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General introduction 1

Chapter 1

General introduction

Climate change

Fossil fuel burning and large-scale deforestation result in a rise of the atmo-
spheric carbon dioxide {CO;} concentration at an unprecedented rate. CQ is
transparent to short-wave incoming radiation from the sun, but is opaque to
long-wave radiation which is emitted from the earth. Thus, the heat balance
of the earth will be affected because CO, traps radiation in the lower atmo-
sphere which would otherwise escape to space. It is possible that as a result
of the altered atmospheric composition, the climate of the earth will change.
General Circulation Models {GCMs), which simulate the weather patterns of
the globe, indicate that the mean annual temperature may rise by 2 to 5°C,
accompanied with an increase in precipitation. However, much uncertainty
remains on the exact magnitude of the change in the climate. Furthermore, it

is clear that there will be significant regional differences.

Focus of this study

This study was confined to the effects of climate change on phenclogy and
growth of some important European tree species. The central methodology
was to develop models describing the mechanism by which critical processes
are driven by climatological variables. The effects of climate change scenarios
on phenology and growth of trees can then be elucidated using the under-
standing provided by such medels. The following general questions were
addressed: (1} how can the triggering of phenoclogical events be described
using climatological variables? (2) what are the consequences of climate chan-

ge on the probability of spring frost damage? (3) do trees possess plasticity in
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leaf unfolding and leaf fall? (4) what is the importance of phenology for
growth of monospecies stands? and (5} what is the importance of phenoclogy
for growth of mixed-species stands? An overview of the species considered in

the different analyses is presented in Table 1.1.

Table 1.1. Species ranked from early to late leaf or needle unfolding

species: modelling spring frost plasticity growth competition

phenology damage

Larix decidua X X X

Betula pubescens X X X x X
Tilia platyphyila X X

Fagus sylvatica X x x X X
Tilia cordata X X X

Popuius canescens X X

Quercus rubra X X

Quercus robur X X X X X
Fraxinus excelsior X X

Quercus petraea X X

Ficea abies X X X

Pinus sylvestris X X

FPhenology

Phenology is the study of annually recurring phenomena in the life cycle of an
organism. Relevant events for this study are the moment of budburst in
spring, and leaf or needle fall in autumn. The timing of these events is known
to be triggered by temperature, but can also be influenced by photoperiod,
precipitation, and nutritional status of the tree. To maximise reproductive

success, a tree needs to synchronise the seasons favourable and unfavourable
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for growth, to the active and dormant period of its annual cycle. Since frost
hardiness and growth are incompatible, a tree must minimise its risk of frost
damage, but at the same time use maximally the available growing season.
This mechanism jeads to a close adaptation of a natural population of trees to
their local climatological situation. Thus, a rapid climate change is likely to
disturb this adaption: trees may either advance budburst which could make
them more vulnerable to late spring frosts, or delay budburst thereby possibly
not making full use of the available growing season. A differential response of
species to climate change will alter the competitive abilities of these species
when grown in mixture. Consequently, both the species composition of
forests and the geographical distribution of species will change.

The relationship between phenology and climate is discussed in more detail in
chapters 2 to 4. In chapter 2, a review is presented an the available models
predicting the date of leaf unfolding, depending on temperature and/or photo-
period. The parameters of these models were estimated using 57 years of
observations on the date of leaf unfolding of Fagus sylvatica in The Nether-
lands, and subsequently tested on 40 years of observations made in Ger-
many. In chapter 3, the possible effects of climate change on the probability
of spring frost damage are evaluated, using two phenological models and two
climate change scenarios. Data on the date of leaf unfolding for eleven
species observed in The Netherlands and nine species in Germany were used
to evaluate this possibility using two models, and two different climatic
scenarios. In chapter 4, the plasticity is discussed that tree species may
possess with respect to leaf unfolding and leaf fall. If individual trees are able
to respond phenotypically to a change in their environment, then the disrup-
tion of the synchronization brought about by climate change may be nullified.
For this analysis, the response to different temperature regimes of clones of
seven tree species relocated over a large latitudinal transect in Europe, was
compared to the response of genetically differing trees which are assumed to

be adapted to their local climate, along a part of the transect.
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Growth

Growth is the increase in biomass of an organism. For plants, growth is deter-
mined by photosynthesis by which both carbon dioxide and water are con-
verted into sugars and oxygen under influence of light. Gross photosynthesis
is partly used to cover respiratory costs, which are the costs required for the
pracess of growth, and the maintenance of a living plant. The sugars pro-
duced by photosynthesis are allocated to the different plant organs, and con-
verted into structural biemass. This increase of structural biomass is reduced
by losses of plants organs, such as leaves and branches. Models simulating
growth of trees describe how the rates of photosynthesis, respiration, and
allocation are affected by meteorclogical variables, such as radiation, tempera-
ture, precipitation, and wind speed. The forest growth model FORGRO, was
applied and further developed in this study.

The relationship between growth and climate is discussed in chapters 5 and
6. The importance of differences in phenological characteristics between spe-
cies on the effects of climate change on growth of deciduous trees was
evaluated by modelling comparison. In chapter 5, extensions of FORGRO with
different level of detail on photosynthesis and allocation were used to evalu-
ate climate change impacts on growth of monospecies forests. In chapter 6, a
modelling comparison is presented to evaluate the importance of phenology
and the occurrence of spring frost damage on growth of mixed-species

forests, integrating the effects of phenology on competition for light.

Methodology

Due to the size and longevity of trees, and the complexity of the processes in-
volved, the question of how a future climate will influence growth and
development of trees cannot directly be answered by experiments. Models

provide an important means to bridge the spatial and temporal scales, and to
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integrate the relevant processes. Future projections of growth under climatic
situations not encountered thus far, are only possible when the relationships
between growth processes and the climate are modelied in a mechanistic
manner. For this purpose, experiments on these processes provide essential
information to design the models. Mechanistic modelling of forest growth, on
a sound experimental base, in combination with climate change scenarios is
thus the only means to obtain an impression of future forest growth. How-
ever, the climate change scenarios are still in development, and uncertainties
remain in the descriptions of the processes and the parameter values of the
forest growth models. To deal with the uncertainty of the future climate, the
consequences of a range of scenarios was investigated. To deal with the
uncertainties in the forest growth models, critical processes determining the
response of growth to climate change scenarios were identified by cormparing
models with different levels of mechanistic detail. Nevertheless, any state-
ment on consequences of climate change on phenology and growth made in
this study should be regarded in the context of the validity of the forest
growth models and the accuracy of the climate change scenarios, which are

both simplifications of the real system.
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Chapter 2

Selecting a model to predict the onset of growth of Fagus sy/-

vatica

Introduction

The developmental processes in the bud that release dormancy and thus trig-
ger the onset of growth of temperate zone trees are mainly regulated by
temperature {Romberger 1963). This regulation is such that a period with
chilling temperature {-5 to + 10°C} followed by a period with forcing tempera-
ture {>0°C} induces budburst (Samish 1954; Vegis 1964; Wareing 1969;
Nienstaedt 1974; Richardson, Seeley and Walker 1974; Lavender 1981}.
Generally, the influence of photoperiod on trees requiring chilling is that a long
photoperiod substitutes for a lack of chilling (Vegis 1264; Flint 1974; Nien-
staedt 1974; Lavender 1981; Cannell and Smith 1983). However, for Fagus
sylvatica the experimental evidence on the role of photoperiod in the timing of
budburst is conflicting (Wareing 1953; Vegis 1964; Falusi and Calamassi
1990}, Wareing {1953} found that budburst in Fagus sylvatica is induced
when an absolute length of the dark period is achieved, even after a pro-
longed period of chilling. On the other hand, Falusi and Calamassi {1980)
found that chilling completely eliminates dormancy, with very slight interac-
tion between day length and chilling.

