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Abstract — Black alder Alnus glutinosd.. (Gaertn.)) is a light-demanding, fast growing tree species, widespread but always restrict-

ed to wet habitats. Because no sun and shade leaves can be distinguished within the alder crown, the question arisesevhether th
specific photosynthetic characteristics may contribute to alder's low competitiveness. A functional-structural tree growth mode
(“ALMIS"), based on an object oriented approach, was developed and parameterized using data from extensive investigations of an
alder forest in Northern Germany. The basic model structure is described, especially focusing on carbon dynamics. ALMIS was use
to study the effects of light acclimation of single leaves on whole plant growth and competition. Different photosyntketiergype
simulated to grow either in isolation or in competition which each other. When grown in isolation over an extended pedeld, a mo
tree with exclusively shade leaves accumulated less total biomass than one with exclusively sun leaves, but a treeawitly tbe cap
acclimate the leaves to the low light conditions in the inner crown grew the most. Inter-tree competition enhanced the aflvantag
leaf acclimation for whole plant growth.

functional-structural growth model / photosynthesis / acclimation / shade leave®\Inus glutinosa

Résumé — Effets de I'adaptation des feuilles a la lumiére sur la croissance globale de I'arbre et la compétition — une applica-

tion du modele de croissance ALMISL'Aulne noir (Alnus glutinosa.. (Gaertn.)) est une espece a croissance rapide exigeante en
lumiere. Elle est répandue, mais toujours localisée aux habitats humides. Comme il n’est pas possible de différencarapeies la ¢

les feuilles d’'ombre de celles de lumiére, la question se pose de savoir si ses caractéristiques photosynthétiques rifeueat cont

la faible compétitivité de I'Aulne. Un modele de croissance a fonction structurelle (ALMIS), basé sur I'approche orien@étgbjet
développé et paramétrisé a partir des données résultant d’'une investigation extensive dans une forét d'aulne dans le Nord de
I'Allemagne. La structure du modéle de base est décrite, spécialement pour la partie dynamique du carbone. ALMIS paé utilisé
étudier les effets de I'adaptation des feuilles a la lumiére sur la croissance globale et la compétition. Différentes pbiotitymn-

thétiques ont été simulées pour la croissance, soit en condition isolée, soit en condition de compétition entre elleasianiale
croissance en condition isolée pour une longue période, le modéle d’arbre avec uniguement des feuilles d’'ombre accuneule moins d
biomasse totale que ceux avec uniquement des feuilles de lumiére. Mais un arbre qui aurait la capacité d’adaptatiofiete ses feui
aux conditions de lumiere au sein de sa canopée aurait une meilleure croissance. La compétition entre arbre améliayedefeavanta
I'adaptation des feuilles vis-a-vis de la croissance globale de la plante.

modele de croissance a fonction structurelle / photosynthése / adaptation / feuilles d’'ombAdrius glutinosa
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1. INTRODUCTION For large and long-lived species such as trees, the
long-term effects of acclimation phenomena on whole

Acclimation, as a phenotypic response to different Plant growth cannot easily be investigated experimental-
combinations of environmental factors, is a well known ly.- Simulation models provide a useful tool to describe
phenomenon in plant (eco)physiology [29]. Structural and study_ suqh effect_s. Previous stuc_hes dealing with
and physiological acclimation to the prevailing climatic Plant acclimation to different light environments have

conditions enhances the productivity of plant speciesfocused on leaf photosynthetic responses [e.g. 19, 30].
within their own environment. The ability of plants to However, the long-term implications for tree growth and

acclimate contributes to their competitiveness undercompetition have received less attention. Over the last

varying conditions, but their capacity to do so varies few years, “functional-structural tree growth” models
among different species. have been developed which attempt to link tree physiolo-

. . gy and architecture within an ecophysiological frame-

In a tree crown, single leaves are exposed to spatiallyork [11, 20, 25, 40]. Recently, 3-D-models incorporat-
varying microclimatic conditions, most evident in the jhg physiological features have been specifically
variation of irradiance due to mutual shading. designed to relate competition to structural features [27,
Accordingly, many tree species, like other plant types, 321 "However, to my knowledge, such modelling
exhibit spatially varying acclimation of leaves within the approaches have not yet been used to study the integrat-
crown. Sun and shade leaves are formed, which differ ineq effect of photosynthetic acclimation on whole-tree
anatomical, biochemical, and physiological features [€.9.growth and competition. The objective of the present
4,5, 22, 31]. For example, such differences weregtydy was to address this question.

