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A Framework for Modelling the Annual 
Cycle of Trees in Boreal and Temperate 
Regions
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Hänninen, H. & Kramer, K. 2007. A framework for modelling the annual cycle of trees in boreal 
and temperate regions. Silva Fennica 41(1): 167–205.

Models of the annual development cycle of trees in boreal and temperate regions were 
reviewed and classified on the basis of their ecophysiological assumptions. In our classifica-
tion we discern two main categories of tree development: 1) fixed sequence development, 
which refers to irreversible ontogenetic development leading to visible phenological events 
such as bud burst or flowering, and 2) fluctuating development, which refers to reversible 
physiological phenomena such as the dynamics of frost hardiness during winter. As many 
of the physiological phenomena are partially reversible, we also describe integrated models, 
which include aspects of both fixed-sequence and fluctuating development. In our classifica-
tion we further discern simple E-models, where the environmental response stays constant, 
and more comprehensive ES-models, where the environmental response changes according 
to the state of development. On the basis of this model classification, we have developed an 
operational modelling framework, in which we define an explicit state variable and a cor-
responding rate variable for each attribute of the annual cycle considered. We introduce a 
unifying notation, which we also use when presenting a selection of previously published 
models. To illustrate the various developmental phenomena and their modelling, we have 
carried out model simulations. Finally, we discuss the ecophysiological interpretation of the 
model variables, methodological aspects of the empirical development and testing of the 
models, the introduction of new aspects to the modelling, other closely related models, and 
applications of the models.
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1 Introduction
The climate of boreal and temperate regions is 
characterised by large seasonal changes in air 
temperature. In order to adapt to these condi-
tions, trees must both survive during the cold 
season (survival adaptation) and use the growth 
resources of the site during the warm season 
(capacity adaptation) (Levitt 1969, Heide 1985, 
Leinonen and Hänninen 2002). The survival and 
capacity adaptation of trees in boreal and temper-
ate regions is manifested in their annual cycle of 
development (Weiser 1970, Perry 1971, Sarvas 
1972,1974, Fuchigami et al. 1982). The cyclic 
alternation between the frost-tolerant dormant 
phase and the susceptible active growth phase 
of trees is synchronised with the annual course 
of air temperature at their natural growing sites. 
It is a prerequisite for the survival and growth 
of the trees that this synchronisation is realised 
each year, including the years with the most 
exceptional temperature conditions (Koski and 
Sievänen 1985).

The annual cycle of trees is of crucial impor-
tance in practical forestry and horticulture, where 
man controls both the genetic properties of trees 
(breeding and use of exotic species and prove-
nances; Campbell 1974, Cannel et al. 1985, Koski 
and Sievänen 1985) and the environmental condi-
tions (nursery and greenhouse practices; Gross-
nickle et al. 1991, Luoranen 2000). The practical 
importance of the annual cycle is being further 
emphasised by the predicted climate change, as 
climatic changes may have important implications 
to both the survival and the capacity adaptation of 
trees (Cannell 1985, Kramer 1995a,b, Kramer et 
al. 1996, Hänninen et al. 2001, Saxe et al. 2001, 
Hänninen 2006).

The genetic and environmental regulation of 
the annual development of trees is still only par-
tially understood. The annual cycle has been 
approached with different methods, and various 
theories describing tree development have been 
formulated. The theories have also given rise to 
various mathematical models of the annual cycle 
(for reviews, see Cannell 1989,1990, Hänninen 
1990a, Hunter and Lechowicz 1992, Repo 1993, 
Kramer 1996, Leinonen 1997, Häkkinen 1999a, 
Chuine 2000, Linkosalo 2000a). Although the 
modelling approach dates back to the early work 

of Réaumur (1735), the models were not widely 
used until computers became available. During 
the last two decades, the models have been used 
increasingly for assessing the ecological implica-
tions of the climate change (see Hänninen et al. 
2001 and Saxe et al. 2001 for reviews). Recently, 
the modelling approach has also been applied to 
dwarf shrubs in the arctic tundra (Pop et al. 2000, 
Van Wijk et al. 2003).

In this study, the models for the annual cycle of 
trees in boreal and temperate regions are classified 
according to their ecophysiological assumptions, 
i.e. models addressing similar type of phenom-
ena in the annual cycle are assigned to the same 
class. The classification is based on a literature 
review, but no attempt will be made to provide a 
complete reference list of all published models. 
On the basis of the classification, an operational 
framework for the modelling studies is developed 
and put to use in a presentation of a selection of 
previously published models. The various devel-
opmental phenomena and their modelling are 
illustrated by model simulations. We approach 
the annual cycle at the whole-tree level, but the 
introduction of more mechanistic aspects into the 
models will also be discussed. Due to the large 
number of species and phenomena addressed, we 
do not aim at an extensive testing of the models 
presented. Thus, rather than providing a selection 
of validated models to be used in studies address-
ing the effects of climatic change, for instance, 
our ultimate goal is to facilitate the development 
of such models for any tree species growing in 
the boreal and temperate zones.

2 Conceptual Classification 
of the Models of the Annual 
Cycle

2.1 Basic Concepts

In the present study, the concept of the annual 
cycle of trees is defined as all those develop-
mental events normally recurring in trees once 
a year. The concept ‘developmental’ is used in a 
broad sense here, i.e. in addition to the ontogen-
esis addressed in the classical definition of plant 
developmental biology (Taiz and Zeiger 1998), 
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seasonal physiological changes are also included. 
Thus the annual cycle involves not only the occur-
rence of the distinct morphological events of the 
annual ontogenesis such as bud burst (Cannell 
and Smith 1983), flowering (Sarvas 1972,1974, 
Luomajoki 1986), height growth cessation and 
bud set (Koski and Sievänen 1985), but also 
the annual courses of physiological character-
istics such as the photosynthetic capacity of the 
needles of conifers (Pisek and Winkler 1958, 
Pelkonen 1980, 1981a,b, Linder and Lohammar 
1981, Korpilahti 1988, Mäkelä et al. 2004) and 
the frost hardiness of various tree tissues (Repo 
1992, Leinonen 1996a, Greer et al. 2001).

In the modelling approach, the momentary 
value of the variable state of development, S(t), 
quantitatively represents a specified attribute of 
the annual cycle, e.g. the phase of dormancy or 
the level of frost hardiness, prevailing at instant 
t. The corresponding variable rate of develop-
ment, R(t), is the first time derivative of the state 
of development, describing the rate of change in 
the state of development (Hari et al. 1970, Hari 
1972). By definition, the state of development is 
obtained by integrating the rate of development 
over time, starting from a specified zero point 
(Sarvas 1972, Luomajoki 1993), i.e. from instant 
t0, where the state of development is defined as 
equal to zero (S(t0) = 0): 

S t R t dt
t

t

( ) ( ) ( )= ∫
0

1

In many models, the environmental response of 
the rate of development is assumed to stay con-
stant over time. These models can generally be 
formulated as

R t f E t( ) ( ( )) ( )= 2

where f denotes a function describing the depend-
ence of the rate of development on one or more 
environmental factors, E(t). These models will 
be referred to as E-models. The well-known tem-
perature sum (day degree) model (Arnold 1959, 
Wang 1960) belongs to this category. In this case, 
the time series of environmental factors, E(t), is 
represented by the time series of air temperature, 
T(t), and the rate of development at instant t, R(t), 
is zero at temperatures below the given threshold 

temperature and increases linearly with tempera-
tures above the threshold.

In more comprehensive models the change in 
the environmental response of the rate of devel-
opment is addressed, i.e. the rate of development 
depends on both environmental factors and the 
prevailing state of development. Such models 
will be referred to as ES-models in the following. 
The variable state of development, S(t), may itself 
involve several attributes and can be described 
thus:

S t S t ii( ) ( ), , , ... ( )= =1 2 3 3

In the simplest of the ES-models, attribute i of 
the state of development affects its own rate of 
development (feedback):

R t f E t S ti i i( ) ( ( ), ( )) ( )= 4

It is also possible, however, that the rate of devel-
opment of the given attribute i of the annual cycle 
is affected by another attribute j:

R t f E t S ti i j( ) ( ( ), ( )) ( )= 5

The response function f (Eqs. 2, 4, and 5) and 
the values of the model parameters involved in 
it represent the genetic features of the tree. The 
prevailing climatic conditions at the growing site 
are represented by the time-series of the environ-
mental factor(s), E(t). Consequently, f and E(t) 
together determine the rate of development at all 
instants t (i.e. the time course of Ri(t)) and thereby, 
as a mathematical necessity (Eq. 1), also the time 
course of the state of development, Si(t).

According to the approach outlined in Eqs. 4 
and 5, the environmental regulation of tree devel-
opment can be divided into 1) direct short-term 
regulation by prevailing environmental condi-
tions, and 2) indirect long-term regulation by 
previous environmental conditions, taking place 
via the regulation of the prevailing state of devel-
opment (Hari et al. 1970, Hari 1972). The con-
cept of potential rate of development (Hänninen 
1990a, 1995) is introduced to describe the direct 
short-term regulation and the concept of response 
competence to describe the indirect long-term 
regulation (Landsberg 1977, Hänninen 1990a). 
Using these concepts, a multiplicative model can 
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be presented for the rate of development (Hari et 
al. 1970, Hari 1972, Hänninen 1990a):

R t C t R ti i i( ) ( ) ( ) ( ),= ⋅ pot 6

where Ri(t) is the momentary rate of development 
of aspect i of the annual cycle, Ri,pot(t) is the cor-
responding potential rate, and Ci(t) is the response 
competence of attribute i. The value of Ci(t) 
ranges from zero (no response competence, with 
the rate of development at zero in any environ-
mental conditions) to unity (maximum response 
competence, with the rate of development equal to 
the potential rate). Considering that the potential 
rate is determined by the prevailing environmental 
conditions, E(t), and the response competence by 
the prevailing state of development of aspect j of 
the annual cycle, Sj(t), Eq. 6 is transformed into

R t C S t R E ti i j i( ) ( ( )) ( ( )) ( ),= ⋅ pot 7

Attribute i of the annual cycle can be identical 
to attribute j, i.e. i = j as in Eq. 4. In that case, 
the attribute is assumed to affect its own rate of 
development (feedback). In other cases, however, 
it is assumed that the rate of development of one 
attribute is regulated by the state of development 
of some other attribute, i.e. i ≠ j as in Eq. 5.

The essential aims in studies of the annual 
cycle of trees are 1) to define the physiological 
and morphological attributes i = 1, 2, 3… whose 
annual courses are described by the variable state 
of development, Si(t), and 2) to determine, for 
each attribute i of the genotype under considera-
tion, the corresponding functions fi (Eqs. 4 and 5) 
describing the environmental response of the rate 
of development of each attribute.