The aim of this study was to examine models presented in the literature and
select the model that most accurately predicts the timing of the start of the
growing period of Fagus sylvatica. Models that incorporate photoperiod as a
substitute for chilling were compared with models that do not. In later studies
this madel could be coupled to a model describing primary production in order

to evaluate the impact of climate ¢change on growth and development,
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Material and methods

Models

The definitions of the different phases during dormancy, which were intro-
duced by Sarvas {1974), were adopted here. Rest is defined as the period in
which buds remain dormant due to growth-arresting physiological conditions
in the bud itself. The growth-arresting conditions are removed when buds are
exposed to chilling temperature for a certain period. The subsequent stage of
dormancy is called quiescence. Quiescence is defined as the period in which
the buds remain dormant due to unfavourable environmental conditions. Bud-
burst takes place when the buds are exposed to forcing temperatures for a
prolonged period.

Taking a system-analytical appreach, Hanninen (1990} formalised four models
on dormancy release presented in the literature and introduced a compatence
function which is defined as the bud's potential to respond to forcing
temperature. The values of the competence function range between zero and
unity, so it indicates to what degree a bud responds to a forcing temperature
refative to the potential response at that temperature.

The notation used is presented in Appendix 2.1, while the equations
characterising the models are presented in Appendix 2.2.

The four models which Hénninen {1990) described have in common that: (1)
the competence function depends on the state of chilling, {2} the rate of chil-
ling during rest is assumed to have an optimum between minimum and maxi-
mum temperature thresholds {Equation 2,1, Figure 2.1), and (3) the rate of
forcing during quiescence is assumed to be related to temperature according
to a logistic function {Equation 2.2, Figure 2.2}. Two models with other func-
tions for the rate of chilling and forcing and with a competence function inde-

pendent of the state of chilling, were characterised using Hanninen's termi-

nology. In all models the state of chilling and the state of forcing are the sum-
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mation of the rate of chilling and forcing, respectively, using a variable time

step with a maximum of one day (Equations 2.3 and 2.4).

Ron Rie
1 W an
&b
- 4
2
0 T T T 0 = T
Terin Tcpl T max T Tb c T
Figure 2.1. Rate of chilling for the paraliel, Figure 2.2. Rate of forcing for the parallel,
sequential, deepening rest and four phase sequential, deepening rest and four phase
madel. model.

Sequential model. Sarvas (1974) considered rest and quiescence as two
strictly separate phases. On this basis, there will be no transition from rest to
quiescence unless the critical state of chilling is attained {Equation 2.5). Simi-
larly, there will be no transition from quiescence to the active phase unless
the critical state of forcing is attained. This model was called the sequential
model, because the state of chilling and the state of forcing increase sequen-
tially in time {model | of Hanninen 139920).

Parallel model. Landsberg {1974) proposed a model for the development of
apple fruit buds. He stated that for dormancy release it is essential that, even
when the critical state of chilling has not yet been attained, response to forc-
ing temperature must be possible, The bud's potential to respond to forcing
temperature increases concomitantly with the time spent in chilling conditions
{Equation 2.6, Figure 2.3}. After attaining full chilling, the rate of development
is logistically related to temperature (Equation 2.2, Figure 2.2). This model
was called the parallel model, because the state of chilling and the state of

forcing increase together in time (model 1l of Hanninen 1990).
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Deepening rest model. Kobayashi, Fuchigami and English {1982) suggested a
model for rest development in red-osier dogwood {Cornus sericea) based on
the work of Fuchigami et al. {1982}. During rest they discerned a phase of
deepening rest and a phase of decreasing rest {Equation 2.7, Figure 2.4}
After the end of rest a quiescence phase is defined {Kobayashi and Fuchigami
1983). During quiescence, developmental rates increase logistically with
temperature {Equation 2.2, Figure 2.2). This model was called the deepening
rest model, because the other models consider decreasing rest only {model Il

of Hanninen 1990]).

o1, oF
C - ]
m >
T I —
CUgrit Sc" CUg CUit Sd'l
" deepng rest  decreasing rest
Figure 2.3. Compatence function for the Figure 2.4. Competence function of the
parallel model. deepening rest model.

Four phase model. Vegis {1964} cancluded that the range of external condi-
tions in which development is possible narrows and widens during the annual
cycle. Based on this idea, he defined three different phases during rest (re-
phrased in Hanninen's terminology: (1} pre-rest, development is still possible
but only at a narrower range of external conditions than at the time of full
growth activity, (2) true rest, development has stopped and cannot be re-
sumed whatever the external conditions may be, and (3} post-rest, the range
over which growth is possible widens again. Post-rest is followed by quies-
cence in which buds respond fully to forcing temperatures.

Hanninen formalised this mechanism by proposing an increasing temperature

threshold during pre-rest and a decreasing threshold during post-rest (Equation
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2.8, Figure 2.5}, During true rest buds cannot respond to forcing tempera-
tures. During pre-rest such a response is very unlikely because the tempera-
ture threshold increases while the temperature decreases. During post-rest,
many more forcing units are accumulated per day bscause the temperature
threshold decreases and the temperature possibly increases again. Transition
from pre-rest to true rest, and from true rest to post-rest occurs when the
state of chilling attains critical values {Equatian 2.9, Figure 2.6}). This model
was called the four phase model, because the other models do not consider

three phases during rest (model IV of Hanninen 1990).

Cﬁ Tin
=T 3Ty T2— CFei CF =1
...... T €T / \
—al vahuos of T T CF=0
o 1 P
T T T I LN P
CUy CUy CUpy Sy WUy Uy Cen  Sw
" pre-rest ' true rest' post-rest’
Figure 2.5. Competence function for the Figure 2.6. Temperature threshold for the
four phase model. four phase model.

Thermal time model. This model has been used frequently since Réaumur in-
troduced it in 1735 (Robertson 1968). It was observed that the rate at which
plants develop increases proportionally with temperature above a base
temperature (Equation 2.10, Figure 2.7). Forcing units are accumulated since
a given starting date, i.e. the onset of quiescence, so the duration of rest is
assumed to be constant. This is equivalent to accumulating one chilling unit
per day (Equation 2.11} from the onset of rest up to the onset of quiescence.
The model is similar to the sequential model, with time equivalent to the rate
of chilling, and the fixed onset of quiescence equivalent to the critical state of
chilling. This model reflects the findings of Wareing {1953) that an absolute

photoperiod is required to break rest. Since in natural situations this absolute
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photoperiod is reached every year at the same date, the onset of quiescence
is fixed. This model was called the thermal time model by Cannell and Smith
(1983).

