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Abstract. Sensitive growth grammars are systems of rewriting rules (extended 
Lindenmayer systems) with graphical interpretation and with "sensitive functi-
ons" designed to allow a feedback from the created virtual 3-D structures to the 
subsequent rule-application process. Thus it is possible to combine morphologi-
cal (genetically fixed) growth rules with environmental impact and with func-
tions depending on the competitive situation of individuals in the framework of 
a precisely-specified model of plant growth. The dynamics of stand develop-
ment in such models results from purely local rule application. Preliminary re-
sults are shown for three different applications in forest-ecosystem modelling: 
(a) Creation of irregular stand structures, (b) simulation of competitive effects 
on crown radius development and resulting stand dynamics, and (c) modelling 
the interaction between trees and herbivores, including the energy budgets of 
the individual plants and animals. The software system GROGRA, designed to 
interpret sensitive growth grammars, enables visualisation of the resulting spa-
tial structures and provides analysis tools and data interfaces to other software. 
 

 
1   Introduction 
 
Simulation models which are able to reproduce and to predict forest structure and 
stand dynamics have found increasing attention in recent years [21]. Among different 
types of ecosystems, natural forests are characterized by a distinctly high degree of 
spatial heterogeneity and complex structure. Moreover, changing the spatial structure 
is the main method used by foresters to manipulate the development of forest stands 
and of individual trees [3]. 

Given the large number of different models in the literature, there arises the need 
for short and precise model specifications. Whereas simple models of whole-stand 
dynamics, disregarding spatial structure, can often be expressed in terms of one or 
several equations, models involving spatial details usually need some computer 
source code, written in some standard programming language, for their full specifica-
tion. However, classical source code does usually involve many technical construc-
tions distracting attention from the essentials of the model, and cannot be understood 
easily by users who are not computer scientists. Furthermore, the requirements of ge-
nericness and modular design of software [2] are often violated by ad-hoc models im-
plemented by biologists or agronomists who lack specific training in software 
development. 
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A way to overcome these difficulties is the design of a higher-level model 
specification language, adapted to the particular needs of tree and stand simulation 
and spatial interaction. When model specifications written in this language can be 
read and interpreted by a generic software, there will be no need to modify and re-
compile the source code of the software each time some assumptions or relations in 
the model are changed. Instead, only the specifications made in the high-level 
language are to be modified, and these can be made open to "informed users" other 
than computer scientists (Figure 1). Comparisons of different models are easier if the 
basic software with its technical details remains the same. 
 

 
Fig. 1. Comparison of the architecture of a classical simulation model (left), where each 
modification requires a rewriting of the software source code, with a generic software shell for 
an advanced model-specification language (like extended L-systems; right) 
 
A candidate formalism which could adopt the role of such a high-level specification 
language are cellular automata (CA). A CA is specified by a transition function which 
determines the state of a cell in a grid from the previous states of the same cell and its 
neighbours. CA have been used for a lot of ecological models [6], including forest 
models. However, their inherent preferential treatment of certain directions, spatial 
and temporal scales restricts their use. 

Another quite general specification language for biological growth processes is the 
rule-based language of L-systems (Lindenmayer systems, named after the botanist 
Aristid Lindenmayer, 1925-1989). Originally devised to resemble growth rules of 
simple, filamentous plants [16], numerous extensions have been added to the 
formalism since then (see overviews [23, 10]). However, the main field of application 
of this language is still the specification of architecture of individual plants. In this 
paper, we want to explore the possibilities of sensitive growth grammars (extended L-
systems) for spatial simulations at a lower scale of resolution. In our examples, the 
architecture of single trees will be highly simplified, but their spatial arrangement, 
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competition and interaction with mobile herbivores will be taken into account. In the 
same way as for L-system based models of architectural development of single trees, 
the dynamics of development will result from purely local rule application. That 
means, no global curve of self-thinning or other aggregated description of stand 
growth is taken as input. Instead, the overall behaviour of the model will result as an 
emergent property from local rules (cf. [5]). 
 