2.2 Fixed-Sequence Development

The developmental phenomena belonging to the 
annual ontogenesis follow a pattern of a geneti-
cally fixed sequence of developmental events. For 
instance, the annual cycle of the flower buds of 
trees is marked by a sequence of meiotic phases 
leading to flowering (Sarvas 1972,1974, Luoma-
joki 1986). In such cases, the following aspects 
of the developmental phenomena are essential for 
modelling the development (see also the contrast-

ing case of fluctuating development below):
(i)  The driving force of development is environmental 

conditions per se, not their fluctuations. Thus, 
even though fluctuations in environmental fac-
tors cause variation in the rate of development, 
no environmental fluctuation is required for the 
tree to proceed from one developmental event 
to the next. A sufficient condition for reaching 
the next developmental event is simply that the 
environmental factors remain at their develop-
ment-facilitating range. In the case of bud burst, 
for instance, the air temperature is required to be 
high enough, but no fluctuation in it is required.

(ii)  The essential role of genetic factors in determining 
the developmental pattern leaves environmental 
factors only the relatively limited role of determin-
ing the rate at which the tree proceeds from one 
developmental event to the next.

(iii)  The development is irreversible, and a given state 
of development can occur only once during the 
annual cycle. This implies that the state of devel-
opment Si(t) can only remain constant or increase 
but not decrease, so that the rate of development 
Ri(t) must always be zero or positive.

Aspects (i)–(iii) imply that the seasonality of 
tree development does not necessarily require 
seasonality in the environmental factors. The tree 
will pass through the whole annual cycle even 
in constant environmental conditions as long as 
the rate of development stays above zero (Sarvas 
1972, 1974).

In most cases of fixed-sequence development, 
no specific short-term environmental signals are 
required. Thus the rate of development changes 
continuously according to the changing environ-
mental factors (Eqs. 2, 4, and 5), and the state of 
development prevailing at any given moment is 
determined by those previous environmental fac-
tors which have prevailed a relatively long time 
(Eq. 1). In some cases, however, a short-term 
environmental trigger is required for the devel-
opment to proceed to the next event (triggered 
development; see Koski and Selkäinaho 1982). 
The effect of night length on the cessation of tree 
growth is a well-known example of such signal 
regulation: the attainment of a genotype-specific 
critical night length is the signal that triggers 
the tree’s development towards growth cessa-
tion (Wareing 1956, Vaartaja 1959, Ekberg et al. 
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1979). Triggered phenomena can be described in 
models of fixed-sequence development by assum-
ing a rate of development equal to zero, irrespec-
tive of the prevailing environmental factors, until 
the triggering signal occurs. After the occurrence 
of the signal, the environmental factors regulate 
the rate of development as a continuous process 
again (Eqs. 4 and 5; see Fuchigami et al. 1982).

2.3 Fluctuating Development

Contrary to the developmental phenomena belong-
ing to the annual ontogenesis, the annual course of 
many physiological characteristics involves fluc-
tuation in the state of development according to 
the fluctuations of environmental factors. To some 
extent, this is the case with the annual course of 
photosynthetic capacity (Pelkonen 1980, Pelko-
nen and Hari 1980, Korpilahti 1988, Suni et al. 
2003, Hari and Mäkelä 2003) and the frost hardi-
ness of various tree tissues (Repo and Pelkonen 
1986, Repo et al. 1990, Repo 1992, Leinonen 
1996a, Beuker et al. 1998). In such cases, the 
following aspects of the developmental phenom-
ena are essential for modelling the development 
(see also the contrasting case of fixed-sequence 
development above):
(i)  The driving force of development is change in the 

environmental conditions, not the environmental 
conditions per se. Thus, in any constant environ-
mental conditions the development of the tree will 
stop sooner or later, i.e. its state of development 
will become constant.

(ii)  For this reason, the role of environmental factors 
is relatively more pronounced than in the case of 
fixed-sequence development. A specific condi-
tion of the environment is matched by a specific 
target state of development, i.e. the stationary state 
of development (Repo et al. 1990, Repo 1993, 
Leinonen et al. 1995, Leinonen 1996a). The state 
of development changes continuously towards 
the stationary state determined by the prevailing 
environmental conditions. If the environmental 
conditions remain constant for a sufficiently long 
period, then the tree will attain the stationary 
state and will remain at this state as long as the 
environment stays constant. However, due to the 
comparatively slow rates of physiological reac-
tions, changes in the state of development are 

usually slower than changes in the environmental 
factors whose fluctuations drive the development. 
Consequently, the models of fluctuating develop-
ment involve one or more time constants, which 
determine the inertia of the response of the state of 
development to the changes in the environmental 
conditions. 

(iii)  The development is reversible because the state of 
development fluctuates according to fluctuations 
in the environmental factors instead of following 
a genetically fixed pattern. This implies that the 
state of development, Si(t), can also decrease, 
so that the rate of development, Ri(t), can also 
be negative. For instance, a tree that has already 
dehardened due to a rise in air temperature may 
reharden when the air temperature drops again 
(Repo 1991, Leinonen et al. 1997).

Aspects (i)–(iii) imply that the seasonality of tree 
development requires seasonality in the environ-
mental factors. This means, for instance, that if 
a tree is kept in a greenhouse under environmen-
tal conditions similar to the warm season, then 
according to the prediction of a fluctuating-devel-
opment model it will stay in the active growth 
state as long as the environmental conditions of 
the warm season prevail.

3 An Operational Modelling 
Framework

3.1 Models of Fixed-Sequence Development

3.1.1 A Conceptual Model of Bud Burst

Modelling the timing of the vegetative bud burst 
(or the flowering of generative buds) is a typical 
case of modelling fixed-sequence development. 
In the present study, a generalized conceptual 
model for the timing of bud burst was devel-
oped (Fig. 1a) on the basis of models by Sarvas 
(1972,1974), Richardson et al. (1974), Landsberg 
(1974), Fuchigami et al. (1982), Cannell and 
Smith (1983), Hänninen (1987,1990a,1995), and 
Kramer (1994a,b). The annual ontogenetic cycle 
is divided into two phases, i.e. active growth and 
dormancy, on the basis of whether there is visible 
growth of the apical meristem taking place or not 
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(Romberger 1963, Hänninen 1990a). (Thus, the 
concept of “dormancy” is used in a general sense 
here; for the more specific concepts “rest” and 
“quiescence”, see below). When only the timing 
of bud burst is modelled, only the dormancy phase 
is considered, i.e. the modelling stops where bud 
burst (i.e. the onset of the active growth period) 
is predicted to occur. The conceptual model of 
bud burst addresses two developmental processes 
which take place during the dormancy phase. 

The first process to be addressed is the progress 
of ontogenetic development during dormancy, i.e. 
the sequence of microscopic structural changes (cell 
division and growth in vegetative buds, meiotic 
phases in generative buds) taking place in the bud 
and leading to visible bud burst (or flowering); this 
process is portrayed by the larger circle in Fig. 1a. 
The process is described in terms of the variable 
state of ontogenetic development, So, whose value 
increases from zero at the beginning of dormancy 
to a critical value at bud burst. Ontogenetic devel-
opment is promoted by high air temperatures, so 
that in practice the value of So is calculated by 
means of a temperature sum of some kind.

The second process to be addressed is the physi-
ological process of rest break. It has been known 
for a long time that after the cessation of growth in 
the autumn, ontogenetic development is arrested 
due to physiological factors inside the bud (Cov-
ille 1920, Perry and Wang 1960, Perry 1971, 
Myking and Heide 1995). This physiological con-
dition is referred to by the concept of rest, and the 
physiological process whereby the growth-arrest-
ing conditions are removed is referred to by the 
concept of rest break (Romberger 1963, Weiser 
1970, Hänninen 1990a, 1995, Kramer 1994a,b). 
The exact physiological mechanism of rest break 
is not known, but from regrowth tests it appears to 
be a cumulative process, thus resembling the proc-
ess of ontogenetic development (Sarvas 1974). At 
the time of rest completion, the growth-arresting 
conditions are fully removed, i.e. the bud attains 
the phase of quiescence (Fuchigami et al. 1982; 
this phase is not explicitly portrayed in Fig. 1a).

The progress of rest break is portrayed by the 
smaller circle in Fig. 1a. This process is described 
in terms of the model variable state of rest, Sr, 
whose value increases from zero at the onset of 
rest to a critical value at rest completion. Rest 
break is promoted by chilling temperatures, so 

that in practice the value of Sr is calculated by 
means of a chilling-unit sum of some kind (Sarvas 
1974, Richardson et al. 1974, Landsberg 1974). 
The state of rest, Sr, affects the rate of ontoge-
netic development, Ro (i.e. the rate of change of 
the state of ontogenetic development, So), via 
ontogenetic competence, Co (Fig. 1a). In this way, 
the conceptual model presented in Fig. 1a is an 
example of the approach outlined in Eq. 7: aspect 
i = ontogenetic development, and aspect j = rest 
break. Hence, the developmental status of the 
bud is described by a two-valued variable, i.e. 
the state of rest, Sr, and the state of ontogenetic 
development, So.

There is experimental evidence for the notion 
that in some cases high air temperatures may 
negate the effects of previous chilling (Erez and 
Lavee 1971, Erez et al. 1979a,b, Hänninen and 
Pelkonen 1989). To account for this, rest break 
can be modelled as a reversible process, i.e. the 
rate of rest break, Rr(t), may attain negative values 
(Richardson et al. 1974; Appendix, Eq. B1c). In 
this case, only ontogenetic development is mod-
elled as fixed-sequence development.

