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A temperatureresponsefunction for development of the chrysanthemum
(Chrysanthemum x morifolium Ramat.)

Umafuncdo de respostado desenvolvimento atemper aturaem crisntemo
(Chrysanthemum x morifolium Ramat.)

Nereu Augusto Streck?®

ABSTRACT

Developmental models can help growers to decide
management practices, and to predict flowering and harvest
time. Currently, a double exponential function is proposed as
a generalized temperature response function for
chrysanthemum. This function is not the most appropriate
because its parameters lack biological meaning. The objective
of this study was to develop a nonlinear temperature response
function of chrysanthemum development that has parameters
with biological meaning. The proposed function is a beta
function with three parameters, the cardinal temperatures
(minimum, optimum, and maximum temperatures for
development), which were defined as 0, 22, and 35°C.
Published data of temperature response of development of
three cultivars, which are independent data sets, were used to
test the performance of the double exponential function and
the beta function. Results showed that the beta function is
better than the double exponential function to describe the
temperature response of chrysanthemum development.

Key words: phenology, flowering, model.
RESUMO

Modelos de desenvolvimento podem ajudar os
produtores no manejo e no planejamento da época de
florescimento e colheita. Atualmente, a resposta térmica do
desenvolvimento do crisantemo é modelada por uma funcéo
exponencial dupla, a qual ndo é completamente adequada
porque 0s seus parametros ndo tém interpretagédo bioldgica.
O objetivo deste estudo foi desenvolver uma fungéo de resposta
do desenvolvimento a temperatura em crisantemo que tenha
parametros com interpretacéo biolégica. A funcéo proposta
é uma funcdo beta com trés parametros, que sdo as
temperaturas cardinais (temperaturas minima, 6tima e
méxima de desenvolvimento), definidas como 0, 22 e 35°C.
Dados independentes da resposta do desenvolvimento a
temperatura em trés cultivares de crisantemo publicados na
literatura foram usados para testar as duas funcdes de

resposta. Os resultados mostraram que a funcéo beta é melhor
do que a funcdo exponencial dupla para descrever a resposta
do desenvolvimento & temperatura do crisantemo.

Palavras-chave: fenologia, florescimento, modelo.

INTRODUCTION

Chrysanthemum (Chrysanthemum x
morifolium Ramat.) is a species native of China, and
was brought to Europe at the early 19" century and to
the USA at the end of the 19" century (KOFRANEK,
1980). Chrysanthemum plants are herbaceous
perennias and their flowers (capitula) develop from
branched stems. Plants perennate naturally by means
of stolons and are propagated asexually by means of
stem cuttingstaken from basal shoots (COCKSHULL,
1985). Inflorescences are classified based on their
shape and form as suitable for garden and greenhouse
culture in singles, anemones, pompons, decoratives,
and large-flowered (ACKERSON, 1957; KOFRANEK,
1980). As a cut flower, chrysanthemum is market as
either “standard” or “spray” form. The standard form
consistsof astem fromwhich al but theterminal flower
was removed whereas in the spray form, the lateral
flowers are kept and the terminal flower is removed
(COCKSHULL, 1985).

Chrysanthemum is one of the most popul ar
cut flowers grown in the Americas, Western Europe,
and Japan (COCKSHULL, 1985; VAN DER HOEVEN,
1987). Duringthe period 1991-1999, about 146 million
standard chrysanthemum flowers and 126 million
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bunches of pompom chrysanthemum were sold only
inthe USA at awholesale of about US$ 68 million and
US$ 155 million, respectively (USDA, 2002).
Chrysanthemum is photoperiod-sensitive and
classified as a short-day plant (KOFRANEK, 1980;
COCKSHULL, 1985). In commercia production
systems, ashort-day treatment is applied to stimulate
floral initiation, while temperature is used to control
thetime of flowering, thus making possibleto produce
chrysanthemum flowersall year round (MACHIN &
SCOPES, 1978; KOFRANEK, 1980; VAN RUITEN &
JONG, 1984).