 
2   Sensitive Growth Grammars 
 
An L-system consists of a set of symbols, a start symbol α and a set of replacement 
rules, each of the form "symbol → string of symbols". Additionally, there is a 
geometrical interpretation of the strings (i.e., a semantics) translating strings of 
symbols into structures in 3D-space. Usually, this interpretation is given by the 
conventions of turtle geometry [1]: Some symbols are used as commands for a virtual 
device (the turtle) which is able to move (command "f"), to produce cylindric 
elements while moving (command "F"), to rotate (command "RL") or to change 
internal parameters used for the next elements to be produced (commands "L" for 
length, "D" for diameter, "N" for leaf or needle mass, "P" for colour and more; see [9] 
for details). Before entering a pair of brackets [...], the current state of the turtle 
(including position, spatial orientation and all other internal parameters) is put on a 
stack, and is resumed after the corresponding closing bracket has been passed. 

The rules of an L-system are applied in parallel to all symbols of a string at time t 
in order to get a new string at time t+1. This rewriting process is normally iterated 
several times. Thus one gets a (potentially infinite) sequence of turtle command 
strings s0, s1, s2, ..., where st+1 is obtained from st by application of the rules, and s0 = 
α. The string st is interpreted in terms of turtle geometry, resulting in a geometrical 
model of a single plant or stand at time t. Proceeding in discrete time steps, we obtain 
a developmental sequence of geometrical structures. In models of individual plants, 
the time step often corresponds to 1 year or even to shorter periods of growth, 
whereas in our application examples the time step will represent a period of several 
years of stand development. Figure 2 shows the strings and geometrical structures 
resulting from the application of a very simple, classical L-system describing the 
growth of a branching system. The start symbol is "a". The L-system contains only 
two rules: a� →� F� [� RU45� b� ]� a  and  b� →� F� b. The symbols a and b, 
standing for apical buds of main and lateral branches, respectively, are normally not 
interpreted by the turtle. In our picture, we have visualized the corresponding buds by 
ovals. Such a visual interpretation can be specified by using an additional sort of 
rules, so-called interpretive rules [9]. – Horizontal arrows in Fig. 2 stand for rule 
application, vertical arrows for interpretation of the strings by the turtle. The L-system 
contains one symbol with a parameter: RU, with the subsequent number specifying the 
rotation angle in degrees. Parameters can also be attached to other symbols like a and 
b [22]. – Several further extensions to classical L-systems will be mentioned in the 
subsequent examples where they are needed. Together, these extensions have lead to 
the notion of "stochastic, sensitive growth grammar" [9]. 
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Fig. 2. Development of geometrical structures specified by the growth grammar 

a� →� F� [� RU45� b� ]� a ,   b� →� F� b  (see text) 
 

 
 

3   Specification of Irregular Stand Structures 
 
A first application of the grammar formalism at stand level is the specification of 
patterns of tree positions, disregarding dynamic aspects. Models of stand structure 
have often used stochastic approaches like point processes [17] or heuristic algorithms 
[15]. Extended L-systems provide a framework for a transparent specification of such 
models. Let us first focus on tree positions only, disregarding all other attributes like 
height, diameter, tree species etc. The simplest grammar rule for an irregular stand 
generates a random pattern of tree seedlings: 

stand� →� &(n)� <� [�  move_to_random_position  seedling� ]� > , 
where n is the number of seedlings dispersed on the stand area and & a repetition 
operator which iterates the string enclosed in < ... >  n times. Movement to a random 
position within, let us say, a rectangular area of extensions xextens and yextens can be 
specified by declaration of a uniformly-distributed random variable, 

\var� rvar� uniform� 0� 1, 
which takes values between 0 and 1, and by the turtle command sequence 

+� f(rvar*x_extens)� RL90� f(rvar*y_extens)� –  . 
Here, "+" and "–" are abbreviated versions of the rotation commands RU90 and RU–
90, resp., bringing the turtle from vertical to horizontal mode of movement and vice 
versa. RL90 enforces a rotation to the left by 90 degrees. When this string is inserted 
into the above replacement rule instead of "move_to_random_position", the result will 
be a random distribution of seedling positions with uniform distribution of x and y 
coordinates (i.e., a "Poisson forest"). However, when growing up, close neighbours 
will normally be outcompeted. To get a pattern where a minimum distance between 
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trees is respected, we can modify the grammar by specifying the height of the juvenile 
tree as a random attribute of the symbol "seedling", e.g. seedling(juv_h) with 

