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Abstract
A theory and a method were developed for obtaining temperature characteristics for the
flowering period of deciduous and citrus fruit trees from the number of days transformed to
standard temperature (DTS) based on the Arrhenius law. Three temperature characteristics,
i.e. (1) starting date of calculation (ST day), (2) temperature sensitivity (Ea) or temperature
coefficient of growth rate (K) and (3) DTS from ST day to flowering time, were determined
in a total of 186 cultivars from 11 species on the Main Island of Japan (Honshu) based on the
daily mean air temperature and flowering date recorded over a period of at least 10 years.
These temperature characteristics differed among cultivated species and may enable to
estimate the flowering date.
Discipline: Horticulture
Additional key words: temperature sensitivity, Arrhenius law, deciduous and citrus fruit
trees

Introduction
The climate of the islands of Japan ranges from
subpolar to subtropical. Most of the fruit orchards
are located on hillsides and are exposed to extreme
weather conditions due to the elevation and topography of the sites. Development of new land for fruit
production depends on the accurate estimation of
the growing period. Predictive methods for estimating the flowering period could facilitate orchard
management practices such as artificial pollination,
hormone treatment and cultivation control. A theory was proposed based on the number of days transformed to standard temperature (DTS) derived from
the Arrhenius law, and a method (DTS method) was
developed by analyzing the relationship between the
biological activity and temperature 4>. Although the
Arrhenius law has been applied to higher plants <>-8,ioi,
there is no report in which temperature characteris-

tics have been used to improve plant growth. We
have shown that temperature characteristics based
on the Arrhenius plot can be used effectively to determine the budding and flowering period of Japanese
pear trees 10J. Omoto and Aono 9 > were able to estimate the flowering date of Prunus yedoensis at 21
meteorological stations in Japan by using the DTS
method.
An Arrhenius plot of the growth of higher plants
has been reported to give a straight line with a negative slope or a line broken into 2 parts, in the range
between the temperature of physiological zero and
that at which protein denaturation occurs 6 •8 >. Our
experiments have shown that the Arrhenius plot of
the flowering period of Japanese pear trees gives
linear plots at 7 - 20°C, and that the Arrhenius law
can be effectively applied to the flowering period 10>.
Thus, temperature characteristics were calculated assuming that the Arrhenius law could also be applied
to fruit trees other than Japanese pear.

This paper is designated as contribution No.11 19, from the National Institute of Fruit Tree Science. This work was
supported in part by a Grant-in-Aid (Development of Information Management for Agricultural Technique System)
from MAFF. Part of this research was carried out in collaboration with the Project Research Team of the National
Agriculture Research Center.
Present address:
2
•
Faculty of Agriculture, Niigata University (Niigata, 950-2102 Japan)

JARQ 33(2) 1999

106

Theory and methods
The relationship between the growth rate constant (k) and temperature can be expressed by equa.tion (1) according to the Arrhenius law. The DTS
is defined as the number of days transformed to
standard temperature. The equation for the calcula.tion of DTS can be derived as follows:
The ratio of the growth rate constant (k) at arbitrary temperature (T) to (ks) at a standard temperature (Ts) can be represented by equation (4) using
equation (I).
k = A·exp(-Ea/RT) .......... ... ... ..........
dk/dT = A·Ea/RT2 ·exp(-Ea/RT)
= k·K ......... ...........................
K = Ea/RT2 • • .. • • • • .. .. .. .. .. .. .. .. .. .. .. • • • .. • •
m = k/ks = exp[Ea(T-Ts) / RTTs] ......

(1)

(2)
(3)
(4)

where k: growth rate constant (day- 1),
Ea : apparent activation energy (Jmol- 1),
R : gas constant (8.314 JK- 1 mot- '),
T : absolute temperature (deg- 1),
K : temperature coefficient of growth rate (deg- 1),
A : constant,
ks : growth rate constant at standard temperature
Ts,
m : conversion coefficient.
Selecting 20°C as the standard temperature, the
daily 20°C DTS can be expressed as follows:
Daily 20°C DTS

