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The premises of several models obtained from literature
on bud dormancy release in trees from cool and tem-
perate regions differed from each other with respect to
responses to air temperature during the rest period of
the buds. The predicted timing of bud burst in natural
conditions varied among the models, as did the predic-
tion of the models for the outcome of a chilling ex-
periment. Experimental results with two-year-old seed-
lings of Scots pine (Pinus sylvestris L.) and Norway
spruce (Picea abies (L.) Karst.) did not agree with any of
the models. The experimental results also deviated from
abundant earlier findings, which also disagreed with
any of the models. This finding suggests that Finnish
provenances of Scots pine and Norway spruce differ
from more southern provenances with respect to tem-
perature regulation of bud dormancy release. A syn-
thesis model for the effects of air temperature on bud
dormancy release in trees was developed on the basis of
the previous models and the experimental results of
both the present and previous studies. The synthesis
model contains part of the original models as special
cases. The parameters of the synthesis model represent
several aspects of the bud dormancy release of trees that
should be addressed separately with each species and
provenance in experimental studies. Further aspects of
dormancy release were discussed, in order to facilitate
further development of the models.

Kirjallisuudessa esitettyjen viiledn ja lauhkean vyohyk-
keen puulajien silmudormanssin purkautumista kuvaa-
vien mallien oletukset olivat keskeniin erilaisia silmu-
levon aikaisten limpétilavasteiden osalta. Mallien en-
nusteet silmun puhkeamisen ajoittumisesta luontaisissa
olosuhteissa olivat erilaisia, samoinkuin mallien ennus-
teet kylmikaisittelykokeen tuloksista. Kaksivuotiailla
mannyn (Pinus sylvestris L.) ja kuusen (Picea abies (L.)
Karst.) taimilla saadut koetulokset eiviit olleet minkain
mallin ennusteen mukaisia. Koetulokset poikkesivat
myds useiden aikaisempien tutkimusten koetuloksista,
jotka nekdin eivit sopineet yhteen minkiin mallin
kanssa. Havaitut erot timén ja aikaisempien tutkimus-
ten valilld viittaavat siihen, ettd ilman lampétila saitelee
puiden silmudormanssin purkautumista eri tavoin
ménnyn ja kuusen eri proveniensseilla. Tutkimuksessa
kehitettiin ilman limpétilan vaikutusta puiden silmu-
dormanssin purkautumiseen kuvaava synteesimalli, jo-
ka perustuu aikaisempiin malleihin seki tissi ja aikai-
semmissa tutkimuksissa saatuihin koetuloksiin. Osa
aikaisemmista malleista voidaan tulkita synteesimallin
erikoistapauksiksi. Synteesimallin parametrit kuvasta-
vat silmudormanssin purkautumisen piirteiti, jotka tu-
lee selvittda kokeellisesti kunkin puulajin ja proveniens-
sin osalta erikseen. Niiden piirteiden lisaksi tutkimuk-
sessa tarkasteltiin muita silmudormanssin purkautumisen
piirteita, jotka tulee ottaa mallien jatkokehittelyssi
huomioon.
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the University of Joensuu.
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Kellomiki, and Heikki Smolander have all
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tential that an ecophysiological understand-
ing of trees has in practical forestry. Juha
Lappi provided me with valuable informa-
tion on several methodological questions.
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1. Introduction

11. Annual development of trees
Climatic adaptation of trees

The morphological and physiological state of
trees from the cool and temperate regions
varies according to the season of the year.
During summer, trees are in an active growth
state, i.e. the processes that are related to
utilization of the growth resources of the site
are predominant. During winter, trees are in
a frosthardy dormant state, and growth pro-
cesses are slow. Synchronization of this an-
nual development with the annual tempera-
ture cycle of the growing site is essential in
the climatic adaptation of the trees (Weiser
1970, Sarvas 1972, 1974, Sakai and Larcher
1987, p. 100—102). Early growth onset and
late growth cessation cause frequent frost
damage, i.e. poor survival adaptation (Heide
1985). Late growth onset and early growth
cessation in turn cause loss of growth re-
sources of the site, i.e. poor capacity adap-
tation (Heide 1985).

The annual development of native tree
populations growing at their natural sites is
usually synchronized closely with the annual
temperature cycle of the growing site (Camp-
bell and Sugano 1975, 1979). In practical
forestry and horticulture, however, both the
genetic properties and the growing environ-
ment of trees are often manipulated. Further-
more, the natural growing environment of
trees will also probably change during the
coming decades as a result of climatic warm-
ing (e.g. Crane 1985). For these reasons, an
understanding of the interaction of genetic
and environmental factors in the regulation
of the annual development of trees is of great
value in practical forestry and horticulture.

Modelling of annual development of trees

The modelling of the annual development of
trees is based on the concepts of annual
cycle, annual rhythm and the regulation of
annual rhythm (Hanninen 1990a, see Sarvas
1972, 1974, Fuchigami et al. 1982). Annual
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cycle denotes the sequence of all develop-
mental events, i.e. changes in the morpho-
logical and physiological state of a tree that
are repeated under natural conditions each
year in a basically similar way. For instance
the alternation of periods of growth and
dormancy in apical meristems (Sarvas 1972,
1974), the annual course of frost hardiness
(Proebsting 1963, 1970, Cannell and Shep-
pard 1982, Repo et al. 1990), the annual
course of photosynthetic capacity (Pelkonen
1980, 1981), and the annual course of transla-
tion capacity of ribosomes (Haggman 1986,
Kupila-Ahvenniemi et al. 1987), are phe-
nomena in the annual cycle. Annual rhythm
denotes the timing of the events in the annual
cycle. Regulation of annual rhythm denotes
the interaction of genetic and environmental
factors in determining the timing of events in
the annual cycle.

In the modelling of the annual develop-
ment of trees, the regulation of annual
rhythm is generally of special interest. Thus,
the logical structure of the model and the
values of the model parameters describe the
tree genotype’s response to environmental
factors in the determination of the timing of
the events in the annual cycle. Models of the
annual development of trees are generally
based on the two following concepts (Hari
1968, 1972, Sarvas 1972, 1974, Fuchigami et
al. 1982):

(i) The momentary developmental status of a
tree is described by the value of a variable re-
ferred to as state of development, S. Each devel-
opmental event in the annual cycle of the tree is
matched in the model by a value of S specific to
the event.

(ii) Rate of development, M, i.. the rate of
change in the state of development S, depends on
the prevailing environmental factors e, and in
some models also on the prevailing state of de-
velopment, S.

The concepts (i) and (ii) are formulated in
three steps. The momentary value of the rate
of development M is calculated on the basis
of the momentary values of the environ-
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mental factors e, and in some models, also
on the basis of the momentary value of the
state of development S:

M(t) = f(e(t), S(1)) 1

where f is a function indicating the depend-
ence of the rate of development on environ-
mental factors and on the state of develop-
ment.

The momentary value of the state of de-
velopment S is obtained by integrating the
rate of development M from the beginning of
the developmental period until the moment
under consideration:

t
S()=§ M(r)dr )
0

A given developmental event appears when S
attains a value S, that is critical to the
event:

S(t)= S 3)

It is assumed in the model structure repre-
sented by Eqns. (1) — (3) that environment
continuously affects the rate of development
of trees. In practical calculations, however,
this continuous effect is approximated in a
discontinuous numerical way. Instead of the
momentary rate of development, the mean
rate of development for a short time step
(one hour, one day) is calculated using the
mean values of the environmental factors for
the time step as arguments in the function f
in Eqn. (1). Subsequently, the value of the
state of development S prevailing at the
beginning of a given time step is obtained by
summing the mean values of M calculated
for the previous time steps. A basically
similar approach has been applied for a long
period of time in simulating the development
of various organisms by accumulating vari-
ous temperature sums, sums of heat units, or
sums of photothermal units (Arnold 1959,
Wang 1960, Robertson 1968, 1973, Caprio
1974).

12. Bud dormancy of trees

The alternation of periods of growth and
dormancy in apical meristems is a readily
observable manifestation of the annual de-

8

velopment of trees from the cool and tem-
perate regions. The role of the prevailing
night length is emphasized in the regulation
of growth cessation (Vaartaja 1959, Ekberg
et al. 1979, Koski and Selkdinaho 1982,
Koski and Sievinen 1985), even though tem-
perature conditions prevailing during the
growing period have also been shown to
affect growth cessation (Koski and Selkiin-
aho 1982, Koski and Sievinen 1985). During
the dormant period, the air temperature is
the most important factor regulating the
annual development of trees. Dormancy is
generally released and bud burst takes place
when buds are exposed first to chilling tem-
peratures (e.g. —5°C < T < 10°C) and then
to forcing temperatures (e.g. T > 0°C) there-
after (Chap. 21).

After the general recognition of the effects
of air temperature on bud dormancy release
in trees, various more specific models of
these effects were developed. The earliest
models were conceptual (Vegis 1964), while
more recently mathematical simulation
models for a wide variety of species have also
been presented (Sarvas 1972,1974, Landsberg
1974, Richardson et al. 1974, Campbell 1978,
Fuchigami et al. 1982, Kobayashi et al. 1982,
Cannell and Smith 1983, Kobayashi and
Fuchigami 1983 a,b). The simulation models
describe the effects of air temperature on bud
dormancy release in a quantitative way, thus
facilitating prediction of the timing of veg-
etative bud burst or flowering, on the basis
of temperature data from the growing site.
Fuchigami et al. (1982), Hanninen (1987) and
Cannell (1989, 1990) have reviewed some of
the models, and Hinninen and Pelkonen
(1988a,b, 1989) have tested some of them.
No comprehensive comparison and testing of
the models, however, has been carried out.

13. Aims of the study
The aims of the present study are

1) to analyse and compare the premises of pre-
vailing models of the effects of air temperature on
bud dormancy release in trees from cool and tem-
perate regions (Chap. 2),

2) to deduce some of the implications of the
models for experimental testing (Chap. 3),

3) to test the models experimentally with seed-
lings of Scots pine (Pinus sylvestris L.) and Nor-
way spruce (Picea abies (L.) Karst.) (Chap. 4),
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4) to develop a synthesis model on the basis of
the previous models and the experimental results
of previous and present studies (Chap. 5), and

5) in order to facilitate further model develop-

ment, to discuss other aspects of bud dormancy
release, additional to the aspects examined experi-
mentally in the study (Chap. 6).

2. Premises of models of bud dormancy release

21. Basic concepts

In the present study the concept of bud
dormancy (or dormancy) is defined as the
state of any bud when there exists no visible
growth (Doorenbos 1953, Romberger 1963,
p. 75, Lang et al. 1987). The start of visible
growth is referred to as bud burst. All mor-
phological and physiological processes during
the period of dormancy that lead to bud
burst are referred to as dormancy release
(Table 1).

The bud dormancy of trees is usually clas-
sified into three main categories according to
the factor that prevents growth. Different
nomenclatures for the categories have been
used by different authors. Two of the three
categories belong to the scope of the present

study, i.e. the concepts of rest (Romberger
1963, p. 75, Weiser 1970, Fuchigami et al.
1982; synonymous with Doorenbos’ (1953)
“winter dormancy”, with Samish’s (1954)
“rest in narrow sense”, with Sarvas’ (1974)
”autumn dormancy” and ’dormancy I”, and
with Lang et al.’s (1987) “endodormancy”);
and the concept of quiescence (Samish 1954,
Romberger 1963, p. 75, Weiser 1970, Fuchi-
gami et al. 1982; synonymous with Dooren-
bos’ (1953) imposed dormancy”, with Sar-
vas’ (1974) “winter dormancy” and “dor-
mancy II”, and with Lang et al.’s (1987)
“ecodormancy’’).

During the rest period buds remain dor-
mant due to growth arresting physiological
conditions in the bud itself. Under natural
conditions, buds are usually in a state of rest

Table 1. Terminology of bud dormancy in trees used in the study.

State of bud, Definition
name of period

Process End of period

Dormancy, No visible
bud dormancy growth

Dormancy Bud burst

release

Rest No visible
growth, and

1) no or reduced
growth
competence, or

2) no growth
competence
at low forcing
temperatures and
full growth
competence
at high forcing
temperatures

Rest break Rest

completion
(Ontogenetic (Bud burst)
development)

No visible
growth, and

Quiescence

full growth
competence at
all forcing
temperatures

Ontogenetic Bud burst

development
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during the autumn. The growth arresting
physiological conditions are removed when
buds are exposed to chilling temperatures
(e.g. =5°C < T < 10°C) for some weeks
(Coville 1920, Smith and Kefford 1964, Perry
1971, Flint 1974, Fuchigami et al. 1982).
Thereafter, during the quiescence period,
buds remain dormant due to environmental
conditions unfavourable for growth, i.e. due
to low air temperature. Bud burst takes place
when the buds are exposed for a prolonged
period to forcing temperatures (e.g. T > 0°C)
(Smith and Kefford 1964, Perry 1971, Fuchi-
gami et al. 1982).

