Tree and stand architecture and growth described by formal grammars.

II. Sensitive trees and competition.

Modelování stromové a porostní architektury a r^ffiustu pomocí formálních gramatik.

II. Pro stromy senzitivního typu a konkurence.

Winfried Kurth, Branislav Sloboda Universität Göttingen Institut für forstliche Biometrie und Informatik Büsgenweg 4, D–37077 Göttingen

wkurth@ufobi4.uni-forst.gwdg.de bslobod@ufobi6.uni-forst.gwdg.de

Abstract: Growth grammars (extended Lindenmayer systems) provide a standardized formal basis for models of forest trees and tree stands, concentrating on the development of the 3-dimensional structure. “Sensitivity” of such rule systems means that the application of certain rules for growth, branching or mortality is controlled by functions which evaluate the tree or stand structure simulated in the previous step and its environment. Complete grammars are shown for examples where the evaluation concerns orientation in space, density and shadow. We compare two algorithms for reactions of virtual spruce crowns to shadow.

Keywords: virtual tree, competition, growth reactions, Lindenmayer system, growth grammar, sensitivity, simulation, visualization

Abstrakt: R^ffiustové gramatiky (rozšířené Lindenmeyerovy sytémy) dávají standardizovaný formální základ pro modely lesních strom^ffiu a porost^ffiu, zaměřující se na 3-dimenzionální struktury. “Senzitivnost” pravidelně orientovaných systém^ffiu tkví v tom, že aplikace určitých r^ffiustových pravidel, např. tvoření větví anebo mortalita, je kontrolována funkcemi, které zhodnocují simulovanou strukturu stromu nebo porostu v prědcházejícím kroku a současně jejich okolí. Zde jsou ukázány kompletní gramatiky na příkladech, kde zhodnocení struktury pomocí funkcí zohledňuje její prostorovou orientaci, hustotu a zastínění. Podáváme také srovnání dvou algoritm^ffiu vzhledem k reakci virtuálních smrkových korun na stín.

1. Introduction

The development of the Central-European forests during the next decades will be influenced on the one hand by the increasingly fostered “close-to-nature” forms of silviculture, on the other hand by various unplanned anthropogenous impacts (nutrient depositions, groundwater depletion, possible climate change). The classical yield tables, which were developed from long-term measurements and were tailored to conventional treatment practices, loose their reliability under these circumstances (Pretzsch, 1997). Hence, there is a growing need for a causally oriented understanding of the interrelations of forest trees with their environment. The state of theory formation in tree physiology and in silvicultural growth studies manifests itself — like in other scientific areas — in the models which describe the relations in precise mathematical terms (and today often find their algorithmic realization in the form of computer simulations). Besides the purely empirical-deductive stand models, which are obviously insufficient for causal insights, there are currently two much-discussed directions of development in plant modelling:

• Process-oriented models which quantify and keep track of the amount and dynamics of the pools of carbon, water, nutrients and energy (e.g. McMurtrie, Wolf, 1983; Bossel, Schäfer, 1989; Bossel, 1996; Pfreundt, Sloboda, 1996),

• Structure-oriented models which reproduce 3-dimensional tree and stand architecture and reflect thus the principal role of structure in forestry (cf. the first part of this paper: Kurth, Sloboda, 1999).

These two approaches were established quite independently from each other. However, to obtain progress in understanding tree growth and its control, it is necessary to consider the relations between structures and processes and hence to unify both approaches. In fact, in the last 10 years, a certain convergence in ecosystemic, botanical and forest modelling can be observed.

In this article, we concentrate on the inclusion of some aspects of environmental impact into architectural models of tree growth, specified by grammars (cf. Kurth, Sloboda, 1999). The modelling of tree-internal processes like carbon allocation within the grammar framework is treated elsewhere (Kurth, Sloboda, 1997; Kurth, 1998).

The first architectural plant models were bare of functional aspects and concentrated on the reproduction of the genetically-determined form, enriched with stochastic variation. Niklas (1986) proposed a dependence of the probability of branching on light interception and water supply of the shoot, but in his simulation model these factors were assessed by purely “internal” traits (branching angles) of the constructed tree.

In 1990, Ford et al. (1990; see also Ford and Ford, 1990) included “proper” sensitivity in an integrated model of coniferous branch growth and compared non-sensitive branching rules with rules allowing for an influence of crowding on shoot development. Blaise (1991) reorganized the generic architectural plant model AMAP (cf. Reffye et al., 1995) to include the influence of light availability and branch crowding on shoot growth — an approach which was later combined with a model of carbon allocation and was utilized for simulating competition effects in forest stands (Reffye et al., 1997). An algorithm for modelling mechanical tension or compression effects on growth (formation of reaction wood) was also included there. List (1992) modelled the influence of light and of shoot orientation in space on growth and branching in woody plants (cf. also List et al., 1994; List, Küppers 1998). The conceptual ad-hoc plant model of Takenaka (1994) included light and allocation, that of Chiba et al. (1994a, b) light and hormonal regulation of bud activity. Hauhs et al. (1995) simulated the interception of light (above-ground) and nutrients (below-ground) in an individual-based tree model designed for forest stands, which was part of an ecosystem model. Kellomäki and Strandman (1995) developed a more detailed crown simulation for young Scots pine, including light interception and a model of brightness-intensity of sky segments. Breckling (1996) and Perttunen et al. (1996) devised object-oriented modular plant models with light interception, photosynthesis and carbon allocation. The approach of Breckling (1996) was used by Middelhoff and Breckling (1998) for simulating the growth and competition of root systems and nutrient uptake. Gavrikov and Sekretenko (1996) conducted model experiments concerning competition and grazing with their conceptual light-sensitive tree model; Berezovskaya et al. (1997) included reactions to crowding in their tree crown model. The reliability and efficiency of light interception calculations in virtual plants were considerably improved by Beneš (1996, 1997a, b).