Alternating modef. Murray, Cannell and Smith (1289} used thermal time
{Equations 2.10 to 2.12) as the state of forcing and the number of chilling
days as the state of chilling to predict budburst among other species, of
Fagus sylvatica. Days with an average temperature below the base tempera-
ture are regarded as chilling days (Equation 2.13). Cannell and Smith (1983}
found that the critical thermal time required for budburst is not a constant,
but declines exponentially with the state of chilliing {Equation 2.14, Figure
2.8). This model differs from the other models in relating forcing to chilling.
The rate of forcing is not increased when more chilling units are accumulated,
but the critical state of forcing required for budburst is lowered when the
state of chilling increases. It was called the alternating model because from
the onset of quiescence on, either the state of chilling increases, when the
temperature is below the base temperature, or the state of forcing is in-

creased, when above.

R,. FUoe
a+fA
a -
0 - 1 T
0 T T Son
Figure 2.7. Rate of forcing for the thermal Figure 2.8. Critical state of forcing for the

time model. alternating model.
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Photosensitivity

The most basic model relating the timing of budburst to photoperiod, pro-
poses an absolute day length to induce budburst. This model was considered
as the null model since it predicts budburst to occur each year at the same
date.

Photoperiod was included additively to the rate of chilling in the models (Equa-
tion 2.15}). With this formulation, photosensitivity guarantees that the chilling
requirement is attained even when little chilling is accumulated due to high
winter temperatures. As the thermal time model does not consider the rate of

chilling, photoperiod was not included in this model.

Parameter estimation

The minimum sum of squares of the residuals {absolute differences between
predicted and observed date of leaf unfolding) was used as criterion to iden-
tify the optimal set of parameter values for each of the models. Several
searching methods were used to inspect the parameter space.

The parameter values of the models formalised by Hanninen (198Q) were esti-
mated with 'SENECA', a Simulation ENvironment for ECological Applications
{Scholten, de Hoop and Herman 1280). Here, the parameters are constrained
within user-defined limits. This guarantees that biologically realistic values are
cbtained. Using a 'controlled random search’ (Price 1979} for all parameters
simultaneously, the parameter range was reduced. Initial values for the
parameter ranges were derived from the literature (Hianninen 1990} or set
subjectively, but adjusted when the method found a boundary value to be
optimal.

The critical state of forcing for the thermal time model was found by varying
the starting day of accumulating thermal time from 1 November to 1 May

using a step size of one day, and the base temperature from -b to 10°C with
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a step size of 0.1°C. The parameters of Equation 2.14 of the alternating
model were fitted with GENSTAT using the directive FITNONLINEAR, because
the same method was applied by Murray et al. {1989). This was done repeat-
edly, by varying the onset of quiescence between 1 December and 1 February
with a step size of 14 days, and the base temperature from 0 to 10°C with a

step size of 1°C.

Data

The models were fitted using phenological observations gathered in the time
span 1901-1968 from many locations throughout The Netherlands. Data for
1931-1939, 1945 and 1954 are lacking. The models were tested using data
gathered at three phenological stations in Germany in the period 1951-1990.

The average of the daily minimum and maximum temperature was used. The
temperature series from De Bilt {(52.06°N, 5.20°E), which is located in the
centre of The Netherlands, was available for the Dutch observations. For the
German observations the temperature series of Celle {52.36°N, 10.02°E)} was

used.

Figure 2.9. Budburst of Fagus syfvatica. a: buds still closed, b and c: leaves protruding, but
not yet unfolded, d: first leaves have emerged to leaf base, and have unfolded: leaf unfolding

(DWD 1962}
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The phenological stage considered is called 'leaf unfolding’. Leaf unfolding is
defined by the Hoffman-lhne instruction for observers (Bos 1893) as follows:
at two or three places in the tree a normal, unwrinkled, leaf surface should be
visible, but full leaf size has not yet been attained {Figure 2.8d). The observa-
tions should be done on free-standing individuals, not standing in especially
favoured or unfavoured sites {south side of wall, very wet or dry soils, etc.}.
Particuarly early or late individuals should be excluded. The average date of
leaf unfolding should preferably be taken from several individuals standing
near each other. In the Dutch observations before 1930, the observer was
allowed to make observations on different groups of Fagus sylvatica in subse-
quent years {Bos 1893). Since 1940 it has been mandatory to observe the
same group every year {Anonymous 1950]. The observers are urged to
inspect their trees daily because in a warm spring the stages depicted in
Figure 2.9 can oceur within a week.

The advantage of the Dutch data set is that it covers a relatively long period.
It contains 1964 individual observations covering 57 years. Its disadvantages
are that the provenance of the observed trees is unknown and that the sites
of observation as well as the number of observations vary between years.
Yearly averages were taken because only one temperature series covering the
full time span of phenological observations was available. From the south to
the narth of The Netherlands the date of leaf unfolding is delayed by 2.8 days
per degree latitude, which coincides with a difference in average yearly tem-
perature of about 1°C (1950-1987). From east to west the delay in the day
of leaf unfolding is 0.6 days per degree longitude.

The four German phenological stations are all located within 0.5°N and 0.5°E
of the meteorological station at Celle. For these stations were 160 individual
observations available, covering 40 years. For testing the models, yearly
averages were taken. For the German observations yearly averages were

taken of the results from the four phenological stations.
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Results

Table 2.1 presents the parameter sets of each model yielding lowest sum of
squares of the residuals, SS,, found. For the four phase model without day
length no results are presented because, for this model, the parameter set
with the best result predicted the date of leaf unfolding in only 10 of the 57
years. In the other years the state of forcing did not reach the critical state
required for leaf unfolding. The SS_, of the thermal time model and the alter-
nating model varied very little when the onset of quiescence was varied be-
tween 1 December and 1 February, and the base temperature was adjustaed
accordingly. Therefore, for both models the onset of quiescence was fixed at
1 January.

It was found that the SS,,, for the fit of the models exceeded the S§,, for the
fit of the null model, i.e. the mean (Table 2.2). Including day length as a sub-
stitute for chilling decreased the SS,, of each of the models. With the
parameter values presented in Table 2.1, the date of leaf unfolding of the Ger-
man data was predicted. Again it was found that the SS, of the predictions
exceeded the SS,., of the null model, and that including day length decreased
the S5, of a model (Table 2.2).

