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The accompanying collective research report is the result of the research project in
1986-90 between The Finnish Academy and the former Soviet Academy of Sciences.
The project was organized around common field work in Finland and in the former
Soviet Union and theoretical analyses of tree growth determining processes. Based on
theoretical analyses, dynamic stand growth models were made and their parameters
were determined utilizing the field results.

Annual cycle affects the tree growth. Our theoretical approach was based on adapta-
tion to local climate conditions from Lapland to South Russia. The initiation of growth
was described as a simple low and high temperature accumulation driven model.
Linking the theoretical model with long term temperature data allowed us to analyze
what type of temperature response produced favorable outcome in different climates.
Initiation of growth consumes the carbohydrate reserves in plants. We measured the
dynamics of insoluble and soluble sugars in the very northern and Karelian conditions.
Clear cyclical pattern was observed but the differences between locations were surpris-
ingly small.

Analysis of field measurements of CO, exchange showed that irradiance is the
dominating factor causing variation in photosynthetic rate in natural conditions during
summer. The effect of other factors is so small that they can be omitted without any
considerable loss of accuracy. A special experiment carried out in Hyytidld showed that
the needle living space, defined as the ratio between the shoot cylindric volume and
needle surface area, correlates with the shoot photosynthesis.

The penetration of irradiance into Scots pine canopy is a complicated phenomenon
because of the movement of the sun on the sky and the complicated structure of branches
and needles. A moderately simple but balanced forest radiation regime submodel was
constructed. It consists of the tree crown and forest structure, the gap probability
calculation and the consideration of spatial and temporal variation of radiation inside the
forest.

The common field excursions in different geographical regions resulted in a lot of
experimental data of regularities of woody structures. The water transport seems to be a
good common factor to analyse these properties of tree structure. There are evident
regressions between cross-sectional areas measured at different locations along the
water pathway from fine roots to needles. The observed regressions have clear geo-
graphical trends. For example, the same cross-sectional area can support three times
higher needle mass in South Russia than in Lapland. Geographical trends can also be
seen in shoot and needle structure. Analysis of data published by several Russian authors
show, that one ton of needles transpire 42 ton of water a year. This annual amount of
transpiration seems to be independent of geographical location, year and site conditions.

The produced theoretical and experimental material is utilised in the development of
stand growth model that describes the growth and development of Scots pine stands in
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Finland and the former Soviet Union. The core of the model is carbon and nutrient
balances. This means that carbon obtained in photosynthesis is consumed for growth and
maintenance and nutrients are taken according to the metabolic needs. The annual
photosynthetic production by trees in the stand is determined as a function of irradiance
and shading during the active period. The utilisation of the annual photosynthetic
production to the growth of different components of trees is based on structural regulari-
ties.

Since the fundamental metabolic processes are the same in all locations the same
growth model structure can be applied in the large range of Scots pine. The annual
photosynthetic production and structural regularities determining the allocation of re-
sources have geographical features. The common field measurements enable the appli-
cation of the model to the analysis of growth and development of stands growing on the
five locations of experiments.

The model enables the analysis of geographical differences in the growth of Scots
pine. For example, the annual photosynthetic production of a 100-year-old stand at
Voronez is 3.5 times higher than in Lapland. The share consumed to needle growth (30
%) and to growth of branches (5 %) seems to be the same in all locations. In contrast, the
share of fine roots is decreasing when moving from north to south. It is 20 % in Lapland,
15 % in Hyytidld Central Finland and Kentjérvi Karelia and 15 % in Voronez South
Russia. The stem masses (115—113 ton/ha) are rather similar in Hyytidld, Kentjdrvi and
Voronez, but rather low (50 ton/ha) in Lapland. In Voronez the height of the trees reach
29 m being in Hyytidld and Kentjérvi 22 m and in Lapland only 14 m.

The present approach enables utilization of structural and functional knowledge,
gained in places of intensive research, in the analysis of growth and development of any
stand. This opens new possibilities for growth research and also for applications in
forestry practice.

Keywords Scots pine, photosynthesis, annual cycle, irradiance, structure, stand models,
geographical features, allocation
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Preface

The increasing use of quantitative methods has
been characteritic for the studies of forest func-
tions and growth during the last 3040 years.
Physicists, mathemathicians, meteorologists and
peoples from other exact sciences have entered
the field.

A research group of phytoactinometrists under
the leadership of J. Ross started to work in 1960’s
in Tartu at the Institute of Astrophysics and At-
mospheric Physics of the Academy of Sciences
of the Estonian S.S.S.R. This group consisted of
physicists and mathemathicians and they studied
the radiation regime of plant stands using optical
measurements and mathematical modeling of ra-
diative transfer in crops. Later this group started
to study the influence of meteorological factors
on the leaf photosynthesis and to deal also with
mathematical modeling of crop production proc-
ess. :

In late sixties and early seventies, a research
group grew in the Department of Silviculture,
University of Helsinki. P. Hari had a key role in
the group. At first, the main emphasis in the re-
search was towards the basic functions of trees,
ie. photosynthesis, transpiration and shoot elon-
gation. Field measurements were analysed using
dynamic models. The focus was extended to stand
development in the midle of seventies. Later the
effects of changing environmental factors on for-
est functions and growth was also included into
the research program. The use of modern measur-
ing instrumentation and modelling was charac-
teristic for the research approach in the group.

Independently from above mentioned groups,
a researtch group started to work under the lead-
ership of L. Kaipiainen in 1971 in Petrozavodsk
at the Forest Institute of the Karelian Branch,
Acadedy of Science,U.S.S.R. The focus in the
research was in forest micrometeorology and water
movement in the soil-tree-atmosphere system.
This group consists also mostly of physicists.

In the year 1975, scientific contacts arose be-
tween these groups. Discussion showed that meth-
odological basis and research style of all groups
have similar features, namely they

(i) studied the production process of different cano-
pies and the influence of environmental factors on
this process

(ii) used mathematical modeling for describing the
processes under study

(iii) used modern physical and chemical methods in
field study

(iiii) built new instruments and equipments in field
study

Active contacts were quickly built despite the
complications caused by the soviet system. The
research were included for five years in the Finn-
ish Soviet co-operation for science between the
academies for the first five yer period 1981-1985
under the tittle “Structure, Radiation and Produc-
tion in Coniferous Stand”. Research report by
Hari et al. in 1985 was published as a result
cooperation.

In 19861990 the project was continued under
the title “Growth and Development of Pine For-
est”. A new organizations joined the project — the
Forest Faculty of the University of Joensuu. This
monograph is summary of the work during the
second period.

The project was established as Finnish Sovjet
co-operation and finalized as co-operation be-
tween Finland, Estonia and Russia. We want to
thank The Finnish Academy, The Estonian Acad-
emy of Scieces and The Russian Academy of
Sciences who have supported the project.

Pertti Hari, Leo Kaipiainen, Paavo Pelkonen
and Juhan Ross



1 Introduction

Pertti Hari

1.1 Background

The range of Scots pine is very large, extending
from Lapland in the north where Scots pine grows
on the timberline to North Italy and Spain in the
south. The area is still wider in an east-west
direction, extending from Scotland to areas close
to the Pacific Ocean. Poor soils are characteristic
of the stands. Scots pine can grow also on fertile
sites but there other species are often stronger
competitors and replace it, especially in more
southern conditions.

The fundamental structure of Scots pine is the
same over the whole growing area as is natural
for a single species. The needles are in a pair or
sometimes in triplets, the structure of woody com-
ponents and of the root system are the same. Sim-
ilarities can be found also in the fine structure of
each organelle.

The main metabolic processes functionin a sim-
ilar manner over its entire range. The basic proc-
esses, such as photosynthesis and nutrient uptake
are carried out by similar biochemical and tissue
structures in all Scots pine trees. Thus the linkage
between environment and production or consump-
tion of materials in metabolic processes should
be, at least intuitively, qualitatively similar for all
Scots pines.

The appearance of pine trees in the southern
stands, however, differs clearly from that in north-
ern ones. The southern pines have thick branches,
the stem is not straight and the canopy is thin, while
the northern trees have thin branches, a straight
stem and deep canopy. The details of fine structure
may also differ from each other. For example, the
cell size and thickness of cell walls can differ in the
north from those in the south, showing adaptability
in the structure within the same tree species.

There are also great qualitative differences in
the functioning of pine trees within this wide range.

The southern pines blossom when the northern
ones are still dormant and all metabolism is great-
ly reduced. This is caused by the warmer climate
in the south. There are also evident differences in
the water metabolism between the southern and
northern sites, caused to great extent by the dif-
ferences in the environment.

The pines have adapted after the ice age to the
prevailing climate within their range. Thus the
differences in the structures and functions may
reflect the climatic conditions of the particular
region after the ice age, but may also be acclima-
tization to the present environment.

The growth and development of pine stands are
based on the structures of trees and on the func-
tioning of the structure. Since the fundamental
structure is the same, same type of analysis can be
utilised in growth and development studies of all
Scots pine stands. The differences in the details of
structure and in functions should also be incorpo-
rated into the analysis. This arises the methodo-
logical questions of how the common features and
differences can be utilised in the analysis of the
growth and development of Scots pine stands.

The methodological aim of the present study is
to develop tools to utilise the common structural
and metabolic features of Scots pine stands in the
analysis of their growth. The general methodolog-
ical aim is twofold. a) Analysis of the regularities
and their geographical variation, b) utilisation of
the observed regularities and their geographical
aspects in the analysis of stand development.

1.2 Research Tasks

Carbon compounds are accumulated in woody
structures during stand development. A mature
pine stand often has more than 200 m*/ha of stem
wood which makes over 100 tons of dry matter
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per hectare. The needles and roots also contribute
to the total mass of trees in a stand, although their
mass is small when compared with woody struc-
tures. The organic materials also include some
elements which are necessary for the formation
of chemically active compounds. In addition, the
forest functions require large amounts of water
which is not accumulated in the tree structure.

The carbon compounds are formed by solar
energy from atmospheric carbon dioxide and from
water originating from the soil. The CO, enters
the leaves through the stomata. The photosynthe-
sis occurs in chloroplasts where energy-rich car-
bon compounds are formed using solar energy.
The availability of solar energy for photosynthe-
sis is markedly reduced in the lower part of can-
opy, which makes studies of the reduction of irra-
diance important.

The trees do not tolerate low temperatures in
summer time when the photosynthetic functions
are active. To achieve the necessary cold toler-
ance the trees go into a dormant state, the change
from one state to another being a difficult regula-
tion problem. If trees become dormant easily and
recover from the winter state slowly they avoid
cold damage very effectively but they also lose
photosynthetic production. On the other hand, if
trees go into the winter state late and leave it rap-
idly they gain in photosynthetic production but
the cold damage may be overwhelming.

Photosynthetic production is extremely variable,
both temporally and spatially, since the availabil-
ity of energy for the process and the activity of the
photosynthetic system vary. It is thus difficult to
determine the annual photosynthetic production.
First research aim is to determine the annual
photosynthetic production of a tree in a stand. The
effects of the availability of light on photosynthet-
ic production and geographical aspects of produc-
tion particularly should be better understood.

Photosynthetic production is utilised for the
formation of new structures. Strong functional,
geometrical and physical constraints determine
the properties of an effective tree structure. If these
constraints are lacking, then the system may over-
produce some metabolites and underproduce oth-
ers. Itis also possible that the structure may fail to
fulfil the strength requirements.

The tree structure can be analysed on the under-
standing that each organelle has a metabolic task
and that each organelle has evolved to carry out
its principal metabolic task effectively. We may
even assume that the main parts of a tree are op-
timal to carry out their metabolic tasks within the
limitations imposed on their structure and the
environment.

The structural regularities which exist in trees
due to functional, physical and geometrical con-
strains determine the pattern of trees. Second re-
search aim is to analyse the structural regulari-
ties of pine trees and the geographical aspects of
the regularities observed.

The growth of a tree is a result of photosynthet-
ic production, nutrient uptake and their utilisation
for formation of new tissues. If the annual photo-
synthetic production, nutrient uptake of a tree and
the rules of utilisation of the production are known,
then the growth of the tree can be determined.
Thus the annual photosynthetic production, nu-
trient uptake and the rules of its utilisation are the
cornerstones of stand development, enabling uti-
lisation of mathematical methods in construction
of a stand model.

The annual photosynthetic production varies
considerably according to the geographical loca-
tion and according the position of the tree in the
stand. The regularities in the tree structure of pine
trees may also have geographical aspects as well
depending on the position of the tree in the stand.
Third research aim is to develop dynamic models
for growth and development of Scots pine stands
within the range of Scots pine based on photosyn-
thetic production and regularities in the tree struc-
ture.

The present monograph is the outcome of inter-
national research co-operation. Separate research
tasks within the general framework of the group
were allocated to rather independent subgroups.
This fact is reflected in the relatively independent
chapters of this monograph. The first three deal
with the functional basis of trees and Chapter 5
describes regularities in the tree structure. The sep-
arate parts are combined together in the stand mod-
el described in Chapter 6. Finally, the geographical
aspect is introduced into the model. General con-
cluding remarks bring the monograph to a close.

2 Annual Cycle

2.1 The Implications of Geographical
Variation in Climate for Differentation
of Bud Dormancy Ecotypes in Scots
Pine

Heikki Hianninen and Pertti Hari

2.1.1 Introduction

The climate in the cool and temperate regions is
characterized by a pronounced annual cycle in
which the air temperature typically ranges over
about 70°C. The annual cycle of trees native to
the cool and temperate regions is adapted to the
annual climatic cycle, ie., the alternation of active
growth state (capacity adaptation) and frost tol-
erant dormant state (survival adaptation) is syn-
chronized with the annual climatic cycle prevail-
ing at the growing site (Sarvas 1972, 1974, Fuchi-
gami et al. 1982, Heide 1985). Timing of growth
onset is essential in the annual cycle of the trees.
Early growth onset involves a high risk of frost
damage (insufficient survival adaptation), whereas
late growth onset involves loss of utilization of
the growth resources resulting in a low competi-
tion potential (insufficient capacity adaptation)
(Weiser 1970, Lockhart 1983, Sakai and Larcher
1987, Hikkinen and Hari 1988).

The prevailing theory suggests that the timing
of growth onset of trees from the cool and tem-
perate regions is regulated by air temperature
(Romberger 1963, Perry 1971, Sarvas 1972, 1974,
Fuchigami et al. 1982). After growth cessation,
long-term exposure to chilling temperatures (e.g.
-5°C < T <+10°C) s first required for the process
of rest break, which removes the growth-arrest-
ing physiological conditions in the dormant buds.
Long-term exposure to high temperatures (e.g.
T > 0°C) is then required for the ontogenetic de-
velopment leading to onset of visible growth. The
prevailing theory has given rise to various simu-

lation models (for reviews, see Fuchigami et al.
1982, Cannell 1989, 1990, Hinninen 1990a, 1995,
Kramer 1994a). In the modelling approach, the
tree genotype is characterized by the logical struc-
ture of the model and by the values of the model
parameters. The growing environment is charac-
terized by air temperature data. Model predictions
for timing of growth onset for each year during
the simulation period are obtained as results.

Scots pine (Pinus sylvestris L.) grows naturally
over a wide geographical range within which the
climate varies from maritime to continental (see
also Chapter 1). Various provenances of Scots pine
are thus exposed during cold season to different
regimes of rest breaking chilling temperatures,
ontogenetic development promoting high temper-
atures, and potentially damaging frost tempera-
tures at their natural sites. It may be assumed that
this geographical variation in climate has result-
ed in ecotypical differentiation in Scots pine with
respect to the air temperature regulation of timing
of growth onset.

The purpose of the present study is to examine
theoretically what kind of ecotypical variation is
likely to be found among Scots pine populations
with respect to air temperature responses of rest
break and ontogenetic development leading to
onset of visible growth.

2.1.2 Materials and Methods
2.1.2.1 Outline of the Analysis

First, it is postulated that the model developed for
Finnish forest trees (Sarvas 1972, 1974, Hanni-
nen 1990b, 1995) provides a realistic description
of the regulation of growth onset in Scots pine.
With the exception of reference to earlier empir-
ical studies, any use of biological concepts later
refers to the theoretical entities and phenomena
inherent in the model or implied by it. Conse-
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quently, the tree genotype is determined by the
combination of the values of two genotype-spe-
cific parameters (Chap. 2.1.2.2).

Second, the timing of growth onset is predicted
by the model for each genotype, year, and loca-
tion involved in the study.

Third, the survival adaptation of the different
genotypes at the various locations is analysed by
examining minimum temperatures appearing af-
ter the growth onset. Genotypes with sufficient
survival adaptation are identified for each loca-
tion by a criterion for minimum temperatures.

Fourth, the capacity adaptation of the different
genotypes at the various locations is analysed by
examining the accumulation of high temperature
units (temperature sum) after the growth onset.
Genotypes with sufficient capacity adaptation are
identified for each location by a criterion for the
accumulated high temperature units. This is car-
ried out only in the case of genotypes with suffi-
cient survival adptation; thus, the genotypes iden-
tified are the optimal ones, combining sufficient
survival and capacity adaptation at the location.

Fifth, the performance of the genotypes is com-
pared among the locations.

2.1.2.2 Model of Growth Onset

The process of rest break involves biochemical
changes that remove the growth arresting condi-
tions in the bud (Smith and Kefford 1964, Dennis
1987, Powell 1987, Rinne et al. 1994a, b). Rest
break leads to rest completion, ie., to the attain-
ment of full growth competence of the bud (Hiin-
ninen 1990a, 1995, Kramer 1994a, b). The vari-
able state of rest break, S,, is used to describe the
process on a relative dimensionless scale from 0
(rest initiation, none of the biochemical changes
occurred) to 100 (rest completion). The value of
S, at any given moment indicates the proportion
of biochemical changes occurred to those re-
quired for rest completion (Hinninen 1995).
The process of ontogenetic development in-
volves a sequence of microscopic structural chang-
es in the bud preceding onset of visible growth
(Sarvas 1972, 1974). The variable state of onto-
genetic development, S, is used to describe the
process on a relative dimensionless scale from 0
(formation of bud completed, no ontogenetic de-
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velopment towards growth onset) to 100 (growth
onset). The value of S, at any given moment indi-
cates the proportion of structural changes occurred
to those required for growth onset (Hinninen
1995).

Sarvas’s model (1972, 1974) as formulated by
Hinninen (1990b, 1995) was used in the present
study. The model involves the assumption that
regardless of the prevailing temperature condi-
tions, no ontogenetic development takes place
before rest completion. Thus the effects of chill-
ing on rest break and the effects of high tempera-
tures on ontogenetic development are described
sequentially in the model.

It is assumed that the temperature dependence
of rate of rest break, M,(T(t)), is similar among
the different genotypes, ie. (Fig. 2.1a):

0 CU day™, T(1)<-3.4°C
T(t) + as, -3.4°C<T(1)<3.5°C

MaTay={" TOTe T
s T(D+as,  3.5°C<T(1)<10.4°C

0 CUday', T(t)>10.4°C
Q.1

where 7(#) = prevailing air temperature, a, =0.16
CU day'°C', a,=0.5 CUday", a;=-0.16 CU
day'°C-!, and a, = 1.6 CU day'. Differences
among genotypes are assumed in the rate of rest
break at any temperature in the rest-breaking
temperature range. These differences are taken
into account by the genotype-specific parameter
chilling requirement of rest completion, C,,,,
which in mathematical terms is the time integral
of Eq. (2.1) at the time of rest completion. The
rate of rest break, M,, is calculated as

M, (T(t))=100 M, (T(1))/ Cerir (2.2)

where M,{T(1)) is the temperature dependence of
rate of rest break (Eq. 2.1). M,; is expressed in
arbitrary chilling units, CU, per unit of time, C,,,
in the corresponding chilling units, and M, in the
dimensionless units of state of rest break per unit
of time. Following the definitions in Eqgs. (2.1)
and (2.2), the rate of rest break is highest with all
genotypes at a temperature of 3.5°C (Eq. 2.1, Fig.
2.1a), the rate of rest break of a genotype with C_,,,
=20 CU for instance being twice that of a geno-
type with C.,;, = 40 CU at any temperature be-

tween —3.4°C and +10.4°C (Eq. 2.2).
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Fig. 2.1. Temperature dependence of (a) rate of rest break, and (b) rate of ontogenetic development, in the model
of growth onset used in the study. Response functions fitted by Hanninen (1990b) to Sarvas’s data (1972,
1974). Chilling unit (CU) and high temperature unit (HU) are arbitrary developmental units for rest break

and ontogenetic development, respectively.

The state of rest break at a given moment ¢,
S.(1), is obtained by integrating the rate of rest
break (Eq. 2.2) from the moment of rest initiation,
txs» Up to moment 7 (Hari 1968, 1972):

t
S,(t)= jM,(r) dr (2.3)
IR1

Following the definitions in Eq. 2.2, rest comple-
tion takes place when S, attains a value of 100.

Afterrest completion, ontogenetic development
takes place at temperatures above zero. As with
the rest break it is assumed that the temperature
dependence of the rate of ontogenetic develop-
ment, M ,(T(t)),is common to different genotypes
(Fig. 2.1b):

0 HU day™', T(1)<0°C
My (T(1) = as . T()>0°C
1+ exp(as (T(1) — ar)) 2.4)

where 7(¢) = daily mean air temperature, as=28.4
HU day', ag = —0.185°C', and a, = 18.4°C. As
with the rest break, differences among genotypes
in the rate of ontogenetic development are de-
scribed by a genotype-specific parameter high
temperature requirement of growth onset, H.;,
which is the time integral of Eq. (2.4) at the time
of growth onset in mathematical terms. Rate of
ontogenetic development, M, is calculated as:

M{’(T(f)) =100 M{)T(T(t))/ Hcrit (25)

where M, (1) is the temperature dependence of
the rate of ontogenetic development (Eq. 2.4).
M, is expressed in arbitrary high temperature
units, HU, per unit of time, H_,, in the correspond-
ing high temperature units, and M, in the dimen-
sionless units of state of ontogenetic develop-
ment per unit of time. Following the definitions
in Egs. (2.4) and (2.5), the rate of ontogenetic
development of all genotypes increases sigmoi-
dally with increasing temperature (Eq. 2.4, Fig.
2.1b), the rate of ontogenetic development of a
genotype with H,,;, = 100 HU for instance being
twice that of a genotype with H,,;, =200 HU atany
temperature above zero (Eq. 2.5). .

The state of ontogenetic development at a giv-
en moment 7, S,(7), is obtained by integrating the
rate of ontogenetic development (Eq. 2.5) from
the moment of rest completion, #zc, up to the
moment ¢ (Hari 1968, 1972):

S = [Mo(1)dt 2.6)

IRC

Following the definitions in Eq. 2.5, growth onset
takes place when S, attains a value of 100.
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2.1.2.3 Temperature Data

Temperature data from four locations in the nat-
ural geographical range of Scots pine were used
in the study (Fig. 2.2). Temperature records were
made in standard meteorological screens at each
of the four locations. For Jyviskyli the tempera-
ture data covered the years 1902-1980, except
1912-1916 for which were observations missing.
For the other three locations the temperature data
covered the period 1966—1980. In order to facili-
tate comparisons, the calculations were carried
out with all four locations for this period (14
years). For Jyviskyld, however, the calculations
were first carried out with the longer temperature
data series available for that location (73 years).

Temperature conditions on a given day were
described in the calculations by daily mean and
minimum temperatures. Unfortunately, these were
determined slightly differently among the data sets
available for the different locations. For Eskdale-
muir, the daily minimum temperature was deter-
mined as the observed daily minimum, and the
daily mean temperature as the mean of the ob-
served daily minimum and maximum. For Jy-
viskyld, the daily minimum temperature was de-
termined as the observed daily minimum, and the
daily mean temperature as the mean of the records
made at 0800 h, 1400 h and 2000 h. For Mur-
mansk and Voronez, the daily minimum temper-
ature was determined as the minimum among the
eight daily temperature records made at three-
hourly intervals, and the daily mean as the mean
of these records.

2.1.2.4 Calculations
Timing of Growth Onset

The timing of growth onset was calculated for
each genotype (combination of C,,;, and H.,,),
location, and year by the model defined by Eqs.
2.1-2.6, using numerical approximation with a
time step of one day in the integrations, and by
defining the date of rest initiation, (z,, Eq. 2.3)
each year as September 1st (Hiinninen 1990a,
1991). The genotype-specific value of C,,, was
varied by a step of five chilling units, the mini-
mum value used being five CU. The maximum
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Fig. 2.2. Locations in the natural range of Scots pine
considered in the study.

value of C,; used in the calculations at a given
location was determined according to the mini-
mum accumulation of chilling units between Sep-
tember 1 and May 31 during the simulation peri-
od at the location. In this way 10 to 22 values of
C.. were used in the calculations depending on
the location. Thirty genotype-specific values of
H,,, were used in the calculations with all four
locations (from 10 to 300 high temperature units,
step 10 HU). By combining the values of C,,,, and
H.,,, a population between 300 (10 x 30) and 660
(22 x 30) genotypes was considered in the calcu-
lations, the size of the population depending on
the location.

Survival Adaptation

For a given genotype at a given location, the
annual post-dormant minimum temperature, 7,
was determined from the air temperature data as
the minimum among the daily minimum temper-
atures between the day of growth onset and Au-
gust 1. The cumulative frequency distribution of
the values of 7,,, was subsequently constructed
over the simulation years, and the survival adap-
tation was examined using the distribution (Fig.
2.3). For sufficient survival adaptation it was
required that the probability of a killing frost, P,
be zero, ie.

P(T,,, <Tw) =0 (2.7
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and that the probability of a damaging frost, P .
be less than 0.1, ie.

PUFoy Ty & T 2 01 (2.8)
The values T,; = —10°C and T,,, = -5°C were
used in the calculations (Repo and Pelkonen 1986,
Rikala and Repo 1987, Repo 1992). As an exam-
ple, at Jyviskyli (Fig. 2.2), the genotype with C..;,
=40 CUand H,,;,= 125 HU and the genotype with
C...=50 CU and H,,;, = 275 HU were found to
have sufficient survival adaptation (Figs. 2.3b,
¢), whereas the genotype with C,,;,; =25 CU and
H., = 75 HU was found to have insufficient
survival adaptation (Fig. 2.3a).
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Fig. 2.3. Cumulative frequency distribution of annual
post-dormant minimum temperature, 7,,,,, obtained
with three genotypes (combinations of values of
the model parameters C,,, and H,,,). Probabilities
of killing (Py;) and damaging frost (Py,,) are also
indicated. Simulations with 73-year temperature
data from Jyviskyld, central Finland (Fig. 2.2).

Capacity Adaptation

For a given genotype with sufficient survival
adaptation at a given location, the annual post-
dormant accumulation of high temperature units,
HU,,, at the location was calculated by integrat-
ing Eq. 2.4 from the date of growth onset to
1 August. The frequency distribution of the
values of HU,, was subsequently constructed
over the simulation years, and the mean post-
dormant accumulation of high temperature units,
HU ,, at the location for the genotype was calcu-
lated (Fig. 2.4). As this was done for all of the
genotypes with sufficient survival adaptation at
the location, the maximal mean post-dormant
accumulation of high temperature units, HU pmax
was determined as the maximum value of HU
among the genotypes. For Jyviiskyld, a value of
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HU pimax = 898 HU was obtained. The genotype
corresponding to that value maximizes the utili-
zation of growth resources (capacity adaptation)
without being seriously damaged by frost (sur-
vival adaptation) for that location. It was required
that the mean post-dormant accumulation of high
temperature units be more than 90 per cent of the
maximal mean post-dormant accumulation of high
temperature units for a sufficient capacity adapta-
tion of a given genotype at a given location, ie.

HU s> 0.9 HU pyp, 2.9

As an example, at Jyviskyli (Fig. 2.2), the geno-
type with C,,,, =40 CU and H,,, = 125 HU was
found to have sufficient capacity adaptation (Fig.
2.4a), whereas the genotype with with C,,,, = 50
CUand H,,;,=275 HU was found to have insuffi-
cient capacity adaptation (Fig. 2.4b).

The genotypes with sufficient capacity adapta-
tion are simultaneously the optimal genotypes for
the location, since the capacity adaptation was
examined only in the case of genotypes with suf-
ficient survival adaptation. In the case of the three
example genotypes, that with C,,;, = 40 CU and
H.;;= 125 HU belongs to the optimal genotypes
(Figs. 2.3b, 2.4a), whereas the other two geno-
types do not (Figs. 2.3a, c, 2.4b).

30
' AU
d
Lo = 0.95
"updnux
20
>
o
c
L]
3
-4
3
-
10 4
Ccr“-WCU
Hcr“=125HU
o T T T T T t
0 200 400 600 800 1000 1200 1400

annual post-dormant accumulation
of high temperature units, HU

2.1.3 Results
2.1.3.1 Performance of Genotypes in Jyviiskyli

Genotypes with a low chilling requirement for
rest completion (low C,,;) and low high tempera-
ture requirement for growth onset (low H,,),
were associated with early growth onset and high
risk of frost damage (Fig. 2.3a), and thus insuffi-
cient survival adaptation (Fig. 2.5). On the other
hand genotypes with high C,,;, and high H.,, were
associated with late growth onset and a loss of the
growing season favourable for growth (Fig. 2.4b),
and thus with insufficient capacity adaptation
(Fig. 2.5). The optimal genotypes were the inter-
mediate ones (intermediate C,,;, and H,,, Fig.
2.5), since they allowed efficient utilization of the
growing season (Fig. 2.4a), without being seri-
ously damaged by frost (Fig. 2.3b).
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Fig. 2.4. Frequency distributions of annual post-dormant accumulation of high temperature units (HU,,),
obtained with two genotypes (combinations of values of the model parameters C,,;, and H.,.,). Mean values of
the distributions ( HU 4 ), and the proportions of HU pd to the maximal mean post-dormant accumulation of
high temperature units, HU pdmax , indicated in the figures. Simulations with 73-year temperature data from

Jyviskyld, central Finland (Fig. 2.2).
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Fig. 2.5. Performance of tree genotypes with respect
to survival and capacity adaptation. Each geno-
type is represented by a combination of the values
of the model parameters C,,, and H.,,,. Simulations
with 73-year temperature data from Jyviskyl4,
central Finland (Fig. 2.2).

2.1.3.2 Performance of Genotypes at Four
Locations :

Effects of Temperature Conditions During
Winter

In the maritime climate of Eskdalemuir, consid-
erable accumulation of both chilling units and
high temperature units took place during autumn,
winter, and early spring, when heavy frosts were
also frequent. In these conditions, relatively high
values for C,,;, and H,,, were required to obtain
sufficient survival adaptation (Fig. 2.6a).

At locations with a continental climate, rela-
tively minor accumulation of both chilling units
and high temperature units took place during au-
tumn, winter, and early spring. In these condi-
tions, only relatively low values of C.,;, and H,,,
were required to obtain sufficient survival adap-
tation. Compared with Eskdalemuir (Fig. 2.6a),
all of the other three locations were continental in
this respect (Figs. 2.6b, ¢, d).

Effects of Temperature Conditions During
Summer

In a maritime climate, relatively minor accumu-
lation of high temperature units took place during
spring and summer after the last heavy frosts.
Thus any delay of growth onset after that corre-
sponding to a given accumulation of high temper-
ature units caused a relatively large loss in the
post-dormant accumulation of high temperature
units. This was the case with Eskdalemuir where
a relatively small increase in the values of C.,;,
and H,,;, from those values that were just great
enough for sufficient survival adaptation caused
insufficient capacity adaptation. The range of
optimal genotypes is thus relatively small (Fig.
2.6a). Similarly, the range for optimal genotypes
was relatively small in Murmansk (Fig. 2.6b),
since the summer at this northern location is short
and cold, implying low accumulation of high
temperature units.

In a continental climate as against maritime cli-
mates, arelatively large accumulation of high tem-
perature units took place during spring and sum-
mer after last heavy frosts. A great increase in the
values of C,,;; and H,,;, from those values just suf-
ficient for survival adaptation being needed to
cause insufficient capacity adaptation, ie. the range
of optimal genotypes is relatively large. This was
the case especially in Voronez (Fig. 2.6d), and to
a lesser extent in Jyviskyla (Fig. 2.6¢).

2.1.4 Discussion

In the present study the effects of air temperature
on growth onset timing were described by a model
developed earlier for Finnish forest trees (Sarvas
1972, 1974, Hanninen 1990b, 1995). The model
still requires further development, in spite of the
fact that it accounts for two main phenomena
involved in the regulation of growth onset (Hin-
ninen 1990a, 1995, Hinninen et al. 1993, Hinni-
nen and Backman 1994). Furthermore, values of
part of the parameters related to survival and ca-
pacity adaptation were determined in the present
study without sound empirical evidence. In order
to determine the threshold probability for the oc-
currence of damaging frost (0.1 in Eq. 2.8), for
instance, it should ideally be known how much a
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Fig. 2.6. As Fig. 2.5, but simulations with 14-year temperature data from (a) Eskdalemuir, Scotland; (b)
Murmansk, north-eastern Russia, (¢) Jyviskyli, central Finland; and (d) Voronez, southern Russia. See Fig.
2.2 for the locations. Note the different scales of the x-axes.

damaging frost reduces subsequent growth.

It was possible to carry out a rough comparison
of the performances of the different genotypes in
the climatic conditions of the four locations using
the temperature data for 14 years, since these were
long enough to reveal the main differences among
the climates (Fig. 2.6). The results at each loca-
tion, however, should be interpreted with care,
since the 14-year period does not necessarily con-
tain the critical years which ultimately determine
the identification of the optimal genotypes. This
was clearly demonstrated in the Jyviskyli results
where the range of optimal genotypes was small-
er in the simulation with the 73-year data (Fig.

18

2.5) than in the simulation with the 14-year data
(Fig. 2.6¢).

Despite the shortcomings in detailed biological
and climatological information, the present study
revealed the importance of the variations in the
annual temperature conditions among the differ-
ent geographical locations in the natural range of
Scots pine on the differentiation of bud dormancy
ecotypes in that species. The results suggest that
ecotypes from maritime regions should have a
greater chilling requirement for rest completion
and / or greater high temperature requirement for
growth onset than ecotypes from more continen-
tal regions (Fig. 2.6).
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In the case of chilling requirement for rest com-
pletion, the theoretical ecotypical pattern of the
present study was experimentally observed for
Scots pine by Leinonen (1996), who also found a
similar pattern for Betula pendula Roth. The pat-
tern had previously been documented for Pseu-
dotsuga menziesii var. menziesii (Mirb.) Franco
by Campbell and Sugano (1979).

The ecotypical variation in high temperature
requirement for growth onset has been found to
be related to the latitude of the location, rather
than to its distance from the ocean, ie., the re-
quirement is generally lower in the case of prov-
enances from cold northern areas than in the prov-
enances from warm southern areas (Kriebel and
Wang 1962, Worrall and Mergen 1967, Dormling
et al. 1968, Dormling 1982). The theoretical re-
sults of the present study are in accordance with
this empirical pattern (Figs. 2.6b, c).

In the present study, computer simulations were
used to study the implications of geographical
variation in climate for differentiation of climatic
ecotypes in trees theoretically. Similar calcula-
tions, however, can also be used for applied pur-
poses where a proven growth onset model is avail-
able. Models of growth onset can be applied for
instance for planning of provenance transfers
(Campbell 1974, Cannell and Smith 1984), or
assessing the effects of climatic warming on the
survival and growth of trees (Cannell and Smith
1986, Kellomiki et al. 1988, 1995, Murray et al.
1989, Hinninen 1991, 1996, Kramer 1994b,
1995).

Acknowledgments

We thank Seppo Kellomiki, Paavo Pelkonen,
Tapani Repo, and Heikki Smolander for their
constructive criticism, and Risto Hikkinen, Leo
Kaipiainen, Tiit Nilson, Juhan Ross, and Ron
Smith for help with the temperature data.

References

Campbell, R. K. 1974. Use of phenology for examining
provenance transfers in reforestation of Douglas-
fir. Journal of Applied Ecology 11: 1069-1080.

— & Sugano, A. 1. 1979. Genecology of bud-burst

phenology in Douglas-fir: response to flushing
temperature and chilling. Botanical Gazette 140(2):
223-231

Cannell, M. G. R. 1989. Chilling, thermal time and the
date of flowering of trees. In: Wright, C. J. (ed.).
Manipulation of fruiting. Butterworths, London. p.
99-113.

— 1990. Modelling the phenology of trees. In: Jozefek,
H. (ed.). Modelling to understand forest functions.
Silva Carelica 15: 11-27. (University of Joensuu).

— & Smith, R. L. 1984. Spring frost damage on young
Picea sitchensis 2. Predicted dates of budburst and
probability of frost damage. Forestry 57(2): 177-
197.