\var� juv_h� uniform� 5� 20,�
and by introducing a sensitive function dist(hg) which gives back the distance to 
the next tree not smaller than the height (hg) of the considered seedling itself. By the 
conditional rule 

(dist(hg)� >� inhib_r)� seedling(jh)� →� tree(height),�
we can specify that the development of the seedling to a mature tree will only take 
place if there is no higher competitor inside a circle with radius "inhib_r". This results 
in an arrangement of mature trees where positions are random, but no two trees are 
closer than the minimal distance inhib_r. Figure 3 shows a typical resulting pattern of 
seedlings (without minimal distance; upper part) and the corresponding pattern of 
mature trees after one additional step of rule application (with minimal distance; low-
er part). The complete grammar with 10 declarations and 7 rules is shown in Table 1. 
 
 
 

 

 
 
 
Fig. 3. Result of the growth grammar irreg (Table 1) after 2 steps (pattern of seedlings; 
upper part) and after 3 steps (pattern of mature trees, lower part). View from above 
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Table 1. The sensitive growth grammar irreg�
 

/*� Stand� with� random� coordinates,� close� neighbourship�
� � � excluded� */�
�

\const� x_extens� 2000,� � � /*� Extension� of� stand� */�
\const� y_extens� 1000,�
\const� nbseedl� 100,� � � � � /*� initial� number� of� seedlings� */�
\var� rvar� uniform� 0� 1,� � /*� uniformly-distributed� random�
� � � � � � � � � � � � � � � � � � � � � � � � � � � variable� */�
\var� juv_h� uniform� 5� 20,� � � � � /*� heigth� of� seedlings� */�
\var� height� normal� 250� 1000,� /*� heigth� of� trees� (Gaussian�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � distribution)*/�
\var� dist� function� 2� 1,� /*� distance� function� with� min� length�
� � � � � � � � � � � � � � � � � � � � � � � � � � � argument� */�
\const� inhib_r� 150,� � � � � /*� distance� which� inhibits� growth� */�
\angle� 90,�
\var� hg� length,�
�
/*� Generative� rules:� */�
*� →� stand(x_extens,� y_extens,� nbseedl),�
stand(x,� y,� n)� →� border(x,� y)� P2�
� &(n)� <� [� +� f(rvar*x)� RL-90� f(rvar*y)� -� seedling(juv_h)� ]� >,�
(dist(hg)� >� inhib_r)� seedling(jh)� →� tree(height),�
seedling(jh)� →� ,� � � � /*� mortality� of� outcompeted� seedlings� */�
�
/*� Interpretive� rules:� */�
border(x,� y)� ⇒� [� P14� +� F(x)� RL-90� F(y)� RL-90� F(x)� �
� � � � � � � � � � � � � � � � � � RL-90� F(y)� ],�
seedling(jh)� ⇒� D6� P11� F(jh),�
tree(h)� � � � � � ⇒� D(0.05*h)� F(h)�

�
In this example, the height of the mature tree was assumed to be independent from 
that of the seedling, and is supposed to follow a normal distribution with given mean 
and given variance. However, it would be easy to include in the rule system some 
arithmetical expression relating the heigth of the seedling and the heigth of the mature 
tree, thus reflecting the well-known phenomenon of rank preservation [24]. E.g., the 
third rule in Table 1 could be replaced by 

(dist(hg)� >� inhib_r)� seedling(jh)� →� �
� � � � � � � � � � � � � � � � � � � � � � � tree(factor*jh� +� epsilon),�

where "factor" is an empirical constant and "epsilon" an error term which can be 
declared as a random variable with normal distribution. 