Crop simulation models offer aconceptual
framework for the organization of research, have the
potential of integrating knowledge of different areas,
and are valuable application tools for yield forecast,
policy analysis, decision support systems, crop
management, planning harvest time and transportation
of the products to the marketplace, and selection of
appropriate cultivars in breeding programs. A
developmental model is also an important part of any
crop simulation model, because plant growthislargely
related to photosynthesis whereas the partitioning of
milatesto different organsis dependent upon plant
developmental stage(PENNING deVRIESet d., 1989;
GOUDRIAN & VAN LAAR, 1994). Developmental
models can also hel p growersto predict flowering time.
Horticulture is characterized by a high diversity of
cultivation systems, and fruit, vegetable, flower and
ornamental species, but so far only afew of them have
been modeled (GARY etal., 1998).

Virtudly al the metabolic processesinliving
organisms are temperature-dependent. As a
consequence, temperature affects almost all aspects
of plant growth and development. The first
guantitative study of plant-temperature relationship
is attributed to René A. F. de Réaumur around 1730
(REAUMUR, 1735). Sincethen, the concept of thermal
time has been widely used to describe the temperature
response of development in plants and insects (see
WANG, 1960; ARNOLD, 1960; PRUESS, 1983 for
detailed reviews). Thethermal timeapproach, however,
has been criticized because of the assumption of a
linear response of plant development to temperature
(WANG, 1960; MCMASTER & WILHELM, 1997). The
response of plant devel opment to temperatureisbetter
summarized in terms of three cardinal temperatures,
namely theminimum (T i), optimum (Toy), ahd maximum
(Tmax) temperatures, in a nonlinear fashion, with the
response being linear in only a portion of the
temperature range that affects devel opment (JONES,
1992; SHAY KEWICH, 1995). Consequently, nonlinear
temperature response functions have been introduced

in models of several field crops (e.g. HORIE, 1994;
WANG & ENGEL, 1998; JAME et a., 1999). Inthis
new approach, the temperature response function
[f(T)] varies from O to 1 and is multiplied by the
maximum rate of devel opment (Rma), whichisattained
under optimum temperature (Tox). When the
temperature departsfrom T, the calcul ated actual rate
of development decreases as a function of f(T).
Following this new approach for modeling
plant development, LARSEN & PERSSON (1999)
proposed adevel opmental model for chrysanthemum.
The development towards flowering in the LARSEN
& PERSSON (1999) model is described by a
temperature response function and a light response
function that multiply Rms. FOr the temperature
response function, the following double exponential
functionwasused by LARSEN & PERSSON (1999):

f(T) = A[1-e®TT][1-e"*T] for Trn< T < Tra
f(M)=0 forT<Tmnor T>Tmx Q)

where A=2.214, 3=0.058, =0.168, Tmin=6.8°C,
Tma=30.2°C, and T isthe actual air temperature.

Equation 1 is suggested as a generalized
temperature response function because the parameters
werederived from adataset that included 30 cultivars.
However, there are several disadvantages of adopting
equation 1 as a generalized temperature response
function. First, the parameters A, 3, andY have no
biological meaning. Second, at T, the responseis not
unity (or maximum), which causes concerns because
it is expected that at optimum temperature, the
development rateis maximum, i.€. Rropt= Rmax. Third, it
has a large number of parameters (five); the more
parameters the more difficult is their estimation by a
statistical procedure, asthe convergence of theresidue
squares to a minimum value becomes more difficult
and, in this case, at |east six data points are needed to
fit the curve.

The objective of this study was to develop
a nonlinear temperature response function for
development in chrysanthemum that is more realistic
from abiological point of view than the temperature
response function currently available.