— & Smith, R. I. 1986. Climatic warming, spring
budburst and frost damage on trees. Journal of
Applied Ecology 23: 177-191.

Dennis, E. G. Jr. 1987. Two methods of studying rest:
temperature alternation and genetic analysis. Hort-
Science 22(5): 820-824.

Dormling, I. 1982. Frost resistance during bud flushing
and shoot elongation in Picea abies. Silva Fennica
16(2): 167-177.

— ., Gustafsson, A & von Wettstein, D. 1968. The
experimental control of the life cycle in Picea abies
(L.) Karst. I. Some basic experiments on the vege-
tative cycle. Silvae Genetica 17: 44-64.

Fuchigami, L. H., Weiser, C.J., Kobayashi, K., Timmis,
R. & Gusta, L. V. 1982. A degree growth stage
(°GS) model and cold acclimation in temperate
woody plants. In: Li, P. H. and Sakai, A. (eds.).
Plant cold hardiness and freezing stress. Mecha-
nisms and crop implications. Vol. 2. Academic
Press, New York. p. 93-116.

Hikkinen, R. & Hari, P. 1988. The efficiency of time
and temperature driven regulation principles in
plants at the beginning of the active period. Silva
Fennica 22(2): 163-170.

Hinninen, H. 1990a. Modelling bud dormancy release
in trees from cool and temperate regions. Acta
Forestalia Fennica 213. 47 p.

— 1990b. Modeling dormancy release in trees from
cool and temperate regions. In: Dixon, R. K., Mel-
dahl, R. S., Ruark, G. A. and Warren, W. G. (eds.).
Process modeling of forest growth responses to
environmental stress. Timber Press, Portland. p.
159-165.

— 1991. Does climatic warming increase the risk of
frost damage in northern trees? Plant, Cell and
Environment 14: 449-454.



Acta Forestalia Fennica 254

1996

— 1995. Effects of climatic change on trees from cool
and temperate regions: an ecophysiological ap-
proach to modelling of bud burst phenology. Cana-
dian Journal of Botany 73: 183-199.

— 1996. Effects of climatic warming on northern

trees: testing the frost damage hypothesis with

meteorological data from provenance transfer ex-
periments. Scandinavian Journal of Forest Research

11: 17-25.

& Backman, R. 1994. Rest break in Norway spruce

seedlings: test of a dynamic temperature response

hypothesis. Canadian Journal of Forest Research

24: 558-563.

— , Kellomiki, S., Laitinen, K., Pajari, B. & Repo, T.
1993. Effect of increased winter temperature on the
onset of height growth of Scots pine: a field test of
a phenological model. Silva Fennica 27: 251-257.

Hari, P. 1968. A growth model for a biological popula-
tion, applied to a stand of pine. Communicationes
Instituti Forestalis Fenniae 66(7). 16 p.

— 1972. Physiological stage of development in bio-
logical models of growth and maturation. Annales
Botanici Fennici 9: 107-115.

Heide, O. M. 1985. Physiological aspects of climatic
adaptation in plants with special reference to high-
latitude environments. In: Kaurin, A., Junttila, O.
& Nilsen, J. (eds.). Plant production in the north.
Norwegian University Press, Tromso. p. 1-22.

Kellomiki, S., Hinninen, H. & Kolstrom, M. 1995.
Computations on frost damage to Scots pine under
climatic warming in boreal conditions. Ecological
Applications 5(1): 42-52.

— , Hénninen, H. & Kolstrom, T. 1988. Model com-
putations on the impacts of the climatic change on
the productivity and silvicultural management of
the forest ecosystem. Silva Fennica 22(4): 293—
305.

Kramer, K. 1994a. Selecting a model to predict the
onset of growth of Fagus sylvatica. Journal of
Applied Ecology 31: 172-181.

— 1994b. Amodelling analysis of the effects of climatic
warming on the probability of spring frost damage to
tree species in The Netherlands and Germany. Plant,
Cell and Environment 17: 367-377.

— 1995. Phenotypic plasticity of the phenology of
seven European tree species in relation to climatic
warming. Plant, Cell and Environment 18: 93-104.

Kriebel, H. B. & Wang, C-W. 1962. The interaction
between provenance and degree of chilling in bud-
break of Sugar maple. Silvae Genetica 11: 125-130.

20

Leinonen, I. 1996. Dependence of dormancy release on
temperature in different origins of Pinus sylvestris
and Betula pendula seedlings. Scandinavian Jour-
nal of Forest Research 11: 122-128.

Lockhart, J. A. 1983. Optimum growth initiation time
for shoot buds of deciduous plants in a temperate
climate. Oecologia 60: 34-37.

Murray, M. B., Cannell, M. G. R. & Smith, R. I. 1989.
Date of budburst of fifteen tree species in Britain
following climatic warming. Journal of Applied
Ecology 26: 693-700.

Perry, T. O. 1971. Dormancy of trees in winter. Science,
(N.Y.) 171: 29-36.

Powell, L. E. 1987. Hormonal aspects of bud and seed
dormancy in temperate-zone woody plants. Hort-
Science 22(5): 845-850.

Repo, T. 1992. Seasonal changes of frost hardiness in
Picea abies and Pinus sylvestris in Finland. Cana-
dian Journal of Forest Research 22: 1949-1957.

— & Pelkonen, P. 1986. Temperature step response of
dehardening in Pinus sylvestris seedlings. Scandi-
navian Journal of Forest Research 1: 271-284.

Rikala, R. & Repo, T. 1987. Frost resistance and frost
damage in Pinus sylvestris seedlings during shoot
elongation. Scandinavian Journal of Forest Re-
search 2: 433-440.

Rinne, P., Saarelainen, A., & Junttila, O. 1994a. Growth
cessation and bud dormancy in relation to ABA level
in seedlings and coppice shoots of Betula pubescens
as affected by a short photoperiod, water stress and
chilling. Physiologia Plantarum 90: 451-458.

— , Tuominen, H., & Junttila, O. 1994b. Seasonal
changes in bud dormancy in relation to bud mor-
phology, water and starch content, and abscisic
acid concentration in adult trees of Betula pubes-
cens. Tree Physiology 14: 549-561.

Romberger, J. A. 1963. Meristems, growth, and devel-
opment in woody plants. United States Department
of Agriculture, Forest Service, Technical Bulletin
1293. 214 p.

Sakai, A. & Larcher, W. 1987. Frost survival of plants.
Responses and adaptation to freezing stress. Spring-
er-Verlag, Berlin. 321 p.

Sarvas, R. 1972. Investigations on the annual cycle of
foresttrees. Active period. Communicationes Insti-
tuti Forestalis Fenniae 76(3). 110 p.

— 1974. Investigations on the annual cycle of forest
trees. II. Autumn dormancy and winter dormancy.
Communicationes Instituti Forestalis Fenniae 84(1).
101 p.

Hari, P., Ross, J. & Mecke, M. (eds.)

Production Process of Scofs Pine ...

Smith, H. & Kefford, N. P. 1964. The chemical regula-
tion of the dormancy phases of bud development.
American Journal of Botany 51(9): 1002-1012.

Weiser, C. J. 1970. Cold resistance and injury in woody
plants. Science, (N.Y.) 169: 1269-1278.

Worrall, J. & Mergen, F. 1967. Environmental and
genetic control of dormancy in Picea abies. Physio-
logia Plantarum 20(3): 733-745.

2.2 Dynamics of Carbohydrate Distribu-
tion in Scots Pine

Galina Sofronova and
Leo Kaipiainen

2.2.1 Background

Height growth of Scots pine is to large extend
based on carbohydrates from photosynthetic pro-
duction of preceding year. Cambial growth and
growth of needles are partially provided by the
assimilates of the current year and partially by
reserve carbohydrates (Kozlowski and Ward 1957,
Kramer and Kozlowski 1980, Jushkov P. 1970,
Jushkov V. 1970, Sudachkova et al. 1973, Jush-
kov and Jushkov 1974).

Trees have a carbohydrarate pool which bal-
ances the discrepancies between photosyntetic
production and consumption in growth. System-
atic monitoring of carbohydrate pool in the coni-
fers during a year is, however, rather scare in the
literature (Sofronova 1985, Puttonen 1986, Saran-
padetal. 1989, Langstrom et al. 1990, Romanova
and Sudachkova 1990, Sundberg et al. 1993).
Thus, our knowledge on the role of stored carbon
in the growth of trees is still somewhat scarce.

The aim of this chapter is to study the within
year dynamics of the concentrations of different
forms of carbohydrates in different parts of Scots
pine trees. The hypotheses is that the use of stored
carbohydrates for growth should show up in the
variation in the levels of different forms of carbo-
hydrates in different tree tissues. We also hypo-
thesized that the geographic location from north to
south should influence the dynamics of the carbo-
hydrate pool because of the different intensities of
tree growth relative to growing season length.

2.2.2 Materials and Methods

Studies of carbohydrate concentrations in Scots
pine trees was carried out in a lichen type pine
stand 50 km to the North of Petrozavodsk
(63°13°N, 34°10°E) from 1976 to 1984. At each
year 25 trees were sampled randomly from the
stand. A representative sample of foliage from
different positions, fine roots (diameter <3 mm)
twig and stem phloem, twig and stem xylem and
root phloem and xylem from roots were taken at
different times of the year. The twig and transport
root size varied between 3 and 10 mm.

The effect of trees position in the stand on the
carbohydrate dynamics was studied at compara-
ble sites in the same region in 1977, 1978 and in
1982 and 1984. Dominant and depressed trees
were chosen for the study. Investigations were
carried out during shoot elongation when the in-
tensity of metabolic processes reaches their peak.
The selection of samples from each tree was sim-
ilar to that of the previous study.

Additional studies were performed to analyse
the effect of nothern location on the carbonhy-
drate pool. The dynamics of carbohydrate pool
were compared between a lichen type pine stand
in Murmansk region (Apatites, Khibines) and
Karelien at the time of the shoot growth (June 22—
25) and after termination of growth (August 22—
23).

The carbohydrates were divided in two frac-
tions, ie. soluble carbohydrates (sugars) and in-
soluble carbohydrates (polysaccharides). Sugars
were formed by monosaccharides and polygosac-
charides and polysaccharides by starch and ge-
mycelluloses. Celluloses were separated from the
polysaccharides in the analyses.

Average sample from 25 trees was fixed by hot
steam. Air-dry samples were grined to small par-
ticles with electric mill. Separation of dissoluble
and insoluble carbohydrate fractions was based
on their different solubility and their resistance to
acid hydrolysis (Jastrembovitch and Kalinin 1962,
Sofronova et al. 1978). The amount of carbohy-
drates in each fraction was determined by colore-
meter following the preliminary hydrolysis of
polysaccharides. (Jastrembovitch and Kalinin
1962, Sofronova et al. 1978). The carbohydrate
concentration in the material under study was
expressed per dry matter.
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2.2.3 Results

In needles, current year shoots and roots (diame-
ter<3 mm) the cellulose content is approximately
equivalent to the total amount of other carbohy-
drates, and in the living xylem of stem, 1-2-year
twigs and roots the amount of celluloses exceeds
the total amount of other carbohydrates1.5-2 times
(Fig. 2.7).

Sugar concentrations in the tissues of Scots pine
are rather high and stable during one year (Fig.
2.8), in the needles, phloem and fine roots the
average value is around 10 %, and in xylem about
5 %. Only needles and perhaps stem xylem have
a clear annual pattern in the sugar concentrations.
The variation in sugar concentrations in the other
organs seem to be rather random fluctuation.

The concentrations of polysaccharides are high-
er that those of sugars (Fig 2.9). Otherwize their
behaviour is rather similar to that of sugars. The
needle concentrations have a clear annual pattern,
while the others mostly vary more or less randomly
arround the mean value. The concentrations of
polysaccharides in the xylem are also more varia-
ble than in the other organels. Also, sugar concen-
trations in Scots pine are larger in winter then sum-
mer, and on the contrary polysaccharide concen-
trations have maximum during the growth period.

Qualitative correlations between separate car-
bohydrate fractions is subject to change depend-
ing on the physiological state of trees and envi-
ronmental conditions that influence the presence
of specific enzymes catalizing synthesis, hydro-
lysis and interconversion of sugars and polysac-
charides. For this reason also the total content of
the carbohydrate pool in trees is interesting. The
mean values of carbohydrate content in pine tis-
sues without celluloses are as follows (percent of
dry matter): needle they range from 18.1+1.1 to
38+1.4, in buds from 19.8+1.0 to 26.2+0.9; in
branch, stem and root bark from 29.9+1.9 to
35.5+0.8; in branch, stem and root wood from
24.1+1.5t0 27.5+0.7 and in thin roots (< 3 mm in
diameter) from 27.9+0.4 to 39.9+1.2.

There exist aclose interrelation between growth
and carbohydrate metabolism, but is there always
asufficiently carbohydrates favailable for growth?
To answer this question comparative investiga-
tions of carbohydrate metabolism were undertak-
en in trees, that had different annual productivity
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'Fig. 2.7. Percentage of celluloses (grey) and carbo-

hydrates (lined) in the xylem of Scots pine (% of

dry matter).

and position within a stand. The co-dominant
(class II) trees had rapid heigth growth (on an
average 40 cm) and depressed (class IV) trees had
poor height growth (on an average 7 cm). Ac-
cording to our results, the tree position did not
influence the carbohydrate concentration in bud,
shoot and needles (Table 2.1). Table 2.2. repre-
sents the lenght of shoots of trees.

Trees occuping different positions in stands and
their height growths differ substantially from each
other. This variation does not, however, reveal
distinctively in carbohydrate content of growing
shoots and needles (Table 2.1).Similar results from
the same objects of study were obtained in 1984,
although the shoot growth that year started and
ended earlier in more favorable temperature con-
ditions.

The length of leading pine shoots reached 42.9—
46.7 % of their terminal length by June 22-25 in
the Kola peninsula and in Karelia by June 9-10.
Despite of the big differences in the growth rates
the pines from Karelia and Kola do not reveal
distinctive variations in carbohydrate content in
different tissues and parts (Fig. 2.10). This would
suggest that the required level of carbohydrates in
tree tissues can be maintained with both high and
low intensity of physiological and biochemical
processes since the system of inner regulation
balances the intensity of growth with the carbon
sources available.

The size of the carbonhydrater pool was ob-
served to be rather large and stable. The variation
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caused by season, position in the stand and geo-
graphical location was small when compared with
the size of the pool. These observations agree with
the observations that carbohydrate pool as such is
rarely limiting growth of secondary meristems(e.g.
Savidge 1991).

The large pool of carbohydrates should be tak-
en in consideration when modelling the linkage
between photosynthetic production and growth.
According the present results there seems to be a
balance between carbon consumption in growth
and photosynthetic production if the phenome-
non is studied during prolonged periods. During
unbalanced periods the pool is evidently cabable
to balance the discrepancy between consumption
and production.

Tabl. 2.1. Carbohydrate concentrations in Scots pine
organs in during growth period (Derevjannoe).

Organs Class Sugar Polysaccharides
(% dry matter) (% dry matter)
Date

05.17  06.09 05.17 06.09

Buds 11 8.4 - 18.0 -
v 8.6 - 17.5 -

Shoots II - 8.6 - 188
v - 9.7 - 18.9

Needles II 10.4 9.2 17.8 241
v 0.3 9.0 16.1 20.5

Table 2.2. Carbohydrate concentrations in shoots of
the Scots pine during growth period.

Dates Dominant trees Depressed trees
Shoot’s  Carbohydrates Shoot’s  Carbohydrates
length, mm % dry matter length, mm % dry matter

05.17 30 266%1.1 9 254 +1.1
06.01 8 295%1.1 26 280%1.1
06.14 178 309+1.2 47 330+1.3
06.22 252 369+0.7 66 342108
07.06 342 296t1.1 86 272+1.0
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3 Photosynthesis

3.1 The Photosynthetic Production of
a Tree

Pertti Hari

3.1.1 Introduction

The growth is based on photosynthetic products.
This fact makes possible to introduce the causal
relationships underlying growth into the analysis.
The key questions in the present monograph are
a) How can the geographical variation in photo-
synthesis be introduced into the analysis? and b)
How can the position of a tree in the stand be
analysed using photosynthesis as an indicator?
The solution to these two questions requires con-
sideration of the photosynthetic process.

The study of photosynthesis, however, involves
several methodological problems arising from the
fact that it is impossible to measure a tree’s pho-
tosynthetic production during a prolonged peri-
od. Indirect methods have to be applied. These
methodological considerations are frequently
omitted, which has resulted in confusion and mis-
understandings.

The relationship between the photosynthetic
process and the environment plays a key role in
the study of photosynthetic production, which
requires the identification of the functional unit
of the process determining the level of basic anal-
ysis. The variation in irradiance within a leaf in
the canopy is often pronounced. If the shading
object s close, irradiance may increase more than
tenfold within a distance of less than one millime-
tre. On the other hand, the transport of gases with-
in a leaf is very ineffective, so that the functional
unit is very small.

The surface of a leaf is covered by stomata which
feed CO, to the surrounding cells. The distance
between stomata is small, often of the magnitude
of 50 um. Diffusion is the gas transport mecha-

nism within a leaf, a very ineffective process over
longer distances. Thus the transport of CO, from
the intercellular space under one stoma to the next
one is of lesser importance. The spatial functional
unit of photosynthesis in a leaf is evidently the
area which one stoma feeds with CO,, which is
referred to in the present contex as the stomatal
domain of the photosynthetic process.

Photosynthesis is also arapid process. The pools
of compounds and captured energy, which operate
on a time scale shorter than 10 seconds are only
able to filter very rapid oscillation (Hari et al.
1988). Rapid variation in photosynthetic produc-
tion is noise in analysis over prolonged periods.

There are two levels of hierarchy involved in
the analysis of photosynthetic production over
prolonged periods. The fundamental phenomena
occur on a micro scale, both spatially and tempo-
rally. The basic interest is focussed on the macro
scale, annual and tree level. The transition from
the micro hierarchy to macro is the key question
in the analysis.

Several different models for photosynthesis
have been presented in the literature. The kinetic
approach describes the photosynthetic process us-
ing biochemical steps (Hari, Kaitala, et al. 1988,
Laisk and Eichelman 1989, Laisk and Walker
1986). Several reactions have been detected in
the dark reactions of the Calvin cycle. If all these
known steps are introduced into the analysis then
the model structure becomes very complicated.
More aggregated approaches, in which only main
phenomena or most important phenomenon iscon-
sidered have also been used (Kaitala et al. 1982,
Thornley 1976). The assumptions underlying such
models are often poorly formulated and their func-
tional basis is often unclear.

The aim of the present paper is to a) derive a
simple model to link photosynthesis with envi-
ronment, b) analyse the feasibility of testing the
model and ¢) develop methods to estimate a tree’s
annual photosynthetic production.
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3.1.2 A Dynamic Model of Photosynthesis

Photosynthesis involves several processes, whose
distinction is to some extent arbitrary. The main
steps may be 1. capture of light energy (light
reactions), 2. formation of stable and energy-rich
carbon compounds (dark reactions), 3. diffusion
of carbon dioxide in mesophyl, 4. disolution of
carbon dioxide in the water on mesophyl walls
and 5. diffusion of carbon dioxide into the meso-
phyl space. These processes and flows of carbon
dioxide determine the intercellular CO, concen-
tration, since the ambient concentration is rela-
tively constant. The basic gas flows occur at the
stoma level.

Let A denote the area (m?) which a stoma
feeds with CO,, C, the intercellular CO, concen-
tration (g(CO,) m>) and C, the ambient CO,
concentration (g(CO,) m=), p, the photosynthet-
ic rate (g(CO,) s'm™, r, the respiratory rate
(g(CO;) s'm™? and h the mean thickness (m) of
the intercellular space of the stoma.

The amount of CO, in a stoma in the intercellu-
lar space is volume multiplied by concentration
ie. h A C;. The volume of intercellular space can
be considered constant. The inflow of CO, and
respiration produces and photosynthesis consumes
the intercellular CO,. The normal principle of
constructing dynamic models is that the time de-
rivative of the amount in a given volume equals
the inflows minus outflows. This method yields

dG;

hA =
dt

A[g(ca—ci)_Ps"'rs] (31)

where the term g(C,—C) describes the inflow and
g is a parameter called stomatal conductance.
Photosynthesis involves several processes, each
of them having its own dependence on environ-
mental factors and on the state of the leaf element.
The principle of simplicity has proved to be im-
portant in constructing models. For the sake of
simplicity, assume that photosynthesis is propor-
tional to the product of the two limiting factors,
irradiance and intercellular CO, concentration

ps =& 1 Ci (32)
where o is a parameter.

This simple model describes the total effect of
dissolution of CO, into the water on mesophyl
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walls, of diffusion in the mesophyl, of light and
dark reactions. This assumption is a simplifica-
tion of that presented by Marshal and Biscoe
(1980). The time constant of intercellular CO,
concentration seems to be a few seconds (Hari et
al. 1988).

Assuming that for short intervals the intercellu-
lar CO, concentration is in a steady state, the time
derivative equals zero and Eq. (3.1) results in

Alg(Ca—C)=ps+r5]=0 (33)

The intercellular CO, concentration, C; can be
solved as

_8Ca+ry

g+al B4

The dependence of the photosynthetic rate, p,, on
irradiance and ambient CO, concentration can be
determined using Egs. (3.2) and (3.4).

al(gCu+ry
p:#

1 g+al 3-5)

For steady state conditions the resulting function
is of the Michaelis-Menten type for irradiance
and is linear for ambient CO,.

The main emphasis in photosynthetic studies is
at the tree level over prolonged periods. Irradi-
ance depends on time and space within a canopy.
This variation also generates variation in photo-
synthesis, which means that testing model (3.5)
has to be based on data including variation in the
environment, ie.

al(x,t)

ps(x,1) = —I(x,t)+b (3.6)
The interpretation of the parameters is according
toEq. 3.5)a=gC,+rand b =g/

3.1.3 Requirements for a Measuring System

The testing of this model is, however, problematic,
since itis impossible to measure the photosynthetic
rate of a single stoma. Only the CO, exchange of
a large group of stomata over a prolonged period,
say 10 s, can be measured. This transition from
detailed stomatal level to a more aggregated level
is a major methodological problem.
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A small branch is closed into a measuring cu-
vette in the field system for measuring photosyn-
thesis. The CO, concentration in the cuvette is
changed by the CO, metabolism of the branch
and by the inflow of air into the cuvette replacing
the gas needed for the gas analyser. Let C denote
the CO, concentration in the cuvette, C,the ambi-
ent CO, concentration, p, the photyosynthetic rate
of the branch in the cuvette, r, the respiratory rate
of the branch, ¢ the inflow rate of air into the cu-
vette and V the volume of the cuvette. The meth-
od of constructing a dynamic model using inflows
and outflows can again be applied

Vﬁz—pb+rh+q(CH—C) (3.7)
dt
When the above equation is integrated from the
moment of the closure of the cuvette, ¢, to the
moment of its opening, ¢, + A, then

ti+A
—J (pp(1) —rp(1)) dit =

! (3.8)

ti+A

‘uan+m—C@»—L q(1) (Co — C(t)dt
This equation enables the measurement of the gas
exchange (photosynthesis — respiration) of a
branch during an interval as the change in the
amount of carbondioxide in the cuvette during
closure and a small correction term describing the
effect of inflow into the cuvette replacing the gas
for the analyser. The cuvette concentration is
usually measured 10-100 seconds after closing
the cuvette.

The measurements produce data on the branch
and 10-100 second interval levels. This is why
the analysis of data has to be carried out at branch
and interval level, although the fundamental model
describes stomatal domain and rate level. Let
P,(1,1;+A) denote the photosynthetic production
during the i measurement, R,(t,t,+A) the corre-
sponding amount of respiration and M(z, f;+A) the
outcome of the i™ measurement of gas exchange.
Then

M, t+A)=

i+ 3.9
v+ a)-Cn+ [ quxc,-canar

The problem now is that the measurements of
photosynthetic production and the model describ-
ing photosynthesis are at different levels of hier-
archy, ie. branch level during prolonged periods
and momentary domain level.

The transition from domain level to branch lev-
el occurs by adding the photosynthesis of stoma-
ta, and temporal transition occurs by adding the
photosynthetic production by the branch over short
intervals. Mathematically this means integration
of the product of stomatal photosynthesis and leaf
area density p, over the volume of the branch and
over the period of measurement

Py(ti, i+ A) = _[['M_[Vp/a(X) ps(x,1)dVdt  (3.10)

Let P, denote photosynthetic production by the
twig calculated according the model in the Egs.
(3.6) and (3.10). Thus

ﬁb(f,, t,‘+A, a, b)=

A al(x.t) G.11)
x)———— dV dt
-[r. JVp"‘(’()l(,»c.t)+b

The above equation is not operational in arrange-
ments of measurements within a canopy. In prin-
ciple, there are two alternatives for determining
the dependence of photosynthesis of a stoma on
irradiance, either to carry out the measurements
in a homogenous environment or to measure the
dependence of irradiance on space and time. Since
the later method requires special measuring ar-
rangements which are rather complicated, the
homogenization method has been chosen for fur-
ther consideration.

Because the great variability of irradiance within
a canopy is caused by shading, the uppermost
branches sustain a more homogenous irradiance.
Choose top branches in the canopy for study ob-
jects. It can then be assumed that within the cu-
vette the irradiance is spatially and temporally
constant during the closure of the cuvette, ie.

I(x,t)=I(x0,t;) (3.12)

where x, is a point above the canopy and ¢, is the
moment of the closure of the cuvette.

When the constancy assumption is introduced
into the integration, then

al(xo.t)

Py(ti+A,a.b) = J. pa(x)dV Ar=

. 1(-"0»’:)*‘1) v (313)
al(xo,t) At
I(x0.ti)+b

where AA is the leaf area in the cuvette.
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The CO, exchange is an outcome of two proc-
esses, ie. photosynthesis and respiration. The ef-
fects of both processes have to be included in
models in analysing CO, exchange data since these
two processes can not be measured separately.

The respiration term is usually rather small. It
can be introduced using a model linking temper-
ature and respiration. This dependence is expo-
nential.

r(x,t)=ro eBTxD (3.14)

The above equation describes phenomena at the
momentary and stomatal domain level. It has to
be converted to interval and branch level by
integration over time and space as in the case with
photosynthesis. The variation in temperature is
so small that it can be omitted without introduc-
ing disturbing error. Let R denote the approxi-
mated respiration, which can be obtained by inte-
gration as with the treatment of photosynthesis

Ro(ti, t;+A,r0,B) = roeB T AA At (3.15)

The values of the parameters are estimated using
normal statistical procedures, such as the method
of least squares, which solves the following min-
imization problem.

g0,a.r0.B

min {Z(Mi = i’b(tnf,m.gn.a)+ kh(ti-tHAaerﬁ))z}

i

(3.16)

The utilization of the approach above requires
measurements of CO, exchange, irradiance in
unshaded conditions, and of temperature.

3.1.4 The measuring System

A measuring system was constructed in 1991 to
test model (3.6) and to determine the values of its
parameters at Virrio Research Station, Helsinki
University (67°45'15"N, 29°36'17"E, 400 a.s.l.).
The system consists of measuring cuvettes, a
tubing system for air flow, magnetic valves for
selecting the cuvette to be measured, as well as
for opening and of closing cuvettes, a control
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system for air flow rate, a gas analyser (CO,),
sensors for irradiance, temperature, and air pres-
sure, a data logger and a microcomputer.

The trap type cuvette, which is normally open
but closed for measurement, was selected, since
its disturbing effect on the functions of the object
measured is small. The cuvette has several desir-
able properties. These are that:

1. The spatial variation of CO, concentration within
the cuvette should be as small as possible.

2. When the cuvette is open, the leaves should have
the same environmental conditions as neighbour-
ing leaves outside the cuvette.

3. When closed, the cuvette should be as tight as
possible, without any uncontrolled inflow of gas.

4. The cuvette should not change light conditions.

These demands cannot be fulfilled simultaneous-
ly since they conflict with each other to some
extent. The requirements of gas tightness and of
homogeneity of the CO, concentration were con-
sidered to be crucial.

In order to make the cuvette gastight, only the
top and a hole in its lower part can open and close.
A fan in the hole in the lower part generates a
constant air flow through the cuvette when it is
open and homogenizes the CO, concentration
inside the cuvette when closed for measurements.
The cuvette is made of plexiglass and the area of
shade-casting metal parts is minimized. Closing
and opening of the cuvettes is accomplished us-
ing pneumatic cylinders and magnetic valves.

The cuvette is placed for measurement in such
a way that the pine shoot to be measured is paral-
lel to the axis of the globe. The advantage of this
arrangement is that the angle between the sun and
the shoot does not vary during the day. The vari-
ation during the growing season, say from first of
May to 23 September, is also rather small, from
66° to 90° so that shading by needles in the same
shoot is as small as possible.

There is no artificial cooling system in the cu-
vette. The energy input caused by irradiance is
transported from the cuvette by the air flow
through it when open or is consumed in transpira-
tion. The velocity of air in the open cuvette is
about 50 cm s™'. This is nearly the wind speed
within the canopy on calm days. During closure,
the temperature in the cuvette increases due to
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Fig. 3.2. The measured (filled circle) and predicted
(cross) CO, exchange 20-23 July 1992.

radiative energy input. The maximum increase
rate is about 0.1°C s~' when the irradiance is high.

The tubing system was constructed of poly-
ethene pipes (6 mm/4.4 mm). The flow of gas in
the tubes generates a time lag, about 30 s, be-
tween the concentration in the cuvette and the
moment of its measurement. Because the CO,
concentration changes rapidly in the cuvette, any
variation in the flow rate of gas in the tubing sys-
tem generates inaccuracies. For this reason spe-
cial emphasis was given to the control of flow
rate, which was measured and regulated by a mass

flow controller (5850 TR, Brooks Instrument B.V.
Netherlands) which is able to maintain the preset
flow rate within £1.5 % of the desired rate.

The CO, concentration is measured with an
IRGA (URAS 3G, Hartmann & Braun, BRD).
Temperature is monitored using copper constan-
tane thermo pairs. Ambient air pressure and the air
pressure difference between the IRGA and the
ambient air is monitored with pressure transducers
(Schaevitz P-3061, Shaevitz engineering, U.S.A.).

The measuring system is controlled and the read-
ings taken are stored on a microcomputer. Mag-
netic valves are employed for the closing and
opening of the cuvettes. The microcomputer and
data logger together regulate the opening and clos-
ing of the magnetic valves, as well as the selec-
tion of the cuvette for measurement. The construc-
tion of the photosynthesis measuring system is
very similar to that in the Forestry Field Station,
Helsinki University (Hari et al. 1990).

3.1.5 Analysis of Field Measurements

Two branches in our experimental stand were
selected for the measurements in early summer
1992. The mean diameter of the trees in the
stand is 10 cm, mean height 6 m, and leaf area
4 m2(leaf)/m?(soil).

Photosynthesis is the dominant gas exchange
process, often being ten times respiration. Thus
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rather rough estimates of the parameters in the
model describing respiration are needed in order
to determine the values of the parameters of the
photosynthetic model. The estimation can be done
stepwise; first, estimation of respiratory parame-
ters and secondly, photosynthetic parameters. The
value of the level parameter of respiration r, can
be estimated from night-time measurements and
the value of temperature dependence parameter 3
can be based on the literature. These produce:
r,=0.065mg m2s"'and B=0.036°C (Korpilahti
1988).

In the first phase of the analysis the dependence
of gas exhange measurements on the integrals Py
was investigated using different values for the non-
linearity parameter of Michaelis-Menten function,
binEq. (3.6). The parameter value which produc-
es the smallest residual between P, and meas-
ured gas exchange is the result of the estimation.
The estimation procedure is not very sensitive to
the non-linearity parameter because the magni-
tude parameter can to great extent compensate
the error in the value of the non-linearity param-
eter.

The gas exchange of the branch in the cuvette
was predicted for the days from 20 to 23 July us-
ing light measurements and the model using pa-
rameter values estimated from the data 1619 July.
Consequently, the parameters in the model had
fixed values. The comparison between observed
and predicted gas exchanges can be seen in Fig.
3.2. The model is evidently capable of predicting
the gas exchange quite accurately. The same type
of result has been obtained earlier (Hari et al. 1981,
Korpilahti 1988, Lohammar et al. 1980).

3.1.6 The Effect of Stage of Development on
Photosynthesis

The experimental results in Figs. 3.1. and 3.2.
consern photosynthesis when the trees are in their
active summer state. A slow transition from the
dormant winter state to the active summer state
occurs in the spring and a corresponding return to
the winter state in autumn. These changes in the
biochemical control system are weather driven.
The favourable summer conditions begin earlier
in the south enabling a longer photosynthetically
active period and larger annual photosynthetic
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production.

Assume as in Chapter 2 that the state of the
biochemical control system can be introduced with
one scalar variable called stage of development,
denoted by M. According to Pelkonen (Pelkonen
1980, Pelkonen 1981) the photosynthetic rate in
the spring depends on irradiance and annual stage
of development and a multiplicative model

p(I,M)= fi(I) fu(M) (3.17)

where f;describes the effect of irradiance and f),
the effect of stage of development can be used.
The dependence on irradiance is the same as
previously, ie. in Eq. 3.6. Model Eq. 3.17 should
give the same results as Eq. 3.6. during the active
period. Thus the function f,, should equal one
during the active period. Since photosynthesis is
blocked during dormancy, fj, should be zero in
winter. These requirements are fulfilled by the
following function

0 when M <0
fu(M)=M/d when 0 <M < d, (3.18)
1 when M 2 d,

where d, is a parameter.

The rate of development, m, is defined as the
time derivative of the annual stage of develop-
ment. Warm weather moves the biochemical con-
trol system towards its summer state and extremely
cold weather back to the dormant state. These
phenomena are introduced into the analysis with
the temperature dependence of the rate of matura-
tion. The annual stage of development also has an
effect on the rate of development. The following
approximation seems to be in satisfactory agree-
ment with field measurements (Pelkonen 1980)

an_ o 100 100

dt =17100 4y TMId) = 14100 &3 727

(3.19)
where d,and d; are parameters.

Since the model defined by Eqgs. 3.17-3.19 de-
scribes photosynthesis during the recovery in the
spring quite accurately (Pelkonen 1980, Pelko-
nen 1981), the photosynthetic rate of a stoma can
be predicted at any time using weather informa-
tion. If continous temperature and irradiance
measurements are available then the photosyn-
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thetic rate of a stoma in unshaded conditions can
be determined.

3.1.7 The Photosynthetic Production of
a Tree

The models of photosynthesis including the sta-
tus of biochemical control systems have the ad-
vantage that the photosynthetic rate can be pre-
dicted accurately using only environmental vari-
ables, ie. irradiance and temperature, although
this model has the disadvantage that the structure
of the system is characterized by an aggregated
variable, the stage of annual development.
Information concerning the functions of a sin-
gle stoma can be converted to tree level by sum-
ming the gas exchange of each stoma. Mathemat-
ically this means integration over space. The tran-
sition from the momentary functions to the annu-
al level is also integration over time. Thus the
annual photosynthetic production, P, of a tree is

P= ‘U,’l p(x) p(x.t)dtdV (3.20)

This integral plays a key role in the modelling of
stand development. When combined with Eqgs.
3.17-3.19ityields the annual photosynthetic pro-
duction as a function of temperature and irradi-
ance within the canopy, enabling approximation
of the annual photosynthetic production. The ge-
ographical aspect and the effect of the position of
the tree in the stand are then automatically intro-
duced into the analysis.

3.2 The Influence of Shoot Architecture
on Photosynthesis

Juhan Ross, Pauline Stenberg,
Frank Berninger and Pertti Hari

3.2.1 Background

Shoot structure greatly affects light interception
and the photosynthesis of a shoot. Consider the
simple example presented in Fig. 3.3, showing
two shoots with different geometry. In compari-
son with shoot A, shoot B has longer needles and
a larger needle angle, thus resulting in a larger
shoot diameter and a smaller density of needles in
the shoot. Suppose that for both shoots the sur-
rounding illumination conditions and the photo-
synthesis light curve of the needle surface ele-
ments are the same. Then, in accordance with Fig.
3.3, it is obvious that the needles on shoot B are
better illuminated than the needles on shoot A. At
the same irradiance then, the photosynthesis rate
per unit needle area should logically be higher for
shoot B than for shoot A as a result of differences
in shoot structure.

The influence of shoot structure on the irradi-
ance distribution and photosynthesis on a Scots
pine shoot in a direct radiation field has previous-
ly been analysed by Smolander et al. (1987) who
found that in a direct radiation field the mean ir-
radiance over the needle surface of a shoot was
the major component causing variation in the
photosynthetic response of the shoot. In direct
radiation the mean irradiance on the needle sur-
face is proportional to the ratio between shoot sil-
houette area and total needle area (STAR) (Oker-

A B
Fig. 3.3. Schematic illustration of two shoots, A and
B, with different geometry.
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Blom and Smolander 1988). The shoot silhouette
area can be determined, e.g., using photography,
but not directly from measurements of shoot char-
acteristics.

