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Abstract

The objective of this research is to explore the relatively new approach, cellular automata (CA), to model the
competitive growths and then try to explain the succession process of two underwater species Chara aspera (C.
aspera) and Potamogeton pectinatus (P. pectinatus) in a eutrophicated lake, the Netherlands. CA constitutes a
mathematical system that simulates the dynamics of spatial-temporal patterns in discrete steps according to prescribed
local evolution rules. It consists of three main components: a set of cells, cell properties or states, and local evolution
rules. Comparing to conventional aggregated-based ecological models formulated by partial differential equations
(PDE), CA has more flexibility to implement the individual property differences and local interactions, especially with
the facilitation of the object-oriented programming (OOP) techniques. The model results are seen to be both
qualitatively and quantitatively in agreement with field observations. Namely, CA is not only applicable to
ecohydraulics modelling, but also in some aspects more efficient than PDE based models. © 2002 Elsevier Science
B.V. All rights reserved.

Keywords: Cellular automata; Chara aspera ; Potamogeton pectinatus ; Competitive growth; Lake Veluwe

www.elsevier.com/locate/ecolmodel

1. Introduction

Aggregated-based ecological models have been
well developed in the past several decades (Dahl-
Madsen and Strange-Nielsen, 1974; Chen and Or-
lob, 1975; Jørgensen, 1976, 1994, 1998; Babovic
and Baretta, 1996). These kind of models lump
species into biomass and formulate the dynamics

into PDE form, e.g. Lotka–Volterra model for
description of prey–predator system (see May,
1976). However, this approach fails to reproduce
realistic results where differences of individual
properties and local interactions play a significant
role in determining the relationship between pop-
ulations, and between species and its their sur-
roundings. As an alternative, the studies of
cellular automata based model and spatially ex-
plicit individual-based model (IBM) are drawing
more attentions from the ecological modelling
community.
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The IBM expresses the population dynamics by
describing the individuals and the messages pass-
ing between them to trigger appropriate be-
haviours. It has been widely used in modelling of
fish and forest dynamics, and is expected to be a
promising ecological model paradigm in the com-
ing years (Hong et al., 1999; Masahiko et al.,
1991; DeAngelis and Gross, 1992). Several impor-
tant research teams including Oak Ridge National
Laboratory, Applied Ecology in University of
Amsterdam, and Institute for Forestry and Na-
ture Research in University of Wageningen are
heading for the applications of IBM. Current
research activities include prediction of density-
dependent dynamics of smallmouth bass popula-
tion (DeAngelis and Godbout, 1991),
super-individuals for modelling large populations
(Scheffer et al., 1995), modelling of marine fish
early life history (Hinckley et al., 1996), modelling
of predator–prey functional response (Blaine and
DeAngelis, 1997), experts system of animal forag-
ing simulation (Carter and Finn, 1999), modelling
of juvenile salmon migrating (Petersen and DeAn-
gelis, 2000), modelling of lake fish communities
(McDermot and Rose, 2000). However, they are
still at the theoretical and analytical stage, be-
sides, the integration with underlying physical
processes is not well explored (Anderson, 1995;
Donaghay and Osborn, 1997; Chapra, 1998).

The CA based models attempt to reproduce the
spatial-temporal dynamic patterns by some simple
local evolution rules. A well-known example is
Coway’s game of life (see, Minns et al., 2000).
Recent research in CA and its applications to
ecosystem on a large scale includes: the evolution
of urban land-use patterns (Engelen et al., 1998),
forest fire spreading (Karafyllidis and
Thanailakis, 1996), vegetation cover dynamics
(Balzter et al., 1997), rainforest dynamics (David

and Ricard, 2000) and so forth. In smaller scale,
recent studies have included population dynamic
of animals (Gronewold and Sonnenschein, 1998;
Sirakoulis et al., 2000), spreading of phytoplank-
ton species (Babovic and Baretta, 1996). Some
other applications include patchiness analysis of
marine species (Hal and Ron, 1996) and prey–
predator system dynamics (Minns et al., 2000).

Comparing to aggregated-based models, both
IBM and CA models have obvious flexibility to
implement individual property differences and lo-
cal interactions. The main difference is that IBM
takes individual species as study object, while CA
model schematise the investigated space into cells
and takes each individual cell as study object.