In the present study the concept of onto-
genetic development is defined to denote all
morphological changes in a dormant bud
that lead to bud burst. The concept of growth
competence is used to describe the bud’s
potential to respond to forcing temperatures
by displaying ontogenetic development (see
Landsberg 1977). The bud may have 1) no
growth competence (no ontogenetic devel-
opment in any forcing temperature), 2) re-
duced growth competence (ontogenetic de-
velopment at a rate lower than the maximum
rate determined by the forcing temperature),
or 3) full growth competence (ontogenetic
development at a maximum rate determined
by the forcing temperature).

The concepts of rest and quiescence are
redefined in the present study with the con-
cept of growth competence, in order to facili-
tate quantitative modelling of bud dormancy
release. The concept of rest is redefined as
the state of a dormant bud when 1) it has no
or reduced growth competence, or 2) when it
has no growth competence in low forcing
temperatures (e.g. T < 15°C), and full
growth competence in high forcing tempera-
tures (e.g. T > 15°C). The concept of quiesc-
ence is redefined as the state of the dormant

0 CU day —!,

0.159 CU day —! °C—! - T(t) + 0.506 CU day —!,
—0.159 CU day —! °C—! - T(t) + 1.621 CU day —,

My (t) =
0 CU day —!,

where T(t) is the prevailing air temperature,
°C. In the case of one model (Chap. 232),
however, the chilling unit model (4) is

My (t)=  0CU day—!,
0.159 CU day —! °C—! - T(t) + 0.506 CU day —!,
—0.159 CU day —! °C—1 - T(t) + 1.621 CU day —!,
10

bud when it has full growth competence in all
forcing temperatures (Table 1). The attain-
ment of quiescence is referred to as rest
completion (Richardson et al. 1974, Erez and
Couvillon 1987). All physiological processes
during the rest period leading to rest com-
pletion are referred to as rest break (Rom-
berger 1963, p. 75) (Table 1).

22. Modelling principle

The modelling of dormancy release is a
special case of modelling of the annual de-
velopment of trees (Eqns. (1)—(3), Chap. 11).
In models of dormancy release, however, two
processes of trees, i.e. the rest break and
ontogenetic development, are described sim-
ultaneously. Thus, models of dormancy re-
lease involve two variables for both the rate
of development and the state of develop-
ment, i.e. the rate and state of chilling (M,
Sch1) for the rest break, and the rate and state
of forcing (Mg, Sge) for the ontogenetic
development. For a complete description of
the developmental status of a dormant bud,
both the values of the state of chilling S
and the state of forcing Sg. have to be
known.

Rest break

Various temperature response curves have
been presented for the rate of chilling
(Landsberg 1974, Richardson et al. 1974,
Sarvas 1974). In the present study, the rate of
chilling is calculated according to the fol-
lowing equation, which has been developed
for Finnish forest tree species (chilling unit
model, Fig. la, Sarvas 1974, Hinninen
1990b):

T(t) < —3.4 °C
—34°C<T(t)<3.5°C @
3.5°C < T(1) < 10.4°C

T(t) > 10.4°C

modified in the temperature range above 10.4
°C as follows (Fig. 1b):

T(t) < —3.4°C
—34°C<T(t)<3.5°C (%)
T(t) >3.5°C

Hinninen, H.

The state of chilling Sg; is calculated by
integrating the rate of chilling My, from the
beginning of the rest period until the moment
under consideration:

t

Seni® =) My(7) dr (6)
0
1.0 4

'y

>

o

©

D
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Rest completion takes place when the state of
chilling attains a genotype-specific critical
value CU,y, i.e. the chilling requirement of
rest completion (Sarvas 1974):

Schl(t) s CUcrit (7)
~ 0.57
'>\
o
e
-
(&]
2
O
=
I T T T 1
-10 0 10 20 30 40

-0.5—

Fig. 1. Temperature responses for the rate of develop-
ment in models of bud dormancy release of trees.
(A) Rate of chilling My, in model types I4, II, III,
and 1V, (B) rate of chilling My, in model type Ig,
and (C) potential rate of forcing mg in all of the
model types. Curves fitted to the data of Sarvas
(1972, p. 39 (C); 1974, p. 30 (A)) by Héinninen
(1990b), or obtained by extrapolating the fitted
curve in the temperature range above 10.4 ‘?C (B).
CU (chilling unit) and FU (forcing unit) are
arbitrary developmental units for rest break and
ontogenetic development, respectively.
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Ontogenetic development

The rate of forcing depends on 1) the pre-
vailing temperature, and on 2) the prevailing
growth competence of the buds (Fig. 2).

The effect of the prevailing temperature on
the rate of forcing is modelled in the present
study by calculating the potential rate of

0 FU day—!,

mg (1) = 28.361 FU day —!

forcing, mg,.. Among the various tempera-
ture response curves presented for mg. (Sar-
vas 1972, 1974, Landsberg 1974, Richardson
et al. 1974), the following equation that has
been developed for Finnish forest tree species
was selected for use in the present study
(forcing unit model, Fig. lc, Sarvas 1972,
Hénninen 1990b):

T(t)=0°C

T(t)>0°C (8)

] + ¢—0.185 °C—I - (T(t)—18.431 °C)

where T(t) is prevailing air temperature, °C.

The effect of growth competence on the
rate of forcing is modelled in the present
study with the aid of a competence function,
C. The determination of the value of the
competence function C varies among the
models considered in the study. In all
models, the prevailing state of chilling and
the chilling requirement affect the value of C.
Furthermore, in one of the models the value
of C also depends on the prevailing forcing
temperature (Figs. 2, 3). The dimensionless
value of the competence function varies from
zero (no growth competence, i.e. no forcing
effect) to unity (full growth competence, i.e.
forcing effect at maximum rate determined
by the forcing temperature) (see Hari et al.
1970, 1977). Thus, the rate of forcing My, is
obtained by multiplying the value of the
potential rate of forcing mg, (the effect of
prevailing temperature) by the value of
competence function C (the effect of growth
competence):

Mg (t) = C(1) - mg(t) )

The state of forcing Sg. is obtained by
integrating the rate of forcing from the
beginning of the rest period until the moment
under consideration:

t

St = ) Mp(r) dr (10)
0

Bud burst takes place, when the state of
forcing attains a genotype-specific value
FU, i.e. the forcing requirement of the bud
burst (Sarvas 1972, 1974):

Sgre(t) = FU, (11

12

PREVAILING PREVIOUS
TEMPERATURE CHILLING

<
g N2
N STATE OF
N\ CHILLING

N CHILLING
N2 REQUIREMENT
POTENTIAL

RATE OF GROWTH
FORCING COMPETENCE

RATE OF
FORCING

Fig. 2. Factors influencing the rate of forcing in models
of bud dormancy release of trees. Broken line
indicates a relationship not involved in all of the
models considered in the present study.

Genotype-specific developmental units

In the modelling approach adopted in the
present study, each genotype has its own CU
scale for the rest break and an own FU scale
for ontogenetic development, since the values
of the model parameters CU,;, (the chilling
requirement of rest completion and FU_;,
(the forcing requirement of the bud burst) are
genotype-specific (Sarvas 1972, 1974). The
momentary value of the state of chilling
Schi(t), for instance, indicates the amount of
chilling received by the bud up to the given
moment. The ratio S (t)/CU.;, in turn
indicates the relative state of rest break, i.e.
how large a proportion of the rest breaking
processes required for rest completion has
taken place up to the given moment. Simi-
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Fig. 3. Effects of state of chilling Sy, and prevailing forcing temperature T on the growth competence of buds in trees.
g(A-C) Dependence of value 01E competence function C on Sy for model types I—III. (D) Dependence of value
of competence function C on Scy and on T for model type IV. (E) Dependence of a threshold temperature Ty,

on S for model type IV.

larly, the ratio Sg(t)/FUgy indicates {he
relative state of ontogenetic development, i.e.
how large a proportion of the ontogenetic
processes required for the bud burst has
taken place up to the given moment. These
ratios should be used when comparing dor-
mancy release among different genotypes
with different values of CUj; and FUcg.

23. Differences in the premises among the
models

231. Model types

The original models of dormancy release
were grouped in the present study into five
model types, according to differences in the
main premises among the models (Tapl.e 2).
The model types I5 and Ig will be jointly
referred to later as “model type I” in cases
where they do not deviate from each othgr.
The model types differ from each other with
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respect to 1) the effects of high temperatures
(T > 10.4°C) on the rest break (Figs. la,b,
Table 2) and 2) the growth competence
during the rest period (Fig. 3, Table 2). Other
differences in the premises among the orig-
inal models were neglected in the present
study. The neglected differences concern 1)
temperature responses of the rate of chilling
and the potential rate of forcing, 2) year-to-
year variation in the developmental state of
buds before the onset of the rest pex:nod
(Landsberg 1974), and 3) effects of the night
length on dormancy release (Vegis 1964,
Campbell 1978).

232. Effects of high temperatures on rest break

In model type I high temperatures (T >
10.4°C) counteract during the rest period the
rest breaking effect of previous chilling by
diminishing the value of the state of chilling,
Schnt (Eqn. (5), Fig. 1b, Table 2). No negative
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Table 2. Division of models of bud dormancy release into five model types.

Model  Fact Growth Ch i i
G inilicedag e gown - st o T
growth during competence on rest break )
competence rest period
Ip Pr_ev_ious No Abrupt None None Sarvas (1972, 1974)
chilling ’
Iy Previous  No Abrupt None Counteract of  Richardson et al. (1974)
chilling previous
chilling
II Pr‘ev.ious Reduced  Gradual  None None Landsberg (1974)
chilling Campbell (1978)
Cannell and Smith (1983)
11 Prgv_ious Reduced  Gradual  Deepening rest None Fuchigami et al. (1982)
chilling (decreasing Kobayashi et al. (1982)
growth competence) Kobayashi and
Fuchigami (1983 a, b)
Decreasing rest
(increasing
growth competence)
v Prgv'ious Full or Abrupt Prerest None Vegis (1964)
chlllnqg, no (increasing
prevailing threshold temperature
forcing for full
temperature growth competence
True rest
(no growth
competence)
Postrest
(decreasing
threshold
temperature
for full
growth competence)
values of Scy, however, are calculated even 0, Seni(t) < CUgpye
in the case of model type Ig. In the other )= (12)
model types high temperatures do not alter 1 S ()=
the rest-breaking effect of previous chilling, ’ ehi(®) = CUri
Le. no change in the value of Sy, takes place,
if the prevailing temperature is above 10.4°C Model type II

(Eqn. (4), Fig. la, Table 2).

233. Growth competence during rest period
Model type I

In model type I the rest period has a strict
end point. The bud has no growth compet-
ence when the state of chilling S., has a
value smaller than CUg; (the chilling re-
quirement of rest completion). When S
attains the value of CU.y, then the bud
abruptly attains full growth competence (Fig.
3a, Table 2):
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In model type II, no strict end point of the
rest period exists. Unchilled buds have a
minimum growth competence indicated by
the minimum value Cp;, of the competence
function C. In this model, the growth com-
petence of buds increases gradually with the
increasing state of chilling, S, until full
growth competence is attained when Sy
attains the value of CU;, (Fig. 3b, Table 2):

l_Cmin
Cmin +( CUcril ) Schl(t)- Schl(t) < CUcm
C= (13)
L Seni(®) = CUgpiq

Hiinninen, H.

Model type III

Changes in growth competence in model type
III are gradual, as in model type II. In model
type I1I, however, the rest period is divided
into two sub-periods, according to the
changing effect of chilling on growth com-
petence (Fig. 3c, Table 2). Unchilled buds
have full growth competence. During the
deepening rest period, growth competence

decreases with the increasing state of chilling
Schi» until the minimum growth competence
is attained with S equal to the value of
CUy; (the chilling requirement for attaining a
decreasing rest period). Thereafter, during
the decreasing rest period the growth com-
petence increases with the increasing Scpy,
until full growth competence is attained with
Schi = CUgjt (Fig. 3c, Table 2):

l_Cmm
1— ( e ) Se(®)s Senit) < CUyg
e a1 Cun _
Ct) = min (CU U ) (Sem()—CUyg,), CUy, < Sei(t) < CUgq (14)
crit—CUqr
L Seni(t) = CUcriy

Model type IV

Among the various conceptual models pre-
sented by Vegis (1964), the specific model
considered in the present study concerns
plants growing under environmental condi-
tions with a regularly occurring cold season.
This conceptual model was converted into a
mathematical form. In the resulting model
type IV, changes in the growth competence
of buds are abrupt, as in model type I (Fig.
3d). In model type IV, however, the growth
competence is determined according to an

interaction of the state of chilling S, and
the prevailing forcing temperature T; and the
rest period is divided into three sub-periods
on the basis of this interaction (Figs. 2, 3d,e,
Table 2).