Another refinement of the model can be made by including a tendency of 
clustering. Instead of spreading the seedlings directly at random, we can simulate a 
two-phase stochastic process by first spreading clusters of seedlings: 

 
stand� →� �
� � &(n)� <� [� move_to_random_position� cluster(rcl)� ]� >,�
�
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and then by expanding each cluster into a circular area where seedlings are distributed 
with random polar coordinates: 
 

\var� rr� uniform� 0� 360,� /*� random� rotation� angle� */�
\var� rvar� uniform� 0� 1,� �
� � � � � � � � � � � � � /*� random� variable� between� 0� and� 1� */�
cluster(r)� →� �
� � � � &(sd_per_cl)� <� [� RH(rr)� +� f(rvar*r)� –� �
� � � � � � � � � � � � � � � � � � � � � seedling(juv_h)� ]� >.�
�

Here, "sd_per_cl" is the number of seedlings per cluster, which again can be declared 
as random variable, e.g. following a binomial distribution with given parameters p 
and n: 

\var� sd_per_cl� binomial� 0.5� 25.�
"RH(rr)" denotes a random rotation, and "f(rvar*r)" a random movement in the 
interior of the circle with radius r, where the start point is the centre of the cluster. An 
additional sensitive rule can be specified which deletes seedlings which fall by chance 
outside the borders of the stand. Figure 4 shows the resulting distribution of clusters 
(second step; upper left part of the Figure), seedlings (third step; lower left part) and 
mature trees (fourth step; upper right part), all seen from above, and a view on the 
mature trees, represented as cylinders, from an oblique angle (lower right part). Trees 
from different clusters have different grey tones.  
 

 
 
 

 
 

Fig. 4. Result of the growth grammar clusters (Table 2) after 2, 3 and 4 steps, seen from 
above, and after 4 steps from oblique perspective 
 
 
Like in the previous example, the trees respect a minimum distance, which is smaller 
than the cluster radius. The complete grammar is shown in Table 2. 
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Table 2. The sensitive growth grammar clusters�
 
 

/*� Stand� with� randomly� distributed� clusters� of� trees,�
� � � close� neighbourship� excluded� */�
�
\const� x_extens� 2000,� � � � � � � /*� Extension� of� stand� */�
\const� y_extens� 1000,�
\const� nbclust� 8,� � � � � � � � � � � /*� number� of� clusters� */�
\var� rcl� uniform� 100� 200,� � � /*� radius� of� cluster� (random)� */�
\var� sd_per_cl� binomial� 0.5� 25,/*seedlings� per� cl.(random)*/�
\var� juv_h� uniform� 5� 20,� � � � /*� heigth� of� seedlings� */�
\var� height� normal� 250� 1000,/*� heigth� of� trees� */�
\const� inhib_r� 35,� � � � � � /*� distance� which� inhibits� growth� */�
\var� dist� function� 2� 1,� /*� distance� function� �
� � � � � � � � � � � � � � � � � � � � � � � � � � � with� min� length� argument� */�
\var� i� index,�
\var� rvar� uniform� 0� 1,� � � /*� random� factor� between� 0� and� 1� */�
\var� rr� uniform� 0� 360,� � � /*� random� rotation� */�
\var� xx� xcoordinate,�
\var� yy� ycoordinate,�
\var� hg� length,�
\angle� 90,�
�
/*� Generative� rules:� */�
*� →� stand(x_extens,� y_extens,� nbclust),�
stand(x,� y,� n)� →� border(x,� y)�
� � � � &(n)� <� [� +� f(rvar*x)� RL-90� f(rvar*y)� -� P(i+2)�
� � � � � � � � � � � � � cluster(rcl)� ]� >,�
cluster(r)� →� &(sd_per_cl)� <� [� RH(rr)� +� f(rvar*r)� -�
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � seedling(juv_h)� ]� >,�
(xx� <� 0� ||� yy� <� 0� ||� xx� >� x_extens� ||� yy� >� y_extens)�
� � � � seedling(jh)� →� ,� � �
� � � � /*� delete� seedlings� fallen� out� of� stand� limits� */�
(dist(hg)� >� inhib_r)� seedling(jh)� →� tree(height),� �
seedling(jh)� →� ,� � � � � /*� delete� outcompeted� seedlings� */�
�
/*� Interpretive� rules:� */�
border(x,� y)� ⇒� �
� � � � � � � � � � � � [� P14� +� F(x)� RL-90� F(y)� RL-90� F(x)� RL-90� F(y)� ],�
cluster(r)� � � ⇒� D(2*r)� P9� F10,�
seedling(jh)� ⇒� D6� P11� F(jh),�
tree(h)� � � � � � ⇒� D(0.05*h)� F(h)�

 
 