= exp[Ea(t-293)/ 586TJ

.... . ........ . ......... . ............. (5)

where t is the daily mean temperature.
The following 3 temperature characteristics must
be obtained for each tree species to estimate the
flowering date.
(I) ST day : starting date of calculation,
(2) Ea : temperature sensitivity 10>,
(3) DTS : DTS from ST day to the flowering date.
First step was to calculate the mean DTS from
arbitrary Ea in each year using the flowering date
for at least 10 years. The next step was to compute
the residual sum of squares (RSS) for the difference
between the estimated and observed flowering period. The optimal temperature characteristics, i.e. ST
day, Ea, DTS, gave the minimum RSS.
Calculation was conducted using the personal computer program FLOWER based on the date for full-

bloom and the daily mean air temperatures in each
year, using 20°C as the standard temperature. Phenological data were recorded for apple, pear, grape,
peach, persimmon, chestnut, plum, blueberry, satsuma mandarin and other citrus trees. Data used included the daily mean air temperatures. Data on
the date of flowering were kindly provided by 57
public research institutes.

Results and discussion
Temperature characteristics were obtained with
considerable accuracy from the calculation of the
observed dates and the estimated dates of flowering
in 186 cultivars from 11 fruit tree species in Honshu.
Typical dates for apple, pear, peach, plum, grape,
per.s immon, chestnut, satsuma mandarin and navel
orange trees are shown in Fig. 1. ln some cases the
estimated dates that were different from the actual
observed dates were obtained during a year with unusual weather. These results show that temperature
characteristics up to the flowering period can be obtained with a good accuracy using the DTS method
from Kagoshima to Hokkaido for almost all the cultivated species of fruit trees.
The ST day for navel orange was estimated to
be January 10 when RSS was smallest, and that for
persimmon February 25 when minimum RSS was
observed between February 20 through March I .
Except for some cases, estimation of the ST day
was easily obtained. Therefore, it is important to
give a physiological interpretation to the ST day,
rather than a mathematical interpretation. The estimated ST day in the present study fell in early January for citrus trees, early February for peach trees,
mid-February for apple, pear and plum trees, late
February to early March for grape, persimmon and
chestnut trees. Based on the reports on cold hardiness and dormancy, these periods were found to correspond to those when endodormancy had been
terminated 1- 3 •5 >.
Fig. 2 shows the relationship between the standard temperature and DTS obtained from temperature sensitivity (Ea) values of various fruit trees in
the central part of Honshu Island. Since the Ea
value varied among tree species, the change in the
rate of DTS was different at various standard temperatures and could be classified into 2 groups
(Fig. 2). At 20°C, the first group consisting of apple, pear, peach and plum trees, flowered between
10 and 25 days, the second group consisting of grape,
persimmon, chestnut and citrus trees, flowered

S. 0110 & T. Konno: Estimation of Flowering Date and Temperature Characteristks of Fmir Trees

Navel orangc(Washington Navel)

Satsuma mandarin(Miyagawa Wase)

Apple( Tugaru)

~ Ea= 83.59
DTS = 47A
':!?
= o.899

~ Ea = 96.13
DTS = 43.5
S! r' = 0.846

~

~

r

W3k:1yama(1973·1987 )

S

May

,.,-

15

10

20

i

0

25

5
May

~

10

15

20

2

Q.

30

25

10

5

C

li;l

·'

>,

"'o
:::;N

31

25

20

Chestnut( Tanzawa)

"
~-

5
June

June

- - Grape

200

Satsuma mandarin
Navel orange
Persimmon
Chestnut

----- Apple

~;,,,, 150

- - - - Japanese pear
- · - · Peach

OI

~

- - - - Plum

V)

'-..~
~~...

...
,,"'-,,,,,,,...

~ ...........~
....................
.......~

......

7.5

Fig. 2.

20

25

Gifu(l955-1986)

10

5

15

flowering

20

20
May

25

31

5
June

date

Relationship between observed and estimated nowering date by DTS method in fruit trees
Ea: kJ mo1- 1 , DTS: days with 20°C standard temperature.

- ·----·
- - -·- --

L,._..,___

15

Ea =79.41
DTS = 54.9
r' = 0.857

lbaraki( 1965-1983)

250

0

10

Persimmon(Fuyu)
;;;

Observed

~

5
Apr

C

Yamanashi( 1961-1983)

May

Fig. I.