3.1.2 E-Models of Bud Burst

Modelling the timing of various developmental 
events, including bud burst, in terms of simple 
E-models has a long history, dating back to the 
eighteenth century (Réaumur 1735). In E-models, 
several types of temperature responses for the 
rate of ontogenetic development, Ro, (function f 
in Eq. 2) can be used. The response can be either 
linear with a threshold (Arnold 1959), expo-
nential (Hari et al. 1970), or sigmoidal (Sarvas 
1972) (Appendix, Eqs. A1a–A1c). The state of 
ontogenetic development, So, is obtained by inte-
grating the rate of ontogenetic development, Ro, 
from a fixed calendar day, t0, in winter or early 
spring (zero point; Sarvas 1972, Luomajoki 1993) 
until the moment under consideration (see also 
Eq. 1):

S t R t dto o
t

t

( ) ( ) ( )= ∫
0

8

The integral of the original equations for Ro(t) is 
alternatively referred to as day degree sum (Bergh 
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et al. 1998), temperature sum (Sarvas 1967), heat 
sum (Koski and Sievänen 1985), thermal time 
(Cannell and Smith 1983), state of forcing (Hän-
ninen 1990a, Kramer 1994a,b, Chuine 2000), 
or forcing unit sum (Hänninen 1990b), i.e. it 
indicates in all cases the accumulated sum of the 
meteorological developmental units. Bud burst is 
predicted to occur when the accumulated sum of 
the units attains a genotype-specific critical value, 
Hcrit, (high-temperature requirement of bud burst, 
Hänninen 1995). In this case, each genotype has its 
own scale for the development. In order to facili-
tate the comparison of different genotypes and 
to emphasise the ecophysiological interpretation 
of the meteorological units, a relative approach 
is applied in the present study, i.e. the original 
accumulation rate of the meteorological units is 
multiplied by 100 / Hcrit (Hänninen 1995, Hän-
ninen and Hari 1996) (Appendix, Eqs. A1a–A1c). 
In this way the genetic differences in the rate of 
development are explicitly addressed in the calcu-
lation of the rate of ontogenetic development, and 
with all genotypes bud burst is predicted to occur 
when the state of ontogenetic development, So(t), 
attains the critical value of 100. So(t) values < 100 
indicate the percentage of cumulative ontogenetic 
development towards bud burst that has taken 
place up to time instant t.

In simplified E-models, the phenomenon of rest 
is not explicitly addressed, i.e. the model variable 
state of rest, Sr, (Fig. 1a) is not used. Instead, it 
is assumed that the buds have no ontogenetic 
competence before the zero point, t0, and have 
full ontogenetic competence after that.

3.1.3 ES-Models of Bud Burst

From the 1970s on, a variety of ES-models explic-
itly addressing the rest phenomenon have been 
presented for fruit and forest trees (for reviews 
see Cannell 1989,1990, Hänninen 1990a, Kramer 
1996, Chuine 2000, Chuine et al. 2003, Häkkinen 
1999a). These models contain varying assump-
tions of 1) the effect of chilling on the rate of 
rest break, 2) the effect of temperature on the 
potential rate of ontogenetic development, i.e. 
on the assumed rate with no limitations caused 
by rest (Ri,pot(t) in Eqs. 6 and 7), and 3) the effect 
of rest on ontogenetic competence, Co, and hence 

on the rate of ontogenetic development (Fig. 1a). 
Hänninen (1990a, 1995) and Kramer (1994a,b) 
presented the following framework, where dif-
ferent models of the phenology of bud burst or 
flowering can be presented as a synthesis of three 
sub-models, each addressing the corresponding 
ecophysiological phenomenon. 

The effect of chilling on the rate of rest break. It 
has been found in indirect regrowth tests that the 
rate of rest break is at its highest in temperatures 
near +5 °C, as demonstrated for Betula pubescens 
Ehrhart by Sarvas (1974) and for Prunus persica 
(L.) Batch by Erez and Couvillon (1987). Thus, 
several dome-shaped temperature responses for 
the rate of rest break, Rr(t), have been presented 
(Appendix, Eqs. B1a–B1c). The state of rest 
break at a given moment, Sr(t), is obtained by 
integrating the rate of rest break, Rr(t), from the 
time of the onset of rest, trest, up to moment t (see 
also Eq. 1):

S t R t dtr r
t

t

( ) ( ) ( )= ∫
rest

9

By definition, the state of rest break equals zero 
at the moment of the onset of rest (Sr(trest) = 0). 
The integral of the original equations for Rr(t) 
has been referred to as accumulation of chill 
units (Richardson et al. 1974), chill days (Cannell 
and Smith 1983), the state of chilling (Hänninen 
1990a, Kramer 1994a,b, Chuine 2000), or chilling 
unit sum (Hänninen 1990b), i.e. it indicates in all 
cases the accumulated sum of the meteorological 
developmental units. Rest completion is predicted 
to occur when the accumulated sum of the units 
attains a genotype-specific critical value, Ccrit 
(chilling requirement of rest completion; Hän-
ninen 1995). However, as in the case of ontoge-
netic development above, a relative approach 
is applied in the present study, i.e. the original 
accumulation rate of the meteorological units 
is multiplied by 100 / Ccrit (Hänninen and Hari 
1996) (Appendix, Eqs. B1a–B1c). In this way the 
genetic differences in the rate of development are 
explicitly addressed in the calculation of the rate 
of rest break, too, and with all genotypes, rest 
completion is predicted to occur when the state 
of rest break, Sr(t), attains the critical value of 
100. Values of Sr(t) < 100 indicate the percentage 
of cumulative development of rest break that has 
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taken place up to time instant t.
The effect of temperature on the potential rate 

of ontogenetic development. The temperature 
responses of the potential rate of ontogenetic 
development, Ro,pot(t), are identical to the temper-
ature responses used in the E-models, i.e. either 
linear with a threshold (Arnold 1959), exponential 
(Hari et al. 1970), or sigmoidal (Sarvas 1972) 
(Appendix, Eqs. A1a–A1c). Similarly to the E-
models, a relative [0,100] scale is used for the 
state of ontogenetic development for all geno-
types with different values of the high-tempera-
ture requirement of bud burst, Hcrit.

The effect of rest on ontogenetic competence. 
The variable ontogenetic competence, Co(t), is 
introduced to mediate the effects of rest on the 
rate of ontogenetic development (Figs. 1a, 2; 
Hänninen 1990a, 1995, Kramer 1994a,b). Vari-
able Co(t) is dimensionless, ranging from 0 (no 
ontogenetic competence, therefore no ontogenetic 
development towards bud burst in any prevailing 
temperature) to 1 (full ontogenetic competence, 
with ontogenetic development towards bud burst 
at the rate determined by the prevailing tem-
perature). With the values 0 < Co(t) < 1 the bud 
has reduced ontogenetic competence, and thus it 
develops towards bud burst at a lower rate than 
would be expected on the basis of the prevailing 
temperature alone.

Sarvas (1972, 1974) and Richardson et al. 
(1974) assumed that the bud has no ontogenetic 
competence during rest and that full ontogenetic 
competence is attained abruptly at the time of rest 
completion (Fig. 2) (Appendix, Eq. B4a). Thus 
ontogenetic development towards bud burst takes 
place only after the tree has completed its rest 
phase. This model has therefore been referred to 
as the sequential model (Hänninen 1987, Kramer 
1994a,b, Chuine et al. 1998,1989). In the sequen-
tial model, the rest phase can be described as a 
part of the major ontogenetic cycle, i.e. the period 
of dormancy is subdivided into sequential periods 
of rest and quiescence (Fig. 1c), which makes it a 
special case of the more general model developed 
in the present study (Fig. 1a). 

Landsberg (1974) and Campbell (1978) made 
the contrary assumption that ontogenetic compe-
tence increases gradually as the process of rest 
break progresses (Fig. 2) (Appendix, Eq. B4b). 
In this case, ontogenetic development during 

dormancy is possible without rest completion. 
The tree passes through both cycles in a paral-
lel manner, and the corresponding model has 
therefore been referred to as the parallel model 
(Hänninen 1987, Kramer 1994a,b, Chuine et al. 
1998, 1999). Thus, the period of dormancy cannot 
be subdivided into periods of rest and quiescence, 
as was the case in the sequential model. Rather, a 
minor cycle of rest is attached to the major cycle, 
and the state of rest affects the rate of ontogenetic 
development on a quantitative basis (Fig. 1a). 

Hänninen (1990a) concluded that most data 
from chilling experiments support an intermediate 
model between the two extremes; so he developed 
a synthesis model involving two chilling require-
ments (Fig. 2) (Appendix, Eq. B4c). The bud has 
no ontogenetic competence until the attainment 
of the smaller chilling requirement correspond-
ing to the state of rest Sr(t) = Sr* (Fig. 2). From 
then onwards, ontogenetic competence increases 
with increasing state of rest until the attainment 

1.0

Co,min

0.0

0 100

par

seq

syn

State of rest

O
nt
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en
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  c
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Sr*

Fig. 2. Dependence of ontogenetic competence, Co, 
on the state of rest, Sr, in the sequential (seq), 
the parallel (par), and the synthesis (syn) models 
of bud burst (Appendix, Eqs. B4a, B4b, B4c). 
Co,min = minimum ontogenetic competence, pre-
vailing at the onset of rest according to the parallel 
model, Sr* = the state of rest required for an increase 
of Co from zero according to the synthesis model 
(Hänninen, 1990a, 1995, Kramer 1994a,b). 
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of the greater chilling requirement, Ccrit, when 
Sr = 100 and full ontogenetic competence is 
attained (Fig. 2). 

An overall model. Once each of the three sub-
models has been formulated, then the rate of 
ontogenetic development towards bud burst can 
be calculated as follows (see also Eq. 6):

R t C t R to o o( ) ( ) ( ) ( ),= ⋅ pot 10

Taking into account the notion that ontogenetic 
competence, Co(t), is determined by the state 
of rest break, Sr(t), and that the potential rate, 
Ro,pot(t), is determined by air temperature, T(t), 
Eq. 10 can be transformed into (see also Eq. 7):

R t C S t R T to o r o( ) ( ( )) ( ( )) ( ),= ⋅ pot 11

Air temperature thus affects the rate of ontoge-
netic development towards bud burst in two ways: 
directly via the potential rate and indirectly via 
the state of rest and ontogenetic competence. In 
this case, then, the rate of development of one 
aspect of the annual cycle is affected by the state 
of another aspect, i.e. i ≠ j as in Eq. 7.

The state of ontogenetic development, So(t), is 
obtained by integrating the rate of ontogenetic 
development, Ro(t), from the time of the onset of 
rest, trest, up to moment t (see also Eq. 1):

S t R t dto o
t

t

( ) ( ) ( )= ∫
rest

12

As in the case of the E-models, bud burst is 
predicted to occur when the state of ontogenetic 
development, So(t), attains the value of 100.

3.1.4 Predictions of the Models of Bud Burst

The predictions of the E-model, the sequential 
ES-model, and the parallel ES-model were exam-
ined in simulations of the timing of bud burst in 
the conditions of central Finland. For the tempera-
ture responses of the potential rate of ontogenetic 
development (i.e. the rate of ontogenetic develop-
ment in the E-model) and the rate of rest break, 
sigmoidal and triangular curves, respectively, 
were used with the parameter values suggested 
by Leinonen (1996a) for Scots pine (Pinus sylves-

tris L.) in central Finland (Appendix, Eqs. E10, 
E7). With the parallel ES-model, the value of 
Co,min = 0.1 was used (Fig. 2). The simulations 
were initiated on 1 September 1971 (trest in Eqs. 9 
and 12) for the two ES-models and on 1 January 
1972 (t0 in Eq. 8) for the E-model. 