Improving the fit of the model

Since all models performed worse than the null model, an attempt was made
to develop a model with a higher accuracy of prediction than the current mo-
dels. The sequential model without day length appears the most promising
model to improve. Therefore, this model was adapted in two ways. Firstly,
the constraint on the parameter range was released, so the parameters were
allowed to take biologically unrealistic values. Secondly, the temperature
asymptote of the lagistic function of forcing, a, was set at unity, reducing the

number of parameters to estimate. This model was called the sequential-l
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Table 2.1. Parameter values yielding the lowest §5,,,. See Appendix 1 for an axplanation of

the parameter names. Abbreviation of the models are: s, sequential; p, parallel; dr, deepening

rest; 4p, four phase; tt, thermal time; a, alternating, s-1, improved sequential. + L indicates a

model including day length

s s+ L p p+i drdr+ L4p + L tt a a+L s-|
t? 1 Nov 1 Nov 1Nov 1Nov 1Nov 1 Nov 1 Nov 1 Nov 1 Nov 1 Nov
" 1 dan 1 Jan 1 Jan
Coit 57.40 59,11 117.18105.96 95.71 74.91170.90 117.83
Foi 262,53 264.44 224.30191.50 166.51 164.96 302.76 206.40 9.66
T i -3.80 -4.58 -3.87 -401 -0.96 -2865 -3.23 -17.02
Tont 0.41 238 147 495 257 167 258 -1.34
Trax 12.43 12,02 10.33 13.68 B.73 10.86 8.87 92.15
T, 0.00" 0,007 0.00” 0.00% 0.00" 0.00 0.00" 450" 5.00% 500" 0.00¢
a 26.49 27.75 31.33 29.95 29.10 31.38 20.41 1.00%
b -0.19 -0.23 -0.1% -0.17 -0.17 -0.20 -0.20 -0.12
c -17.07 -18.562 -23.34 -24.99 -19.50 -23.18 -14.08 -20.54
o 94.21 95.59 93.22 212 58.51
Ko 0.26 011 011 0.24
Cur 31.69 31.29
Co §6.97
Cur 113.93
T 10.82
T, 17.47
o 66.00 72.83
g 611.00 546.58

0.017 0.016

* fixed after initial testing,  fixed,




18 Chapter 2

Table 2.2. Statistics for the fit and predictions of the models. 5S,,.. sum of squares of the
residuals; MAX ., maximum residual; LU, , average date of leaf unfolding. + L indicates a

model including day length. N, number of parameters in the mode!

Fit {The Netherlands, n=57) Prediction {Germany, n=4Q)

Model S$5,.. MAX,, LU,.q 85, MAX, LU, Npar
null 1622 11 1 May 2494 21 1 May 0
sequential 1624 11 1 May 3108 15 7 May 10
paratlel 2623 19 3 May 6256 25 10 May 11
deepening rest 3352 17 27 April 9461 32 12 May 12
sequential + L 3882 25 1 May 4837 26 9 May 11
parallel + £ 4117 24 29 April 5516 27 9 May 12
deepening rest + L 13351 40 16 Apiil 3923 24 7 May 13
four phase + L 5209 27 25 April 4817 24 9 May 15
thermal time 4602 24 2 May 5810 41 24 May 3
alternating 2034 18 28 April 6797 32 19 April 6
alternating + L 5190 14 29 April 9879 47 11 April 7
sequential-| 488 9 2 May 885 12 6 May 9
Data: 1 May 1 May

model. Mathematically the sequential-l model is equivalent to the sequential
model. However, the biological interpretation of the rate of forcing changes.
The rate of forcing is now expressed relative to the maximal rate of forcing at
the optimal forcing temperature. The sequential-l model was fitted using New-
tons method of a directed search in the parameter space (Gill and Murray
1978). This was done with the subroutine EQ4FCF of the NAG FORTRAN
library {Anonymous 1990). The parameter values of the sequential-l model are
presented in Table 2.1. The criterion for this method of a global minimum of

S5, was, however, not attained. The S§,, of the fit and predictions are
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presented in Table 2.2. It was found that the S5, for both the fit of the
Dutch data and the prediction of the German data were reduced considerably,
compared bath to the other models and to the null model. However, the
sequential-| model overestimated the date of leaf unfolding systematically,

especially for the German data.

Discussion

Modlels

The underlying physiological mechanisms leading to dormancy release are lar-
gely unknown, but cannot be related simply to an increase of a growth-pro-
moting substance or to a decrease of a growth-inhibiting substance (e.g. Po-
well 1969; Wareing 1969). It is known that temperate-zone tree species re-
quire a certain period with chilling temperature, followed by a period with a
higher temperature, forcing a bud to burst. Based on this very simple empirical
maodel the average date of the onset of growth of Fagus syl/vatica can be pre-
dicted with considerable accuracy.

In the model with the lowest S5, the sequential-l model, chilling was allow-
ed to occur at a very wide range of temperatures {Table 2.1). This means that
the rate of chilling is virtually independent of temperature, because the curve
in Figure 2.1 then shows a very broad plateau close to unity in the range of
actual winter temperatures (about -10 to + 10°C). Consequently, the onset of
quiescence varies little between years (11 March + 5.4 days). So the
sequential-l model nearly reduces to the thermal time model with a logistic
rate of forcing instead of a linear one. However, the 5S,, of the sequential-i
model was found to increase when the model was simplified by using a linear

rate of forcing instead of the logistic function.



20 Chapter 2

Photasensitivity

The experimental evidence that photoperiod can substitute for a lack of chil-
ling (Vegis 1964; Flint 1974; Nienstaedt 1974; Lavender 1981; Cannell and
Smith 1983) suggests an additive model. Photosensitivity then guarantees
that the chilling requirement is attained when, in a warm winter, little chilling
is accumulated. A similar formuilation was used by Primault (in Robertson
1973}, and by Hanninen et al. (1990} for the joint factor model on growth
cessation of trees.

Muitiplicative models and polynomials of the rate of chilling and photoperiod
are also frequently used (Nuttonson 1948; Robertson 1968; Caprio 1974;
Campbell and Sugano 1975). However, when photoperiod is multiplicatively
coupled to the rate of chilling, photoperiod has no effect when the rate of
chilling equals zero, i.e. due to high temperature. So this model does not
represent photoperiod as a substitute for chilling.

Fitting an additive model of the state of chilling and an absolute photoperiod
was not possible. For such a model, finding both the best photoperiod and the
best critical state of chilling entails increasing the critical state of chilling by
an amount equal to that added to the state of chilling. Thus, there is an infi-
nite number parameter sets for this model yielding the same raesult. So the
effects of photoperiod cannot be evaluated using this type of model. A similar
reasoning holds true for a multiplicative model of the state of chilling and an
absolute photoperiod. Therefore, it was concluded that the additive model of
the rate of chilling and photoperiod is a simple and realistic way to incorporate
photoperiod. Nevertheless, the result of this way of introducing photoperiod
was that the 5§, of the model increases, thus making the model more com-

plex as well as a worse predictor for the date of leaf unfolding.
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Parameter estimation

The models have in common that state variables must attain one or more
thresholds for which no data are available. Finding optimal parameter values
for such a model is particularly difficult because the same result can be ob-
tained by either lowering the threshold, or by tuning the rate parameters so
that the threshold is attained earlier. There is little hope that, even when con-
strained parameter ranges are used, a fitting procedure will find biologically
realistic parameter values as long as no direct measurements of the parame-
ters are available. The reason that the deepening rest and the four phase
model perform poorly may be the introduction of additional thresholds during
rest. Due to the correlation between these thresholds, many different thres-
holds vield the same prediction. Consequently, a poor fit not necessarily indi-

cates that the structure of the models is inappropriate.