Most of these diverse “sensitive plant models” were developed quite independently, often isolated and in an “ad hoc” manner. Each of the models is normally able to take into account one or — at maximum — two different environmental influences, but not more (exceptions: AMAP and the object-oriented models). Normally, there is no common framework for the treatment of the different influences, and in many cases even the compatibility to nonsensitive, purely empirical models of tree growth and architecture is lacking — a fact which complicates the validation of the sensitive models. The connection to the results of botanists who investigated the reactions of shoot growth to external stimuli (e.g. shade: Kozlowski, 1971; Wilson, Fischer, 1977; Greis, Kellomäki, 1981; Stoll, 1995; Tsel’niker, 1995; Tsel’niker et al., 1996; Kurth, Anzola, 1997; gravity and shoot orientation: Wareing, Nasr, 1958; Longman, Wareing, 1958; Worrall, Little, 1986; contact and mechanical abrasion: Jaffe, 1980; Putz et al., 1984; spectral quality of light: Morgan et al., 1983; Galinski, 1994; Ritchie, 1997) is often missing. We will mention some causes for this lack of interfacing with empirical research in the Discussion section.

The inclusion of reactions to local environmental stimuli into the formalism of Lsystems was realized first by Prusinkiewicz and McFadzean (1992), who modelled collision detection of growing shoots by “post-production filters”, and — independently — by Kurth (1994, 1996) with “globally sensitive functions” which we will explain below. Prusinkiewicz et al. (1994) used “environmentally sensitive L-systems” with so-called “query modules” in the strings to keep track of position and orientation of simulated shoots, an approach which was used for modelling artificially pruned garden plants; see also Prusinkiewicz et al. (1997). The concept was generalized and put in a concurrent-process framework by Mĕch and Prusinkiewicz (1996) under the name “open L-systems”, utilized for simulating growth reactions to crowding, light and “concentration fields”, e.g. of diffusing water in the soil, affecting root development. Kurth and Sloboda (1997) used sensitive L-systems with commands creating and changing local registers for modelling carbon allocation and effects of crown competition on stem shape. Furthermore, the GRO- GRA software provided a possibility to analyse and compare artificial trees and explicitely measured real trees, thus establishing a bridge to empirical morphological investigations of shade or competition effects on tree architecture and growth (Kurth, Lanwert, 1995;

Kurth, Anzola, 1997).

For the rest of this paper, we assume that the reader is familiar with the extended Lsystem formalism (nonsensitive, stochastic growth grammars) which was introduced in the first part (Kurth, Sloboda, 1999). We will present sensitive grammars at an abstract level and then demonstrate their performance by some examples — some at a very simplified and one at a more realistic level of architectural detail.

2. Sensitive growth grammars

Sensitivity of grammars means the possibility to let a rule application (or parameters used on the right-hand side of a rule) depend on local environmental influences (as well as on influences from near or far parts of the generated plant structure itself), which are registered at a position in the plant which corresponds to the symbol which is to be transformed by the rule. This symbol can e.g. stand for a bud which has a certain local environment in which conditions like intensity of light or the presence of mechanicallydisturbing neighbour shoots can control the fate of this bud and hence the application of a rule encoding growth or mortality.

For this purpose, context sensitivity of L-systems like in Prusinkiewicz and Lindenmayer (1990) does not suffice because the signals having impact on the development of a plant do not necessarily come from the immediate context (in the sense of the string encoding) of the plant organ under consideration. Thus, global sensitivity (Kurth, 1994) is required. The key feature of globally sensitive growth grammars in the GROGRA system is that functional parameters (i.e. variables declared as “function”) which depend on the last generated geometrical structure are allowed in the generative rules. Hence, in the scheme depicted in Fig. 4 of Kurth and Sloboda (1999) we have to add an influence from the geometrical structure S_k (representing a plant or a whole stand) on the creation of the string σ_{k+1} in the next time step (and thereby on S_{k+1}), which is indicated by the broken arrows in Fig. 1.

Technically, GROGRA enables sensitivity by saving the internal addresses of the elementary units of the last created structure in the order of the associated turtle commands and thereby establishing a link between the string to which the generative rules are applied and the last structure. The unit in the last structure to which a symbol is associated is always the unit which was created by the last preceding F command. The sensitive functions itself are allowed to acquire informations from the whole structure as well as from the actual elementary unit. They are implemented in the programming language C, compiled along with the GROGRA software (forming a separated program module called LMETHOD.C), and their behaviour depends on the special purpose, as will be illustrated by the examples. In the present version of GROGRA, the different sensitive functions which are available are simply identified by numbers; it is planned to realize a more flexible management of user-defined functions in a future version of the software. The reference to one of the predefined, available sensitive functions (see Kurth, 1994, 1997 for a complete list) is established via its identification number n in the declaration line

\var function name function n a,

where a is the arity (number of arguments) of the function. The head of the corresponding procedural function specification (in C syntax) looks as follows:

float functionn (struct unit ∗s, float arg1, . . . , float arga)

{ . . . /∗ function body with calculations ∗/ } where ∗s is the address where the data of the elementary unit s under consideration are located in the memory, and arg1, . . . are the arguments which can additionally be specified in the grammar when the function is called. The above declaration of function name given, this function call has the form

function name(ex1, . . . , exa)

where ex1, . . . are arithmetical expressions. The elementary unit corresponding to the left-hand side of the rule is taken for s.

Principally, all kinds of information from the (local or global) context of a plant part can be used to exert control in the model on the development of that plant part. We will discuss the grammar implementation of such sensitivity and the resulting behaviour of the model for three types of information which were identified by botanists (see citations in the Introduction above) as important for the morphological development of trees and tree parts: orientation in space, density of plant organs in space, and availability of light. The first three examples presented in the following are not meant to describe “realistic” plant models (in the sense of yielding numerical values on the same scale and directly comparable to field data), but only to demonstrate some fundamental possibilities in a heavily oversimplified manner.

