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  Abstract   Climate change affects both the annual cycle of tree development and 
the processes related to tree growth. The annual cycle of development manifests as 
observable phenological events such as leaf unfolding, flowering and leaf fall, but 
also includes less apparent traits, such as changes in frost hardiness and photosynthetic 
capacity. Seasonality in these traits can be due either to a fixed sequence of events that 
take place even in a constant environment, or to fluctuations in environmental factors. 
Thus, in a constant environment, the latter mode of development displays no seasonal-
ity. In addition, and depending on the trait considered, the internal state of development 
affects the tree’s capacity to respond to environmental factors. Given that the effects 
of climate change on the seasonality of a particular phenological trait may depend on 
interactions between fixed and fluctuating development traits, in order to explore these 
effects the entire annual cycle of development must be modelled. The processes related 
to tree growth include photosynthesis, respiration and allocation at the level of the 
individual tree; at stand level they include resource availability and biotic interactions. 
In this chapter we present the general theory of the annual cycle of development of 
trees, with examples of climate change effects on phenological traits with different 
mode of development for tree species in the boreal, temperate and Mediterranean zone 
of Europe. A process-based model on tree growth is outlined, with focus on scaling 
up from the tree to the stand level in time and space. Examples of climate change are 
presented, based on a model that couples the annual cycle of development and the 
growth of trees. Phenological events are characterized by responses to temperature 
that are under strong selective pressure. Future lines of development in this field of 
research include an assessment of the adaptive potential of phenological events to 
climate change. An example of this genetic approach is also presented.    
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  1 Introduction  

 The zones where boreal and temperate trees grow have a very pronounced seasonal 
climate. In the southern temperate and the Mediterranean regions of the northern 
hemisphere it is the availability of water that varies seasonally, whereas in the more 
northern conditions the seasonality is caused by the variation in incoming solar 
radiation and in air temperature – especially the latter. Boreal and temperate trees 
are adapted to the seasonality of air temperature: in their annual cycle of development 
the frost-hardy dormant state and susceptible active growth state are synchronized 
with the annual climatic cycle (Fuchigami et al.  1982 ; Koski and Sievänen  1985 ; 
Sarvas  1972,   1974) . 

 The annual cycle has to be explicitly addressed when building process-based 
models for the growth of tree stands, as otherwise the stand models may signifi-
cantly overestimate growth. Bergh et al.  (1998) , for instance, found that the gross 
primary production of a northern Swedish stand of Norway spruce ( Picea abies  (L.) 
Karst.) was overestimated by 40% when the simulation addressed only the 
instantaneous effects of climatic factors, without considering the long-term restrictions 
on the inherent photosynthetic capacity caused by low air temperature and the 
limiting effects caused by frozen soil. Fortunately, there is a long tradition in 
modelling the annual cycle of boreal and temperate trees (Cannell  1990 ; Hari  1972 ; 
Pelkonen and Hari  1980) , so models for the different aspects of the annual cycle are 
available for stand modellers. Recently we reviewed the modelling of the annual 
cycle at some length, including in our review the equations for a selection of 
published models (Hänninen and Kramer  2007) . The following discussion of the 
theoretical fundamentals of phenological modelling and the classification of the 
models of the annual cycle is largely based on that review. 

 The remainder of this chapter is structured as follows. In Sect. 2 we present general 
aspects on modelling the tree’s annual cycle of development. In Sect. 3 we give 
examples on how the phenological models have been used to assess the effects of 
climatic change on tree species. In Sect. 4 process-based models of tree growth and 
their use for scaling up in space and time are discussed. In Sect. 5 we provide a synthesis 
of the two previous sections, i.e. we present cases where phenological models have 
been coupled with process-based growth models and show how these integrated models 
have been used for assessing the effects of climatic change on broadleaved deciduous 
and needle leaved evergreen trees species of the boreal, temperate and Mediterranean 
zone in Europe. Finally, in Sect. 6 we discuss future developments.  