By defining a tree object in a sub-grammar (not shown), using the feature of "object 
instancing" provided by the software system GROGRA (see [13]), it is easy to 
improve the visual design of the resulting stand (Figure 5). Of course, further 
improvement of this sort of output, using techniques from computer graphics 
provided in established software systems, is possible, leading to photo-realistic 
visualisations of forests and landscapes [8]. 
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Fig. 5. A stand with clustered structure and visual standard tree objects,  
defined in a sub-grammar of the stand model 

 
 
4   A Model of Crown Radius Dynamics Under Competition 
 
The previous models contained only a very coarse representation of interactions be-
tween neighbours. If more detailed information about crown dimensions is available, 
a sensitive function can be used to simulate the reaction of crown radius to the pre-
sence of competitors. In an ad-hoc model, i.e., without using a specification in terms 
of a growth grammar or other higher-level language, this approach was used by 
Pretzsch [19, 20]. He described the dynamics of horizontal crown expansion, using 8 
predefined directions, in dependence upon distance to neighbouring trees. To for-
malize this approach, we use a sensitive function sf which returns the distance to the 
next geometrical element inside a 45° sector along the direction of the considered 
crown radius. If this distance is large enough, i.e., above a given threshold ds, then the 
considered crown radius continues to grow (parameter c=1) and increases its length to 
r+1: 

(sf(ang)� >� ds)� s(c,� r)� →� s(1,� r+1),�
otherwise, a status of "shrinking" (c=2) is assumed and the radius is shortened by 0.3 
length units: 

s(c,� r)� →� s(2,� r–0.3).�
(Notice that the second rule is applied in each case when the first one is not 
applicable.) We can further make the assumption that the crown radii in the status of 
"shrinking" are counted for each tree, and if this number exceeds 5, the tree is 
removed because of deadly suppression by its competitors. In the grammar, this 
mechanism is realized by a local variable x counting the shrinking crown radii (i.e., 
with crown radius status c=2), and by a "cut operator" ("%") which switches off the 
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turtle interpretation of subsequent symbols. Table 3 shows the complete grammar, and 
Figure 6 shows its application to a rectangular, regularly-spaced stand of 180 trees. 
Each tree is represented by its 8 crown radii. 
 

  
 
Fig. 6. Results of the sensitive growth grammar radii (Table 3) after 4, 8 and 12 steps. In the 
rightmost part, several trees have died because of too many shrinking radii due to competition, 
and other trees begin to invade the resulting gaps with their crowns. From [10] 

 
Table 3. The sensitive growth grammar radii�
 

\const� ds� 3,� � � /*� threshold� distance� for� competition� */�
\const� dp� 12,� � /*� distance� between� the� planting� positions� */�
\const� ang� 22.5,� � � � � � � /*� opening� angle� of� sensitive� cone� */�
\var� rr� uniform� 0� 360,� /*� random� rotation� */�
\var� i� index,�
\var� sf� function� 9� 1,� � /*� competition� function� */�
\var� x� local� 0,� � � � � � � � /*� count� of� shrinking� crown� radii� �
� � � � � � � � � � � � � � � � � � � � � � � � � � of� each� tree� */�
\var� col� color,�
*� →� &(15)� <� [� &(12)� <� [� F(0)� K(x)� tree� ]� RU90� f(dp)� �
� � � � � � � � � � � � � � � � � � � � � � � � � RU-90� >� ]� RL-90� f(dp)� RL90� >,�
tree� →� A(x,� sum(col=2,� 1))� cut� RU90� RL(rr)� �
� � � � � � � � &(8)� <� [� RL(i*45)� s(1,� 1)� ]� >,�
(sf(ang)� >� ds)� s(c,� r)� →� s(1,� r+1),�
s(c,� r)� →� � s(2,� r-0.3),�
(x� >=� 6)� cut� →� %,�
s(c,� r)� ⇒� Pl(c)� F(r)�

�
Note that the only stochastic component in this model is the initial orientation of the 
"star" of 8 crown radii representing a tree. This is sufficient to generate random gaps 
in the aged stand. 
 