3. Examples

3.1. Sensing orientation

Table 1 shows the grammar specification of a plant growing in a strictly epitonic manner, i.e. buds are only allowed to grow out into lateral shoots if they happen to have an orientation which is nearly vertical and if they are situated on the top side of the supporting shoot (cf. Kurth, 1996). Figure 2 shows the developmental steps 7, 11, 17 and 20 of the resulting output produced by the software GROGRA when fed with this sensitive growth grammar. The start word is “t(0)” here.

The growth of the main axis is governed by the rule in line 7. The terminal bud, symbolized by t, produces in each time step a growth unit (gu), surrounded by a ring of 8 lateral sleeping buds (bd) in basal position, and a new terminal bud t(n + 1). The parameter of t counts the age of the meristem. If this age reaches the value 10, the rule is no longer applicable due to the condition (n < 10), and the axis stops growing. By RH(u) a random rotation around the growth direction is enforced (cf. the declaration of u in line 3), such that the lateral buds are not always directed into exactly the same directions after each time step.

1 \var i index, 2 \var e uniform -5 5, 3 \var u uniform 0 360, 4 \var f function 7 0, 5 \set V 0.7, 6 \axiom t(0) 1–20, 7 (n < 10) t(n) # RH(u) gu(1,10-n) &(8) < [ @0.2 RH(i∗45) RL80 bd(0) ] > RU(e) RV L∗0.9 t(n+1), /∗ terminal growth ∗/ 8 (n > 2 && f < 40) bd(n) # L t(1), /∗ outburst of sleeping bud ∗/ 9 bd(n) # bd(n+1), /∗ further sleeping of bud ∗/ 10 (n < k) gu(n, k) # gu(n+1, k), /∗ ageing of growth unit ∗/ 11 bd(n) ## L∗0.05 Pl4 F, /∗ display of sleeping bud ∗/ 12 (n < 7) gu(n, k) ## Dl(n) F, /∗ display of growth unit ∗/ 13 (n >= 7) gu(n, k) ## Dl(7) F

Table 1: The sensitive growth grammar epiton.ssy.

(See the Appendix of part I of this article for a short overview of the functionality of all used symbols and keywords of the grammar.)

The construction “&(8) < . . . >” stands for a repetition command which iterates the part enclosed in <. . . >, i.e. the lateral bud, 8 times. In each iteration the variable i, declared as “index” in line 1, is automatically augmented by 1, which leads to a symmetrical distribution by the command RH(i ∗ 45) of the lateral buds in the directions 0^ffi, 45^ffi, 90^ffi, . . . , 315^ffi. The branching angle of each lateral bud (and of each branch eventually produced by it) is fixed to 80^ffi by the command RL80. The further rotation command RU(e) in this rule, making use of the random variable e declared in line 2 to vary in the small interval [−5^ffi, 5^ffi], enables small deviations of the growth direction of the axis from the initial vertical direction. Without these deviations, the axis would never hang down, and the lateral buds would never come into the vertical orientation necessary for their outburst.

The geotropic tendency itself (“hanging down”) is caused by the operator RV. Its strength is specified by the \set statement in line 5, but it naturally depends also on the deviation from the vertical which the axis has already obtained: the stronger this deviation, the stronger the effect of RV.

Furthermore, the length of the produced growth units is steadily diminished by the factor 0.9 (command L∗0.9).

The key function introducing sensitivity into this grammar is declared in line 4. The identifying number 7 of this function refers to a routine implemented in GROGRA which calculates the angular deviation of the element associated with the actual symbol (here bd) from the vertical. The function f has no numerical argument (“0” in the declaration). If its return value exceeds 40^ffi, the application of the rule in line 8 is forbidden by the condition “f < 40”. (The further condition, “n > 2”, tells us that a certain phase of resting — at least 2 time steps — must have been passed before a bud can evolve.) If Rule 8 is applied, a terminal bud (t(1)) is the result, which is capable of producing a shoot according to Rule 7 again, with the initial shootlength put to the default start value by the “L” command without arguments. Botanically, this lateral branch is nothing else than a simple case of reiteration.

If Rule 8 is not applicable, the next rule (line 9) will be applied, which has just the effect to increase the age of the sleeping bud. A similar ageing of already created growth units is executed in the first parameter of gu in line 10. This age parameter n controls the thickness of the growth unit in the interpretative rule in line 12 (Dℓ(n)). However, the application of Rule 10 depends also on the second parameter of gu, k, which is decremented along an axis by Rule 7. If n exceeds this threshold k, the growth unit stops its growth in diameter. This prevents distal parts of axes which already have stopped to grow in length from becoming unnaturally thick. A further limit for diameter growth is given by the condition n < 7 of Rule 12, together with Rule 13, fixing a final thickness of 7 length units.

As can be seen from Fig. 2, only a small number of lateral buds (displayed as very short lines specified in line 11) comes into a position which enables the application of the sensitive rule 8, i.e. the creation of a reiterated axis. However, after some further time steps there emerge again reiterations in an epitonic manner from the few new axes, so that a complex of reiterations begins to develop (see right part of Fig. 2). This can often be found in shrubs.

3.2. Sensing density

In an ordinary, non-sensitive L-system, there is no mechanism foreseen to prevent shoots to grow arbitrarily close to each other, or even to grow “into” each other. To exclude such physically unnatural behaviour, some sensitive function is necessary which detects other shoots (or other kinds of obstacles) in the neighbourhood of a plant organ. In GROGRA, the function with identification number 2 fulfills this task. It can be used with a numerical argument which specifies a maximal length of elementary units which are to be considered as “irrelevant” during the search for neighbouring shoots — e.g. to exclude the buds themselves or their components from having influence on their outburst. The return value of the function is the distance to the nearest other elementary unit (having a length greater than the specified argument). The unit under consideration and its mother unit are excluded from the possible set of nearest neighbours in this search. (To be precise, it is the distance to the nearest unit end or unit basis which is returned in the present GROGRA version, but a “true” distance to the cylindrical unit could be calculated equally well.)