During the prerest and postrest periods
the bud has full growth competence if
the forcing temperature is above a specific
threshold value, and it has no growth com-
petence if the forcing temperature is below
that threshold value. During true rest the
buds have no growth competence in any
forcing temperature (Fig. 3d, Table 2):

s Schi(t) < CUy, T(t) > Typy(t)

0, Seni(t) < CU,, T(t) < Ty (t)
0, CU,, < Seu(t) < CU,,
()= 15)
0, CUp,; = Sepi(t) < CUcrips T(1) = Ty (1)
1, CUpy < Sep(®) < CUgrips T(®) > Tyy(®)
1, Schl(t) = CUcril

where CU,; and CUp, are the chilling re-
quirements for attaining true rest and post-
rest periods respectively. Typ(t) is the tem-
perature threshold for full growth competence
during pre- and postrest (Fig. 3d). Chilling
affects the growth competence via this
threshold temperature (Fig. 3¢). During the
prerest period the value of the threshold
temperature increases with the increasing
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state of chilling Scp, i.e. the growth-pro-
moting temperature range narrows, until true
rest is attained with Scy = CUy,. During the
postrest period the threshold temperature
decreases with the increasing state of chilling
Schl» i.6. the growth-promoting temperature
range widens, until full growth competence
in any forcing temperature is attained at Scpy
= CU,; (Figs. 3d,e, Table 2):
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TZ—TI
cuU, ) Sen(t),

T,—T,

Ti + (€0 ,—Cu,,) " Se®—CUex),

where T; and T, are the lower and upper
limits respectively for the temperature range,
where growth competence varies according
to the prevailing temperature during pre- and
postrest periods (Fig. 3¢).

234. Rest period and basic annual cycle

The annual cycle was determined in the
present study in a wide sense, including all
developmental events of trees that are re-
peated similarly under natural conditions
every year (Hinninen 1990a). According to
Sarvas (1972, 1974), however, two further
requirements are set for the phenomena that
belong to the annual cycle. First, only irre-
versible developmental events belong to the
annual cycle (irreversibility requirement). Sec-
ondly, the developmental states that belong
to the annual cycle must be attained sequen-
tially, one by one, and no state can be skip-
ped (sequentiality requirement). This restricted
concept of annual cycle will be referred to
later as basic annual cycle.

The ontogenetic developmental phenom-
ena, e.g. vegetative bud burst and cessation
of height growth, or meiosis in flower buds,
belong to the basic annual cycle (Sarvas
1972, 1974, Luomajoki 1986). Several physio-
logical phenomena of the annual cycle in the
wide sense, however, do not belong to the
basic annual cycle. The photosynthetic ca-
pacity (Pelkonen 1980,1981) or frost hardi-
ness of trees (Proebsting 1963,1970, Cannell
and Sheppard 1982, Repo et al. 1990), for
instance, have a clear annual trend, and in
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Seni(t) < CU,,
(16)

CUpr = Schl(t) < CUcril

that way, belong to the annual cycle in the
wide sense. These phenomena, however, are
at least partially reversible (Proebsting 1963,
1970, Pelkonen 1980, Pelkonen and Hari
1980, Cannell and Sheppard 1982), and in
this way, do not form part of the basic
annual cycle.

The five model types of bud dormancy
release that were considered in the present
study deviate from each other with respect to
the relationship of the rest period to the basic
annual cycle. In the case of model type I
each phase of rest, i.e. each value of the state
of chilling Sy, from zero to CUy;;, has to be
attained sequentially, one by one, before
ontogenetic development and subsequent
bud burst take place. Furthermore, the rest-
breaking processes caused by chilling are
irreversible, since the value of S, is never
diminished (Fig. 1a). Thus in model type I,
the rest period can be regarded as belonging
to the basic annual cycle, similarly to onto-
genetic growth events.

In the case of model type Iy the value of
the state of chilling Sy, is diminished in high
temperatures (Fig. 1b), i.e. the rest break is
not irreversible. On the other hand, in model
types II—IV it is not necessary to attain
sequentially each value of S, from zero to
CUgit in order to cause ontogenetic devel-
opment and subsequent bud burst. Onto-
genetic development takes place even without
chilling, i.e. with Sy = 0 (Figs. 3b—d).
Thus in the case of the model types Ig, II,
III, and IV, the rest period cannot be re-
garded as belonging to the basic annual
cycle.
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3. Implications of the models for experimental testing

31. Calculation algorithm

A common calculation algorithm for the five
model types was developed in the present
study (Fig. 4). A time step of one day is used
in the algorithm. Thus for a given day i, the
mean rate of chilling My (i) and mean po-
tential rate of forcing mg.(i) are calculated
using the daily mean temperature T(i) as an
argument in the temperature response func-
tions (Eqns. (4), (5), (8), Fig. 1). The daily
value of the competence function C(i) is cal-
culated on the basis of the state of chilling
during the preceding day S.p(i—1), and in
the case of model type IV, also on the basis
of the prevailing daily mean temperature T(i)
(Fig. 3).

The integrations for calculating the state
of chilling S¢pi(i) and the state of forcing
Sgre(i) (Eqns. (6), (10)) are carried out by
summing the previous values of the corre-
sponding daily mean rate variables. The cal-
culations are repeated in the algorithm for
each day i = 1, 2, 3,..., until the state of
forcing S attains the forcing requirement of
bud burst, FU_;;. The day of the attainment
of FUg;; is determined as the day of bud
burst, tgp (Fig. 4).

32. Priorities for experimental testing of the
models

321. Temperature data and calculations

Simulations with each of the five model types
with field temperature data were carried out
using the algorithm developed in the study
(Fig. 4), in order to establish priorities for
the experimental testing of the models. A
small difference in the simulated timing of
bud burst between any two models implied
low priority for testing between the two
models, and correspondingly a great differ-
ence implied a high priority for testing be-
tween the models.

Temperature data collected by the Finnish
Meteorological Institute in Jyvaskyld in Cen-
tral Finland (62°14'N, 25°44’E, 86 m asl)
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([12) 1
(13) 1
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15).016) IV
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Fig. 4. Calculation algorithm for models of bud
dormancy release of trees. The Arabic numelfals in
parentheses indicate the respective equation in the
text. The Roman numerals indicate the model type
when the same equation is not used with all of the
five model types. Index i indicates running number
of day. For other symbols, see text.

were used in the simulations. Temperature
records were measured in standard meteoro-
logical screens 2 m above the ground. The
daily mean temperature was calculated as the
mean value of the records measured at 08 00
h, 1400 h and 2000 h. The temperature data
covered the period 1902—1980. The years
1912—1916 were ignored due to missing ob-
servations. Dormancy release was simulated
for a total of 73 years. )
With each of the five model types, simu-
lations with ten values of the chilling re-
quirement of rest completion CU; (from 5
to 50, step S CU) and four values of the
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forcing requirement of bud burst FU;; (50,
100, 150, and 200 FU) were carried out.
Thus, in all, 5-10+-4 = 200 simulations
were carried out, each simulation being de-
termined by the model type and the combi-
nation of the values of the model parameters
CUgjt and FU_y. The following values of
the model-specific parameters were used in
the simulations:

Cpmin = 0.1 (Figs. 3b,c),

CUy, = 0.5 - CU,y, (Fig. 3c),

CUy;r =0.33* CUgyt, CUp, = 0.66 * CUy
(Fig. 3d),

T, =10°C, T, =20°C (Fig. 3e).

In each simulation, the day for bud burst was
calculated for each year, initiating the calcu-
lations each year on September 1 (deliberate
starting point for rest period). The results of
each simulation were summarized by deter-
mining the mean day of bud burst (tgp) as
the mean value of the annual days of bud
burst over the 73 years.

322. Results

With model types 15 and Ig, the value of the
state of forcing S;;. did not increase from
zero during the autumn until rest completion
was attained at S = CU,; (Figs. 5a,b, see
Fig. 3a). With the other models the value of
Sgrc already started to increase at the be-
ginning of September (Figs. S5c—e, see Figs.
3b—d). The increase was especially pro-
nounced with model type III (Fig. 5d). These
differences in the time course of S, gen-
erated parallel differences in the timing of
bud burst. Model types I, and I implied the
latest bud burst, followed by model types I,
IV, and III (Fig. 6). In most cases, the mean
day of bud burst implied by model types 111
and IV were clearly too early, compared with
the timing of bud burst of trees under Cen-
tral Finnish conditions (Hertz 1929, Huikari
and Paarlahti 1967, Raulo and Leikola 1974).

For some years, rest completion was
slightly delayed with model type Ig (Fig. 5b),
as compared with model type Io (Fig. 5a).
This was due to the counteractive effect of
temperatures above 10.4°C in model type Ig
(Fig. 1b), an effect which was not involved in
model type I5 (Fig. la). This difference,
however, generated only minor differences

18

between these two models in the timing of
bud burst (Fig. 6).

On the basis of the simulations, testing
among the main model types I—IV was
found to have a high priority (large differ-
ences in tgp), while testing between the model
type Ip and Ig was found to have a low
priority (small differences in tgg) (Fig. 6).

33. Model predictions for experimental testing
331. Calculations

Simulations with each of the four main
model types with temperature data for a
chilling experiment were carried out with the
algorithm developed in the study (Fig. 4), in
order to obtain predictions of the main
model types for the outcome of the experi-
ment. It was assumed in the simulations that
each treatment group consists of seedlings
belonging to nine sub-populations, and that
the relative proportion of each of the sub-
populations is the same from one treatment
group to another. The value of CU_y, (the
chilling requirement of rest completion) var-
ied among the sub-populations, whereas the
value of FU;, (the forcing requirement of
bud burst) was common to them (Table 3).
In the case of the model specific parameters,
the same values as in Chap. 32 were used in
the simulations.

In the experimental design the seedlings
were first exposed to a rest breaking chilling
temperature of T = 3.5°C. Seventeen dur-
ations of the chilling period, ranging from
zero to sixteen weeks, were applied. After the
chilling period, the seedlings were exposed to
one of three forcing temperatures of 12°C,

Table 3. Division of the seedling population into nine
sub-populations in a hypothetical chilling experiment.
CU_;, = chilling requirement of rest completion,

Uy = forcing requirement of bud burst.

Sub-population CU.... FU_, Relative proportion
I 40 240 0.01
11 45 240 0.05
11 50 240 0.10
v 35 240 0.15
A% 60 240 0.38
VI 65 240 0.15
VII 70 240 0.10
VIII 05 240 0.05
IX 80 240 0.01
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17°C, or 22°C. In this way, 17 - 3 = 51 treat-
ment groups, i.e. combinations of duration
of chilling and forcing temperature, were
applied in the simulations. Subsequently, the
values of two test variables were determined
for each treatment group (Hénninen 1987).
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Dormancy release ratio DRR indicates the
proportion of the bud bursting seedlings out
of the total number of seedlings in the treat-
ment group. The value of DRR was obtained
for each treatment group by summing the
relative proportions of those sub-populations
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Fig. 5. Determination of timing of bud burst with five
model types in Jyviskyld, Central Finland during
1904—1905. State of chilling Sy (solid line, day of
rest completion indicated), and state of forcing S
(broken line, day of bud burst indicated). Model
parameters CU;; = 30 CU (chilling requirement of
rest completion) and FU.; = 150 FU (forcing
requirement of bud burst) used in the simulations.

19



of the group which had a non-zero value for
the competence function at the end of the
chilling period (Fig. 3, Table 3). Mean days to
bud burst DBB indicates for the treatment
group the mean number of days between the
beginning of the forcing period and the day
of bud burst. The value of DBB was first
calculated separately for each of those sub-

180 1 A Fu

populations of a given treatment group
which had a non-zero value for the com-
petence function at the end of the chilling
period. The calculation took place by
counting the number of days required in the
forcing conditions to attain the forcing re-
quirement of bud burst, FU.;. The DBB
value of the treatment group was then
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Fig. 6. Simulated mean day of bud burst tgg in Jyviskyld, Central Finland during the past 73 years,
as a function of the chilling requirement of rest completion CU,;, and the forcing requirement of
bud burst FU,;. The positive values on the horizontal axes indicate the Julian date, and the
negative values number of day counted backwards from December 31. Roman numerals indicate
the model type used in the simulation. Separate asterisks indicate the results of model type Iy

when different from results of model type I,.
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obtained by weighing the DBB values of the
sub-populations by their relative proportions
(Table 3). In the analysis of the results, the
values of both DRR and DBB were pre-
sented as a function of the duration of the
previous chilling period, and of the forcing
temperature (Hanninen 1987).