observed inFagus sylvaticaQuercus roburand Acer . -
saccharum[8, 13, 38]. For trees of a given leaf area, Clearly, shade-adapted photosynthetic characteristics

shade acclimation has been shown to enhance carbot?ad to an increased carbon gain of the shaded leaves,
gain of the whole plant [2, 7, 35]. ut the interesting issue is that this additionally gained

carbon can be used to build more biomass and more car-
For black alderAlnus glutinosgL.) Gaertn.) howev-  hon gaining leaves. On the other hand, it has to be con-
er, we found from intensive field investigations that the sidered, that an increased number of leaves leads to
leaves in different positions of the crown rarely show increased mutual shading. Thus, the effect of light accli-
any acclimation of leaf physiological properties dealing mation of single leaves on whole tree growth is deter-
with carbon assimilation [14, 16]. Photosynthetic leaf mined by the interrelations of the additional carbon gain
properties, such as chlorophyll content and chlorophyll and structural responses. Therefore, our structural-func-
a/b, do not differ significantly within the alder canopy. tional tree growth model (ALMIS), based on an object
CO, exchange and dependence of net photosynthesis oBriented approach, was used to explore the role of sun-
microclimatic conditions were nearly identical for shade acclimation of individual leaves in the growth of
peripheral leaves and those of the inner crown. No “sun”whole trees, either in isolation or in competition. The
and “shade” leaves could be discerned, with respect tostudy adresses the question whether the low competitive-
the maximum assimilation rate or the initial slope of the ness of black alder trees could be attributed to the
photosynthetic light curve. Concerning stomatal conduc-opserved absence of leaf acclimation to shade.
tance however, leaves of the inner crown were slightly
adapted to the prevailing lower PPFD, in that their stom-
atal opening reacted more sensitively to irradiance. 2. MATERIALS AND METHODS

Black alder grows up to a height of about 20—-30 m
and reaches an age of 100-120 years. The species is
widespread in Europe and adjacent regions. However, 2.1 The model ALMIS
within this large range black alder is never the dominat-
ing tree species in the broad-leaved forests at medium 5 ;1 4 Study site and data base
sites, but is restricted to moderate or extremely wet habi-
tats. Black alder is also known to be light demanding and

a representative of early successional forest phase%ased on data from extensive field investigati f
[e.g. 12, 23]. , gations o an
alder forest in the Bornhoeved Lakes Regitable ).
During our investigations, the question arose whetherThe study site of the “Ecosystem Research in the
the absence of photosynthetic acclimation in the alderBornhoeved Lakes Region” is located in Northern
leaves may contribute to this species’ low competitive- Germany (Schleswig-Holstein, 54° 06'N and 10° 15'E,
ness. 29 m NN [26]). The alder forest is about 18 m high and

The model development and parameterization are
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Table I. Empirical basis for the elementary units and the functions of carbon dynamics [14-17, 21] and their mathematical realisation
in ALMIS. Abbreviations are given in the lower panel.

Variables, pools or Measured variables [units] or derived equations

processes [units]
Environment microclimate irradiance PPFD [umol#s-, temperature [°CJAW [mmol mol]
Plant structure foliage distribution leaf area index [dimensionless]
and carbon pools  and foliage density leaf area density? mr3]

dimensions of internodes, length [cm], radius [cm], volumée]jcm

leaves, roots surface area?[pangle from axis [°]

structural dry matter biomass of leaves, branches, stem, root3][g m

(structural pool)

non-structural dry matter assimilate pools f§,gstarch pools [gd]
(assimilate pools, starch pools)