Table 2 shows a grammar in which this function is applied to prevent two 2- dimensional tree crowns from growing into each other. The start word is “∗” here. The two trees are initiated (with a 1-step time delay between them) in line 6. The sensitive rule is to be found in line 10. It is only applied — enabling an elongation of the branch initiated by b by one further growth unit — if the distance f(50) to the nearest unit longer than 50 length units is larger than mdist, i.e. if a ball with radius mdist around the shoot tip under consideration is free of “large” shoots. The value of mdist is demanded from the user (line 3) and held in a global register (declared in line 2) during the simulation.

The register variable, once declared, could be referred to by “mdist” in every arithmetical expression and in every rule.

A further condition appears in line 10, involving the variable z declared in line 4 as having the type “zcoordinate”. This demonstrates another kind of sensitivity which will only be briefly mentioned here: z returns the height (z coordinate) of the actual shoot tip in a global Cartesian system. The condition “z > 90” prevents the hanging branches from growing into the soil.

1 \var f function 2 1, 2 \var mdist register 1, 3 \ask I1 minimal distance?, 4 \var z zcoordinate, 5 \set V 0.2, 6 ∗ # P2 D1 [ L120 a0 tbd(8) ] RU90 f450 RU-90 [ L100 a1 tbd(8) ] RU-90 f1250 RU180 P6 F1950, 7 a1 # a0, 8 a0 # i(1.8,0) F [ RU40 L70 b(0) tbd(8) ] [ RU-40 L70 b(0) tbd(8) ] a0, 9 i(s,t) # i(s,t+1), 10 (f(50) > mdist && z > 90) b(t) # i(0.8,0) RV RH(90+t∗180) F [ RU30 tbd(6) ] RH180 b(t+1), 11 i(s,t) ## Dl(1+s∗t), 12 tbd(x) ## P6 D0.5 L(x) RU-90 f∗0.5 RU180 F RU-104.5 F∗2 RU-151 F∗2

Table 2: The sensitive growth grammar densi2d.ssy

The structure generated from the density-dependent grammar densi2d after 15 time steps is shown in Figure 3. The specified minimal distance was 60 here. One has to note that the growth units are not completely prevented from close contact to each other because the distance check is made before they grow.

3.3. Sensing overshadowing

The perhaps most important type of sensitivity is the dependence of shoot growth upon light. Our first approach to this problem will make use of a strongly simplifying concept, the notion of the shadow-relevant cone. It means that for the estimation of the light conditions of a certain shoot, a cone is considered with its axis of symmetry having vertical direction, with a fixed opening angle and with its apex exactly in the shoot tip under consideration. All other shoots or obstacles lying inside or intersecting this cone are considered to have potential influence on the amount of light which is received by the considered shoot, others have not (Figure 4).

Former investigations have yielded some evidence that there is a good relation between the leaf area located in a shadow-relevant cone and the potential photosynthetic productivity at its apex (Pfreundt, Sloboda, 1996), hence the notion of shadow-relevant cone seems to have some justification.

1 \const nmax 5, 2 \const ang 40, 3 \var f1 function 1 1, 4 \var f3 function 3 0, 5 \var le1 uniform 80 120, 6 \var le2 uniform 60 80, 7 \var su uniform 0.7 0.9, 8 \set V −0.2, 9 ∗ # P2 D1 [ f0.001 a(-4) tbd ] RU90 f500 RU−90

[ f0.001 a(0) tbd ] RU−90 f1000 RU90 [ f0.001 a(−8) tbd ] RU−90 f750 RU180 P6 F2500, 10 (k < 0) a(k) # a(k+1), 11 (f1(30)>ang && k >= 0) a(k) # P2 L(le1) seg(1.8, 0, k)

[ @(su) RU70 D1 b tbd ] [ @(su) RU-70 D1 b tbd ] f0.001 a(k+1), 12 (f1(30)>ang) b # P2 seg(0.8,0,-1) L(le2) RV RH90 f0.001 b, 13 (f3 >= 5) seg(s,t,u) # seg(s,t+1,u), 14 (f3 < 5 && u < 0) seg(s,t,u) # %, 15 (f3 < 5 && u = 0) seg(s,t,u) # P15 D(1+s∗t) F∗0.5 RU100 F∗0.5, 16 (t < nmax) seg(s,t,u) ## N(100−(100/nmax)∗t) Dl(1+s∗t) F, 17 (t>= nmax) seg(s,t,u) ## P15 N(0) Dl(1+s∗t) F, 18 tbd ## [ P6 D0.7 L5 RU−90 f∗0.5 RU180 F RU−104.5 F∗2 RU−151 F∗2 ]

Table 3: The sensitive growth grammar light2d.ssy

In the first, 2-dimensional example (Table 3), this concept is further simplified to the degree that the cone has to be completely free from other shoots to allow the bud to develop into a new shoot. This is performed with the help of the sensitive function f1, declared in line 3 and applied in the condition in lines 11 and 12, which returns the maximal opening angle of a vertically-oriented cone (or sector) free of elementary units. The argument of f1 specifies, like in the previous example, a length threshold for shoots to be considered not relevant. The opening angle is defined to be 40^ffi in line 2.

Another sensitive function, f3, comes into action in lines 13, 14 and 15. It measures the surface of leaves supported by a branch. The call of this function could be replaced by a more explicit construction, using the sum operator of the GROGRA syntax (Kurth 1997), but we used f3 as a shortcut to keep things simple here. — The ageing and loss of leaves (lines 1, 16 and 17), together with the appearance of a cut operator (%) in line 14 when the leaf surface on a branch falls under a threshold of 5, causes a self-pruning of overshadowed branches. Furthermore, if a whole tree has lost its leaves, it will fall down, an event which is caused by a transformation of its basic stem segment in line 15.

The growth of 3 trees with different ages is encoded by this grammar (line 9). Branch growth is orthotropic here, which is enabled by the negative value of v (line 8). As there is some randomness in the lengths of growth units and in the positions of branching nodes (lines 5–7), the outcome of the simulation is not deterministic. Figure 5 shows a simulation run where the middle tree dies from overshadowing, but in other runs the middle tree can survive.