  2 Principles for Modelling the Annual Cycle of Trees  

 In the models of the annual cycle (Fig.  1 ), the key state variable is  the state of 
development ,  S(t) . It quantifies the phase of a given attribute of the annual cycle. 
The state of development can either describe the physiological attributes of the 
annual cycle or quantify the annual ontogenetic cycle of trees. The physiological 
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attributes include frost hardiness (Leinonen  1996a ; Repo et al.  1990a)  and 
photosynthetic capacity of needles (Mäkelä et al.  2004 ; Pelkonen and Hari  1980)  
of evergreen conifers. In this case, the models of changes in the state of development 
can be tested with empirical data, since the physiological properties (e.g. frost 
hardiness) are directly measurable (Leinonen  1996a ; Repo  1992) . If the state of 
development represents ontogenetic development, the empirical part of the studies 
is more complicated, since it is impossible to continuously measure the changing 
value of the state of development (Fuchigami et al.  1982 ; Sarvas  1972,   1974) . 
The best examples of this approach are various    temperature sum and day 
degree models that predict the timing of bud burst of deciduous trees during spring 
(Chuine  1998 ; Chuine et al.  1998 ; Hänninen  1990 ; Hänninen  1995 ; Kramer  1994a,   b) . 
These models predict the phenological event on the basis of the cumulative sum 
of temperature; the event’s threshold is specific to the event in question, and also 
to the species and provenance. As empirical observations are only available for the 
date of the occurrence of the event, strictly speaking the only phenomenon that is 
being modelled is the timing of the event. In physiological terms, however, the 
phenological event is the final outcome of a microscopic ontogenetic develop-
ment that has been going on within the bud for a long time. The progress of this 
ontogenetic development before the phenological event becomes visible is 
simulated by the increasing value of the temperature sum, i.e. with the value of 
the  S(t)  state of development. 
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  Fig. 1    The annual cycle of trees of boreal and temperate zones. The  outer circle  describes fixed 
sequence development and phenological events. The  inner circle  describes frost hardiness as 
example of a trait with some fluctuating development. The capacity for hardening depends on the 
state of ontogenetic development of the fixed sequence cycle. See the Appendix for details on the 
models of the annual cycle of trees        for the 4 phases shown on the Figure.
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 As in any other dynamic model, the course of the state of development over time 
is simulated by first calculating the value of its first time derivative, i.e. the value 
of  the rate of development, R(t) , and then integrating  R(t)  over time (Hari  1972 ; 
Hari and Rasanen  1970) . The effect of environmental factors on phenology is 
modelled via the responses of the  R(t)  to the environment. The best known example 
of such a model is the classic temperature sum (Reaumur  1735)  or thermal time 
model (Cannell and Smith  1983) . In this case, the value of  R(t)  equals zero if the 
ambient temperature is zero below a given threshold and increases linearly 
above that threshold. The crucial phase of modelling is the formulation of the 
environmental responses of the rate of development, since the following integration 
over time is pure mathematical deduction. Thus, once the environmental responses 
of rate of development are determined, then the time course of state of development, 
 S(t) , is also determined for any environment for which the time course of the driving 
environmental factors is known (Hänninen and Lundell  2007) . 

 As the morphological and physiological phenomena of the annual cycle of 
development are very diverse, various assumptions must be made when modelling 
the annual cycle. Hänninen and Kramer (2007) classified the phenomena of the 
annual cycle into two main categories. The concept of  fixed sequence development  
covers phenomena belonging to the irreversible ontogenetic development, for 
instance those leading to bud burst during spring (Kramer  1994a,   b ; Sarvas  1972, 
  1974) . In this category, the value of the state of development,  S(t) , either increases 
or stays constant, but it never decreases. In other words, the rate of development, 
 R(t) , is either positive or zero, but never negative. On the other hand, the concept 
of  fluctuating development  characterizes various phenomena of physiological 
acclimation which are at least partly reversible. For instance, this category 
includes the springtime recovery of the photosynthetic capacity (Pelkonen  1980 ; 
Pelkonen and Hari  1980) .. In this category, the value of the state of development, 
 S(t) , can increase as well as decrease, and the value of the rate of development, 
 R(t) , can be either positive or negative. In  integrated models  both types of 
development are modelled simultaneously, so that the fixed sequence phenomena 
affect the fluctuating phenomena. This is the case, for instance, in the more 
comprehensive models of frost hardiness, where the phase of the annual growth 
cycle restricts the hardening of the trees. During the dormant phase the frost 
hardiness is fully reversible, i.e. when the temperature drops again after an 
intermittent mild spell during winter, rehardening follows dehardening, whereas 
during the phase of active growth there is very little, if any, rehardening (Kellomäki 
et al.  1992,   1995 ; Leinonen  1996b) . 

 We further classify the models based on the assumptions concerning the 
environmental responses of the rate of development (Hänninen and Kramer  2007) . 
In  E-models  the environmental responses stay constant, as is the case for instance 
in the classic temperature sum models. This simplifying assumption of constancy 
is justifiable when addressing only a limited part of the annual cycle, but when 
addressing the whole cycle, however, more complicated  ES-models  are needed. In 
these models the environmental responses change during the annual cycle. A given 
air temperature, for instance, may bring about either hardening or dehardening, 
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depending on the phase of the annual cycle. In some models in the fluctuating 
development category, the prevailing state of development of a given attribute of the 
cycle affects the response of that attribute’s rate of development to air temperature. 
Models incorporating feedback in this way have been developed for photosynthetic 
capacity (Pelkonen and Hari  1980)  and for frost hardiness (Leinonen et al.  1995 ; 
Repo et al.  1990a) . Furthermore, in some integrated models, the state of development 
of a given attribute of the cycle affects the environmental response of the rate of 
development of another attribute. This is the case in integrated models of frost 
hardiness, where the state of the ontogenetic development affects the environmental 
responses of hardening/dehardening (Kellomäki et al.  1992,   1995 ; Leinonen  1996b) .  

  3 Effects of Climate Change on the Phenology of Trees  

 The impact climate change has on a tree’s functioning depends on the category 
of development the affected trait belongs to: a given change in temperature 
affects traits with fixed sequence development differently than a trait with fluc-
tuating development. Furthermore, climate change affects state-dependent 
changes differently than state-independent changes. In this section we present 
examples illustrating the general theory of modelling the annual cycle of trees 
as outlined above. See the Appendix for the equations and parameter values used 
in the various phenological models.  