Carbon dynamics

-uptake stomat. conductance [mmol  Gypp=S1+ Delsz W
m2 s dependent om\W ta
—S3* |
stomat. conductance G, =[G — G * [1—exp [ —=—— ||+ G,
dependent on PPFD ! ( e mm) (Ginax— Gimin) Crin
net photosynthesis [umol _ . kx|
m2s7] dependent on PPFD Ar=(Ang—R]* tan h Ar—R *R
4 2, 2
net photosynthesis _ Ax* (_(T_Tmin) + 27 (T=Toin)” ™ (Topt— Trvin) )
dependent on temperature Ar= 4
(Topt_Tmin)
net photosynthesis - G
dependent on stomat. cond. Ag=Ay* tanh(g A
-allocation long-term transport Rrarget = Rrarget™ Porigin * €* Drime)

ROrigin = ROrigin - (POrigin * Cx ATime)
storage of long-term “starch” R, ., = Retarch™ (Passim* €* Drime)
pools |3&55im - RAssim_ (PAssim* Cx ATime)

and mobilisation of long-term R, = Racsim™ (Pstarcn* C* ATimj

starch pools tarch = tarch™ \"starch® Cx Tim
-demand leaf dark respiration [umol

m~2s7] dependent on temp.

respiration of internodes Rassim = Rassim= Psruct* €* Lrime

and roots

growth of leaves, internodes, Rg = Rspuctt Passim®* €* Dtime)
and roots

Ag = dep. of assimilation on stomatal conductanggs light dep. assimilation ratéy, = capacity of net photosynthess; = maximum assimila-
tion rate;A; = temperature dep. assimilation rate; constantA; . = time step of integratioyW = vapour pressure difference between leaf and
ambient air,G = stomatal conductancg,= empirical coefficient (assimilation dep. on stomatal conducta@ej;light dep. stomatal conductance;
G .x = light saturated stomatal conductan@g;, = minimum stomatal conductand8,,, = AW dep. stomatal conductandes irradiance (PPFD);

k = initial slope of the light-photosynthesis curg, ., = pool of assimilates!f;’origirl = origin pool;Pg,, = pool of starchPg, = pool of structural
fixed carbonR = leaf dark respiratiorRR,;,, = changes of assimilate pool by upddsg;;, = changes of origin pool by updat;,, = changes of
starch pool by updat®&., .= changes of structure pool by upda®e;= temperature dep. dark respiration r&e; .= changes of target pool by
update; rl, r2 = empirical coefficients (dark respiratios);, s2, s3 = empirical coefficients (stomatal conductan%’e); temperatureT . = mini-
mum temperature of photosyntheéi;,:ﬁt= optimum temperature of photosynthesis.
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60 years old, and was typified as Almetum glutinosae

[37]. The stand forms a 30 m wide belt on temporarily
water logged histosols developed from decomposed

alder peat [36]. Int

Continuous microclimatic measurements were made s
during the growing seasons at 10 min intervals and at
different levels in the alder canopy. The present model
runs are driven by 30 days’ data collected in summer @ Int
reported from other tree species or on qualitative knowl-
processes occur. In an object oriented approach, the
ALMIS includes an “environment part” and a “plant objects are ensured by a system of mutual references.
reserve pool (“starch”) and the pool of structural dry points. The new objects are the so called “successors” of
on the local supply of assimilates in tHderistemand the newly generated branches maintains orientation and