The three-dimensional version of the “shadow-relevant cone” function, in the following denoted by f_c, takes the opening angle of the cone as an argument. It returns the sum of the foliage surfaces located in the cone (making no difference between the foliage of the tree under consideration and that of neighbouring trees). The foliage surface is a numerical attribute which can be specified for each elementary unit in the growth rules (by the N command, see Kurth and Sloboda, 1999; Kurth, Früh, 1998).

An objection to this type of calculation could be that in Central-European latitudes the sun does never stand in the zenith, and that light emerging from parts of the sky outside the “shadow-relevant cone” can play an important role. As an alternative to function f_c that takes this objection into account, we implemented another sensitive function f_h, which returns an estimation of the “shadowed part” of the celestial hemisphere seen from the shoot under consideration. This is achieved with the help of a discretization of the hemispere into 46 parts, exhibiting resemblance to the shell of a turtle (Fig. 6).

The function f_h projects each elementary unit to the celestial hemisphere and calculates the number n of regions (i.e. a number between 0 and 46) which are touched by some elementary unit. The return value of f_h is n/46, i.e. a value between 0 and 1 indicating the degree of “sky closure”. Elementary units with and without leaves are treated alike; foliage surfaces do not enter the calculation.

Both sensitive functions, the shadow-relevant cone function f_c and the hemispherecoverage function f_h, were experimentally inserted into a non-sensitive growth grammar which was shown to reproduce the morphology of young spruce crowns in a quantitatively rather realistic manner (Kurth, Früh, 1998). The grammar, which consists of 33 rules, was shortly introduced in the first part of this article (Kurth, Sloboda, 1999) and is documented in full detail by Kurth and Früh (1998).

To keep the changements in the grammar limited, we assumed that the local sensitivity to light is only reflected by the mortality of meristems. In the original (nonsensitive) grammar, a dependence of the death probability of an apical meristem upon the length ℓ of the subtending growth unit was assumed:

p_y(ℓ) = min(1; 1.06 − 0.0105ℓ) (1)

(see Kurth, Früh (1998) for the empirical justification of this relation) — a term which was used as the probability expression for a rule with left-hand side bud(ℓ, . . .) encoding the end of meristematic activity. Now we introduce a second rule, which is deterministic but has in its condition the sensitive function f_x (x = c or h):

(f_x > threshold) bud(ℓ, . . . ) # ,

with an empty left-hand side. (The only further changement in the grammar compared to that in Kurth and Früh (1998) was the replacement of the empirical rules for secondary growth by a rule which ensures the preservation of cross-section area throughout all branching of order ≥ 1. This became necessary since otherwise some shoots with earlydied apex would exhibit an unnatural secondary growth.) We experimented with several thresholds (for f_c and for f_h, in separate grammars), and each time it was necessary to fit the coefficients in relation (1) for the probability expression in the first, stochastic rule

(which remained in the grammar!) to ensure that the resulting tree had overall dimensions (total shoot length, foliage and wood biomass) which were reasonably close to reality. The more frequently the sensitive rule (2) caused the death of a bud, the more the probability in (1) had to be reduced, particularly for long growth units. We can speak of a “tradeoff” between deterministic (sensitive) and random (non-sensitive) mortality, which is due to the self-shading of the tree.

The “crucial” test came when the grammar was modified such that two virtual trees were grown at a distance which enforced an early contact between the crowns. In the case of the cone function f_c, the effect of sensitivity on the appearance of the trees was small and hardly apparent (Fig. 7): In contrast to the simplified example light2d above, the tree crowns grow into each other like in the nonsensitive case. (Of course we could enforce a much stronger competition effect by manipulating the threshold in (2), but the price would be an unrealistically “pruned” tree with low biomass — due to self-shading — in the case of the solitary tree!)

However, in the case of the hemispherical-coverage function f_h, a marked effect of crown interaction can be seen (Fig. 8, 9).

5. Discussion and Conclusions

The last examples, showing sensitive growth grammar-based simulations for spruce, can be criticized for several reasons. First of all, the sample spruce trees from which the nonsensitive grammar rules for the “reference tree” were obtained were not really solitary trees, but grown under “weak” competition (Kurth, Früh, 1998; Kurth, Lanwert, 1995). This could have had a certain distortion as a consequence when we fitted the bud mortality of sensitive solitary trees against the non-sensitive tree under the assumption that only tree-internal self-shading and no shading from outside occurred. But more important is our simplification to make only mortality depend on the external factors. Recent empirical investigations gave instead rise to the supposition that it is shootlength which is to a great extent controlled by the amount of available light, whereas the length-mortality relation and other determinants of the branching structure are either influenced by other factors or show no significant sensitivity at all (Kurth, Anzola, 1997). Thus the sensitive grammar for spruce will have to be modified to a great extent; our example can only be seen as a first attempt.