  3.1 Bud Burst 

 Tree bud burst is a classic example of a fixed sequence development. It occurs 
when the cumulative chilling (Eqn.  4 ) and forcing (Eqn.  5 ) temperatures exceed a 
certain threshold. Climate change influences how rapidly chilling temperature is 
accumulated during the rest phase; it also influences forcing during quiescence. In 
this way it influences the date in spring on which bud burst occurs. A change in 
the date of bud burst leads to a change in the probability of frost damage and in the 
amount of radiation that is available for growth during the growing season. 
However, different tree species differ in their response to climate change. Table  1  
presents the average date of leaf unfolding and leaf fall over the period 1894–1959, 
and the change in these phenological events in relation to average winter and 
summer temperature (Kramer et al.  1996) . 

 Using these responses of leaf unfolding and leaf fall to temperature, the 
consequences of global warming on both the probability of frost damage and on 
the duration of the growing season can be assessed. Consider the tree species 
in Table  1 : given the simulated advance of the date of leaf unfolding (Fig.  2a ), in 
NW Europe the probability of frost damage to these species is likely to 
decrease. As the rates of advancement for leaf unfolding and leaf fall are not 
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the same, climate change is projected to affect the length of the growing season 
and thus the amount of radiation that is available for growth (Fig.  2b ). This 
analysis suggests that  Fagus  is likely to gain the most from the warming climate, 
whereas if the temperature increases by more than 3°C, the amount of light 
available would decrease for  Quercus .   

  3.2 Frost Hardiness 

 Frost hardiness is an example of a trait whose development fluctuates with changes 
in temperature. It can be operationally defined as the lowest temperature at which 
there is no visual damage to tissues within the bud. However more advanced meth-
ods are now available to determine the degree of frost hardiness (Repo  1993 ; Repo 
and Lappi  1989 ; Repo et al.  1990b) ; it can be simulated by assuming a stationary 
level of frost hardiness that depends on temperature and day length (( 17 ); Leinonen 
 1996b) . The stationary level is attained only if the environmental conditions are 
constant for a certain period of time. How quickly the actual level of frost hardiness 

  Table 1    Phenological characteristics of  Betula, Fagus  and  Quercus  in the Netherlands.  U  – aver-
age date of leaf unfolding,  P  

 0 
  – probability of sub-zero temperature in a symmetrical 11-d period 

around  U ,  dU/dT  
 w 
  – change in  U  with change in winter temperature (d C -1 ),  F  – average date of 

leaf fall,  dF/dT  
 s 
  – change in F with change in summer temperature (d C −1 ). Negative values 

indicate advancement of date of leaf unfolding or of leaf fall    

 Species  U  P 
0
   dU/dT 

w
   F  dF/dT 

s
  

 Betula pubescens  April 22  0.58  −5  October 4  −3 
 Fagus sylvatica  May 2  0.37  −4  October 16  0 
 Quercus robur  May 6  0.18  −5  October 20  −5 
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  Fig. 2    Effect of an increase of temperature on: ( a ) probability of frost damage,  P  
 0 
 , and ( b ) 

available radiation during the growing season,  I . Reproduced with permission from Kramer 
(1996). © Inter-Research.       
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attains the stationary level then depends on an ecophysiological time constant and 
the difference between the actual and stationary levels of frost hardiness (Eqn.  6 ). 

 An example of frost hardiness and the duration of the growing season of  Pinus 
sylvestris  in the current climate and in a hypothetically warmer climate (Fig.  3 ) 
shows that in the projected future Finnish climate (temperature increase by 6°C), 
the difference between the minimum daily temperature (T 

min
 ) and the level of frost 

hardiness ( S  
 h 
 ) decreases. Thus, under these conditions, there is a greater probability 

of the minimum daily ambient temperature falling below the level frost hardiness 
of the plant, thus resulting in frost damage. Also the variability in minimum 
temperature may increase in a warmer climate. This could lead to an increased 
probability of frost damage even in the absence of warming if the state of frost 
hardiness of the plant can not track the increased variability in temperature (depending 
on the value of the time constant in ( 6 )). We did not include that aspect of climate 
change in this example.   

  3.3 Water-Driven Phenology 

 Changes in water availability affect the phenology of trees via different mechanisms 
than the impacts of temperature. As an example, the development of leaf area index 
(LAI) of  Pinus pinaster  Aiton is presented. In coniferous species, water availability 
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  Fig. 3    Implications of climate change for  Pinus sylvestris  in Finland on the duration of the growing 
season ( grey horizontal bars ), and the level of frost hardiness,  S  
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Finnish climate based on an increase of 6°C in daily temperature. Frost damage occurs if the 
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 , is less than  S  

 h 
 . Data of minimum temperature of the current 

climate are observations from Joensuu, Finland.       
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affects the number of needle primordia being formed, the elongation of both the 
shoot and the needles and needle fall (Loustau et al.  1992,   1996) . The direct effect 
of summer drought on coniferous trees is a reduction in leaf area index (LAI) 
because shoot- and needle elongation is reduced and needle fall increased. The 
indirect effect of summer drought is a reduction in needle primordia which affects 
the LAI of the next year. This is because in coniferous trees, a segment of the shoot 
is associated with a bundle of needles (Loustau et al.  1992,   1996) . Thus, shoot 
elongation stops as soon as all primordia are developed into needles even if water 
is in ample supply. Consecutive dry summers have a more pronounced impact on 
the LAI of  P. pinaster  than a single dry year (Fig.  4 ). This mechanism affects both 
the development of LAI over the growing season and the date on which the LAI 
attains its maximum value.  