1992, which for reasons of computation time were
aggregated as mean values over 4 hours. Photosynthes
and light interception in the black alder stand are quanti-
tatively well-known and well represented in the model,
but the parameterization of other processes, such as ca
bon allocation and reserve storage, is based on dati
edge ([21, 33table ).
2.1.2 Basic model structure
The model ALMIS is based on a generic plant model,
developed by Breckling [6, 18]. The program code was
written in the programming language SIMULA, which @
provides a event-scheduling concept and allows the sim-
ulation of quasi-parallel processes [9].
ALMIS describes the processes of tree growth as well
as the development of the structures on which these
model uses a modular representation for each tree. Thi
modules are represented by “objects”, which are
arranged in a hierarchical system. The different objects_. ) _
are all in constant communication via the transfer of Figure 1. The basic structure of the plant part in ALMIS con-
. . - sists of the objectdnternodes(Int), Leaves(Leaf), Meristems
information and materials [1] (M), Roots(Ro), andRoottips(Rt). Interactions between
part” [6, 18]. The model trees, represented by the plant
part figure 1), consist of the objecteleristemsLeaves
Internodes Roots,and Roottips which have topological,
dimensional and physiological properties, that are calcu-dimensional branching structure which is generated
lated each time step for each object. Each object consistgecursively [6]. ViaMeristemsand Roottips,internode
of three pools: the assimilate pool, the non-structuraland root objects generate new branches at their terminal
matter igure 2). The maximum sizes of the pools the parent objects (which then are “predecessors”). The
depend on the variable dimensions of the objectnewly generated branches have particular initial dimen-
(e.g. length, radius, surface area), but the actual pookional and physiological properties and a particular
sizes result from the matter fluxes within the whole branching angle. The number of branches, angles and the
system. initial properties are specified in an input parameter data
The formation of new internodes and roots dependsset' In the above ground architectural structure, one of
Roottips respectively. If the pool of assimilates exceeds thus Prolongs the stem and the main brandigsr¢ 1).
a threshold, new tissues are initiated and transfer of a The environment part is divided into air segments and
proportion of the assimilates pool to them occurs. soil segments, within each of which local microclimatic
Furthermore Internodesand Rootscan initiate new  state variables, such as temperature, air humidity and
Meristemsand Roottipsto simulate branching. In gener- irradiance are given. In the present version of ALMIS,
al, the architecture of the tree is represented by a 3the environment is discretizised into eight steps iand
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y-coordinate (= vertical axis), and into by 12 steps in  2.1.3 Carbon fluxes
z-coordinate (768 cubes).
The present version of the model considers only the
The interactions between the single parts of the envi-carbon dynamics of alder trees. Flows of water and nutri-
ronment and the plant, and between the plant parts thements are not considered. Carbon uptake and flow between
selves, are ensured by a system of mutual referencedh€ plant organs are modelled by the use of various pro-
This system of reference variables is used to manage thgedures, which are used in combinatifigure 2). The
exchange of information and matter fluxes between theProcedures used in ALMIS are briefly desribed in the
different modules. The references from particular plant following and the mathematical realisations of the rela-
objects to their corresponding space segment allowtionships are given itable I
direct access to the respective environmental variables. Leaf photosynthesis depends on the ambient microcli-
Conversely, a plant object can modify the local environ- matic conditions. The model describes the dependence of
mental variables (e.g. by shading). As the growing plantleaf photosynthesis on irradiance, temperature and air
is represented by a developing structure, these referencdsumidity (vapour pressure difference between leaf and
must be continously updated. ambient air AW). Leaf respiration is a function of tem-
perature. Stomatal conductance is a function of irradi-
Carbon dynamics were driven by microclimatic data, @ce andAW. The dependence of net photosynthesis on
which were aggregated over four hours. However, as gsStomatal conductance follow_s a saturation type curve.
consequence of the not yet mutually adjusted parameteri:rhe arrangement of the relationships within the photo-
zation of the different processes, modeled plant growthsynthe5|s model is described elsewhere in more detail
does not reflect real growth. Therefore, time steps arel-°!
considered as relative time steps instead of “hours” or By a long-term transport procedure the gained assimi-
“years”. lates are distributed among the different plant organs.
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According to the branch autonomy concept, the assimi-unchanged alder characeristics; shade kaf; —30%,R

late allocation is modelled at the organ level: at each—30%,k +30%,s +30%). The growth of small trees with
time step, a proportion of the assimilate pool of an objectonly shade or only sun leaves (“shade type” and “sun
is transported up (to the successor) and a different protype”) was compared to that of trees with the capacity to
portion is transported down (to the predecessor).adapt their leaves to the low light conditions in the inner
Assimilation transport follows simple diffusion kinetics; crown (“adaptive type”). Within the crown of the latter

it depends on the sizes of the assimilate pools andype, the gas exchange parameters were switched from
assumes fixed partitioning coefficients. The main com- sun to shade characteristics when the local irradiance
ponents of carbon demand in the present model are reswas less than 50% of the incident irradiance. Model trees
piration, structural growth and storage of non-structural were grown either in isolation or in competition with
dry matter. Respiration rates of the roots and internodeseach other.

depend on_the pools of_ structural dry_m_atter. In st_rU(_:turaI In simulation runs with competing trees, their arrange-
growth, a fixed proportion of the assimilate pool is irre- ent and distance ensured that the crowns of the
versibly shifted to the structural carbon pool. Assimilates growing trees overlapped during development. The
are shifted reversibly between the assimilate pool and thearrangement of the three competing trees formed an
reserve storage pool (starch) by a storage procedure angqyijateral triangel. In order to distinguish between the
a counteracting mobilisation procedure. They are botheffects of mere spatial competition and those of the dif-
depending on the pool sizes and on fixed partitioning ferent leaf types, competition of identical trees was also
coefficients. taken into account.