This paper is to present the application of CA
to modelling the competitive growths and then
explaining the successions of two underwater spe-
cies Chara aspera and Potamogeton pectinatus in a
eutrophicated lake, the Netherlands. In Section 2,
it gives a general introduction about the basic
concepts of cellular automata and its system be-
haviours. Then in Section 3, it describes the case
study in Lake Veluwee, the Netherlands. Section 4
presents the model output analysis and ecological
explanation for the fact that C. aspera finally
outcompeted P. pectinatus. At the end, the paper
discusses the applicability of CA to ecological
modelling, and the higher efficiency of CA models
over PDE based models in some aspects.

2. Cellular automata

Cellular automata constitute a mathematical
system, in which many simple components act
together to produce complicated patterns of be-
haviour. They often exhibit ‘self-organisation’ be-
haviour. Even starting from complete disorder,
their irreversible evolutions can spontaneously
generate an ordered structure.

A cellular automata system usually consists of a
regular lattice of sites (cells or automaton). Each
site has some properties that are updated in dis-
crete time steps according to local evolution rules
�, which are functions of the states of cell itself
and its neighbours. Fig. 1a,b illustrate a one-di-
mensional and a two-dimensional CA system withFig. 1. (a) One-dimensional CA. (b) Two-dimensional CA.
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Fig. 2. Location of lake Veluwe, the Netherlands.

the nearest neighbours respectively. The corre-
sponding evolution rules are expressed as Eqs. (1)
and (2).
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According to the definition, a CA system can be
characterised as:
1. Parallelism, which means all cell states are

updated simultaneously;
2. Homogeneity, which says that all cells follow

the same evolutions rules;
3. Locality, which implies a cell can only gather

information from its near neighbours and can
only affect its direct neighbours.

First proposed by Von Neumann (1949), the
theory and application of CA developed very
slowly. This situation was changed after the con-
tribution of Wolfram (1984) to the theoretical
construction of CA. However, the trend has been
only to investigate simple architectures that pro-

duce complex overall behaviours. Perhaps the best
known example is Conway’s ‘Game of Life’.

The recently increasing use of CA in ecological
modelling is motivated by the demand of localised
modelling (Babovic and Baretta, 1996; Minns et
al., 2000), and is facilitated by the rapid develop-
ment of object oriented programming (OOP) since
it is easy to implement differences of individual
properties and local interactions.

3. Case study in Lake Veluwe

3.1. Background of Lake Veluwe

Lake Veluwe is an artificial isolated part of a
large Lake IJssel in the centre of the Netherlands.
The total water surface is around 3300 ha, with an
averaged depth of 1.4 m. It was formed by the
construction of dams in the south-east part of the
Lake IJssel in 1952 (Fig. 2). According to long-
term documentation, the submerged vegetation of
the lake has experienced a great change after its
formation due to the change of nutrient loading
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(Marcel, 1999). Before 1968, the water in the lake
was clear, with diverse macrophyte vegetation.
Due to discharge of wastewater from some small
cities, the lake was eutrophicated, and blue alga
became dominant species (Hosper, 1997). Some
restoration measures were taken in late 1970s,
which resulted in the increase of P. pectinatus.
The increase of P. pectinatus provided the precon-
dition for the return of C. aspera. After 1990, C.
aspera colonised steadily and gradually replaced
the dominance of P. pectinatus.

From an ecological point of view, it seemed
that P. pectinatus would outcompete C. aspera in
this lake system, since: (1) P. pectinatus has better
ability than C. aspera to live in moderate turbid
water; (2) P. pectinatus germinates earlier and
colonises the upper layer, which shade C. aspera.
In the Lake Veluwe, (3) P. pectinatus is less
sensitive to eutrophication level, especially to
phosphorus concentration, than C. aspera. How-
ever, C. aspera outcompeted P. pectinatus and
replaced it gradually in Lake Veluwe. Analysis of
long-term observations indicated a self-reinforcing
ability of C. aspera during eutrophication. C.
aspera returned at a lower phosphorus level (0.1
mg/l) than the level at the time of their disapper-
ance (0.3 mg/l), a phenomenon known as hys-
teresis (Hosper, 1997; Marcel, 1999), therefore
phosphorus is not a key factor in this case. It is
supposed that the competition of dissolved inor-
ganic carbon HCO3

−1 and competition of light are
the two main factors of the succession. However,
the replacement process is still unclear, which
emerged the demand of model simulation. Con-
sidering the environmental heterogeneity and the
local interactions, this research selected CA ap-
proach to simulate the competition of light and
HCO3

−1, and in turn try to explain the replace-
ment process somehow.