 In contrast to conifers, the impact of limiting water availability on the LAI of a 
deciduous grass  Molinia  is instantaneous, and the stress from consecutive dry years 
does not compound (Fig.  4 ). For deciduous or evergreen broadleaved Mediterranean 
trees, there is also no such indirect effect of water limitation on the next years leaf 
area as elongation of both leaves and shoot depend on instantaneous water supply.   

  4 Process-Based Tree Growth Models  

 Tree phenology is an important aspect of a tree’s responses to climate change, as it 
determines the onset and cessation of the functioning of the tree, as well as the 
tree’s frost hardiness and photosynthetic capacity. As was made clear in the previous 
section, it is necessary to simulate the entire annual cycle, rather than parts of it 
(e.g. a temperature sum leading to bud burst) because there are interactions between 
physiological attributes and ontogenetic development. Hence, to evaluate climate 
change impacts on tree growth, the entire annual cycle as described above needs to 
be integrated in process-based models on tree growth. In this section we present one 
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such model of tree growth, FORGRO, to illustrate the scaling up of processes in 
space and time. In Sect. 5 we present the importance on phenology for climate 
change responses at these larger scales. 

 FORGRO describes stand properties, expressed per hectare, including: tree density, 
stem volume, tree height, stem diameter at breast height (DBH), canopy dimensions, 
biomass of foliage, branches, stem (heartwood and sapwood) coarse roots and fine 
roots. The model describes the physical environment (light, temperature, vapour 
pressure deficit) in the vegetation and in the soil in detail. The interception and 
attenuation of light in the canopy are described in detail because of the non-linear 
relationship between photosynthesis and available light (Spitters et al.  1986) . 
FORGRO includes a leaf energy balance (Goudriaan and Van Laar  1994) , thus a 
vertical temperature gradient, as photosynthesis is strongly affected by temperature. 
Maintenance respiration is proportional to the amount of respiring biomass and 
increases exponentially with temperature (Cannell and Thornley  2000 ; Penning de 
Vries et al.  1974 ; Ryan  1995 ; Ryan et al.  1996) . Growth respiration is proportional 
to total growth but is not temperature-dependent (Penning de Vries et al.  1974) . For 
the allocation of photosynthates among tree components it is assumed that the 
internal development of partitioning rations depends solely on the tree’s dimensions 
(Grote  1998) . This assumption can be derived from pipe model theory and the 
principle of a functional balance between tree components (Mäkelä and Hari  1986 ; 
Valentine  1988) . Allocation is especially important for the long-term dynamics of 
forest growth; however, it is not important for comparing the predicted and observed 
exchange of CO 

2
  and H 

2
 O. The hydrological aspect of FORGRO includes interception 

and evaporation of rain by the canopy, and transpiration of water taken up from the 
soil by the vegetation (Kropff  1993) . The links between carbon and water cycles in 
the soil and the vegetation are through the effects of soil moisture and air vapour 
pressure deficit on stomatal conductance (Leuning  1995 ; Leuning et al.  1995) . 

  4.1 Scaling Up in Space 

 The scaling up in space entails moving from leaf level to canopy level, which is 
primarily dependent on accurately characterizing the vertical light profile through 
the canopy and on assessing the light climate for individual leaves (Leuning et al. 
 1995) . The amount of radiation absorbed by a given leaf layer affects the leaf 
temperature and stomatal conductance and thus the rates of photosynthesis and 
transpiration per layer and for the whole canopy. In the FORGRO model the 
integration of assimilation and transpiration over the foliage layers is performed 
using a nested Gaussian integration technique (Goudriaan and Van Laar  1994) . This 
is an efficient technique for the numerical integration of a known, smooth function. 
The basic idea is to evaluate that function at representative positions on the total 
integration interval and to assign weights to each of these function evaluations. 
In the case of the light profile in a canopy, the amount of radiation absorbed at different 
depths in the canopy depends on the incoming direct and diffuse shortwave radiation, 
and the downward attenuation and scattering of light results in a declining proportion 
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of sunlit foliage and an increasing proportion of shaded foliage (Spitters et al. 
 1986) . Very good estimates of the integral, i.e. the whole canopy value of absorbed 
radiation, photosynthesis and transpiration, are obtained if, for the shaded foliage, 
three positions, i.e. foliage layers within the canopy, are considered; for the sunlit 
foliage, five positions within these three foliage layers must be considered. This 
leads to evaluations at 15 light intensities for the functioning of sunlit foliage. In addition 
to absorbed radiation, the model calculates stomatal conductance, foliage temperature, 
internal CO 