According to the simple E-model, the state of 
ontogenetic development, So, starts to increase 
after the fixed zero point t0 = 1 January (Figs. 
3a & b), when air temperature begins to rise. 
According to this model, only the temperature 
conditions of late winter and early spring affect 
the predicted timing of bud burst. In contrast, 
according to the more complicated ES-models, 
So can start increasing in autumn and early winter 
already, so that the timing of bud burst is affected 
by temperature conditions over a longer period 
(Figs. 3a, b). This is the case especially with the 
parallel model, which does not assume a full 
arresting of ontogenetic development during rest 
(Fig. 2). According to the sequential model, no 
ontogenetic development is possible before the 
chilling requirement for rest completion has been 
met (Fig. 2), so that the prediction of this type 
of ES-model is intermediate between the other 
two models (Fig. 3b; Häkkinen et al. 1998). The 
irreversibility of fixed-sequence development was 
demonstrated in all the simulation results, i.e. the 
values of the state variables did not decrease in 
any case (Fig. 3b). 

The difference between the sequential and the 
parallel model facilitate their testing with chilling 
experiments (Hänninen, 1987, 1990a). According 
to the sequential model, no ontogenetic develop-
ment takes place and no bud burst is observed 
if a seedling is experimentally transferred from 
chilling conditions to high temperature condi-
tions before rest completion (partially chilled 
seedling). According to the parallel model, in 
contrast, bud burst will take place in partially 
chilled seedlings, too, but it takes longer than in 
fully chilled seedlings.

3.1.5 Models of Growth Cessation

In trees with a predetermined growth habit, the 
cessation of height growth follows the fixed-
sequence principle. Thus, the timing of their 
height growth cessation can be predicted by 
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means of simple temperature-sum models, in a 
way basically similar to that of predicting bud 
burst by means of the E-models (Koski and 
Sievänen 1985) (Appendix, Eqs. E1–E3). In tree 
species with a indeterminate growth habit, night 
length has a major influence on growth cessation. 
According to the main line of thought prevailing 
in the literature, night length is the most important 
environmental factor regulating growth cessa-
tion (Wareing 1956, Vaartaja 1959, Ekberg et 
al. 1979). Accordingly, the attainment of a criti-
cal night length induces the cessation of growth 
(triggered development, see Section 2.2). In this 
case, the modelling of growth cessation is done 
simply by examining whether the prevailing night 
length exceeds the critical night length or not. 
There is, however, increasing evidence to sug-
gest that growth cessation in several tree species 
is regulated jointly by night length and air tem-
perature (Koski and Selkäinaho 1982, Koski and 
Sievänen 1985, Partanen and Beuker 1999, Par-
tanen 2004a,b). Accordingly, Koski and Sievänen 
(1985) presented a model of growth cessation 
where the critical night length triggering growth 
cessation decreases with increasing temperature 
sum (see also Viherä-Aarnio et al. 2005).

3.2 Models of Fluctuating Development

3.2.1 A Conceptual Model of Reversible 
Physiological Phenomena

According to a strict interpretation, the phe-
nomena belonging to the category of fluctuating 
development are fully reversible. Though appar-
ently a simplifying assumption, the concept of 
fluctuating development has served well in the 
formulation of models of the annual development 
of photosynthetic capacity (Pelkonen and Hari 
1980, Mäkelä et al. 2004) and frost hardiness 
(Repo et al. 1990). A generalized conceptual 
model of fluctuating development is presented in 
Fig. 1b. Contrary to the corresponding model of 
fixed-sequence development (Fig. 1a), no cyclic 
development is assumed a priori. Rather, the state 
of photosynthetic capacity, Sp, (or the state of 
frost hardiness, Sh) fluctuates between its mini-
mum and maximum values. Whether or not this 
results in a prediction of cyclic tree development 

depends on the prevailing environmental factors 
(Figs. 3c,4).

3.2.2 First-order Models of Photosynthetic 
Capacity and Frost Hardiness

The concept of fluctuating development was first 
applied to the modelling of the annual scycle of 
forest trees by Pelkonen and Hari (1980), who 
modelled the spring-time recovery of the photo-
synthetic capacity of shoots of Scots pine. Their 
model is an example of the first-order models, 
i.e. there is one time constant involved in it. The 
model belongs to the ES-category, i.e. it assumes 
that the rate of development is affected both by 
environmental factors and by the state of develop-
ment. Furthermore, it assumes that photosynthetic 
capacity affects its own rate of development, i.e. 
the term state of photosynthetic capacity, Sp(t), 
appears in the formulation for the rate of change 
of photosynthetic capacity, Rp(t) (feedback). The 
observations agreed with the predictions of the 
model, with the exception that the model overes-
timated the state of photosynthetic capacity after 
night frosts (Pelkonen and Hari 1980). This was 
because the model was designed to describe only 
relatively slow changes in photosynthetic capacity 
caused by the fluctuation of air temperature, not 
abrupt damaging effects of frost. The latter were 
addressed in the model of Bergh et al. (1998) later 
on (for a more comprehensive comparison of the 
models of Pelkonen and Hari (1980) and Bergh et 
al. (1998), see Hänninen and Hari (2002)). Kor-
pilahti (1988, p. 34–36) found that the cessation 
of Scots pine photosynthesis in central Finland 
autumn conditions was affected by sudden cold 
nights. To describe this short-term effect, she 
added a sub-model to the long-term model of Pel-
konen and Hari (1980). This combined model was 
able to predict the carbon exchange of Scots pine 
in clear autumn days following cold nights.

Repo et al. (1990) presented a first-order model 
of the frost hardiness of stems of Scots pine seed-
lings. The ecophysiological assumptions of their 
model are almost identical to those of the photo-
synthetic capacity model of Pelkonen and Hari 
(1980). Due its different formulation, however, 
the model of Repo et al. (1990) is more general 
than that of Pelkonen and Hari (1980), hence also 
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facilitating the introduction of new ecophysiologi-
cal assumptions (see below). The model of Repo 
et al. (1990) is formulated as follows:

S t a T t bh
s ( ) ( ) ( )= ⋅ + 13

R t S t S th h
s

h( ) ( ( ) ( )) ( )= −
1

14
τ

where Sh
s(t) is stationary frost hardiness (see Sec-

tion 2.3), T(t) is air temperature, a and b are geno-
type-specific parameters determining the linear 
dependence of stationary frost hardiness on air 
temperature, Rh(t) is the rate of change of frost 
hardiness, Sh(t) is the state of frost hardiness, and 
τ is a genotype-specific time constant. As seen in 
Eqs. 13 and 14, the model of Repo et al. (1990) 
also belongs to the category of ES-models, with 
the state of frost hardiness, Sh, affecting its own 
rate, Rh (see Eq. 4). The simple model defined by 
Eqs. 13 and 14 predicted the annual development 
of the frost hardiness of stems of Scots pine seed-
lings surprisingly well (Repo et al. 1990).

3.2.3 A Second-order Model of Frost 
Hardiness

The experimental evidence presented by Leinonen 
et al. (1995) concerning Pseudotsuga menziesii 
seedlings suggested that the response of frost har-
diness to a change in the environmental conditions 
is not immediate, as was assumed in the first-order 
model of Repo et al. (1990) (Eqs. 13 and 14). For 
this case, a second-order model with two time 
constants was developed by assuming inertia not 
only in the change of frost hardiness but also in 
the change of asymptotic frost hardiness as a 
response to a change in the environmental condi-
tions (Leinonen et al. 1995): 

R t S t S th h
a

h( ) ( ( ) ( )) ( )= −
1

15
1τ

R t S t S th
a

h
s

h
a( ) ( ( ) ( )) ( )= −

1
16

2τ

In Eq. 15, Rh(t) is the rate of change of frost 
hardiness, Sh(t) is the state of frost hardiness, 
Sh

a(t) is asymptotic frost hardiness, and τ1 is a 

time constant determining how quickly the state 
of frost hardiness adjusts to the asymptotic state 
when the environment changes. In Eq. 16, Rh

a(t) 
is the rate of change of asymptotic frost hardiness, 
Sh

s(t) is stationary frost hardiness, Sh
a(t) is asymp-

totic frost hardiness, and τ2 is the time constant 
determining how quickly asymptotic frost hardi-
ness adjusts to stationary frost hardiness when the 
environment changes.

Similarly to the first-order model, stationary 
frost hardiness,

 
Sh

s(t), is modelled as a func-
tion of the prevailing environmental factors (see 
Eq. 13). The concept of asymptotic frost hardi-
ness introduces the difference between the first-
order (Eq. 14) and the second-order (Eqs. 15 and 
16) models. The second-order model reduces to 
the first-order model if τ2 equals unity. In this 
case, asymptotic frost hardiness is always equal 
to stationary frost hardiness, which changes into 
its new value as soon as the environment changes, 
and thus no second inertia in the regulation of 
frost hardiness is assumed. 

In addition to the second-order approach, Lei-
nonen et al. (1995) introduced other new eco-
physiological assumptions in their model. This 
was done in connection with formulating the 
environmental response of stationary frost har-
diness.

3.2.4 Predictions of the Models of Frost 
Hardiness

Simulations of frost hardiness were carried out, 
both for a hypothetical experiment in control-
led conditions and for the natural conditions of 
central Finland, with modified versions of the 
first-order model of Repo et al. (1990) and the 
second-order model of Leinonen et al. (1995). 
In the model of Repo et al. (1990), the linear 
temperature response of the stationary state of 
frost hardiness (Eq. 13) was replaced by a piece-
wise linear model, i.e., for temperatures higher 
than 11.3 °C, a maximum value of –4.5 °C was 
assumed for the stationary state of frost hardi-
ness (Appendix, Eq. C1). (Due to the inverted 
temperature scale used in the determination of 
frost hardiness, this maximum value of station-
ary frost hardiness indicates the minimum level 
of frost hardiness of the trees). The same tem-
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perature response was also used for stationary 
frost hardiness with the model of Leinonen et al. 
(1995) (Appendix, Eq. D1) instead of the original 
more complex environmental response. At the 
beginning of the simulations, frost hardiness was 
assumed to equal the stationary frost hardiness 
determined by the air temperature prevailing at 
the time. The simulations for natural conditions 
were initiated on September 1, 1971.