A Scots pine shoot can be viewed as a cylinder,
the dimensions of which are given by the length
and width of the shoot axis, needle length and
needle angle (Oker-Blom et al. 1983). For an ap-
proximate notion of the structure-dependent var-
jation in illumination conditions inside the shoot
we propose a new characteristic — the needle liv-
ing-space (NLS), given by the formula

NLS = V! Sys (3:21)

where Vi is the shoot cylinder volume (cm?) and
Sys (cm?) is the needle surface area of the shoot.
The needle living-space expresses the volume
inside the shoot cylinder per unit needle area (ie.
the inverse of needle area density). The larger the
NLS is the smaller the within-shoot shading.

The shoot cylinder volume may be expressed
as (cf. Fig. 3.3.)

Vs= mds/ 2)* Is= m(lysin vy + d,/ 2)* I (3.22)

where [ and d; are the length and diameter of the
shoot cylinder, d, is the twig diameter, [y is the
needle length and vy is the needle angle. The
needle surface area of a shoot equals the mean
needle surface area of one needle, Sy(ly) (here
expressed as a function of its length), multiplied
by needle density (ny) and shoot length (I),

Sns = Sw(ly) ny s (3.23)

Formula (3.21) can now approximately be writ-
ten as

3wy
mly~sin? vy
Sn(In)ny

(because d, is small compared to d,)

From Eq. 3.24 it follows that NLS is primarily
determined by needle length, needle angle and
density of needles per unit length of the shoot axis.
All these parameters can be obtained from simple
phytometrical measurements. The aim of this
study was to experimentally determine the mag-
nitude of the effect of mutual shading of needles
on shoot photosynthesis, and to test how success-

NLS = (3.24)
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fully this effect can be characterized by the nee-
dle living-space.

3.2.2 Experimental Design

Measurements of photosynthesis and shoot ar-
chitecture were carried out between August 17
and September 6 in 1989 at the Hyytidld Forest
Field Station in Central Finland (61°51°N,
24°17°E, 160 m a.s.1.). The photosynthesis meas-
urements were carried out in the testing phase of
the new field measuring system constructed at the
Field Station (Hari et al. 1990). Since the measur-
ing system for irradiance was still under con-
struction, a LICOR-sensor above the measuring
cuvettes was coupled in the data-logger for meas-
uring irradiance.

One and two year old shoots were collected at
the upper part of the crowns of two different trees.
Their position in the crown was classified in ac-
cordance with the address system developed by
Ross et al. (1986). Immediately after cutting, the
shoots were placed in a water vessel and kept there
until the end of the experiment. The duration of
the experiments for different shoots varied from
12 hours to 3 days. Photosynthesis often started
to decrease simultaneously with transpiration
during sunny days after midday. The probable
reason for this decrease is the stomatal reaction,
despite the fact that the cut shoot was in the water
vessel. When the experiment was continued the
next day, the values of shoot photosynthesis in
the morning reached those of the previous day.
The data when the stomata were closed were ex-
cluded from the construction of photosynthetic
light curves. The phytometrical measurements of
the shoots were carried out after measuring pho-
tosynthesis. A modified Tirén’s formula was used
for determination of the needle surface area (Ross
et al. 1986). The architectural characteristics of
the shoots are given in Table 3.1.

3.2.3 The Relation Between Shoot Photo-
synthesis and Needle Living-Space

Seventeen shoots were studied. Shoot photosyn-
thetic light curves, visually fitted to the points
measured, are shown as examples in Fig. 3.4. The
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Table 3.1. Architectural characteristics of the shoots.

Address L d, ny In VN AN
(cm) (cm) (em')  (cm) (degr)  (cm?)

1 18 1.10 115 74 30 280

11A 19 066 107 54 30 463

21A 20 098 108 6.0 50 552
21B 18 096 139 6.0 30 456

22A 18 1.10 137 47 70 439
22B 1.5 120 139 40 80 231
31 175 076 143 59 25 618

32A 20 085 170 35 45 408
32B 19.1 098 13.0 43 50 351

42 175 086 11.1 43 45 306
51 10 053 227 53 30 412
61A 13 048 183 53 30 500
61B 135 046 187 43 40 288
62 188 073 209 37 55 228
772 95 034 215 28 60 183
11B 14 078 98 7.0 30 280
41 124 073 19.1 54 25 443

Length of the shoot (cm)

d; = Diameter of the twig (cm)

ny = Number of needles per cm shoot length (cm™!)
Iy = Average length of the needles (cm)

vy = Average angle of the needles to the shoot (degr.)
Ay = Total needle area of the shoot (cm?)

scattering of the measurement points character-
ize the accuracy of the measurement system. The
weather conditions prevented complete curves
(saturation rates) being obtained for all shoots
(Fig. 3.4). From the light curves, the values of
shoot photosynthesis at irradiance values of 0,
100, 300, 500 and 1000 pmol m=s! were estimat-
ed visually. The needle living-space (NVLS) was
calculated in accordance with Eq. (3.21). The
mean STAR, STAR, with respect to a spherical
shoot orientation, was also calculated for each
shoot using Oker-Blom et al’s model (1983).

There was a close linear correlation (r=0.916)
between STAR and NLS (Fig. 3.5). The correla-
tion between photosynthesis (P;) and needle liv-
ing-space was slightly higher than between P
and mean STAR. Fig. 3.6 shows the linear regres-
sions between shoot photosynthesis and needle
living-space (NLS) at different irradiance values.
The equations obtained were:
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Fig. 3.4. Measured CO, exchange rates of some sam-
ple shoots as function of irradiance.

P;100)=4.30 + 1.40 NLS r=0.71

Ps300)=6.66 + 3.26 NLS r=0.85
(3.25)
P;(500)=8.57 + 3.98 NLS r=0.90

Ps(1000)=8.26 + 531 NLS r=0.89

An attempt was made to approximate the photo-
synthesis light curves by means of the Michaelis-
Menten equation
P Bifmm g 350
al+ Pmax ‘

where a is the initial slope, P, is the maximum
rate of photosynthesis (lim P, I — o) and R, is
the dark respiration (this was assumed to be con-
stant throughout the day). It should be noted that
the accuracy of the determination of the parame-
ters P, and a is not high, because of the weather
during the measurements. For some shoots, when
the CO,-exchange measurements were carried
out during cloudy days, we had data only for the
initial part of the curve so that the error in deter-
mining P, was potentially large. These shoots
were consequently omitted from the analysis when
we examined the correlation between the values
of the estimated parameters and the needle living-
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space. The regression analysis showed that there
was rather weak correlation (r=0.660) between a
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Table 3. 2. Needle living-space, mean silhouette to total needle area ratio and shoot photosynthesis rates at
different irradiance values (PAR) and the parameters P,,,, and a of the Michaelis-Menten function.

and NLS (Fig. 3.7a), but strong correlation
(r=0.822) between P,,,, and NLS (Fig. 3.7b). The

equations were:

STAR

a=0.063 + 0.020 NLS r=0.660

(3.27)

Prix=11.86 + 6.41 NLS r=0.822

o

o
n

-

NLS ] )
3.2.4 Discussion

Fig. 3.5. Regression between needle living-space and
mean silhouette to total needle area ratio for the
sample shoots.

Further measurements will be needed to test the
usefulness of NLS as a measure of shading within
a shoot. Although it seems apparent that there
would be positive correlation between needle
living-space and the light interception efficiency

NLS
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Fig. 3.6. Regression between rate of photosynthesis (P;) and NLS at different irradiance values. (a) 1=100, (b)

1=300, (¢) 1=500 and (d) I=1000 pmol m2s'. (Eq. 3.25)

Rate of net shoot photosynthesis (relative units) at irradiance Prmax a

(cm3/ cm?) I 100 300 1000
3.65 0.179 -7 2.8 12.8 19.3 26.1 45.7 0.121
1.18 0.121 -3 1.5 7.0 10.6 143 25:2 0.057
2.94 0.159 -8.5 2.1 1.5 11.1 14.7 26.6 0.151
1.50 0.128 =55 34 9.2 12.4 - 23.8 0.138
3.18 0.178 -5 3.4 124 15.8 17.6 28.0 0.139
3.22 0.201 -7 32 14.3 — - - -
0.73 0.088 —4.5 2.8 6.7 92 - 17.2 0.120
1.30 0.142 -3 26 6.4 82 10.5 159 0.080
245 0.173 —4 4.0 9.6 12:1 14.3 214 0.127
2.16 0.167 -3 42 12.1 14.7 - 27.6 0.103
0.65 0.077 —4 1T 5.6 7.8 10.2 17.1 0.079
0.68 0.083 -3 1T 5.4 73 - 14.7 0.068
1.32 0.131 -3 2.6 6.2 - - - =
2.99 0.197 -2 3.3 9.9 - - - ~
1.10 0.136 -2 21 7.1 9. 10.9 15.98 0.089
2.38 0.146 —4.5 2.1 7.5 11.1 14.7 24.8 0.083
0.62 0.080 =3 20 6.1 9.1 - 19.1 0.063
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Fig. 3.7. Regression between the NLS and parameters ((a) initial slope, and (b) maximum rate of photosynthesis)

of the fitted photosynthesis light curves.

of a shoot (cf. Fig. 3.4), there is no a priori reason
for the close linear relationship between P, and
NLS (Fig. 3.6). In connection with this result the
question arises whether the correlation between
shoot photosynthesis and needle living-space is
real or whether there are some other factors in-
volved. Needle age, for instance, affects the rate
of photosynthesis, which is at its maximum for
one-year old shoots and decreases with age. How-

ever, as can be seen from Table 3.1, the needle
living-space is generally larger for two-year old
shoots and the correlation between P; and NLS
would thus have been still higher had age been
considered.

In earlier studies (Oker-Blom et al. 1983, Smo-
lander et al. 1987) the STAR of a shoot has been
found to be a useful characteristic in expressing
the relationship between shoot photosynthesis and
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irradiance. The connection between STAR and rate
of photosynthesis in direct radiation is straight-
forward because the STAR is proportional to the
amount of absorbed radiation. In diffuse radia-
tion the same applies if a mean STAR, weighted
by the directional distribution of irradiance, is used
as the characteristic. Since our experiment was
conducted in very variable natural illumination
conditions it was not possible to separate the pho-
tosynthesis data according to sunny and cloudy
conditions and calculate the appropriately weight-
ed mean STAR for each shoot. A spherically
weighted STAR was computed instead and used
as a complement to NLS.

The close correlation between NLS and STAR
(Fig. 3.5) suggests that NLS could be a useful
measure of light interception and the photosyn-
thetic efficiency of a shoot. However, Smolander
etal. (1994) showed that although the needle area
density in the shoot cylinder (the inverse value of
NLS) was one of the major determinants of STAR
in Scots pine, other factors such as the shoot di-
ameter were important too. In addition (as also
seen from Fig. 3.5), the relationship between STAR
and NLS is not a linear one. An advantage of NLS
over STAR is that it is easily obtained from simple
phytometrical measurements. A weakness of NLS
might on the other hand be that, unlike STAR, it is
independent of the direction of radiation and thus
does not account for the possible influence of solar
radiation geometry (e.g., direct vs. diffuse radia-
tion) on shoot photosynthesis.

References

Hari, P., Hallman, E., Salminen, R. & Vapaavuori, E.
1981. Evaluation of factors controlling net photo-
synthetic rate in Scots pine seedlings under field
conditions without water stress. Oecol. 48: 186-189.

— , Kaitala, V. & Salminen, R. 1988. The use of
intermittent radiation in studying photosynthesis
and transpiration. Photosynthetica 22 (2): 236—
239.

— , Korpilahti, E., Pohja, T. & Résinen, P. 1990. A
field system for measuring the gas exchange of
forest trees. Silva Fennica 24: 21-27.

Kaitala, V., Hari, P, Vapaavuori, E. & Salminen, R.
1982. A dynamic model for photosynthesis. Ann.
Bot. 50: 385-396.

38

Korpilahti, E. 1988. Photosynthetic production of Scots
pine in the natural environment. Acta Forestalia
Fennica 202. 71 p.

Laisk, A. & Eichelman, H. 1989. Towards understand-
ing oscillations: a mathematical model of the bio-
chemistry of photosynthesis. Phil. Trans. R. Soc.
London 323: 369-384.

— & Walker, E. 1986. Control of phosphate turnover
as arate factor and possible cause of oscillations in
photosynthesis: a mathematical model. Proc. R.
Soc. London B 227: 281-302.

Lohammar, T., Larsson, S., Linder, S. & Falk, S. 1980.
Fast-simulation models of gaseous exchange in
Scots pine. In: Person T (eds) Structure and function
of nothern coniferous forests. Swedish Natural Sci-
ence Research Council: Stockholm, p. 505-536.

Marshal, B. & Biscoe, P. 1980. A model for C3 leaves
describing the dependence of net photosynthesis
on irradiance. J. Exp. Bot. 31: 29-39.

Oker-Blom, P, Kellomiiki, S. & Smolander, H. 1983.
Photosynthesis of Scots pine shoot: The effect of
shoot inclination on the photosynthetic response of
ashoot subjected to direct radiation. Agric. Meteo-
rol. 29: 191-206.

— & Smolander, H. 1988. The ratio of shoot silhouette
area to total needle area in Scots pine. Forest Sci.
34: 894-906.

Pelkonen, P. 1980. The uptake of carbon dioxide in
Scots pine during spring. Flora 169: 386-397.

— 1981. Recovery and cessation of CO uptake in
Scots pine at the beginning and at the end of the
annual photosynthetic period. University of Hel-
sinki, Department of Silviculture, Research notes
30.95 p.

Ross, J., Kellomiki, S., Oker-Blom, P., Ross, V. &
Vilikainen, L. 1986. Architecture of Scots pine
crown: phytometrical characteristics of needles
and shoots. Silva Fennica 20(2): 91-105.

Smolander, H., Oker-Blom, P., Ross, J., Kellomiki, S. &
Lahti, T. 1987. Photosynthesis of a Scots pine shoot:
Test of a shoot photosynthesis model in a direct
radiation field. Agric. For. Meteorol. 39: 67-80.

— , Stenberg, P. & Linder, S. 1994. Dependence of
lightinterception efficiency of Scots pine shoots on
structural parameters. Tree Physiol. 14: 971-980.

Thornley, J. H. M. 1976. Mathematical models in plant
physiology. Academic Press: London. 318 p.

4 Theoretical Aspects on Radiation Submodels
Used in Forest Growth Models

Tiit Nilson and Pauline Stenberg

4.1 Introduction

Canopy structure or, more specifically, the number
and dispersion of leaves is the main determinant
of the amount of photosynthetically active radia-
tion (PAR, 400-700 nm) absorbed by the canopy.
Further, there is a strong link between light inter-
ception (absorbed PAR), gross photosynthetic
production and the growth of a stand. For this
reason, practically all process-oriented forest
growth models include a canopy radiation sub-
model to consider the feedback from shading
biomass (leaf area) to light interception and pho-
tosynthesis (Mikeld 1990). The general aim of a
canopy radiation submodel is to quantitatively
describe the functional relationship between can-
opy structure and photosynthetic radiation re-
gime in a given above-canopy radiation environ-
ment.

During recent decades considerable refinement
has taken place in the development of canopy ra-
diation models, both at the level of describing
canopy structure and in the mathematical treat-
ment of the radiative transfer in plant stands (e.g.,
Myneni and Ross 1991). This development to-
wards more complex and more realistic canopy
radiation models is important particularly since
growth models seem to be very sensitive to light
interception parameters (Mikeld 1990). From a
growth modelling perspective, however, very
complex canopy radiation submodels are not op-
erational in the sense that they become too time-
consuming in growth simulations extending over
long time periods. It would be convenient if the
canopy radiation submodel could be replaced by
a simplified relationship (an aggregate equation)
of annual potential photosynthetic production and
parameters of canopy structure and radiation re-

gime. The requirement for using such a relation-
ship is that it should contain all the relevant vari-
ables, ie. incorporate those variables to which the
photosynthesis model is most sensitive, and which
change during the lifetime of the stand (or during
the simulation period).

In order to make simplifications, we need a
model with a defined and tested representation of
the complexity of the canopy. In this chapter the
theoretical basis of models describing the rela-
tionships between canopy structure, radiation re-
gime and photosynthesis in coniferous stands is
presented.

4.2 Modelling Canopy Structure and
Radiation Penetration in Conifers

4.2.1 The Gap Probability

Because PAR absorption by green leaves is high,
the penetration of PAR through the canopy in a
given direction is approximated by the fraction of
view not blocked by leaves from beneath the
canopy (Welles 1990). In canopy radiation mod-
els, a statistical approach is commonly used to
describe the spatial distribution of leaves in the
canopy. The locations of leaves are assumed to be
statistically independent random variables gener-
ated by a specified probability density function
(Mann et al. 1977).

An essential basis for calculating the statistical
penetration of radiation is the probability of a gap
in different directions £2=(6,¢) (6=zenith angle,
¢=azimuth) through the canopy, as seen from a
specified point X. The penetration of PAR can be
expressed with help of the indicator function (@),
which is a random (Bernoulli) variable, having
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the value of 1 when there is a gap between foliage
in the specified direction, and O otherwise.

The penetration coefficient of direct solar radi-
ation (a,) to a point X in the canopy is obtained by
integrating the indicator function (o) weighted
by the normalised radiance distribution is(€2) over
the solid angle (£2;) subtending the sun:

as(X,Q)= ”is(g)a(x.g)cosesineded¢ .1
Qs
Analogously, the penetration coefficient of dif-
fuse sky radiation (ap) is obtained by integrating
the indicator function (o) weighted by the nor-
malised distribution of diffuse sky radiance i,(£2)
over the upper hemisphere:
2nm/2
ap(X)= j jiD(Q)a(x,Q)cos Osin 0dOdo (4.2)
00
The coefficients a, and ap, correspond to the frac-
tions of direct and diffuse PAR transmitted to
point (X) in the canopy. Their mean values are
obtained by replacing 0. by its expected value (a),
the gap probability in the specified direction.

If leaves are assumed to be independently and
randomly distributed in the canopy (e.g., generat-
ed by a Poisson process), the gap probability in a
specified direction is given by:

a=E[a]=exp(-=Gul), (4.3)

where 1 is the length of path of the solar beam
within the canopy, u is the mean leaf area density
along this path, and G is the “mean projection of
unit foliage area” (Ross and Nilson 1965). G was
originally defined as the ratio of projected to one-
sided (planar) leaf area; however, because the
one-sided area of a needle is not a well-defined
concept, we define G as the ratio of projected to
all-sided leaf area. In accordance with this, the
leaf area density () is also defined on an all-sided
area basis (Stenberg et al. 1994).

Equation 4.3 is the basis of practically all statis-
tical light penetration models. In non-homogene-
ous vegetation, such as coniferous forest stands,
however, it cannot be used in this form but re-
quires some modification.
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4.2.2 Models Used to Describe Coniferous
Stand Structure

Grouping in a coniferous stand typically occurs at
many different hierarchical levels (Norman and
Jarvis 1975, Oker-Blom 1986, Nilson 1992).
Grouped distribution refers to a spatial pattern
where the positions of elements are positively
correlated, ie., the probability that an element is
situated near another one is larger than for a purely
random (Poisson) pattern. In conifers, several
grouping levels may be distinguished. Needles are
clumped into shoots, which are nonrandomly po-
sitioned in branches and whorls of the individual
tree crowns. In addition, the spatial pattern of trees
(tree crowns) is often grouped. The effect of group-
ing on light penetration can be described hierar-
chically dividing the stand into subcomponents
representing the most important grouping levels
(e.g., Oker-Blom et al. 1991). Below we shall
describe submodels used to describe coniferous
stand structure, with special reference to Scots
pine.

Stand models may be given either in the form of
tree locations and tree size parameter vectors (tree
height, crown length and diameter, trunk diame-
ter at breast height and at the height of the lowest
living whorl, etc.) specified for each tree in a cer-
tain forest compartment (Hari et al. 1985), or given
analytically as the distribution functions of tree
locations and size (Nilson 1977). The pattern of
tree location may be given as measured, simulat-
ed by a computer (Pukkala 1988, Gusakov and
Fradkin 1990) or by some theoretical distribution
function (Nilson 1977), e.g., by the widely used
Poisson distribution or by some stochastic proc-
ess (Tomppo 1986). According to the Poisson
distribution the probability P,(S) of i trees occur-
ring in a plot of area S (m?) is

P.(S)=(AS)exp(-AS)/i!,i=0,1,2 (4.4)

where A is the stand density (trees per m2).
Small deviations from the Poisson tree distri-
bution pattern towards regularity or grouping may
be approximated by introducing a correction fac-
tor (Nilson 1992). For example, the probability of
no trees in a plot of area S may be calculated as:

P(S) = exp(-=AcS) 4.5)
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where ¢ =In(GI)/(GI-1), GI being Fisher’s group-
ing index — the ratio between the variance and the
mean value of the stem number occurring in a
plot of area S.

In a tree crown model the crown shape and di-
mensions should first be given. The crown forms
most commonly used to describe Scots pines are
a truncated ellipsoid of rotation and a cone. Oker-
Blom et al. (1986) suggested a Scots pine crown
model describing the crown as a cone in the upper
part (approximately a half of the total crown
length), a cylinder in the middle and an intersect-
ed sphere at the bottom of the crown. In some
cases, e.g., when trees are grown densely in rows,
rotationally non-symmetrical crown shape mod-
els may be needed.

Scots pine whorls may be modelled as crown
sections cut by horizontal planes corresponding
to the tree height increment of the corresponding
year. A further subdivision of the whorls into
branches is possible, but if the distribution of
branches within the whorl is sufficiently uniform,
itis appropriate to describe whorl and crown struc-
ture directly in terms of the spatial and angular
distribution of leaves or shoots in the crown. For
larger trees it may be necessary to define an emp-
ty (non-foliated) region around the stem (Koppel
and Oja 1984).

The uniform, beta, normal, and Weibull distri-
butions are commonly used to describe the spatial
distribution of leaves in a crown. Although a non-
uniform distribution of leaf area can be used to
incorporate some grouping effect, continuous dis-
tributions cannot be used to describe very small-
scale variation in leaf area density as is caused by
the clumping of needles on shoots. A way to over-
come this problem is to choose the shoot as the
basic element, and define the density function of
shoots instead of leaves (needles). For example,
Stenberg et al. (1993) used the beta distribution to
describe both the vertical distribution of shoots in
the crown and the horizontal distribution of shoots
in a whorl. In this approach, however, a model of
shoot structure is needed.

The Scots pine shoot can be viewed as a cylin-
der, the dimensions of which are given by shoot
length, needle length and needle angle (Oker-Blom
etal. 1983). When viewed from a particular direc-
tion the shoot cylinder has a certain transmittance
(gap fraction), defined as the ratio of gap area (non-

shaded area) in the shoot cylinder projection area
to total cylinder projection area (Oker-Blom and
Smolander 1988). The shading of a shoot in a par-
ticular direction is determined by its effective pro-
jection area or “silhouette area” in that direction,
and the “silhouette leaf area to total leaf area ratio”
(STAR) expresses the ratio of che effective projec-
tion area of the shoot to its total needle surface area
(Carter and Smith 1985, Oker-Blom and Smolan-
der 1988). STAR is conceptually analogous to the
G-function (Eq. 4.3), the only difference being that
they are defined for different foliage elements
(leaves and shoots). The STAR of a shoot depends
on shoot geometry (particularly needle angle and
density) and varies with the angle between the
shoot axis (the twig) and the direction of projec-
tion (radiation). STAR is smaller than the G-func-
tion for individual leaves because of the mutual
shading by needles on the same shoot.

For describing the angular distribution of shoots
the same distributions as used for planar leaves
(e.g., Ross 1981) may be used. The most widely
used leaf angle distribution is the spherical distri-
bution, defined such that the leaf has no preferred
orientation in space. The G-function (Eq. 4.3),
here defined as the ratio of projected to total (all-
sided) leaf area, then has the value G=0.25, inde-
pendently of the direction of radiation (see Lang
1991). For spherically oriented shoots, the mean
ratio of projected shoot area to total needle area is
denoted STAR (Oker-Blom and Smolander 1988).
Itis smaller than 0.25; for Scots pine shoots around
0.15.

In Stenberg et al.’s material (1993), comprising
measurements of shoot azimuth and zenith angle
in 25 young Scots pine crowns, the angular distri-
bution of shoots was not spherical and the mean
shoot angle (to the vertical) increased with depth
in the canopy. Despite this fact, however, the
spherical distribution may serve as a reasonable
approximation when exact measurements are not
available.

4.2.3 Light Penetration in a Grouped Stand

Based on the models outlined above, we give
equations for the penetration of radiation in a
stand where: (1) the spatial pattern of trees is
defined by a Poisson distribution, (2) trees are
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divided into size classes and the crown structure
of trees in the same class is similar, (3) crowns are
rotationally symmetrical, and (4) the within-crown
shading is independent of the between-crown
shading.

Assuming that the within-crown and between-
crown shading are independent, the mean pene-
tration of radiation to a point (x,y,z) within a tree
crown can be given as a product of two gap prob-
abilities, one corresponding to gaps through the
neighbouring crowns (a;) and the other to gaps
within the tree crown considered (a,), ie.:

a(x,y,z;0,0) = a,(x,y,z;6,0) axx,y,z;:6,¢) (4.6)

where (0, 9) (6=zenith angle, ¢=azimuth) denotes
the direction of radiation.

The probability of a gap within the crown is
given by:

a =exp(-G(0,0)ul(x,y,z:6,0)) 4.7)

(see Eq. 4.3) where 1 is the length of path of the
solar beam in direction (6,¢) to point (x,y,z) with-
in the crown, u is the mean leaf area density in the
crown along this path. (Note that if a uniform leaf
area distribution within the crown is assumed, u
is constant.) To calculate the length of path (1),
the crown shape and dimensions are needed.

The ratio of projected to total leaf area (G) de-
pends on the leaf orientation. It normally varies
with the direction of radiation, the only exception
being the spherical leaf orientation, in which case
G=0.25 (when defined on an all-sided leaf area
basis). Grouping of needles into shoots can be
incorporated in the model (Eq. 4.7) by replacing
G by the mean STAR, which depends on the shoot
orientation and shoot structure. Because of shad-
ing by needles in the same shoot, STAR is smaller
than G, implying an increased gap probability.
However, when the shoot is used as the basic el-
ement, the gap probability varies within and be-
tween shoots. Thus, if the point (x,y,z) considered
lies within a shoot, a, should be multiplied by an
additional factor (a;), corresponding to the prob-
ability of a gap within the shoot.

If the forest stand is described by the locations
of all trees, the probability of a gap for each tree
intersected by the direction of view (radiation)
may be calculated separately by Eq. (4.7), and the
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overall gap probability (a,) is obtained as the prod-
uct of individual gap probabilities. In a Poisson
stand with trees divided into N size classes of iden-
tical trees, the following analytical formula may
also be used for the probability of a gap through
neighboring crowns (a;) (Nilson 1992):

N
a1 =exp(— Y, AiSi(z,0)(1 - az(z,6))) (4.8)
i=1

In Eq. (4.8), A;denotes the stand density (number
of trees per m?) in size class 7, S;is the projection
area of the tree crown envelope on a horizontal
plane at the height z when projected in direction
0,and a,(z,6) is the probability of a gap in a single
tree crown in that direction, averaged over the
whole crown projection region at the height z.

Note that according to our assumptions, a, is
independent of the horizontal coordinates (x,y)
and the azimuth (¢), and the gap probability (a,)
within a crown (Eq. 4.7) depends only on the rel-
ative position of the point (x,y,z) in the crown of
a given size class. The gap probability (a) varies
with the direction of radiation; however, due to
the small angular size of the solar disc, the mean
transmitted fraction of direct solar radiation is
obtained from Eq. (4.6), with (6, ¢) denoting the
direction of the sun’s midpoint.

4.3 Temporal and Spatial Variation of
Radiation in a Stand

The total irradiance Q at a point on a horizontal
plane within the canopy can be expressed as

Q=5,as+D,ap+ Q,a, (4.9)

where S,” and D, are the direct and diffuse solar
irradiance (on a horizontal plane above the cano-
py), Q,=S,” + D, is the total incident irradiance,
a, is the penetration coefficient of direct solar
radiation (Eq. 4.1), a,, is that of diffuse radiation
(Eq. 4.2), and a,. is the relative irradiance caused
by downward scattered PAR.

Several approximate formulae have been de-
rived for the scattered component of irradiance
(e.g., Ross 1981). However, as conifer needles
have a high absorption coefficient in the PAR re-
gion, the contribution there to total radiation by
the scattered component is minor. Moreover, be-
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cause even under oversimplified assumptions the
calculation of a,. leads to very complex equations,
this component is usually ignored in calculations
of photosynthesis.

4.3.1 Spatial Variation

In our model, the penetration coefficients a, and
ap, are stochastic variables with expected values
which can be interpreted as mean transmitted
fractions of direct and diffuse radiation at statisti-
cally equivalent points, i.e., at points where the
gap probabilities are equal (e.g., two points at the
same relative position in trees of the same size
class). The value of Q obtained by replacing the
penetration coefficients with their expected val-
ues may thus be interpreted as a mean irradiance
transmitted to a given relative position in trees of
the same size class.

The spatial variation of irradiance over a hori-
zontal plane in the canopy may be separated as
resulting from two components: (1) differences
in the amount of shading leaf area at different
locations in the canopy, and (2) a “stochastic”
component which depends on the occurrence of a
gap in the sun’s direction. The first component
creates gradients of mean irradiance in the cano-
py while the second component creates areas of
shade, sunflecks and penumbras. When consider-
ing the irradiance on the surface of a leaf, a third
component of variation results from different leaf
orientations.

The irradiance at a given point in the canopy is
the sum of the direct, diffuse and scattered com-
ponents of radiation (Eq. 4.9). The statistical be-
haviour (scale of variation) of diffuse radiation is
quite different from that of direct radiation be-
cause it is formed as an integral over the solid
angle of the hemisphere, which exceeds the solid
angle of the sun by a factor of almost 10°. Because
the degree of statistical dependence (covariance)
between the occurrence of a gap in different di-
rections decreases rapidly with angular distance
between these directions, the diffuse irradiance
may be considered as an average of nearly inde-
pendent “random” variables. Therefore, it has a
distribution tending to the normal distribution
(Ross 1981), with a small variance (Gutschick
1984).

The direct irradiance at any given point on the
horizontal plane depends on whether there is a
gap between foliage in the sun’s direction. If par-
allel solar beam geometry was assumed, the di-
rect irradiance over a horizontal plane would be
characterised by a two-valued distribution repre-
senting sunflecks and shaded areas respectively.
However, the sun has an angular diameter of ap-
proximately 0.5° (0.0094 radians), which implies
that a leaf or needle situated further than ca. 10
times its width away cannot obscure the whole
solar disc. The actual non-parallel solar beam
geometry creates areas of penumbra, where the
sun is neither fully visible nor totally obscured
(Miller and Norman 1971). Thus, the distribution
of direct radiation on the horizontal plane is char-
acteristically U-shaped. The frequency with which
penumbras occur thus depends primarily on can-
opy height and size of leaves. Consequently, the
usually deep crown and small dimensions of nee-
dles characteristic of conifers, are very efficient
in creating penumbra (Stenberg 1995).

4.3.2 Temporal Variation

The incident radiation field is determined by
geographical location (latitude) and atmospheric
conditions. Temporal variation in irradiance at a
specific point in the canopy is caused by changes
in incoming radiation (changing solar angle, cloud
movement) and by foliage movement.

A convenient but also quite rough approxima-
tion of the incident radiation time distribution is
considering only clear sky and overcast situations
and weighting them according to average sunshine
duration. The latter may be taken from the data of
the nearest actinometrical or meteorological sta-
tion. Corresponding irradiance values as functions
of solar elevation may either be obtained from
empirical actinometrical data or from some ana-
lytical expressions given in the literature (e.g.,
Weiss and Norman 1985).

For a clear sky situation, the temporal variabil-
ity of the diffuse component D,a, in Eq. (4.7) is
relatively small and may be assumed to be ap-
proximately constant within a short time period
(e.g., an hour). Assuming that the incident direct
radiation also has a constant value during the pe-
riod considered, the time distribution of total irra-
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diance at a point within the canopy, f(Q), is en-
tirely determined by the time distribution of the
direct solar radiation penetration coefficient, g (),

Q) =g((Q-D,ap)S,) (4.10)

Alternatively, in an overcast situation, the total
irradiance at the point of interest may be approx-
imated as:

Q=D.ap (4.11)

In a case where the incident diffuse radiation D,
cannot be assumed to be constant we have to
consider its time distribution, f(D,), the time
distribution of total irradiance in an overcast sit-
uation being:

Q) = fi(D,ap) (4.12)

During a short clear sky period the temporal
distribution of g, at a fixed point is qualitatively
similar to the spatial distribution of a, over statis-
tically equivalent points at a given moment dur-
ing the period considered, both having a U-shaped
density function.

4.4 Estimating Canopy Photosynthesis

Assuming that the rate of photosynthesis is a
function of irradiance only, and that the temporal
variation in irradiance is slow compared to the
response time of photosynthesis, canopy photo-
synthesis can formally be expressed as an integral
over both time and canopy space of the instanta-
neous photosynthetic rate at points on the leaf
surface area (cf. Eq. 3.20).The integral over space
(leaf area) may be approximated as a weighted
sum of the rates at representative points in the
canopy and the integral over time may then be
approximated as a weighted sum of momentary
rates at representative sky conditions.

Calculation of canopy photosynthesis thus in-
volves integration over time and space (leaf area).
We will discuss some methods by which the mean
photosynthesis during a time period (integration
over time) or the mean photosynthesis of a group
of photosynthetic units (integration over leaf area)
can be estimated from certain characteristics of
the irradiance distributions.
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For a given incident radiation field, a canopy
radiation model provides estimates of the mean
transmitted fractions of the direct and diffuse
components of radiation, S, as and D,a,, to any
specified point on the horizontal plane. When
calculating the instantaneous rate of photosynthe-
sis of a leaf, there are two important aspects to be
considered: (1) the direct irradiance on a leaf var-
ies with leaf orientation, and (2) use of the mean
irradiance leads to an overestimate because of the
concavity of the photosynthetic radiation response
curve. In addition, if the model is formulated us-
ing the shoot as the basic element, the reduction
in mean irradiance caused by the shoot itself (with-
in-shoot shading) must be considered (Oker-Blom
1986).

For diffuse radiation use of the mean irradiance
is usually not considered to be a serious problem,
because the variation of diffuse radiation between
statistically equivalent points is small compared
to the variation of direct radiation. Neither is the
diffuse irradiance on a leaf sensitive to the leaf
orientation.

The direct solar irradiance on a leaf is given by
S,cos(m)ag, where S,denotes the irradiance of di-
rect solar radiation on a plane perpendicular to
the sun, and @ denotes the angle between the leaf
normal and the sun. The mean direct irradiance is
obtained by replacing ag with its mean value. For
direct solar radiation, however, the mean irradi-
ance seldom represents a good estimate of the
actual momentary irradiance at a given point. If
weignore the penumbra, the gap probability (mean
transmittance) would still be sufficient to describe
the penetration of direct solar radiation. In that
case (ie., when parallel solar beam geometry is
assumed) the direct solar irradiance transmitted
has only two possible values and their probabili-
ties are uniquely determined by the gap probabil-
ity. However, irradiance distributions in conifers
are much influenced by penumbra. For example,
Stenberg (1995) showed that the shading from a
shoot is completely penumbral at a distance of
I m from the target point. The penumbral irradi-
ance at a specified point in the canopy can be es-
timated by simulation techniques, but these tech-
niques are too laborious for routine use and some
faster algorithms should be found.
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4.4.1 Beta Distribution Approximation

A possible way towards faster algorithms seems to
be the approximation of irradiance distributions by
some theoretical distribution functions. During
clear skies, typical irradiance distributions in con-
ifers have a particular U-shaped form,so that the
beta distribution seems to be most suitable for
fitting these distributions. Pfreundt (1988) has
demonstrated the effectiveness of using the beta
distibution approximation for this purpose.

Let us assume that the density function k(as) of
the direct solar radiation penetration coefficient,
as, may be described by the beta distribution:

_I(p+q)
I (p)I(q)

The problem is reduced to the determination of
the two parameters of the beta distribution, p and
g. One condition for this can easily be found — the
mean value of this distribution, p/(p + g), must be
equal to the gap probability at point (x,y,z) in the
solar direction (6, ¢),

h(as) as" ' (1—as)a, 0<as <1 (4.13)

pl(p + q) = a(x,y,z; 6,9) (4.14)

To determine both of the parameters of the beta
distribution, another relation such as for the var-
iance must be found. Unfortunately, there is no
simple way to calculate the variance of the direct
solar radiation penetration coefficient. It is main-
ly determined by shoot number and geometry and
particularly by the distances of the shading shoots
from the point of interest.