MATERIAL AND METHODS

A typical biological response to
temperature from T, to T follows alogistic curve.
The response increases slowly as temperature
increasesfrom T, it thenincreasesin alinear fashion
in an intermediate range of temperature, and then the
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rate of increase in the response decreases as
temperature approaches T, a which the responseis
maximal. At temperatures above Ty, the response
decreasesin anonlinear fashion and eventually ceases
at Trax (SHAY KEWICH, 1995). The betafunction used
by WANG & ENGEL (1998) to describe the response
of wheat devel opment to temperature was used in this
study to describe the temperature response of
development in chrysanthemum. The temperature
function [f(T)] variesfrom Oto 1 and isdefined as:

F(T) = [2(T-Toin)* (ToptTrin) = (T-Trin)** J(Topt- Tin)
for Tmin< T < T

f(T)=0 for T<Tminor T> T 2
a= |n2/|n[(Tmax'Tmin)/(Topt'Tmin)] (3)

where Tin, Top, and Trma are the cardinal temperatures
for devel opment (minimum, optimum, and maximum).
Equation 2 is a flexible curve and, by changing the
cardinal temperatures, it can attain several shapes
(WANG & ENGEL, 1998). The cardinal temperatures
for development in chrysanthemum were assumed to
be Tiin = 0°C, Top = 22°C, and Trna = 35°C, which arethe
same as for wheat (Triticum aestivum L.) (WANG &
ENGEL, 1998). The reason why these cardinal
temperatureswere chosenisbecause of thesimilar range
of optimum temperature for development in the two
species. The T for chrysanthemum development
variesfrom19-23°C(KARLSSON et d., 1989; LARSEN
& PERSSON, 1999), whereas the T,y for wheat
development varies from 19-24°C (PORTER &
GAWITH, §999). Thus, it was assumed in this study
that the two species also havein common Tin and Tomax.
Therefore, the function to describe the temperature
response of development in chrysanthemum with the
above cardinal temperaturesis:

f(T)=0.019814 (T)* - 9.8147 x 10°°(T)>

for Trin< T < T

f(T)=0for T<Tminor T > Trax 4
witha =1.492868.

The following independent data sets of
temperature response of developmental parameters of
three chrysanthemum cultivars reported in the
literature were used to test and compare the
performance of equations 1 and 4: dataof timetovisible
buds (days) of cv. “Bright Golden Anne” at six
temperatures (10, 15, 18.5, 20, 25, and 30°C) from
KARLSSON et a. (1989) (their Table 2), data of |eaf
appearance rate (leaves day?) of cv. “Pert” at six
temperatures(12, 15, 18, 21, 24, and 27°C) from LARSEN
& HIDEN (1995) (their Figure 5), and data of timeto

flowering (days) of cv. “Snowdon™ at six temperatures
(9.6,10.9,17.1,20.4,22.9, and 26.1°C) from ADAMSet
a. (1998) (their Figure 1). Data from figures were
extracted by enlarging the diagram and estimating the
valuesby interpolation. Dataof timeto flowering and
time to visible buds were transformed in rate of
development by taking the reciprocal of time, i.e.,, 1
days®. Datawere then normalized to vary fromOto 1
by dividing each value by the maximum devel opment
or leaf appearancerate.

The response to temperature predicted by
equation 1 and by equation 4 was compared with the
observed values. Model performance was evaluated
considering how well predicted values of agiven model
matched observed val ues, how well amodel performs
compared to other (or existing) models, and how
genera wasthemodel (SADLER & SCHROLL, 1997).
The prediction capability was addressed by
calculating two statistics, the root mean square error
(RMSE) and the index of agreement (d). The RMSE
expresses the average error produced by amodel (the
lower the RMSE the better the model) and has the
same dimensions as the model output or the observed
data (in this study it is dimensionless). RMSE was
caculated as(JANSSEN & HEUBERGER, 1995):

RMSE = [Z(P, - 0)?/N]°5 )

where P, = predicted data, O; = observed data, N =
number of observations, andi =1...N.