The predictions of the first-order and the second-
order frost hardiness models for the hypothetical 
experiment are demonstrated in Fig. 4. After a 
stepwise change in air temperature (Fig. 4a), the 
first-order model predicted that the state of frost 
hardiness would respond immediately and would 
exponentially approach the new stationary state 
determined by the new air temperature (Fig. 4b; 
Repo and Pelkonen 1986). The rate of change of 
frost hardiness increases with increasing magni-
tude of the change in air temperature (compare 
the responses to changes in temperature at 80 
days and at 100 days, Figs. 4a,b). Furthermore, 
as expected, the rate of change of frost hardiness 
decreases with increasing values of the time con-
stant (Fig. 4b). Thus, frost hardiness fluctuates 
according to the fluctuations of air temperature, 
but due to the inertia described by the time con-
stant, the changes in frost hardiness are slower 
than the changes in air temperature (Figs. 4a,b; 
Repo and Pelkonen 1986).

According to the second-order model, the 
changes in the state of frost hardiness after a 
stepwise change in air temperature (Fig. 4a) are 
sigmoidal, i.e. the rate of change is not at its 
maximum immediately after the change in air 
temperature (Fig. 4c; Leinonen et al. 1995) as it 
is according to the exponential response of the 
first-order model (Fig. 4b). Furthermore, accord-
ing to the second-order model, in the case of rapid 
fluctuations of air temperature the direction of 
change in frost hardiness (hardening or deharden-
ing) does not change immediately after the change 
in air temperature (Leinonen et al. 1995). This 
is seen during the days between 80 and 93, i.e. 
despite the rapid fluctuations of air temperature 
(Fig. 4a), with the time-constant value of τ2 = 20 
days, the second-order model predicts continuous 
dehardening (Fig. 4c). For the same period, the 
first-order model predicts a sequence of periods of 
dehardening and hardening (Fig. 4b) as immedi-

Fig. 4. Predictions of two models of frost hardiness for 
a hypothetical experiment in controlled conditions 
(fluctuating development). (a) The hypothetical 
temperature treatment used in the calculations. 
(b) Predictions of the first-order model of frost 
hardiness. The state of frost hardiness, Sh, with 
time constant τ = 5 days (grey line) and τ = 12 
days (black line). (c) Predictions of the second-
order model of frost hardiness. The state of frost 
hardiness, Sh, with second time constant τ2 = 10 
days (grey line) and τ2 = 20 days (black line). The 
value of the first time constant τ1 was 5 days in both 
cases. For references and further explanations, see 
text; for the equations, see the Appendix.
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ate responses to the changes in air temperature. 
However, the first-order model, too, predicts that 
the direction of change in frost hardiness will 
not change if the change in air temperature is too 
small to alter the relative superiority of the values 
of state of frost hardiness and stationary frost 
hardiness. This is the case, for instance, when 
the state of stationary frost hardiness is above the 
state of frost hardiness before the change in air 
temperature, and due to the smallness of the drop 
in air temperature continues to do so even after the 
drop. Due to the second time-constant, however, 
behaviour of this kind is more pronounced with 
the second-order than the first-order model.

For natural conditions, the first-order model 
predicts a cyclic seasonal pattern of the state 
of frost hardiness following the cyclic seasonal 
pattern of temperature (Figs. 3a,c). However, 
superimposed on this long-term development, 
short-term fluctuations of the state of frost har-
diness caused by short-term fluctuations of air 
temperature are visible. With increasing values 
of the time constant, the effect of this short-term 
fluctuation of temperature on the state of frost 
hardiness is increasingly dampened. Furthermore, 
with a low value of the time constant (τ = 5 days) 
both the hardening and the dehardening are pre-
dicted to take place earlier than with a high value 
(τ = 12 days) (Fig. 3c). As with the air temperature 
data for the hypothetical experiment (Fig. 4), the 
responses are slower with the second-order model 
than with the first-order model in natural condi-
tions, too (results not shown).

The reversibility of fluctuating development is 
demonstrated in all of these simulation results. 
A period of hardening is interrupted by a period 
of dehardening whenever air temperature rises 
enough. Similarly, a period of dehardening is 
interrupted by a period of hardening whenever air 
temperature drops enough (Figs. 3a,c,4).

3.3 Integrated Models

3.3.1 A Conceptual Model of Frost Hardiness

Despite its surprisingly high accuracy, the simple 
model of Repo et al. (1990) fails to address 
several essential aspects of the environmental 
regulation of frost hardiness (Repo 1993). One of 

the neglected essential aspects is the fact that the 
environmental response of the rate of change of 
frost hardiness changes during the annual ontoge-
netic cycle. For instance, during the active growth 
phase the trees have only limited (if any) potential 
for hardening, so that the annual cycle of frost 
hardiness is only partially reversible (Fuchigami 
et al. 1982). For this reason, integrated models of 
frost hardiness, i.e. models combining the fixed-
sequence and the fluctuating aspects of the annual 
cycle, are called for. 

To our knowledge, the first integrated model 
was presented by Winter (1973). The best-known 
integrated model is probably the The Degree 
Growth Stage (°GS) model presented by Fuchi-
gami et al. (1982). The °GS model has provided 
a conceptual framework for a large number of 
empirical studies addressing different phases and 
phenomena of the annual cycle. Kellomäki et al. 
(1992, 1995) constructed an integrated model by 
combining previous fixed-sequence development 
models of the annual ontogenetic cycle of Sarvas 
(1972,1974) and Koski and Sievänen (1985) with 
the fluctuating-development frost hardiness model 
of Repo et al. (1990). The annual ontogenetic 
cycle was divided into four phases (Fig. 1c), and 
the determination of stationary frost hardiness in 
the frost hardiness model varied from one phase 
to the next. 

3.3.2 An Integrated Model of Frost Hardiness

Leinonen (1996a) introduced several new aspects 
into the integrated model of Kellomäki et al. 
(1992, 1995). In respect to the general principles 
of modelling, the most profound of these was the 
introduction of the concept of hardening compe-
tence, Ch, for describing the effects of the annual 
ontogenetic cycle on the dynamics of frost hardi-
ness. Hardening competence is a [0–1]-multiplier 
which describes how large a part is realized of 
the potential increase in stationary frost hardi-
ness determined by prevailing air temperature 
and night length. Hardening competence is at its 
maximum (Ch = 1) during rest, decreases during 
quiescence and the initial part of active growth, 
reaches zero slightly after the onset of growth, 
stays at zero until the beginning of lignification, 
and increases during lignification to reach its 
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maximum again at the beginning of rest (Fig. 1c). 
In this way, the approach outlined in Eqs. 6 and 
7 is applied here, i.e. the state of development of 
one aspect of the cycle (ontogenetic development) 
affects the rate of development of another aspect 
(frost hardiness).

In addition to the annual ontogenetic cycle and 
the annual course of frost hardiness, the model of 
Leinonen (1996a) also addresses the needle loss 
caused by frost damage (Appendix, Eqs. E21, 
E22). This property of the model, though not con-
sidered in detail in the present study, is essential 
for linking the model into forest stand and ecosys-
tem models as their sub-model (see Section 4.5). 
All equations of the model of Leinonen (1996a) 
are given in the Appendix (Eqs. E1–E22), together 
with the parameter values Leinonen (1996a) used 
for Scots pine in central Finland.

3.3.3 Predictions of the Integrated Model of 
Frost Hardiness

Simulations of the annual ontogenetic cycle and 
the annual course of frost hardiness were carried 
out for the conditions of central Finland with the 
model of Leinonen (1996a) using the original 
parameter values determined for the frost har-
diness of Scots pine needles in central Finland 
(Appendix, Eqs. E1–E20). The simulations were 
started on June 1, 1971, assuming that the active 
growth phase began on that day and that the state 
of frost hardiness had attained its maximum value 
(i.e. minimum frost hardiness). The summer of 
1971 was then used for initializing the simula-
tions and, as with the other models, the results 
are reported as of September 1 (Fig. 3).

In the prediction of the integrated model of 
Leinonen (1996a), two basic phenomena of the 
environmental regulation of the annual cycle of 
frost hardiness are visible: long-term regulation 
taking place via the annual ontogenetic cycle and 
short-term regulation taking place via the direct 
effects of air temperature and night length (Figs. 
3a,d; Leinonen et al. 1997, Greer et al. 2001; 
see also Section 2.1). As hardening competence 
describes the effect of the irreversible annual 
ontogenetic cycle, no short-term fluctuations are 
observed in it (Fig. 3d). Such fluctuations are, 
however, visible in the state of frost hardiness, 

reflecting the direct effects of fluctuations in air 
temperature (Figs. 3a,d).

At the beginning of September, hardening com-
petence is at its maximum. Due to the relatively 
short night lengths and high air temperatures, 
however, the rate of hardening is quite low at that 
time (Figs. 3a,d). After about one week the rate 
of hardening increases as a result of increasing 
night lengths and dropping air temperatures. The 
rate of hardening does not slow down after rest 
completion on October 16, even though hardening 
competence decreases slightly at that time due to 
some days with relatively high temperatures. The 
continued hardening with rather a constant rate 
is due to environmental factors (Fig. 3a), whose 
direct effect favours hardening at that time. In late 
November the state of frost hardiness attains its 
wintertime minimum (i.e. maximal frost hardi-
ness). During mid-winter, frost hardiness fluctu-
ates according to fluctuations in air temperature. 
Hardening competence decreases slightly during 
mild days in winter. In mid-March, air tempera-
tures start to rise again, causing dehardening both 
directly and via the decrease in hardening com-
petence. The dehardening of the previous year’s 
needles also continues after the onset of growth 
on May 23 (Fig. 3d; Leinonen et al. 1997). At the 
beginning of July, frost hardiness again attains 
the minimum value prevailing during the active 
growth period (Fig. 3d).