Pfreundt (1988) has applied a parametrization
technique for determining the unkown beta func-
tion parameter ¢. He found that if there is only one
layer of shoots causing shading, then there is a
fairly proportional relation between the parameter
g and the shading shoot layer density. The slope of
the respective line is determined by the distance to
the shading layer, and he found another relation
consisting of two linear parts to determine the
slope. The parameter p was determined from the
condition that the mean value of the distribution
equals the probability of a gap through the shading
layer. If there is more than one layer of shading
shoots and each layer causes a beta distributed ran-
dom penetration coefficient, the resulting penetra-
tion coefficient is also beta distributed.

Rather simple equations connect the mean value
and the variance of the multilayer penetration co-
efficient with those of individual layers. In order to
find the variance of the direct radiation penetration
coefficient, ag, in addition to gap probabilities for
all layers causing shading, the distances of shading
layers should thus be estimated for all points of
interest. The distances between whorls within a
crown can easily be determined. More difficulties
arise in determining distances to whorl layers of
neighbouring trees if tree locations are not given
explicitly. However, analytical methods enable us
to estimate these distances too. Since the nearest
whorls evidently cause most of the variance of the
penetration coefficient, it is important to be able to
describe the within-crown shading and shading
caused by the nearest neighbours more accurately.

The beta distribution may be used to describe
both the spatial and the temporal distribution of
a,. However, the interpretation of parameters p
and g is somewhat different when the temporal
distribution is considered. For instance, a great
part of the temporal variation of irradiance at a
given point during clear skies is not related to
canopy structure but results of foliage movement.

4.4.2 Estimates Based on Moments of the
Irradiance Distribution

The next logical simplification is using only mo-
ments of irradiance distribution functions to cal-
culate photosynthesis (e.g., Hari et al. 1984, Lappi
and Smolander 1984, Smolander and Lappi 1985).
With this approach, it is possible to consider the
irradiance time distribution moments, as well as
the spatial distribution moments. For instance, by
using a quadratic function such as the second-
order Taylor expansion to approximate the photo-
synthetic light response curve, one can produce
several approximate algorithms for calculating
photosynthesis from the mean and variance of the
irradiance. The weaknesses of this method are that
photosynthetic response curves cannot always be
approximated well by the second-order Taylor
series and that “inconvenient” U-shaped irradi-
ance distributions make using only the first two
moments of the distribution insufficient. How-
ever, calculating higher irradiance distribution mo-
ments from theoretical concepts is a rather diffi-

45



Acta Forestalia Fennica 254

1996

cult task (Anisimov and Menzhulin 1983).

In the above method we integrate an approxi-
mate response function over the correct irradi-
ance distribution. An alternative method is to in-
tegrate the true response function over an approx-
imate irradiance distribution (e.g., the beta distri-
bution discussed earlier). If the distribution of ir-
radiance does not have a simple theoretical shape
on which to base the approximation one may use
the two-point distribution (cf. Smolander and
Lappi 1985) for which the irradiance equals the
mean irradiance plus or minus the standard devi-
ation, with equal probability.

4.4.3 The Use of Aggregate Equations

As mentioned earlier, it would be convenient if
the radiation submodel could be replaced by an
aggregate equation between photosynthetic pro-
duction and some properties of canopy structure
and incoming radiation. Such an equation should
contain all relevant variables needed to get a
satisfactory approximation, particularly those
which change during the life-time of a stand. The
variables which should be included can be identi-
fied, e.g., by performing a sensitivity analysis on
more complex canopy-radiation models.

Oker-Blom et al. (1989) studied the relation-
ship between annual potential photosynthetic pro-
duction and intercepted radiation (PAR) in mod-
elled stands of different structure. When the in-
terception of a stand was increased by (a) increas-
ing the number of trees or (b) increasing the crown
size, the ratio of photosynthetic production to in-
tercepted radiation remained fairly similar, ie., at
a fixed amount of intercepted PAR, variation in
crown size and shape (height-width ratio) and
stand density had only a small impact on the pho-
tosynthetic production.

A reason why there might be a close relation-
ship between (gross) photosynthetic production
and light interception may be explained as fol-
lows. If we have a fixed total interception rate, the
total area of sunlit needles is to a large extent pre-
determined and changes in tree geometry, except-
ing perhaps shoot angle distribution, cause only a
vertical redistribution of the same sunlit needle
area and have little effect on the total photosyn-
thesis of the canopy. However, this redistribution
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may considerably influence the photosynthetic
productivity of the trees of different size classes.
Itis therefore important to be able to estimate the
total interception rate and the amounts of radia-
tion intercepted by the trees of different size class-
es. This can be done quite effectively by using
theoretical formulas similar to Eq. (4.8) (Hari et
al. 1985, Nilson 1992).

Based on the model described by Oker-Blom et
al. (1989), Mikeli (1990) derived some simpli-
fied equations between the annual photosynthetic
production and stand characteristics. She found
that in a horizontally homogeneous stand the po-
tential photosynthetic production could be close-
ly approximated by a negative-exponential func-
tion of the leaf area index. In a grouped stand
composed of Poisson distributed individual trees
the same equation was adequate when the leaf
area index was replaced by an “effective leaf area
index” which was a function of stocking density,
crown leaf area index, and crown shape.

At a fixed leaf area index, the photosynthetic
production was always smaller in a grouped stand
than in a homogeneous stand. The difference was
found to be particularly sensitive to the relative
crown coverage, which largely determines PAR
interception. The result supports the hypothesis
that the amount of intercepted PAR is the main
determinant of canopy photosynthesis. Thus in
developing the function describing the degree of
photosynthetic interaction (cf. Chapter 6) in a giv-
en stand, attention should be paid to those stand
characteristics with a strong influence on radiation
interception. In addition, however, the role of pe-
numbra and shoot structure on local rates of pho-
tosynthesis, especially deeper down in the canopy,
should be elaborated (Stenberg 1995, 1996).

Geographical aspects (the effect of latitude)
should also be taken into account. The amount
and angular distribution of incoming irradiance
affect the relationship between photosynthesis,
leaf area and irradiance in different ways. First,
due to the concavity of the photosynthesis light
curve, an increase in total incoming radiation leads
toaproportionately smaller increase in photosyn-
thetic production. Accordingly, Oker-Blom et al.
(1989) found that the simulated ratio of photo-
synthetic production to intercepted PAR was high-
er at more northerly latitudes, with a larger pro-
portion of lower irradiance in the incoming radi-
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ation. For the same reason, the increase in annual
photosynthetic production at lower (more south-
erly) latitudes is proportionately smaller than the
increase in the total incoming radiation. Relative
light interception per unit of LA/ is also smaller
because the increase in total radiation is accom-
panied by a shift towards higher inclinations in its
angular distribution (Stenberg 1996).

4.5 Discussion

Radiation submodels used in forest growth mod-
els are in general quite simplified considering the
level of knowledge on radiative transfer in plant
canopies (e.g., Myneni and Ross 1991). The rea-
son asserted for this is that very complex models
of light interception and photosynthesis are not
operational in long-term simulations. However,
results obtained using rather complex models sug-
gest that since they could fairly easily be aggregat-
ed into simple equations containing only a few
variables (e.g., Mikeld 1990), the complexity of
models does not necessarily restrict their use.

In the version of the forest growth model used
in this study (Chapter 6), the supply of light (PAR)
at a given geographical-location determines the
potential photosynthetic production, and the fie-
crease in photosynthesis is modelled as a function
of downward cumulative leaf area. Relative photo-
synthesis or “the degree of photosynthetic inte.r-
action” (cf. Hari et al. 1985) is defined as the ratio
of the photosynthetic production at a given level
in the canopy to the maximum potential photo-
synthetic production obtained from an unshaded
leaf surface at the top of the canopy.

Making use of the estimation methods coupled
with the theoretical formulas presented above, one
can perform areasonably realistic sensitivity anal-
ysis of the dependence of the annual photosyn-
thetic production of a forest on any structural pa-
rameter considered. This would make it possible
to introduce some new structural parameters into
the “degree of photosynthetic interaction” (Hari
etal. 1985), defined up to now only in terms of the
downward cumulative leaf area index. Among the
new parameters might well be the downward cu-
mulative needle area of the tree considered, the
crown shape parameter of the tree, e.g. the crown
projection area at a solar elevation characteristic

of the geographical location, a parameter for the
tree pattern, etc. Further computer simulations
must be performed to confirm this conjecture. In
deriving simplified equations for estimating can-
opy photosynthesis, however, it should be kept in
mind that “the simplified models can be as good
as the original, complex models but they cannot
be any better” (Mikeld 1990). It is important,
therefore, to simultaneously develop and test the-
oretical models describing the relationship of can-
opy structure, radiation and photosynthesis.
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5 Geographical Variation in the Regularities of
Woody Structure and Water Transport

Eero Nikinmaa, Leo Kaipiainen, Markku Mikinen, Juhan Ross and
Tanja Sasonova

5.1 Introduction

The processes that bring about material exchange
between the structure of a plant and its surround-
ings are relatively well known, as for example the
photosynthesis chapter of this volume indicates.
However, much less is known of the ways mate-
rials are used in growth and morphological and
anatomical development. There is still incertain-
ty about how substrata supply and plant growth
substances affect the cambial activity and cell
enlargement (e.g. Ford 1981, Aloni 1987, 1991,
Savidge 1991). From the point of view of analys-
ing tree growth these questions are crucial since
they determine both the'ways in which the mate-
rials are consumed and how new materials will be
taken up in the future.

Early process-based models of tree growth sim-
ply ascribed growth to resource intake, so that a
constant proportion of the usable pool of resourc-
es was utilised for growth of the individual com-
partment of a tree (e.g. foliage, branches, stem,
roots) (e.g. Hari et al. 1982, McMutrie and Wolf
1983, Miikeld and Hari 1986). The problem with
this approach is that it missed the functional role
of structure. Improvement was made when the
implications of architectural and structural pat-
terns were considered in carbohydrate allocation.
For example, Hari et al. (1985), Valentine (1985),
Miikeld (1986), Ludlow et al. (1990), Nikinmaa
(1990) and Nikinmaa and Hari (1990) derived
carbon allocation from the pipe model theory (cf.
Shinozaki et al. 1964a). The more general princi-
ple of functional balance (e.g. Brouwer 1962) was
adapted by many of those models. This assumes
that different compartments of trees are connect-
ed functionally and there should be regularities in
the relative quantities which are determined by

their functioning such as water transport in wood.

While the use of allometric relationships in
growth modelling is tempting when the control of
growth is still rather weakly understood, it has
problems. Generalizations require extensive em-
pirical data from stands with a known history.
Alternatively, the allometric relationships can be
related to their functional features and derive the
variation in the relationships from the variation in
the environment affecting the functions (e.g. Ber-
ninger et al. 1995). In the particular case of the
pipe model this could mean that the transpiration
by needles and water transport in wood are ex-
plicitly described by their dimensional relation-
ships. We know that the latter is not exactly the
case. Neither is the functional role of wood in
water transport clear. It is thus necessary to study
the dimensional relationships that can be associ-
ated with structure and functions over a wide range
of very different conditions.

The function of wood has been attributed to both
water transport and mechanical support for a long
time. Along the lines of Leonardo da Vinci (ac-
cording to Zimmermann 1983), Jaccard (1913,
cited by Assmann 1970), Huber (1928, according
to Zimmermann 1983) and Shinozaki et al. (1964
a, b) have related the woody cross-sectional area
to water conductivity or foliage biomass. Pressler
introduced the theory of stem formation in ac-
cordance with the “foliage capacity” of the upper
parts of the tree in 1865 (cited by Assmann 1970).

The mechanical stem form theory was advanced
in late 19th century by Schwedener and Metzger
(1874 and 1893 respectively, according to Ylinen
1952). The stem was considered “a cantilever
beam of uniform resistance against the bending
force of wind”. It implied that stem diameters
raised to the third power would increase propor-
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tionally with the increasing distance from the cen-
tral point of application of the wind force. Ylinen
(1952) developed the mechanical stem form the-
ory further, showing that if the parameters de-
scribing the wind-resisting crown area and the
elasticity modulus of trees are known, then it is
possible to construct realistic relative diameter /
relative height curves for trees with different rel-
ative crown length.

Huber (1928) indicated that, contrary to the pipe
model theory, there is no constant ratio between
foliage mass and the water-supplying wood cross-
section within a tree, but that the ratio decreases
towards the top of the tree. Following the ideas of
Huber, Zimmermann (1983), Ewers and Zimmer-
mann (1984) and Tyree et al. (1987) among oth-
ers have analysed the hydraulic architecture of
trees. From their work it is apparent that the dif-
ference in hydraulic conductivity within a tree
between the smallest twigs and the main stem may
be large.

Many workers have found a linear relationship
between the foliage area or foliage biomass and
stem sapwood cross-sectional area at stand level
(see review by Waring et al. 1982, Kaufman and
Troendle 1981, Long et al. 1981, Kaipiainen and
Hari 1985, Hari et al. 1986). However Albrektson
(1984), Long and Smith (1988), Keane and Weet-
man (1987), Espinosa Bancalari et al.’s (1987)
results suggest that there is variation in this ratio
depending on the average ring width, the size of
cross-sectional area of stem or the growth rate of
trees, all of which are often intercorrelated. White-
head (1978) reported that the relationship was lin-
ear within stands of Scots pine and independent
of tree spacing, but varied between different sites.

Long etal. (1981) analysed bole structure from
both the mechanical and the pipe model point of
view. They found that both theories could be ap-
plied but thatin the stem segments below the crown
the heartwood formation must be included in the
physiological water-conducting theory to fulfil the
mechanical support requirements.

The dimensional connections between woody
structure and the quantity of foliage in tree crowns
are frequently attributed to their functions, main-
ly water transport. In this chapter, we examine
how these regularities vary between very differ-
ent geographic locations, by trying to connect di-
mensional relationships between different parts
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of the tree to the surrounding environmental con-
ditions. We pay most attention to those dimen-
sions that could be related to water transport. The
first part of this chapter considers aspects influ-
encing water transport in wood at different levels
of aggregation. Empirical results of the geographic
variation of the structural regularities and their
dynamics in young Scots pine stands follow and
the chapter closes with a discussion of the signif-
icance of these observations for predicting Scots
pine growth in different climates.

5.2 Water Transport in Scots Pine

5.2.1 The Different Levels of Phenomena
Affecting Water transport through
Wood

A forest is a complex system in which several
levels of both temporal and spatial hierarchy can
be identified. The proper treatment of the differ-
ent levels of hierarchy and particularly the transi-
tions from one level to another is akey question in
the analysis of forest functions. Each level has its
own characteristic structural and functional fea-
tures and regularities.

At the most detailed level, water transport
through wood is affected both by its properties
and the processes that affect transpiration. At tree
level the water transport pathway and the growth
and senescence processes that determine the rel-
ative quantities of different tissues need to be
considered. Finally the total quantities of transpir-
ing biomass and its spatial distribution are impor-
tant features at stand level when the water flow
through forest ecosystems is studied.

The following chapters examine these different
levels of water transport. The main idea is first to
outline dimensions that could be related to the
water transport of wood and second to suggest
possible trends in structural regularities between
foliage and wood in different geographical re-
gions. First a brief literature review of the Scots
pine wood properties and their implications on
water transport is undertaken. This is followed by
empirical results on the water transport pathways
in Scots pine. Finally stand level water transport
and transpiration is discussed.
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5.2.2 Water Transport in Scots Pine Xylem
5.2.2.1 The Xylem Structure of Scots Pine

Xylem in Scots pine, as in the other conifers,
consists primarily of longitudinal tracheids. The
proportion of the ray volume of the total volume
is only about 5 to 6 % (Kirkkiinen 1985).

Siau (1984) reports that the tracheid lengths of
normal sapwood is 3500 pum and the lumen diam-
eter is between 20 to 30 um. Fengel (1969) exam-
ined the average diameters of tracheids in early
and latewood and reported values of 25.3 yum and
23.5 umrespectively along the tangential axis and
30.2 umand 20.8 um along the radial axis. Vysots-
kaya et al. (1985) also report big variation along
the radial axis but very little along the tangential
axis. Sanio (1872) showed that the diameter of
tracheids increased when moving from younger
to older tree rings and similarly within the same
tree ring when moving from the upper stem parts
downwards. The pattern can also be observed in
tracheid length (e.g. Helander 1933, Bailey 1958,
Dinwoodie 1961). In Helander’s material the
length of tracheids varied between 1 and 4 mm
depending on the point of observation. The size
of the branch tracheids has generally been found
to be shorter than that of the stem ones (see re-
view by Dinwoodie (1961)).

Tracheids are connected through numerous pairs
of bordered pits, mainly situated in the radial walls
at the both ends of the cells (Kirkkidinen 1985).
The “overlapping” area between tracheids is larg-
er in longer tracheids and so the number of con-
necting pits is bigger (Carlquist 1988). The aver-
age effective diameter of these pits varies between
0.02 and 4.0 um (Siau 1984). They are greatest in
the earlywood and smallest in the latewood. Scots
pine has a torus in the pit which is capable of
moving against the pit walls, closing the pit com-
pletely if excessive pressure differences exist be-
tween adjacent tracheids. Normally, the size of
the torus is about a third to a half of the diameter
of the pit chamber (Siau 1984). Pit size is most
likely related to the tracheid size since they are
both determined at the phase of the cell extension
and depend on the fibril density of the primary
cell wall (Tyree and Sperry 1989).

Tracheid cell walls consist of middle lamellae
between cells and primary and secondary walls.

The secondary wall consists of different layers
which can be distinguished from the microfibril
pattern. The cell wall thickness of the middle sec-
tion varies between 1 to 5 pm and this is mainly
responsible for the difference between the early
and latewood. There is only a very narrow band
of latewood in the tree rings within the living
crown (Larson 1969) but as one moves down-
ward along the stem the proportion of latewood
from the cross-section increases (Larson 1969,
Denne 1978, Hari, pers. com.).

5.2.2.2 Water Conduction in Tracheids

The rise of water from roots to leaves is generally
explained by cohesion theory, introduced inde-
pendently by Askenasy 1895 and Dickson and
Joly 1894 (cited by Gregory 1977). According to
this theory, water forms continuous columns from
leaves to the tips of the roots. Transpiration from
the leaves creates negative pressures within the
water-transporting woody parts of the plant, which
drives water upward towards the transpiring
leaves.

Transpiration thus creates a pressure gradient
within the xylem, which has a certain resistance
to flow opposing water movement through it. This
resistance depends on the xylem structure. The
pressure gradient and flow resistance together
determine how much water moves through a cross-
sectional area in a given time unit.

One tracheid can be assumed to resemble a
cylindrical pipe. Also, water flow velocity in xy-
lemis small (e.g. Zimmermann 1983). Under these
conditions, the Hagen-Poisseule equation is a good
approximation of general equations of the flow
mechanics and can be used to estimate the flow
resistance in xylem as follows:

B nrtdP

0=~ 5d

(5.1)
where Q is the water flow velocity (m?/s), ris the
radius of a tracheid (m), dis the dynamic viscos-
ity of water (about 0.001 Nsm™), dP is the pres-
sure difference between the ends of the cell (Pa)
and dx is the length of the cell (m).

Equation (5.1) shows that the tracheid diameter
is a critical factor affecting water flow. For exam-
ple, within one tree ring the large tracheid cavities
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in the early wood should dominate the water trans-
port in that ring. However, very wide vessels are
not always the most efficient for water transport
since they are more vulnerable to embolism than
narrow ones. The reasons for this are not well
known, but it has been suggested that it might
have something to do with the volume surface
arearatio (Carlquist 1988, Tyree and Sperry 1989).

Water flow through the whole tree is obtained
by adding the flows over all tracheids. However,
use of Eq. (5.1) involves assumptions that may
not be realistic. First, tracheids seldom resemble
a cylinder but are closer to an ellipse or even a
rectangle in cross-section. In these cases a correc-
tion term can be derived for Eq. (5.1). Second, the
pressure within wood is considered constant in a
radial direction. The most critical weakness of this
approach is that it does not consider the resistance
caused by pits joining tracheids together nor that
of frictional forces caused by the cell walls (Carl-
quist 1988). It has been observed that the resist-
ance calculated from Eq. (5.1) and that measured
differ somewhat depending on the species in ques-
tion. Pothier et al. (1989) measured resistances
which were more than twice the values calculated
with Eq. (5.1) for Jack pine. Haskins and Ford
(1990) suggested that for these reasons one should
also consider relationships other than the Hagen
Poisseule equation to describe the water flow
through tracheids.

Tracheid length is an important factor affecting
the water transport capacity of wood because the
intertracheidal pits have a strong influence on
water flow (Carlquist 1988). These pits also pre-
vent cavitation from moving from one cell to an-
other, which greatly increases the integrity of the
conifer xylem against unfavorable environmen-
tal conditions such as drought, or even more im-
portantly, winter freezing (Zimmermann 1983).

Efficient water transport thus exerts contrast-
ing requirements on the structural features of tra-
cheids. The tracheid diameter and length should
be large to guarantee efficient water transport but
increased size increases the probability of cavita-
tion and the proportion of transport structure that
cavitations influence. Niklas (1986) suggested that
in the early evolution of land plants, the diameters
and lengths of conducting cells may have increased
to some limit defined by the probability of cavita-
tion and the growth of bigger plants was possible
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only after cells started growing in the cross-sec-
tional direction.

The water conductance through a woody sec-
tion is affected by the tracheid size distribution
and by the trends in the earlywood / latewood
ratios. Judging from the tracheid size distribution
in the earlywood and as Pothier et al. observed
(1989), the water conductance should be lower
the more distal the part in question is. If, however,
one studies conductivity at the dimensional level
the different proportion of latewood along the
transport path can affect the results (see Chapter
5.2.2.1). Considering the opposite trends one
might expect variation in the relationship between
cross-sectional area of wood and the foliage mass
or area. However, there seem to be regularities in
the quantities of water-transporting structure when
measured at corresponding points in the crown
within a stand or between similar size stands in
the same region (Hari et al. 1985). Crown base
seems to be a practical reference height since it
changes with the tree growth, maintaining its rel-
ative position in the stem structure.

5.2.3 Water Pathways in the Tree
5.2.3.1 Background

Water pathways in trees from the fine roots up to
the needles can be considered as a balanced sys-
tem of water transport where all elements (roots,
stem, branches, needles) display the ability to
conduct the same amount of water. Even though
all organs may have different conductivity due to
differing anatomical properties, the total water
flow through different wood sections is condi-
tioned biologically and should have fairly strict
implications for the total quantities of such tissue.

It is important to know which part of wood con-
ducts water and how this is related to the architec-
ture of the tree in considering the quantitative re-
lationship between wood and foliage. The aim of
this chapter is to analyse the relationships between
the architecture of a tree and the water movement
at different points in its xylem. The main objec-
tives are first to see whether water flow has a reg-
ular pattern in roots, stem and branches and wheth-
er that can be linked to the position of both uptak-
ing and transpiring organs and second if the con-
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version of conducting wood into non-conducting
tissue is connected to changes in the architecture,
especially to the crown base recession.

5.2.3.2 Materials and Methods

A dying technique was used to study the water
pathways in xylem. Four sets of sample trees,
selected subjectively from the sides of the exper-
imental stands described in more detail by Kasimi-
rov et al. (1977), were treated with dye solution.
They were poor Calluna type stands situated 50
km north of Petrozavodsk (62°13' N 34°10' E).

Water Transport Pathways in Branches,
Stem and Roots

Holes were drilled through the centre of the stems,
branches and roots of nine 30-80 year-old trees
of the dominant canopy layer. The holes were
immediately filled with acid fuchsine dye solu-
tion. Four days later the trees were felled and
cross-sectional discs from which the transport
path was analysed were cut.

A similar method was applied to study the wa-
ter path in the roots and branches of four 60 to 80
year-old sample trees selected from the same area
on the same criteria as above. Dye solution was
applied at the base of a branch and in the root
xylem at a distance of 0.8-1.3 m from the root
collar.

Relations Between the Amount of Water-
Transporting Tissue and Crown and
Branch Architecture

A third set of four experimental trees of about 30
years old was subjectively selected to obtain ad-
ditional information about the cross-sectional area
of conductive xylem. The roots of these trees
were dug out and cut at the point where they were
one centimeter thick, after which they were quickly
immersed in water. The roots were cut under
water and when the end of the root had been kept
in water for 30 minutes, the water was immedi-
ately replaced by the dye solution.

The fourth set of experimental trees was from

depressed and dominant canopy layers (22-44
years old). The proportion of the conducting xy-
lem in the stem was detemined. For these purpos-
es the root system was cut at about 20-50 centi-
metres from the root collar whereupon the stem
was immediately dropped into a nearby lake.
About 15-20 centimetres were sawn from the
lower part of the stems under water. The cut ends
were kept under water for one hour. Thereupon
they were immediately dropped into dye solution.

An analogous method was used to investigate
branch xylem. A sawn-off branch was immedi-
ately dropped into a container of water where it
was cut in the middle of the first annual elonga-
tion of the branch. When the transpiration stream
had been re-established the cut end of the branch
was placed in dye solution. A total of 20 branches
between 3 to 22 years were sawn off six trees
between 30 to 80 years which had been subjec-
tively selected from the same area as the others.

Cross-sectional discs of roots, stems and branch-
es were cut both from the sample trees and the
sample branches 1-3 days after the dying started,
so that dye had had adequate time to flow through
the wood. The number of annual rings, both wa-
ter-conducting and non-conducting, were count-
ed. The number of living whorls of branches was
calculated in all stems and branches.

All the measurements were carried out during
rainy or cloudy weather in August after an exten-
sive period of rainy days, so that the trees were
amply supplied with water and the evaporative
demand of the air was low.

5.2.3.3 Results and Discussion

Water Transport Pathways in Branches Stem
and Roots

Some examples of the pattern of water movement
in roots, stems and branches are demonstrated in
Fig. 5.1. When the dye was injected close to the
base of the roots it usually ran straight along the
root axis (Fig. 5.1a, 2-4). As the solution was
injected at a larger distance from the collar where
the roots were 1 cm in diameter the dye pattern at
the cross section of the root at the root collar was
often quite irregular (Fig. 5.1a, 1). This might be
associated with the influence of water uptake
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Fig. 5.1. Water pathway in xylem: a) at root collar when dye was injected to smaller than 1 cm diameter root (1)
and when dye was injected to large roots (2-4), b) in the stem at different heights from the base upwards and
¢) in a branch from the base towards the tip. The dye was injected to xylem at the base of the stem and the

branch.

from the lateral root suckers which are oriented in
soil without any regular pattern. All annual layers
were capable of conducting water in the roots
studied.

The movement of water in stems is spiral (see
Fig. 5.1b), the pattern twisting clockwise as it
moves upwards. However, the pitch of the spiral
varies significantly between trees, apparently re-
lating to the annual height growth of the trees.
Water made a complete turn around the stem over
adistance of 3 metres in a tree with a 35 cm aver-
age annual height growth (Fig. 5.1b), and a tree
with a 16 cm annual height growth has a spiral
pitch of 140 cm. All pines under study had eight
to nine whorls between a complete turn in water
path which would suggest a relationship between
the water pathways and the branch arrangement
in the crown.

The spiral pattern of water pathways in the stem
xylem is well known (Vite and Rudinsky 1959,
Zimmermann and Brown 1971). It is usually ex-
plained by the properties of the xylem structure

54

and by the pattern of location of pores in the tra-
cheid walls. Vite and Rudinsky (1959) empha-
sized that spiral water movement is more effec-
tive than a directly vertical one, providing more
effective water distribution to all parts of the
crown.

The dye, injected at the base of a branch verti-
cally, i.e. parallel to the stem axis, usually made a
90° turn by the beginning of the needle-bearing
part of the branch and moved further parallel to
the branch axis (Fig. 5.1¢). The solute movement

was consistent with the horizontal orientation of

the sub-branches within branches.

Connections Between the Amount of
Water-Transporting Tissue and Crown and
Branch Architecture

In earlier work it has been observed that the
number of annual rings making up the heartwood
depends on the age of a tree and its ecological
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Fig. 5.2. The relationship between the number of an-
nual tree rings not conducting water, and the
number of dead whorls. The black boxes stand for
branches and stars stand for trees.

growth conditions (Chavchavadze 1979). In this
work the numbers of whorls no longer supporting
foliage and of non-water-conducting tree rings
were counted from 6 trees and 20 branches. The
results show a close relationship between the
number of non-water-conducting layers and death
whorls (Fig.5.2).

The above results can also be tested experimen-
tally. When the branches are cut off from lower
whorls one may expect the number of water-con-
ducting rings to be equal to the number of whorls
left. Lower branches were removed from an 11-
year-old tree four months prior to a dye injection;
the four topmost whorls were left. The dye was
found in the four annual rings (Fig. 5.3). In this
kind of experiment one has to take care that the
branches are not cut shortly before a colour injec-
tion. Water shortage in the stem and a certain
degree of water transpiration from fresh cuts may
bring about rise of dye solute in tree rings without
a whorl on top.

All results were obtained for trees growing in
various conditions in the same stand and for
branches at different positions in the crown. The
regularities observed in this work would there-
fore suggest that they actually describe the asso-
ciation between architecture and water transport
in Scots pine. However, further work is required
to verify the generality of these observations.

These results would also suggest that the move-

Fig. 5.3. The relationship between the number of the
water-conducting annual layers and the number of
living whorls in trees with 4 living whorls.

ment of water from one tree ring to another is
quite limited in Scots pine. A tree ring and the
whorl it terminates at are formed simultaneously.
If the lateral flow of water from one tree ring to
another is small within the stem, then the flow
may cease when the last branches to which the
tree ring directly extends (ie. the uppermost whorl
of that year when the tree ring was formed) die.

Horizontal rays are a potential radial water trans-
port channel between tree rings through the quite
impermeable latewood. In Pinus sylvestris par-
ticularly there seems to be quite a high proportion
of ray tracheids with an open pit structure which
would facilitate considerable radial and tangen-
tial permeability (Siau 1984). However, it seems
that the radial water flow, at least for young trees.
does not play a significant role in tree rings no
longer connected directly to the living crown. Long
etal. (1981) suggested that heartwood formation
and the pipe model considerations together pro-
duce mechanically stable structures. The above
observation could be an indication of this.

The results of the research illustrate interdepend-
ent relations between the structural characteris-
tics of a tree and the properties of the water move-
ment process in its pathway system. It seems. at
least in relatively young Scots pine trees, that the
whole area of the stem in the living crown or the
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branches above the whorl of the lowest living sub-
branches seem to be capable of conducting water.
Where there are partially dead whorls the diame-
ter of the active xylem ought to be measured be-
tween them.

The same regularities in branches would imply
that as the trees grow older the average age of
branches increases and the proportion of non-con-
ducting tree rings in branches increases. In this
case, it cannot be assumed the whole cross-sec-
tional area below the crown base of the stem would
be entirely water-conducting. However, these re-
sults would also suggest that where dimensional
comparisons between trees in different geograph-
ical locations are made, the crown base is the most
appropriate measuring height, at least for young
trees.

5.2.4 Stand Level Water Transport and
Transpiration

5.2.4.1 Introduction

Water flow through trees is controlled by the
atmospheric properties that drive the transpira-
tion processes and refill the soil, the water storage
capacity of the soil and the water transport and
transpiration properties of the trees. Different
processes affect transpiration on different spatial
and temporal scales. For example, the weather is
extremely variable in the Scots pine growing area
but the climate at each location seems to be quite
stable, the variation in the annual mean tempera-
ture being only few degrees but the difference
between maximum and minimum temperature
during the day sometimes exceeding 20°C. In
these conditions one might expect a flexible re-
sponse from stomata to variable environmental
conditions, but more conservative relationships
between water-conducting and water-transpiring
tissue as a response to smaller variation in annual
averages. It may be hypothesized that in such
conditions the driving forces of water flow and
the actual observed growing season transpiration
at stand level should yield quite constant values
from year to year although short-term variations
may be considerable.

To test this hypotheses we analyse the growing
season totals of the spatially and temporally strong-
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ly variable water flow through the stem and the
components driving it through the woody struc-
ture, ie. the water potential difference and the flow
resistance that varies as a function of the water
content in the xylem. As a step further, we ana-
lyze how the stand level transpiration varies in
different conditions. Finally, the implications of
these results for the acclimatization of trees in
prevailing conditions, especially on their struc-
tural growth, are discussed.

5.2.4.2 Materials and Methods

A heat pulse method was used to study the water
flow through stems. As described by Kaipiainen
etal. (1981) it could also be applied to determin-
ing the water concentration of the stem. This is
based on the empirical regression between the
time of maximal temperature difference after a
heat pulse and the temperature conductivity for
wood of different water content determined by
Kaipiainen et al. (1981) for Scots pine.

The mass flow rate of water in stems and water
potentials in roots and shoots were monitored in
three pine stands from 1977 to 1979 using the
heat pulse method. The water potentials were
measured using Scholander’s bomb. The stands
(62°13°N, 34°10°E) were growing 50 km north of
the city of Petrozavodsk. The soil of the stands
was sandy, but the water table level varied from
stand to stand at average levels of 0.6 m, 1.2 m
and over 3 m, which generated a clear difference
in fertility between the sites. The stands are de-
scribed in detail by Kasimirov et al. (1977).

Monitoring series consisted of daily measure-
ments of maximum and minimum values of the
water flow rate from stem, branches and the water
potentials of shoots and roots. In addition, 40 dai-
ly patterns of hourly water flow and water poten-
tial were determined from the same points. The
total number of water flow rate measurements was
about 3500 and that of water potentials about 2800.

The stands were growing in a rather humid
northern climate. During the fairly normal sum-
mers 77-79 the rains were able to compensate for
the water loss caused by transpiration. The water
concentration in the soil remained rather high. The

minimum water potential observed in the soil was
—0.05 MPa.
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5.2.4.3 The Results and Discussion
Water Mass Flow

The mass flow rate varies considerably during the
course of a day. It has a clear maximum before
noon and a minimum at sunrise. The maximum
observed flow velocity of water was 15.6 cm/h
and the mass flow rate 9.1 g/(cm?h). These values
are low compared to those reported by Hinkley et
al. (1978).

Changes in water storage smooth the variation
in the mass flow rates caused by the environmen-
tal variation, suggesting that the mean value meas-
ured at the base of the stem reflects the annual
average conditions of the site.

Annual mean mass flow rate varied only a little
over the three years in the various stands thus
supporting the hypothesis of the work above (see
Table 5.1). The mean mass flow rate can be con-
verted into the annual amount of transpired water
per cross-sectional area of sapwood by multiply-
ing the mean rate by the number of days in the
vegetation period May—September ie. 150 days.
The mean annual amount of transpiration in the
research stands was 101 tnm? (sapwood).

Table 5.1 Annual mean mass flow rates, U, water
concentration in xylem, Wa, amount of transpired
water, (0, and ratio of amount of transpiration and
amount of rainfall during vegetation period,T,.

Year U Wa Q T+
g/cm’h % mm %o

Stand 1 (water table 0.6 m)

1977 3.3 112.8 163.3 42
1978 32 119.2 139.5 40
1979 34 109.8 165.9 62
mean 33 1114 156.2

Stand 2 (water table 1.2 m)

1977 3.1 115.6 184.3 47
1978 29 114.8 151.3 43
1979 32 106.6 193.6 43
mean 3.1 112.3 176.4

Stand 3 (water table 3.0 m)

1977 33 114.6 137.4 35
1978 2.9 120.6 109.0 31
1979 33 108.6 134.6 1
mean 372 114.6 127.0

The amount of transpiration calculated from the
measurements from single trees is 30—60 % of the
amount of precipitation during the vegetation
period. Since direct measurements of stand tran-
spiration require instrumentation which was not
available, the estimate could not be checked
against measured data from the same stand. How-
ever, the magnitude seems to fit with the present
idea of the role of transpiration in the water bal-
ance on poor, sandy soils. It is evident that the
high values for water velocity reported by Hin-
kley et al. (1978) would result in unreasonably
high estimates of transpiration in Karelian condi-
tions.