Conclusion

The modified version of the sequential model performs better than the other
models considered, including the null model. The aim of this study was to
select the model that most accurately predicts the onset of growth of Fagus
sylvatica. It appears that the sequential-i model could be used for further
study of impacts of climatic warming on primary production of Fagus syi/-

vatica.
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Appendix 2.1. Notation
Symbol Units
Arbitrary units
cu Chilling units
FU Forcing units
Variables
A Rate of chilling CU day™'
Ay Rate of forcing FU day!
Sehi State of chilling, integral of rate af chilling cu
See State of forcing, integral of rate of forcing FU
K Competence function: bud's potential to respond to forcing

temperature [0-1] -
T Mean daily temperature °C
L Day length h day™
t Time day
Parameters
Ceon Critical value of state of chilling for the transition form rest to guiescence CU
Forn Critical values of state of forcing for the transition from quiescence

to the active period, i.e. budburst FU
Ko Minimum potential of unchilled bud to respond to forcing temperature -
Co Critical state of chilling for transition from deepening rest to decreasing rest CU
C, Critical value of state of chilling for transition from pre-rest to true rest. cu
C, Critical value of state of chilling for transition from true rest to post-rest. cu
Toin Minimum temperature for rate of chilling °C
Toot Optimai temperature for rate of chilling °C
Toax Maximum temperature for rate of chilling °cC
T, Base temperature °C
T, Lower value of temperature range for which development is possible °C
T, Upper value of temperature range for which development is possible °C
Ten Temperature threshold above which development is possible and below

which development is impossible °C
t, Date of cnset of rest. day
t, Date of onset of quiescence day

a, b, e a B v, 8 Constants
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Appendix 2_.2. Equations

Rate of chilling for the parallel, sequential, deepening rest and four phase model

0 TsTn
T Tom
- - Tmln <Tz Tnpt
Tupt B Trnin
R = T [
max
P Top|< T< Tmnx
Topl - Tmax
o ToT, o

Rate of forcing for the parallel, sequential, deepening rest and four phase model

1+8 b(T + e}

State of chilling (all models)

Sequential madel
0 s(:ﬂl< c:m
K =
1 SqzCon

Parallel model

1-K
K - Ko * c

"2 Sem

erit

Sel\l< ccﬂl

Sz Cop

21

2.2

2.3

2.4

2.5

2.6
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Deepening rest model
1-K ..
1- c Sem Sen<Cy
or
K = 1-K s -C 2.7
Kmln * '(_m)_'(_u cdr s schl< ccril
Con™ Cu
1 Sen™Con
Four phase model
1 Sem<Cp  T> Ty
o 8.4<C, . TTy,
K - 0 Cus8m< Cpr 58
0 Cps8,y<Cepy. Ty
1 Cs8.,<C T2 Ty
1 SemzCon
T,-Ty
T1 + c Scnl Sl:hl< Ctr
tr
Tn = _ 2.9
Tyt EM'CN_—M)‘ CorsSon<Con
ccm'cpr
Thermal time madel
0 T<T,
Ry = 2.10
K(T -T,) T=T,
Ry = 1 2.1
0 i<t
K = 2.12
1 t=t,
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Alternating modal
1 T<T,
R, = 2.13
0 ™7,
Fog = 00 + [P 2.14
Photosensitivity
Ry = Ry, *+ 8L 2.15
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Chapter 3

A modelling analysis of the effects of climatic warming on the
probability of spring frost damage to tree species in The

Netherlands and Germany

Introduction

The timing of leaf unfolding of trees is mainly regulated by temperature {Rom-
berger 1963). Chilling and forcing temperatures are both required to induce
leaf unfolding of temperate tree species (Vegis 1964), and climatic warming is
likely to influence the timing of this process. However, it is not clear whether
warmer winters will advance or delay the date of leaf unfolding: the chilling
requirement may be attained later while the critical temperature sum for leaf
unfolding is likely to be attained earlier. Such shifts may have consequences
on the occurrence of frost damage. Different tree species may respond differ-
ently to climatic warming, and thus, alter their competitive ability.

In this study, the effects of changing winter temperature on the date of leaf
unfalding were evaluated using models presented in the literature. Kramer
{19944a, Chapter 2) showed that the onset of the growing season of Fagus
sylvatica in The Netherlands is described accurately by the model developed
by Sarvas {1974) and refined by Hanninen {1890}, and also by the model
developed by Cannell and Smith (1283].

Hanninen (1991} applied the Sarvas {1974) approach in a theoretical study to
evaluate the effects of a doubled CO, temperature scenaric (Bach 1887} on
the probability of frost damage in northern trees, using parameter values
which represent a generalised central Finnish tree species. He used a non-uni-

form climatic warming scenario, in which the mean temperature is expected
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to increase most in January and least in July. He found an increased probabi-
lity of frost damage for central Finland due to a much earlier budburst.

Murray et al. (1988} used a thermal time approach {cumulative temperature
above 5°C, Cannell and Smith 1983) to predict how much the date of bud-
burst of fifteen tree species in Britain would be shifted after uniform climatic
warming by one to three degrees. They concluded that the probability of frost
damage would not increase in the British lowland sites, but might increase in
cool upland sites for species with small chilling requirement.

The difference in results found by Hanninen {1991} and Murray et al. (1989)
may be caused by (1) different species characteristics, the species truly re-
sponding differently to a change in temperature because they are adapted to
different climates, (2} because different models were used, each with its own
shortcomings, or (3) because different climatic warming scenarios were used,
since these were the methodological differences between both studies. To
clarify this, in this study both models were fitted to data on the date of leaf
unfolding of eleven tree species collected as part of a phenological network in
The Netherlands and Germany. The shift in the date of leaf unfolding attribu-
table to uniformly and non-uniformly changing winter temperature was subse-
quently quantified. The impact of this shift on the occurrence of spring frost
damage was evaluated using the shift in the relative number of years in which
freezing temperatures occurred in the critical period around the date of leaf

unfolding.