3.2. Model structure and main assumptions

The model is designed to contain two partly
linked parallel submodels, one for P. pectinatus
and the other for C. aspera. The processes consid-
ered in each submodel include shading, attenua-
tion, HCO3

−1 competition, photosynthesis,
respiration, morality and spreading. A conceptual

framework of the model is presented in Fig. 3,
where solid lines refer to mass or energy flow, and
dash lines mean related processes. The local inter-
actions between the two species are indicated by
the two-directions dash lines, for instance ‘shad-
ing’ in Fig. 3.

Before model construction, some important as-
sumptions are made for simplification, which
include:
� the spatial scale is 10�10 m2, and the temporal

scale is 1 day;
� the model lumped vegetation in each cell into

biomass, which is counted by ash free dry
weight (AFDW);

� the whole depth is considered as one layer since
Veluwe is a shallow lake with very little
stratification;

� within a day, the irradiation is assumed to be
constant in daytime;

� since C. aspera and P. pectinatus colonise at
different vertical positions, different depths are
used when computing light attenuation;

� outside well-vegetated area, light attenuation
coefficient is constant in the whole growing
period. Inside vegetated area, both species have
the same attenuation value at first, but after P.
pectinatus reaches water surface, it takes
smaller value than C. aspera ;

� in the first month after the end of initialisation
of C. aspera, the concentration of HCO3

− is the
same everywhere, after that, it decreases to 0.4
mM in vegetated area, while remains 2.5 mM
outside;

� resources for growth are allocated after fulfil-
ment of respiration;

� respiration is proportional to current total
biomass;

� mortality is also proportional to current total
biomass;

� biomass loss due to wave action is neglected;
� grazing effect on biomass loss and propagules

dispersal is negligible (Hosper, 1997);
� the saturated biomass density is 350 g AFDW/

m2 (Marcel 1999) for both species;
� a cell is considered as vegetated when 75%

saturated biomass is reached;
� spreading happens when the cell is saturated

and there is space available in the adjacent
eight cells;
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� the loss of propagules during winter is a pro-
portion of the total ropagules in the cell.

Some other assumptions are not provided here,
which can be found in Appendix A.

3.3. E�olution rules

Unlike stochastic CA models (Minns et al.,
2000; David and Ricard, 2000), deterministic evo-
lution rules are used in this CA model. Most of
these rules are based on laboratory experiments
(Marcel, 1999), and others are regressions of real
observation data. General procedures of the
model are given in the following section, and the
detail algorithms will be presented in Appendix A.
1. germination of P. pectinatus and C. aspera

from propagules;
2. initialisation with exponential growth rate;
3. growing and spreading, which involve the

computation of shading coefficients, net light

level after shading, underwater light intensity
after attenuation, HCO3

−1 coefficients, photo-
synthesis production, biomass loss due to res-
piration and mortality, resource bulk after
subtracting the biomass loss, updating of
biomass density, and finally the spreading.
These procedures are repeated until the end of
growth period;

4. by the end of each life cycle, propagules are
produced, which is proportional to the current
biomass.

4. Model outputs analysis

The output of the model is presented in two
ways. One is the visualisation of growing and
spreading patterns of the two species in the lake.
Two graphs representing P. pectinatus and C.
aspera respectively show the change of biomass

Fig. 3. Conceptual framework of the model.
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Fig. 4. (a) Germination of both species (P. pectinatus germinates earlier than C. aspera). (b) Colonisation pattern by the end of the
second year (P. pectinatus spreads slower than C. aspera).

density in each cell and the colonisation process
as well (Fig. 4a,b). The other output is a time
series of biomass density that is the average of
sampled cells (Fig. 5a,b).

As shown in Fig. 4a,b, the colonisation is from
the Northeast to the Southwest, and it is faster in
longitudinal direction than in transverse direction.
Besides, the colonisation of C. aspera is faster
than that of P. pectinatus.

Fig. 5a,b present the annual growth patterns of
both species under constant saturated [HCO3

−1]
and varying [HCO3

−1], respectively. From the
graphs, it can be seen that: in case 1, when keep
the HCO3

−1saturated (Fig. 5a), which means no
HCO3

−1 effect, the growth curves of both species
have a similar shape. They grow very slowly at
the beginning, then very quickly when irradiation
becomes stronger. After that, they reach a stable
state. The earlier germination of P. pectinatus
makes it outcompete C. aspera because of shad-
ing. Also due to shading, the biomass density of
C. aspera cannot reach saturation.