Water Potential

Transpiration decreases water pressure in twig
xylem, generating a pressure difference between
roots and twigs. This pressure difference is the
driving force of water flow in the woody struc-
tures of a tree. The water potential, ¥, measured
by the Scholander bomb, is very close to the
hydraulic pressure in the wood. The water poten-
tial of shoots, ¥, varies diurnally and during the
growing season, reflecting the pattern of transpi-
ration and depletion of soil water. Water potential
has aclear minimum, ¥™", in the early afternoon
and a maximum, ¥M™>, at sunrise. The lowest
shoot water potential observed was —1.5 MPa,
and the maximum shoot water potential varied
from —0.3 to —0.67 Mpa. The variation was clear-
ly smaller in roots. The minimum root water
potential during the daytime, ¥mr, was from
—0.22 to —0.45 Mpa. The maximum values at
night, ¥™>, were stable, varying between —0.2
and —0.26 Mpa. The woody structures level out
the variation driven by the daily variation in the
water pressure deficit of the air, resulting in more
stable situation in the roots which is also reflected
in the flow rates as mentioned earlier.

The tree structure should be able to withstand a
certain, commonly observed, range of variation
in transpiration. The mean values are more stable,
indicating the general water transport level at
which trees operate in a certain region. The vari-
ation in the water potentials between years is ex-
tremely small when compared with the variation
over one day. Thus the mean pressure difference
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Table 5.2 The annual mean maximum and minimum
values of water potential in the three experimental
stands 1977-1979. § stands for shoots and r for
roots.

Year yi'" MPa y**MPa y™" MPa vy MPa

1977  -1.01 —0.44 -0.32 —0.22
1978  -0.97 -0.43 —0.31 -0.22
1979  -1.01 -0.44 -0.32 -0.23

between shoots and roots is fairly constant, evi-
dently a reason for the stable mean annual mass
flow (see Table 5.2).

Flow Resistance

Pressure difference is not the only factor deter-
mining the mass flow rate. Water flow occurs in
very small tracheids about 0.03 mm in diameter.
The water flows from tracheid to tracheid through
numerous pits 0.002 mm in size. These small
transport pores hinder water movement. This ef-
fect is introduced into the analysis as water flow
resistance, R. The analogy of Ohm’s law allows
the determination of water flow resistance using
the water pressure gradient and the mass flow
rate. The dimension of stem water flow resistance
is MPasm~ for a given tree. The specific resist-
ance ie. the resistance of a piece of wood per unit
length allows comparison between different trees.
This normalized resistance has a dimension of
MPasm.

The resistance depends on the water concentra-
tion of the stem (e.g. Sellin 1991). Fig. 5.4 shows
the water mass flow rate as a function of driving
force (water potential gradient within measured
stem segments) at three different wood moisture
levels. As can be seen, the slope of the regression
lines (ie. the stem water conductivity) changes as
a function of stem water content. There is a slight
hint of non-linearity with wet wood as the pres-
sure gradient increases but it needs to be studied
in more detail before any conclusions can be
drawn.

The etfect of the stem water content on the water
flow resistance is evident from this work. Stem
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Fig. 5.4. The water mass flow rate as a function of stem
water potential gradient at three different wood
water concentrations (triangles 125-115 %, open
boxes 115-105 % and filled boxes 105-95 %). The
slope of the regression lines is the water conductiv-
ity of wood.

water concentration is low during periods of sun-
ny weather in midsummer and high during pro-
longed rainy periods in autumn. The annual range
of the variation of water content was from 85 % to
140 % (water mass /dry wood mass) and the great-
estdaily range was 15 %. This also generates tem-
poral variation in the stem water flow resistance.
The minimum observed specific resistance was
0.48 10* MPasm™ and the maximum 0.84 10*
MPasm .

Since the observed annual mean values of stem
water content are quite stable (Table 5.1) the mean
of the stem water flow resistance is also stable on
these results. This stability, when related to the
stability of water pressure difference between
shoots and roots, explains the observed stable
values of the mean of the annual mass flow rate
per unit of sapwood cross-sectional area (hence-
forth denoted by AMFC).

5.2.4.4 Stand Level Water Transpiration

The transpiration at stand level also depends on
the total amount of transpiring foliage apart from
the factors described previously. The annual con-
stancy of transpiration per sapwood area means
that a) the year to year conditions are similar and
both the transpiring foliage mass relative to wood
cross-sectional area and the type of response of
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Fig. 5.5. The stand level water transpiration as a func-
tion of stand fresh needle weight.

foliage to the environment would be relatively
constant or b) the conditions vary but the foliage
regulates transpiration through stomatal action
and the total foliage mass varies such that regular
water flow through wood follows.

Khilmi (1957) observed from the data present-
ed by Ivanovetal. (1951) and Moltshanov (1952)
that a unit mass of ngedles transpired approxi-
mately equal amounts of water in a course of a
year. The mean amount of transpiration per ton of
needles in the experimental stands was 391 ton.
This research line was continued by Rudakov
(1979), who also found that the annual transpira-
tion per unit mass of needles did not depend on
stand age, soil fertility or geographical area.

We merged our observations with earlier find-
ings in the literature to see whether the same trend
also holds in this wider comparison. There are
available in the literature 49 measurements and
estimates of annual amounts of transpiration and
the needle mass from Scots pine stands in the area
of the former Soviet Union (see references above).
The methodology applied to estimate these val-
ues varies somewhat. Including our own. there
are 58 estimations in all. The data represents a
wide geographical variation in the former Soviet
Union, from North Karelia to the southern Don
region, from Western Russia to the East in Kaza-
khstan. The age of the stands varies from 6 to 150
years. The regression between fresh needle mass
and annual amount of transpiration is rather tight
as can be seen in Fig. 5.5.

According to the above regression one ton of
needles, fresh weight, transpires 20.4 tons of wa-
ter. The fresh weights can be converted to dry
weights in the experimental situation by using a
correction coefficient with a value of 0.48, de-
rived by Kasimirov et al. (1977). Thus one ton of
needles, dry weight, transpires 42.0 tons of water
in a year. This value seems to be independent of
the properties of the site.

Some caution needs to be applied to the results
since there are several methodological problems
involved in the research on annual and stand level
water transpiration. The measurements are also
tedious to carry out. The above results may suffer
from the methodological differences in the meas-
urements since most of the data is collected from
the literature. However, since it is unlikely that all
the workers have made similar systematic errors,
we can have some confidence in the general trend
observed.

The above result would suggest that at our site
the relationship between the transpiring foliage
and sapwood area would indeed be relatively con-
stant and that the stomatal response to diurnally
variable but stable weather conditions on the grow-
ing season scale produces constant linkage be-
tween the total amount of foliage and annual tran-
spiration. The total foliage mass is naturally relat-
ed to growth and senescence processes and is thus
related to the stand production process as well.

The result is more surprising on a geographi-
cally variable scale since the climate changes af-
fect both the potential evapotranspiration and the
water availability. The potential evapotranspira-
tion in the southernmost range of Scots pine in
Russia is almost 1.5 times that of the northenr-
most conditions (calculated by Thornwaite meth-
od. Berninger et al. 1995). The observation im-
plies changes in the annual transpiration per unit
mass of foliage and probably changes in the total
amount of transpiring foliage. However. such con-
stancy in transpiration per unit mass of needles
tends to suggest that the foliage mass wood cross-
sectional area relationship might not vary too much
geographically.

Different levels of water availability and de-
mand can trigger reduction in needle mass, rais-
ing of the lower limit of the crown base. increase
and redistribution of fine roots to deep soil layers
cte. The constant needle-specific transpiration can
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be understood as an outcome of acclimatization
and adaptation of the tree structure to the condi-
tions on the site. This phenomenon is evidently
very important when developing an analysis of
the dynamics of pine stands in its large growing
area.

5.3 Relationship between Sapwood Area
and Foliage Mass in Scots Pine

5.3.1 Introduction

The pipe model theory states that there are regu-
lar ratios between the water-conducting wood
cross-sectional areas at different points along the
transport path and the foliage quantity supplied
by the wood. From the previous chapters it has
become clear that woody properties vary accord-
ing to the position within the tree and possibly
also according to the growing conditions. For
various reasons measurements done at the height
of the crown base should give the most stable
results.

The stand-level measurements of transpiration
on the other hand suggested that no major chang-
es in the foliage mass / sapwood area relationship
should take place. This seemingly contrasting
observation to the variations in woody properties
leads us to study the geographical variations in
the relationship between sapwood area and foli-
age mass and total area. The main hypothesis was
that stand level observations of transpiration,
should yield quite constant ratios between the
foliage mass or area and the wood cross-sectional
area within stands measured at the crown base of
each tree over the geographical range were Scots
pine grows.

5.3.2 Materials and Methods
5.3.2.1 Locations and Types of Measurements

The measurements were carried out between 1982
and 1989 in Muddusniemi, in Finnish Lapland
(69°N, 27°E), Hyytidld, Southern Finland (62°N,
24°E), Petrozavodsk, Russian Karelia (62°N,
34°E), Voronez, South Russia (52°N, 40°E) and
Irkutsk, Siberia (53°N, 103°E).
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The measurements were made in a hierarchical
manner, consisting of: 1) measurements of the geo-
metrical characteristics of needles to determine
possible changes in their specific leaf area,
2) measurements of the relationship between to-
tal needle dry mass and cross-sectional area of
wood in branches below the lowest living whorl
of sub-branches to establish the relationship be-
tween branch cross-sectional area and foliage
mass, 3) measurements of cross-sectional areas
of wood in the stem below the living whorls and
cumulative cross-sectional areas of branches of
the whorls to relate branchwood area to stemwood
area, 4) total cross-sectional area of water-con-
ducting roots and the cross-sectional area of stem
below the living crown to relate transport roots to
stemwood and 5) total fine root biomass and the
cross-sectional area of transport roots.

5.3.2.2 The Experimental Stands

The experimental sites were selected from stands
that had recently closed canopy with a maximum
height of about 10 m. The sites were chosen so
that they were on poor to medium fertile sites in
the local conditions. A description of the main
stand characteristics is presented in Table 5.3 and
the size distribution of the trees is presented in
Fig. 5.6.

The biggest differences between the sites were
in age and height of the stands. The Muddusniemi
and Petrozavodsk stands were smaller and more
open, which is reflected in the low average height
of the crown base. The crowns of the trees were
quite narrow in Muddusniemi. Most stands were
even-aged but in the Petrozavodsk stand there were
clear indications of more varied age structure (see
Fig. 5.6). All stands were in the phase of recent
canopy closure or were just about toreach it. There
was a clear change in growing conditions of the
stands from north to south, which is reflected in
the average age of the stands (measured at the
stump height ie. about 10 cm). This shows in the
time it has taken for the stands to reach more or
less the same size.

The Voronez and Hyytiila stands were planted
pine stands whereas the rest were naturally seed-
ed (Petrozavodsk) or naturally regenerated. Both
in the Muddusniemi and Voronez stands there are

Hari, P., Ross, J. & Mecke, M. (eds.)

Production Process of Scots Pine ...

a) Muddusniemi

20

Frequency
)

10 20 30 40 50 60 70 8
dcl (mm)

¢) Petrosavodsk
120

100
80
60

40
20

Frequency

0 3555 ] . 2o £
30 S0 70 90 110 130150 170
dcl (mm)

e) Voronez
- i

Frequency

12 25 37 S50 62 7?5 87 100
dc1 (mm)

some signs of double-peaked size distribution
which one quite often sees in the canopy closure
phase (Ford 1975).

5.3.2.3 The Measurements
Sample Trees
About 20 sample trees were subjectively selected

from each stand except at Hyytidld where random
sampling was used. The selection criteria for

b) Hyytiala
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Fig. 5.6. The tree diameter distribution of the ex-
perimental stands. The Hyytiéld, Voronez and
Irkutsk stands have been measured at 1.3 m,
the rest at 10 % of the total height.

sample trees were that the trees should appear
healthy, with one main stem only and their size
distribution should be such that all the size class-
es present in the stand would be equally repre-
sented in the measurements. Because of the se-
lection method the characteristics of the Petroza-
vodsk stand are not exactly the same as the aver-
age values calculated from experimental trees
(Fig. 5.6).
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Table 5.3 The main characteristics of the experimental stands.

Location Age,a Height, m Dj3.cm Hcer, m Dcb, cm

X X s X s X s X s
Voronez 16 75 19 7.6 3.1 43 0.6 56 23
Irkutsk 24 6.7 13 72 3.0 26 04 63 26
Petrozavodsk 28 3.5 20 46 34 1.3 0.6 3.8 40
Hyytidld* 22 94 1.6 11.6 1.6 52 06 7.3 2.1
Muddusniemi 43 3.2 13 43 2.1 1.1 04 36 20
Location Density Bacb Size of 1. N of trees

n/ha m%/ha clim. sp, m2
Voronez 6320 15.6 125 79
Irkutsk 4900 15.3 100 49
Petrozavodsk 5830 6.6 343 200
Hyytiild 2900 12.1 300 87
Muddusniemi 5333 5.4 150 80

X = average, s = standard deviation, D 3 = diameter at breast height, Her = height of the crown base, Dcb = diameter at the crown base.
Bacb = stand basal area at the crown base, Size of L. clim. sp = Size of light climate sample plot

*The Hyytiild values were calculated from the sample trees with exception of diameter at breast height.

Needle Measurements

To determinate the relationship between the geo-
metric properties at needle and shoot level, a
sample of shoots representing different parts of
the crown were collected from the Muddusniemi,
Petrozavodsk, Hyytidld and Voronez stands. All
shoots were described according to classification
system of Ross et al. (1986). The following nee-
dle and shoot characteristics were measured: nee-
dle length (I, in mm), needle width (b;, in mm),
needle thickness (b,, in mm), dry needle weight
(my, in mg), shoot length (s, in cm) and number
of needles per 1 cm of shoot, (ny, in 1/cm).

The needle characteristics of every shoot were
determined as a mean of 20 to 50 sample needles.
Tiréns (1926) formula was used for calculating
needle area, Sy:

b4 b,‘ }
Sy ==In|—+ [ 5.2
V=SS bZJ+blN (5.2)

The mean area of a single needle is utilized in
determining the needle area of a shoot, Sy

Sns =Ilsny Sy (5.3)
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Branch Measurements

A sample of 15 to 20 branches was subjectively
selected from the branches of the sample trees
with the exception of Hyytiidld, so that the whole
size distribution was equally represented and com-
prised the sample branches from different posi-
tions in canopy.

In Hyytiéld 16 sample trees were randomly se-
lected from the stand to determine the ratio be-
tween the branch cross-sectional area and the stem
cross-sectional area. From another set of 14 ran-
domly selected trees from dominant and co-dom-
inant canopy layers, 30 % of branches were se-
lected systematically from the second uppermost
whorl downwards for analyses of branch area and
needle mass relationship.

Cross-sectional area measurements were made
so that, based on the dying experiments, the entire
cross-section could be expected to consist of only
water-transporting sapwood. The diameters of all
branches were measured below the lowest living
whorl of sub-branches in two perpendicular di-
rections and the diameter of the stem was meas-
ured in two perpendicular directions below the
lowest living whorl of branches from all the sam-
ple trees.
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Trunk Measurements

The trunk diameters below all living whorls were
measured from all sample trees in Voronez and
Hyytidld, from three trees in Muddusniemi and
Petrozavodsk and six trees from Irkutsk. All the
diameter measurements were done below the bark
and a whorl was a judged alive if more than half
of the initial number of branches in the whorl
were still alive. All the diameter measurements
were carried out with accuracy calipers (accuracy
0.1 mm). For diameters greater than 5 cm stand-
ard calipers used in forest measurements were
utilized (accuracy 1 mm).

Coarse Root Measurements

The coarse roots (>2 mm) were dug out when
possible from the sample trees from Petroza-
vodsk and Voronez. The diameters of the main
roots were measured at the point where their
diameter seemed to attain a constant value, ie.
where the basal swelling was no longer noticea-
ble. Generally, this occurred between one and
two metres from the stem. In Voronez, a clear
bole root could be distinguished in most of the
trees. The diameter measurements of these roots
were difficult to carry out using the method de-
scribed since there was not always a clear point at

which the tapering of the roots stopped. The
measurements of the bole roots were thus marked
separately. The roots of 16 trees altogether from
Petrozavodsk were analysed using this method.
The corresponding number for Voronez was 13.

Fineroot Measurements

The amount of fine roots attached to the excavat-
ed coarse roots was estimated in Petrozavodsk,
where soil was fine sand. The coarse roots were
carefully dug out of the soil and all roots smaller
than 2 mm in diameter were detached. The sam-
ple was dried and weighed, after which the sam-
ples were ignited and the dry weight was estimat-
ed as the difference in weight before and after
combustion.

Special Sample Plot

Apart from the sample plots mentioned, a sample
of 15 branches was selected from Ahvenanmaa,
Finland (60°N, 20°E) from a sample plot fulfill-
ing the same criteria as the others. The same
measurements were made on these branches.
All the measurements were made early in Au-
gust after the needle growth had ceased but be-
fore the shedding of the old needles, ie., at the

Table 5.4 General properties of the experimental trees by location

Location Muddusniemi  Hyytidli ~ Petrozavodsk Irkutsk Voronez
N of trees 17 16 16 23 16
Dcb, cm X 4.92 7.2 591 5.22 4.89
S 2.12 2.1 3.24 2.85 1.75
Height, X 4.17 11.6 - 6.40 7.63
tot. S 1.21 1.6 = 1.87 1.03
Hcb, m X 2.72 5.2 - 3.80 4.09
S 0.94 0.6 - 1.51 0.92
Br/Wh* X 3.2 4.7 3.6 53 59
Living* X 20.3 8.6 16.3 8.80 17
whorls
Age.y X 38.4 22.0 . 25 16.0
S 6.11 0.0 - 1.68 0.0

Dcb = diameter below living crown, Heb = height of the living crown. Br/Wh = number of branches per whorl,

X = average, s = standard deviation

* the number of sample trees from which branches and whorls were counted per location varied between 3 and 21.



Acta Forestalia Fennica 254

1996

time of the maximal needle biomass with excep-
tion of Hyytidld, where the branches were ana-
lysed at the end of October after the old foliage
had fallen completely.

The characteristics of the experimental trees are
shown in the Table 5.4. They were slightly differ-
ent, depending on location. At Muddusniemi trees
were generally older but smaller, having more
branch whorls but also a shorter living crown than
the more southerly trees, especially those of Vo-
ronez. A big difference in the stem form was also
observed. This is reflected in a much larger ratio
between diameter below crown/tree height in
Muddusniemi than in Voronez. There was also a
north to south decrease in the average number of
living whorls per tree and an increase in the aver-
age number of living branches per whorl.

The size distribution of the sample trees was
similar in each stand with the exception of
Hyytidld, where the sample trees were slightly
bigger. This meant that the systematic sample
consisted of a more or less equal number of trees
from different size classes but representing the
population sampled with a different weight (see
Fig. 5.6).

5.3.3 The Results

5.3.3.1 Geographic Variation in Needle
Dimensions and Specific Needle Area

It would seem that the unshaded but not shaded
needles are bigger in the more favourable grow-
ing conditions of Hyytidld and Voronez than in
Muddusniemi and Petrozavodsk. However, it
would seem that the width of shaded needles
actually increases in more northernly stands.

There is a linear regression between needle
width and needle thickness. It is practically the
same in Petrozavodsk, Hyytidld and Voronez. The
needles in Muddusniemi are however different,
being 1-2 mm wider than the others at the same
thickness.

The regression of needle thickness on needle
length also seems to be the same for unshaded
needles in Petrozavodsk, Hyytidld and Voronez
but lower for the shaded needles. The shaded nee-
dles at Petrozavodsk and Voronez are about (.2
mm thinner than the unshaded ones. The regres-
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Table 5.5 Mean needle characteristics at the various
experimental stands (n = 300-600/ location)

Unshaded needles Shaded needles
Location b; b 1 by

Muddusniemi 1.57 0.76 34 090 0.32 17
Petrozavodsk 1.55 0.77 44 0.70 0.40 10
Hyytidlda 1.90 090 73 0.80 0.42 30
Voronez 1.70 0.80 76 062 032 20

bj= width, b= thickness, = length (all the values are given in mm).

Table 5.6 The parameters of the linear regression
between needle width and needle thickness for
experimental stands

Location Gradient Intercept R-squared
Muddusniemi 0.35 1.70 0.94
Petrozavodsk 0.23 2.33 0.94
Hyytiili 0.15 2.15 0.97
Voronez 0.12 2.25 0.98

Table 5.7 The values of the parameters in linear re-
gression of needle thickness on needle length for
each experimental stand.

Location Gradient Intercept R-squared
Muddusniemi 0.13 0.0260 0.94
Petrozavodsk

(unshaded needles) 0.46 0.0070 0.84
(shaded needles) 0.36 0.0043 0.92
Hyytidld

(unshaded needles) 0.45 0.0069 0.72
Voronez

(unshaded needles) 0.20 0.0078 0.98
(shaded needles) 0.28 0.0032 0.94

sion is very different at Muddusniemi. The nee-
dle thickness increases three times more rapidly
as a function of needle length than in the other
locations and since they are wider at the same
thickness they increase even more in width. This
might indicate adaptation to the extreme climate
in the far north. On the other hand, the illumina-
tion conditions seem to have considerable influ-
ence on needle dimensions. The biggest differ-
ence between the unshaded and shaded needles
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Table 5.8 Values of the coefficients A, and A, in the
simplified Tire’n’s formula (Eq. 5.4) and the nee-
dle area (NA) of different sized needles (20 and 50
mm long) in the experimental stands.

Location Al A NA
IN=20mm  [p=50mm

Muddusniemi  0.03  0.120 0.5 3.0
Petrozavodsk
(unshaded) 2.22 0.040 0.6 2.1

(shaded) 1.65 0.025 0.45 1.4
Hyytidld 2.17  0.038 0.55 2.0
Voronez

(unshaded) 0.90 0.045 0.35 1.65
(shaded) 1.35 0.018 0.35 0.96

Table 5.9 Needle area (NA) as a function of dry nee-
dle weight (W) in Voronez and Muddusniemi,
NA = aWr. Values are in mm and mg.

Needle area when
Location a b R-square W=5 W=20 W=50

Voronez 36.96 0.617 0.951 99.8 234.7 413.0
Muddus-

niemi 21.70 0.737 0.983 71.0 197.4 387.8

was in Voronez, where the total stand level nee-
dle biomass was also the highest.

The regressions between the dimensions of a
needle enable the determination of needle area
using only needle length and Tiréns formula (5.2)
becomes:

SN=A Iy +A Il%r (5.4)

where coefficients A, and A, depend on the re-
gression coeficients between needle length and
thickness and width. This simplified method is
more convenient than the original Tirén formula.

There is variation in the regressions of needle
width or thickness on needle length between lo-
cations and also between the layers in the canopy.
Thus the coefficients in Eq. (5.4) also have spe-
cific values for each location.

A needle of the same length has a very different
area depending on geographical location and po-
sition in the canopy. For, example an unshaded
needle of 5 cm length of in Muddusniemi has about

1.8 times the area of a corresponding needle in
Voronez. The area of an unshaded needle is about
1.5 times higher than a shaded needle of equal
length. However, in Voronez, the area of small
unshaded and shaded needles is the same.

Dimensional relationships of needles change
between sample plots. The needles in Muddus-
niemi were generally both thicker and wider than
similar needles in Voronez and have higher sur-
face area per unit length. Table 5.9 presents the
relationship between the total leaf area and dry
weight of a needle for Voronez and Muddusnie-
mi. An exponential model was fitted in both loca-
tions. The specific leaf area decreased as the leaf
mass increased, as expected. Needles of the same
weight seemed to have a systematically higher
surface area in Voronez than in Muddusniemi.
The relative difference decreased however as the
size of the needles increased. The largest record-
ed in Voronez was just above 50 mg and in Mud-
dusniemi around 45 mg.

5.3.3.2 Foliage and Wood Cross-Sectional Area
Ratios

The regression between the needle biomass and
the branch cross-sectional area below the lowest
living whorl of sub-branches was linear in all the
experimental stands (see Fig. 5.7 a—f). However,
the slope of the regression was different between
stands. The parameter values for different stands
are shown in Table 5.10 The intercept varied
between sites, but was not statistically signifi-
cant.

The Hyytiidld values were not directly compa-
rable with the others since they represented the
annual minimum foliage mass whereas the rest
were measured at the occurrence of the maximum
needle mass. Also adifferent sampling design was
used in Hyytidld.

The regression between total branch cross-sec-
tional area in the living crown and the stem cross-
sectional area at the base of the living crown were
strongly correlated within a stand (see Table 5.11
and Fig. 5.8). The regression was generally linear
although some curvilinearity could be observed,
especially in the Voronez stand. Both in Hyytiéld
and Irkutsk most of the points measured were re-
markably close to a straight line with exception of
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Table 5.10 The regression Eqgs. of dry needle mass (g) as a function of branch cross-sectional area

(mm?) below the lowest living whorl of sub-branches. ~ 400 - a) ~
o S
Location Intercept Slope Std.error Conf.lim. 5% risk R-squared RMSE & w
8 300 - 3
Voronez -1.93 0.751 0.045 0.66-0.84 0.939 13.65 . E
Irkutsk ~1.46 0.622 0.03 0.56-0.68 0.964 8.42 = £
Ahvenanmaa -2.96 0.693 0.05 0.59-0.80 0.959 8.60 & 200 - ¢
Hyytidld —-1.84 0.566 0.022 0.52-0.61 0.901 115.12 - e
Petrozavodsk -1.19 0.452 0.007 0.44-0.47 0.995 5.19 € S
Muddusniemi ~ 1.78 0.435 0.019 0.40-0.47 0.966 9.34 E 100 s
5 5
; . L o3 0 T T T o]
Table 5.11 The regression Egs. for the total branch cross-sectional area (mm?) in the living crown 0 200 400 600 0 160 260 360
as a function of stem cross-sectional area (mm?) below the living crown. Branch area (mm2) Branch area (mm2)
Location Intercept Slope Conf. lim. R-square C.V. 120 300
5% risk c) . d)
Cl C)
Voronez -723.5 1.57 1.30-1.84 0.92 24.6 : ‘;
Irkutsk —431.3 1.16 1.03-1.29 0.94 28.6 % g0 ¥ 200 4
* -280.3 1.05 1.00-1.10 0.99 12.0 3 £
Petrozavodsk 91.5 1.02 0.88-1.16 0.94 234 & [
Hyytidla -761.6 1.28 1.08-1.48 0.93 16.1 % 3
* -581.8 1.20 1.09-1.31 0.98 8.6 2 g
Muddusniemi -299.1 1.019 0.91-1.13 0.96 18.6 s 40 o = 100 -
[
* One outlier has been left out E E
@ @
00 = 3 = H 3 3 - ==Y 0 T T O
one outh.er which cle:?rly had a.hlgher branch in the Voronez stapd co.uld support about Fhruc 0 50 100 ‘5'0 M e 260 360 .
cross-sectional area total in comparison tothe stem  times the needle biomass of the Lapland stand
cross-sectional area below the living crown. The  and according to the results of the previous chap- Branch area (mm2) Branch area (mm2)
parameters of the regression lines with and with-  ter the difference was even bigger on leaf area
out the “outlier” are presented for these locations  bases. Both the differences in the regression be-
in Table 5.11. The tree from which the outlying  tween the needle mass and the branch cross-sec- L S00 1 e) ~ 200 4 f)
observation was made in Hyytiili had a different  tional area and that between the total branch cross- R4 S
appearance from the rest of the stand withaclear-  sectional area and the stem cross-sectional area v 400 A " J
ly bigger crown with many thick branches than  contributed to the difference by approximately the E g
the other trees and a lower pruning limit. same amount. & 300 A & 200
There were obvious changes in the regression p E
coefficients between the sites (see Table 5.11). g 200 - a
The Voronez values were different from those of ~ 5.3.3.3 The Root Ratios . - 100 -
Muddusniemi and Petrozavodsk. The Irkutsk val- s 100 E
ues were of the same magnitude as Petrozavodsk ~ We asked whether there were similar regularities = o
and Muddusniemi if the outlier value was notcon-  between fine roots and wood as between foliage - ! aA
1 1imi i 1 01 F St rO)- 1 ! T T T T T
sidered. Similarly, if the outlier had been left out  and wood structure. The sandy soil of the Petro o 200 400 600 S0l b oo | ood | 300 | 408 | SOG

in Hyytiili, the values would have come closer to
Muddusniemi, Petrozavodsk and Irkutsk than Vo-
ronez. The residuals of the regressions, especial-
ly in Irkutsk, were no longer homoscedastic if the
outliers were included in the analysis.

The same cross-sectional area at the crown base
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zavodsk stand facilitated the removal of fine roots
from the soil. In addition the cross-sectional area
of the coarse roots both from Petrozavodsk and
Voronez was measured in the manner described
earlier.

There was a significant linear regression be-

Branch area (mm2) Branch area (mm2)

Fig. 5.7. Branch needle mass as a function of branch cross-sectional area below the lowest living whorl of sub-
branches in a) Voronez, b) Irkutsk, ¢) Ahvenanmaa. d) Hyytiidld and e) Muddusniemi. The relative scale
between y and x axes is the same in each graph.
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Fig. 5.8. Total tree branch cross-sectional area below the lowest living whorl of sub-branches as a function of
stem cross-sectional area below the living crown in a)Voronez b) Irkutsk ¢) Hyytiild d) Petrozavodsk and ¢)
Muddusniemi. The relative scale between y and x axes is the same in each graph.
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tween the fine-root mass and the transport root
cross-section (see Fig. 5.9). There was more var-
iation in this relationship than generally obtained
for the needle mass / branch area relationship but
that might reflect the difficulty involved in the
exact determination of the fine-root mass per
coarse root. The ratio between the needle mass
and fine-root mass for early August derived from
the regression Eqs. was about 10:1, ie. there was
about ten times more standing foliage mass than
fine-root mass.

There was a linear regression between the sum
of cross-sectional area of transport roots and the
stem cross-sectional area below the living crown
both in Petrozavodsk and Voronez (see Fig. 5.10
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Fig. 5.9. The mass of fine roots as a function of
transport root cross-sectional area.
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aand b). The gradient in the simple linear model
explaining the total transport root cross-sectional
area as a function of stem cross-sectional area
below the living crown was slightly steeper in
Voronez than in Petrozavodsk. The differences
were less than between stem and branches (see
Table 5.12). The differences between sites were
not significant because of wide variation.

The variation in the coarse root cross-sectional
area / stem cross-sectional area function was
markedly higher in Voronez than in Petrozavodsk.
We asked whether the existence of a bole root
could be the reason for the wider variation (Fig.
5.11 aand b) As can be seen, stem area below the
living crown did not explain the variation in the

Table 5.12 The regression Egs. of a) fine-root mass as
a function of transport root cross-sectional area
and b) transport root cross-sectional area as a func-
tion of stem cross-sectional area below the living
crown.

Location Intercept Gradient R2

a) Fine roots

Petrozavodsk -0.182 0.187 0.89
b)Transport roots

Voronez 42.89 0.42 0.58
o -98,62 0.34 0.74
Petrozavodsk -47.38 0.223 0.95

* Only the lateral roots were considered; see text for explanation.
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Fig. 5.10. The total of the cross-sectional area of transport roots as a function of stem cross-sectional area below
the lowest living whorl of branches in a) Petrozavodsk and b) Voronez.
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Fig. 5.11. The sum of a) lateral root cross-sectional area and b) the bole root cross-sectional area as a function of
a stem cross-sectional area below the lowest living whorl in Voronez.

total bole root diameters. On the other hand, as
can be seen from Table 5.12, much of the varia-
tion in the lateral transport root cross-sectional
area could be explained by the stem cross-sec-
tional area.

5.3.3.4 Within-Crown Variation in Branch Area/
Stem Area Ratio

We anticipated trends in the branchwood cross-
sectional area / stemwood cross-sectional area
relationship within a living crown due to trends in
tracheid size distribution (Chapter 5.2). Fig. 5.12
a—c presents the relative differences in branch /
stem cross-sectional area ratio of each whorl
from the treewise average as a function of the
whorl number from Hyytidld, Irkutsk and Voron-
ez where stem cross-sectional areas were meas-
ured below each whorl. The branch cross-sec-
tional area was the sum of cross-sectional areas of
the branches of a whorl and the stem cross-
sectional area was calculated as the difference
between the area measurements above and below
each whorl of branches.

There was no general trend in the relationship
observed within the crown. There was an increase
followed by decrease in Voronez moving from
the top of the tree downwards. However, same
trend was not present in Irkutsk or Hyytiéla.
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5.4 The Relationship between the Foliage
Increase and Tree Ring Growth within
the Crowns of Scots Pine

5.4.1 Introduction

The pipe-model approach can be used to derive
the carbohydrate allocation between the woody
parts of a tree in branches, stem and roots as well
as foliage (Hari et al. 1985, Valentine 1985,
Miikeld 1986, Ludlow et al. 1990, Nikinmaa 1990,
Mikeld 1990). The use of the pipe model for such
purposes implies that the observed ratios remain
unchanged from one moment to another. Much
attention has been paid to examining the foliage
area or biomass as a function of sapwood cross-
sectional area (Waring et al. 1982, Kaufman and
Troendle 1981, Hari etal. 1986, Albrektson 1984,
Long and Smith 1988). However, less attention
has been paid to clarifying the dynamics of how
the ratio between needle biomass and sapwood
area is maintained. Earlier observations of the
quite constant annual water transport through the
stem, constant transpiration per unit mass of foli-
age and the constant relationship between foliage
mass and sapwood cross-sectional area from the
Petrozavodsk stand would support the hypothesis
that the relationship would remain fairly stable
from year to year.

According to the pipe model theory, the cross-
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sectional area of the newest growth ring at any
height should be proportional to the cumulative
change in the needle biomass above the point of
measurement plus the formation of the non-func-
tional heartwood at that height. If it is assumed
that no heartwood formation takes place within
the living crown (Chapter 5.2), then the cross-
sectional area of the newest growth ring would be
proportional to the cumulative change in needle
biomass above that height within the living crown.

b) Irkutsk
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Fig. 5.12. The difference in branch / stem cross-sec-
tional area ratio of a whorl from the tree level
average (DBSA) in a) Voronez b) Irkutsk and
¢) Hyytidla.

5.4.2 Materials and Methods

The dynamics of the sapwood area / needle bio-
mass ratio were studied from one tree from Vor-
onez and one tree from Hyytidld. The Hyytidld
tree was 4.8 m tall and had a diameter below the
living crown of 2.83 cm. The lowest living whorl
was at 2.6 m. The corresponding values for the
Voronez tree were height 6.57 m, diameter below
the crown 5.31 cm, and the height of the lowest
living whorl 1.9 m. The Hyytidld tree had 10
living whorls of branches and the Voronez tree
had nine.

The stem diameters below each whorl of branch-
es were measured in two perpendicular directions
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Fig. 5.13. The regression between the shoot length and needle mass in a) Voronez and b) Hyytila.

below the bark from both of the trees. The width
of the outermost tree ring was also measured, re-
sulting in four tree ring width measurements per
height. The same measurements were carried out
on each of the branches below the lowest living
whorl of sub-branches.

The lengths of the newest shoots were meas-
ured in each branch from both trees. A sub-sam-
ple of 20 shoots in Hyytidld and 28 shoots in
Voronez was selected from the shoot population
to determine the regression between the needle
biomass and the shoot length. Every fifth branch
was systematically selected from the top of the
tree downwards in Hyytidld. The newest shoot of
the main axis of the branch and that of the sub-
branch situated closest to the central point of the
living crown of the branch were selected for bio-
mass analyses. The sample shoots in Voronez were
selected subjectively, trying to represent the en-
tire shoot size and position distribution equally in
the sample.

The lengths of the branch internodes just below
the oldest needle-bearing internodes were meas-
ured to estimate the amount of needle biomass
which died the previous autumn. It was assumed
that the ratio between internode length and needle
biomass was the same as in the newest shoots.
The measurements were made at the stage of great-
est needle mass in August. There were four living
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needle-age classes at the time of the measurement.
There were altogether 200 new shoots and 139
internodes just below the needle-bearing part of
the trees in Hyytiild, the corresponding numbers
for Voronez being 514 and 278.

5.4.3 Results

The regressions between the shoot length and the
needle mass is shownin Fig. 5.13 aand b. It is not
quite linear in Voronez and the variation in the
regression increases with the size of the shoots.
However, for the purpose of this work it was felt
that linear regression between shoot length and
needle mass could be used. The regression lines
for Voronez and Hyytidld were very similar, ex-
cluding the two outlying shoots in Voronez.The
changes of tree ring area above and below each
whorl and the needle mass change at the same
whorl are shown in the Fig. 5.14 a and b. There is
much variation between different values, as could
be expected with such an inaccurate method of
estimating the needle mass change. However, the
relationship between needle mass change and
tree ring width change seemed to be linear within
the living crown for both the Hyytiild and Voro-
nez tree (see also Table 5.13). Of course, more
points would be needed to be able to draw any
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Fig. 5.14. The change of the tree ring area above and below the whorl of branches as a function of needle mass
change in the same whorl a) in Voronez b) in Hyytidld.