A reason for the uncertainty connected with this type of model (and also for the neglect of botanical results in foregoing attempts of sensitive tree models) is that quantitative data on reactions at shoot level under field conditions are rare and expensive to obtain. In forest research, the monitoring of height, dbh and crown height is common, but bud fate or the number of internodes per annual shoot are not data which are routinely taken. And even for botanists, there are still gaps of knowledge concerning the reactions to external factors like e.g. light under field conditions: “It is clear that sun-shade acclimation of the photosynthetic apparatus, and of leaf structure and posture, occurs. But we have very limited information on whether branch production or branching angles may also show acclimation to sun-shade differences, or whether the changes that do occur are simple responses to changing growth rates” (Ford, 1992). “The structural growth of the crown system in terms of . . . allocation of growth to the diameter and length of shoots is still poorly known” (Kellomäki, Strandman, 1995). This deficiency in knowledge is even more pronounced when external factors are concerned which are not so easily measurable, like the red : far red ratio of light which seems to have the function of a signal for the presence of non-shading neighbours, detectable by trees of several species (amongst them Douglas fir) and exerting influence on growth, probably mediated by the phytochrome enzymatic system (Ritchie, 1997). Further empirical investigations will certainly be necessary before such interactions can be modelled on a sound basis. This does also apply to the question of possible interferences between several growth-influencing factors (e.g. shadow + crowding). Can their effects on growth, senescence etc., when they were identified in specialized experiments, be simply added together, or do synergistic effects occur? This is not a merely academic question, since it is recognized by botanists that tree shape and function are the results of multiple-goal optimization processes during evolution, not just best-fit solutions to a single functional requirement (Farnsworth, Niklas, 1995). That means, the tree has to maintain a high efficiency of light capture, a low water loss, a secure level of mechanical stability, and a high chance to reach the reproductive phase and to disperse fruit — all simultaneously. Hence it is likely that environmental influences affecting the tree with respect to these requirements can have some combined effects. With a tool like GROGRA, it is at least possible to study several factors in the same simulation framework, even in the same grammar. However, for a first analysis it is necessary to investigate the different factors exerting influence on tree morphology one by one. Due to the various possible interactions of effects, and in view of the great heterogeneity of forest stands, it will probably never be possible to predict the architectural development and growth of a tree in a completely deterministic manner — i.e. a rest of unexplained variance will remain, and a stochastic component will therefore be indispensable in virtual tree models, even if multiple-factor sensitivity is included (Tomlinson, 1982).

However, it is hoped that the usage of such sensitive virtual-plant models as they are provided by the software systems AMAP (Reffye et al., 1995), cpfg (Prusinkiewicz et al., 1997), GROGRA (Kurth 1994, 1998) and some others (List et al., 1994; Breckling, 1996; Perttunen et al., 1996) will lead to considerably improved predictions of the growth and architectural response of the single tree when it is subject to forestry operations. This simulation technique will also apply to small parts of stands (groups of trees), and it can be extended to whole stands by means of typification and replication as it was indicated in the first part of this article (Kurth, Sloboda, 1999). In agronomy, virtual-plant based techniques are already used in fields like plant breeding, management of pathogens, analysis of remote-sensing data, and in research concerning developmental biology and genetics (Room et al., 1996). Since human perception is especially efficient in detecting patterns in complex information when it is presented in visual form, the visual aspect of such models will be of special importance, e.g. for diagnostic purposes, for planning and education in forest management. However, it should be emphasized that a virtual tree model is much more than just a nice, coloured image (Room et al., 1996): it contains a lot of developmental information about the tree and its reactions, and it can include many non-visual aspects, like mechanical resistance of wood, hydraulic conductivity of branches, or patterns of photosynthetic efficiency, if appropriate process-based submodels are linked (cf. e.g. Lanwert et al., 1998).

We conclude that virtual plant models with sensitive components provide an unprecedented tool to combine the knowledge of morphologists, and even the intuitive knowledge and experience of foresters (e.g. concerning reactions of trees to pruning or to changements in stand structure), with exact mathematical algorithms and with processbased approaches from physiology and ecosystem research. The authors hope it has been demonstrated that the mathematical basis of such models is not more difficult to understand than elementary biostatistics or applied calculus.

Acknowledgements

Thanks are due to Gustavo Anzola and Dirk Lanwert for their help in data collection and evaluation for the spruce model. Fruitful discussions on the subject of this paper took place at workshops organized by Alois Kastner-Maresch (BITÖK, University of Bayreuth) and by Michael Sonntag and Thomas Ditzer (WZ III, University of Kassel). Some of the topics were also discussed with Philippe de Reffye and Jean Dauzat (Unité de Modélisation, CIRAD, Montpellier) and with Gerhard Buck-Sorlin (IPK Gatersleben). Funding was given by the BMBF (German Ministry of Research) in the frame of the Forest Ecosystem Research Centre, University of Göttingen. Facilities of the Faculty of Forest Sciences and Forest Ecology and of the GWDG (computation centre, Göttingen) were also essential. All support is gratefully acknowledged.

References

Beneš, B., 1996. An efficient estimation of light in simulation of plant development. – In: Boulic, R.; Hégron, G. (eds.): Computer Animation and Simulation ’96. Springer, Wien: 153–165.

Beneš, B., 1997a. Fast estimation of growth direction in virtual plants simulation. – In: Magnenat-Thalmann, N.; Skala, V. (eds.): Proceedings of WSCG’97, Vol. I. Univ. of West Bohemia Press, Plzeň: 1–10.

Beneš, B., 1997b. Visual model of plant development with respect to influence of light. Prague, 1997, ftp://sgi.felk.cvut.cz/outgoing/benes/papers.

Berezovskaya, F. S. – Karev, G. P. – Kisliuk, O. S. – Khlebopros, R. G. – Tsel’niker, Yu. L., 1997.

A fractal approach to computer-analytical modelling of tree crowns. Trees, 11: 323–327. Blaise, F., 1991. Simulation du parallélisme dans la croissance des plantes et applications. Thèse, Université Louis Pasteur, Strasbourg, Département d’Informatique: 186 p.

Bossel, H., 1996. TREEDYN3 forest simulation model. Ecological Modelling, 90: 187–227. Bossel, H. – Schäfer, H., 1989. Generic simulation model of forest growth, carbon and nitrogen dynamics, and application to tropical acacia and European spruce. Ecological Modelling, 48: 221–265.

Breckling, B., 1996. An individual based model for the study of pattern and process in plant ecology: An application of object oriented programming. EcoSys, 4: 241–254.

Chiba, N. – Ohkawa, S. – Muraoka, K. – Miura, M., 1994a. Visual simulation of botanical trees based on virtual heliotropism and dormancy break. The Journal of Visualization and Computer Animation, 5: 3–15.

Chiba, N. – Ohshida, K. – Muraoka, K. – Miura, M. – Saito, N., 1994b. A growth model having the abilities of growth-regulations for simulating visual nature of botanical trees.

Computers & Graphics, 18: 469–479.

den Dulk, J. A., 1989. The interpretation of remote sensing, a feasibility study. Master’s thesis, Wageningen Agricultural University.