332. Results
Dormancy release ratio

With model types I, 11, and III, the forcing
temperature did not affect the value of the
dormancy release ratio DRR (Figs. 7a,c.e).
This was because in these model types, the
value of the competence function is indepen-
dent of the forcing temperature (Figs. 3a—c).
With model type I, the value of DRR in-
creased sigmoidally from zero at five weeks
of chilling to unity at 11 weeks of chilling
(Fig. 7a). This was due to the corresponding
increase in the proportion of the sub-popula-
tions with a non-zero value for the compet-
ence function at the end of the chilling
period, with increasing duration of chilling.
On the other hand with model types II and
III the value of DRR was unity for all
durations of chilling (Figs. 7c, e), because the
competence function always has a non-zero
value with these model types (Figs. 3b, c).
With model type IV, the DRR values gen-
erally increased with an increasing forcing
temperature (Fig. 7g), since during pre- and
postrest periods the value of the competence
function also depends on the forcing tem-
perature (Figs. 3d, ). With each of the three
forcing temperatures, the values of DRR first
decreased and then increased with an in-
creasing duration of chilling (Fig. 7g). This
was because the proportion of seedlings in
the true rest state first increased and then
decreased with an increasing duration of
chilling (see Fig. 3d); and because the tem-
perature threshold Ty, for full growth com-
petence first increased and then decreased
with an increasing duration of chilling (Fig.
3e). At ten weeks of chilling DRR reached
the value of unity with all forcing tempera-
tures, since 1) no seedlings were in the true
rest state any longer, and 2) all of the three
forcing temperatures were above the thresh-
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old value Ty, for those seedlings that were
still in a postrest state (see Figs. 3d, ).

Mean days to bud burst

With all of the model types, the values of
DBB decreased with an increasing forcing
temperature (Figs. 7b,d,f,h). This was be-
cause the rate of forcing increased with an
increasing forcing temperature (Fig. 1c).

With model type II the value of DBB de-
clined exponentially with an increasing dur-
ation of chilling (Fig. 7d), since the values of
the competence functions of the sub-popula-
tions first increased and then levelled off with
an increasing duration of chilling (Fig. 3b).
With model type III, a bell-shaped DBB
curve was obtained (Fig. 7f), since the values
of the competence functions of the sub-
populations first decreased, then increased,
and finally levelled off, with increasing
duration of chilling (Fig. 3¢).

Compared with the DBB-curves obtained
with model types II and III, (Figs. 7d, f), the
values of DBB obtained with model types I
and IV were relatively independent from the
duration of chilling (Figs. 7b, h). This was
because the non-zero values of the compet-
ence functions of the sub-populations were
always unity with model types I and IV, i.e.
they were not influenced by the duration of
chilling (Figs. 3a, d).

In the model types I and IV, the value for
the state of forcing S increased slowly in
the chilling conditions of T = 3.5°C after
attainment of CUy, (the chilling require-
ment of rest completion) (Fig. 1c). Thus,
with the increasing duration of chilling an
increasing value of Sg,. was already obtained
in the chilling conditions, and a decreasing
number of days was required in the forcing
conditions for attainment of the forcing re-
quirement of bud burst, FU;. This explains
why the DBB-curves declined slightly with
model types I and IV with increasing dur-
ation of chilling (Figs. 7b, h).

The implications of the models concerning
the outcome of a chilling experiment differ
from each other drastically (Fig. 7). This
makes it possible to test the models experi-
mentally.
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4. Experimental testing of the models

41. Materials and methods

411. Experimental design and analysis of the
results

The models of the effects of air temperature
on bud dormancy release in trees were tested
during 1986—1988 in four chilling experi-
ments with two-year-old seedlings of Scots
pine and Norway spruce (Table 4), with an
experimental design similar to that presented
in Chap. 33.

Model types

The four main model types were tested by
examining the values for the dormancy re-
lease ratio DRR and the mean days to bud
burst DBB, as a function of the duration of
chilling and the forcing temperature (Fig. 7).
When calculating the value of DRR, seed-
lings that died before the end of the experi-
ment without having bursted bud (on aver-
age, 1.9 seedlings per group) were excluded
from the analysis. When examining the re-
sults, the time required for the melting of the
seedlings (Chap. 413) was added to the
original duration of chilling.

Chilling requirement of rest completion

According to the prediction of the chilling
unit model (Fig. la, Eqn. (4)), the average
accumulation of chilling units required for
the rest completion of a given tree prov-
enance is constant, irrespective of tempera-
ture conditions prevailing during chilling, or
of other environmental conditions prevailing
before or during chilling.

In order to test the chilling unit model, the
durations of chilling of the treatment groups
which were forced in 17°C were converted
into accumulated chilling units. The daily ac-
cumulation rate of chilling units was calcu-
lated using the daily mean temperature as an
argument in Eqn. (4). The daily mean tem-
perature was determined according to hourly
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temperature records. In experiment II, tem-
perature was measured at three points for
part of the chilling period, and in the other
experiments two to three chilling chambers
were used for the whole chilling period
(Chap. 413). In these cases, two or three
mean temperatures represented the chilling
conditions on a given day. For these data,
the daily accumulation rate of the chilling
units was first calculated separately for each
of the two or three daily mean temperatures,
and the final value of the daily accumulation
rate of the chilling units was determined as
the mean value of the two to three original
values. The time required for the melting of
the seedlings (Chap. 413) was taken into
account when calculating the accumulation
of chilling units.

Means and 95 per cent confidence inter-
vals for the accumulation of chilling units
required for attaining rest completion for
half of the seedlings (DRR = 0.5) of a given
provenance in a given experiment (Table 4)
were calculated using the Probit-procedure
(Finney 1971, SAS 1985, p. 639—645). Sub-
sequently, the chilling unit model was tested
by comparing the results obtained for a given
provenance in different experiments. Vari-
ation in the chilling requirement among the
species and provenances was examined in a
similar way.

Forcing requirement of bud burst

According to the prediction of the forcing
unit model (Fig. 1c, Eqn. (8)), bud burst of
fully chilled seedlings of a given provenance
takes place on the average at a constant
accumulation of forcing units, regardless of
temperature conditions during forcing or of
other environmental conditions prevailing be-
fore or during forcing.

In order to test the forcing unit model, the
durations of forcing required for bud burst
of the individual seedlings obtained after
12—16 weeks of chilling were converted to
corresponding accumulated forcing units.
The daily accumulation rate of the forcing
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Type,
intended
temp, °C
Growth
chamber
Natural
Growth
chamber,
initial
freezing
Growth
chamber

Northern Finnish
Scots pine
Central Finnish
Central Finnish
Norway spruce
Central Finnish
Scots pine
Central Finnish
Norway spruce

Central Finnish
Scots pine

Central Finnish
Scots pine
Scots pine

Seedling
material

87
87
88

Experiment,
years
1986
11

1986

111
1987

v
1987—88

Table 4. Chilling experiments of the study.
1) Slightly higher during first two weeks of experiment

units was calculated using the daily mean
temperature as argument in Eqn. (8). The
daily mean temperature was determined ac-
cording to hourly temperature records. Dur-
ing the last weeks of the experiments, the
17°C forcing took place in two to three
growth chambers (Chap. 413). In these cases,
two or three mean temperatures represented
the forcing conditions of a given day. For
these data, the daily accumulation rate of
forcing units was first calculated separately
for each of the two or three daily mean tem-
peratures, and the final daily accumulation
rate of forcing units was obtained as the
mean value of the original two or three
values.

The forcing unit model was tested by
comparing the means and standard devi-
ations of the accumulation of forcing units
required for the bud burst of a given prov-
enance in the different forcing temperatures
in different experiments (Table 4). Variation
in the forcing requirement of bud burst
among the species and provenances was
examined in a similar way.

412. Raising of seedlings
Experiments I and II

Seedlings from a Central Finnish provenance
of Scots pine were raised in Central Fin-
land at the Suonenjoki commercial nursery
(62°40'N, 27°00’E, 130 m asl) using seeds of
local origin (Table 4). The seeds were sown
on June 11, 1985 in a greenhouse in paper
pots in a mixture of peat and sand. The
seedlings were transferred out of doors on
August 11, 1985. After their second growing
season at the end of August in 1986, the
seedlings were transplanted into larger con-
tainers (500 cm3) in a mixture of peat and
sand. On September 1, 1986, the seedlings
were transferred to the Botanical Garden of
University of Joensuu (62°36'N, 29°43'E, 81
m asl).

The seedlings from a Northern Finnish
provenance of Scots pine were raised in
Northern Finland at the Imari commercial
nursery (66°29'N, 25°33'E, 100 m asl) using
seeds gathered from the area covering about
67°N—68°N, 29°E, 150 m asl (Table 4). The
seeds were sown on May 27, 1985 in a
greenhouse in paper pots. The seedlings were
transferred out of doors on July 26, 1985.
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After their second growing season at the end
of August 1986, the seedlings were trans-
planted into larger containers (500 cm3) in a
mixture of peat and sand. The seedlings were
transferred to the Botanical Garden of Uni-
versity of Joensuu on September 4, 1986.
The experimental treatments of experi-
ments I and IT were initiated at the Botanical
Garden of University of Joensuu on Septem-
ber 10, 1986, and stopped on May 31, 1987.

Experiments III and IV

Seedlings of both Scots pine and Norway
spruce were raised at the Suonenjoki com-
mercial nursery using seeds of local origin
(Table 4). Seeds of Scots pine were sown in a
greenhouse in paper pots on May 12, 1986,
and the seedlings were transferred out of
doors on August 1, 1986. Seeds of Norway
spruce were sown in a greenhouse in paper
pots on April 25, 1986, and the seedlings
were transferred out of doors on September
1, 1986. At the end of their second growing
season on August 17, 1987, the seedlings of
both species were transferred into a green-
house in order to avoid exposure to frost
temperatures. A slight frost, however, oc-
curred during the night before the transfer.
The temperature in the greenhouse fluctuated
between 10°C and 25°C. The seedlings were
transplanted in the greenhouse into larger
containers (500 cm3) at the end of September
1987.

The experimental treatment of the seed-
lings in experiment III was initiated at
the Suonenjoki nursery on October 6, 1987
(freezing treatment, Chap. 413), while the
seedlings of experiment IV remained in the
greenhouse (T = 10°C — 25°C). All of the
seedlings were transferred to the Botanical
Garden of University of Joensuu on October
13, 1987, where the experimental treatments
of experiment III were continued and the
experimental treatments of experiment IV
were initiated during the day of the transfer.
The treatments of both experiments were
stopped on May 26, 1988.

413. Growing conditions

Thermographs model ’Lambrecht 252’ were
used in most cases in each growing place for
monitoring of temperature. After the first
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five weeks in experiment II, however, a soil
thermograph model ’Lambrecht 257" was
used for measuring air temperature under
snow cover in the outdoor chilling place. In
this case, three measurement points were ap-
plied; otherwise temperature was monitored
in one point in each growing place. An air
circulator was used in all indoor growing
places in order to minimize temperature
gradients.

Chilling conditions

In experiments I, III, and IV, chilling took
place in dark growth chambers (Table 4). In
each of these experiments, two to three
growth chambers were used. During the first
week of chilling in experiment III, the seed-
lings were exposed at the Suonenjoki nursery
to an initial freezing treatment in darkness:
two days in +5°C, then two days in —2.5°C,
and finally three days in +5°C. Otherwise the
intended chilling temperature was 4°C in all
chilling treatments. Due to technical short-
comings, however, the real temperatures de-
viated from the intended one (Table 4). In
experiment II chilling took place under
natural temperature and light conditions at
the Botanical Garden of the University of
Joensuu (Table 4). The mean weekly tem-
peratures during the first and last chilling
week were 8.6°C and —3.3°C, respectively.
The minimum of the mean weekly tempera-
tures during the chilling period was —9.4°C.
The seedlings were irrigated regularly in the
indoor chilling places in experiments I, III,
and IV.