Material and methods

Models selected to predict the date of leaf unfolding of trees {Kramer 1994a,
Chapter 2} were fitted to available observations on the date of leaf unfolding
of Larix decidua, Betula pubescens, Tilla platyphylla, Fagus sylvatica, Tilia
cordata, Quercus rubra, Quercus robur, Fraxinus excelsior, Quercus petraea,

Picea abies, Pinus sylvestris, collected in Germany and The Netherlands.
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These models were applied to predict the shift of the date of leaf unfolding
using two temperature change scenarios: {1) the uniform temperature change
scenario, used by Murray et al. {1988), comprised of a shift of -2 to 8°C of
the historical temperature series, in steps of 1°C, (2} the non-uniform
temperature change scenario, used by Hanninen {1981}, developed for Finland
in a 2 x CO, climate, in which winter temperature is expected to rise more
than summer temperature. Mean daily temperature in the months January to
December was assumed to rise by 6.2, 5.7, 5.1, 4.4, 3.3, 2.1, 1.6, 2.1, 3.2,
4.3, 5.2, 5.9°C respectively {Bach 1987}

The effect of the shift of the date of leaf unfolding on the occurrence of frost
damage was evaluated for the period from five days before to five days after
the predicted date of leaf unfolding. This period was arbitrarily chosen as the
frost-susceptible period. When the lowest value of the minimum daily
temperatures on one of the days in this period (7"} dropped below 0°C, then
frost damage was possible. The probability of frost damage was defined as
the fraction of years with freezing temperature in the period around the date
of leaf unfolding: P{7 "< 0). The probability of frost damage around the date
of leaf unfolding based on the unaltered temperature series {zero-change sce-
nario) was compared with the probability of frost damage around the date of
leaf unfolding of the other scenarios. Temperatures below zero do not neces-
sarily imply frost damage. However, few data were available on the tempera-
ture threshold below which frost damage is certain. Therefore, an empirical
approach was adopted, using the temperature thresholds below which 10%
{T "6.10) and 25% (T, ) of the observations of 7" occur. These thresholds
were defined as: P(T "<T '5,0)=0.10 and P(T < T, }=0.25. Thus, when
using 7 o410 85 temperature threshold for frost damage for a given species,
then by definition the probability of frost damage is 10% for this species. On
the other hand, when using 0°C as a frost damage threshold for all species,
the probability of frost damage has to be determined for each species. The

observed values of P,, T 5,5 and T 40 are presented in Table 3.1. Figure 3.1
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shows the distribution of T°, as well as the 10% and 25% percentiles for the
data of Fagus sylvatica in The Netherlands (7 =57 years). Although 7’ may
be a better threshold to indicate frost damage experienced by trees, the num-
ber of observations in the 10% percentile was rather small, i.e. 5 of the 57
years of observations for Fagus sylvatica in The Netherlands {Figure 3.1). It
was investigated whether the probability of frost damage using 0°C as thres-
hold is a good indicator of the probability of frost damage with 77, as thres-

hold temperature.
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Figure 3.1. Distribution of lowest minimum daily temperature (7') in an 11-day period around
the observed day of leaf unfolding of Fagus sylvatica in The Netherlands (n=57 years); 10%
and 25% percentiles are indicated cross hatch and single hatch, respectively. 7 'y, and

7 o2 indicate temperature thresholds of the to 10% and 25% percentiles, respectively.

To test the importance of adaptation to local climate, hypothetical provenance
transfers were analysed. Using the parameter values estimated by Murray et
al, {1989} for each of the 15 northern British tree species for the alternating
madel, and by Hanninen (1990} for the generalised central Finnish tree spe-

cies for the sequential model (see section 'Models’). The response of species
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from Britain and Finland to both the uniform and non-uniform temperature
change scenario was evaluated using the Dutch temperature series. Thus, it
was possible to distinguish between differences caused by the models, by the
temperature change scenarios used, and by the species responses to their

local climate.

Data

The data on leaf unfolding had been collected in The Netherlands and in the
adjacent part of Germany. Leaf unfolding is defined as the day on which a
normal unwrinkled leaf is visible at several places in the tree, but has not fully
expanded (Bos 1893). The same definition was used for the German observa-
tions on deciduous species (DWD 19291). Needle flush of the German observa-
tions on coniferous species is defined as the day on which the first buds burst
and the needles have not yet spread out {DWD 1991). For convenience, the
term 'leaf unfolding' will be used for both deciduous and coniferous tree spe-
cies in this paper. The Dutch data were obtained from the Royal Dutch Meteo-
rological Institute (KNMI), and the German data from the German Weather
Service {DWD). Table 3.1 presents species characteristics and the periods of
observation. The advantage of these observations is that they cover a large
time span, and therefore, are valuable for studies of climate change. The dis-
advantages are that the provenance of the trees is unknown, and the sites of
observations and the number of observations vary between vyears. The
temperature series observed at De Bilt (5.20°E, 52.06°N) was used for the
analysis of the Dutch data on leaf unfolding. Mean annual values of the date
of {eaf unfolding of all Dutch data per species were used, since only one tem-
perature series was available. For the analysis of the German data the obser-
vations from 11 phenological stations were divided into three groups situated
near a meteorological station, and averaged per group. Table 3.2 shows the

composition of these groups and the location of the meteorological stations.
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Table 3.1. Statistics on the dates of leaf unfolding in The Netherlands (Ni) and Germany (D):
periods with data on leaf unfolding; average date of leaf unfalding {{} with standard devia-
tion; number of individual observations {n); probability of sub-zero temperature around the
date of leaf unfolding {#;); and freezing temperature threshold belonging ta 10% {7 ,,,) and
25% (T o) percentiles of frequency distribution of minimal temperature in the 11-day pe-

riod around the data of leaf unfolding

species period missing years U+ s.d. n PoT o2 T oo
Larix decidua (D) 1951-1990 20 Apr £10.3 429 0.50 -1.9 -3.1
Betuls pubescens (NI} 1901-1946 '31-'39,'45 22 Apr £ 7.7 718 0.8 -2.2 -3.7
Betula pubescens (D) 1951-1990 23 Apr £ 9.4 489 043 -1.7 -3.0
Tilia platyphyfla {D}  1951-1990 29 Apr £10.3 452 0.35 -1.3 -2.6
Fagus sylvatica (NI}  1901-1968 '31-'39,’45,'54 1 May + 5.4 1966 0.37 -1.0 -2.3
Fagus sylvatica (D} 1951-1990 1May + 8.0 473 037 -0.7 -26
Tifia cordata (D) 1951-1990 3May £+ &5 3922 0.28 -06 -25
Quercus rubra (N)) 1940-1959 '45,'654 3 May = 7.4 509 017 0.1 -21
Quercus robur (D} 1951-1990 4May £ 7.3 482 0.27 -04 -2A1
Quercus robur {NI) 1901-1968 '31-'39,'45,'64 & May + 6.7 1462 0.18 0.2 -1.1
Fraxinus excelsior (D) 1951-1990 7May £+ B.7 435 0.18 0.6 -1.1
Quercus petraea (N} 1940-1968 ‘45, '54,'60,’61 BMay £+ 6.2 287 0.12 0.1 -1.1
Picea abies (D} 1951-1990 10May + 8.1 451 0.14 0.8 -0.8
Pinus sylvestris (D) 1951-1990 13May =+ 7.0 369 0.15 1.1 -05
Models

In an earlier study of various models (Kramer 1994a) tested for Fagus syl
vatice, two models incorporating chilling and heat requirement were found to
predict the onset of the growing season well. They were the sequential and
the alternating models. Sarvas {1974} proposed a two-stage model to de-
scribe the development of the plant during dormancy: (1} a rest phase which

is defined as the period in which buds remain dormant due to growth-arresting
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Table 3.2. German phenological and meteorological data. Mean annual values of phenological

observatians per species are taken from the three groups of stations as indicated

phenelogical station lat. long. meteorological station  lat. long.
(°N} {°E} {representing group) [°N} {°E}