Gunma(l975-1987)

25

Ea = 75.2.3
'.!! DTS = 58.4
S r' = 0.692

Ea= 83.59
DTS = 49 .4
r' = 0.854

M

20

15

Apr

Grape(Dclawarc )

"
~"'

10

5

May

Apr

50

25

20

Ea= 108.66
DTS = 10.1
r' = 0.935

<-

Yam•nashi( 1965-1984)

20

Q

15

~

~

"'o
<CN

!- 100

10

Plum(Santa Rosa)

~ Ea = 75.22
li;l DTS = 19.l
r' = 0.931

DTS = 23.86
r' = 0.937

Aomori( 1970-1985)

May

Peacb( Hakuto)

Ea= 66.87

U'l

::."' ,.,,

Ehime( 1967-1985)

\I')

Japanese pcar(Nijisseiki)

~

Ea= 87.77
DTS = 23.2
r' = 0.980

!!?

,.,

1

107

-------...
---- ·--::.:::...~...._~~-

- .::~-

-------::----.:::::-~
--------

__.._ _.....1..._ _..,__

_

. __

__.._ _

10.0
12.5
15.0
17.5
20.0
S tandard temperature (''C)

Relationship between standard temperature and
DTS based on temperature sensitivity (Ea) in various fruit trees (Table I)

between 47 and 58 days. In the central part of Honshu, the first group flowered from late March through
mid-April, while the second group flowered from
mid-May through early June. In the second group,
the ST day for citrus fell early in mid-January while
that for grapes, persimmons and chestnuts fell in
late February. Interestingly, there was a difference
in the growth period from the endodormancy to the
flowering period even though the groups showed the
same flowering period.
Temperature characteristics of cultivated specie.s
in the central part of Honshu are shown in Table I .
Ea values ranged from 75 to 92 kJ mo1- 1 except
for plums, the difference being negligible among the
cultivated species. The K values calculated from
equation (3) were in the range of 0.105-0.129, suggesting that the change of one degree in the air temperature caused a 10.5-12.90/o change in t he growth
rate. Plums had a K value of 0.152 and were the
most sensitive to the change in the air temperature
among the cultivated species. Such a difference in
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Va lues o f temperature characteristics determined by DTS method for fruit tree flowering
(central part o f H onshu Island)

Leading
cultivar
Apple (Fuji)
Japanese pear (Kousui)
Peach (Hakuto)
P lum (Santa Rosa)
Grape (Delaware)
Persimmon (Fuyu)
Chestnut (Tanzawa)
Satsuma mandarin
(Aoshima Unshiu)
Navel orange
(Morita Navel)
a):
b):
c):
d) :

DTS•l

RSSl>l

Ea•>

RSSbl

Starting
date for
estimating
DTS

23.3
21.3
19. 1
10.1
49.4
54.9
58.4

1.03
1.16
1.18
0.67
0.82
0.32
0.72

79.41
83.59
75.23
108.66
83.59
79.41
75.23

5.43
8.78
7.10
10.03
6.27
7.10
18 .39

Feb. 15
Feb. 15
Jan. 20
Feb. 10
Feb. 20
Feb. 25
Mar.15

0.882
0.902
0.888
0.908
0.868
0.870
0.781

16
16
19
12
22
31
18

Nagano
Tochigi
Nagano
Gunma
Yamanashi
Gifu
lbaraki

49.7

1.22

83.59

9.19

Jan. 15

0.865

14

Shizuoka

47.9

1.35

91.95

7.52

Jan. 10

0.856

13

Shizuoka

Days transformed
to the standard
temperature (DTS)

Temperature
sensitivity (Ea)

r2d)

Number of
years used Observation
for
site
calculation

DTS; days.
RSS; Residual sum of squares, difference between estimated and actual flowering period.
Ea; kJ mol - 1•
Correlation coefficient between observed and estimated flowering date.

Ea was reflected in the DTS. For example, chestnuts flowered within approximately 58 days at the
standard temperature of 20°C, being the slowest
among the tested trees, and yet, below 12.5°C, they
showed the shortest flowering period (Fig. 2).
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