilkins, 1979), namely with the light 

intensity and light quality. Chrysanthemum growing in a high plant density forms a 

leaf canopy which reduces light intensity and filters much of the R-light, while 

allowing larger amounts of Fr-light to pass through (Heins and Wilkins, 1979). These 

reductions in § stimulate primary stem elongation and inhibit lateral branching (Heins 

and Wilkins, 1979) resulting in a lower stem 'strength' (Heij and De Lint, 1987). 

In general, high plant density results in longer plants due to the 'etiolation effect' 

(competition for light), caused by low light intensity and low <j>. However, increasing 

plant density to very high values (e.g. 83-125 plants m"2) strongly reduced plant height 

(Huld and Andersson, 1997), especially during autumn and winter seasons (Langton 

et al, 1999). These results can be explained by the low light penetration levels that 

combined with high amount of shaded leaves (acting as sinks) reduces 

chrysanthemum growth rate. Thus, the low assimilate availability can be seen as a 

factor limiting stem elongation at very high plant densities, which is consistent with 

the above discussed positive effect of supplementary light on stem length under low 

natural irradiance levels. 

Leaf morphology 

Temperature: It is generally recognised that increasing ADT in chrysanthemum 

results in higher rate of leaf appearance (or leaf unfolding rate: LUR) (Cockshull, 

1979; De Lint and Heij, 1987; Karlsson et al., 1989c; Heuvelink et al, 1998). 

However, chrysanthemum has a determinate growth pattern (Pearson et al., 1995), so 

the leaf initiation is stopped when flower induction occurs (De Lint and Heij, 1987). 

Thus, leaf number is not only dependent on LUR but also on the time to flower 

initiation. Therefore, below the optimum temperature for chrysanthemum flowering 

the final leaf number increases slowly with temperature (Cockshull, 1979; Pearson et 

al, 1995), as the LUR increase is partly neutralised by the reduction in the time to 

flower initiation. Above that optimum value an increase in temperature results in a 

more rapid increase in the final leaf number (Cockshull, 1979; Pearson et al, 1995), 

because of increased LUR and a strong delay in the flower initiation which allows 

more leaves to be formed, especially in temperature sensitive cultivars. 

Neither DIF nor DROP temperature treatments, for controlling stem elongation 

(see stem morphology section), affected chrysanthemum leaf number (Cockshull et 

al, 1995) or LA (Cuijpers and Vogelezang, 1992). 
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Light: Despite the positive effect of high photosynthetic photon flux (PPF) on LUR, 

chrysanthemum grown under these light conditions presents a lower final leaf number 

(Vince, 1960; Cockshull, 1979; Karlsson et al, 1989c; Andersson, 1990), as flower 

initiation starts earlier (Cockshull, 1979). In contrast, Mortensen and Moe (1983) 

found that an increase in light level (44-395 umol m"V) increases leaf number. These 

results can be explained by the fact that the latter observations were done during the 

LD period and, therefore, leaf number is dependent only on LUR. At high irradiance 

intensity the leaf TDM also increases significantly (Gislered and Nelson, 1997), as a 

consequence of higher assimilate availability, resulting in thicker leaves (Hughes and 

Cockshull, 1972). 

In terms of light quality, blue light showed a significant effect only in reducing 

total LA at low photosynthetic active radiation levels (PAR = 8.0 or 12.6 mol m"2 

day"1) (Mortensen and Stromme, 1987). Similarly, chrysanthemum grown under blue 

PE filters (Oyaert et al., 1999) or CuS04 filters (Rajapakse and Kelly, 1992), i.e. filters 

that reduce PAR intensity of the transmitted light, had a smaller LA (Oyaert et al, 

1999). This LA reduction is mainly attributed to smaller leaves and to a lesser extent 

to lower leaf number. Furthermore, both blue PE filters (Oyaert et al, 1999) and 

CuS04 filters (Rajapakse and Kelly, 1992, 1995) induce a TDM translocation from 

stem to leaves and a higher specific leaf mass (SLM) (Rajapakse and Kelly, 1992). 

Khattak and Pearson (1997) suggested that low § could also result in a reduced LA. 