Oldenburg 53.09 8.12 Oldenburg 53.06 8.15

Bremen-Oberneuland 53.05 8.56 {for group 1}

Mellinghausen 52.45 8.50

Eielstaedt 52.19 B.22

Walsrode 52.52 9.36 Celle 52.36 10.02

Celle 52.38 10.05 (for group 2)

Grasdorf 52.18 9.48

Kelenfeld 52.24 9.27

Heldenbergen 50.14 8.652 Karlsruhe 49.02 8.22

Gross-Umstadt 49,62 8.56 {for group 3)

Moersch 48.58 8.18

physiological conditions in the bud itself.These conditions are removed when
the buds are exposed to chilling temperature {-5<7<10°C) for a certain
period, and (2} a gquiescence phase which is defined as the period in which the
buds fail to grow owing to un-favourable environmental conditions. Budburst
takes place when the buds are exposed to forcing temperature (7>0°C) for a
prolonged period. The rates at which "chilling units' {CU) are accumulated dur-
ing rest and 'forcing units' (FU) are accumulated during quiescence, and the
threshold values for rest completion and budburst are species-specific. Han-

ninen's (1990} formalization of the Sarvas approach is presented in Equation
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Sczch SI':ZR\' 3.1

3.1. Table 3.3 presents the variable and parameter names used and their
dimensions.The date of the onset of rest (7,} was arbitrarily set at 1 Novem-
ber for all species. Rest ends {f,}) when the state of chilling exceeds its critical
value. Similarly, quiescence ends (7;} when the state of forcing exceeds its
critical value. The duration of the rest and quiescence phases is defined as the

number of days between ¢, and 1,, and ¢, and %,, respectively.

Table 3.3. Variables, parameters in the sequential and alternating models and their dimen-

sions, as well as other statistics and abbreviations used in this study

Variables Units T, Minimum temperature for chilling °C
S, State of chilling CuU T, Optimal temperature for chiling °C
5 State of forcing FU T, Maximum temperature for chilling °C
R, Rate of chilling CU day* T Base temperature °C
R, Rate of forcing FU day”’ b,ec.a 8 r Constants
Parameters Units Other statistics Units
€' Critical value of state of chilling for T Mean daily temperature °C
the transition from the rest phase to 7' Lowest temperature in the frost-
the quiescence phase Ccu susceptible period °C
F'  Critical value of state of forcing for T "5.1010% percentile of ohservations
the transition from quiescence to of T° °C
the active phase Fu T 025 26% percentile of observations
K The bud's ability to respond to forc- of 7° *C
ing temperatures - P, Prabability of sub-zero temperature
t, Date of onset of rest d in frost-susceptible period -
t, Date of onset of quiescence d v Date of leaf unfolding -
ty Date of leaf unfolding d R Duration of rest period -

Q Duration of quiescence period -
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The rate of chilling is a triangular function of temperature, defined as:

[ 0 T<T,
T-T,
T<T=T,
T,-T,
Rc = % 4 3.2
T-T,
T,<T<T,
TO—TI
0 Tz2T,

The rate of forcing is a truncated logistic function of temperature, defined as:

0 Ts<T,
R, = 1 3.3
K T>Tb
1+ ~BIT-D)
0 §.<C°
K = 3.4
1 §.z2C”

K is a competence function {Hanninen 1990) determining whether a bud can
respoend to forcing temperatures. The base temperature was set at O°C for all
species to reduce the number of parameters to be estimated. In Figure 3.2
both the rate of chilling and the rate of forcing are presented, using the
parameter values of Hanninen (1990}, scaled between zero and unity. This
model was called the sequential modei because the state of chilling and forc-
ing increase sequentially in time.

Cannell and Smith {1983) described the effect of chilling in a different way.
They found that the state of forcing needed at budburst declines exponentially
with the current state of chilling. Using the same notation as presented above

{Table 3.3), this model can be presented as follows:
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chilling
forcing
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Figure 3.2. Rate of chilling (triangular] and rate of forcing (truncated logistic) scaled between

Q) fmm——mm———a———

zero and unity. Parameter values according to Hénninen (1990).

1 T<T,

R, - 3.5
0 ™7,
0 T=<T,

R, = 3.6
K(T-T) T=T7,
0 t<t,

K = 3.7
1 tz1,

* S
F = + Br L4 3.8

Leaf unfolding is predicted as the day on which the state of forcing exceeds
its critical value. The critical value of state of forcing is not a constant but
decreases monotonically with time. Following Murray et al. {1989) the state
of chilling was accumulated from 1 November {t,=1), the state of forcing

was accumulated from 1 January (t,=61), and the base temperature was set
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at 5°C, because these values were found to be applicable to the Dutch
situation {Kramer 1994a, Chapter 2). Thus, implicitly a rest period of two
months is assumed, since the state of forcing is not allowed to increase
between 1 November and 1 January. From Equation 3.8 it can be seen that
the critical state of forcing required for budburst equals o+ 8 if the state of
chilling equals zero, and approaches « if the state of chilling becomes very
large. Thus r determines how sensitive is the critical state of forcing required
for budburst to the state of chilling. If r equals unity, then F’ is independent
of the state of chilling, whereas this sensitivity is inversely related to r.

The parameter values of both models were estimated by minimizing the
residual sum of squares. The GENSTAT directive FITNONLINEAR was used
for the alternating model, and the EQ4FCF subroutine of the NAG Fortran
library was used for the sequential model. The explained variance presented
was calcufated based on the mean square of the residuals and the total mean

square {adjusted R?}.

Results and discussion

Parameter values

The estimated parameter values and the variance explained by the sequential
model are presented in Table 3.4. It appears that the parameter values of the
rate of chilling {T, 7,, T.) span a much wider range than the range [-5,10] that
would normally be considered as chilling temperature. Although a temperature
around T, results in the fastest rate of chilling, with these parameter values
even low or high temperature will contribute to chilling. The parameter values
of the sequential model cannot easily be compared between species. The
critical values for the state of chilling and forcing, € ° and £, are mutually
dependent and correlate with other parameters (correlation matrix not presen-

ted); therefore, locally optimal parameter values were found by the estimating
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routine. However, using simpler versions of the sequential model increased
the residual sum of squares and did not vield globally optimal parameter

values,

Table 3.4. Parameter values and percentage variance explained (R?} by the sequential model
for The Netherlands (NI} and Germany (D), and parameter values determined by Hanninen