Farnsworth, K. D. – Niklas, K. J., 1995. Theories of optimization, form and function in branching architecture in plants. Functional Ecology, 9: 355–363.

Ford, E. D., 1992. The control of tree structure and productivity through the interaction of morphological development and physiological processes. Int. J. Plant Sci., 153: S147–S162.

Ford, R. – Ford, E. D., 1990. Structure and basic equations of a simulator for branch growth in the Pinaceae. J. Theor. Biol., 146: 1–13.

Ford, E. D. – Avery, A. – Ford, R., 1990. Simulation of branch growth in the Pinaceae: Interactions of morphology, phenology, foliage productivity, and the requirement for structural support, on the export of carbon. J. Theor. Biol., 146: 15–36.

Galinski, W., 1994. Non-random needle orientation in 1-year-old Scots pine (Pinus sylvestris L.)

seedlings when adjacent to non-shading vegetation. Trees, 8: 160–164.

Gavrikov, V. L. – Sekretenko, O. P., 1996. Dynamics of three-dimensional population of twigs:

Crown of Scots pine. Modelling, Measurement and Control, C 33: 41–64. Greis, I. – Kellomäki, S., 1981. Crown structure and stem growth of Norway spruce undergrowth under varying shading. Silva Fennica, 15: 306–322.

Hauhs, M. – Kastner-Maresch, A. – Rost-Siebert, K., 1995. A model relating forest growth to ecosystem-scale budgets of energy and nutrients. Ecological Modelling, 83: 229–243.

Jaffe, M. J., 1980. Morphogenetic responses of plants to mechanical stimuli or stress. BioScience, 30: 239–243.

Kellomäki, S. – Strandman, H., 1995. A model for the structural growth of young Scots pine crowns based on light interception by shoots. Ecological Modelling, 80: 237–250.

Kozlowski, T. T., 1971. Growth and Development of Trees. Vol. I: Seed germination, ontogeny, and shoot growth. A.P., New York.

Kurth, W., 1994. Growth Grammar Interpreter GROGRA 2.4. A software tool for the 3- dimensional interpretation of stochastic, sensitive growth grammars in the context of plant modelling. Introduction and Reference Manual. Ber. Forschungszentr. Waldökosys. Göttingen, Ser. B, 38: 192 p.

Kurth, W., 1996. Elemente einer Regelsprache zur dreidimensionalen Modellierung des Triebwachstums von Laubbäumen. – In: Hempel, G. (Hg.): 8. Tagung Sekt. Forstl. Biometrie u. Informatik DVFF (Tharandt / Grillenburg, 25.–28. 9. 1995), Ljubljana: 174–187.

Kurth, W., 1998. Some new formalisms for modelling the interactions between plant architecture, competition and carbon allocation. Bayreuther Forum Ökologie, 52: 53–97.

Kurth, W. – Anzola, G., 1997. Triebwachstum und Verzweigung junger Fichten in Abhängigkeit von den beiden Einflußgrößen “Beschattung” und “Wuchsdichte”: Datenaufbereitung und -analyse mit GROGRA. – In: Pelz, D. (Hg.): 10. Tagung Sekt. Forstl. Biometrie u. Informatik DVFF (Freiburg i. Br., 24.–26. 9. 1997), Ljubljana: 89–108.

Kurth, W. – Früh, Th., 1998. Modelling crown structure and hydraulic function in conifers. I.

A stochastic growth grammar for the developing branching system of spruce. (Submitted to Ecological Modelling).

Kurth, W. – Lanwert, D., 1995. Biometrische Grundlagen für ein dynamisches Architekturmodell der Fichte (Picea abies (L.) Karst.). Allg. Forst- u. Jagdztg., 166: 177–184.

Kurth, W. – Sloboda, B., 1997. Growth grammars simulating trees — an extension of L-systems incorporating local variables and sensitivity. Silva Fennica, 31: 285–295.

Kurth, W. – Sloboda, B., 1999. Tree and stand architecture and growth described by formal grammars. I. Non-sensitive trees. Lesnictví-Forestry (in press).

Lanwert, D. – Dauzat, J. – Früh, Th., 1998. Water use of forest trees: About a possibility of combining structures and physical process models. Bayreuther Forum Ökologie, 52: 117– 128.

List, R., 1992. Simulation und Visualisierung des Wachstums von Holzgewächsen. Diploma thesis, TH Darmstadt.

List, R. – Küppers, M., 1998. Light climate and assimilate distribution within segment-oriented woody plants growth in the simulation program Madeira. Bayreuther Forum Ökologie, 52: 141–152.

List, R. – Küppers, M. – Schröder, F., 1994. Madeira — ein Programm zur Simulation des Wachstums (Biomasse und Architektur) von Holzgewächsen. Verhandlungen der Gesellschaft für Ökologie, 23: 39–48.

Longman, K. A. – Wareing, P. F., 1958. Effect of gravity on flowering and shoot growth in Japanese larch (Larix leptolepis, Murray). Nature, 182: 380–381.

McMurtrie, R. – Wolf, L., 1983. Above- and below-ground growth of forest stands: a carbon budget model. Ann. Bot., 52: 437–448.

Mĕch, R. – Prusinkiewicz, P., 1996. Visual models of plants interacting with their environment.

– In: Proceedings of SIGGRAPH’96 (New Orleans, Aug. 1996), ACM SIGGRAPH, New York.

Middelhoff, U. – Breckling, B., 1998. Nutrient uptake and growth of an Alnus glutinosa stand: An individual-based model on the interaction of plant and soil. Bayreuther Forum Ökologie, 52: 189–203.

Morgan, D. C. – Rook, D. A. – Warrington, I. J. – Turnbull, H. L., 1983. Growth and development of Pinus radiata D. Don: the effect of light quality. Plant, Cell and Environment, 6: 691– 701.

Niklas, K. J., 1986. Computer simulations of branching patterns and their implications on the evolution of plants. Lect. Math. Life Sci., 18: 1–50.