Incident irradiance is assumed to be normal to the
horizontal. The attenuation of irradiance within the tree
canopy is a function of leaf area: irradiance in each cube 3. RESULTS
is calculated according to the summed total leaf surface
in the cubes above. The parameterization of the Lambert-
Beer’s equation [28] is based on irradiance data mea- 3.1 Individual variation of photosynthetic
sured at various levels in an alder canopy (data not characteristics
shown).

An increase ofA . by 30% resulted in a large
increase in tree biomass (+ 135%), while a decrease of
2.2. Characterisation of different leaf types A by 30% decreased tree biomass by 858blé II).
Increase and decrease of dark respiration by 30% pro-

In the simulations, the growth of trees with different duced the opposite effect, but to a lesser degree (-16 and
photosynthetic leaf types was compared in terms of dif-+9%). Increased efficiency of carbon assimilation under
ferences in total biomass and number of leaves. As mentow light conditions, given by a 30% highk+value,
tioned in the introduction, real alder leaves exhibit nearly resulted in a biomass increase of about 30%. The effects
identical photosynthetic characteristics throughout the of the variation of the initial slope of the photosynthetic
tree canopy. However, to study the integrated effect oflight curve are therefore more pronounced (+28 and
photosynthetic acclimation, in the different simulations
measured alder characteristics and fictitious adaptive lea
photosynthetic characteristics were compared. For the

fictitious leaf phom?Y“th‘?t'C Charaqensucs a capacity to gas exchange characteristics: maximum assimilation rate
adapt to the prlevrﬁlllngnllght cjondltlo"ns, that means the(Amx), respiration of the leave®y), initial slope of the light
capacity to build “sun” and “shade” leaves, was pre- curve ), and light dependent stomatal openispvaried by
sumed. The presumed sun and shade leaves were repr+ 30%. Given is the % increase or % decrease in biomass after
sented by different values of maximum assimilation rate 150 time steps with the 30% change in the gas exchange char-
(Amax)’ leaf resp"'anoan), initial Slope of the photosyn_ acteristics, relative t.O the base case Of sun I.eaVe_S Only
thetic light curve K), and light dependent stomatal open- (= 100%). The calculations are based on diurnal microclimatic

. ’ . courses of a very sunny and warm period during early summer
ing (). In the model, these parameters were increased 01gg,

decreased by +30% or —30%, respectively. The assump '

tion was based on values reported for woody speciesvariation of leaf gas

Table Il. Sensitivity of predicted tree growth to several leaf

exhibiting photosynthetic acclimation to shade (for exchange characteristics: A, Ry k s

example:Fagus sylvaticg38], Corylus avellang39]). 209 135 1 -8 .
: S ; s+ o + - + +

The parameters were varied individually and in combi ~ 30% _ao 49 61 T4

nations representing sun and shade leaves (sun lea
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adaptive type

carbon gain of the first leaf
[relative units]

o

time steps

= * shade type = -~ sun type = adaptive type

150

Figure 3. Three modelled trees, parame-
terised according to different photosyn-
thetic types: sun type (exclusively sun
leaves), shade type (exclusively shade
leaves), adaptive type (sun and shade
leaves distributed within the crown
according to the local light conditions).
A. Modelled trees after 150 time steps.
B. Daily gas exchange of the first
(= most inner) leaves during
development.