(1990} in central Finland {see Table 3.3 for the explanation of the parameter names)

species T, T, T, c’ b c F' R?
Larix decidua (D} -13.2 -2.2 101.4 91.4 013 343 1.3 0.73
Betuia pubescens {NI) -12.0 -0.9 37.8 29.4 0,19 183 54 0.86
Betula pubescens (D} -10.3 -10.0 58.3 84.3 0.13 384 1.0 0.76
Tilia platyphyifa (D) -11.2 -2.8 986 916 0.16 339 1.2 0.78
Fagus syfvatica (NI) -19.4 -0.2 770 1176  0.10 331 3.6 0.68
Fagus sylvatica (D) -21.4 -1.8 697 1156 0.08 47.4 2.0 0.49
Tilia cordata (D) -51.5 3.2 499 106.7 0.1 3941 20 0.5B8
Quercus rubra (NI} -11.5 -1.1 22.7 941 0.16 22.4 55 0.87
Quercus robur (D} -11.4 -3.8 39.3 101.7 0©.11 37.8 19 0.5b
Quercus robur (NI) -20.6 -0.8 5892 1122 0.7 162 11.7 0.82
Fraxinus excelsior {D) -20.4 -3.5 1658 1404 0.09 53.1 0.7 (.28
Quercus petraea (NI} -24.0 -0.2 113.8 128.0 0.17 153 127 0.70
Ficea abjes (D) -11.4 0.1 16.3 826 (.14 35.9 1.6 G.41
Pinus syivestris (D) -13.8 -1.2  16.5 853 0.1% 376 24 033
(Finland) -3.4 35 104 3000 0.18518.431 5.29

The estimated parameter values and the variance explained by the alternating
mode! are presented in Table 3.5. For Fraxinus excelsior and Tilia platyphylla
negative values are found for the asymptote o. This means that when the
state of chilling is large, F* is negative, which is impossible. However, be-

cause of the high value of r, these species are relatively insensitive to changes
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Table 3.5. Parameter values and percentage variance explained {R?} by the alternating model

for The Netherlands (NI} and Germany (D), and parameter values of the 5 groups defined by

Murray et al. {1989} in northern Britain (UK} {see Table 3.3 for the explanation of the

parameter names)

species r 14 [+ R?*
Larix decidua {D} 0.98 644 72 0.45
Betula pubescens {Nl} Q.97 860 129 Q.67
Betula pubescens (D)} 0.98 591 89 0.561
Titia platyphyila (D} 0.99 619 -58 0.51
Fagus sylfvatica (NI) 0.98 731 121 0.62
Fagus sylvatica (D) G.99 763 12 .58
Titia cordata (D) 0.99 659 29 0.44
Quercus rubra (NI) o.88 1355373 264 .49
Quercus robur (D) 0.99 785 92 0.58
Quercus robur (NI} 0.98 704 191 0.48
Fraxinus excelsior {D} 1.00 1208 -582 0.50
Quercus petraea (N) Q.90 161083 278 0.45
Ficea abies {D) 0.98 978 162 0.43
Pinus sylvestris (D} 0.98 1218 164 0.47
Group 1 {UK) 0.99 1084 -147

Group 2 {UK} 0.99 602 -56

Group 3 {UK) 0.98 514 36

Group 4 {UK) 0.97 468 39

Group 5 {UK) 0.95 961 46

Group 1: Fagus sylvatica; group 2: Robinia pseudoacacia, Tsuga heterophylla, Picea sit-

chensis; group 3: Rubus idaeus, Sorbus aucuparia, Betula pendule, Corylus avelana; group 4:

Sambucus nigra, Rosa rugosa, Salix viminalis, Larix decidua, Prunus avium: group 5: Populus

trichocarpa, Crataegus monogyna.
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in the state of chilling, and because o +2>0 a negative state of forcing will
not be required. On the other hand, high values of 8 were found for Quercus
petraea and Q. rubra. This means that a large value of the state of forcing will
be required when the state of chilling attains low values. Due to the low val-
ues of r, these species are relatively sensitive to the state of chilling. Thus, a
low value for the state of chilling will considerably reduce the critical state of
forcing required for budburst. The deviant behaviour of both oak species may
he attributable to the fact that the parameters were estimated from a rela-
tively short series of observations {Table 3.1} and therefore the values found
are not necessarily correct. Data were available from both The Netherlands
and Germany for Betula pubescens, Fagus sylvatica and Quercus robur, and
parameter values for each species were very similar in both countries. These
three species differ mainly with respect to the value of a {(the state of forcing
required for budburst given sufficient chilling). The parameter values esti-
mated by Murray et al. (1988) are also presented in Table 3.5. Group 1 con-
sists of Fagus sylvatica, and group 4 contains Larix decidua. In the absence of
chilling, the state of forcing required for leaf unfolding (o +8) of the British
provenance of Fagus sylvatica is of a similar magnitude to that of The Nether-
lands. The British provenance of Larix decidua appears to require a lower
value of the state of forcing in the absence of chilling compared to the Ger-

man provenance, which is mostly due to the differences of the value of 8.

Uniform ternperature increase scenario

Figures 3.3a and 3.3b present the results of the sequential and the alternating
models, respectively, for the uniform climatic warming by -2 to +8°C on
Fagus sylvatica in The Netherlands. The error bars cover 95% of the predicted
values attributable to variation between the years (n =57 years). The sequen-
tial model predicts that the mean date of leaf unfolding will be advanced by

3.6 days per degree temperature change [Figure 3.3afi)]. This results in the
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probability of potential frost damage decreasing by 0.08 per °C [Figure
3.3a(v) upper line]. The change in the date of leaf unfolding is the result of a
shorter quiescence phase [Figure 3.3aliv}] rather than a longer rest phase
[Figure 3.3aliii)]. since these phases change with temperature at rates of -3.8
and 0.2 day per °C, respectively. Figure 3.3a{v) also presents the shift in the
probability of potential frost damage when instead of 0°C, 7 "3, and 75,0
are used as frost damage thresholds (Table 3.1}. Based on Figure 3.3a({v) and
similar figures prepared for all other species it was concluded that 0°C can be
used as the threshoid to evaluate the shift in frost damage with changing
winter temperature for the sequential model.

The alternating modsl predicts a greater advancement of the mean date of
leaf unfolding than the sequential model, namely 7.7 days per °C [Figure
3.3bli)]. Even then, the probability of potential frost damage is found to de-
crease by 0.03 per °C [Figure 3.3b{v} upper linel. The state of chilling de-
creases by 16.9 d °C* with increasing temperature [Figure 3.3biii}). Thus, an
increasingly greater amount of state of forcing is required for leaf unfolding,
namely 48.9 FU °C™ more {Figure 3.3biiv)}. This state of forcing is attained in
fewer days, resulting in an earlier date of leaf unfolding. As the critical state
of forcing required for leaf unfolding directly depends on the state of chilling,
it cannot be decided whether the earlier date of leaf unfolding is caused by a
slower accumulation of the chilling or by a faster accumulation of the forcing.
The increase in the probability of potential frost damage for the higher
temperature scenarios [Figure 3.3b{v)] is due to an increased variability of the
minimal temperature around the date of leaf unfolding [Figure 3.3blii}]. Based
on Figure 3b{v) and similar figures for all other species, it was concluded that,
for the alternating model, 0°C can also be used as the threshold value to
evaluate the effects of changing winter temperature on the probability of frost
damage.

When similar figures were prepared for the other species in Germany and The

Netherlands, in virtually all cases linear relations were found between the