Relative humidity and C02 concentration: Chrysanthemum grown at high air 

humidity (Gislered and Nelson, 1989; Bakker et al, 1990; Gislered and Nelson, 1997) 

and high C02 concentration (Gislered and Nelson, 1989) tend to have larger LA per 

plant, on main and lateral stems. This is mainly the result of an increased area of the 

individual leaves (Gislered and Nelson, 1997) and marginally due to higher number of 

leaves (Mortensen and Moe, 1983; Mortensen, 1986a; Heij and De Lint, 1987). 

Increasing RH (from 55 % to 90 %) reduced chrysanthemum leaf dry mass 

content but leaf TDM was not affected (Gislered and Nelson, 1997). Chrysanthemum 

leaf thickness increases with C02 concentration (Hughes and Cockshull, 1972). 

Plant density: Once more, probably due to lower assimilate availability, an increase 

in chrysanthemum plant density decreases total LA per plant by reducing both leaf 

size (Huld and Andersson, 1997) and leaf number (Heij and De Lint, 1987; Huld and 

Andersson, 1997). Furthermore, the leaf thickness is also reduced under higher plant 

density (Huld and Andersson, 1997). 
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Flower characteristics 

Temperature: Many studies in chrysanthemum have focused on the relationship 

between temperature and time to flowering. Time to flowering is often divided into 

time to flower initiation and time for subsequent flower development (Adams et al, 

1998). In chrysanthemum this is largely controlled by ADT (e.g. Cockshull et ah, 

1986; Khattak and Pearson, 1997; Adams et al., 1998; Larsen and Persson, 1999) and 

presents an optimum response to temperature (Fig. 2A). This optimum range of 

temperature, corresponding to the maximal rate of progress to flower (Adams et al., 

1998), is cultivar dependent (De Lint and Heij, 1987; Langton, 1987; Whealy et al., 

1987; Larsen and Persson, 1999) and may differ from the optimum for vegetative 

growth (Hughes and Cockshull, 1972). 

A reduction in the uniformity of time to flowering within the plants was observed 

at non-optimum temperatures (Karlsson and Heins, 1986). In practice, such plant 

variability makes the choice for the right harvest moment quite difficult. An increase 

in PPF can partly compensate the flowering delay promoted by a certain range of high 

or low temperatures (Karlsson and Heins, 1986; Karlsson et al., 1989b; Hiden and 

Larsen, 1994) (Fig. 2A). The extension of flowering delay also depends on the 

cultivar (Vince, 1960; Parups and Butler, 1982; Willits and Bailey, 2000) and on the 

timing and duration of the exposure to unfavorable temperature conditions (Carow 

and Zimmer, 1977; Whealy et al., 1987). Vince (1960) reported that flowering of 

several chrysanthemum cultivars was delayed only when low NT was applied in the 

early part of SD period (before the bud had become visible macroscopically). A 

stronger flowering delay was observed when low temperature occurred during the last 

hours of the night period (10 °C for 5 h), compared with other periods of the night 

(Carow and Zimmer, 1977). Thus, according to Parups (1978) a split NT regime (low 

temperature for only a part of the night, during the SD period) could be adopted for 

some cultivars, to reduce energy costs, without a noticeable flower delay. 

The temperature effect on chrysanthemum flower characteristics (size, mass and 

number) is strongly cultivar dependent. For example, in some cultivars a relative low 

NT had a positive effect on flower quality resulting in a larger diameter (Vince, 1960; 

Bonaminio and Larson, 1980), higher flower area per plant (Karlsson and Heins, 

1986) and heavier flowers (Bonaminio and Larson, 1980). This flower TDM gain can 

be explained by a flowering delay, promoted by low NT, which results in a later 

harvest of the plants leading to an increase of the assimilate availability. In other 

cultivars, probably less temperature sensitive, size and/or number of flowers was not 

significantly affected by low NT (Parups, 1978) or negative DIF (Roeber et al., 1995). 
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FIG. 2. Predicted number of days from start of SD to flowering (A) and total plant flower area 
(B) as influenced by a simultaneous increase in day and night temperature at PPF of 5 (A), 10 
( • ) and 15 (•) mol day"1 m"2 in Chrysanthemum 'Bright Golden Anne'. The graph was 
created using a regression model. (Reprinted from Scientia Horticulturae, 39, Karlsson et ah, 
1989b, pages 262 and 264, copyright with permission from Elsevier Science). 