Perttunen, J. – Sievänen, R. – Nikinmaa, E. – Salminen, H. – Saarenmaa, H. – Väkevä, J., 1996.

LIGNUM: A tree model based on simple structural units. Ann. Bot., 77: 87–98. Pfreundt, J. – Sloboda, B., 1996. The relation of local stand structure to photosynthetic capacity in a spruce stand: A model calculation. Lesnictví-Forestry, 42: 149–160.

Pretzsch, H., 1997. Wo steht die Waldwachstumsforschung heute? Denkmuster – Methoden – Feedback. Allg. Forst- u. Jagdzeitg., 168: 98–102.

Prusinkiewicz, P. – Lindenmayer, A., 1990. The Algorithmic Beauty of Plants. Springer, New York: 228 p.

Prusinkiewicz, P. – McFadzean, D., 1992. Modelling plants in environmental context. – In:

Proceedings of the fourth annual western computer graphics symposium (Banff, Alberta, 6.–8. 4. 1992): 47–51.

Prusinkiewicz, P. – James, M. – Mĕch, R., 1994. Synthetic topiary. Computer Graphics Proceedings, Annual Conf. Ser., SIGGRAPH’94 (Orlando, Florida, 24.–29. 7. 1994), ACM SIGGRAPH, New York: 351–358.

Prusinkiewicz, P. – Hammel, M. – Hanan, J. – Mĕch, R., 1997. Visual models of plant development. – In: Rozenberg, G.; Salomaa, A. (eds.): Handbook of Formal Languages, Vol. 3. Springer, Berlin: 535–597.

Putz, F. E. – Parker, G. G. – Archibald, R. M., 1984. Mechanical abrasion and intercrown spacing. The American Midland Naturalist, 112: 24–28.

Reffye, Ph. de – Houllier, F. – Blaise, F. – Barthélémy, D. – Dauzat, J. – Auclair, D., 1995.

A model simulating above- and below-ground tree architecture with agroforestry applications. Agroforestry Systems, 30: 175–197.

Reffye, Ph. de – Houllier, F. – Blaise, F. – Fourcaud, Th., 1997. Essai sur les relations entre l’architecture d’un arbre et la grosseur de ses axes végétatifs. – In: Bouchon, J.; Reffye, Ph. de; Barthélémy, D. (eds.): Modélisation et Simulation de l’Architecture des Végétaux. INRA, Paris: 255–423.

Ritchie, G. A., 1997. Evidence for red : far red signaling and photomorphogenic growth response in Douglas-fir (Pseudotsuga menziesii) seedlings. Tree Physiology, 17: 161–168.

Room, P. – Hanan, J. – Prusinkiewicz, P., 1996. Virtual plants: New perspectives for ecologists, pathologists and agricultural scientists. Trends in Plant Science, 1: 33–38.

Stoll, P., 1995. Modular growth and foraging strategies in rhizome systems of Solidago altissima L. and branches of Pinus sylvestris L. Dissertation, Universität Zürich: 97 p.

Takenaka, A., 1994. A simulation model of tree architecture development based on growth response to local light environment. J. Plant Res., 107: 321–330.

Tomlinson, P. B., 1982. Chance and design in the construction of plants. Acta Biotheoretica, 31a: 162–183.

Tsel’niker, Yu. L., 1995. The influence of light intensity on the crown-structure parameters of spruce. Lesovedenie, 1995: 73–78 (in Russian).

Tsel’niker, Yu. L. – Malkina, I. S. – Korzukhin, M. D., 1996. Crown structure and productivity modelling in spruce trees growing under different suppression. Final Rep. INTAS Project “Solar Energy and Natural Resources of Eastern Europe” (1994–1996), Göttingen.

Wareing, P. F. – Nasr, T., 1958. Effects of gravity on growth, apical dominance and flowering in fruit trees. Nature, 182: 379–380.

Wilson, B. F. – Fischer, B. C., 1977. Striped maple: Shoot growth and bud formation related to light intensity. Can. J. For. Res., 7: 1–7.

Worrall, J. – Little, C. H. A., 1986. An effect of gravity on bud-burst in balsam fir. Tree Physiology, 1: 47–52.

Figure captions

Fig. 1: Structure generation by a sensitive, two-phase growth grammar.

Fig. 2: Plant with epitonic growth habit, produced by GROGRA from the sensitive grammar epiton.ssy (see Table 1).

Fig. 3: Two trees with density-dependent shoot growth, produced by GROGRA from the sensitive growth grammar densi2d.ssy (see Table 2) after 15 steps.

Fig. 4: The shadow-relevant cone of a shoot.

Fig. 5: Competition for light in a simple 2D tree stand, consisting of 3 uneven-aged trees, produced by GROGRA from the sensitive growth grammar light2d.ssy (see Table 3). The steps 12, 25 and 31 are shown.

Fig. 6: Subdivision of the celestial hemisphere into 46 regions, each of them being represented by a direction vector towards its midpoint and indexed by an integer from 0 to 45 (taken from Blaise, 1991, according to den Dulk, 1989).

Fig. 7: Simulated spruce trees after 10 steps (each corresponding to a year), viewed from above, generated by GROGRA. A sensitive grammar with the “shadow-relevant cone” function f_c affecting bud mortality was used (threshold of foliage surface in cone = 0.2m^2, cone opening angle = 30^ffi). Left: Solitary tree, right: left one of two close neighbours (distance between the stems = 40 cm). The competition effect (asymmetry of crown on the right) is rather weak and hardly visible.

Fig. 8: Simulated spruce trees after 10 steps, viewed from above (generated by GROGRA). A sensitive grammar with the “hemisphere-coverage” function f_h affecting bud mortality was used (threshold of covered sky = 0.7). Left: Solitary tree, right: left one of two close neighbours (distance between the stems = 40 cm).

Fig. 9: The same interacting GROGRA-generated trees as in Fig. 8. Left side: the two neighbouring spruce trees grown with the sensitive growth grammar using f_h, seen from the side; right: the same view, but the right of both trees rendered invisible to show crown asymmetry caused by competition for light.