—61%) than the effects of the dark respiration. The varia-tive type, however, was predicted to grow even better
tion of the light dependent stomatal opening showedthan the sun typefigure 34. For trees grown in isola-
only small influence (+1 and —4%). The ranking of tion, the leaf numbers of a sun type tree and an adaptive
influence on tree growth was therefore: maximum photo-type tree were higher than those of the shade leaf type,
synthesis rate > initial slope of the photosynthetic light but were of similar magnitude to each other during the
response curve > dark respiration > light dependent confirst 130 time steps of simulatiofiqure 4).

ductance. During tree development, the calculated daily carbon
acquisition of the oldest (= most inner) leaves of the
) o three tree types differed in a typical manrfegure 3B.
3.2 Single trees with different leaf types While the trees were small, no mutual shading occured,
grown in isolation so that the inner leaves of the sun type and the adaptive

type behaved identically. Each of these leaves gained
Modelled tree growth with exclusively shade leaves more carbon than the first leaf of the shade type. At time
was less than that with exclusively sun leaves. The adapstep 48, however, light level within the crowns
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1500 Table Ill. Total leaf numbers of modelled trees, grown either
in islation or in competition with one or two other tree types,
= isolated trees after 130 time steps. The tree types were sun type (exclusively
2 1000 + sun leaves), shade type (exclusively shade leaves) and adaptive
[ type (sun and shade leaves distributed within the crown accord-
2 ing to the local light conditions).
© 1
2 500 total leaf number of a tree
0 ‘ N_,,,../‘/ shade type suntype adaptive type
0 40 80 120 isolated tree
time steps (without competition) 390 1.334 1.349
in competition with a
— shade type 360 1.306 1.360
1500 — sun type 299 1.009 1.114
. — adaptive type 296 986 835
- competing trees ) -
2 1000 + in competition
g with both other types 258 1.038 1.175
c
§ 500 +
0 * ‘ ‘ 3.3 Competition between trees
0 40 80 120 with different leaf types
time steps . . .
Growth differences between trees with different leaf
— shadetype — sun type — adaptive type types grown in isolation were accentuated when the trees

were grown in competition with each othdig@res 4

) ) and 5. When only two different trees were grown
Figure 4. Leaf numbers during development of three modelled together, each type grew best in competition with the
trees, which are parameterised according to different photosyn-, !

thetic types: sun type (exclusively sun leaves), shade typeShade type and showed lowest growth in competition

(exclusively shade leaves), adaptive type (sun and shade leavedith the adaptive typetdble IIl). The results of the dif-

distributed within the crown according to the local light condi- ferent 2-way competitions illustrate that the effect is not

tions). A) single trees grown in isolation B) trees grown in simply due to the fact that the subject tree has a neigh-

competition with each other. bour but depends on the neighbour’s type. While single
trees of the adaptive type, when grown in isolation,
reached 101% of the leaf number of the sun type, com-
petition with both other types increased this advantage to
113%. When all tree types were grown in competition

decreased to less than 50% of the external level. Thewith each other, the leaf numbers of the sun type and

first leaf of the adaptive type then switched its gas adaptive type trees diverged beyond time step 90, in con-

exchange from sun to shade characteristics. Thereaftertrast to growth in isolation where they were of similar

the sun type and the adaptive type grew more leavesnagnitude for timestep <130@igure 4). Competition

than the shade type, so that mutual shading within theirbetween the three types enhanced the advantage of the

crowns increased more than in the crown of the shadeadaptive type.

type. Therefore, the first leaf of the shade type still

assimilated more carbon than the first leaves of either of

the other types. Subsequent differences between the 4. DISCUSSION

carbon gain of the first leaves of the sun type and the

adaptive type reflected the interplay between increasing The model indicated that the ability of single leaves to

total foliage and increasing number of adapted leavesacclimate to the local light conditions enhances whole

After time step 120, respiration played the most impor- tree growth and competitiveness. Previous calculations

tant role in the gas exchange of the inner leaves, so thabased on empirical measurements and process-based,

the carbon loss of the adaptive leaf was identical to thatphysiological layer models have shown @uercus coc-

of the shade leaf. cifera, Qu. alba, Acer rubrumand Eucalyptus globulus
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adaptive type adaptive type
sun type

sun type

Figure 5. Two (left) or three
(right) modelled trees grown
in competition with each
other (after 112 time steps).
The trees are parameterised
according to different photo-
synthetic types: sun type
(exclusively sun leaves),
shade type (exclusively shade
leaves), adaptive type (sun
and shade leaves distributed
within the crown according
to the local light conditions).