Karlsson et al. (1989b) found that flower area in chrysanthemum presents an optimum 

response to temperature, as it increases to a maximum and falls down rapidly at higher 

temperatures (Fig. 2B). Furthermore, it was shown that NT influences final flower 

area to a larger extent than DT (Karlsson and Heins, 1986). 

It has been reported that under high temperatures the percentage of lateral buds 

that fails to elongate increases (Faust and Heins, 1992; Schoellhorn et al., 1996). 

Faust and Heins (1992), observed that at a DT of 35 °C, NT between 14 and 27 °C did 

not influence the percentage of axillary buds that developed lateral shoots in 

chrysanthemum stock plants. However, since they only tested at one extreme DT 

(35 °C), it would be unwise to conclude that NT does not play a role in lateral 

branching of chrysanthemum. 

Light: In chrysanthemum, there is a clear relationship between the average daily light 

integral and both time to flower initiation and time for flower development (e.g. 

Hughes and Cockshull, 1971; Langton, 1987; Andersson, 1990). Thus, during the SD 

conditions an increase in the daily light integral reduces time to flowering (e.g. 

Cockshull and Hughes, 1972; Cockshull, 1979; Langton, 1987). This can be achieved, 

for instance, by increasing either intensity or duration of supplementary irradiance 

(Andersson, 1990) but still under SD conditions. Nevertheless, the absolute response 
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per integral increase declines as irradiance increases (Karlsson and Heins, 1986), 

following a light saturation process (Langton, 1987; Hiden and Larsen, 1994). 

Therefore, the effect of supplemental irradiation on time to flower is larger under low 

natural irradiance levels, compared with high levels (Cockshull and Hughes, 1972). 

Light intensity also has a positive effect on chrysanthemum flower quality. In 

general, larger amount of assimilates accelerate axillary bud development and result 

in a higher number of shoots of greater size and mass (De Ruiter and Tromp, 1996; 

De Ruiter, 1997). Therefore, higher light intensity levels (natural or artificial light) 

enable more lateral buds to elongate (Acock et al, 1979; Hicklenton, 1985; Holcomb 

et al, 1988) and significantly promote flower number per plant (Parups, 1978; Eng et 

al., 1985; Andersson, 1990). Furthermore, it was observed that the positive effect of 

PPF on the number of lateral branches is cultivar dependent (Schoellhorn et al, 1996). 

Considering flower size, a linear increase with PPF (from 1.8 to 21.6 mol day"1 

m"2) was observed, at a constant temperature of 20 °C (Karlsson et al., 1989c). Larger 

flower buds TDM (Andersson, 1990), higher total flower area per plant (Fig. 2B) and 

greater uniformity of flowering were also present in chrysanthemum growing under 

higher light intensities (Karlsson and Heins, 1986; Karlsson et al, 1989b). 

Light quality also influences several flower characteristics of chrysanthemum. A 

decrease in § (e.g. using colour filters with low R/Fr light transmission) or lower blue 

light transmission of the filter (e.g. yellow material) results in a flowering delay 

(Khattak and Pearson, 1997). However, the light transmitted through a CuS04 filter 

(high <j) and high blue light transmission) also results in a flowering delay, by 1-2 

weeks depending on the growing season (Rajapakse and Kelly, 1995). The 

explanation for this flowering delay could be the strong reduction of the light intensity 

promoted by the CuS04 filters. 

The lateral branching in chrysanthemum is also influenced by light quality 

(Smith, 1982). Similarly, light with low R/Fr ratio (low (|>) or low blue light 

transmission reduces both lateral branching (Heins and Wilkins, 1979; Mortensen and 

Stremme, 1987) and flower FM (Khattak and Pearson, 1997). It seems that <j> has a 

stronger effect than blue light transmission level. Therefore, chrysanthemum grown 

under blue PE filters (low (j> but high blue light transmission) had 33 % less FM, 

compared with control (Khattak and Pearson, 1997) and a lower number of axillary 

shoots was developed (Oyaert et al, 1999). 

As expected, the use of CuS04 filters results in a lower flower FM and smaller 

flowers (Rajapakse and Kelly, 1995). Nevertheless, CuS04 filters did not affect the 

number of flowers per plant (Rajapakse and Kelly, 1995; McMahon and Kelly, 1999). 