Forcing conditions

The intended forcing temperatures were
12°C, 17°C, and 22°C, but due to technical
shortcomings, the real forcing temperatures
deviated from the intended values (Table 4).
Generally, the 12°C and 22°C forcing took
place in growth chambers, and the 17 °C
forcing in a greenhouse. After the first 26
weeks in experiments I and II, and after the
first 22 weeks in experiments III and IV,
however, the 17°C forcing took place in two
to three growth chambers. In these cases, the
seedlings of each of the treatment groups
were divided equally in the growth chambers.
The length of photoperiod was 12 h, with the
exception of the first two weeks in the
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forcing temperature of 17°C in experiments I
and II, when the natural day length slight-
ly exceeded 12 h. Fluorescent tubes (model
’Airam L65/80W — 1XC, Daylight deluxe’)
were used in both the growth chambers and
the greenhouse. The photon flux density at
plant height was generally 5—35 yuEm—2s—1.
In the greenhouse (17°C forcing), however,
the photon flux density was 40—80 uEm—2s—!
during sunny weather. The seedlings were
irrigated regularly in the forcing places.

Sampling and transfer of the seedlings

In experiments I, III, and 1V, a total of 15
seedlings for a given treatment group were
sampled on the scheduled day of transfer
to the forcing conditions (Chap. 411). An
equal number of seedlings was sampled at
random in each of the two to three indoor
chilling places. A similar procedure was also
followed in the case of the early transfer
groups with outdoor chilling in experiment
II. In the case of the late transfer groups,
however, in experiment II it was necessary to
sample the treatment groups before snow
cover appeared, i.e. several weeks before the
transfer to the forcing conditions took place.

The seedlings in a given treatment group
were transferred on the scheduled transfer
day from the chilling places to the forcing
place at 12°C, regardless of the forcing
temperature of the group. Subsequently, the
17°C and 22°C seedlings were transferred to
their final forcing temperatures in a gradual
way: the following day at 17°C, and to 22°C
on the day thereafter (22°C seedlings). In this
way, the seedlings were gradually acclimat-
ized to increasing temperatures. In experi-
ment II, the seedlings in the late transfer
groups were frozen on the scheduled transfer
day. In these cases, the seedlings were trans-
ferred first to a dark growth chamber to melt
in a temperature of +3°C. After the seedlings
and the soil in the containers had been com-
pletely melted, the seedlings were transferred
to the forcing places in a gradual way, like
the other seedlings. Melting took two to
seven days.

414. Determination of bud burst

The bud burst of Scots pine seedlings was
determined with the aid of growth measure-

Hanninen, H.

ments of the terminal bud. A small needle
was pushed about 5 mm below the terminal
bud and the distance between the needle and
the tip of the bud was measured two to three
times a week. The values for days without a
measurement were determined using linear
interpolation. The seedling was considered to
have burst bud if the total growth of the bud
exceeded 5 mm. The day of bud burst was
determined as the day when the growth ex-
ceeded 2 mm.

The bud burst of Norway spruce seedlings
was determined with the aid of visual inspec-
tion of the terminal bud. The growth status
of the bud was determined two or three times
a week using the following classification: 0 =
dormant, + = swelling, no new needles vis-
ible, 1 = new needles visible. The day of bud
burst for the seedling was determined as the
median day between the last day with a
”+-sign and the first day with a ”1”-sign. If
the new needles did not appear, the seedling
was considered not to have burst bud.

42. Results and discussion
421. Model types

With the exception of two cases with forcing
at 12°C (Figs. 1la, 12a), the DRR-values
showed a similar pattern in each experiment
with each species, provenance, and forcing
temperature (Figs. 8a—I4a). The DRR-
values obtained with no or short chilling
were zero. After two to four weeks of chilling
the DRR-values started to increase with
increasing duration of chilling, reaching in
most cases the value of unity at 10—16 weeks
of chilling. This increasing pattern of the
DRR-values is in agreement with model type
I, and disagrees with the other model types
(Fig. 7).

The DRR-values obtained with Scots pine
in experiment III with chilling durations
longer than six weeks were smaller at a
forcing temperature of 12°C than at a forcing
temperature of 17 °C (Fig. 1la). Similarly
with Norway spruce in experiment III, the
values of DRR obtained after 10—16 weeks
of chilling were smaller at 12°C than at 17°C
(Fig. 12a). These findings are in agreement
with model type IV, in the case of the post-
rest period (Fig. 7g).

The DBB-values obtained with forcing at
12°C declined exponentially with the in-
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creasing duration of chilling, whereas the
DBB-values obtained with forcing at 17°C
or 22°C were relatively insensitive to the
duration of chilling (Figs. 8b—14b). These
findings indicate an interaction of duration
of chilling and forcing temperature in the
determination of growth competence: with
short durations of chilling the growth com-
petence increases with an increasing forcing
temperature. This kind of interaction was not
involved in any of the model types (Figs. 3,
7). In model type IV, however, another kind
of interaction of duration of chilling and
forcing temperature in determining the
growth competence of the buds was involved
(Figs. 3d, e, 7g).

Regarding the model types of bud
dormancy release, Hanninen and Pelkonen
(1988a,b) found results in a preliminary
study similar to those in the present study.
They worked with similar seedling material
and similar growing conditions to those
used in the present study. In contrast, other
previous findings with Scots pine (Hoffmann
and Lyr 1967) and with Norway spruce
(Nienstaedt 1967, Worrall and Mergen 1967)
deviate drastically from the findings of the
present study (Chap. 51). The reason for this
inconsistency is unclear. It is possible that
differences in the age or raising of the ex-
perimental material or differences in the ex-
perimental conditions generated the different
results. The most probable reason, however,
is the difference between the present and the
previous studies as to their provenances.
Obviously all of the provenances in the
previous studies were more southern than the
provenances of the present study, or in the
study of Hénninen and Pelkonen (1988a,b).

422. Chilling requirement of rest completion
Chilling unit model

In experiment III with its initial frost treat-
ment, virtually the same chilling require-
ments were found as in the corresponding
experiment IV without frost treatment (Figs.
15a,b). Thus, in this case, the chilling unit
model was able to describe the rest comple-
tion of the seedlings.

In the experiments during 1986—1987
with Central Finnish Scots pine, a drastically
greater number of chilling units was required
for rest completion with chilling in the

27



0.8 1 |

0.6
Q
>
g -
&
< 04
w
|
w
@
>
o
E 0.2 ——A-— 120
z g
g —e— 17
= ore e 22°
0.0
T T T
20 24 28
160 4 B
120 +
-
%)
@
>
@
S
@ 80
o
p=
2
<
o
~ 40+
<
w
=
0 T T T T T T T T T T T T T T 1
0 4 8 12 16 20 24 28

DURATION OF CHILLING, WEEKS

Fig. 8. (A) Dormancy release ratio, and (B) mean days
to bud burst, as a function of the duration of the
previous chilling and of the forcing temperature.
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seedlings of Scots pine, experiment I (chilling in
growth chamber, see Table 4).

growth chamber in experiment I than with
chilling in natural conditions in experiment
IT (Fig. 15a). During 1987—1988, however,
the amount of chilling units required in
growth chambers in experiments III and IV
was only slightly higher than with chilling in
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Fig. 9. As Fig. 8, but Central Finnish provenance of two-
year-old seedlings of Scots pine, experiment II
(chilling under natural conditions, see Table 4).

natural conditions in experiment II during
1986—1987 (Fig. 15a). These inconsistencies
suggest that the chilling unit model (Fig. 1a)
requires further development.

The seedlings in experiments I and II be-
longed to the same population, had the same
pre-experiment history, and were forced un-
der the same conditions. Thus, the reason for
the inconsistent results (Fig. 15a) has to be

Hinninen, H.

1A
0.8 A
0.6 A
o
=
<
@
&
< 0.4 A
w
o}
w
@
§ 02 e
Z §
> e {i7*
@
2 o 29°
0.0 4 T T T T T T T T T T T T T 1
0 4 8 12 16 20 24 28
160 B
120 A
i
»
@
=]
@
S
o 80 1
o
[=
")
>
<
a
z
<
w
>
1

28
DURATION OF CHILLING, WEEKS

Fig. 10. As Fig. 8, but Northern Finnish provenance of
two-year-old seedlings of Scots pine, experiment 11
(chilling under natural conditions, see Table 4).

found in differences in the chilling con-
ditions. Chilling in relative constant tempera-
tures in a growth chamber in experiment I
may have been less efficient than chilling in
naturally fluctuating temperatures in experi-
ment II. This hypothesis is in agreement with
the findings of Erez et al. (1979a), Couvillon
and Erez (1985), and Erez and Couvillon
(1987) for Prunus persica (L.) Batsch.
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Fig. 11. As Fig. 8, but Central Finnish provenance of two-
year-old seedlings of Scots pine, experiment III
(chilling in growth chamber with initial freezing
treatment, see Table 4).

The hypothesis of the superior efficiency
of fluctuating temperatures over constant
temperatures in a rest break does not explain
the difference between the results of experi-
ments I and IV (Fig. 15a). The seedlings in
both experiments were chilled under similar
conditions in a growth chamber, and forced
under similar conditions in either a green-
house or a growth chamber. Thus, in this
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Fig. 12. As Fig. 8, but Central Finnish provenance of two-
year-old seedlings of Norway spruce, experiment 111
(chilling in growth chamber with initial freezing
treatment, see Table 4).

case, an explanation for the differences must
be found in differences in the pre-experiment
conditions of the seedlings. It is possible that
the extended period of warm short days prior
to chilling in experiment IV reduced the
chilling requirement, in comparison with ex-
periment I. This hypothesis is in accordance
with previous findings with Picea glauca
(Moench) Voss (Nienstaedt 1966), with Tsuga
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Fig. 13. As Fig. 8, but Central Finnish provenance of two-
year-old seedlings of Scots pine, experiment IV
(chilling in growth chamber, see Table 4).

heterophylla (Rafin.) Sarg. (Nelson and La-
vender 1979), and with Pseudotsuga menziesii
(Mirb.) Franco (Lavender and Stafford 1985).

The DRR values obtained with Norway
spruce in experiment III with forcing at 12°C
were about 0.8, irrespective of the duration
of the chilling (Fig. 12a). In the case of seed-
lings of Scots pine forced at 12°C, after one
week of chilling in experiment III the value
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Fig. 14. As Fig. 8, but Central Finnish provenance of two-
year-old seedlings of Norway spruce, experiment IV
(chilling in growth chamber, see Table 4).

of DRR was higher than zero (Fig. lla).
These findings suggest that, contrary to the
assumption of the present study (Fig. la),
the low forcing temperatures near 12°C have
a slight rest-breaking effect. The following
evidence supports this suggestion:

1) The phenomenon occurred in experiment
III (Figs. 11a, 12a), but not in experiments I or
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II (Figs. 8a—10a). This was obviously because
the real forcing temperature in experiments I and
II (12.8 £1.2°C, Table 4) exceeded the upper
limit for the rest-breaking temperature range for
all of the seedlings, while this was not the case in
experiment II1 with the slightly lower forcing
temperature (12.1 £0.7°C, Table 4).

2) The maximum values of DBB were higher
in experiment III (140 days, Fig. 11b) than in
experiment I and II (about 80 days, Figs. 8b—
10b). This was obviously because in experiment
IIT a lot of time was required for rest completion
in the forcing conditions of 12°C, whereas in
experiments I and II the smaller maximum values
of DBB with 12°C forcing were generated solely
due to the interaction of the duration of chilling
and the low forcing temperature in determining
the growth competence, as suggested above.

3) Similar results for the rest-breaking effects
of temperatures near 10°C have been previously
reported for Scots pine and Norway spruce by
Hianninen and Pelkonen (1988 a, b, and for Pseu-
dotsuga menziesii by Campbell and Sugano (1975,
1979).

The values of DRR obtained at 12°C in
experiment III after a short duration of
chilling were much higher for Norway spruce
(Fig. 12a) than for Scots pine (Fig. 11a).
This finding suggests that the applied forcing
temperature near 12°C acted as a rest-
breaking temperature for a larger proportion
of the Norway spruce seedlings than for the
Scots pine seedlings. Accordingly, the upper
imit for the rest-breaking temperature range
ppears to be at a higher temperature for
lorway spruce than for Scots pine.

’ariation in the chilling requirement of rest
ompletion

High within-provenance variation in the
chilling requirement of rest completion, as
indicated by the DRR-curves, was found in
the present study. The difference between the
minimum and maximum chilling requirement
was generally 6—12 weeks (Figs. 8a—14a).

In experiment II a slightly greater accumu-
lation of chilling units was required for rest
completion with Central Finnish Scots pine
(Fig. 15a) than with Northern Finnish Scots
pine (Fig. 15¢). In experiments IIT and IV,
the chilling requirements were slightly higher
for Central Finnish Scots pine (Fig. 15a)
than for Central Finnish Norway spruce
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(Fig. 15b). Considering the large confidence
limits (Fig. 15), however, no conclusions
concerning the differences in the chilling re-
quirement among species and provenances
can be drawn on the basis of these data.