In case 2, when [HCO3
−1] decreases following

the increase of consumption, the growth curves of
both species are quite different from case 1. The
earlier germination of P. pectinatus makes it con-
tain the growth of C. aspera by shading effect, so
the biomass density of C. aspera is lower than
that of P. pectinatus at the beginning. Following
the increase of biomass and then associated in-
creasing consumption of HCO3

−1, HCO3
−1 be-

comes gradually scarce, which leads to the decline
of growth rate of P. pectinatus. As the result, C.
aspera keeps on growing and reaches a high den-

sity due to the relief of shading from P. pectinatus
at upper layer. Therefore, when HCO3

−1 is scare,
C. aspera outcompetes P. pectinatus.

Comparing the two growth curves of C. aspera
under different [HCO3

−1], it can be seen that C.
aspera grows better under relatively low [HCO3

−1]
situation. Although the scarcity of HCO3

−1 also
has a negative effect on C. aspera growth, the
decline of P. pectinatus growth due to lack of
HCO3

−1 has much greater positive effect. Since P.
pectinatus grows at upper layer, the decline will
greatly increase light penetration, which stimu-
lates C. aspera to grow.

Comparing the two growth curves of P. pecti-
natus under different [HCO3

−1], it is found that P.
pectinatus can not grow well under low [HCO3

−1]
situation although it contains the growth of C.
aspera at the early stage. The decline of P. pecti-
natus greatly relieves the shading effects, so that
the growth of C. aspera is encouraged.

For both species, the two growth curves under
different [HCO3

−1] are similar at the early stage.
The reason is that the growths at the beginning
are very slow, so that the HCO3

−1 effects are not
obvious.

Generally speaking, the light intensity and
HCO3

−1 are two major factors to the competitive
growths of C. aspera and P. pectinatus in Lake
Veluwe. The scarcity of HCO3

−1 has a great nega-
tive effect on the growth of P. pectinatus, while it
has a great indirect positive effect on the growth
of C. aspera, which is advantageous to the re-
placement of C. aspera to P. pectinatus.
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5. Conclusions and discussions

The results above manifest that the colonisation
is from the Northeast to Southwest, and the
spreading is faster in longitudinal direction than
in transversal direction. HCO3

−1 and light inten-
sity are observed to be two major factors of the
system and in turn that shading and competition
of HCO3

−1 become two important processes.
These results are compatible with the field obser-
vations (Marcel, 1999) and those from Van Nes et

al. (1998), who explored an individual based
model to study the effects of changing environ-
mental conditions on the dynamics between C.
aspera and P. pectinatus.

It can be seen from the case study that CA
based model shows higher efficiency than PDE
based models (Vermij, 1987; Elisabeth, 1992) re-
garding the implementation of individual property
differences, local interactions and discrete process.
For instance, it is easy to incorporate the local
internal and external interactions such as shading

Fig. 5. (a) Yearly growth pattern (under constant saturated [HCO3
−1] condition). (b) Yearly growth pattern (under varying

[HCO3
−1] condition)
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and HCO3
−1 competition for each cell. It is also

convenient to specify the differences of individual
properties, e.g. vegetated or non-vegetated status,
non-uniform distribution of propagules. The com-
putations were carried out in a discrete way by
difference equations (not differential equations),
which is more realistic from an ecological point of
view. All these advantages are especially enhanced
when using OOP technology, where a cell can be
considered as an object, cell properties as member
variables, and interactions as member functions.

Due to the spatial heterogeneity of environmen-
tal conditions and the adaptation of species to
environment changing, different evolution rules
should be applied in different cells. Although it is
practical (Camara et al., 1990; Rechnagel et al.,
1994) with current available computation capac-
ity, it is not realised in this study. The same as
other CA based ecological models from litera-
tures, cells with unique size and geometry are also
used in this study, which is quite arguable. Fi-
nally, the definition of appropriate evolution rules
becomes very difficult because of high complexity
and non-linearity when more details are included.