22 



Review: External Quality in Chrysanthemum 

Photoperiod: It is well known that daylength influences the flowering process of 

chrysanthemum (Langton and Cockshull, 1976; Hendriks and Ueber, 1995). As a 

short-day plant the natural generative phase takes place during the autumn (Kofranek, 

1992). The critical day-length is cultivar dependent (Furuta, 1954) and it is shorter for 

flower development than for flower induction (McMahon and Kelly, 1999). Under 

photoperiods, longer than the critical one, chrysanthemum may also become 

generative (Furuta, 1954). However, flowering is delayed (McMahon and Kelly, 

1999), not uniform and often results in abnormal or aborted buds (Furuta, 1954). 

It has been observed that the use of different sources of light during the night 

period, for a sufficient duration of time, inhibits chrysanthemum flowering (Cathey, 

1974; Heins and Wilkins, 1979; McMahon and Kelly, 1999). This effect of 

photoperiod extension depends on the timing that the plants are exposed to light and 

on the light quality. Therefore, a night break with incandescent light, for the same 

photoperiod, results in a significantly stronger flower delay than lighting in the last 4 

hours of the night (Cathey, 1974). Considering the effect of the light quality, used to 

simulate LD conditions, Fr-light was the only light quality treatment that delayed 

chrysanthemum flowering, when applied in the last 4 h of the night (Cathey, 1974). 

This light treatment was also efficient in chrysanthemum when applied in the end of 

the day (McMahon and Kelly, 1999). 

To improve winter-flowering chrysanthemum quality, a manipulation of 

photoperiod can be used by providing a LD period into the SD treatment after flower 

induction has taken place (Langton, 1987; Vonk Noordegraaf and Welles, 1995). The 

main aim is to elongate the peduncles, giving a more attractive presentation to the 

flowers (Langton, 1987). It has been suggested that this technique can also increase 

number and size of chrysanthemum flowers (Langton, 1987). Nevertheless, it delays 

the final harvest (Kofranek and Cockshull, 1985) and the starting time is critical for an 

effective treatment (Langton, 1987). An extended LD treatment (4 weeks, compared 

with 2 weeks) before starting SD treatment did not influence the number of flowers 

per plant (Heuvelink et al, 1998). 

Relative humidity and C02 concentration: There is little information about the 

influence of RH on the flowering process of chrysanthemum. It was found that higher 

RH increased both number of lateral shoots (Hicklenton, 1985; Gislerad and Nelson, 

1989) and number of flower buds (Gislerad and Nelson, 1989). Hicklenton (1985) 

suggested that the increase of the lateral shoot number results from lower transpiration 

losses and higher water potential of the lateral buds. 
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Most likely as a result of improved assimilate status of chrysanthemum plants, 

flower quality responds positively to C02 enrichment. Increasing C02 level up to a 

certain concentration (saturation process as reported above) (Eng et al, 1985) results 

in more lateral shoots (Hicklenton, 1985; Mortensen, 1986a; Gislerod and Nelson, 

1989), more flowers per plant (Mortensen, 1986a; Gislerod and Nelson, 1989) and 

increases flower size (Potter, 1980). Nevertheless, the C02 level does not affect time 

to flowering in chrysanthemum (Potter, 1980; Mortensen, 1986a). This was 

previously reported by Vince (1960) but only for C02 enrichment during the LD 

period. 

Plant density: Although the direct effect of plant density on the flower 

characteristics of chrysanthemum is not well described, it is well known that plant 

density is closely related to the intensity and quality of the light that passes through 

the canopy, as previously explained for stem morphology. Thus, an increase in plant 

density slightly delays time to flowering and reduces its uniformity within the plants. 

In autumn and winter, when light is limiting, this density response was stronger 

(Langton et al, 1999). Furthermore, by increasing plant density (from 32 to 64 

plants m"2) a large reduction (48 %) of the flower number per plant was observed 

(Heuvelink et al, 1998). This is mainly a result of a lower assimilate availability, less 

light interception per plant at high densities, and also partly due to lower § of the 

light. 