4 Discussion

4.1 Ecophysiological Interpretation of the 
Model Variables

The ecophysiological interpretation of the model 
variable state of development is straightforward in 
the case of the physiological phenomena belong-
ing to the category of fluctuating development 
(i.e. photosynthetic capacity and frost hardiness). 
This is because the corresponding actual values 
for these variables can be empirically determined 
during any phase of the annual cycle. This facili-
tates the testing of the different concepts and 
models, e.g. examining whether the development 
follows a first-order or a second-order model 
(Repo and Pelkonen 1986, Korpilahti 1988, Repo 
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et al. 1990, Leinonen et al. 1995).
In the case of the ontogenetic phenomena 

belonging to the category of fixed-sequence 
development, in contrast, the ecophysiologi-
cal interpretation of the model variable state of 
development is less clear. The state of rest, for 
instance, describes the cumulative physiologi-
cal changes in the bud that remove the growth-
arresting conditions. However, the exact nature 
of these changes remains unclear, so that one 
cannot directly measure the corresponding real 
value of the state of rest. This is why models for 
the rest break have to be developed and tested 
with indirect evidence from regrowth tests (Sarvas 
1974, Erez and Couvillon 1987). It has been 
found that the duration of chilling required for 
a given growth response in subsequent forcing 
conditions depends on the prevailing temperature 
during the chilling conditions. With successively 
higher test temperatures, the duration required 
first decreases, attains a minimum somewhere 
near +5 °C, and then starts to increase. The rate 
of rest break is obtained as a reciprocal of the 
duration required, so that various dome-shaped 
temperature responses with the maximum value 
somewhere near +5 °C have been obtained for the 
rate of rest break (Sarvas 1974, Erez and Couvil-
lon 1987). The state of ontogenetic development 
in turn describes the microscopic ontogenetic 
development inside the bud leading to bud burst 
(or flowering). For this reason the corresponding 
real state of development can principally be deter-
mined by microscopic observations on any day 
between bud set and bud burst. The time required 
for the tree to pass from one developmental event 
to the next decreases with successively higher 
test temperatures, so that the rate of development 
increases correspondingly (Sarvas 1972, 1974). 
In most cases, however, only the timing of bud 
burst is used in the testing of these models (Hari 
and Häkkinen 1991, Kramer 1994a,b, 1995b, 
Chuine et al. 1998, 1999, Chuine 2000, Häkkinen 
et al. 1998, Häkkinen 1999b, Linkosalo 2000b, 
Linkosalo et al. 2000; Fig. 3b).

In the case of the models of fixed-sequence 
development, the ecophysiological interpretation 
of the model variable state of development is 
further complicated by the fact that it is often 
referred to with meteorological concepts such as 
day degree sum (Bergh et al. 1998), temperature 

sum (Sarvas 1967), thermal time (Cannell and 
Smith 1983), chilling unit sum (Hänninen 1990b), 
or state of chilling (Kramer 1994a,b, Chuine 
2000). In order to emphasise the ecophysiologi-
cal interpretation, ecophysiological concepts (e.g. 
state of rest and state of ontogenetic development) 
are systematically used in the present study.

The idea of response competence was originally 
introduced by Hari et al. (1970) when modelling 
the rate of the height growth of trees. In that study 
the competence variable described the growth 
rhythm of the trees, i.e. the phases of increas-
ing, maximum, and decreasing growth rate were 
separated by means of the competence variable. 
Thus, this theoretical concept straightforwardly 
addresses the long-known phenomenon that the 
ability of a plant to respond to environmental 
factors changes during its development (Lands-
berg 1977). Changes in the value of response 
competence summarise, at the whole-tree level, 
the complicated changes that take place at the 
tissue, cellular and sub-cellular levels. In the 
present study the concept of response competence 
was used for modelling the ontogenetic develop-
ment taking place during dormancy (ontogenetic 
competence, Co(t), Figs. 1a,2), and for model-
ling frost hardiness (hardening competence, Ch(t), 
Fig. 1c). Response competence is an especially 
useful concept for linking phenomena of fluctuat-
ing development to phenomena of fixed-sequence 
development (i ≠ j, Eq. 6).

4.2 Empirical Development and Testing of 
the Models

It goes without saying that any model of the 
annual cycle of trees in boreal and temperate 
regions can be applied only after the model has 
been rigorously tested (Hänninen 1995b). Some 
information on the empirical tests of the models 
considered was provided above when introducing 
the models. However, a thorough review of the 
empirical support of the models considered is 
out of the scope of the present study. Empirical 
support for each of the models is described in the 
original publications, and several reviews on the 
topic are also available for different aspects of the 
annual cycle, i.e. for photosynthetic capacity (Pel-
konen 1981a, Hänninen and Hari 2002), for frost 
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hardiness (Repo 1993, Leinonen 1997), and for 
bud burst and flowering phenology (Cannell 1989, 
1990, Hänninen 1990a, Kramer 1994a,b, 1996, 
Chuine 2000, Häkkinen 1999a, Linkosalo 2000a, 
Chuine et al. 2003). Here we limit ourselves to 
only some general methodological remarks about 
the empirical work.

Models are developed and tested by means 
of studies carried out both in controlled and in 
natural conditions. Experiments in controlled 
conditions are usually designed to explicitly 
address some specified details of the modelled 
phenomena, such as the temperature response 
of the rate of rest break (Sarvas 1974, Erez and 
Couvillon 1987) or the effects of the state of rest 
break on ontogenetic competence (Fig. 2; Hän-
ninen 1990a). In studies using data from natural 
conditions, however, this is usually not possible, 
so that one has to resort to statistical model-fitting 
without observations on all the processes included 
in the models. This has caused problems for 
modelling bud burst in particular, as in this case 
models which describe a developmental process 
lasting several months and consisting of several 
part-processes described by sub-models are tested 
only by means of timing the end result of the 
process, i.e. bud burst (Fig. 3b) (Hänninen 1995, 
Hänninen et al. 2007). Kramer (1994b) found that 
the traditional numerical methods of estimating 
the parameter values for models of bud burst 
failed in several cases to yield realistic parameter 
estimates. Chuine et al. (1998,1999) introduced a 
method of simulated annealing, which does not 
have this drawback. By means of this method, 
an optimal set of parameter values can be found 
so that the model selected and parameterised is 
ecophysiologically as realistic as possible (see 
also Schaber and Badeck 2003). 

4.3 Introducing New Aspects to the 
Modelling

When modelling the annual cycle of a new tree 
species, it may be enough to reconsider the param-
eter values of an earlier model developed for 
another species. This is because the main features 
of the environmental regulation of the annual 
cycle appear to be relatively universal among 
trees in boreal and temperate regions. With some 

species, however, it may be necessary to also 
revise the basic assumptions and the structure of 
the model. For instance, there is evidence that in 
Fagus sylvatica, both an accumulation of chilling 
and short night lengths are required to remove the 
growth-arresting physiological conditions during 
rest (Heide 1993). Thus, when modelling the rest 
break and ontogenetic competence of F. sylvatica, 
both chilling and night length probably need to be 
considered. Furthermore, there is increasing evi-
dence for the notion that with other tree species, 
too, short night lengths may play a greater role 
in rest break than previously assumed (Nizinski 
and Saugier 1988, Partanen et al. 1998, Häkkinen 
et al. 1998, Hannerz 1999, Linkosalo 2000b, 
Linkosalo et al. 2000, Schaber and Badeck 2003, 
Partanen 2004b). However, the effect of night 
length on rest break can also be readily addressed 
in terms of the concept of ontogenetic competence 
(Hänninen 1995).

According to the recent findings of Zhang et al. 
(2003), a revision may also be necessary in model-
ling the annual frost hardiness cycle of Scots pine. 
Their data did not support the concept of additive 
effects of night length and air temperature (Chen 
and Li 1978, Greer 1983), which is essential in the 
model of Leinonen (1996a) (Appendix, Eq. E18). 
However, whatever new principles may replace 
the principle of additive effects in the new models, 
the concept of hardening competence will still be 
a useful tool for bringing the effect of the annual 
ontogenetic cycle in to the modelling.

The models considered in the present study 
address the effects of night length and the long-
term cumulative effects of air temperature. How-
ever, in addition to these two major environmental 
factors, several other factors such as short-term 
freezing (Rinne et al. 1997, Bergh et al. 1998), 
soil temperature (Sorensen and Campbell 1978, 
Bergh and Linder 1999), drought (Chen and Li 
1998), and nutrients (Rikala and Repo 1997) 
have been found to affect different aspects of 
the annual cycle of trees in boreal and temperate 
regions. In the present study no attempt was made 
to address these additional factors despite their 
potential importance. This was partly because 
these factors were not considered in the original 
models, but first and foremost because rather than 
providing an overall model addressing all cases, 
our aim was to present a framework. With the 
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framework presented, the effects of the other envi-
ronmental factors can also be readily modelled. 
When introducing new environmental factors to 
the modelling, however, one should remember 
that the biological realism of the models of the 
annual cycle is often, but not always, improved by 
increasing the complexity of the models. Increas-
ing complexity also increases the number of tech-
nical difficulties. For instance, when adding new 
aspects to the model one usually increases the 
number of parameters, too, hence also increasing 
the amount of empirical work required. Thus, as 
in any other ecophysiological modelling, one 
often has to compromise between model com-
plexity and model realism. The use of simplified 
models is often justified, especially when only 
a limited part of the annual cycle is considered 
(Greer et al. 2001).

4.4 Comparisons with Other Modelling 
Approaches

4.4.1 ES-Models of Bud Burst

Cannell and Smith (1983) found that the number 
of day degrees required for the bud burst of Picea 
sitchensis decreases exponentially as a function of 
accumulated chilling (hence the concept ‘alternating 
model’ was used by Kramer (1994a) in reference 
to their model). In this way, it is possible to predict 
the timing of bud burst by means of combining 
these two meteorological variables. The model of 
Cannell and Smith (1983) is ecophysiologically 
analogical to the parallel model of the present 
study. In their different ways, these two models 
describe the same ecophysiological phenomenon, 
i.e. the gradual effect of accumulated chilling on 
rest break (Fig. 2), due to which high temperatures 
cause ontogenetic development more effectively 
after a long than a short duration of chilling. The 
main advantage of the ‘alternating approach’ (Can-
nell and Smith 1983) is its simplicity: this model 
is relatively easy to parameterise and to commu-
nicate to other researchers. If the only purpose of 
the modelling is the prediction of the timing of 
bud burst, then the alternating model is a useful 
tool, as demonstrated by its applications in studies 
addressing the effects of climatic change (Cannell 
and Smith 1986, Murray et al. 1989, 1994).

The alternating model does not, however, 
explicitly address the ontogenetic development 
of the bud towards bud burst, i.e. in that model a 
given number of accumulated day degrees does 
not indicate a specific state of ontogenetic devel-
opment. Thus, in respect to the process being 
modelled, the alternating model is an implication 
rather than a definition of the ecophysiological 
assumptions involved (i.e. the gradual effect of 
chilling) (see also Fig. 7d in Hänninen 1990a). 
For these reasons, the alternating model would 
be of little use in any study where a model pre-
diction of the state of ontogenetic development 
before bud burst was needed. This is the case 
especially in integrated models, where, hardening 
competence is calculated on the basis of the state 
of ontogenetic development (Leinonen 1996a) 
(Appendix, Eqs. E13–E15). For these cases, an 
explicit variable for the state of ontogenetic devel-
opment is needed. This is in accordance with the 
approach of the present study, where an explicit 
state variable is defined for each ecophysiological 
process addressed (Figs. 3b–d).