Table 5.13 The coefficients of the regression lines for
needle mass change as a function of tree ring area
change.

Location eI ept Parameter estimate R?
Hyytidld -2.972 0.923 0.756
Voronez -7.173 1.427 0.683

conclusions. However, the ratic between the nee-
dle mass change per unit cross-sectional area
change in Voronez and Hyytidld was comparable
to the results of Chapter 5.3. The absolute value
of the slope however was about double to that of
the needle mass cross-sectional area relationship.

5.5 Final Remarks

Constant annual transpiration per unit mass of
foliage, only small variations in annual water trans-
port through the unit area of sapwood and the tight
relationship between sapwood cross-sectional area
and total foliage biomass that were observed in
Petrozavodsk fit together well. On the other hand,
the constant transpiration per unit foliage mass
that was independent of climate and increasing

foliage biomass or area per unit sapwood area
from north to south seem contradictory.

In the north-south gradient the growing condi-
tions improve with milder climate but simultane-
ously the availability of water becomes a more
important growth-influencing factor. Zimmer-
mann (1983) suggested that the hydraulic archi-
tecture of trees is such as to guarantee the func-
tioning of the central part of the water pathway
which also represents the longest lasting “invest-
ment” in structure. If unfavorable conditions
should occur, the breaking of water columns is
restricted to the most distal parts possible. The
results of this study indicated that in the southern
conditions of Voronez there was both more foli-
age per unit branch cross-sectional area and more
branch cross-sectional area in comparison to stem
cross-sectional area than more in the north. Ber-
ninger et al. (1995) simultaneously analysed var-
iation in potential evapotranspiration and the
changes in branch and stem-sapwood area rela-
tions, partially from the same data as presented
here, and observed a close relationship between
the two. As they pointed out, such changes imply
either pressure changes along the transport path-
way from branches to stem or changes in the water
conductivity of wood.

Increasing evapotranspiration favours structures
that differentiate between proximal and distal parts
of the water transport pathway. On the other hand.

73



Acta Forestalia Fennica 254

1996

Tyree and Sperry (1989) suggested that structures
that can avoid or reverse winter embolism become
more important further to the north. This could
mean that there should not be large differences in
the structure along the transport path since it is
equally subjected to low temperatures at all points.
The quantitative variation in the relative cross-
sectional areas between stem and branches show
a big difference in the more evaporative condi-
tions but hardly anything in the moist northern
climate. This could reflect structural acclimatiza-
tion or adaptation to different hydraulic demands.

The growth rate of trees increased along the
north-south gradient, correlating with the trends
observed in the needle mass and cross-sectional
area ratios. This kind of correlation has also been
observed in other studies (e.g. Albrektson 1984,
Long and Smith 1988). However, the growth rate
differences within northern stands (Muddusnie-
mi, Petrozavodsk or Hyytidld) did not affect the
branch area (or foliage mass) / stemwood area
ratio. In the southerly Voronez stand there was a
slight tendency to increasing foliage mass per
sapwood area as the tree size grew. The latter
observation coincides with the findings of Kuu-
luvainen et al. (1988) that high biomass was asso-
ciated with branchiness and long crowns. On the
other hand, as Berninger et al. (1995) pointed out,
the growth rate effect was clearly inferior to the
differences explained by the climatic variables.

It seems reasonable that the xylem structure
which plays a major role in keeping the function-
al parameters stable from year to year is not the
same in very different climatic conditions and that
there should be differences in woody structure
which cannot be explained solely by the different
growth rate. Tyree and Sperry (1989) have sug-
gested that the plants are operating near the brink
of catastrophic xylem dysfunction due to water
stress and that the number of leaves, their stomat-
al regulation and the quantity and physiology of
the xylem need to be in balance.

The water-conducting capacity of wood depends
heavily on the lumen diameter and the length of
the tracheids (see Chapter 5.2). Generally, the
wood density in Scots pines is inversely propor-
tional to the growth rate (Kirkkiinen and Uus-
vaara 1982, Kirkkidinen 1985). Vysotskaya et al.
(1985) measured the tracheid size distribution of
trees growing in dry and moist conditions and
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found that the tracheid size increases with the
width of the annual rings in dry growing sites but
in moister conditions such was not the case. Poth-
ier et al. (1989) report that the permeability in-
creased as a function of site quality and stand age
in Jack pine stands. At young ages the permeabil-
ity was correlated with the tracheid lumen diam-
eter.

Unfortunately no data on woody micro struc-
ture was collected from the stands studied here.
Dinwoodie (1961) reports the work done by
Echors (1958), who studied the tracheid length
trends in different geographic races of Scots pine.
He found a decreasing trend from south to north,
but did not consider the internal variation of trees
in tracheid length (see Chapter 5.2) which may be
partially responsible for his results (Dinwoodie
1961). However, as the tracheid length and diam-
eter are normally connected (Carlquist 1988),
these results suggest that stemwood is more con-
ductive in more southerly conditions.

The needle mass and the sapwood cross-sec-
tional areas in branches, stem, coarse roots and
the quantity of fine roots were all linearly related.
The water flow measurements and the connec-
tions between the flow pathway and tree architec-
ture (see Chapter 5.2) are consistent with the ob-
served regularities in cross-sectional areas. The
results support the idea that the growth of foliage
and associated structures in branches, stem and
fine roots are closely related (e.g. Larson 1969)
and that there is a quantitative connection between
the cross-sectional areas measured at different
heights along the transport path within a tree (e.g.
Shinozaki 1964a). However, as the results indi-
cate, the corresponding cross-sectional area var-
ies greatly along the transport path so that the stem
sapwood area is about four times the cross-sec-
tional area of transport roots. As pointed out this
implies changes either in the water conductivity
within the xylem or the pressure gradient driving
the flow. However, in conifers the proportion of
practically non-conductive latewood also varies
along the the stem and between tree parts and can
have an effect on the relationships observed.

The constancy of the dimensions of the trans-
port path and the standing biomasses at both ends
of it imply that the change in one component is
associated with a proportional change in another.
Since the change of one component consists of
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growth and senescence, both should be consid-
ered in the analyses of the observed dynamic reg-
ularities.

Rather a gross method of investigating the dy-
namics of structural growth between various com-
ponents was used here. The results yielded a lin-
ear dependency between the needle mass change
and the tree ring growth. The difference in the
dynamic ratios between Hyytidld and Voronez
were of a similar magnitude to the static values
but the slopes were about double. This would mean
that there would be more needles per unit cross-
section of wood as the proportion of the annual
growth from the total wood cross-sectional area
increases. This seemed to be the case in the fast-
growing southerly Voronez stand, as the regres-
sion between the branch area, which also reflects
the total crown foliage, and the stem cross-sec-
tional area below the crown was slightly expo-
nential, ie. bigger trees with faster growth had
more needles per cross-section than smaller trees.

The pipe model theory was first put forward as
amorphological model of tree structure (e.g. Shi-
nozaki et al. 1964a, b). The results of this work
indicate that it can be a very fruitful approach in
analysing tree structure. However, as already
pointed out by Huber (1928), the results also indi-
cated that the ratio between woody cross-section-
al area and the foliage biomass varies at different
positions along the transport path and between
locations. The transpiration per unit amount of
foliage, however, seemed to remain constant over
a wide geographical range. Together these results
imply considerable changes in the fine structure
of wood and in the way the resources are allocat-
ed among the different parts of trees: Smaller share
of the resources to stem allows higher foliage
growth. The estimated foliage biomass of the
Voronez stand was over 18 tn/ha (Chapter4) which
is clearly higher than previously observed in Fin-
land (Miilkonen 1974, Tlonen 1981). On the other
hand if the results are correct, then the same cross-
sectional area of sapwood in Voronez would con-
duct about three times more water than in Mud-
dusniemi in a growing season. The changes in
growth and function reflect also variation in radi-
ation interception and radiation use efficiency and
they need to be considered in accounting for the
acclimatization of trees to different conditions.

The input-output reactions and growth processes

operate atdifferent hierarchial levels which makes
the analysis of structure and functions difficult.
While the actual mechanisms of growth process-
es especially are still poorly known, an approach
in which aggregated environmental variables are
related to structural properties can bring new in-
sight to the question.

The approach using the pipe model as an ap-
proximation between the foliage and woody
growth, has indicated the great importance that
the formation of structure has on the use of ac-
quired resources (Hari et al. 1985, Mikeld 1986,
Valentine 1985, see also Chapters 6 and 7). The
woody structure is however a result of the past
history of the stand, which imposes limits on the
stand functions. Therefore, all work that can bring
us new information on the structure / function
interaction gives us improved means of estimat-
ing the tree and stand growth in different condi-
tions.

The present results concerning the variation of
regularities in tree structure need still to be con-
firmed. The studies by Berninger and Nikinmaa
(1995) and Berninger et. al. (1995) with a larger
data set partially using the same results as in this
study support our observations. On the other hand
a larger dataset collected from southern Finland
demonstrated that there was not a similar range of
variation as observed here (Aréld and Nikinmaa,
unpublished results). However, if structural vari-
ation is a more general trend it opens up a new
opportunity to introduce geographical aspects into
growth models utilizing pipe model theory.
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6 Stand Model

Eero Nikinmaa and Pertti Hari

6.1 General

The results in previous chapters have shown that
there are geographic variations both in the func-
tions and structure of scots pine. However, they
cannot be used directly to predict the growth and
development of the trees of this species in differ-
ent climatic conditions. As outlined in the intro-
duction, the environment, material exchange proc-
esses, internal metabolic processes and the struc-
ture of trees are interconnected, producing the
long-term growth and development of the tree.
The spatial and temporal time scale of these
different aspects of tree growth can be very dif-
ferent, so that special analyses of the whole sys-
tem is needed. Such an analysis should be de-
tailed enough to include the species specific char-
acteristics but general enough to allow regional
modifications to be made without having to alter
the fundamental characteristics of the system.

A natural starting point to analyse the growth of
a whole plant are its mass and energy balances.
We chose carbon budget since carbon is the main
element in organic material (about 50 % of scots
pine dry weight (Linder and Axelsson 1982)).
On the other hand carbon is an indirect measure
of fixed energy and also of its use (Chapin III
1989). The selection of carbon as the main sub-
stance for the mass balance was facilitated by the
considerable knowledge of the processes of car-
bon fixation and the behaviour of light in the can-
opy among our research group (Chapters 2-4,
Nilsson 1977, Ross 1981, Hari et al. 1985, Hari et
al. 1986a, Oker-Blom 1986, Oker-Blom et al.
1991).

Apart from carbon, the water and nutrient flows
are important determinants of growth. Each of
these flows is governed by processes that take
place on very different time scales. For example,
photosynthesis responds to very rapid changes in

the photon flux density but simultaneously there
seems to be a strong seasonal component involved
(see Chapters 2, 3 and 4). The instantaneous reac-
tions affect transpiration which is the driving force
for water transport and uptake. However, it seems
that beyond this rapid variation there are regular-
ities between the structure of trees and the water
flows through the system over extended periods
of time, which can reflect much more aggregate
acclimatization to prevailing conditions (see Chap-
ter 5).

Rather than trying to model all the rapid proc-
esses that lead to growth in detail, we focused our
modelling attempts in more detail to describe the
acclimatization of trees to the prevailing environ-
ment through changes in their structure. We as-
sumed that the functions of different structures
depend on their environment. On the other hand,
we assumed that the local environment would
consist of some external component that could be
given as a driving variable or parameter and of an
internal interaction component that depends on
the growth and development of the stand. It would
then be changes in the parameter values of the
external environment and the description of the
internal interaction that would eventually bring
about the variable growth in different regions.

The kind of model structure can naturally be
realized in several ways. In our approach, we as-
sumed that growth would be distributed so that
the nutrient and carbon balances would hold si-
multaneously, ie. carbon and nutrient intake would
correspond to consumption. To simplify the treat-
ment of resource distribution, carbon and nutrient
balances were related by assuming a constant ra-
tio between carbon and nutrients in the tissue. The
effects of water on growth were assumed by tak-
ing the regular connections between different parts
of tree in agreement with the pipe model approach
as given.
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Fig. 6.1. Schematic representation of the model with its main interactions. C stands for the
carbon pool of the plant, C; is the carbon in biomass compartment i, W; is the dry matter of
the biomass compartment i, N the nutrient pool of the plant, P the carbon uptake, U the
nutrient uptake, a the allocation, w the conversion efficiency of carbon into structure, R,, the
maintenance respiration, R, the growth respiration, TR, is the nutrient retranslocation from
biomass compartment i and S, is the senescence of biomass compartment .

The material exchange between the plant and
its environment was calculated at the annual level.
The values for the annual quantities of materials
exchanged through unit mass of exchange sur-
face were derived from both empirical studies (e.g.
Miilkdnen 1974, Korpilahti 1988) and separate
sub-models to derive those which could be used
(e.g. Hari et al. 1991, see also Chapter 2). The
effect of organ position within the plant commu-
nity on its functions as the light climate varies
was also based on empirical studies (Kellomiki
et.al. 1979). A schematic presentation of the model
is given in Fig. 6.1.
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The model has been constructed basically in
three steps. In the first version, the structure of a
stand and the carbon uptake of a tree in a stand
was modelled (Hari et al. 1982, Mikeld and Hari
1986). The carbohydrate distribution for the for-
mation of the tree was then improved in several
model versions (Hari et al. 1985, Miikeld 1986,
Miikeld 1988, Hari et al. 1989, Mikeld 1990, Ni-
kinmaa and Hari 1990, Nikinmaa 1990). Finally,
the nitrogen budget and uptake is described more
explicitly in the present version together with some
modifications on the distribution of growth.

Originally the stand model was developed for
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sandy soil conditions in Central Finland and Kare-
lia, since our main experimental sites were in this
region. We make the first attempt to expand the
model to cover the whole scots pine growing area
by introducing the dependence of the parameter
values describing the functions and structure on
geographical location.

6.2 Stand Structure

At least as important a question as the temporal
scale of the model is that of its spatial resolution.
The scaling from one hierarchy level to another is
one of the major problems in analysis of ecosys-
tem structures and function (e.g. Hari 1980, de
Wit 1982b, Schmidt et al. 1989, Sprugel et al.
1991). As a rule of thumb, all the main interac-
tions affecting the system should be included, but
there should be minimal interaction between the
system and those aspects which are used as driv-
ing variables in the model (de Wit (1982a)).

Our objective was to analyse growth and devel-
opment of Scots pine at the stand level in differ-
ent regions. The main interactions between indi-
viduals in plant populations such as tree stands
are caused by the resource depletion which vari-
ous plants or plant parts create as they grow. Thus
one would need to model the population as the
sites of resource acquisition and their effect on
resource availability to be able to describe the
population dynamics (e.g. Hari et al. 1982, Ford
and Sorrensen 1992). The tree was selected as the
basic unit of the stand model.

The simplest alternative is to derive mean tree
values from stand level calculations using allom-
etric rules (Mohren 1987). Huston et al. (1988),
on the other hand, suggested that models operat-
ing at the level of individuals would be more re-
alistic since they can include both genetic and
environmental variation between individuals.
They also maintain that organisms are primarily
affected by the local interactions with other or-
ganisms. The firstoption is insufficient to describe
the dynamics of tree size distribution in the stand,
which is interesting from the management point
of view, while the latter results in a complicated
solution. The concept of size classes provides a
solution that can describe the essential of size dis-
tribution dynamics without resulting in very com-

plicated model structures.

It was assumed that there is no horizontal var-
iation between trees in their growing conditions
in the size class approach. In other words, the
spatial interactions are reduced to one dimension.
The position of a tree within a stand would then
be determined solely by the vertical position of its
crown in the canopy. It is also assumed that the
soil conditions are homogeneous.

Let us assume that the stand is formed by sev-
eral size classes. Let ¥; denote the dry mass of
plant compartment i and let subscripts n, b, s, ¢, r
stand for needles, branches, stem, coarse roots and
fine roots. Let N, denote the number of trees per
unit stand area in the 1* size class and X/ the dry
mass of the plant compartment i of the tree in the
size class 1. The stand level and tree level are re-
lated as follows:

Y,- :ZN[X,'I (61)
wherei=nb, s, c r.

To describe the vertical position of the tree crowns
one has also to model the height and the height of
the crown base of each tree and the needle distri-
bution between these points. It was assumed that
the shape of the needle biomass height distribu-
tion does not change during stand development.
This distribution was described by the following
Eq. (Kellomiki et al. 1980):

o XL g N
x. = Hoz 2zl (6.2)
=i, | \w=i,

where ,,/(z) is the needle biomass of a tree of size
class 1in a unit layer at height z (kg DM m'tree™"),
h (m) is the height of the tree, 1 (m) is the pruning
limit height, p and g are parameters. Parameter Cis
a scaling factor to guarantee that the integral of Eq.
(6.2) between h and [, equals the needle mass of
the tree (X,) (Hari et al. 1982). The height growth
and pruning limit height change are described later
on.

6.3 Carbon Balance of the Stand

We wanted to study the long-term interaction
between ambient resource availability and stand
growth and development. For those reasons the
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analyses were focused at the annual level. As
mentioned in the introduction this decision forced
us to make certain assumptions about the func-
tioning of forests. First, the model assumes that
the carbon uptake by unit needle mass and the
nutrient uptake by unit fine root mass depend
mainly on the environment. We also assumed
that the stand effects on the environment of a
single exchange organ and the size of the effect
can be estimated from the total number of ex-
changing organs in the stand at the beginning of
each year. The annual material exchange could
then be calculated from the ambient conditions
and the biomasses of the exchanging organs and
their position within the stand. In this approach
the major systematic changes to material ex-
change per exchange site at annual level would be
caused by changing relative position due to stand
growth. On the other hand, the stand growth
would be determined by the material uptake of
individual trees represented by the size classes
and how these resources are distributed among
the different organs of the plant. In what follows
we shall treat each of these components of these
interactions in detail and derive a dynamic model
of stand growth.

The mass of each plant compartment changes
through growth and senescence. Let G, denote the
annual growth and S, the annual senescence of
plant compartment i. The masses of successive
years of each size class are related as follows (in
kg):

X!(k+1)= X!(k)+G!(k)—S! (k) (6.3)
where i =n, b, s, ¢, r.

The dynamic carbon balance of a stand can now
be expressed as follows:

Yi(k+1)="Y (Ni(k)+ AN )(X! (k) + Gl (k)= S| (k))
! (6.4)

where AN, is the change in the number of stems
per unit stand area during year k.

In what follows the changes taking place at tree
level are treated first. This is followed by the treat-
ment of the changes in the number of stems. For the
sake of clarity, the size class index is omitted from
Egs. when only tree level changes are treated.

Let P denote the annual photosynthetic produc-
tion of a tree (kg C tree™'), R the annual mainte-
nance respiration of already existing parts (kg C
tree™!), a; the allocation coefficients of photosyn-
thetic production to different plant compartments
and w; the conversion efficiency of carbon to struc-
ture (kg DM (kg C)'). We can now express new
growth as:

Gi(k) = ai(k)w; (k)(P(k)— R(k)) (6.5)
where i = n,b,s,c,r

Requiring the conservation of mass and assum-
ing that there is no storage of carbohydrates at
annual bases (ie. 2a(k) = 1) we get:

Y Gi/w; = P(k) - R(k) (6.6)

In other words, it is also assumed that carbon
which is not used for respiration is used for
growth at annual bases.

In the next section the different components of
growth are treated separately. First, the model-
ling of carbon inputs and outputs is described fol-
lowed by the description of how the carbon is
distributed between various organs. This section
includes simple formulations for nutrient and
water balance. After growth, the modelling of se-
nescence is described and finally an outline of
how the geographical aspects should be treated is
discussed.

6.4 Photosynthetic Production

6.4.1 The Photosynthetic Production of
a Tree

The leaf and shoot level results of Chapter 3
should be converted to tree level in order to be
able to utilize them in the construction of the
stand model. The linkage between photosynthet-
ic rate and the photosynthetic production of a tree
per year is obtained by integrating the spatially
and temporally variable photosynthetic rate over
crown volume, V, and growing period

P = | x(x)J':" pCx,1) dt dv (6.7)
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where (¥ is the three-dimensional needle area
distribution of a tree (m?m?) and p(x,) the photo-
synthetic production in the point x within the
canopy (v) at time .

In this chapter we calculate annual photosyn-
thetic production of a tree as a function of its fo-
liage height distribution, potential annual produc-
tion of a Scots pine needle without shading effect
and the total shading effect which the trees of the
stand exert on the foliage of the tree in question.
This simplification is possible because irradiance
explains a high proportion of the momentary var-
iation in the photosynthetic rate within a stand
(Chapter 3). For the treatment of the shading ef-
fect in photosynthesis, we introduce a concept
termed interaction.

6.4.2 Measure of Interaction

Eq. (6.7) for the annual photosynthetic produc-
tion by a tree can be reformulated as follows:

Th+1
J p(x,t)dt
1

141
Py = [ pxo.tyde | x(x) S
J.u J’V J’[’* p(.\'(),t)dt

dv (6.8)

where x, is a poirit located at the top of the canopy.

The first integral in this Eq. corresponds to the
annual photosynthetic production in unshaded
conditions per unit area of leaves. Let us denote
this by P, (kg C m™). The ratio of the two inte-
grals is a measure of the change in photosynthetic
production caused by interactive shading. For
this reason, let us define the degree of interaction,
t, as follows :

Th+1
J plx,t)dt
1

o e
L p(xo,1)dt

(6.9)

The instantaneous rates of photosynthesis at dif-
ferent heights within the canopy are largely deter-
mined by irradiance, /. It is then assumed that
other environmental factors mainly affect the
unshaded photosynthetic rate (see Chapter 3) and
not the shape of the photosynthesis light response
curve. This simplification allows us to further
develop Eq. (6.9):

:*‘ I(i(f),ir)a i
T(xX)=————"— =

J"“ I(Xo‘,t) d

w I(xp,1)+

(6.10)

This integral only includes integration of irradi-
ance over time.

6.4.3 Homogeneity Assumption

In a horizontally homogeneous canopy, the de-
gree of interaction depends only on the shading
leaf area above the point under consideration. Let
X'(2) denote the needle area in unit depth layer of
tree size class | at the height z. The homogeneity
assumption permits us to simplify the treatment
of interactions. The shading leaf area, LAI(z)
above height z per unit ground area is now:

Pmax
M1(2)=ZN1I_ x'(2)dz (6.11)
="l

The relationship between the shading leaf area
index LAI and the degree of interaction can be
determined empirically, as in Fig. 6.2 (Kellomiki
etal. 1979). Let h,,,, and [;, denote the maximum
and minimum heights in the canopy and 7'(z) the
empirically defined degree of interaction as a
function of canopy height (see Fig. 6.2).

Pl = Py [ ™ 22T (2)de 6.12)

This expression enables the photosynthetic pro-
duction of the trees to be modelled as a function
of interaction between them which is derived
from stand structure. This plays a fundamental
role in generating the differences in the develop-
ment of the various size classes.

Hari et al. (1982) provide the interaction curve
atbiomass bases. Their formulation has been sim-
plified by Sievinen (pers. comm.) in the follow-
ing form:

1

T ()= ————
1.+0.026 B(z)0-38

(6.13)
where 7,7°(z) is the interaction determined on
needle mass bases at height z and B(z) is the
foliage biomass of the stand per unit area in the
layer (My,.,,2) (kg DM m™).



Acta Forestalia Fennica 254

1996

1.0-1
{ .
S o8
=
o
©
i
) 0.6
o)
-
)
0.4
o
o
e
by
S o2
0.0 T T
0 5 10 15

Needle mass, tn/ha

Fig. 6.2. The regression of degree of interaction on
shading leaf area according to Eq. (6.13)

The latter is calculated similarly to LAI(z):

Imax

hy
B)=Y N[  2.()dz (6.14)
=
where ¢,/(z) is the needlemass height distribution
of size class [ tree, giving the photosynthetic
production of a tree in size class [:

hmax

Pk = Po[ ™ 22T (2) dz (6.15)

where P, is the photosynthetic production in un-
shaded conditions per unit mass of needles (kg C
(kg DM)™).

In this paper no attempt is made to integrate the
annual photosynthetic production per unit mass
of needles, P,, from the momentary photosynthetic
rates. For example the approach of Korpilahti
(1988) and Hari et al. (1991) could be used. We
use P, as a driving variable from the photosyn-
thetic field measurements and Korpilahti’s (1988)
climatic data. The photosynthetic production
model closely resembles the structure formulated
by Hari et al. (1982). The issues introduced in
chapter 4 were not considered in this version of
the model. However, their implications for the
results are discussed later in this work.
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6.5 Respiration

There are two main types of process releasing
carbon dioxide in trees, ie. the maintenance of
living organisms and transformation of carbohy-
drates into structure. The first component of car-
bon dioxide release is often called maintenance
respiration and the second growth respiration.
Growth respiration is derived from the theoreti-
cal calculations based on the structure and com-
position of different chemical compounds and
how much energy is required to build them up
(Penning de Vries et al. 1974). If the chemical
composition of various plant organs is known, it
is possible to calculate the conversion efficiency
of carbon into structure (w;) and also to calculate
the annual growth respiration parameters (r,;) (kg
Ckg DM™). The growth respiration for the whole
tree, R, (kg C tree!) can be calculated by using
the proportional amounts of different tissues and
their growth respiration rates (e.g. Mohren 1987):

R, = Z r&iGi (6.16)
i
wherei=n, b, s, c, r.

The maintenance respiration of a tree, R, (kg C
tree), is also tissue type specific and is mainly
determined by the protein turnover rate in the
tissue (Penning de Vries 1975). If the protein
content of different organs is known, then it is
possible to approximate their average mainte-
nance respiration rates (see e.g. Mohren 1987).
This results in a form approximating growth res-
piration. The maintenance respiration of the ex-
isting structure of a tree can be calculated as
follows:

Ri =Y rmiX; (6.17)
wherei=n, b, s, c r.

One uses the total mass of plant compartments
(X)) instead of new growth (G)) to calculate the
annual maintenance respiration.

The specific maintenance respiration rate is
determined by the rates of metabolic processes.
Since the biochemical reactions usually depend
exponentially on temperature, the maintenance
respiration rate can be assumed to have similar
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dependence on temperature. It is assumed that 10
degrees increase in the temperature doubles the
respiration rate (Penning de Vries 1975). Annual
respiration rates are obtained by integrating the
temperature effect over the year:

" (Tw-TBINOC g
Twi=rpy— 6.18

. = Ty — Iy ( )
where i refers to the symbols n, b, s, c and rand r,,
is the respiration rate at the base temperature
chosen (kg Ckg DM 'h '), TB s the base temper-
ature (°C), 7(¢) is the momentaneous temperature
at time 7 (°C), 1, is the beginning of a year and t,, ,
is the end of the year.

6.6 Growth
6.6.1 General Principles

The growth of the various plant compartments of
atree is based on the functional balance principle
(Brouwer 1962). A balance is assumed to exist
between the needles and the roots responsible for
nutrient uptake when the nutrient requirement of
growth is matched by nutrient uptake and reloca-
tion from senescing structures. In other words it is
assumed that the total quantity of nutrients in
plant is the sum of a product between the masses
of plant compartments and their nutrient concen-
trations which are assumed to be constant but
specific to each compartment (e.g. Milkonen
1974). It is further assumed that nutrients are
taken up from the soil in fixed proportions and
that it is actually nitrogen availability that domi-
nates the growth response.

The woody structure is assumed to be balanced
when regular but not necessarily equal ratios ex-
ist between the sapwood cross-sectional areas of
the different tree parts and the needle biomass at
the end of the pipe. (see Chapter 5).

6.6.2 The Needle Mass—Fine Root Ratio

The total amount of nitrogen in a plant is the sum
of nitrogen concentrations of plant compartments
times their mass. The change in the plant nitrogen
content, ie. uptake minus loss, is the sum of the

changes in the sizes of plant compartments times
their concentration. Nitrogen uptake is naturally
proportional to growing fine roots in soil but
nitrogen loss is somewhat more problematic to
describe. It is related to the senescence of various
plant compartments but it seems that also consid-
erable leaching of nutrients takes place from foli-
age (Milkonen 1974, Helmisaari and Milkonen
1989) Furthermore, a considerable proportion of
nutrients is relocated from the senescing struc-
tures back to use by other parts of the tree (e.g.
Helmisaari 1990). If we assume that relocation
takes place only from senescing needles we can
describe the balance assumption as follows

U-L=¢,(G,+X,-S)-Y n;S;—(1-u,)m,S,

¥

=ZIT,(G,—S,) (6.19)

wherej=b,s,c,randi=n, b, s, ¢, r, Uand L are
the nitrogen uptake and loss respectively, of a tree
(kg N tree™), e, is the biomass specific annual
nitrogen uptake (kg N kg DM™), 7, is the nitrogen
concentration in plant compartment i (kgN kg
DM-'), and u, is the proportion of nitrogen relo-
cated from senescing needles.
This simplifies into

(G + X, = $,) + UnTnSy = Y, MG (6.20)
wherei=n, b, s, c, r.

The fine roots can interact with each other, while
the fine root density increases in the soil (Fitter
and Hay 1987). This phenomenon is taken into
account by assuming that nutrient uptake is di-
rectly proportional to the mass of fine roots if the
fine root density, F,, (kg/m?), is below threshold
value D, and at root densities exceeding this
threshold value the efficiency of roots is deter-
mined by a negative exponential function on the
mass of fine roots as follows:

ey, when F; < D,
2= (6.21)

e*ekr(Fa=Dr)  when Fy > D,
where ¢’,1s a parameter describing the fine root
mass specific annual nitrogen uptake (kg N kg
DM") without competition. and k, is a parameter
describing the slope steepness in the decrease of

85



Acta Forestalia Fennica 254

1996

nutrient uptake efficiency by fine roots due to
resource depletion by the uptaking organs (m’
kg™).

Most of the nutrients are taken up by the young-
est fine roots due to changes in the root morpho-
logy as they age and because of the inefficient
transport processes in soil which facilitate resource
depletion around the uptaking roots (e.g. Nye and
Tinker 1977, Clarkson and Hanson 1980, Clark-
son 1985). For these reasons it was assumed that
the root senescence equals the standing biomass
(ie. X,— S, = 0) and we can simplify the annual
uptake further

U=eG, (6.22)

Now we can rearrange Eq. (6.20) and we get an
expression for fine root growth as a function of
growth of other plant compartments, their nitro-
gen concentration, the fine root mass specific
nitrogen uptake rate and the relocation of nitro-
gen from senescing foliage.

zﬂjG}' —Un TS,
.

G, = (6.23)

e — Ty

where j=n, b, s, c.

6.6.3 Formation of Wood Structure

Chapter 5 demonstrates that there are quantitative
relationships between the components of a tree.
The foliage biomass of a branch (X, in Fig. 6.3)
and the cross-sectional area of the branch at the
base of its crown (A,) seem to be linearly correlat-
ed. The total branch cross-sectional areas (SA,) of
the tree crown and the stem cross-sectional area at
the base of the living crown (A,) are linearly
correlated. Thus the total foliage biomass of the
crown (X,) is also linearly related to stem cross-
sectional area. In addition, the total cross-sectional
area of transport roots (SA,) and the stem cross-
sectional area at crown base (A;) seem to be linear-
ly related (Fig. 6.3). These regularities of structure
can be used to derive the growth of woody struc-
ture as a function of foliage growth (see Hari et al.
1985, Valentine 1985, Mikeld 1986, 1988).

The new thickening growth of branches, stem
and transport roots can be derived from the new
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Fig. 6.3. The division of the tree into foliage, branch-
es, stem and transport roots. A,, A, and A, stand for
branch, stem and transport root cross-sectional
areas respectively, W, for the foliage mass of the
whole tree and W, for the foliage mass of one
branch.

growth of foliage assuming that a regular ratio
between the number of needles and the cross-sec-
tional area of wood supplying them with water
subsists and that this relationship remains un-
changed from year to year (see also Mikeld 1986,
Valentine 1985). The derivation of the above re-
lationship follows the lines descibed by Mikeld
(1986).

The cross-sectional area of water-transporting
wood is a function of foliage mass:

As\\ = sy Xn (624)

By multiplying the sapwood area, A, by the
length of the water-conducting path, /,, and the
wood density, ¥, we get the biomass of the
water-transporting wood

X,\'\\' = A.\-u [.m Ysw = a.n\'l.m' ¥Ysw Xn (625)

We can write the growth of the stem mass of the
year k+1 as a function of needle mass growth and
senescence if the ratio, «,,, remains constant
from year to year and the role of transport path
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length growth is insignificant in the annual wood
growth

Gxu' + X.YM‘ . S.\'w = Osw r\\i'lj'lt’(Gn + Xn . Sn) (626)

and from this we get
G.\'W = aSM' y.\‘M'[\'II'(G’l . Sn ) + S\'w (6.27)

From the empirical work it became clear that the
ratio between the water transporting wood cross-
sectional area and the foliage biomass is very
different in branches, stem and transport roots
(see Chapter 5 and Hari et al. 1986a, see also
Figure 6.3). We must therefore write Eq. (6.27)
separately for all these components (ie. G,,=
G,+G,+G,), obtaining

G’J = ahyblb(Gn _Sn )+Slz (628)
G,\' =05 ’y.vhmwl(Gn . Sn )+ S.\‘ (629)
Ge = 0 Yl (Gn = Sp) +3S; (6.30)

6.6.4 The Distribution of Growth

Itis possible to calculate the growth based on the
carbon balance and the growth Egs. of various
organs. To simplify the notation let us write:

= (1,"}/,1,' (6.31)

for i = b,s,c ie. for branches, stem and coarse
roots. We can now substitute the expressions
from eqs (6.28-30) for G,, G, and G. into Eq.
(6.23) to get the fine root growth as a function of
foliage growth, nutrient uptake efficiency and
senescence of different plant compartments:

[”n +ZTI7[|' ]Gn _[un”n +ZT17[i ]Sn + zsi”i
G.= i i i

i

r =

e — T,

(6.32)
We can rearrange Eq. (6.5) as follows:

G,0;' =(P-R) - (Gy0;' + G0 + G.o' + G,o})
(6.33)

We can substitute G,, G,, G.and G, in Eq. (6.33)
with expressions from Egs. (6.28-30) and (6.32).
Now we have foliage growth, G, , as a function of
net annual photosynthetic production, senescence
of different plant compartments, transport path
length and nutrient uptake efficiency. Since the
growth of all other biomass compartments de-
pends on the foliage growth, we can write the
growth of the whole tree using Egs. (6.28) to
(6.30), (6.32) and (6.34).

G, =

r — r

=] —1 ~1
(P—R)+S,,[2T,-w,»l+ el |5 Zin‘T’}—[ZS,w,"_w" zi”‘s']

ey — T,

where i=b, s, c.

mo;' + o'y, T,
1

(6.34)

e — Tty

As can be seen from Eq. (6.34), when either the
pipe cost per unit length increases or pipe length
increases, the relative significance of foliage se-
nescence also increases (both increase the value
of 7). When the nutrient uptake rate is low (ie.
low e¢,—m, value,, the senescence of both foliage
and other structures have more importance com-
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pared with the production. The influence of nutri-
ent relocation from the dying needles on foliage
growth is also higher when the nutrient uptake
rate per unit mass of fine roots is low. Increased
foliage senescence would generally tend to in-
crease allocation to needles while increased se-
nescence of the woody component would de-
crease it.

6.6.5 The Length of Different Organs
6.6.5.1 Average Lengths

For the sake of simplicity we use only the average
length of branches, stem and transport roots in the
model structure. The average height of the stem
(h,..q) Was calculated as the average height of the
needle mass of the crown. The average height is
then

_[lhh Xm(2)zdz

X, (6.35)

hmed =
where y,,(z) is the height distribution of the nee-
dle mass of a tree (see Eq. 6.2), h is the tree height
and /., is the crown base height. The height growth
and pruning limit height growth are needed to
calculate the average tree height. However, for
the transport roots and branches only average
lengths are used so that the length growth of these
organs in the model was the growth of average
length of branches and transport roots.

6.6.5.2 Height Growth

It was assumed that the height growth of the tree
depended linearly on the diameter growth when
trees were growing in open conditions without
interaction between them (Ek 1971). The light
competition from neighbouring trees was assumed
to increase this ratio (Kellomiki and Kanninen
1980). The amount of increase depended on the
steepness of the light gradient between the centre
of the upper third of the crown and that of the
lower third. The above considerations yielded
following Eq.:

Ah= Adv(ﬂhd + DI) (6.36)
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where Ah is height, Ad, the diameter growth of a
tree (both in m), b,, is the ratio between height
and diameter in open-grown trees and DI is the
increase in height growth relative to diameter
growth resulting from stand density.