Contrary to the findings of the present
study with the two Finnish provenances of
Scots pine, Perry and Wang (1960) found a
clinal pattern in the chilling requirement
of rest completion in Acer rubrum L. Prov-
enances from the north-eastern United States
had a definite chilling requirement of rest
completion, whereas bud burst in prov-
enances from Florida was even delayed by
previous chilling. Similarly, Kriebel and
Wang (1962) found that the chilling require-
ment of Acer saccharum Marsh. increases
with the increasing latitude of the geographi-
cal origin of the provenance.

Differences in the DRR- and DBB-curves
between the present and previous studies
with Scots pine and Norway spruce (Chap.
51) make any comparison between the
chilling requirements of rest completion
found in these studies cumbersome. This
difficulty is further emphasized due to the
fact that the DRR-curves have not been
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explicitly indicated in previous studies (Hoff-
mann and Lyr 1967, Nienstaedt 1967, Worrall
and Mergen 1967). On the basis of the
limited information concerning DRR in the
previous studies it can be concluded, how-
ever, that the absolute chilling requirement
of growth competence, i.e. the amount of
chilling required to produce subsequent bud
burst regardless of the value of DBB, is
greater in the present study (about 4—16
weeks, Figs. 8a—I14a) than in the previous
studies (less than 4 weeks). On the contrary,
if also levelling off of the DBB curve is
required for rest completion, then there
appear no striking differences in the chilling
requirement between the present study and
the previous studies with Scots pine and
Norway spruce (Hoffmann and Lyr 1967,
Nienstaedt 1967, Worrall and Mergen 1967).

423. Forcing requirement of bud burst
Forcing unit model

In all experiments with more than one
forcing temperature, the average accumula-
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tion of forcing units required for bud burst
of a given provenance increased slightly with
increasing forcing temperature (Fig. 16). Des-
pite the great variation within each forcing
temperature, this consistent finding suggests
that the slope of the temperature response
curve of potential rate of forcing is actually
smaller than was assumed in the present
study (Fig. 1c¢).

In the case of Scots pine the forcing re-
quirements were smaller during 1986—1987
in experiments I and II than during 1987—388
in experiments III and IV (Fig. 16a). The
forcing requirements in 1986—1987 were
slightly smaller after natural chilling in ex-
periment II than after controlled chilling in
experiment I (Fig. 16a). Furthermore, the
values of forcing units required for bud burst
were unnaturally high compared with the ac-
cumulation of forcing units at the time of
bud burst under Central Finnish natural con-
ditions (Hanninen 1990a). All these findings
suggest that the forcing unit model requires
further development. As in the case of the
chilling unit model, one possible hypothesis
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for the further development is the superiority
of naturally fluctuating temperatures over
constant temperatures in causing ontogenetic
development.

Variation in the forcing requirement of bud
burst

Great within-provenance variation in the
forcing requirement of bud burst was found
in the present study. The standard deviation
of the required accumulation of forcing units
was in most cases about 20—40 per cent of
the mean (Fig. 16).

In experiment II, the Central Finnish
Scots pine (Fig. 16a) required in all three
forcing temperatures a greater accumulation
of forcing units for bud burst than the Nort-
hern Finnish Scots pine (Fig. 16c). In ex-
periments III and IV, Norway spruce seed-
lings (Fig. 16b) required a greater accumula-
tion of forcing units for bud burst than
the Scots pine seedlings (Fig. 16a). These
findings, however, were greatly masked by

B CENTRAL FINNISH C NORTHERN FINNISH

NORWAY SPRUCE SCOTS PINE
1217 17 1217 22
I v I

Fig. 16. Accumulation of forcing units (X £ S.D.) required for the bud burst of two-year-old seedlings of Scots pine
and Norway spruce, chilled previously for 12—16 weeks in four experiments. The Roman numerals indicate the
experiment, and the arabic numerals the forcing temperature (see Table 4).
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large within-provenance variation. Further-
more, strict comparisons with the Northern
Finnish Scots pine are unwarranted owing
to the differing raising environment of this
provenance. Despite these shortcomings, the
observed differences are in agreement with
previous observations: a greater accumula-

tion of forcing units is required for bud burst
in Norway spruce than in Scots pine (Rau-
lo and Leikola 1974), and also in southern
provenances as opposed to northern prov-
enances of a given tree species (Kriebel
and Wang 1962, Worrall and Mergen 1967,
Dormling et al. 1968, Dormling 1982).

5. Synthesis model

51. Experimental results of previous studies

The results of most previous studies with
Scots pine (Hoffmann and Lyr 1967) and
Norway spruce (Nienstaedt 1967, Worrall
and Mergen 1967) can be summarized as
follows. 1) The DRR-curves were not ex-
plicitly reported. On the basis of the informa-
tion given by the authors, however, it can be
concluded that the value of DRR increased
in most cases with increasing chilling, as in
the present study (Figs. 8a—14a). However,
obviously less chilling was required to reach
the value of unity for DRR, i.e. the absolute
chilling requirement of growth competence
was smaller than in the present study. 2)
An exponentially declining DBB curve was
found also at high forcing temperatures (T >
15°C), contrary to the findings of the present
study (Figs. 8b—14b). This pattern of DRR-
and DBB-curves has also been found in
abundant earlier studies with several other
tree species (Lamb 1948, Kriebel and Wang
1962, Nienstaedt 1966, 1967, Farmer 1968,
Landsberg 1974, Campbell and Sugano 1975,
1979, van den Driessche 1975, Nelson and
Lavender 1979, Gilreath and Buchanan 1981,
Hinesley 1982, Cannell and Smith 1983,
Garber 1983, Sorensen 1983, Ritchie 1984,
Cannell et al. 1985a, Carlson 1985, Burr et
al. 1989, Murray et al. 1989). These results
are not in agreement with any of the model
types, but are intermediate to the predictions
of model types I and II (Fig. 7).

A bell-shaped DBB-curve has been found
in some studies with fruit trees (Fuchigami et
al. 1977, Kobayashi et al. 1982, Kobayashi
and Fuchigami 1983a), and recently also in
the case of Pinus taeda L. (Boyer and South
1989). These results support model type III
(Fig. 71).
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In the literature review of the present
study, no experimental results that support
model type IV were found. Here, however,
commentary notes concerning the interpre-
tation of Vegis® (1964) original conceptual
model are necessary.

When formulating model type IV, the
original conceptual model of Vegis (1964)
was interpreted in the present study in a
strict sense. Accordingly, Vegis’ (1964) con-
cept of the “widening and narrowing of
growth promoting temperature range” was
interpreted to refer to changes between no
and full growth competence of the buds
(Figs. 3d,e). Campbell (1978) and Cannell
(1989, 1990) interpreted Vegis’ (1964) con-
cept in a different way, referring to model
type II. In the case of model type II, the
DBB-curves level off with a shorter duration
of chilling at a high (22°C) than at a low
(12°C) forcing temperature (Fig. 7d). For in-
stance, at two weeks of chilling the difference
in the DBB-values between these two forcing
temperatures is about 80 days, whereas at
eight weeks of chilling, the difference is only
about 20 days (Fig. 7d). In this sense chilling
also widens the growth promoting tempera-
ture range in the case of model type II. The
limited amount of previous experimental
data about bud dormancy release with
forcing at more than one temperature is in
accordance with this prediction (Campbell
and Sugano 1975, 1979, van den Driessche
1975). This kind of promotion was further
emphasized in the experimental results of the
present study (Figs. 8b—12b). Nygren (1987)
found similar results for dormancy release in
seeds of Scots pine. Thus, according to the
interpretation referring to model type II
(Campbell 1978, Cannell 1989, 1990) all these
results are in accordance with the concept of
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postrest (Vegis 1964): with increasing chilling,
the rate of ontogenetic development becomes
less dependent on the forcing temperature.

To conclude the literature review of the
present study, 1) relatively few experimental
results strictly support any of the model
types [—IV, and 2) most of the experimental
results are intermediate to the predictions of
model type I and II.

52. Premises and implications of the synthesis
model

A synthesis model of effects of air tempera-
ture on bud dormancy release in trees was
developed in the present study. The model is
based on previous models and on the experi-
mental results of the present and previous
studies. The following postulates constitute
the synthesis model:

1) An absolute chilling requirement of growth
competence, CU,y,, exists. Before this require-

0,

1—C,... —AC(t)

~“min
0=y —aCU(O)—CUy,
1

where Cpin is minimum growth competence,
AC(t) is the increase in the minimum growth
competence caused by the forcing tempera-
ture, and ACU(t) is the decrease in the
chilling requirement for attaining full growth
competence, caused by the forcing tempera-
ture, and CU,y, is the absolute chilling re-
quirement of the growth competence. AC(t)
is calculated as follows (Fig. 17b):

0, T() < Ty
ACmax STM)<T, (18)
AC(t) = ( T—T; ) (T()—=Ty), T,=TO<T,

AC T(t) =T,

max >

where A Cpax is the maximal increase in the
minimum growth competence caused by the
forcing temperature T(t), and T3 and T4 are
the lower and upper limits for the tempera-
ture (°C) range where the growth competence
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ment is met the buds have no growth com-
petence, i.e. the value of competence function C
is zero when the state of chilling Sg,; < CUyp
(Fig. 17a, compare model type I, Fig. 3a).

2) Further chilling after attaining CU,¢ grad-
ually increases the growth competence of buds
until full growth competence is attained at rest
completion, i.e. in the range CU,,s < Sgp <
CU,;, the value of the competence function
gradually increases with increasing Sy, (Fig. 17a,
compare model type II, Fig. 3b).

3) Before rest completion, the growth com-
petence of buds increases with an increase in the
forcing temperature, i.e. in the range CUzy <
Scht < CU,;, the value of the competence func-
tion increases with an increase in the forcing
temperature (the interaction of the duration of
chilling and the forcing temperature in deter-
mining the growth competence of the buds) (Fig.
17 a).

The postulates (1) — (3) are fulfilled by
calculating the value of competence function
C as follows (Fig. 17a):

Sen(t) < CUjps

) * Sepi(—CU,pg) + Crin + AC(t),  CU,ps = Sepy(t) < (CUgrit—ACU(Y)) (17)

Seni(t) = (CUg—ACU()

increases with increasing temperature. ACU(t)
is calculated as follows (Fig. 17¢):

0, T(t) < Ty

T
ACU s T(t)=T,

CU
acuw = (%) S(TO-T), TS TO <T, (19)

where ACUp,, is the maximal decrease in
the chilling requirement for attaining the full
growth competence, caused by the forcing
temperature.

The synthesis model was applied for the
same hypothetical chilling experiment as the
five original model types (Chap. 33) with
two sets of parameter values. With the first
set, results similar to those obtaineq in the
experiments of the present study (Figs. 8—
14) were also obtained with the synthesis
model: 1) a sigmoidally increasing DRR-
curve (Fig. 18a), 2) a DBB-curve that first
declines and then levels off at forcing tem-
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Fig. 17. Synthesis model for the effects of air tempera-
ture on bud dormancy release in trees. (A)
Dependence of value of competence function C on
the state of chilling Si and on the prevailing
forcing temperature T. Temperature dependence of
(B) increase in minimum growth competence (AC),
and (C) decrease in chilling requirement for
attaining full growth competence (ACU). In (A),
two extreme cases with respect to forcing tempera-
ture T are shown: T = T4 (maximum increase in
growth competence caused by forcing temperature,
AC = ACpuy, ACU = ACUp,y), and T < T; (no
increase in growth competence, AC = 0, ACU = 0 CU).

perature of 12°C (Fig. 18b), and 3) a DBB-
curve relatively insensitive to the duration of
chilling at forcing temperatures of 17°C and
22°C (Fig. 18b). With the second set of
parameter values results similar to those ob-
tained in most previous studies were obtained
with the synthesis model (Lamb 1948, Krie-
bel and Wang 1962, Nienstaedt 1966, 1967,
Hoffmann and Lyr 1967, Worrall and Mer-
gen 1967, Farmer 1968, Landsberg 1974,
Campbell and Sugano 1975, 1979, van den
Driessche 1975, Nelson and Lavender 1979,
Gilreath and Buchanan 1981, Hinesley 1982,
Cannell and Smith 1983, Garber 1983, So-
rensen 1983, Ritchie 1984, Cannell et al.
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Fig. 18. Predictions of a synthesis model of bud
dormancy release in trees of (A) the dormancy
release ratio DRR, and (B) the mean days to bud
burst DBB; as a function of the duration of
previous chilling period and the forcing
temperature. The arabic numerals indicate the
forcing temperature, a single line in (A) indicates
results common for all three forcing temperatures.
Parameter values used in the simulations: Ty = 10 °C,
Ty = 15 °C, Cpip = 0.4, ACppgy = 0.5, ACUuy =
0.2 * CUgit, and CUpgpg = 0.5 + CU,y, (see Chap. 33
for details of the experiment).