Chuine (2000) introduced a unified ES-model 
for the bud burst of trees. Her unified model has 
much in common with the approach developed by 
Hänninen (1990a, 1995) and Kramer (1994a,b) 
and refined in the present study, i.e. in both 
approaches the basic idea is that the prevailing 
models can be regarded as special cases of a more 
general model. In this way, the model is in both 
cases actually a modelling framework rather than 
a specified model. The unified model of Chuine 
(2000), however, differs in three respects from 
the corresponding model of bud burst presented 
in the present study. 

Firstly, in the model of Chuine (2000) no a 
priori assumptions are made about the tempera-
ture responses of the rate of rest break and the 
rate of ontogenetic development. The triangular 
and sigmoidal functions applied in the present 
study (Appendix, Eqs. B1a, A1c) are replaced by 
a flexible equation, which produces all necessary 
response types as special cases. Naturally, this 
approach is especially suitable for cases where 
no a priori information on the responses is avail-
able. In the present study the general forms of the 
responses were fixed, assuming that there was 
sufficient a priori information to validate this. 
Secondly, rather than explicitly addressing the 
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state of ontogenetic development as in the present 
study, the model of Chuine (2000) applies the 
alternating model (Cannell and Smith 1983) in 
the final phase of the calculations. Thus, like the 
original alternating model, the model of Chuine 
(2000) is well suited for predicting the timing of 
bud burst, whereas it is of little use in cases where 
the dynamics of the state of ontogenetic develop-
ment before bud burst is to be considered. Thirdly, 
in Chuine’s (2000) approach special emphasis 
is devoted to estimating the parameter values of 
the sub-models in cases where the estimation is 
carried out on the basis of data on the timing of 
bud burst and air temperature only, i.e. where no 
specific experimental data for the sub-models is 
available.

In conclusion, despite their seemingly high sim-
ilarity of scopes, the present model of bud burst 
and that of Chuine (2000) have been designed 
for partially different purposes. The present ES-
model of bud burst emphasises the explication 
and clarification of the ecophysiological theory, a 
priori information possibly obtained from experi-
mental studies, and the linking of the model 
of ontogenetic development and bud burst into 
other models of seasonality. The model of Chuine 
(2000), in contrast, has been designed most of all 
for fitting predictive models of bud burst to long-
term historical phenological data.

4.4.2 Mechanistic Models of Rest Break

Even though the exact mechanisms of rest break 
are not known, two attempts have been made to 
model the process of rest break mechanistically. 
Fishman et al. (1987a,b) developed a theoreti-
cal mechanistic model with an emphasis on the 
effects of fluctuating temperatures on the progress 
of rest break and the chilling negation taking place 
in high temperatures (for a closer description and 
discussion of the model, see Cannell (1989,1990) 
and Pitacco (1990)). The model of Fishman et 
al. (1987a,b) was able to simulate several com-
plicated patterns of rest break in Prunus persica. 
More recently, Schaber and Badeck (2003) pre-
sented generalised physiology-based models for 
predicting the timing of the bud burst of trees in 
temperate regions. In their models they addressed 
the dynamics of theoretical growth promoters and 

inhibitors. In general, the models of Schaber and 
Badeck (2003) predicted the bud burst of several 
tree species more accurately than the classical 
models of bud burst did.

Recent advances in understanding the basic 
mechanisms of rest break (Viémont and Crabbé 
2000, Horvath et al. 2003, Rinne and van der 
Schoot 2003) call for the development of fur-
ther mechanistic models for that phenomenon. 
Models of that kind can be readily introduced into 
the framework of the present study, even though 
much of the framework was developed with refer-
ence to whole-tree level black-box models. The 
only prerequisite for such introducing is that the 
time course of the outcome of the complex equa-
tions addressing the mechanisms of rest break 
can be described by the time course of one vari-
able, i.e. the state of rest break, Sr(t). After that 
the framework can be implemented in the same 
way (Fig. 1a) as with the black box models in the 
present study.

4.4.3 Integrated Models of Frost Hardiness

The Degree Growth Stage (°GS) model (Fuchi-
gami et al. 1982) was operationalised for simulat-
ing the annual growth cycle and frost hardiness 
of Cornus sericea by Kobayashi et al. (1982, 
1983), and Kobayashi and Fuchigami (1983a,b). 
Though sharing much with the integrated model 
of Leinonen (1996a), the °GS model differs from 
the model of Leinonen (1996a) in three major 
aspects.

Firstly, in the model of ontogenetic development 
included in the °GS model, chilling decreases 
ontogenetic competence in the first phase of the 
rest period, whereas no such phase of deepen-
ing rest (Fuchigami et al. 1982) is included in 
the model of Leinonen (1996a). In his literature 
review, Hänninen (1990a) did not find such an 
ecophysiological assumption in any other model 
of bud burst, nor did he find any substantial 
empirical evidence for such a phase in the case of 
boreal trees. It is possible that the phenomenon is 
restricted to temperate broad-leafed trees, or, what 
is more probable, that the experiments where no 
deepening rest was found were started so late that 
the trees had already attained maximum rest, after 
which chilling increases ontogenetic competence 
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in the °GS model as well (decreasing rest; Fuchi-
gami et al. 1982). This disagreement between the 
°GS model and other ES-models of bud burst 
reveals the need for further experimental studies 
addressing the interim phase between the active 
growth phase and the dormant phase.

Secondly, in the °GS model the air tempera-
ture responses of the rate of development were 
determined by fitting polynomial functions to 
experimental data (Kobayashi et al. 1982, 1983, 
Kobayashi and Fuchigami 1983a,b). Thus, as 
in the ES bud burst model of Chuine (2000), 
no a priori assumptions about the form of the 
responses were made in the in the °GS model, 
even though the model was formulated on the 
basis of experimental data. Thirdly, hardening 
competence was not explicitly considered in the 
°GS model. Rather, the changes in the air tem-
perature responses of the rate of hardening and 
dehardening were addressed by adopting the state 
of ontogenetic development, i.e. the growth stage, 
°GS, as an additional independent variable in 
the polynomial functions for the air temperature 
response of hardening/dehardening.

4.5 Application of the Models

Models of the annual cycle can be applied basi-
cally in two ways. They can be applied per se, 
when one is interested only in the corresponding 
ecophysiological phenomenon, i.e. the timing of 
bud burst (Cannell et al. 1985, Murray et al. 1989, 
1994, Hänninen 1991, Linkosalo et al. 2000) 
or frost hardiness (Leinonen 1996a, Hänninen 
2006). However, by introducing the models of the 
annual cycle as sub-models into models of stand 
or ecosystem, one can also study the implica-
tions of the ecophysiological phenomena for the 
development of stands and ecosystems (Hari et 
al. 1982, Korpilahti 1988, Kellomäki et al. 1992, 
1995, Kellomäki and Väisänen 1997, Bergh et 
al. 1998, Kramer et al. 2000, 2002, Leinonen 
and Kramer 2002, Hänninen et al. 2005). The 
models of the annual cycle can be applied in all 
cases where information on the effects of climatic 
conditions on the growth and development of 
trees is needed. This is the case, for instance, in 
tree breeding and provenance transfers in practi-
cal forestry (Campbell 1974, Cannell et al. 1985). 

Most of the applications, however, have been 
related to predicted climatic change. During the 
past couple of decades, the effects of climatic 
change on the risk of tree frost damage have 
been examined in several studies using models 
of the annual cycle (for a review, see Hänninen 
et al. 2001). Recently, much attention has also 
been paid to the effects of the climate change 
on the photosynthetic production of trees and 
the carbon sequestration of forests. For this pur-
pose, the model of Pelkonen and Hari (1980) has 
been introduced into several forest stand models 
(Kramer et al. 2002). Similarly, the model of 
Bergh et al. (1998) has been introduced into the 
BIOMASS stand model (McMurtrie et al. 1994, 
Bergh et al. 1998).

Chuine and Beaubien (2002) suggested, on the 
basis of models of the annual cycle of trees, that 
phenology is a major determinant of the geo-
graphical ranges of Acer saccharum and Populus 
tremuloides in North America. This suggestion 
shows that models of the annual cycle of trees 
can be applied not only to practical problems 
rising from the surrounding society and its need 
for scientific information, but also to attempts 
at solving the classical question of ecology, i.e. 
the determination of the ranges and abundances 
of taxa.

4.6 Concluding Remarks

Since Réaumur (1735), a large number of 
approaches have been suggested for modelling the 
timing of annually recurring phenomena in plants 
and animals, especially for the annual cycle of 
trees in the boreal and temperate zones. Reviews 
of models of several specified aspects of the 
annual cycle have also been presented previously. 
Rather than adding anything strictly new to this 
earlier work, our study contributes by comparing 
and explicating the ecophysiological assumptions 
of the different models, considering a wide vari-
ety of seasonal phenomena at one time. To this 
end, the classifying terminology of Chapter 2 
was developed. A modelling framework with a 
common notation for the different phenomena and 
models was developed and, in order to promote 
further operational use of the models, the formu-
lations of a selection of models scattered in the 
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literature were collected in the Appendix using 
the unifying notation developed in this study. In 
this way, we hope, our study will facilitate the 
development and testing of new models for the 
annual cycle of trees with high biological real-
ism and the derivation of parameter values for a 
wide range of tree species in a uniform manner. 
On the basis of such results, the annual devel-
opment of trees and its implications for forest 
growth and fruit production can be analysed in a 
wide range of current and future environmental 
circumstances.
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Appendix: Equations for a Selection of Models

Table 1. The symbols and units of the variables used in the equations. In the present study the models are applied 
with a time step of one day. When other time steps are used, the units of the time-related symbols have to be 
changed correspondingly (with the exception of the symbols NL(t) and Tmin(t)). 