Therefore, our further studies on the applica-
tion of CA to ecohydraulics modelling include (1)
incorporating hydrodynamic module output as
forcing dynamics to ecological models. A poten-
tial problem is the multiple temporal-spatial scales
coupling between hydrodynamic process and eco-
logical process; (2) considering the heterogeneity
of evolutions rules. It is better to cluster the
studied area, and then apply different rules to
different class; (3) schematise the studied space
into unstructured cells with different size and
geometry according to their environmental or eco-
logical characteristics. Although it violates the
original definition of CA, it has better perspec-
tives not only with respect to the ecological real-
ity, but also to the coupling with real observations
and computation efficiency; (4) conventionally,
the evolution rules are formulated by PDEs, such
as Lotka–Voterra equations in prey–predator
modelling. However, it sometimes becomes very
difficult, if not impossible, due to the high com-
plexity and non-linearity of ecosystems except for
the modeller’s insufficient understanding to the
investigated processes (Recknagel, 1997). A good

alternative is the application of artificial intelli-
gence (AI) techniques (Minns, 1998) that include
artificial neural networks (ANN), genetic pro-
gramming (GP) and fuzzy logic (FL). These are
recently more and more widely used methods, and
are proved to be promising in the future. Our next
research will take more efforts to the application
of ANN and FL to evolution rules definition.
Probably, the most promising way is to combine
the AI techniques with numerical approaches,
which has been demonstrated by Bokhorst and
Vonk (see Passarge, 1998).
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Appendix A. Model algorithms

A.1. Germination

The germination biomass from seeds are ex-
pressed by:

Bio–C=CSR�CTS�CSW�CBS (A1)

Bio–P=PSR�PTS�PSW�PBS (A2)

where Bio–C : biomass density of C. aspera after
germination in cell; CSR : C. aspera sprout ratio;
CTS : C. aspera total seeds; CSW : C. aspera seed
weight; CBS: ratio of biomass from C. aspera
seed.

The similar meanings also apply to Eq. (A2) for
P. pectinatus.

A.2. Initialisation

After germination, they are initialised exponen-
tially (Marcel, 1999) by biomass from propagules
with a constant rate;

Bio–C=Bio–C�(1+CIR)CID (A3)
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Table 1
Experimental values for Pmax, Km and R

Species Pmax Km R

2.1C. aspera −0.224.4
3.3P. pectinatus 2.0 0.26

A.3. Shading

It is assumed that 100% shading is experienced
when cell itself and its eight neighbours are all
saturated, then the real shading coefficient is com-
puted as:

SC=�i=1
9 (Bio–Ci+Bio–Pi)/((CSB+PSB)�9)

(A5)

SP=�i=1
9 (Bio–Pi)/((CSB+PSB)�9) (A6)

Bio–P=Bio–P�(1+PIR)PID (A4)

where CIR : C. aspera initialisation rate; CID : C.
aspera initialisation date.

Fig. 6. (a) Max rate of gross photosynthesis. (b) Light intensity where Pm/2 is reached.
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Table 2
Empirical values for some model parameters

NameValue for C. asperaNameDescription Value for P.pectinatus

Area 100 Area 100Cell area (m2)
DC 1.2Water depth (m) DP 0.8

25 10ECEmerge time (day) EP
CSR 15%seed sprout ratio PSR 20%
CBR 25% PBR 25%Biomass ratio from

seed
CSW 0.00018 PSW 0.02Seed weight (g)
CIR 0.12Initialisation rate PIR 0.22

PIDInitialise time (day) CID 610
DL 10 (120th–150th), 14 (151th–210th), 12Day length (h) DL 10 (120th–180th), 14 (151th–210th),

(211th–240th) 12 (211–240th)
Light level (�E m−2 LLLL 120 (120th–150th), 180 (151th–210th),120 (120th–150th), 180 (151st–210th),

s−1) 160 (211th–240th)160 (211st–240th)
Unvegetated area 2.5/m, 2.0/m (afterACDepth averaged light Unvegetated area 2.5/m, 2.0/m (afterAP
sprout), 1.0/m (after initialisation)Attenuation sprout), 0.8/m (after initialisation)