Existing quality models 

Crop modelling has become an important research tool in horticulture (Gary et al, 1998; 

Lentz, 1998; Marcelis et al., 1998). In the past 10 years, models predicting 

chrysanthemum responses to different environmental conditions have been developed. 

However, very few models are actually being used in commercial production (Larsen 

and Persson, 1999). A model to be accepted by the growers has to be easy to use (Lentz, 

1998) and flexible to adapt to new cultivars (Larsen and Persson, 1999). 

The majority of the models for ornamental plants are focused on growth but some 

of these models also describe chrysanthemum quality aspects. For instance, stem 

elongation has been often predicted using mainly very simple descriptive models that 

estimate plant height or internode length (e.g. Karlsson et al., 1989c; Khattak and 

Pearson, 1997; Langton and Cockshull, 1997b). Pearson et al. (1995) also developed a 
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model to predict the intemode length but they went a step further by simulating the 

effect of a wide range of temperature conditions on the rate of internode extension. The 

side shoot elongation was also modelled in chrysanthemum, simulating the effect of 

daily light integral and temperature (Larsen and Gertsson, 1992; Karlsson and Heins, 

1994). 

Final leaf number can be used to obtain the number of internodes (same as leaf 

number) and results from the multiplication of average LUR and time to flowering 

initiation. The available models to simulate final leaf number are based on the influence 

of the ADT (Karlsson et al., 1989c) or ADT and daily light integral (Larsen and Hiden, 

1995) on LUR. 

Much attention has been given to modelling time to flowering, based on 

temperature and light effects (e.g. Karlsson and Heins, 1985; Karlsson et al., 1989b; 

Pearson et al., 1993; Khattak and Pearson, 1997) and to a lesser extent on plant density 

effect (Langton et al, 1999). Recently, Larsen and Persson (1999) improved a previous 

model that simulated the flower development in chrysanthemum in response to ADT 

and daily light integral (Hiden and Larsen, 1994). Thus, they included the cultivar 

response group as a component of the model, resulting in a more flexible model that 

fitted better the data and could be easily adapted to different cultivars. 

Conclusions 

Every external quality character in chrysanthemum is influenced by the growth 

conditions. In general, a good carbohydrate status is a basic condition to guarantee high 

external quality of chrysanthemum, as it reduces the competition between sinks. For 

instance, chrysanthemum growing under higher light intensity, higher C02 

concentration or lower plant density results in taller plants, with greater stem diameter 

and more lateral branches. Leaf thickness is also increased as well as flower number and 

size. However, time to flowering in chrysanthemum does not respond to C02 

enrichment (Potter, 1980; Mortensen, 1986a) but decreases with higher daily light 

integral (Cockshull, 1979; Langton, 1987; Andersson, 1990). Temperature also plays an 

important role in chrysanthemum external quality. The optimum temperature is cultivar 

dependent (Whealy et al, 1987; Larsen and Persson, 1999) and differs according to the 

stage of development (Hughes and Cockshull, 1972). As a general rule extreme values 

should be avoided to enhance good quality plants and to prevent flowering delay. 

Despite the extensive literature about different aspects of chrysanthemum growth 
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and development, several important quality aspects are still absent in the models. For 

example, stem 'strength', leaf size, flower number and flower size have never been 

estimated even by a descriptive model. Moreover, modelling morphogenesis should 

also focus on the spatial arrangement of the organ units (flower position on the stem) 

and not only on its number and dimension (Gary et al., 1998). At present, the 

influence of the growth conditions on the flower position in chrysanthemum is not 

well described. 
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3.1 
Internode and stem length: 

is everything explained by DIF? 