Theindex of agreement (d) measuresthe
degree to which the predictions of a model are error
free, and isdimensionless (WILLMOTT, 1981). The
values of d range from O, for complete disagreement,
to 1, for perfect agreement between the observed and
predicted values. The index d was calculated as
(WILLMOTT, 1981):

d=1-[2(R-0)7/ Z[(|P-O])+(|Ci- O])]2 (6)

where O isthe average of the observed values.
Comparison between the two models

was addressed by calculating the statistic Ey, i.e., the

accuracy of model 1 relative to model 2 (ALLEN &

RAKTOE, 1981):

E= MSE/MSE, (7)

where MSE; and M SE; are the mean square error of
the predictionswith model 1 and 2, respectively:

MSE; = Z(Py - O)? (8
MSE, = Z(P, - O;)? 9)
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The statistic Ey; is dimensionless and
variesfrom O toinfinity. A value of E;, between 0 and
limpliesthat model 1issuperior to model 2. If Eppis
greater than 1 then model 2 is better. In this study, for
the purpose of calculating the statistic Ey,, the beta
function (eguation 4) is considered model 1 and the
double exponential function (equation 1) ismodel 2.

Model generality was addressed by
comparing statistics (RMSE, d and E;;) using
independent data sets.

RESULTS AND DISCUSSION

The observed data of temperature response
of developmental parameters of the three
chrysanthemum cultivars at different temperatures,
and the temperature response curve predicted with
the double exponential function (equation 1) and with
the beta function (equation 4) are presented in Figure
1. The observed data, as they were normalized with
respect to their maximum, all fell into asimilar pattern
of response to temperature, suggesting ageneral type
of temperature response of developmental parameters
for different cultivars. The observed dataclearly show
amaximum response in the range of 20 - 24°C, and a
decrease when temperature departsfrom Ty Thetrend
of the observed data is well captured by the beta
function (equation 4) and not so well by the double
exponential function (equation 1). The breadth of the
curve predicted with equation 1 is narrower that the
one predicted with equation 4, resulting in under
prediction of most of the observed data when the
double exponential function wasused. Theonly region
of the temperature response that was well predicted
by equation 1 iscloseto Ty, whichisabout 21°C and
similar to the To in equation 4.

The statistics of the performance of both
modelsare presented intable 1. All statistics suggest
that the beta function (equation 4) is better than the
double exponential function (equation 1). The RMSE
was reduced about 75%, the index d was closer to 1,
and the relative accuracy was well below 1 when the
beta function was used compared to the double
exponential function.

The double exponential function (equation
1) has Tin=6.8°C and T,x=30.2°C whereas the beta
function (equation 4) has T,i,=0°C and T =35°C.
Note that the observed data of temperature response
of developmental parameters in the three cultivars
(Figurel) offer little support to believe that minimum
and maximum temperatures for chrysanthemum
development are 6.8°C and 30.2°C, respectively, as
assumed in equation 1. On the other hand, the

observed data show that the assumption of aminimum
temperature of 0°C and amaximum temperature of 35°C
for chrysanthemum in equation 4 seems to be
reasonable. At thelowest temperature (9.6°C) that has
observed data, the response of time to flowering of
cv. Snowdon is 0.467 whereas the response predicted
by equation 1is0.321 and by equation 4is0.496. At
the highest temperature (30°C) that has observed data,
the response of time to visible buds in the cultivar
Bright Golden Anne was 0.687 whereas equation 1
predicted aresponse of 0.054 and equation 4 predicted
aresponse of 0.653.

One may argue that the response curve of
equation 1 could be wider by ssimply changing Tin
and Tma. Thisisnot the case because if Tmin @nd Tmax
in equation 1 are changed, then the value of the other
three parameters al so needs to be changed in order to
maintain a0-1 response, astheval ues of the parameters
in equation 1 are dependent on each other. This fact
exemplifiestheempirical nature of equation 1andisa
constraint from a modeling perspective. Another
problem with equation 1 isthat at T, the responseis
0.977, and not unity, which is unrealistic from a
biological point of view. These facts and the bad
performance in describing the data presented here
(Figure 1 and Table 1) confirm that the double
exponential function proposed by LARSEN &
PERSSON (1999) is not appropriate as ageneralized
temperature response function for development in
chrysanthemum.