1985a, Carlson 1985, Burr et al. 1989, Mur-
ray et al. 1989): 1) a DRR-curve increasing
steeply to unity with short durations of
chilling (Fig. 19a), and 2) a DBB-curve de-
clining steeply exponentially, regardless of
the forcing temperature (Fig. 19b).
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Fig. 19. As Fig. 18, but with parameter values T3 =
10 °C, T4 = 20 °C, Cpjn = 0.1, ACpax = 0, ACUpax
=0 CU, and CU,ps = 0.2 * CU¢;.

53. Synthesis model as a framework for
experimental studies

The wide variety of models proposed in the
literature for the temperature regulation of
bud dormancy release in trees presumably
reflects genetic variation in trees. In the case
of the synthesis model developed in the
present study, this variation is taken into
account by adjusting the parameter values of
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the model. In this way, two of the original
model types emerge as special cases of the
synthesis model. The synthesis model reduces
to model type II, if 1) the absolute chilling
requirement is removed by setting CU,ps = 0
CU; and 2) the effect of the forcing tem-
perature on growth competence is removed
by setting ACpax = 0 and ACU,x =0 CU
(Figs. 3b, 17a). On the other hand, the
synthesis model reduces to model type I if
the gradual effect of chilling on growth com-
petence is removed by setting CUg,s =
CUgy- By this means, the effect of the
forcing temperature on growth competence is
implicitly removed (Figs. 3a, 17a).

Within the framework of the synthesis
model the model types I and II can be in-
terpreted as extremes on a continuum of
concepts of strict vs. gradual end point of
rest period (Figs. 3a,b, 17a). In addition to
covering this continuum, the synthesis model
further introduces the interaction of the
previous chilling and the prevailing forcing
temperature, to determine the growth com-
petence of the buds. The extent of this in-
teraction forms another continuum in the
synthesis model: the interaction may be ab-
sent (Fig. 19) or present to varying degrees
(e.g. Fig. 18).

The parameters of the synthesis model
represent aspects of bud dormancy release
that should be addressed in experimental
work separately with each tree species and
provenance: 1) Does an absolute chilling
requirement of growth competence exist
(CU,ps > 0 CU)? 2) If so, then is the chilling
requirement of the rest completion identical
to the absolute chilling requirement of the
growth competence (CU.j = CUgps), O
does further chilling after attaining CUgpg
gradually increase the growth competence of
buds (CU,g; > CUgps)? 3) Does the forcing
temperature affect the growth competence of
buds (A Cpax > 0, ACUpx > 0 CU)? 4) If it
does, then in what temperature range does
the growth competence increase with an
increasing forcing temperature (T3, Tg)? In
this way, the synthesis model provides a
framework for experimental studies of the
temperature regulation of bud dormancy
release in trees from cool and temperate
regions.
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6. General discussion and outlines for further model development

61. Conceptual and methodological remarks
Arbitrary developmental units

In the models considered in the present
study, bud dormancy release is simulated by
accumulating two kinds of developmental
units, i.e. chilling units for rest break and
forcing units for ontogenetic development.
The developmental units are arbitrary, since
it is not practically possible to measure the
processes of rest break and ontogenetic de-
velopment in direct quantitative terms. As an
example, the temperature response curve of
the potential rate of forcing was partially
based on observations of the rate of meiosis
in forest trees (Sarvas 1972). The time re-
quired to progress from one meiotic phase to
the next decreased with increasing tempera-
ture, hence yielding the rising curve for the
rate of development (Fig. 1c). The resulting
curve is necessarily in arbitrary units, since it
is not practically possible to express the
various developmental states during meiosis
in a quantitative way, e.g. to express the
amount of development at metaphase I in a
microspore mother cell (Sarvas 1972, 1974).
Despite the use of arbitrary developmental
units, the models of dormancy release can be
tested, since they imply predictions that are
amenable for testing in terms of time (e.g.
Chap. 33).

Levels of biological organization

When the modelling approach to bud dor-
mancy release is applied at the whole-tree
level, as in the present study, the exact
essence of the phenomena that are described
with the accumulation of the chilling and
forcing units remains unknown. The models
can be tested only in the case of the outcome
of dormancy release, i.e. bud burst (Fig. 7).
The modelling of dormancy release would be
facilitated considerably if physiological and
morphological observations at lower biologi-
cal levels, i.e. at the levels of organs, cells,
cellular organs and molecules, could be used
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(Landsberg 1974, 1977). In this case, the
models could be tested for the whole process
of dormancy release. This approach, how-
ever, seems problematic in the case of rest
break, because the rest-breaking role of
the abundant biochemical changes observed
during the rest period remains unknown
(Smith and Kefford 1964, Perry 1971, Wa-
reing and Phillips 1978, p. 269—275, Hano-
ver 1980, Dennis 1987, Powell 1987). In the
case of ontogenetic development, micro-
scopic observations of buds prior to bud
burst would be readily utilized in modelling
work as indicators of the state of develop-
ment (Sarvas 1972, 1974).

Observations at the whole-tree level can be
used in planning experiments at lower bio-
logical levels. For example, Hinninen and
Pelkonen (1989) found that intermittent
periods of high temperature at a late phase of
a rest-breaking chilling period nullified most
of the effects of previous chilling in seedlings
of Scots pine and Norway spruce, whereas
early intermittent periods had no such effect.
Useful cues for clarification of the biochemi-
cal regulation of rest break could be attained
by repeating the experiment with biochemical
observations. The biochemical changes that
take place during the late interruptions, but
not during the early interruptions, are ob-
viously related to the rest break in some way.

Efficiency of models of annual rhythm

Hiakkinen and Hari (1988) introduced the
concept of efficiency for analysing the
models of the annual rhythm of trees. If a
tree functions according to an efficient
model, then it maximizes utilization of the
growing season, given that no heavy frost
damages occur (see Lockhart 1983). Hikki-
nen and Hari (1988) compared the effi-
ciencies of various models of the timing of
bud burst, with the aid of computer simu-
lations using long term climatic data as in-
put. Hanninen et al. (1990) applied a similar
approach in examining timing models of
growth cessation. This kind of theoretical
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approach is useful, since it aids in estab-
lishing priorities for the experimental testing
of the regulation models: it may be assumed
that the probability of any given regulation
model to be realized in tree populations
increases with the increasing efficiency of the
model.

Limitation of the experimental approach

The controlled experimental conditions that
were applied in the present study differ dras-
tically from the natural growing environment
of the trees. This may have generated arte-
facts in the experimental results. Thus in the
further testing of the models, the present
approach has to be accompanied by another
approach with observations under natural
conditions (Sarvas 1972, 1974). Model pre-
dictions are also readily generated for the
natural conditions by means of computer
simulations (Fig. 5).

62. Study problems
621. Onset of rest period

It was assumed in the simulations of the
present study that the rest period has a strict
starting point, where the full rest breaking
effect of chilling is attained abruptly. Fur-
thermore, the starting point was deliberately
set each year at September 1 (Chap. 32). The
concept of a strict starting point has also
been applied in many previous simulation
studies of bud dormancy release. Arbitrary
starting points that have been used include
the day of the first autumn frost (Landsberg
1974), the day with the greatest negative
accumulation of chilling units (Richardson
et al. 1974), and November 1 (Cannell and
Smith 1983).

A more physiological criteria for the strict
starting point of the rest period has been
used in two cases. Walser et al. (1981), when
simulating the rest break in buds of Prunus
persica initiated the accumulation of chilling
units on the day of one/half defoliation of
trees. This method improved the accuracy of
the model in predicting the timing of rest
completion, as compared with using the day
of greatest negative value of accumulated
chilling units (Richardson et al. 1974) as the
starting point. In the °GS model (Fuchigami
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et al. 1982, Kobayashi et al. 1982) the ac-
cumulation of chilling units is initiated at
a developmental state called “’vegetative ma-
turity”. Trees have attained vegetative ma-
turity if leaf removal no longer stimulates
dormant buds to resume growth. This
method facilitated the prediction of the
timing of bud burst in Cornus sericea L.
(Kobayashi and Fuchigami 1983b).

It may be hypothesized that, contrary to
the prevailing concept of a strict starting
point of the rest period, the rest-breaking ef-
fect of chilling is attained gradually. Experi-
mental results where the chilling requirement
has varied according to the environmental
conditions prevailing before chilling (Nien-
staedt 1966, Nelson and Lavender 1979, La-
vender and Stafford 1985) support this alter-
native concept of the gradual start of the rest
period. The gradual onset of the rest period
could be simulated by calculating the grad-
ually increasing value of a “chilling compet-
ence function”, according to environmental
conditions prevailing during the rest period.

622. Further effects of air temperature

Temperature responses of the rate of
development

In the present study, information on Finnish
forest tree species was utilized when for-
mulating the temperature responses of the
rate of chilling for the rest break and the
potential rate of forcing for the ontogenetic
development. The original data consisted of
the rate of rest break in seedlings and seeds
of Betula pubescens Ehrh. (Fig. la, Sarvas
1974), and of the rate of meiosis and the rate
of opening of male catkins in several forest
tree species (Fig. 1¢c, Sarvas 1972).

The temperature response curves for the
rate of development vary among different
species, and possibly among provenances of
a given species. In the case of Prunus persica,
the maximum rate of rest break has been
obtained at +8°C (Gilreath and Buchanan
1981, Erez and Couvillon 1987), i.e. at a
temperature 4.5°C higher than what was
found by Sarvas (1974) for Finnish Betula
pubescens (Fig. 1a). The results of the present
study suggest that 1) the upper limit for the
rest-breaking temperature range is for Finn-
ish species near 12°C rather than near 10°C,
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as suggested by Sarvas (1974) (Fig. 1a); and
that this temperature limit is slightly higher
for Norway spruce (Fig. 12) than for Scots
pine (Fig. 11). Evidently, more information is
needed to facilitate modelling even with
Finnish species, in the case of possible gen-
etic variation in the temperature response of
the rate of the rest break.

In calculations with models of bud dor-
mancy release, the continuous effect of tem-
perature on the rate of development is ap-
proximated numerically by using the mean
temperature for a given time step as argu-
ment in the response functions (Fig. 1). In
the present study a time step of one day was
used. Using this method erroneous results are
obtained, since with non-linear response
functions the response obtained using the
mean value of temperature is not equal to the
response obtained using momentary values
of temperature (see Smolander 1984). As an
unnatural but striking example, if the hourly
mean temperatures during a given day were
—5°C for twelve hours, and +11°C for the
other twelve hours, then no chilling units
would be accumulated for that day on an
hourly basis. On the basis of the daily mean
temperature (+3°C), however, an almost
maximum accumulation of chilling units
would take place (Fig. l1a). This error in
numerical approximation can be reduced by
using temperature records for so short a time
step that the variation in temperature during
the time step is negligible.

In addition to its importance in generating
error in numerical approximation, a fluctu-
ation of air temperature may be important
for its effects per se on the processes of
dormancy release.

Fluctuating temperatures have been found
to be more efficient in the rest break than
constant temperatures (Erez et al. 1979a,
Couvillon and Erez 1985, Erez and Couvillon
1987). Some of the results of the present
study supported this concept (Fig. 15a). On
the basis of these data it is obvious that
several biochemical reactions with different
temperature optima are involved in the rest
break. In this case, any temperature response
curve of the rate of the rest break obtained at
constant temperatures (e.g. Fig. 1a) may give
erroneous results when applied at fluctuating
temperatures. In Fishman et al.’s (1987 a)
model, the effects of fluctuating temperatures
on the rest break are taken into account.
Using this model, Fishman et al. (1987 b)
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were able to simulate complicated patterns of
rest break in Prunus persica under various
regimes of fluctuating temperatures, observed
previously by Erez et al. (1979a,b), Cou-
villon and Erez (1985), and Erez and Cou-
villon (1987).

Campbell and Sugano (1975) and van den
Driessche (1975) found that a greater accu-
mulation of forcing units is required for bud
burst in one-year-old seedlings of Pseudot-
suga menziesii at constant rather than at
fluctuating temperatures. Accordingly, it was
found in the present study that the accumula-
tion of forcing units required for bud burst in
the greenhouse at relative constant tempera-
tures is much higher than the accumulation
of forcing units required under natural con-
ditions (Chap. 423). Obviously, the effect of
fluctuating temperatures also has to be taken
into account in further development of the
forcing unit model.