2
  concentration, i.e. within the stomatal cavity, and the hourly rates of 

photosynthesis and transpiration. Figure  5  shows an example of the contribution 
of the different foliage layers to each of these variables. In this example, the stomatal 
conductance for water declines over the day because there is a large air vapour 
pressure deficit. Consequently, at midday, foliage temperature exceeds ambient 
temperature, which depresses photosynthesis The reduction in transpiration is less 

1

2

t (
m

m
ol

 m
−

2  
s−

1 )
g s

 (m
m

ol
 m

−
2  

s−
1 ) 0

10

20

A
 (µ

m
ol

 m
−

2  
s−

1 )

100

200

0

1

2

T
f-T

a 
(°

C
)

1000

2000

I ab
s (

J 
m

−
2  

s−
1 )

100

200

300

400

c i
 (µ

m
ol

 m
ol

−
1 )

Time (hour)

0

1000

2000

V
P

D
 (

P
a)

5 10 15 205 10 15 20

Time (hour)

0

10

20

30

T
a 

(°
C

)

a b

c d

e f

g h

  Fig. 5    Instantaneous rates of transpiration and photosynthesis and the variables that determine 
these rates over 15 foliage layers as modelled with the FORGRO model. Each dot represents the 
value of a given variable of a layer at a particular moment of the day. ( a ) transpiration,  t , ( b ) pho-
tosynthesis,  A , ( c ) stomatal conductance for water,  gs , ( d ) difference between foliage temperature, 
 T  

 f 
 , and air temperature,  T  

 a 
 , ( e ) absorbed radiation,  I  

 abs 
 , ( f ) internal CO 

2
  concentration,  c  

 i 
  ( g ) air 

vapour pressure deficit,  VPD , ( h ) air temperature,  T  
 a
.
 
        





212 K. Kramer and H. Hänninen

0

5

10

15

20

25

10 30 50 70

C
A

I (
m

3 
h

a−
1 

yr
− 1

)

Age (yr)

d
model

G&Y data

0

200

400

600

800

1000

1200

P
 (m

m
 y

r-1
)

Time (yr)

a
Precip.

t - Pinus

t- Molinia

0

5

10

15

20

25

1987 1989 1991 1993 1995

1987 1989 1991 1993 1995 1987 1989 1991 1993 1995

P
ro

du
ct

iv
ity

 (t
 h

a 
yr

-1
)

Time (yr)

c

GPP

NPP

0

40

80

120

160

D
ry

 w
ei

gh
t  

(t 
h

a−
1 )

Time (yr)

b
foliage

branches

roots

stems

  Fig. 7    Annual values of: ( a ) precipitation and transpiration for  Pinus pinaster  and  Molinia caer-
ulea , ( b ) biomass per tree component of  Pinus pinaster , ( c ) gross primary productivity, GPP, and 
net primary productivity, NPP, of  Pinus pinaster , and ( d ) current annual increment, CAI, of  Pinus 
pinaster . The  arrow  in panel ( b ) indicates a thinning event.       

grass understory in Bray in the south-east of France. Daily incoming global radiation 
and LAI distribution determine the absorbed PAR and NIR for both  Pinus  and 
 Molinia , and the net radiation is derived by subtracting the outgoing long-wave 
radiation from the incoming short-wave radiation. In this example, there is 
feedback between stomatal conductance, soil moisture content and transpiration, 
because transpiration reduces the soil moisture content, thus increasing the soil 
moisture deficit which causes the stomata to close thereby reducing transpiration. 
This instantaneous effect of soil moisture deficit on whole-tree functioning is 
additional to the long-term effect of water shortage on the development of leaf 
area index presented in Fig.  4 .  

 Figure  7  shows the results of accumulating daily values to attain an annual value 
for the Bray site. It shows large variability in annual precipitation. The transpiration 
by the pine also shows large differences between years, whereas the transpiration 
by the understory is relatively constant, and is on average responsible for 20% of 
the total transpiration. Net primary productivity (NPP) is allocated to the different 
tree components, resulting in a change in the biomass of foliage, branches, stem, 
coarse roots and fine roots. Periodic thinning reduces the amount of biomass. Tree 
growth expressed as annual volume increment provides an output that can be tested 
against independent observations.  

 Once a process model has been validated at both the daily and the annual scales, 
its output can be used either to upscale to larger spatial scales, or to evaluate the 
long-term consequences of climate change scenarios. For example, radiation use 
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  efficiency provides a simple statistic for evaluating interannual activity, as well 
as for validations against remote sensing models based on light use efficiency 
(e.g. Running’s and Xiao’s models, see   Chap. 11     in current volume). Validation of 
a process-based model entails comparing the model output with independent data 
at different spatial and temporal scales, including (a) the timing of the onset and 
cessation of the growing season for phenology (Kramer  1994a,   b,   1995a,   b) , (b) leaf 
values (Fig.  8 ) (c) daily values (Figs.  6a ,  9b ), (Kramer et al.  2002)  and (d) long-term 
growth and yield (Fig.  9d ) and ecosystem carbon budgets (Mohren et al.  1999) .     

  5 Effects of Climate Change on Growth of Trees  

 The combined effects of climate change on the annual development and 
growth of trees can be evaluated with a model that combines the annual cycle 
of development of trees and the processes that drive tree growth as described above. 
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sis,  A , ( c ) stomatal conductance for water,  gs , ( d ) vapour pressure deficit of the air,  VPD , ( e ) 
irradiance,  I , ( f ) internal CO 

2
  concentration,  c  

 i 
 , ( g ) foliage minus air temperature,  T  

 f 
  – T  

 a 
 , ( h ) air 

temperature.       