On the other hand, several reasons
contribute to adopt the betafunction (equation 4) asa
generalized temperature response function for
development in chrysanthemum. Firgt, its performance
was good over awide range of temperature response
and superior to the function currently used (Figure 1
and Table 1). Second, it hasless number of parameters
(three) compared to the double exponentia function
(five). The use of Occam’s Razor in crop modeling is
encouraged (SINCLAIR & MUCHOW, 1999), i.e., the
simplest theory is preferred to more complex ones.

Table 1 - Statistics of the performance of the two models in
predicting the temperature response of development
in chrysanthemum.

Statistic Equation 1 Equation 4
RMSE 0.192 0.049
d 0.805 0.977
E 0.065

12

RMSE=root mean square error; d=index of agreement,
E,,=accuracy of the beta function relative to the double
exponential function.
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have biological meaning. Cardinal temperatures have
operational definitions and are widely accepted in
studies of temperature responsein plants (PORTER &
GAWITH, 1999). Fourth, the cardinal temperatures (O,
22, and 35°C) were derived from another species
(Triticum aestivum L.) and worked well for three
different  cultivars of  chrysanthemum
(Chrysanthemum x morifolium Ramat.), indicating a
robust and general nature.

CONCLUSION

A beta function is better than a double
exponential function to describe the temperature
response of chrysanthemum development. The
cardinal temperaturesof 0, 22, and 35°C arereasonable
for chrysanthemum devel opment.

ACKNOWLEDGMENTS

The author is grateful to the Conselho Nacional
de Desenvolvimento Cientifico e Tecnol6gico (CNPg), of the

ACKERSON, C. The complete book of chrysanthemum.
Garden City, NY: American Garden Guild, 1957. 256p.

ADAMS, S.R., PEARSON,S., HADLEY, P. The effect of
temperature on inflorescence initiation and subsequent
development in  chrysanthemum  cv. Snowdon
(Chrysanthemum x morifolium Ramat.). Scientia
Horticulturae, Amsterdam, v.77, n.1-2, p.59-72, 1998.

ALLEN, O.B., RAKTOE, B.L. Accuracy analysis with special
reference to the predictions of grassland yield. Biometry
Journal, Washington, v.23, n.4, p.371-388, 1981.

ARNOLD, C.Y. Maximum-minimum temperatures as a basis
for computing heat units. Proceedings of the American
Society for Horticultural Sciences, Boston, v.76, n.1,
p.682-692, 1960.

COCKSHULL, K.E. Chrysanthemum morifolium. In:
HALEVY, A.H. Handbook of flowering - Volume Il. Boca
Raton, FL : CRC., 1985. Cap.16, p.238-257.

GARY, C.; JONES, JW.; TCHAMITCHIAN, M. Crop

modeling in horticulture: state of the art. Scientia
Horticulturae, Amsterdam, v.74, n.1, p.3-20, 1998.

CiénciaRural, v. 34,n.1, jan-fev, 2004.



54 Nereu Augusto Streck

GOUDRIAN, J; VAN LAAR, H.H. Modeling potential crop
growth processes. Dordrecht : Kluwer Academic, 1994. 238p.

HORIE, T. Crop ontogeny and development. In: BOOTE,
K.J. et al. Physiology and determinants of crop yield.
Madison : ASA/CSSA/SSSA, 1994. Cap.7A, p.153-180.

JAME, Y.M.; CUTFORTH, H.W.; RITCHIE, J.T.
Temperature response function for leaf appearance rate in
wheat and corn. Canadian Journal of Plant Science,
Ottawa, v.79, n.1, p.1-10, 1999.

JANSSEN, PH.M.; HEUBERGER, P.S.C. Calibration of
process-oriented models. Ecological Modelling,
Amsterdam, v.83, n.1, p.55-56, 1995.