The diameter growth of the stem (Ad;) follows
directly from the structural regularities. The new
diameter must fulfil the requirements specified in
section 6.6.3. Thus the stem area growth must be
proportional to a) the change in the foliage bio-
mass of the tree above the point of reference and
b) the conversion of sapwood into heartwood. In
Eq. (6.37) the senescence of foliage and sapwood
to heartwood turnover are related to give variable
RL,,. It gives directly the amount of senescing
folige that releases transport structure to reuse, ie.
the amount of new sapwood required is the differ-
ence between foliage growth and this released
sapwood multiplied by the proportionality coef-
ficient a,. The derivation of RL,, is described in
Eq. (6.50). Now by adding the new area to the
existing area we can also get the diameter growth
assuming a circular cross-section for stems

(G — RLss)ats + (02

Ady = \/ 4 |_d,(k) (637)
4ar

The density effect (DI) is assumed to be mediated
by the difference in the light gradient of the tree
crowns in different size classes. In very shaded or
very open conditions, the light gradient is small,
so that height growth is supressed. In dense,
even-aged stands, on the other hand, the light
gradient can be very steep and the height growth
relative to diameter growth is accelerated. The
following Eq. was used to describe this:

,3[(8"‘3”“’ = e—kB(ll))
h—1Igy

DI (6.38)
where b, is the light gradient steepness multiplier
(m)and [u and // are the centre points of the upper
and lower thirds of the crown of a tree and k is the
light extinction coefficient expressed in biomass
per unit of land area.
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6.6.5.3 Shoot and Root Elongation

The growth of the average length of branches was
calculated similarly except that no density de-
pendent effect existed, ie. it was assumed that the
length/diameter ratio of branches would remain
constant. This yielded the following Eq.:

Al = Ad},ﬁ]d . (6.39)

where Al, and Ad, are the average length and diam-
eter growth of branches (m), f3, is the length
diameter ratio of branches, K, is the reduction in
the average length of branches due to self-pruning
and /, is the present average length of branches.

For the sake of simplicity the diameter growth of
branches (Ad,) was derived from their biomass
growth by assuming a constant form factor for
them (ie. a constant ratio between the cylinder de-
termined by the basal area of the branch and branch
length and its true volume). It was also assumed
that the new extension growth is only a minor pro-
portion of the total mass growth of branches. Now
the new mass (G, +X,) divided by the branchwood
density () gives the total branchwood volume that
has to be divided by the number of branches (n,) to
get the average volume. The average branch vol-
ume divided by the branch length (/,) and form
factor (ff) gives the new basal area of the branch,
from which the diameter can be obtained assuming
circular geometry. Initially, this model may over-
estimate the diameter growth if the average length
of branches is about the same magnitude as the
new length growth. However, this accelerates the
branch length growth as well which results quite
quickly in the situation in which the assumptions
of the model hold approximately.

o \/Gb'f'Xb—\/Tb

Ad,, —
N arffyplyny

(6.40)
In Eq. (6.39) the average branch length growth
was calculated by adding the average length
growth due to the diameter growth to the existing
average branch length and by subtracting the
effect of dying branches on the average length.
Since the model used the average branch length,
the effect of self-pruning of tree crowns on the
length also had to be considered. It is assumed
that the crown consists of a conical upper part and
cylindrical lower part. In the conical upper part

h(k)

hdl (k)

Iopk+1)
L0

Fig. 6.4. Schematic presentation of the branch length
in the tree crown. For symbols, see the text.

the branch length is proportional to the distance
of the branch from the top of the tree and in the
cylindrical lower part it remains constant. It is
also assumed that the number of branches within
the crown is proportional to its length. Self-prun-
ing decreases the number of branches that have
attained more or less constant length (see Fig. 6.4).
The new average branch length is thus propor-
tional to a) the area of a triangle formed by the
height of the conical part (h—h,, where hy is the
lower limit of the conical part of the crown (see
Fig. 6.4)) and the maximal branch length at the
bottom of the conical part and b) the area of a
square formed by the maximal branch length and
the height of the cylindrical part of the crown (h,—
1.,). Self-pruning affects the crown length and the
area of the cylindrical part. Since we know the
change in the pruning limit we can also calculate
the new average branch length relative to the old
length as follows:

_ h(k)/2—lp(k+ 1) +ha(k)/2 — h(k) — Loy (k)
h(k)/2—1ep (k) +har(k)/2 h(k) =l (k+1)

(6.41)

Ir

The number of branches per tree crown (n,) was
calculated assuming that it was proportional to
the length of the living crown and that each year
a constant number of new branches (f3,,) would
be formed. This yielded the following Eq.:

h(k)—lep(k+1)

(k+1)=
kel ( 1K) — Lo (k)

]<nl,(k)+ﬁ,,.r (6.42)
where h and [, are the height of the tree and the

height of the pruning limit respectively (see also
Figure 6.4).
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The length growth of the transport roots was
calculated from the fine root density of the stand.
It was assumed that the fine roots of the same tree
always fill new soil volume at the same density. It
was also assumed that 50 % of the new fine roots
are growing in the space already occupied by the
transport roots and 50 % grow into new soil vol-
ume outside the circle occupied by the transport
roots in a circular fashion. From these premises
the following Eq. was constructed:

{I(ZT& /Dr
\ 2n
where D, is a parameter describing the density by
which the fine roots fill new soil volume. Itis also
the threshold density for root competition (see
Eq. 6.32).

Al(' =

le (6.43)

6.6.5.4 Pruning Limit

The change of pruning limit, Al,, is required to
enable calculation of the distribution of growth as
seen in the previous chapters. Apart from its
importance in determining the average lengths of
wood in stem and in branches to support the
needles of a tree crown, the pruning limit change
in our model is associated with the conversion of
sapwood to heartwood. Therefore the formula-
tion of its dynamics has considerable influence
on the overall simulated growth and development
of the tree stands.

We assumed that the annual photosynthetic
production of the needles at the pruning limit
should be at least a given proportion of the aver-
age annual photosynthetic production of the nee-
dles of the crown. The above principle was sim-
plified from a cost-benefit formulation by Nikin-
maa and Hari (1990) and Nikinmaa (1990) in
which a special case of optimal distribution of
foliage in the crown was assumed.

The pruning limit gets higher if the amount of
light at the limit is too small to facilitate the re-
quired annual photosynthetic production, which
is a given proportion of the average photosynthet-
ic production of the crown (P/X,). The photosyn-
thetic production of the needles at the crown base
is estimated for the sake of simplicity by an expo-
nential function along the lines of Lambert-Beer*s
law (Monsi and Saeki 1953) assuming a linear
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photosynthetic light response. One lifts the prun-
ing limit until the foliage layer is so thin that
enough light passes through it. To simplify the
treatment it is assumed in this sub-model that the
amount of foliage above a certain point in the
canopy is directly proportional to the distance of
this point from the top of the canopy. However, it
is assumed that in the shade crown where pruning
takes place there is less foliage per unit layer than
in the sun crown. The difference is described by
parameter y,, which is the relationship between
foliage mass per average unit layer in the crown
and that at the crown base.

Now we have an expression for light penetrat-
ing through canopy and photosynthetic produc-
tion at the crown base derived from this as a func-
tion of crown base height and an expression for
the photosynthetic production required. From this
we can solve the new pruning limit height change
as follows:

PY 1 | hoax —hu
Algp = Hpay +1n| | — |— | ——% | =1, (6.44
' i [(POJEXH]( lerkyn ] ' )

where the logarithm term describes the photosyn-
thetic production required and the term in brack-
ets describes the light climate at the lower cano-
py. In the Eq., [, is the height of the pruning limit
and Al is the change in it; A, is the maximum
height of the stand and /,;, the lowest present
pruning limit of the stand, P is the annual photo-
synthetic production of the tree in question (kg C)
and P,(kg C kg DM "is the annual photosynthet-
ic production of unit mass of needles in nonshad-
ed conditions, X, is the needle biomass of the tree
(kg) and d is a parameter giving the production
requirement of photosynthesis at the crown base
as compared to the crown average, y,, describes
the ratio between the average needle mass per
unit height in the canopy and that at the crown
base.

6.7 Senescence

As can be seen from Eqgs. (6.28-30, 6.32, 6.34),
the determination of senescence of different plant
compartments also greatly affects the new growth
in the present approach. The senescence of nee-
dle biomass is a linear function of their biomass
in the model ie.
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Sn =mp Xy, (6.45)

where m, is the senescence rate parameter (1/a).
As mentioned in section 6.6.2, all the fine roots
formed during a growing period would become
non-functional during the same period. The above
is done by equating the initial fine root mass with
the annual senescence, ie.:

S =X, (6.46)

The treatment of branchwood, stemwood and
transport root wood senescence is a more compli-
cated matter. “Stemwood senescence” is under-
stood as the conversion of water-conducting sap-
wood into non-conducting wood which consists
of the “real” heartwood and the transition zone
between heartwood and sapwood. In branchwood
and transport root senescence, a proportion of
twigs and branches which die and become de-
tached from the tree are also included in senes-
cence.

For the woody structures, ie. branches, stem and
transport roots, the senescence of those organs
that do not die completely is calculated as the dif-
ference between the wood biomass associated with
the needle biomass senescence according to the
pipe model theory and the proportion of that wood
biomass which is reused for water supply of ex-
isting and new needles. From these principles we
can write for branches, stem and transport roots

S/; = (Sn T RL[)s )ab yblb (647)
Sy = (8n — RLys) 0l YXhmFd (6.48)
Sf = (Sn - Rl« )0l 7('1(' (649)

where RL,, is the proportion of dying needles that
release transport structure for reuse in the branch-
es and stem and RL, is that for transport roots (the
definition of RL s is givenin Eqs. (6.50 and 6.51).

The proportion of reuse of transport structure
in the stem is assumed to depend on the crown
dynamics. In other words, as the empirical results
of this project suggested (see section 5 and Hari et
al. 1985, Kaipiainen and Hari 1985) the tree rings
become non-conducting as the whorl of branches
which was formed at the same time dies off. In the
model this is interpreted to mean that the needle
biomass which died below the new pruning limit,

(l.(k+1)), does not release transport structure for
reuse.

In older trees the above gives insufficient sap-
wood conversion since heartwood is also formed
in the branches. So as to get the total proportion of
dying needles releasing transport structure for
reuse in the stem, both of these aspects have to be
included. This is expressed in the model as fol-
lows:
leb (k+1)

RL, =(1—mh)(s,, —j,

cb(k)

Xm(;:)d:) (650)

where the multiplier m;, is the proportion of heart-
wood formation associated with the foliage se-
nescence within a living crown and the second
term in parentheses describes heartwood forma-
tion in the stem due to self-pruning. /,(k) and
l.;(k+1) are the pruning limit height at age k and
k+1 and y,,is the needle mass height distribution
function (see Eq. 6.2).

It was assumed that as the average age of trans-
port roots approaches some notional maximum,
the proportion of sapwood turning into heartwood
associated with foliage senescence would in-
crease:

RL = [Tﬁ%js"l“(l -me) (6.51)
where d.,, is the maximum age of transport roots,
d. is the average age of transport roots, i, is the
proportion of needle senescence associated with
heartwood formation in transport roots and 81is a
parameter.

6.8 Tree Mortality

The self-thinning of stands, ie. the reduction in
the number of stems per size class from natural
causes is denoted by M,. The number of stems can
also decrease because of human intervention for
which a parameter Th,is used. Then

Ni(k+1)=(1—M(k)—Th(k))N;(k) (6.52)

The prescribed thinnings, Th, are given functions
of time for each size class. Self-thinning, M, has
to be related to the dynamics of the stand. This
process is not well understood, but ultimately it
must be connected with the carbon balance so
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that when respirational requirement surpasses
photosynthetic production the tree will die. In the
present approach this is approximated by the
assumption that when the needle mass growth in
asize class is smaller than a defined proportion of
needle senescence, then natural deaths occur, ie.

mt(’mrSn . Gn) lfGn < tm,S,,
M, (k)= . (6.53)
0 if Gy 2 tyrSy

where m, is the mortality rate parameter (1/ kg
DM tree™') and t,, is the threshold parameter.

This version of the model has been written with
Simnon software (Elmqvist et al. 1990). Each of
whose 4 size classes has 20 state variables. The
total number of parameters is 53. Appendix 6.1
presents the variable and parameter list of the
model.

6.9 Final Remarks

Our main objective was to build a model which
could simulate the growth of Scots pine stands in
very different climatic regions. Until now we
have described the core model, ie. those general,
qualitative relationships between structure and
function which we assume to be the same for
Scots pine growing in different conditions. In the
next chapter we apply the model to simulate
growth and development of those Scots pine
stands where the measurements resulting from
this cooperative effort were made.

Our model is very simple with respect to deter-
mination of inflow and outflow. Basically, it is
assumed that the environment can be described
by two factors: a) the potential behaviour of the
plant organ under the given conditions without
competition effect and b) the competition effect
due to depletion of desirable resources that caus-
es deviations from the potential uptake. This dif-
fers from the more detailed models in that both
the changes in the environment and the plants
acclimation or adaptation are aggregated in the
potential behaviour and in competition respons-
es. In order to simulate the geographic perform-
ance of trees one needs to conduct a variety of
measurements in a range of locations to derive
both the potential behaviour and the competition
effect. Alternatively, one could use more detailed
models which calculate photosynthetic produc-
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tion under different conditions, and create a “‘meta-
model” based on the results of these simulation
runs as a function of relevant variables (Mikeld
1990, Berninger, in print).

The present model was constructed emphasiz-
ing the balance between the detailed description
of the various parts of the model. It was felt at the
beginning of this work that the structural growth
was the least known part. At the moment, the
growth of different plant compartments is indi-
rectly derived from process-based considerations
but quite a lot more work is still needed before the
functional and structural connections of wood are
known in the same detail as those of needles. How-
ever, we feel that this line needs to be followed,
since the xylem and phloem have a very impor-
tant role in the entire tree’s functioning.

Among the major tasks for improving the mod-
el in the future is a better description of the nutri-
ent dynamics of trees and especially the interac-
tion between soil and plant and between different
nutrients. Even the present simple approach can
offer some possibilities in this respect, but nutri-
ent uptake clearly needs to be related to soil con-
ditions before realistic, localised simulations can
be done.

Despite the many problems still involved in
predicting scots pine growth in different climates,
we feel that the present analyses are a first step in
that direction. In the following chapters applica-
tion of the model to describing the geographic
variation of the growth and development of Scots
pine stand we discuss in more detail the possibil-
ities of this approach and also try to tacle the prob-
lems involved making predictions.
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Appendix 6.1 Variable list of the model

Variable

Explanation Unit
A; sapwood area of plant compartment i of a tree, i = b,s,c,sw m?
a; allocation coefficients of carbohydrates to plant compartment i, i = n,b,s,c,r
B(z) foliage biomass per unit stand area in layer (5,,,.,2) kg DM m
DI increase in height growth relative to diameter growth due to stand density
D, density at which roots of a tree grow kg DM m
d, tree stem diameter at the base tree m?
e, annual nutrient uptake per unit mass of fine roots, without competition kg N kg DM™!
e’ annual nutrient uptake per unit mass of fine roots, with competition kg N kg DM!
F, soil fine root density per unit stand area kg DM m™
ff branch form factor
G/ annual growth of plant compartment 7 of a tree in size class [, i = n,b,s,c,r,sw kg DM tree"
h tree height m
hy lower height limit of the conical part of a crown m
P maximum canopy height m
Pimed average tree stem height m
1 irradiance pmol m=s!
k light extinction co-efficient (on mass bases) 1/kg Dm m™
k, nutrient interception decrease coefficient m?kg!
K, proportional branch length reduction due to self- pruning
L annual tree nutrient loss kg N tree™
LAI(z) cumulative leaf area index in layer (/,,,,z) per stand area unit m’m
l; length of plant compartment i, i = b,c,sw m
Ly lower limit of living tree crown m
1 centre point of the lower third of a tree crown m
L minimum canopy height m
lu centre point of the upper third of a tree crown m
M reduction in number of stems due to self thinning trees m—
ny, proportion of needle senescence associated with heartwood formation initiating in branches
m, proportion of needle senescence associated with heartwood in transport roots
m, needle senescence parameter
m, mortality rate parameter trees m~ kgDM™!
N number of class [ size trees trees m™
n, number of branches per tree crown
P, annual photosynthetic production of class [ size tree kg C tree”!
Py annual photosynthetic production per unit leaf area in unshaded conditions kg C m™
Py annual photosynthetic production per unit mass of
leaves in unshaded conditions kg Ckg DM!
p(x,t)  photosynthetic production at point x at moment ¢ kgCm7 s
R, annual tree maintenance respiration kg C tree!
RL,, amount of senescing needles associated with transport
capacity reuse in branches and stem kg DM
RL. number of senescing needles associated with transport
capacity reuse in transport roots kg DM
Tei growth respiration per unit mass of structure kg C kg DM!
Fog maintenance respiration per unit mass of structure kg C kg DM
S/ senescence of plant compartment i of a class [ size tree, i = n,b,s,c,r,sw kg DM tree”!
TR; nutrient translocation from biomass compartment i, i=n,b,s,c,f kg N
T(1) momentary temperature at time ¢ °C
B maintenance respiration base temperature parameter °C
t time S
Th, annual reduction of number of stems in size class due to human intervention trees m
Lor mortality threshold parameter
U tree nutrient uptake kg N tree™!
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proportion of nutrient relocation from senescing needles

plant compartment biomass i of a class 1 size tree, i = n,b,s,c,r,sw kg DM tree!
stand level biomass of plant compartment i, i = n,b,s,c,r kg DM m™
ratio between the sapwood area of plant compartment i

and the foliage biomass, i = b,s,c,sw m?kg DM~!
height diameter ratio of open-grown trees

light gradient steepness multiplier m

branch length diameter ratio

average number of branches per whorl

needle area in unit stand volume at point x m? m3

ratio between average foliage mass density in the canopy and in the shade canopy

needle area in a unit depth layer of a class / size tree at height z m’m'tree!
needle mass in an unit depth layer of a tree of the size class / at height z kg m'tree!
photosynthetic production requirement at the crown base relative to the crown average

bulk density of wood in plant compartment i, i = b,s,c,sw kg m3
nutrient concentration in plant compartment i, i = n,b,s,c,r kg N kg DM!
age when 50 % of the needle senescence is associated

with heartwood formation in transport roots a

degree of interaction
empirically determined degree of interaction on leaf area bases
empirically determined degree of interaction on leaf biomass bases

7 Geographic Aspects of the Growth of Scots
Pine; Results of Simulations

Subscripts, superscripts and indexes:

o>

v N0 @
=
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fine roots
sapwood

branches
stem

needles ! size class
k year
coarse roots z height
x point

Eero Nikinmaa

7.1 Introduction

One of the main aims of our work was to predict
how Scots pine stands grow in different parts of
its range. The previous chapter outlined a dynam-
ic, process-based stand growth model used for
these purposes. In this chapter we use the model
to simulate the growth of Scots pine stands for
those locations where the empirical measure-
ments of this project were performed (see Chap-
ter 5) and evaluate how well the approach in
Chapter 6 is able to describe stand growth and
development in these conditions.

The evaluation of a process-based models is
related to that of a suggested theory (e.g. Nikin-
maa 1992). It is not enough that model accurately
predict a single factor at any given time. Most of
the process-based models are rather complicated
and heavily parametrized and with a suitable fit-
ting procedure it is possible to produce practical-
ly any single feature very realistically. A good
process-based model should however be able to
realistically predict the behaviour of all those
components included in the analyses simultane-
ously.

A test of realistic behaviour incorporating as
many variables as possible gives some support to
the rationale of the model structure selected. Only
then we are able to proceed towards more rigor-
ous testing of how accurately a model can predict
certain observed developments. This latter ques-
tion relates much to the problems of describing
the initial state and the local parameter values as
to the model structure itself. Unfortunately, the
model definition, when it is derived from theoret-
ical considerations often includes such parame-
ters and state variables as are not routinely meas-
ured. These problems make exact comparisons

with observed values difficult, not to mention that
appropriate long term measurement series from
single stands are either rather rare, or are difficult
to access. Formal sensitivity and uncertainty anal-
yses can help in the evaluation of the effects of
parameter values on the outcome of the simula-
tion runs.

In this study we pay most attention to the qual-
itative analyses of model behaviour against the
sketchy general knowledge of the geographical
features of Scots pine growth. We also analyse
the sensitivity of the results to the geographic
variation introduced into the parameter values.
The earlier analyses by Mikeld (1988) and
Sievinen (1992) have shown that a very similar
approach is well able to describe stand growth for
one location. In this work, as in the previous work
by Nikinmaa (1992), the first attempt is made to
explore a more general applicability of the ap-
proach to Scots pine growth. The model is first
initialized and the geographical features are in-
troduced into the analyses. This is followed by a
description of the model behaviour for the differ-
ent locations and a limited test of how well the
results agree with growth and yield table infor-
mation. The sensitivity of model response to key
parameters follows next and, finally, the results
are discussed with special emphasis on the prob-
lems of the geographical application and their
potential effects on the simulation results as well
as to new and interesting research questions that
arise from the results.
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7.2 Geographical Variation of Model
Parameter Values

The Scots pine stand growth was simulated for
conditions corresponding to those of Lapland,
(Muddusniemi, 69°N, 27°E), Southern Finland,
(Hyytidld, 62°N, 24°E), Russian Karelia, (Petro-
zavodsk, 62°N, 34°E) and South Russia, (Voron-
ez, 52°N, 40°E). The same model structure was
applied to all stands. The differences between the
locations were introduced into the analysis with
location-specific parameter values. Long-term
series of temperature data from Murmansk, Jy-
viskyld, Petrozavodsk and Voronez which are all
situated quite close to the experimental stands
were used to derive the different growing condi-
tions for the sites. The measurements performed
at the experimental sites were used to describe the
architectural and structural differences in trees
between locations (see Tables 7.1 and 7.2 and
Chapters 5 and 6).

The functional parameters describing the proc-
ess rates of the model were modified according to
the growing season length of each location. The
parameter values of photosynthetic production,
respiration and nutrient uptake (Po, 7 Fonps o
T'mer T M, and e,”) were derived so that the values
from Hyytidld were used as the reference values.
The values for other locations were adjusted by
multiplying the Hyytidld values by the relative
length of the growing season of each location with
respect to Hyytiéld. The length of growing season
for each location was calculated from the daily
average temperatures of extended series of weather
data using a threshold temperature of 5°C (see
Table 7.1 and Chapter 2).

Table 7.1 The length of the growing season in differ-
ent locations assuming different threshold tem-

peratures.
Location Length of the growing season with different
threshold temperatures (days)

0°C +3°C +5°C
Murmansk 165 144 117
Jyviskyld 223 179 160
Petrozavodsk 209 169 150
Voronez 241 210 200
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Actual measured values from different locations
were used for the structural parameters
(o Yp, s Ys, 0 Y ) (see Chapter 5). However, it
was assumed that the wood density would not
change between locations. Hakkila (1979) has
observed that in Finland there is about 10 % in-
crease in wood density from north to south. On
the other hand, the wood density decreases as the
tree ring width increases (Hakkila 1968). Tree ring
width increased from north to south. Since no
wood densities were measured from the various
sites, it was assumed that these opposing trends
would cancel out each other.

Table 7.2 The varying parameter values for different
locations. PO stands for potential annual photo-
synthetic production in unshaded conditions (kg
C/kg dm) , 7\, Ty Tss T @nd 7., stand for annual
weight-specific maintainance respiration of nee-
dles, branches, stem, coarse roots and fine roots
respectively (kg C/kg C), m,1-3 are the propor-
tions of needlemass that die annually from nee-
dles of different age classes (1/a), e,” stands for the
fine-root weight-specific annual nutrient (here ni-
trogen) uptake (kg N/kg dm), b, is the average
number of branches in a whorl and oy, o5y, 0.y
stand for dry matter required in the stem, branches
and coarse roots respectively, per unit length of
organ per unit mass of needles (kg dm/m /kg
dm)).

Parameter Location

Muddusn. Hyytidld  Petrozavodsk Voronez
P, 1.98 2772 2.56 34
P 0.10 0.14 0.13 0.175
Toib 0.015 0.02 0.019 0.025
P 0.015 0.02 0.019  0.025
Fonc 0.015 0.02 0.019 0.025
Vg 0.35 0.48 0.45 0.6
m,1 0 0.05 0.05 0.1
m,2 0.05 0.2 0.2 0.4
m,3 0.3 0.4 0.4 0.8
e’ 0.0106 0.0145 0.0136  0.018
b, 3 4 4 6
OsYs 0.98 0.78%* 0.87* 0.35
oY 0.89 0.89* 0.89* 0.54
ay. 0.45 0.45 0.45 0.64

* Values from Hari et al. (1985) were used to determine the needle-
mass branch cross-sectional area ratio.
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The parameter set used for simulating the growth
of the Hyytidld stand and the sources from which
the parameters are derived are presented in Ap-
pendix 7.1. The parameters which were varied
from one location to another together with the
values used are set out in Table 7.2. It must be
noted here that root competition was written out
of these simulations by assigning the “nutrient
interception extinction” coefficient 0 (parameter
k., Eq. (21), Chapter 6)

7.3 Model Initialization and Simulation
Runs

Initial conditions for the simulations were the
same for each location. Since the overall devel-
opment of the stand was considered, the initial
state of the stand selected corresponds to an early
established seedling stand. There were 2000 seed-
lings which had 0.1 kg dm of needles, branches,
stem, coarse roots and fine roots. The seedlings
were divided into four size classes. The height of
the biggest size class was 0.5 m and the smaller
size classes had heights of 90, 80 and 70 % of the
biggest size class respectively. These are hence-
forth called size classes 1 to 4.

The initial average branch length of the seed-
lings was 0.1 m and the average coarse root length
also 0.1 m. The initial pruning height of the seed-
lings was 0.1 m and the seedling age at the begin-
ning of the simulations was estimated to be 5 years
in Voronez, 10 years in Hyytidlid and Petrozavodsk
and 15 years in Muddusniemi. Finally, the initial
number of branches was set at 20.

The stand growth and development was simu-
lated for the different locations using the param-
eter sets described. Sensitivity analyses of the
model were done for Hyytidld and for Voronez
with respect to the root functioning parameter and
the parameter affecting sapwood conversion to
heartwood and that of needle senescence which
have been shown to be most critical values in pre-
vious studies using the same approach (Mikeld
1988). Finally, separate sensitivity analyses of the
model were done in which the sets of functional
and structural parameters that were used to intro-
duce the geographical variation into the study were
varied one at a time.

The following chapter gives the results of the

simulations. First I set out the simulated develop-
ment of stand and tree class level characteristics
and compare them against growth and yield table
data. I then give a brief account of how the growth
driving processes ie. photosynthetic production,
respiration and allocation of carbohydrates vary
over time. The final part of the results consists of
the sensitivity simulations.

7.4 Results
7.4.1 Regional Differences in Stand Growth

The more southerly the growing site the faster the
stand developed and the higher the biomasses
attained after 100 simulated years. The biggest
difference was between the Muddusniemi stand
and the others, although with respect to needle
biomass and coarse root biomass the Voronez
stand differed considerably from those of Hyytidld
and Petrozavodsk. The development of the total
stand biomasses of different biomass compart-
ments and the height growth of the biggest size
classes are presented in Fig. 7.1 a—f.

The simulated stand needle masses in Hyytidld
seemed low compared to Ilonen’s observations
(1981). However, it must be noted that the simu-
lated needle masses are annual minimum values.
If the annual mortality is added to those values
then the maximum annual needle mass is close to
the observed values.

A similar peak in needle mass as obtained in the
simulations has been observed for Scots pine in
Sweden (Albrektsson 1980). Assuming that the
stand basal area also reflects changes in the stand
needle biomass, the Ilvessalo’s results (1937)
show similar trends to those simulated when
moving from poorer to better growing conditions
(Kuuluvainen 1991). The simulated needle mass
peak value at around canopy closure in Voronez
was smaller, however, than the observed value of
this study (Chapter 4). The simulated needle mass
varied between 1500 and 11500 kg/ha for differ-
ent soil fertilities in Voronez whereas that observed
was about 18500 kg/ha during maximum needle
mass. About one third would have to be subtract-
ed from this to get comparable values.

There was a clear intermediate peak value in
branchwood biomass in Hyytidld, Petrozavodsk
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Fig. 7.2. The simulated time development of standing stock (thin lines) and that derived from yield tables (thick
lines) for a) Hyytidld and b) Muddusniemi. The yield table values were redrawn from Ilvessalo (1920) and
(1970) for various site types from fertile to poor in southern Finland (OMt (smzm=), Mt(mepym), Vi (smyem),
Ct (mmmm)) and northern Lapland (EMt (segyes), ErClt (), Clt (smm)).

and Voronez, which occured simultaneously with
the needle mass peak value in Voronez and slightly
later in Hyytidld and Petrozavodsk. Hakkila
(1971) reports that branch mass of individual trees
was about 20 to 25 % of the bole mass (diameter
over 6 cm) in southern Finland when the crown
ratio of trees is between 40 to 60 % and the same
value was 30 to 40 % in northern Finland. The
simulated branch mass, which was 20 % of the
total stand stem mass in Hyytidld and 25 % in
Muddusniemi is in quite good agreement with that
observed.

Despite big differences in needle mass the dif-
ferences in stand stemwood biomasses were quite
small between Voronez, Hyytidld and Petroza-
vodsk. The development of the Voronez stand was
faster but the biomasses attained values which
were close to Hyytidld values after 100 years of
simulations. Quantitative comparisons between
southern Russia and Finland were made assum-
ing no nutrient limitation to growth, ie. the pa-
rameter value of parameter e¢,” was set high (0.1).
Simulations were compared with observations by
Kazimirov etal. (1984) who had collected growth
and yield data from the most fertile stands from
various parts of Russia. The simulated results cor-
responded closely with the observed values for
Karelian conditions. The standing stock was 720
m‘/ha at 100 years when the yield table value was

696 m*/ha and the respective heights were 36 and
32 metres. The simulations seemed to underesti-
mate the growth in Voronez, as for the needle
mass, since the simulated standing stock was 861
m*/ha whereas the yield table value was 1007 m?/
ha.

Fig. 7.2 presents comparison between simulat-
ed and observed standing stocks from Southern
Finland and Lapland. The simulated and observed
stem masses are fairly comparable, since in the
simulation no exact match with observed site types
was attempted. The simulated standing stock de-
velopment is qualitatively equal to that observed
and the differences between site types could have
been obtained exactly by choosing slight]y dif-
ferent root function efficiency (e,*) values (see
Fig. 7.2a). The observed stem mass is calculated
from the reported volume values (Ilvessalo 1920)
multiplied by the average stemwood density of
pines (Karkkdinen 1985).

For the Muddusniemi stand a similar compari-
son was made against the local site types. The
parameters were varied as explained in Chapter
7.2. The simulated standing stock values for Mud-
dusniemi corresponded to observed values as in
southern Finland, as can be seen from Fig. 7.2b.
In other words, the correspondence between sim-
ulated and observed site type differences were
repeated for Lapland simply by changing the pa-
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Fig. 7.3. The simulated development of the height of the trees of size class 1 (thin lines) and yield table time
development of the average height (thick lines) for a) Hyytidld and b) Muddusniemi. The yield table values
were redrawn from Ilvessalo’s (1920, 1970) for different site types from fertile to poor in southern Finland
(OMt (mmzym), Mt (smpryem), Vi (i), Ct (smm)) @and northern Lapland (EMt (segyem), ErClt (sspes), Clt ().

rameter values by the relative growing season
length and the measured structural differences.

The changing length of the growing season is
assumed to affect the average nutrient uptake ef-
ficiency of the fine roots in simulations between
the locations. The actual fine root biomass turn-
over within the stands however reaches more or
less the same value although there were quite
considerable differences in the needle mass be-
tween the stands. Linder and Axelsson (1982)
estimated the annual fine-root turnover as between
1200 and 2000 kg/ha, which is slightly higher than
the simulated values. Direct comparison between
the values is difficult, though, since in the model
the fine roots are the actively uptaking roots where-
as the fine roots in empirical work are usually
determined by size.

Changing the parameter values to simulate
change in growing conditions had a powerful ef-
fect on the dynamics of the height growth of trees.
The Muddusniemi stand in particular had much
lower height growth than the rest (see Fig. 7.1f).
The simulated and yield table estimates of height
growth (Ilvessalo 1920, 1970) were compared
between southern and northern Finland over the
rotation (see Fig. 7.3 a and b). The height growth
was initially faster than in growth and yield tables
in the south but in later phases gave comparable
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values. The reported value of the simulations was
the height of size class 1, which initially corre-
sponds to the dominant height of the stand. At
later phases of stand development it corresponds
more to the average height reported in the growth
and yield tables because the number of trees in
the other size classes has diminished consider-
ably. In Muddusniemi the differences between the
size classes were smaller and thus the height of
size class 1 corresponded better with the average
height (see also Fig. 7.5a). The simulated height
growth for Voronez followed a similar qualita-
tive trend as that observed by Kazimirov (1984)
for southern Russia.

Fig. 7.4 a, b sets out the development of height
and crown base height of size class 1 for Voronez
and Hyytiild and those of size class 1 and 3 in
Hyytidld. The smaller size classes are dominated
much faster in the south than in Hyytidld. In Vo-
ronez the smallest size class (4) is practically dead
before 20 years of simulation whereas in Hyytidld
the same size class survives more than 50 years of
simulation. The pruning limit also rises very fast
initially in Voronez compared to Hyytidld. This
coincides with the field observation of this study
between locations (see Chapter 5.3). Atlater phas-
es of stand development, the change of pruning
limit seems to slow down considerably in all lo-
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Fig. 7.5. The simulated development of size classes in a) Muddusniemi and b) Hyytiéld (size class 1 (=largest
—m—), size class 2 (—g—), size class 3 (—g—) and size class 4 (= smallest —i—)).

cations. The simulated pruning height develop-
ment agreed quite well with results observed in
Finland (Hakkila et al. 1972).

The development of the pruning limit in the
various size classes is initially very similar. How-
ever, as the differentiation of trees into dominant
and dominated proceeds the pruning limit of the
smaller trees also remains lower than that of the
dominant trees. Similar behaviour of the pruning
limit has been observed in the permanent sample
plots in Finland (Ojansuu, pers. comm.).

Fig. 7.5 a and b shows how significant the dif-

ferentiation of the size classes of trees to the de-
velopment of stem mass is for Hyytiild and Mud-
dusniemi, and Fig. 7.6 a and b shows how the
number of stems decreases in the size classes at
the same locations. Atall locations, the stem mass
of the dominant trees is far higher than of any
other size class. This sharp differentiation is par-
tially an artifact of the model since only four size
classes were used. However, the model predicts
the often observed phenomenon that the stands
become dominated by a few large, evenly distrib-
uted individuals as the age increases (see review
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Fig. 7.6. The simulated development of the number of stems in different size classes in a) Muddusniemi and
b) Hyytidld (size class 1 (=largest —m—), size class 2 (—pg—), size class 3 (—g—) and size class 4 (=

smallest —f—)).

by Ford and Sorrensen 1992). Further north the
differences between the size classes are reduced
and the period of co-existence between small and
large size classes increases.

The model seems to produce the double-peak-
ed diameter distribution at around canopy closure
which has been reported to occur in monocultures
under strong competition (Ford 1975). Initially
the trees of the larger size classes grow better but
when the stand reaches canopy closure, the trees
of the second biggest size class (2) start dying
first. It seems that they end up in an unfavourable
situation since the size they have attained during
their early development requires fairly high main-
tenance and construction cost to keep up with the
growth rate, but shading by the largest size class
cuts down their production considerably. Trees
of size class 3 fare better. Their resource require-
ment is less because of their smaller size and the
light climate is not much worse than for the trees
of the size class 2 since the decline of light cli-
mate is initially very steep as a function of foliage
mass but levels off considerably as the shading
biomass increase (see Chapter 6).
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7.4.2 Simulated Variation in Photosynthetic
Production, Respiration and Carbo-
hydrate Allocation

The simulated growth patterns (Figs 7.1-7.6) are
due to the assumptions about photosynthetic pro-
duction, respiration and carbon allocation which
are based on the functional balance principle and
pipe model. In this chapter / compare the varia-
tion of these “driving” processes between the
sites.

Fig. 7.7 a shows the development of the annual
photosynthetic production in trees of the size class
1 atdifferent locations and Figure 7.7 b shows the
maintainance respiration of the existing structures
(without new growth) as a function of photopro-
duction. The annual photosynthetic production is
much larger in the south as is the maintenance
respiration. However, a larger proportion of the
photosynthetic production is used for maintenance
respiration of existing structures in the north. This
reflects the changes in the proportional amounts
of wood, foliage and fine roots between locations.
The simulations also suggest that the proportion
of maintenance respiration from photosynthetic
production increases with the tree size. This seems
contrary to the linear relationship suggested be-
tween light interception and dry matter produc-
tion (e.g. Linder 1987) but is consistant with the
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generally accepted theory of the development of
the costs of maintenance vs. production as a func-
tion of size (e.g. Givnish 1988).