214 K. Kramer and H. Hänninen

In this section, we present several examples of the importance of phenology for the 
climate change assessment of tree growth. 

  5.1  Importance of Phenology on the Growth 
of Temperate Zone Deciduous Trees 

 Tree species differ in their response of the timing of bud burst to global warming 
(Table  1 ). An earlier bud burst leads to a longer growing season and thus enhanc-
es  annual net primary productivity but also affects the probability of spring frost 
damage (Fig.  2 ). It can be expected that the climate change response of a species’ 
net primary productivity in a monoculture will not be the same as when the species 
is growing in a mixed stand of species differing in their temperature response the 
timing of bud burst. This is because competition for light is asymmetrical: larger 
individuals obtain a disproportional share of the resource, and suppress the growth 
of smaller individuals (Weiner  1990) . 

 When the FORGRO model was used to evaluate the impact of changes in the 
timing of bud burst with increasing temperature on NPP in monoculture and a mixed 
species stand it was found that the effects of phenological differences between species 
became more pronounced in the mixed stand, where species compete for light, 
compared with monocultures (Fig.  9 ). In this example, climatic warming brings 
about a steady decline of the NPP of monocultures of  Fagus ,  Quercus  and  Betula . 
The temperature effect on whole-tree respiration thus exceeds the effect of climate 
change on gross photosynthesis and the duration of the growing season. In mixed 
species stands, however,  Fagus  benefits more from the higher temperature than the 
other species and becomes more competitive, at the expense of the other species.  
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The Annual Cycle of Development of Trees and Process-Based Modelling 215

  5.2  Importance of Phenology on the Growth 
of Boreal Coniferous Trees 

 Coniferous tree species in the boreal zone are vulnerable to late spring frosts, which 
damage the needles (i.e. reduce leaf area) and suppress photosynthetic capacity. 
Both the development of needle area ( 19 ) and ( 20 ) and the recovery of photosynthetic 
capacity ( 21 )–( 23 ) depend on the level of frost hardiness, which itself depends on 
the state of ontogenetic development. 

 When the importance of the effect of frost hardiness on needle area and on the 
recovery of photosynthetic capacity for gross photosynthesis of Scots pine was 
analysed using FORGRO, it was found that frost hardiness affected the recovery of 
photosynthetic capacity much more than it affected leaf area development (Fig.  10 ). 
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  Fig. 10    ( a ) Effect of frost on net primary productivity (NPP) of Scots pine in Hyytiälä, Finland. 
 frost  – taking account of effect of frost damage on needle area (LA) and on recovery of photosyn-
thetic capacity (A 
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 ) account.  LA  – only taking account of effect of frost on photosynthetic capacity. 

 Amax  – only taking account of effect of frost on needle area.  Grey bar  indicates the growing season. 
( b ) Comparison of simulated and observed net ecosystem carbon exchange (NEE) at Hyytiälä, 
Finland. Data provided by Dr. Timo Vessala. Reproduced with permission from (Mohren et al. 
 1999) . © SPB Academic Publishing.       
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  Fig. 11    Change in stem weight of  Pinus sylvestris  at Hyytiälä, Finland, relative to the current 
climate. ( a ) without and ( b ) with the effects of frost damage.       

  Table 2    Climate change scenarios for the modelling studies for the  Pinus sylvestris  in Finland 
(scenarios 1–3) and  P. pinaster  in France (scenarios 1–4).  T  temperature,  P  precipitation    

 Scenario No  Linear increase over 50 years  Range 

 1  Reference  – 
 2  T  0–3°C 
 3  T + CO 

2
   2) and 350–500  m mol mol −1  

 4  T + CO 
2
  + P  2) and 3) −15% precipitation 

The duration of the growing season is simulated much better if the effects of 
frost are taken into account (compare panels a and b of Fig.  10 ). In this example, 
the annual NPP is overestimated by 26% if no account is taken of the effects of 
frost hardiness on needle area and photosynthetic capacity. Failure to incorporate 
the effects of frost can result in the growth response to climate change being 
negative instead of positive (or vice versa). Figure  11  shows that the relative change 
of stem weight in both the T- and T + CO 

2
 -scenario (see Table  2 ) is positive when 

the effect of late spring frosts is taken into account, whereas in the absence of frosts 
the effect would be negative. In this example, elevated temperature enhances the 
recovery of photosynthetic capacity, effectively extending the growing season (see 
Fig.  9a ) thereby leading to increased growth. Without the effects of late spring 
frosts, stem weight decreased at higher temperature because respiration was 
stimulated more than assimilation. This effect is not completely counteracted by an 
increase in atmospheric CO 

2
  concentration. However if effects of frost are included, 

then the effect of increasing atmospheric CO 
2
  concentration on growth more than 

counteracts the effect of temperature on respiration.    
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  5.3  Importance of Phenology on the Growth 
of Mediterranean Coniferous Trees 

 In the Mediterranean zone the impact of climate change works through the effects 
of water availability rather than of temperature (see Sect.  3.3 ). Water availability 
strongly influences the leaf area development of both the pine upper story and the 
grass understory (Fig.  4 ). Figure  12  shows the effects of different climate change 
scenarios (Table  2 ) on stem weight of  Pinus pinaster  at Bray, France relative to the 
reference scenario. The results show that elevated temperature plus atmospheric CO 

2
  

concentration stimulate stem weight accumulation, whereas on its own, elevated 
temperature reduces stem weight accumulation relative to current climate conditions. 
The smaller leaf area that is the consequence of reduced precipitation counteracts 
the beneficial effect of elevated CO 

2
 , but not to the same degree as scenario 2.     