JONES, H.G. Plants and microclimate. 2 ed. New York :
Cambridge University, 1992. 428p.

KARLSSON, M.G. et a. Development rate during four phases
of chrysanthemum growth as determined by preceding and
prevailing temperatures. Journal of the American Society
for Horticultural Science, Boston, v.114, n.2, p.234-240,
1989.

KOFRANEK, A.M. Cut chrysanthemums. In: LARSON, R.A.
Introduction to floriculture. New York : Academic, 1980.
Cap.1, p.3-45.

LARSEN, R.U.; HIDEN, C. Predicting leaf unfolding in flower
induced shoots of greenhouse grown chrysanthemum.
Scientia Horticulturae, Amsterdam, v.63, n.3-4, p.225-
239, 1995.

LARSEN, R.U.; PERSSON, L. Modelling flower development
in greenhouse chrysanthemum cultivars in relation to
temperature and response group. Scientia Horticulturae,
Amsterdam, v.80, n.1-2, p.73-89, 1999.

MACHIN, B.; SCOPES, N. Chrysanthemums: year-round
growing. Poole, UK : Blandford, 1978. 128p.

McMASTER, GS.; WILHELM, W.W. Growing degree-days:
one equation, two interpretations. Agricultural and Forest
M eteor ology, Amsterdam, v.87, n.4, p.291-300, 1997.

PENNING de VRIES, FW.T. et al. Simulation of
ecophysiological processes of growth in several annual
crops. Wageningen : Pudoc, 1989. 271p.

PORTER, JR.; GAWITH, M. Temperatures and the growth
and development of wheat: a review. European Journal of
Agronomy, Amsterdam, v.10, n.1, p.23-36, 1999.

PRUESS, K.P. Day-degree days methods for pest
managements. Environmental Entomology, College Park,
v.12, n.3, p.613-619,1983.

REAUMUR, R.A.F.de. Observation du thermometer,
faites a Paris pendant I’année 1735, compares avec
celles qui ont été faites sous la ligne, a I'lsle de France,
a Alger et en quelques-unes de nos isles de
I"Amérique. Paris : Mémoires de I’ Académie des Sciences,
1735. 545p.

SADLER, E.J.; SCHROLL, R.E. Anempirical model of diurnal
temperature patterns. Agronomy Journal, Madison, v.89,
n.4, p.542-548, 1997.

SHAYKEWICH, C.F. An appraisal of cereal crop phenology
modeling. Canadian Journal of Plant Science, Ottawa,
V.75, n.2, p.329-341, 1995.

SINCLAIR, T.R.; MUCHOW, R.C. Occam’'s Razor, radiation
use efficiency and and vapor pressure. Field Crops Research,
Amsterdam, v.62, n.2-3, p.239-243, 1999.

USDA (United States Department of Agriculture). Agricultural
statistics 2002. Washington : USDA, National Agricultural
Statistic Service, 2002. 450p. (available in pdf format at
www.usda.gov/nass/pubs/agstats.htm).

VAN RUITEN, JE.M.; JONG, J. Speed of flower induction in
Chrysanthemum morifolium depends on cultivar and
temperature. Scientia Horticulturae, Amsterdam, v.23, n.3,
p.287-294, 1984.

VAN DER HOEVEN, A.P. Chrysanthemum production in the
Netherlands. Acta Horticulturae, Naaldwijk, v.197, p.11-
19, 1987.

WANG, J.Y. A critique of the heat unit approach to plant
response studies. Ecology, Durham, v.41, n.4, p.785-790, 1960.

WANG E.; ENGEL,T. Simulation of phenological development
of wheat crops. Agricultural Systems, Amsterdam, v.58,
n.1, p.1-24, 1998.

WILLMOTT, C.J. On the validation of models. Physical
Geography, Silver Spring, v.2, n.1, p.184-194, 1981.

CiénciaRural, v. 34, n. 1, jan-fev, 2004.