 
5   A Model of Plant-Herbivore Interaction 
 
The following example was inspired by a model constructed by Breckling [4] (who 
did not use grammars), and is explained in further detail in [11]. Going further beyond 
the previous examples, we now include the natural reproduction of plants by 
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spreading of seeds. A plant is represented by the symbol p and has two parameters, 
age t and size r. Size is assumed to be proportional to carbon content or energy 
content of the plant. Geometrically, plant p(t,� r) is represented by a circle with 
radius r. We use some heuristic rules for mortality (this example does not intend to 
represent a refined model of carbon metabolism): 

(t� >� pmaxage)� p(t,� r)� →� �
This rule is applied when the plant has reached a given maximal age, pmaxage. The 
right side of the rule is empty, i.e., the plant disappears (mineralisation and nutrient 
cycle are not represented in this model). 

(r� <� 0)� p(t,� r)� →�
This means that the plant dies because of negative carbon budget. 

(sh� >� 0)� p(t,� r)� →�
Here, we use a sensitive function sh ("shadow"), which returns a positive number 
when the plant is situated inside the crown radius of a larger plant. We assume in this 
case, similar to the example irreg above, that the plant is outcompeted. This model 
of competition for light is, of course, much simpler than many approaches which are 
described in the literature (e.g., [18]). See [14] for grammar representations of more 
detailed light competition models. 
If none of the rules for mortality is applicable, the plant grows, and its age is 
increased by 1: 

p(t,� r)� →� p(t+1,� rad+pgrow).�
The amount of growth, pgrow, is a constant. The new radius, rad, is hold as a local 
variable which is accessible by objects described in other rules (e.g., representing 
herbivores). Therefore, we do not simply use r, but instead rad has to be initialized by 
r in an interpretive rule which specifies at the same time the graphical representation 
of the plant as a circle (not shown). Finally, there is a rule for reproduction. It is 
activated if one of two fixed (arbitrary) age stages is reached, and if in the same time r 
is above a given threshold. This condition is expressed using the logical operators || 
(or) and && (and), taken from the language C [7]: 
 

(((t� =� pgenage1)� ||� (t� =� pgenage2))� �
� � � � � � � � � � � � � � � � � � � � � &&� (r� >=� pminrad))�
� � � � � p(t,� r)� →� &(pgenfac*rad)� �
� � � � � � � � � � � � � � � � <� [� RH(rr)� +� f(dist)� –� p(0,� 0)� ]� >�
� � � � � � � � � � � � � � � � p(t+1,� rad)�
�

The repetition operator & says how many seeds are dispersed, their number being 
proportional to the radius of the plant. Spreading of seeds (p(0,� 0)) is done in a 
similar way than in the example clusters above; ro and dist are random variables. The 
mother plant ages, but does not grow (p(t+1,� rad)). Already with this simple 
grammar, consisting of 5 generative and one interpretive rule, a richness of spatial 
patterns emerges. We obtain clusters of smaller plants and larger gaps which are later 
again invaded by plants. Figure 7 shows, as an example, a stand which has evolved 
since 54 time steps from a single plant which was located near the centre of the 
picture. 
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Fig. 7. Stand without herbivores after 54 steps of development, resulting from the plant 
grammar described in the text. Interaction between plants happens by the "shadow" rule. Points 
without surrounding circle represent seeds which will sprout in the next time step 
 
We can add further rules to represent animals which take their energy for living from 
the plants. An animal is symbolized in the grammar by a(t,� e), where t is age and 
e the reserve of carbon or energy. The animals are represented graphically by small 
circles. To have a simple reproduction rule, we assume that the animals reproduce by 
division. In the real world, we can think of some microorganisms (bacteria, fungi) 
behaving this way. This time, there is only one mortality rule: 

(e� <=� 0)� a(t,� e)� →�
(again, the right side is empty; organic matter from the dead animal is not fed back 
into the system.) In contrast to the plants, the animals are mobile; they perform a 
random walk which is influenced only by the presence of plants. If an animal is not in 
contact with a plant, it is in a "search" status and makes long steps (distance "long"), 
causing a loss of energy ("respi"): 

a(t,� e)� →� RH(rr)� +� f(long)� –� a(t+1,� e–respi)�
Preceding this rule, we specify a rule which is applied when the animal has come into 
contact with a plant. This condition is checked by a sensitive function f: 