  6 Future Research  

 The next challenge in the evaluation of climate change impacts on tree growth is to 
assess whether trees have the potential to adapt to climate change because climate 
change is likely to exert strong evolutionary pressure on (Parmesan  2006) . Some 
authors have expressed concern that trees are unable to adapt to such changes because 
the rate of climate change is rapid relative to the longevity of individual trees (Davis 
and Shaw  2001) , trees may not have adequate genetic diversity to adapt to the chang-
ing environmental conditions (Davis and Kabinski  1992) , and trees may not be able 
to disperse to newly available habitat fast enough to outstrip the rate of global 
change, as the landscape they have to cross is highly fragmented (Jump and Penuelas 
 2005) . Other authors, however, point to evident characteristics that uniquely 
empower trees to withstand environmental changes (Hamrick and Godt  1996) : 
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trees have high phenotypic plasticity that allows them to withstand large environ-
mental fluctuations during their lifetime (Rehfeldt et al.  2002) ; there are high levels 
of genetic diversity for allozymes and nuclear markers within – rather than between 
– populations (Buiteveld et al.  2007 ; Leonardi and Menozzi  1995) ; and gene flow 
– especially of pollen – occurs over large distances, thereby exchanging favourable 
genetic variants between isolated stands (Petit and Hampe 2006).  

 Adaptive responses of trees are particularly important at the edges of the 
geographic distribution of trees because as demographic processes at the leading edge 
differ from those at the rear edge of a species area (Hampe  2005 ; Thuiller et al.  2008) . 
At the northern of the distribution of tree species of the northern hemisphere, is 
phenology – particularly the timing of the onset of the growing season – an important 
adaptive trait, as it balances the effect of frost and the effective use of the available 
growing. At the southern edge of the distribution, it is rather water limitation and 
successful recruitment that determines the rate of adaptive response of traits related 
to water availability. As Hamrick  (2004)  points out, the rate of adaptation to 
environmental change depends largely on successful recruitment events during 
the lifetime of a tree, and less so on the longevity of individual trees. Indeed, trees 
have overlapping generations and produce large numbers of seeds at regular 
intervals. During the first few decades of forest development tree numbers decline 
from several millions per hectare to a few hundred or less, resulting in a strong 
genetic selection (Geburek  2005) . 

 To assess the adaptive potential of the phenology of trees, a process-based growth 
model needs to be combined with a quantitative genetic model. The genetic model then 
characterizes selected parameters of the process model using a multi-locus/multi-
allele genetic system for individual trees. The individual-tree model then includes 
gene flow by seed and pollen dispersal and tree mortality, in addition to the proc-
esses related to growth described above for FORGRO (Kramer et al.  2008) .   

 Figure  13  shows an example of the adaptive response of the critical state of chilling 
for bud burst of  Fagus sylvatica  to climate change scenarios after running the model 
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  Fig. 13    Adaptive response of critical state of chilling, S*, of a  Fagus sylvatica  to elevated 
temperature scenarios. Pdf indicates the probability density function of the Weibull distribution 
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   ( Eqn. A4)  

 Phase 4: quiescence 
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    (Eqn. A5)  

 Frost hardiness
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  end of rest (= rest completion) if  ( ) *
r rS t S    then: 

  ● Phase = 4 

 Phase 4: quiescence

   ( ) ( ) ( )
,o i
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o o o

t

S t C t R t d= ∫ i i    ( Eqn. A14) 
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   ( Eqn. A15)  

  end of quiescence (= bud burst) if   *( )o oS t S   then: 
  ● Phase = 1 
   ●  S

a
(t) = 0   

  ● t
a,i

 = 0 

 Frost hardiness

   ( ) ( )= ∫ i
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h hS t R t dt     (Eqn. A16) 
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h h h hT hPS t S C t S t S t    ( Eqn. A17) 
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    (Eqn. A18)  

 Fraction of needle area damaged by frost

   ( )= + i
.f hc S t

f f fd a b e    ( Eqn. A19) 
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   ( Eqn. A20)  

 Recovery of photosynthetic capacity

   ( ) ( )
0

t

p pS t R t dt= ∫ i     (Eqn. A21) 
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p pS t b T t= i    ( Eqn. A22) 
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   ( ) ( )
*

p

p
p

S t
K t

S
=     (Eqn. A23)             