Symbol Explanation Unit

Basic variable of dynamic models

t Time Day

Variables for phenological events

tact Date of onset of active growth
tlign Date of onset of lignification
tquie Date of onset of quiescence
trest Date of onset of rest

Driving variables

NL(t) Night length of day t h
Tmin(t) Minimum air temperature of day t °C
T(t) Mean air temperature of day t °C

Rate variables
Ra(t) Rate of active growth on day t 100 day–1

Rh(t) Rate of change of frost hardiness on day t °C day–1

Rl(t) Rate of lignification on day t 100 day–1

Ro(t) Rate of ontogenetic development on day t 100 day–1

Ro,pot(t) Potential rate of ontogenetic development on day t 100 day–1

Rr(t) Rate of rest break on day t 100 day–1

State variables

Ch(t) Hardening competence on day t Dimensionless
Co(t) Ontogenetic competence on day t Dimensionless
Sa(t) State of active growth at the end of day t Dimensionless
Sh(t) State of frost hardiness at the end of day t °C
Sl(t) State of lignification at the end of day t Dimensionless
So(t) State of ontogenetic development at the end of day t Dimensionless
Sr(t) State of rest break at the end of day t Dimensionless

Auxiliary variables

DHNL(t) Effect of night length on potential frost hardiness on day t °C
DHT(t) Effect of air temperature on potential frost hardiness on day t °C
Ra

h(t) Rate of change of asymptotic frost hardiness on day t °C day–1

Sa
h(t) Asymptotic frost hardiness on day t °C

Ss
h(t) Stationary frost hardiness on day t °C

Arbitrary developmental units

CU Chilling unit
HU High temperature unit
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Table 2. The symbols and values of the equation-specific parameters. The values of the parameters are mainly 
for Scots pine (Pinus sylvestris L.). The exceptions are indicated below the table, with references where 
details of the empirical background of all parameter values can be found.

Eq. Symbol Explanation Value Unit References

A1a Hcrit(a) High temperature requirement of 
growth onset

12.5 – 230 HUa) 16

A1a T1 Threshold air temperature 5 °C 16

A1b a1 –0.42 - 4

A1b b1 0.73 - 4

A1b c1 0.07 °C–1 4

A1b Hcrit(b) High temperature requirement of 
growth onset

139 HUa) 4

A1c a2 0.185 °C–1 3, 17

A1c b2 18.4 °C 3, 17

A1c Hcrit(c) High temperature requirement of 
growth onset

5.3 HUa) 3, 17

A1c T2 Threshold air temperature 0 °C 3

A2 t0 Starting day of simulation January 1 - 4

B1a Ccrit(a) Chilling requirement of rest comple-
tion

30 CUb) 3

B1a T3 Lower threshold air temperature –3.4 °C 3, 18

B1a T4 Optimum air temperature 3.5 °C 3, 18

B1a T5 Upper threshold air temperature 10.4 °C 3, 18

B1b Ccrit(b) Chilling requirement of rest comple-
tion

12 CUb) -

B1b T6 Threshold air temperature 5 °C 7

B1c Ccrit(c) Chilling requirement of rest comple-
tion

30 CUb) 3

B2 trest Date of onset of rest September 1 - 3

B4b Co,min Minimum ontogenetic competence 0.1 - 3

B4c Sr* Threshold state of rest 50 - 3

B6 trest Date of onset of rest September 1 - 3

C1 a3 1.5 - 15

C1 b3 –21.4 °C 15

C1 T7 Threshold air temperature 11.3 °C 15

C2 τ Time constant 5 Day 8, 14, 15

C3 t0 Starting day of simulation September 1 - -

D1 a4 1.5 - 15

D1 b4 –21.4 °C 15

D1 T8 Threshold air temperature 11.3 °C 15

D2 τ2 Second time constant 10 Day -

D3 & D5 t0 Starting day of simulation September 1 - -

E1 Ha,crit High temperature requirement of 
active growth

510 HUa) 8, 12

E1 T9 Threshold air temperature 5 °C 5, 8, 12

E2 t0 Starting day of simulation June 1 - -
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Eq. Symbol Explanation Value Unit References

E4 Hl,crit High temperature requirement of 
lignification

300 HUa) 8, 13

E4 T10 Threshold air temperature 5 °C 8, 13

E7 Ccrit(d) Chilling requirement of rest comple-
tion

28 CUb) 9

E7 T11 Lower threshold air temperature –13.8 °C 6, 8

E7 T12 Optimum air temperature –1.2 °C 6, 8

E7 T13 Upper threshold air temperature 16.5 °C 6, 8

E10 a5 0.11 °C–1 6, 8

E10 b5 37.6 °C 6, 8

E10 Hcrit(d) High temperature requirement of 
growth onset

2.4 HUa) 6, 8

E10 T14 Threshold air temperature 0 °C 6, 8

E13 So,crit Critical state of ontogenetic develop-
ment for attaining zero hardening 
competence

187.5 - 8, 11

E16 T15 Upper threshold air temperature 10 °C 1, 8

E16 T16 Lower threshold air temperature –16 °C 8, 10

E16 DHTmax Maximum effect of air temperature on 
potential stationary frost hardiness

–47 °C 8, 10

E17 NL1 Lower threshold night length 10 h 1, 8

E17 NL2 Upper threshold night length 16 h 1, 8

E17 DHNLmax Maximum effect of night length on 
potential stationary frost hardiness

–18.5 °C 2, 8, 10

E18 Ss
h,min Minimum stationary frost hardiness –4.5 °C 8, 13

E19 τ Time constant 5 Day 8, 14, 15

E20 t0 Starting day of simulation June 1 - -

E22 a –0.1435 °C–1 8

E22 b –1.4995 °C–1 8

E22 g 0.1071 °C–1 8

References for the parameter values and the species represented by the values. Where no species is mentioned, 
the parameter value is for Scots pine. 

1 Aronsson (1975) 6 Kramer (1994b) 11 Leinonen et al. (1997) 16 Several boreal species  
Sarvas (1967)

2 Christersson (1978) 7 Landsberg (1974) 
Malus domestica 
Borkh.

12 Raulo and Leikola 
(1974)

17 Pooled data for several 
boreal species 
Sarvas (1972)

3 Hänninen (1990a) 
Generalized boreal 
species

8 Leinonen (1996a) 13 Repo (1992) 18 Betula pubescens 
Ehrhart 
Sarvas (1974)

4 Hari and Häkkinen 
(1991) Betula sp.

9 Leinonen (1996b) 14 Repo and Pelkonen 
(1986)

5 Koski and Sievänen 
(1985)

10 Leinonen et al. (1996) 15 Repo et al. (1990)

a) High temperature unit of the model formulated in the corresponding equation. 
b) Chilling unit of the model formulated in the corresponding equation



198

Silva Fennica 41(1), 2007 review articles

(A) E-models for the timing of bud burst and flowering 
 (Fixed-sequence development)

(A1) Air temperature response of the rate of ontogenetic 
development

Three alternative models:

(a) The piecewise linear ‘day degree’ model (Arnold 1959; Sarvas 1967)
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(b) The exponential model (Hari et al. 1970)
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(c) The sigmoidal model (Sarvas 1972; Hänninen 1990a)
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(B) ES-models for the timing of bud burst and flowering 
 (Fixed-sequence development)

Air temperature response of the rate of rest break

Three alternative sub-models:

(a) The triangular sub-model (Sarvas 1974; Kramer 1994a)
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(b) The plateau/exponential sub-model (Landsberg 1974)
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(c) The step sub-model with rest break negation in high temperatures  
(Richardson et al. 1974)
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The state of rest break

S t R t dtr r
t

t

( ) ( ) ( )= ∫
rest

B2

Rest completion, when

S tr ( ) ( )=100 3B

Air temperature response of the potential rate of ontogenetic 
development

The same three alternative sub-models for Ro,pot(t) as the three models for Ro(t) 
in E-models: Eqs. (A1a), (A1b), and (A1c).

Dependence of ontogenetic competence on the state of rest break

Three alternative sub-models:

(a) The sub-model for abrupt rest completion (Sarvas 1972,1974; Hänninen 
1990a)
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(b) The sub-model for gradual rest completion (Landsberg 1974; Hänninen 
1990a)
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(c) The sub-model for intermediate rest completion (Hänninen 1990a)
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The rate of ontogenetic development (Hänninen 1990a,1995; 
Kramer 1994a,b)
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The state of ontogenetic development

S t R t dto o
t

t
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B6

Bud burst/flowering, when

S to ( ) ( )=100 7B

(C) The first-order model of frost hardiness
 (Fluctuating development, modified from Repo et al. 1990)
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(D) The second-order model of frost hardiness
 (Fluctuating development, simplified from Leinonen et al. 1995)
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The rate of change of asymptotic frost hardiness
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The rate of change of frost hardiness
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The state of frost hardiness
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(E) The integrated model of frost hardiness
 (Adopted from Leinonen 1996). Parameter values are for needles of central 

Finnish Pinus sylvestris.

The model for annual ontogenetic development

The model for active growth phase

The rate of active growth
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The state of active growth
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E2

At the initialization of the simulations, the onset date of active growth, tact, is 
replaced by the starting day of simulation, t0 (i.e., tact = t0, see Eq. (E20)). After 
that, tact is obtained from Eq. (E12).

Height growth cessation and onset of lignification, tlign, when

S ta ( ) ( )=100 3E

The model for the lignification phase

The rate of lignification
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The state of lignification
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E5

The onset of lignification, tlign, from Eq. (E3). Cessation of lignification and the 
onset of rest, trest, when

S tl ( ) ( )=100 6E

The model for the rest phase

The rate of rest break
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The state of rest break
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E8

The onset of rest, trest, from Eq. (E6). Rest completion and the onset of quies-
cence, tquie, when

S tr ( ) ( )=100 9E

The model for quiescence
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Initiation of quiescence, tquie, from Eq. (E9). The onset of active growth, tact, 
when

S to ( ) ( )=100 12E

The model for the annual cycle of frost hardiness

Hardening competence, Ch, during quiescence and active growth
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In order to use Eq. (E13), So(t) is calculated also after it has reached the value 
100, indicating the start of the active growth phase, until the critical value So,crit 
is attained. 

Hardening competence, Ch, during lignification 
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Hardening competence, Ch, during rest
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Effect of air temperature on potential stationary frost hardiness, DHT
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Effect of night length on potential stationary frost hardiness, DHNL

During decreasing night length:

D

D

H t

H

NL

NL

( ) =

mmax

max

( ) ,

( )

NL t NL

H

NL NL
NL tNL

>

−












⋅ −

2

2 1

D
11 1 2

10
17

NL NL NL t NL

NL t NL

  ≤ ≤

<













( ) ,

( )
(E ))

( )

During increasing night length:
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The rate of change of frost hardiness
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The state of frost hardiness
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The model for annual needle damage

Daily index of injury (proportion of damaged needles), I
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where the slope parameter b6 is calculated as follows:

6 22b t S th( ) exp ( ) ( )= + ⋅ ⋅( )a b g E

The maximum of the daily values of I(t) is selected for the annual needle loss 
due to frost damage.
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