Abstract 

In many plant species, including chrysanthemum, a strong positive correlation between 
internode length and DIF (difference between day (DT) and night (NT) temperature) has been 
observed. However, Langton and Cockshull (1997, Scientia Horticulturae 69: 229-237) 
reported no such relationship and showed that absolute DT and NT explained internode length 
rather than DIF. To investigate these conflicting results and to clarify the validity of the DIF 
concept, cut chrysanthemums (Chrysanthemum 'Reagan Improved') were grown in growth 
chambers at all 16 combinations of four DT and four NT (16, 20, 24 and 28 °C) with a 12 h 
daylength. Length of internode 10, number of internodes and stem length were measured on 
day 5, 10, 17, 22 and 27 after starting the temperature treatments. Internode length on day 10 
showed a positive linear relationship with DIF (R2 = 0.64). However, when internodes had 
reached their final length in all treatments (day 27), a much stronger positive linear relation 
was observed (R2 = 0.81). A model to predict final internode length was developed based on 
the absolute DT and NT responses: both responses were optimum curves and no significant 
interaction between DT and NT occurred [Final internode length (mm) = -32.23 + 3.56DT + 
1.08NT - 0.0687DT2 - 0.0371NT2; R2 = 0.91]. It is shown that DIF can predict final internode 
length only within a temperature range where effects of DT and NT are equal in magnitude 
and opposite in sign (18-24 °C). Internode appearance rate, as well as stem length formed 
during the experiment, showed an optimum response to DT. 

Published as: 
Carvalho SMP, Heuvelink E, Cascais R, Van Kooten O. 2002. Effect of day and night 
temperature on internode and stem length in chrysanthemum: is everything explained by DIF? 
Annals of Botany 90: 111-118. 



Chapter 3.1 

Introduction 

The control of stem length is particularly important in chrysanthemum cultivation since 

there are strict quality specifications for height (Karlsson and Heins, 1994). To achieve 

these quality requirements, chemical plant growth regulators are commonly used in 

both pot and cut chrysanthemums. However, their application is costly and 

environmentally unfriendly (Langton, 1998). The need to find effective environmental 

friendly alternatives for regulating plant height is a priority (Erwin and Heins, 1995; 

Pearson et al, 1995; Khattak and Pearson, 1997). 

Final stem length is determined both by number of internodes and internode 

lengths (Pearson et al, 1995). In species with a determinate growth pattern, such as 

chrysanthemum, new internodes are formed up to flower initiation. After this stage, 

the increase in stem length depends on internode elongation only. Thus, the stem 

elongation process is strongly correlated with both internode appearance rate (IAR, 

equal to leaf unfolding rate) and internode elongation rate. 

Several growth conditions are known to affect chrysanthemum stem elongation, 

such as temperature, light intensity, light quality, photoperiod, relative humidity, CO2 

concentration and plant density (Chapter 2). Efforts have been concentrated on 

temperature manipulation to regulate stem length (Myster and Moe, 1995), and this is 

already widely practised, based on the DIF concept: the difference between day (DT) 

and night (NT) temperature (Langton and Cockshull, 1997b). The observation that 

stem length shows a different response to temperature during the photoperiod 

compared with nyctoperiod was first investigated for tomato plants and termed 

'thermoperiodicity' (Went, 1944). Since then, it has been reported for a wide range of 

plant species (e.g. Heuvelink, 1989; Erwin and Heins, 1995; Myster and Moe, 1995). 

Erwin et al. (1989) introduced the DIF concept when they found that plants of Lilium 

longiflorum Thunb. had the same final height when grown at the same DIF (using 25 

combinations of DT and NT ranging from 14 to 30 °C), regardless of the mean 

temperature (MT). According to these authors, DT and NT influenced plant height in 

opposite ways. Increasing DT increased plant height, whereas increasing NT 

decreased plant height. Therefore, temperature combinations resulting in a negative 

DIF produced plants that were shorter than those grown under a positive DIF. Erwin 

et al. (1989) also reported a positive linear relationship between internode length and 

DIF. Thus, it was concluded that the absolute magnitude and sign of DIF were the 

critical factors determining internode and stem length. In fact, as later suggested by 

Langton and Cockshull (1997a), the temperature effect on stem length was exclusively 
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a result of the influence of DIF on internode elongation since terminal flowers had 

already been initiated and, therefore, the final number of internodes had been 

determined before the start of the treatment. 

Many subsequent studies have shown similar results to those of Erwin et al. 

(1989), for several plant species, including pot chrysanthemum cultivars (e.g. 