(f� >� 0)� a(t,� e)� →� �
� � � � � � � � � � � � RH(rr)� +� f(short)� –� a(t+1,� e+eat–respi)� �
� � � � � � � � � � � � Ar+(rad,� –eat)�

Here, the step of movement is shorter than in the case of search for food. 
The energy budget is diminished by "respi" and increased by an amount "eat" which 
is taken from the plant (assignment command Ar+ with "–eat" as argument for the 
plant). Here, the grammar specifies a sort of communication between two objects. 
Reproduction takes place when an animal is large enough: 
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(e� >� thr)� a(t,� e)� →� �
� � � � � � [� RH(rr)� +� f(short)� –� a(0,� e/2� –� respi)� ]�
� � � � � � � � � RH(rr)� +� f(short)� –� a(0,� e/2� -� respi)�

Both children move away in random directions and get e/2, half of the energy content 
of the parent, diminished by respiration. 

Only some start rules, an interpretive rule for the graphical appearance of the 
animals and some declarations of parameters (not shown) have to be added to the 
given rules to complete the sensitive growth grammar phytophag. Figure 8 shows 
two possible results after 160 steps, obtained with different parameterizations. Both 
simulation runs started with one plant and one animal. We see that complex spatial 
patterns can emerge. The dynamics in time does also depend on the choice of 
parameters. Figure 9 shows two examples: In the simulation run depicted on the left 
side, the system collapses, i.e., the plants (and later, inevitably, also the animals) die 
out because of too much grazing. In the run depicted on the right side, the plant 
population recovers after a while. 
 

  
 

Fig. 8. Results of the grammar phytophag (described in the text) after 160 time steps. Both 
simulation runs started with one plant and one animal and differ in the parameterization. Grey 
circles: plants, black points: animals 
 
 

  
 

Fig. 9. Development of the numbers of individuals (broken line: animals, smooth line: plants) 
in two simulation runs with the growth grammar phytophag, differring in their para-
meterization 
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6   Discussion 
 
Further studies would be necessary to explore the parameter spaces of the presented 
models systematically. This was not the aim of this overview. Instead, it was intended 
to demonstrate the descriptive power of the formalism of sensitive growth grammars 
for the specification of various types of stand models – from simple descriptions of 
spatial patterns (using point processes and similar models as the mathematical basis) 
to population dynamics. Several advantages of the approach are obvious: 
• All results were obtained with one and the same software tool (GROGRA 3.3, 

see [9, 10]) which had not to be recompiled for the different grammars. The 
grammars, which specify the essential features of the models including para-
meterization, are easy to manipulate. 

• To a certain degree, the rules are intuitively comprehensible and describe directly 
the behaviour of plants and animals (growth, reproduction, seed dispersal). 

• Not only the global behaviour of the simulated stand, but also "local histories" of 
certain trees or regions in the model plane can be investigated. Thus, comparisons 
with intensively-monitored research plots in real forests are possible. 
Furthermore, individual treatment of highly-valued trees can be simulated. 

• The appearance of singularities (catastrophes), e.g. breakdown of a stand from 
herbivore attack, can be studied in detail (cf. [4]). 

• The universality of the approach is made plausible by the successful re-
implementation of plant models from the literature which were originally not 
specified in terms of grammars and which can now all be studied in the form of 
growth grammars using the same software shell [12]. 

 
Some possible extensions are: 
• the inclusion of several trophic levels (predators), 
• more refined rules for foraging and reproduction of herbivores, 
• more detailed growth and competition models for the trees, using approaches 

from the literature which are until now not implemented as growth grammars, 
• transmission of (simple forms of) genetic information in the reproduction rules. 
 
A weakness of the growth grammar formalism in its current form is the treatment of 
sensitive functions, which enable the inclusion of external influences and of competi-
tion and communication. These functions cannot yet be completely specified in the 
grammar itself; a link to procedurally-defined functions (as part of the GROGRA 
software) is still necessary. Thus, a part of the flexibility and independence guaran-
teed by the grammar approach is lost again. It is a topic of current research to extend 
the grammar formalism by possibilities to specify such functions independently from 
the source code of the software, using high-level language constructions adapted to 
phenomena of competition and communication in living systems. 
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