\
=%

that physiological light acclimation increases plant car- growth, but rather to focus on the acclimation problem
bon gain [2, 7, 35]. In these modelling approaches, how-and to deliver a base for a more stringent discussion of
ever, calculations of matter fluxes were based on thethe phenomenon. Nevertheless, the model has important
assumption of an invariable structure of the systemlimitations. While the processes dealing with carbon gain
investigated. Because of their size and modular natureare quantitatively well represented, the processes of car-
trees have a large capacity to adjust physiological andoon allocation and carbon demand are only qualitatively
structural attributes within a single genotype. In general,known and represented.

branch autonomy enhances the efficiency of explonatlo.n The model of leaf photosynthesis was validated using
of heterogeneous environments [29, 41]. Phenotypicingependently measured diurmal courses of net photosyn-
plasticity is known to play an important role in plants’ thesjs [15]. Mutual shading within a canopy is a complex
foraging for light” [3]. phenomenon, depending for example on leaf clustering,
Therefore, in order to explore the role of light accli- angle and orientation of the leaves as well as on solar
mation of single leaves on whole-plant growth by model- azimuth and proportion of diffusive irradiance [e.g. 10,
ling it is necessary to go beyond the assumption of24, 34, 42], but these features are mainly neglected in
invariable structure by using object-oriented models ALMIS. The model calculates irradiance attenuation
which reflect the functional modularity of plants. within the crown following a combination of an object
Conventional system dynamic models operate with goriented and a homogeneous approach: the single cubes

fixed structure, where only state-variables and input- have different light regimes, but within one cube all
parameters can change. Their major limitation is the dif-1€aves are treated uniformly. The dependencies of the

ficulty to represent structural changes of the modelled€@lculated irradiance values on leaf area index (LAI)
system during simulation runs, i.e. plant development. Were close to those measured in the canopy of the alder
With functional-structural growth models it is possible to forest [17].

represent a variable, self-organized structure, which For simplificity, the model represents only two types
changes during simulation, according to the proceedingof leaves instead of a gradual transition between sun and
of the individual processes within the single objects. In ashade leaves through the canopy. The leaves switch from
functional-structural tree growth model, plant develop- sun to shade characteristics within one time step, where-
ment is not completely controlled by photosynthesis, butas under natural conditions the adaption of leaves from
it is driven also by independently implemented morpho- high light to low light andvice versaoccurs over 10 to
logical determinations. However, assimilate supply 14 days. Because of these and other more general limita-
modifies the shaping of the modelled tree structure.tions, the present predictions of ALMIS should be inter-
Linking functional processes and structural develop- preted only qualitatively. For example, by ranking differ-
ments makes it possible to study questions concerningent leaf photosynthetic characteristics, ALMIS illustrates
quantitative relationships, which are sensitive to the spe-the potential for studying effects of light acclimation of
cific local environment. The purpose of the present ver-single leaves on whole plant growth. This modelling
sion of ALMIS was not to give a complete picture of tree approach is valuable, because long-term whole tree
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responses are very difficult to measure, and yet the adap- [3] Ballaré C.L., Scopel A.L., Sanchez R.A., Foraging for
tive significance of spatially varying photosynthetic light: photosensory ecology and agricultural implications, Plant
characteristics can only be assessed at the whole plarf¢ell Environ. 20 (1997) 820-825.

level. [4] Bjorkman O., Responses to different quantum flux den-

The capacity to produce shade leaves was shown t§les; in: Lange O.L., Nobel P.S., Osmond C.B., Ziegler H.

have positive implications for the total number of leaves (-9S-): Encyclopedia of Plant Physiology, NS 12A, Springer,
; 7~ Berlin, Heidelberg, New York, 1981, pp. 409-444.

produced and the total biomass of the modelled trees: an (5] Board NK. C i hot thesis of q
adaptive type with the capacity to adapt the leaves to the oardman IN.#., Lomparative pholosyntnesis of sun an
low light conditions in the inner crown was predicted to Shade plants,. Ann. Rev. _Pl"’_‘”_t Physiol. 28 (1977) 355-377.
grow better than tree individuals with exclusively shade  [6] Breckling B., An individual based model for the study
or sun leaves. Moreover, competition with other types of pattern and process in plant ecology: an application of object

enhanced the advantage of the adaptive type for tred"iented programming, EcoSys. 4 (1996) 241-254.
growth. [7] Caldwell M.M., Meister H.-P., Tenhunen J.D.,