The allocation of carbohydrates to the various
biomass compartments is very dynamic (Fig. 7.8).
The proportion allocated to stem characteristical-
ly increases in the early phase of stand develop-
ment, followed by a more gradual decrease. Other
but much smaller changes take place in the allo-
cation to the needles, ie. an initial decrease fol-
lowed by a stable phase. The same pattern has
also been observed with Scots pine in Sweden
and in the UK (Albrektson and Valinger 1985,
Ovington 1957). A simulated pattern of carbon
allocation also produces the trends predicted by
Kuuluvainen (1991). Similar trends have previ-
ously been produced with a simpler model but
stemming from the same principles (Hari et al.
1985, Mikeld 1990a).

The proportion allocated to fine roots decreas-
es throughout stand development as a bigger pro-
portion of the nutrient demand is supplied by in-
ternal circulation. The steady increase of alloca-
tion to coarse roots reflects their continuous length
growth. More than 45 % of the carbohydrates was
finally allocated to fine and coarse roots in Voro-
nez and Muddusniemi and about 30 % in Hyytidld
and Petrozavodsk. The high proportion for Voro-

nez is caused by the relatively large quantity of
coarse roots. This follows from the measurements
of the coarse root and stem sapwood cross-sec-
tional areas (see Chapter 5). Simulated values fit
within the considerable variation of 20 to 60 %
reported in the carbohydrates that go below ground
in young stands growing on poor soil (Albrektson
1980, Linder and Axelsson 1982, Ford 1975).

The dynamics of allocation to the stem varied
markedly between locations. There were no large
differences between Voronez, Hyytiild and Petro-
zavodsk in the maximum proportion allocated to
the stem, the peak occuring only much earlier in
Voronez than in the other two places. In Muddus-
niemi the proportion of stem growth was much
lower than in the others most of the time. The
large proportion allocated to the fine roots mainly
decreased the stem and branch growth, while nee-
dle growth remained unaffected.

Figure 7.9 a—d shows the allocation to needles
and stem in the different size classes in Hyytidld
and Voronez. In the very early phases of stand
growth they are almost identical. As the smaller
size class gradually becomes more shaded, the
proportion allocated to needles increases as the
relative importance of needle senescence becomes
higher (see Egs. (6.28-30), (6.32), (6.34), Chap-
ter 6.6). At some stage the allocation to needles
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Fig. 7.9. The simulated proportion of carbohydrates distributed to needles in the trees of the different size classes
(size class 1 (=biggest —m—), size class 2 (—pg—), size class 3 (—a—) and size class 4 (= smallest
—¢—)) in a) Hyytiild and b) Voronez and the same for stem in ¢) Hyytiéld and d) Voronez.

starts declining again because the proportional
height growth of trees increases in response to
increased shading. This goes on until the lack of
light becomes too severe to sustain the growth
required to maintain the balanced structure. The
behaviour of the allocation to stem is the opposite
to that of the needles. Development is much faster
in Voronez than in Hyytiéld. Fig. 7.9 shows that
allocation coefficients show strong oscillations in
Voronez where two of the size classes become
extinct and one reaches a new equilibrium. These
oscillations indicate problems in the carbon bal-
ance but are probably caused by the technical sim-
plifications of the model, ie. the small number of
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size classes, and no immediate connection between
extension growth and the mass balances, which
were done mainly to avoid iterative model struc-
tures.

Supressed trees first increased their allocation
to needles and as they became more supressed
allocated proportionally more to the stem height
growth, until the reducing foliage was no longer
able to supply them with enough resources. It is
normally reported that the newest needles have
the highest priority (e.g. Waring 1987). These
results support this observation under moderate
shading conditions.

7.4.3 Sensitivity of the Model to Changes in
the Root Functioning and Senescence
Parameters

The previous section demonstrated that the mod-
el describes multiple features of stand develop-
ment realistically, as well as giving comparable
results with growth and yield table results. How-
ever, as previous analyses have shown, the model
uses parameters the value of which is still rather
uncertain. Those parameters associated with root
functions and senescence of different parts of the
tree especially have both been proved uncertain

and to have considerable influence on the simula-
tion results (Mikeld 1988).

To get some idea of the effect of these parame-
ters in the geographical results, sensitivity simu-
lations were done changing the fine-root function
efficiency (e,*) and the parameters describing the
senescence of different biomass compartments.

The stand development in Hyytiild and Voro-
nez was simulated using eight levels for fineroot
functioning efficiencies. The values ranged from
0.0055 to 0.1 for both locations. At the lowest
parameter value the stand needle mass reached
almost identical values in both locations (maxi-
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Fig. 7.19. The simulated development of allocation to stem and fine roots as a function of specific root mass
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(<), €, 0.040 (—a), €,* 0.100 («73)) in Hyytidld (a and b) and in Voronez (¢ and d).

mum needle mass about 1.3 tn/ha) but, as the
nutrient limitation lessened, the response in the
more favourable conditions of Voronez (12 tn/
ha) was about double that of Hyytili (7 tn/ha).
However stand fine root mass first increased then
decreased at both locations as the parameter val-
ue was increased. It has been observed that the
fertilization of a very poor site does not increase
the fine root biomass of the stand greatly but that
new growthis mainly in above-ground parts (Pers-
son 1980, cited by Linder and Axelsson 1982).
The simulated results were consistent with this
observation. Although there was some variation
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in the fine-root mass, the accompanying changes
in the above-ground masses dominated the re-
sponse.

As could be expected stemwood increase was
biggerin Voronez than in Hyytiili as the value of
e,* was changed from 0.0055 to 0.1; however, the
difference was not as dramatic as in the needle
mass.

Fig.7.10 a—d depicts allocation to stem and fine
roots as the parameter e,* is changed. The chang-
es affect both the level and dynamics of alloca-
tion in both cases. The nutrient availability also
reduces growth at low availability more than at
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high availability. Changing the root functioning
efficiency value from 0.0055 t0 0.01 caused about
as large a growth increase as when it was changed
from 0.01 to 0.1.

The senescence rates have an impact on the state
variables both directly through the dynamic Eqs.
(Chapter 6, Eq. (6.3)) and indirectly through allo-
cation (Chapter 6, Egs. (6.28-30), (6.35)). The
processes actually bringing about senescence, both
of whole individuals and organs of those individ-
uals, are still rather poorly understood. The sensi-
tivity of this model was examined with respect to
changes in the parameters which affected senes-
cence of needles, branch and stem sapwood and
the mortality of entire trees. We also asked whether
those changes would be different depending on
the other parameter values which brought about
the geographical differences between the Hyytiild
and Voronez stands.

Heartwood formation was divided into two
components in the model: that caused by the dy-
ing of lower branches in the crown, and that caused
by dying of sub-branches (see Chapter 5.2, Kaipi-
ainen and Hari 1985).

The parameter value giving the proportion of
senescing foliage that is associated with sapwood
turnover to heartwood (see Egs. (6.47-50) in
Chapter 6.7) was varied from 0.1 to 0.2. The
change affected foliage biomass at both Hyytidld
and Voronez, being initially stronger in Voronez

but at later phases more significant in Hyytidld
(the difference between the simulation runs at 100
years was 40 % in Hyytidld and 20 % in Voronez)
see Fig. 7.11. However, only a slight effect can be
seen in the stem biomass, especially in Voronez
(3 % in Voronez, 14 % in Hyytiild).

The change in the parameters affecting the self-
pruning of the trees (Chapter 6, Eq. (6.44) d and
X affected the needle and stem mass both in
Hyytiild and Voronez. The effect was quite sim-
ilar at both locations. Slowing the crown base
change allowed the needle mass to reach a higher
level, and the culmination of needle mass occurred
at a later phase. However, the change had hardly
any effect on the total stem mass, as in the previ-
ous case. The main difference between the two
aspects of the heartwood formation was that dur-
ing early stand development the pruning height
change was responsible for most of the heartwood
formation, whereas at later phases the heartwood
formation in branches seemed to dominate. This
is, of course, logical since at later ages the prun-
ing limit attains a more or less constant height
(see Fig. 7.4).

The effect of needle senescence rate on the stand
needle and stem mass was also examined in
Hyytiild and Voronez. At both locations, the ba-
sic run (using the parameter set of Table 7.2) was
compared with one with a 50 % smaller senes-
cence rate in each needle age class. The effect on
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Fig. 7.12. The simulated development of a) needle mass and b) stem mass in Hyytiéld and Voronez assuming
different parameter values for needle senescence rate (m,) (Hyytiild basic run (—g-), Hyytidld 50 % less
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stand needle mass was much smaller than when
changing the parameters affecting heartwood for-
mation (see Fig. 7.12 a) and was clearly bigger in
Voronez than in Hyytidld. The effects on stem
mass however were of the same order of magni-
tude as changes affecting heartwood formation
(see Fig. 7.12 b).

Finally, the sensitivity of the model to the rate
of tree mortality was examined by changing the
value of the parameter describing how big the
needle growth must be compared to senescence
in order that no mortality take place (1,,, Chapter
6, Eq (6.54)). The value was changed from 1.0 to
0.9. This change produced about a 10 % differ-
ence in the final stem biomass in each case.

7.4.4 The Role of Functional and Structural
Parameters in the Simulated Geo-
graphical Variation

The manner in which the geographic variation
was introduced into the analyses was rather sim-
ple, relying on temperature data and structural
measurements performed at a single point in the
time development of the stand. In the Figs 7.13
and 7.14 an attempt is made to identify those
factors causing the differences in simulations
between Voronez in southern Russia and Mud-
dusniemi in Finnish Lapland (see also Fig. 7.1 a
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to f). The simulation runs were repeated at differ-
entlocations when changing only a) the function-
al parameters (P, Fo Fobs T T Fp M, 13, €,
Fig. 7.13 a—f) and b) the structural parameters
(bps QbYb O Y5, O Y s Fig. 7.14 a—f). The func-
tional parameters were those giving the annual
rates of input-output processes (e.g. photosyn-
thetic production, respiration, nutrient uptake)
and the structural parameters describe the con-
nections between different dimensions of the trees
(see Chapter 7.1).

The differences in needle, coarse root and fine
root biomasses decreased, whereas that of the stem
mass increased considerably between the sites
when the functional parameters only were changed
compared with the basic run where all the param-
eters were changed (Figs 7.13 a—f, 7.1 a—f). At the
age of 100 years the stem mass of Hyytiild was
about 50 % of the stem mass of Voronez, whereas
in the basic run the difference was almost nil. The
simulations would thus suggest that considerable
overestimations of stem growth may follow if the
changes in tree structure are not considered.

There were only minor changes between the
Muddusniemi, Hyytiéld and Petrozavodsk simu-
lations for variation in structural parameters be-
tween sites, but those of the Voronez stand dif-
fered considerably (see Fig. 7.14 a—f). The effect
of the north-south change of the structural param-
eters was reflected as an increase of both the nee-
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dle and fine-root masses and especially the coarse-
root mass. On the other hand, the branch and stem
mass decreased considerably. The relative stem
mass change between the simulations after 100
years was of the same order of magnitude as the
change in the structural parameters whereas
change in the coarse-root mass was about three
times that of the change in the value of the param-
eter, which seems rather high. The north to south
variation in structural parameters favours both
foliage growth and faster initial growth of the
stand, but generally decreases wood growth.

7.5 Discussion
Model behaviour

The principal question is how well this approach
could account for the trends observed both within
a stand as a function of time and between stands
growing under very different climatic conditions.
It is particularly interesting to see how well this
simplified approach could explain the relative
geographical differences in Scots pine growth.
From the Hyytiéld simulations it would appear
that the model is able to predict different aspects
of stand growth realistically using a fixed param-
eter set. The development of the different bio-
mass compartments (Ilvessalo 1920, Milkonen
1974, Hakkila 1971, Albrektson 1980, Linder and
Axelsson 1982) the height (Ilvessalo 1920) and
crown development (Hakkila et al. 1972) and the
pattern of carbon allocation to stem (Albrektson
and Valinger 1985, Mohren 1987, Ovington 1957)
all corresponded quite well with observed pat-
terns. Although these observations were not al-
ways from similar conditions as in Hyytiild, they
indicated similar patterns as observed in the geo-
graphical simulations. The model also simulated
the differences between the site fertility classes
(Ilvessalo 1920) consistently with earlier results
with similar approach (Mikeld 1988) after mod-
ifying only the root function efficiency. However,
the most interesting outcome was that the model
was able to describe the standing stock and dom-
inant height development for southern Finland and
Lapland when only the structural parameters were
varied according to the measurements (see Chap-

ter 5) along with modifying the functional param-
eters by the relative growing season length (see
also Nikinmaa 1992, Ilvessalo 1920, 1970). This
is quite a strong test of the model structure.

The model was able to predict qualitative trends
observed in Scots pine stand growth in more fa-
vourable conditions when compared with Finn-
ish conditions (Ilvessalo 1920, Decourt 1965,
Kasimirov et al. 1984), but it did somewhat un-
derestimate these differences. It is clear that if no
changes in structural parameter values were made,
considerable overestimations would have fol-
lowed. However, it seems that considering sim-
ply increase in growing season length is not ade-
quate to describe the differences in the produc-
tion conditions further south. Other aspects such
as water availability effects on photosynthetic
production and differences in light climate and its
interaction with stand structure should also be con-
sidered when the parameter values are derived for
those locations (see Berninger (in print)).

An essential component in this model is the
derivation of the growth of different organs from
the principle of functional balance. As regards
wood structure, the function relative to leaves is
assumed to be determined explicitly by the rela-
tionship between needle mass and wood cross-
sectional area. It is therefore not surprising that
the large differences observed in these relation-
ships between southern and northern sites cause
very large differences in simulation runs. The high-
er needle mass per unit area of wood in the south
not only caused a more rapid initial growth of the
stand but also much reduced stem growth over
the simulated time period of 100 years. However,
taking no structural changes into account, the sim-
ulated stem mass was almost double the value
simulated when structural changes were consid-
ered.

The measurements showed that more coarse
roots were required in Voronez than Petrozavodsk
for the same amount of foliage (see Chapter 5).
This result, when introduced into the parameter
values, made the model very sensitive to the fac-
tors affecting coarse root growth. It can be seen
for example in the high allocation of carbohy-
drates to coarse roots in Voronez. This might re-
flect real-world behaviour, but at the same time it
must be noted that the coarse-root wood conver-
sion from sapwood into heartwood was also mod-
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elled with only a little information about the real-
world phenomena. This sub-model had a big in-
fluence on the results, especially for Voronez. For
example, by doubling the maximum age of the
coarse roots, one obtained about 30 % more final
stemwood mass and the allocation to coarse roots
at the late phases of simulations dropped to about
two-thirds of the values presented here. Consid-
ering this modification the final stemwood mass
was much closer to the growth and yield table
value reported by Kazimirov et al. (1984).

The model follows the outline presented by
Miikels (1988, 1990a) in many respects. The main
differences lie in the more detailed treatment of
the nutrient balance of trees and more dynamic
treatment of the height and pruning height devel-
opment. Our simulation results showed that these
changes do not qualitatively vary the behaviour
of the model very much from the results published
by Mikeld (e.g. 1990a). However, considering the
internal circulation of nutrients in trees brings new
insights to the role of various nutrient sources on
the tree growth. On the other hand, when the height
and crown base height development are treated
separately, new dynamics are introduced into the
stem growth. This also applies to heartwood for-
mation through the connections which the latter
is assumed to have with the crown base.

Improvements to the Approach

The model produces qualitatively realistic re-
sults, but to produce quantitatively accurate and
localized results we need to pay more attention to
improving both the description of the input-out-
put processes and the description of stand struc-
ture.

The estimation of annual photosynthetic pro-
duction was done simply by assuming that it is
directly proportional to growing season length.
The empirical observations from Hyytidld were
corrected by the relative growing season length.
It was surprising that this method could produce
such good growth estimates. A more analytical
method would be to calculate annual unshaded
photosynthetic production from short-term step
data with more detailed models such as those dis-
cussed by Hari et al. (1991). One could calculate
the photosynthetic production and water transpi-
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ration assuming different foliage biomasses for
soils with different water retention capacities un-
der different climatic conditions and use this val-
ue as a function of the total foliage mass for the
annual photosynthetic production under unshad-
ed conditions (Berninger, in print).

At present the model uses an empirically de-
rived relationship between photosynthetic produc-
tion and light climate described as a function of
the total needle biomass of the stand above the
point of reference (Kellomiki et al. 1980). The
light response of photosynthesis is thus also in-
cluded in the model (see Chapter 6.3). In more
southerly conditions the interaction curve should
not be so convex as it was for Hyytidld. This is
caused both by the higher sun angles and higher
incident radiation in the south (Oker-Blom et al.
1989, Kuuluvainen 1992). For the same reasons
the homogeneous assumption is less well justi-
fied in the south than in the north (Chapter 4). The
homogeneity assumption about the canopy might
produce overestimates of tree photoproduction
especially in the early phases of the stand devel-
opment, when the canopy has not closed. This
would show as too rapid initial growth (Mikeld
1990b). Higher sun angles in the south would then
cause more rapid growth initially with this ap-
proach.

The height growth is based on the evidence that
open-grown trees might have close to a constant
ratio between height and diameter measured at
relative height (Ek 1971, Lukkarinen 1993) and
that trees in a dominated position show a faster
length growth proportionally to photoproduction
than the dominant trees (Kellomiki and Kanni-
nen 1980). However, the mechanism of this den-
sity effect is poorly known. Deriving length growth
from the functional principles is more difficult
than the diameter growth since it is also related to
the uptake of substances by defining the spatial
distribution of the uptaking organs. Until the
mechanisms are known, various optimization so-
lutions and game theory may give some insight
into the problem. Such theoretical work could
provide simple “black box™ models, such as used
here, derived as alternatives to purely empirical
models (Mikeld 1986, King 1990, Mikeld and
Sievinen 1992).

The simulations produced comparable stand-
ing stock values with the growth and yield tables
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Just by changing the root function efficiency pa-
rameter. However, not too much attention should
be paid to the absolute values of this parameter.
Changes in the values of other parameters which
produce the described range of the standing stocks
may affect the range of values of this parameter
(seee.g. Eq.(6.34), Chapter 6.6). The simulations
demonstrated that the model is quite sensitive with
respect to this parameter at the range of parameter
values that produce realistic stand growth. At the
moment there is still no reliable information avail-
able on the carbon cost of the nutrient uptake in
the roots and how the soil conditions affect this
value. The values used here were rough estimates
from the work by Milkonen (1974).

It has been demonstrated that the nutrient con-
centration in needles may increase as the nutrient
availability improves, contrary to the assumption
of the constant nutrient concentrations in tissues
of different types used in the model (Ingestad and
Lund 1986). If this was included, the changes in
the fine-root biomass with changes in the root
function parameter would be smaller. This would
correspond better to the observation of the fertili-
zation experiment of the SWECON project
(Linder 1987). Presently it is assumed that the
nutrient effects are mainly due to nitrogen. In re-
ality, complex interactions exist between differ-
ent nutrients which affect for example the nutri-
ent uptake rate (Fitter 1987). Neither does the
model presently deal with the possibly very dif-
ferent effect that various nutrients may have on
growth.

Presently, the model treats the below ground
environment with one parameter that remains
constant. However, it is obvious that such con-
stancy is not realistic. The decomposition dynam-
ics of dead organic material produce variable
amounts of nutrients for the use of trees over the
rotation period of stand (Hari and Nissinen, un-
published results). Empirical observations have
shown that at late phases of stand development
the proportion of fine roots from the total mass
start to increase (Vanninen et al. 1996). Model
should be able to account for this type of dynam-
ics once the soil processes are linked with the
growth model adequately.

Probably the poorest representation in the model
is that of senescence of tree parts and the mortal-
ity of whole trees. Equations (6.28-30) in Chap-

ter 6.6 demonstrate that senescence has an impor-
tant role in growth. High foliage turnover tends to
increase foliage growth and to decrease that of
other parts, while high turnover of woody com-
ponents has the opposite effect.

There is experimental evidence that crown base
dynamics are related to heartwood formation (see
Chapter 5, Kaipiainen and Hari 1985), but more
work is needed to reveal the underlying mecha-
nisms and controlling factors before generaliza-
tions can be made. The sensitivity analyses per-
formed on the model demonstrated that processes
bringing about senescence, particularly of the
woody compartments, and their rates have a clear
effect on the outcome of the simulations.

Interesting Research Topics Suggested by
the Model Simulations

The qualitative behaviour of the model is in rea-
sonable agreement with the observed patterns.
This gives reason to put forward some observa-
tions on the model behaviour as interesting re-
search problems.

Both the internal circulation of the nutrients and
that of structure, in one sense, ie. water transport
capacity released by the dying needles to be re-
used by the new needles, seem to have a powerful
influence on carbon distribution. Allocation and
its dynamics would thus be very much size de-
pendent. This would need to be taken into account,
for example when the performance of different
provenances in stem wood production is com-
pared. The environmental conditions in the test
fields bringing about marked size differences
might completely hide the provenance effect on
allocation.

From pipe model theory it follows directly that
increased needle mortality as such has rather a
small effect on the carbon balance of big trees, if
itis not associated with heartwood formation. For
example, the higher needle turnover in the south
implied a smaller allocation to stem. If dying nee-
dlesrelease the transport structure which supplied
them for reuse by new needles, the actual com-
pensation of the increased needle senescence
would be only the growth of new needles (see
Egs. (6.28-30), (6.34), Chapter 6. 6). However, if
needle senescence also implies faster heartwood
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formation, as is the case in our model if the nee-
dles die in the lower parts of the canopy, then
there would have to be considerable formation of
new transport capacity in addition to the new nee-
dles to maintain the balance between transport
capacity and foliage biomass. Since the pruning
height of trees is strongly dependent on the total
needle mass of the stand, the faster initial devel-
opment of stands in the south causes arather large
conversion of sapwood to heartwood. This is re-
flected among other things as a high peak in car-
bon allocation to stem in the early phase of stand
development in Voronez. The above dynamics
clearly demonstrate the need to understand the
processes bringing out the heartwood formation
better.

7.6 Conclusions

The model of the growth and development of
Scots pine stands discussed here shows promis-
ing flexibility in predicting the performance of
pine stands in a variety of conditions. As Mikeli
(1988) concluded, a number of silviculturally
important aspects can be accounted for with this
basic set of assumptions. A first attempt to use the
approach to derive the geographic differences
was made here and in earlier work presented by
Nikinmaa (1992). The results from both southern
and northern Finland were promising but greater
changes in the environment caused underestima-
tion of the growth. The very simplistic way of
calculating the in- and outflows at different loca-
tions could cause the problems in simulating the
growth of the southern stands. Conversion of
sapwood to heartwood, especially in the coarse
roots was another factor that could have caused
the deviations of simulated values from the yield
table data.

Great emphasis has traditionally been paid to
quantifying the actual carbon inflows and outflows
in photosynthetic and respiratory reactions. How-
ever, as the results of this study show, consider-
able changes in the allocation patterns may take
place, which have marked influence on the simu-
lation outcome as well. It could be that input /
output models operating at rather an aggregated
level would be accurate enough to match the un-
certainty involved in carbon allocation.
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The generality of the structural variation needs
still to be confirmed. Similar results have been
obtained by Berninger and Nikinmaa (1995) and
Berninger et al. (1995) from a larger data set in
which the locations of this study formed one part.
While all of these studies are still based on rather
limited data sets, the large differences in the actual
dimensions, if persistent, would produce the kind
of differences simulated. Thus relating the various
parts of trees quantitatively so that functionally
reasonable dimensions are matched offers an op-
portunity to analyse not only the acclimatization /
adaptation of plants to their environment but also
the implications these have for growth.

To be able to extend these analyses would nat-
urally require information on the structural accli-
matization in different environmental conditions
and the limits set by such adaptation. To derive
functionally reasonable dimensions may be diffi-
cult since multiple factors such as hydraulic con-
ductivity, hydraulic safety, mechanical support
seem to be involved and in different conditions
their importance might change (see Chapter 5).
On the other hand, to be able to describe a “rea-
sonable” structure does not guarantee that cambi-
al growth would be able to produce such an out-
come in different conditions. Despite of these dif-
ficulties, it seems that this route offers an oppor-
tunity to evaluate the significance of structural
acclimatization on tree growth and functioning.
The results show that the approach that we de-
scribed in Chapter 6 and used in this chapter to
predict stand growth gives us new tools to predict
stand growth in a variety of conditions and under
a variety of management regimes.
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Appendix 7.1 The parameter lists of model with values for Hyytizli.
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Waring, R.H. ed., Carbon uptake and allocation in Trees 10: 231-238. = o - Te sCpClsten 0.25 Mohren(1987)/Haq el 1962)

g, R. 5 p . o . Maintenance respiration, needle Vi kgC/kgC(str.)/a  0.14 Mohren(1987)/Hari et al. (1982)
subalpine ecosystems as a key to management. Waring, R.H. 1987. Characteristics of trees predis- Maintenance respiration, branch Tai kgC/kgC(str.)/a  0.02 Schiifer et al. (1990)/Mohren (1987)
Forest research laboratory, Corvallis, Oregon. p. posed to die. BioScience 37(8): 569-574. Maintenance respiration, stem T kgC/kgC(str.)/a  0.02 Schifer et al. (1990)/Mohren (1987)
38-42. ‘ Maintenance respiration, coarse roots T kgC/kgCfstr.)/a  0.02 Schifer et al. (1990)/Mohren (1987)

Lukkarinen, E. 1993. Minnyn pituus- ja paksuuskas- ‘ ?ﬁ&i"::;;;fszﬁﬁfr; fine roots Tinf tggigdas"')/ a 8‘5‘8 i?hjfe’ ;‘ :}'; (1199”/;\;[;;’6“ (1987)
. . . 2 atter m ; inder elsson
vun suhde. (The relatlonsh}p bf’«lwéen. height and Nitrogen content of needles 7, kiN/kidm 0.011 Miilkonen (1974) S
thickness growth of Scots pine, in Finnish). Master Nitrogen content of branches A kgN/kgdm 0.004 Milkonen (1974)
of Science thesis. Department of Forest Mensura- | Nitrogen content of stem m, kgN/kgdm 0.0007  Milkonen (1974)
tion and Management, University of Helsinki. Nitrogen content of trans. roots T, kgN/kgdm 0.0013 Milkonen (1974)
Mikeli, A. 1986. Implications of the pipe model theory ‘ Nitrogen content of fine roots i kgN/kgdm 0.004 Miilkonen (1974)
on dry matter partitioning and height growth of ll:llytlrricm up;ake Per f;ne—root mass per year e* kgN/kgdm 03)06—0.02 Miilkonen (1974)
. ] il itrogen relocation % u, 7 Helmisaari (1990)
iy Jou:;[ 01f T?e?r. Blol.dlj i 1103 rI::I:)t An eco- Thrésho]d fine-root density D, kg/m? 0.1 Estimated from Persson (1980)
— 1988. Models of pine stan i Nutrient uptake “extinction” coefficient k, 1/kg 0.
physiological systems analysis. University of Hel- Branch mass / unit length/ needlemass oy m 0.89 Hari et al. (1985), Kirkkiinen (1985).
sinki, Department of Silviculture, Research Notes Stem mass / unit length / needle mass oY m' 0.78 Hari et al. (1985), Kiirkkiinen (1985),
62.267 p. Transport root mass / unit length / needle mass oy, m' 0.45 Hari et al. (1985), Ilvesniemi (pers.com.)
— 1990a. Structural-functional relationships in whole Diameter height ratio of open grown trees B - 25 Sievinen (pers. com.)
tree growth: resource allocation. In: Dixon, R.K., [[:igﬂ‘ gradient m“l‘i?t{ief s " 5 _/k 250 Estimated from volume tables
ight extinction coefficient in biomass bases 1/kg 0.0002 Stenberg (pers.com.)
Meldahl, R.S., Buark, G.A. & Warren, W.G. (eds). Diameter / length ratio, branches B - 100 Author’g; sflfdies (limited sample)
Process modeling of forest growth responses to Branches per whorl B.. B 4 This study
environmental stress. Timber Press, Portland, Ore- Lower limit of conical part of crown T = 0.4 Author’s studies (limited sample)
gon. p. 81-95. Ratio between foliage average mass density in
— 1990b. Adaptation of light computations to stand the canopy and in the shade canopy Xir 2 Estimation
growth models. Silva Carelica 15: 221-239. Photosynthetic production requirement at the crown
base relative to that on average in the crown 6 - 2 Estimated from Nikinmaa and

— & Sievinen, R. (1992). Height growth strategies in

open grown trees.Journal of Theoretical Biology Hari (1990)

Needle density on the average in the crown/

159: 443-467. that at crown base Xar 0.5 Estimated, Ilonen (1981)
Miilkonen, E. 1974. Annual primary production and Needle mass mortality proportion by age classes:

nutrient cycle in some Scots pine stands. Commu- 1 nl 0.05 Estimated from field data

nicationes Instituti Forestalis Fenniae 84(5). 2 n2 0.2 Estimated from field data
Mohren, G.M.J. 1987. Simulation of forest growth, 3 n3 0.4 Est%mated from field data

applied to Douglas fir stands in the Netherlands. : i L n4 1.0 Estimated from field data

i roportion of needle senescence associated

Pudoc, Wageningen, 184 p. with heartwood formation in branches m, 0.1 Estimation
Nikinmaa, E. 1992 Analyses of the growth of Scots Maximum age of coarse roots d., 150 Estimation

pine; matching structure with function. Acta Fore- Average age of coarse roots when 50 % of needle

stalia Fennica 235. 68 p. senescence is associated with heartwood
Oker-Blom, P., Pukkala, T. & Kuuluvainen, T. 1989. formation in coarse roots 0 135 Estimation

The relationship between radiation interception Initial proportion of needle senescence associated

and photosynthesis in forest canopies: effect of S i hcanW(_)(fd fomm_uon IICQASESOOLS e " e e 1

i R enescence of fine roots ny 1.0 Model assumption, see text,

stand structure and latitude. Ecol. Modelling. estiitation, Persson:(1980}
Ovington, J. 1957. Dry matter production by Pinus Tree mortality threshold parameter b 1.0 Estimation

sylvestris. Ann. Bot. 21: 287-314. Tree mortality rate parameter m, 1.0 Estimation

Sievinen, R. 1992. Construction and identification of
models for tree and stand growth. Doctor of Tech-
nology thesis. Helsinki University of Technology.
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Needle area distribution parameters

P4

1.0

Hari et al. (1982)
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8 Concluding Remarks

Pertti Hari, Leo Kaipiainen,
Paavo Pelkonen and Juhan Ross

Wood production has received the main attention
in the studies of forests ecosystems. This is natu-
ral since wood is and has been a very valuable raw
material for many purposes. Immediately with
economic value enters the will to manage the
resource. Management requires fairly detailed
knowledge of the production process. Standing
volume and annual yield have been relatively
easily measurable quantities and have thus re-
ceived a major attention in the analysis of forests
functions. In fact, forest mensuration is planned
to serve these characteristics from forests. There
are empirical relationships between the dimen-
sions of trees and growth. Regression models can
be constructed using these observations. This
kind of empirical modelling has dominated growth
and yield studies during last decades.

The most demanding use of models, ie. analy-
sis of the effects of treatments on growth of stands,
requires models which are constructed using real
causal relationships between the growth and the
properties of the stand. This kind of causal anal-
ysis is missing in the empirical growth and yield
models. This has resulted in quite douptfull ap-
plications when empirical models have been used
outside their methodological limitations. The rea-
son for this undesirable fact is that the biological
research has been unable to provide the necessary
knowledge for the basis of models. Traditionally
the approach in the ecological research has con-
centrated on finding out the “players” of the eco-
systems and not so much the “rules of the game”.

Quantitative methods have increasingly been
applied in field studies since late sixties and clear
quantitative regularities have been detected. This
has changed the situation and quantitative infor-
mation is available for analysis and modelling of
growth and development of stands.

Our methodological aim was to utilize the com-
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mon structural and metabolic features of all Scots
pine stands. Thus key phenomena had to be se-
lected and field methods applicable in rather prim-
itive field conditions had to be developed. The
selection of simple set of key variables and proc-
esses enabled collection of coherent data sets that
cover the hole growing area of the tree species
under study.

The work concentrated on above ground tree
parts and carbon balance. There were double fold
reasons for this division. First of all, a coherent
treatment of soil properties and plant growth in
natural environments is still to be developed. The
kind of experimentation and field work involved
in those activities were clearly out of the financial
and human resources of this project. On the other
hand, we also wanted to study how well fairly
detailed analyses of above ground structure and
main tree functions could be used to describe the
site conditions.

Structural and physiological analyses alone do
not allow us to predict growth. We need to have
means of connecting different things together. The
development of systems analyses after the sec-
ond world war has brought us new tools to con-
nect material flows of entire plants. However, it
has been only with the development of comput-
ing capacities that these methods have become
feasible and rather simple to use for ecological
applications as well. This may be one of the main
reasons for the rather limited use of causal mod-
els in tree and stand growth studies.

As a part of our work we developed a simple
process-based stand growth model that could be
parametrized for different locations where Scots
pines grow naturally. The model development was
backed up by simultaneous experimental work in
which some of the ideas behind the model were
tested. Also new improvements to the concepts

Hari, P., Ross, J. & Mecke, M. (eds.)

Production Process of Scots Pine ...

were made that were not yet considered in the
present version of the model. However, they al-
lowed us to estimate the effect of these findings
on the simulation results.

Experimentally the main results were the de-
velopment of photosynthesis field measurement
system that improved the reliability of the results
and thus facilitated better analyses of the relation-
ship between environmental variables and growth.
The annual cycle studies described a methodolo-
gy to study the outcome of a regulation system
that uses different environmental signals and how
successful such systems would be in different cli-
mates. The mathematical treatment of light cli-
mate as a function of shading foliage gave us new
tools to incorporate the community level influ-
ences on individual tree performance. The struc-
tural analysis of Scots pine showed both interest-
ing connections between water conducting path-
ways and tree structure and geographical varia-
tion in the cross-sectional areas at different parts
of the water conducting pathway. Also foliage
mass—wood cross-sectional area relation increased
in north to south gradient.

The model development was based on the fol-
lowing building blocks: i) carbon balance, ie.
photosynthetic products are used for growth and
maintenance, ii) nutrient balance, ie. nutrients are
taken according the metabolic needs, iii) structur-
al regularities determine the allocation of carbon
to different compartments. and iiii) the interac-
tions between trees are conveyd by extinction of
light within canopy and reduction of nutrients in
the soil. These corner stones of the model are rather
easy to accept since they seem to correspond the
functions of trees.

As process based models should describe real-
istically the growth and development of a stand,
the first phase of testing is to study how well the
model is able to reproduce various features of stand
growth. The qualitative behaviour of the model is
rather satisfactory. The closure of the stand, the
patterns of height, diameter and volume growth
are as expected and the dying of trees seems to be
reasonable, the changes in north south direction
are according expectations, etc. Only after we are
satisfied with the qualitative behaviour of the
model it makes sense to study its quantitative
goodness. The quantitative behaviour is still lim-
ited to some extend. The lack of test stands which

has been monitored for the whole rotation period
is one major problem in the improvement of the
model. This is why the quantitative judgement of
the performance of the model is problematic. On
the other hand, itis evident that the model is based
on rather limited experimental data.

The requirement of unbiased estimates of stand
development is often proposed for the models
describing stand growth and development in ro-
tation time scale. It is clear, that we cannot prove
that our model is able to give unbiased estimates
of growth during rotation time. This fact has been
considered to be a severe shortcoming. The re-
quirement of unbiased estimates for rotation time
models is, however, unrealistic and shows mis-
understanding of the content of unbiased esti-
mates. Thus we do not consider this as relevant
argumentation.

However, in the context of this work the ability
to utilize the same model for different geograph-
ical regions was important. The models could be
parametrized with fairly simple field measure-
ments and readily available climate data. Even if
the results were not perfect in these preliminary
studies, they showed together with the results from
the experimental work that our approach can be
applied when utilizing process-based models for
geographical analyses of growth.

Our co-operation is the first attemt to utilize the
common functional and structural basis and their
geographical variation in the analysis of growth
and development of Scots pine stands. Our field
measurements are limited and also some of the
solutions of the technical details in the construc-
tion of the model should be carefully analysed
and better solutions should be found. Despite these
shortcomings, we are convinsed that the present
approach is very promising. It enables utilization
of structural and functional knowledge, gained in
places of intensive research, in the analysis of
growth and development of any stand. This opens
new possibilities for growth research and also for
applications in forestry practice.
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