Karlsson et al., 1989c; Jacobsen and Amsen, 1992; Bertram and Karlsen, 1994; 

Cockshull et al, 1995). However, the effects of day and night temperature have not 

always been equal in magnitude and opposite in sign (LePage et al., 1984; Karlsson et 

al, 1989c; Langton and Cockshull, 1997a), which is necessary for a clear DIF 

response. To clarify these responses, Langton and Cockshull (1997a) conducted a 10 

day experiment, in which they grew pot chrysanthemum cultivar 'Bright Golden 

Anne' under 24 combinations of DT and NT, ranging from 12 to 32 °C. A photoperiod 

of 12 h was applied to give day and night equal weight. No relationship was found 

between internode length and DIF. According to these authors, stem elongation in 

chrysanthemum responded to the absolute DT and NT rather than to DIF, and DT 

appeared to be the dominant factor controlling internode length. It was thus concluded 

that DIF is an artefact, lacking real biological significance, that can obscure the real 

importance of the absolute temperatures at which the plants are grown (Langton, 

1998). However, given the short duration of the experiment performed by Langton 

and Cockshull (only 10 days), the possibility exists that the measured internodes were 

not fully elongated, thereby invalidating their conclusions. Langton and Cockshull 

(1997a) were aware of this problem, but considered it unlikely that final internode 

lengths would have given a substantially better fit with DIF. 

Despite numerous studies of the effects of temperature on extension growth of 

chrysanthemum (mainly pot chrysanthemum), this phenomenon is still not fully 

understood, leading to uncertainties over how to optimise the use of temperature 

(Langton, 1998). Furthermore, it is still not clear from the literature whether stem 

elongation in chrysanthemum is controlled by DIF. The aims of this paper are: (1) to 

test whether the conflicting results on DIF validity can be explained by differences in 

the stage at which internode length is measured; and (2) to identify the conditions 

where the use of DIF explains chrysanthemum internode length. To obtain more 

insight into the stem extension process, the time courses of internode length, number 

of internodes and stem length were measured by a non-destructive method, and 

analysed separately for 16 day and night temperature combinations, ranging from 16 

to 28 °C. 
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Chapter 3.1 

Material and methods 

Plant material and growth conditions 
Block-rooted cuttings of Chrysanthemum 'Reagan Improved', obtained from a 

commercial propagator (Fides Goldstock Breeding, Maasland, The Netherlands), were 

planted on 16 May 2001 (replication 1) and 13 June 2001 (replication 2) in 14 cm pots 

containing a peat-based commercial potting compost (Lentse potgrond nr. 4; 85 % 

peat, 15 % clay). After two days in a common glasshouse environment (18 °C DT/ 

16 °C NT and 18 h light), the temperature treatments were imposed. Plants were 

selected for uniformity (8.0 ± 1.0 leaves per plant; 12.1 ± 2.0 cm stem length) and 

distributed over four artificially lit growth chambers (1 x w x h = 2.90 m x 2.20 m x 

3.15 m). 

Each growth chamber had a constant day and night temperature (16, 20, 24 or 

28 °C). Since only four growth chambers were available, for each replication, plants 

were shifted at the start and end of each day according to their DT and NT treatment. 

Fluorescent tubes (Philips TL 58W, colour 84) were used continuously during the 12 h 

of daylight (between 0800 and 2000 h) providing 99 umol m"2 s"' photosynthetically 

active radiation at plant level (LI-COR, model LI-191SA; Lincoln, USA). This light 

level resulted in a daily light integral (4.3 mol m"2 d"1) that was similar to that received 

by plants growing in commercial glasshouses during the winter in The Netherlands 

(lat. 52 °N). Plants were grown as individual plants under ambient CO2 (growth 

chamber continuously ventilated) and at constant vapour pressure deficit (VPD = 0.57 

kPa). Plants were watered by hand as required. The experiment ended when internode 

10 had reached its final length in all temperature combinations studied. This occurred 

on day 26 (replication 1) and day 28 (replication 2) after the start of the treatments, 

but was considered to have occurred on day 27 for both replicates in the analyses. 

Temperature and relative humidity were automatically recorded at 5 min intervals 

using a commercial computer system (Hoogendoorn, Vlaardingen, The Netherlands). 

The 24 h mean temperatures of each growth chamber did not differ from the set points 

(16, 20, 24 or 28 °C). The corresponding mean VPD was slightly different from its set 

point and there were small differences between the replicates (0.51 ± 0.02, 0.50 ± 

0.03, 0.57 ± 0.00 and 0.57 ± 0.00 kPa). 
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