. Lange O.L., Canopy structure, light microclimate and leaf gas
Because black alder does not appear to acclimate th%xchange ofQuercus cocciferd.. in a Portuguese macchia:

p_hotosynthetic apparatus _of shaded leaves, the implicameasyrements in different canopy layers and simulations with a
tion of the present results is that the occurence of mutuakanopy model, Trees 1 (1986) 25-41.
shading seriously limits the carbon gain of the adult [8] Cermak J., Solar equivalent leaf area: an efficient bio-

alder canopy. In comparison to other trees producing sun,qtical parameter of individual leaves, trees and stands, Tree
and shade leaves, this limitation certainly contributes toppysjol. 5 (1988) 269-289.

the low competitiveness of black alder in European [9] Dahl 0.J., Myrhaug B., Nygaard K., SIMULA.

forests. ) ) Common base language, Oslo (Norwegian Computing Centre)
Concerning the question of why black alder leaves 1968.

have not developed the ability of acclimation, it is  10] pauzat J., Simulated plants and radiative transfer simu-

important to remember that selection acts on the wholejations, in: Varlet-Grancher C., Bonhomme R., Sinoquet H.

phenotype, not only on single traits. A failure of plastici- (Eds.), Crop structure and light microclimate, INRA, Paris,

ty may reflect not the constraints of unsophisticated 1993, pp. 271-278.

physiology, but rather selection for conservatism, which  [11] peleuze C., Hollinger F., A transport model for tree

in turn may be driven by habitat conditions [43]. ring width, Silva Fenn. 3 (1997) 239-250.

In competition with other tree species, adaptations [12] Ellenberg H., Vegetation Mitteleuropas mit den Alpen,
occuring at other levels of the plants’ organisation may Ulmer Stuttgart, 1996.
(over)compensate for the effects described here. Using [13] Ellsworth D.S., Reich P.B., Canopy structure and verti-
an object-oriented modelling approach, List & KUppers cal patterns of photosynthesis and related leaf traits in a decidu-
[27] demonstrated the importance of the spatial occupa-ous forest, Oecologia 96 (199B59-178.
tion of several woody species of different successional [14] gschenbach C., zur Physiologie und Okologie der
phases for the species’ competitive success. Costs 0§chwarzerle Alnus glutinosk On the physiology and ecology
adaptation and the abscission of leaves and branchesf black alder Alnus glutinosa)Dissertation, University Kiel
with a negative carbon balance may also play a role. Thg1995) 197 pp.
most important factors might be nutrient and water rela-  [15] Eschenbach C., Modellierung der Primarproduktion der
tions, which were ignored here. Schwarzerle Alnus glutinosf Modelling of primary produc-
With these caveats in mind, we conclude that black tion of black alder Alnus glutinosg Ecosys. 4 (1996) 195-
alder trees would be more competitive if they were able 206.
to acclimate the photosynthetic apparatus to low light [16] Eschenbach C., Zur Okophysiologie der

conditions by producing shade leaves. Primé&rproduktion der Schwarzerlélgus glutinosa(lL.)
Gaertn.). On the ecophysiology of primary production of black
alder @lnus glutinosa(L.) Gaertn.), Verh. Ges. Okol. 26
(1996) 89-95.

[17] Eschenbach C., Kappen L., Leaf area index determina-
[1] Acock B., Reddy V.R., Designing an object-oriented tion in an alder forest — A comparison of three methods, J. Exp.
structure for crop models, Ecol. Modell. 94 (1997) 33-45. Bot. 47 (1997) 1457-1462.

[2] Baldocchi D.D., Harley P.C., Scaling carbon dioxide [18] Eschenbach C., Modelling Growth and Development of
and water vapour exchange from leaf to canopy in a deciduousBlack Alder Trees with an Object Oriented Approach,
forest. 1. Model testing and application, Plant Cell Environ. 18 Proceedings of the 24th Conference of the Association of SIM-
(1995) 1157-1173. ULA Users, ASU Newslett. 24 (1998) 75-86.
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