It was assumed in the present study that
the temperature responses of the rate of
chilling (rest break, Figs. 1a,b) and the po-
tential rate of forcing (ontogenetic devel-
opment, Fig. 1c) are static, i.e. they remain
constant during the development. In the °GS
model, the temperature responses of the rate
of development are assumed to be dynamic,
i.e. they change continuously during develop-
ment (Fuchigami et al. 1982, Kobayashi et al.
1982, Kobayashi and Fuchigami 1983a,b;
see Winter 1973, Pelkonen and Hari 1980,
Cannell et al. 1985b, Repo et al. 1990). Ac-
cording to Hanninen and Pelkonen (1988a),
the temperature response of the rate of the
rest break in Scots pine and Norway spruce
seedlings changes at least slightly during the
rest period. Further experiments are needed
to reveal the extent of these changes.

Cumulative effects of air temperature

It was generally assumed in the present study
that the effects of air temperature on the rest
break and on ontogenetic development are
strictly cumulative. As an exception, a ne-
gation of the rest-breaking effect of chilling
by high temperatures was assumed in model
type Iy (Fig. 1b). However, model type Iy
was not tested separately, since its implica-
tions for the timing of bud burst under
natural conditions did not deviate noticeably
from the implications of model type 1, (Fig.
6). This was because daily mean tempera-
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tures above 10°C are quite rare under Cen-
tral Finnish conditions after the beginning of
September.

High temperatures have been shown under
experimental conditions to negate the rest-
breaking effects of previous chilling in Prunus
persica (Overcash and Campbell 1955, Erez
and Lavee 1971, Erez et al. 1979a,b, Cou-
villon and Erez 1985). Furthermore, in south-
ern areas with warm winters prolonged dor-
mancy during spring has constituted a seri-
ous problem for the cultivation of fruit trees
and cultivars with a high chilling requirement
(Chandler et al. 1937). This phenomenon has
been attributed partly to chilling negation by
high temperatures, although another expla-
nation has been a lack of chilling under such
conditions (Weinberger 1954). Hanninen and
Pelkonen (1989) found a chilling negation
effect caused by high temperatures in seed-
lings of Scots pine and Norway spruce. How-
ever, one to three intermittent warm periods
of one week with exposure to an unnaturally
high temperature of 17°C were applied in the
study in question. Thus, on the basis of the
findings of Hanninen and Pelkonen (1989),
no conclusions regarding the existence of
chilling negation under natural Finnish con-
ditions can be drawn.

In all of the models considered in the
present study, forcing units are also accumu-
lated during autumn and winter. Hence, the
temperature conditions of a relatively long
interval affect the timing of bud burst (Fig.
5). It is, however, possible that the clima-
tological accumulation of forcing units in
autumn or winter is not physiologically effec-
tive, or is less effective than the accumulation
of forcing units later, in the spring. Low
wintertime temperatures, for instance, can
counteract the effect of previous high tem-
peratures. This would not be the case if all of
the developmental events that are simulated
by the accumulation of forcing units were
irreversible morphological changes. How-
ever, presumably reversible biochemical reac-
tions are also involved, hence making the
counteractive effect of low temperatures poss-
ible. This suggestion finds support in studies
where it has been possible to predict the
timing of bud burst (Valentine 1983, Hakki-
nen 1990) or flowering (Boyer 1973) under
natural conditions by initiating the accumu-
lation of forcing units on a fixed day during
spring, without considering the timing of rest
completion.
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Effects of chilling on growth vigour

In the present study, relatively low criteria
for the occurrence of bud burst were applied
(Chap. 414). This was due to the low irra-
diance levels that were applied in the forcing
conditions. In many cases even seedlings
chilled for several months in natural con-
ditions grew only a few millimeters in the
forcing conditions. However, a chilling treat-
ment that is just effective enough to cause
bud burst in the sense of the present study
may still be too inefficient to cause vigorous
growth (Hoffmann and Lyr 1967, Garber
1983, Boyer and South 1989). Thus, it is im-
portant also to examine the effect of chilling
on the amount of subsequent growth. For
this case, forcing conditions similar to the
natural growing conditions of the seedlings
should be used in the experiments.

623. Effects of other environmental factors
Night length

Night length is, for most tree species from
the cool and temperate regions, a key factor
affecting the induction of bud dormancy, the
abscission of leaves, and the cessation of
cambial activity, i.e. developmental phenom-
ena that are related to completion of the
active growth period and the beginning of
the dormant period (Wareing 1956, cf. Nitsch
1957, Koski and Selkdinaho 1982, Koski and
Sievinen 1985). In dormancy release night
length generally appears to play a more
minor role. Short nights have been shown,
however, to substitute at least partially for a
lack of chilling in the rest break in Scots pine
(Jensen and Gatherum 1965, Hoffmann and
Lyr 1967), in Norway spruce (Nienstaedt
1967, Worrall and Mergen 1967), and in
several other tree species (Nienstaedt 1966,
Farmer 1968, Hinesley 1982, Garber 1983).
Other effects of night length on the rest
break, besides the substitution of a lack of
chilling, have been reported in a few cases.
Wareing (1953) found that seedlings of Fagus
sylvatica L. possess an absolute short night
requirement for rest break. Campbell and
Sugano (1975) found that a decrease in the
night length increased the rate of ontogenetic
development in the case of one-year-old seed-
lings of Pseudotsuga menziesii also after long
periods of chilling. Nizinski and Saugier
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(1988) found that the accumulation of forcing
units required for bud burst in naturally
growing mature Quercus petraea (Matt.)
Liebl. in France declined with a decrease in
night length (see Koski and Selkdinaho 1982,
Koski and Sievidnen 1985). In this case it is
unclear whether the effect of night length was
a substitution for insufficient chilling, or
whether night length had some other pro-
moting effect on ontogenetic development.

On the basis of the information available
it is evident that the effect of night length has
to be taken into account in further model
development of bud dormancy release in
trees.

Soil temperature

The effect of soil temperature on the bud
dormancy release of trees has attracted rela-
tively little attention. In field experiments in
Central Finnish and Northern Finnish con-
ditions, Huikari and Paarlahti (1967) found
no difference in the timing of bud burst in
mature Scots pine between sample plots with
artificially cooled soil and control plots with
warmer soil.

Lavender et al. (1973) and Sorensen and
Campbell (1978) found that under experi-
mental conditions with seedlings of Pseudot-
suga menziesii, the initiation of ontogenetic
development towards bud burst was regu-
lated by soil temperature. Despite this,
Sorensen and Campbell (1978) concluded
that under natural conditions in the north-
western United States soil temperature plays
a minor role in determining the timing of
bud burst, because 1) the rate of ontogenetic
development rather than the time of its
initiation was revealed to be decisive; and 2)
soil temperature had a minor effect on the
rate of development. In Emmingham’s (1977)
study, however, soil temperature was found
to affect the timing of bud burst in thirteen-
year old saplings of Pseudotsuga menziesii in
the north-western United States.

Harding et al. (1976) found that to include
the soil temperature for March in a multiple
regression model improved the accuracy of
the model when predicting the timing of
flowering of Malus pumila Mill. in England.
They concluded, however, that the high accu-
racy obtained did not establish any cause-
and-effect relationship. Hammond and Seeley
(1978) found that frozen soil causes a delay
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in the anthesis of Malus domestica Borkh.,
Prunus persica, and Prunus avium (L.) L.
Otherwise soil temperature did not affect the
timing of anthesis.

On the basis of the limited information
available, the effect of soil temperature on
the bud dormancy release of trees cannot be
ruled out in further model development.

624. Differences related to age of tree and
position of bud

Models of bud dormancy release in trees
were tested in the present study in the case of
terminal buds of two-year-old seedlings of
Scots pine and Norway spruce. For two
reasons the results should be interpreted with
care. First, the environmental responses of
dormancy release change as trees get older.
Ununger et al. (1988), for instance, found
that the timing of bud burst in Norway
spruce was delayed with the increasing age of
the seedlings. Secondly, there exists some
variation in the timing of bud burst among
different parts of the crown. It has been
found, for instance, that lateral buds burst
earlier than terminal buds in Pseudotsuga
menziesii (van den Driessche 1975) and in
Tsuga heterophylla (Nelson and Lavender
1979). Ideally, models of dormancy release
should be tested separately for each part of
the crown at different ages of the trees.

625. Application of models of bud dormancy
release

Accurate models of bud dormancy release
could be applied in many fields of practical
forestry and horticulture (Cannell 1985).
These fields involve e.g. the planning of
provenance transfers (Campbell 1974, Can-
nell and Smith 1984), and the assessment of
effects of predicted climatic warming on the
survival and growth of trees (Cannell and
Smith 1986, Kelloméki et al. 1988, Murray et
al. 1989, Hanninen 1990b). In applying the
models, calculations similar to those in
Chap. 32 are carried out. Long-term climatic
data representing the growing site are
required as input for the model. The model
and its parameter values represent the tree
genotype. As a result of the simulations, the
predicted day of bud burst is obtained for
each year. The adaptness of the genotype
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to the growing conditions is studied by ex-
amining distributions of the annual values of
1) post-dormant minimum temperature (risk
of frost damage), and 2) post-dormant accu-
mulation of forcing units (utilization of the
growing season) (see Hiakkinen and Hari
1988, Hénninen et al. 1990).

When applying models of dormancy re-
lease it is implicitly assumed that the trees
are frost hardy before bud burst, and sus-
ceptible to frost after bud burst. It is, how-
ever, well-known that the frost hardiness
of trees also varies within the period of
dormancy and to a lesser extent within the
period of active growth (Cannell and Shep-
pard 1982, Repo and Pelkonen 1986, Rikala
and Repo 1987). Thus, for practical applica-
tions it is ultimately important to model the
time course of the frost hardiness of trees
and not only the bud dormancy release.
Nevertheless, the temperature dependence of
frost hardiness has been shown to vary
according to the phase of the dormancy of
the buds (Proebsting 1963, 1970, Mac Irving
and Lanphear 1967, Litzow and Pellett 1980,
Kobayashi et al. 1983, Valkonen 1988), and
at the time of bud burst a large part of the
tree’s potential to frosthardening is lost
(Weiser 1970, Fuchigami et al. 1982). Thus,
for the modelling of frost hardiness of trees it
is also necessary to have sub-models for bud
dormancy release (Winter 1973, Fuchigami et
al. 1982, Kobayashi et al. 1982, 1983, Ko-
bayashi and Fuchigami 1983a.b).

63. Concluding remarks

In the present study a modelling approach
was applied to the bud dormancy release of
trees from the cool and temperate regions.
This approach is characterized by 1) empha-
sis on conceptual work, 2) formal hypotheses,
and 3) the alternation of experimental and
simulation studies.

Conceptual work is especially required in
modelling dormancy release, since models of
dormancy release involve several concepts

Acta Forestalia Fennica 213

that are not generally established in the natu-
ral sciences. For instance, the concepts of
chilling unit, forcing unit, and competence
function have to be strictly defined (Chap.
22), and their relationship to experimental
studies has to be demonstrated (Chap. 33).
Only in this way is the use of these concepts
and models warranted.

Formal hypotheses are essential in any
effort to obtain a quantitative understanding
of bud dormancy release in trees. With the
aid of exact mathematical equations it is
possible, for instance, to study how the rate
of the rest break depends on the prevailing
temperature. In this way one can aim at
developing accurate models for the predic-
tion of the timing of bud burst. This is not
possible if the rest break is approached only
with informal conceptual hypotheses.

The alternation of experimental and simula-
tion studies facilitates the research in several
ways. Simulations produce model predictions
for various experimental designs (Chap. 33).
The models are developed further by com-
paring the predictions of the models with
experimental results (Chaps. 4—6). Simula-
tions also facilitate experimental work by
revealing the priorities for testing any al-
ternative hypotheses. In the present study
priorities for testing the models of bud
dormancy release were elucidated with the
aid of simulations (Chap. 32). In conclusion,
simulations facilitate the planning of infor-
mative experiments.

Research into bud dormancy in trees is
currently challenged by several problems in
practical forestry and horticulture. Among
these challenges, the effects of the predicted
climatic warming on the survival and growth
of trees now appears the most important. At
present few strict answers can be given to the
practical problems, since much research on
the environmental and genetic regulation of
the bud dormancy release of trees remains
to be done. Nevertheless, the quantitative
modelling approach to bud dormancy release
provides a promising tool for answering the
challenges of the future.
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