  Table A1    Variables for models of the annual cycle of trees    

 Symbol  Description  Units 

 C 
h
   Capacity for stationary state of frost hardiness to respond 

to temperature or photoperiod 
 C 

0
   Capacity for ontogenetic development 

 D  Proportion of foliage damaged by frost 
 ΔŜ 

hT
   Change of stationary state of frost hardiness due to change 

in temperature 
  

 ΔŜ 
hP

   Change of stationary state of frost hardiness due to change 
in photoperiod 

 K 
p
   efficiency of the actual photosynthetic capacity relative to the annual 

maximum at similar environmental conditions 
 NL  Duration of night  h d −1  
 R 

a
   Rate of change of active growth  °Cd d −1  

 R 
h
   Rate of change of frost hardiness  °C d −1  

 R 
l
   Rate of change of lignification  °Cd d −  1  

 R 
0
   Rate of ontogenetic development  FU d −1  

 R 
p
   Rate of change of recovery of photosynthetic capacity  D −1  

 R 
r
   Rate of change of rest  CU d −1  

 Ŝ 
h
   Stationary state of  frost  hardiness  °C 

 Ŝ 
p
   Stationary state of recovery of photosynthetic capacity  °C 

 S 
a
   State of active growth  °Cd 

 S 
h
   State of frost hardiness  °C 

 S 
l
   State of lignification  °Cd 

 S 
0
   State of ontogenetic development  FU 

 S 
p
   State of recovery of photosynthetic capacity 

 S 
r
   State of rest  CU 

 t  Time  d 
 t 
a, i

   Time of initiation of active growth  day of year 
 t 
o, i

   Time of initiation of ontogenetic development  day of year 
 t 
r, i

   Time of initiation of rest  day of year 
 T  Average daily temperature  °C 
 T 

min
   Minimum daily temperature  °C 

(continued)

  Table A2    Parameters for models of the annual cycle of trees    

 Symbol  Description  Value  Source 

 a 
f
   Coefficient for effect of frost hardiness damage 

on amount of foliage 
 −0.1435  (1) 

 a 
0
   Coefficient for ontogenetic development  −0.11  (2) 

 a 
p
   Coefficient for rate of recovery of photosynthetic 

capacity 
 2 

 b 
f
   Coefficient for effect of frost hardiness damage on 

amount of foliage 
 −1.4995  (1) 
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  t  
h
   Time constant for rate of change of frost hardiness  5 

  t  
p
   Time constant for rate of recovery of photosynthetic 

capacity 
 4.167E−4 

 T 
b
   Base temperature for accumulation of thermal time  5 

 T 
h, 1

   Upper limit of range of temperature within which frost 
hardiness changes 

 10 

 T 
h, 2

   Lower limit of range of temperature within which frost 
hardiness changes 

 −16 

 T 
o, min

   Minimum temperature for rate of change of ontogenetic 
development 

 0  (2) 

 T 
r, max

   Maximum temperature for rate of change of rest  16.5  (2) 
 T 

r, min
   Minimum temperature for rate of change of rest  −19.42  (2) 

 T 
r, opt

   Optimum temperature for rate of change of rest  −1.2  (2) 

  (1) Leinonen et al. (1995), (2) Kramer (1994a), (3) Pelkonen and Hari (1980)  

 Symbol  Description  Value  Source 

 b 
0
   Coefficient for ontogenetic development  −37.6  (2) 

 b 
p
   Coefficient for stationary state of recovery 

of photosynthetic capacity 
 600 

 c 
f
   Coefficient for effect of frost hardiness damage on 

amount of foliage 
 0.1071  (1) 

 c 
p
   Coefficient for rate of recovery of photosynthetic 

capacity 
 100  (3) 

 CaT  Capacity of state of active growth to respond 
to temperature 

 1 

 CaP  Capacity of state of active growth to respond 
to photoperiod 

 0 

 DŜ  
hP , m i

 
n
   Minimum change of stationary state of frost hardiness 

induced by a change in photoperiod 
 0 

 DŜ
  hP ,  max 

 Maximum change of stationary state of frost hardiness 
induced by a change in photoperiod 

 −18.5 

 DŜ 
hT, min

   Minimum change of stationary state of frost hardiness 
induced by a  change  in temperature 

 0 

 DŜ 
hT, max

   Maximum change of stationary state of frost hardiness 
induced by a change in  photoperiod  

 − 47  

 NL 
h, 1

   Lower limit of range of photoperiod within which frost 
hardiness changes 

 10 

 NL 
h, 2

   Upper limit of effective range of photoperiod within which 
frost hardiness changes 

 16 

 Ŝ 
h, min

   Minimal state of frost hardiness  −4.5  (1) 
 S* 

o, h
   Critical state of ontogenetic development where capacity 

of stationary level of frost hardiness to respond to 
change in temperature or photoperiod is zero 

 4.5  (1) 

 S* 
o
   Critical state of ontogenetic development to end 

quiescence 
 2.4  (2) 

 S* 
p
   Critical state of recovery of photosynthetic capacity 

so that full capacity to recover is attained 
 2.708 (=6,500/ 

(24 × 100) 
 (1) 

 S* 
r
   Critical state of ontogenetic development to end rest  28 

 S* 
a
   Critical state of active growth to end active growth phase  510 

 S* 
l
   Critical state of lignification to end lignification phase  300 

Table A2 (continued)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