From graph 52.0Km(�E m−2 s−1)a Km–C Take Km–P/3, 14.0 Km–P
Pm(g O2 g−1 AFDW From graph 0.059Pm–PFrom graph 0.11Pm–C

h−1)a

0.82 0.82con� ConvO2 conversion
Unvegetated area 2.5 M, 2.5 M[HCO3

−] [HCO3
−][HCO3

−] Unvegetated area 2.5 M, 2.5 M
(120th–180th), 0.4 M (181st–240th) (120th–180th), 0.4 M (181st–240th)
0.029Respiration rate (g O2 PRR 0.012CRR

g−1 AFDW h−1)
Respiration time (h) 24 RTRT 24

0.002PMR0.001CMRMortality rate
350Saturation biomass PSB350CSB

PSYR35% 20%CSYRSeed yield ratio
CSLR PSLR20%Seed loss ratio 20%

a Pm, max rate of gross photosynthesis. Km, light intensity at which half Pm is reached.

where SC : is the shade effect on Chrophyte ; Bio–
Ci : C. aspera biomass in cell i ; CSB : C. aspera
saturated biomass.

A.4. A�ailable light le�el

The available light level is the light level after
shading, given by:

CNL=LL�(1.0−SC) (A7)

PNL=LL�(1.0−SP) (A8)

where LL : light level; CNL : C. aspera net light
level; PNL : P. pectinatus net light level.

A.5. Underwater light intensity

Light intensity, which is assimilated for photo-

synthesis, is computed at half depth with the
effect of light attenuation as:

CLI=CNl�e−0.5�DC�AC (A9)

PLI=PNL�e−0.5�DP�AP (A10)

where DC : depth C. aspera mainly colonises; AC :
attenuation coefficient for C. aspera ; CLP : Chro-
phyte light intensity.

A.6. Coefficients of [HCO3
−] effect

The HCO3
− factor is assumed to be 1.0 when

the concentration is equal or higher than 2.5 mM,
then the factor inside the vegetated area after day
181st is computed by the equation from fitted
curve (Marcel, 1999)
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CC=

Pmax
C �[HCO3

−]
Km

C + [HCO3
−]

−RC

Pmax
C �2.5

Km
C +2.5

−RC

(A11)

CP=

Pmax
P �[HCO3

−]
Km

P + [HCO3
−]

−RP

Pmax
P �2.5

Km
P +2.5

−RP

(A12)

where Pmax=maximum photosynthesis rate;
Km=half saturation constant; R=photorespira-
tion. The experimental values for Pmax, Km and R
are given in Table 1.

A.7. Production

Daily biomass production in each cell is com-
puted from daily photosynthesis (O2 g/day) pro-
duction multiplied by the conversion factor con�,
which is expressed as:

PC=
Bio–Ct�(Pm–C�CLI)�con��CC�DL

Km–C+CLI
(A13)

PP=
Bio–Pt�(Pm–P�PLI)�con��CP�DL

Km–P+PLI
(A14)

where PC : the photosynthesis product of C. as-
pera ; Bio–Ct : C. aspera biomass at time t ; con� : is
biomass conversion coefficient, takes value 0.82;
Pm–C : max photosynthesis rate of C. aspera ;
Km–C : light intensity where half Pm–C is
reached; Pm–P : max photosynthesis rate of P.
pectinatus, takes value from (Fig. 6b); Km–P :
light intensity where half Pm–P is reached, takes
value Fig. 6a.

Since no such kind of graph is found in litera-
ture study for C. aspera, Km of C. aspera takes
one third of that of P. pectinatus according to the
experimental result (Marcel, 1999).

A.8. Respiration loss

The respiration is proportional to the total
current biomass of each cell

CR=Bio–Ct�CRR�RT�con� (A15)

PR=Bio–Pt�PRR�RT�con� (A16)

where CR : C. aspera respiration; CRR : C. aspera
respiration ratio; RT : daily respiration time in
hour.

A.9. Mortality loss

Mortality is also proportional to the total cur-
rent biomass in the cell, given by:

CM=CMR�Bio–Ct (A17)

PM=PMR�Bio–Pt (A18)

where CM : mortality of C. aspera; CMR : C.
aspera mortality ratio.

A.10. Resources bulk

The resources bulk of each cell is calculated by
subtracting the respiration from the production,
expressed by:

CRB=CP−CR (A19)

PRB=PP−PR (A20)

where CRB : C. aspera resources bulk.

A.11. Biomass updating of each cell

The biomass density at time t+ 1 is then com-
puted as:

Bio–Ct+1=Bio–Ct+CRB−CM (A21)

Bio–Pt+1=Bio–Pt+PRB−PM (A22)

where Bio–Ct+1: biomass of C. aspera at time
t+1.

A.12. Spreading

If the sum of Bio–Ct+1 and Bio–Pt+1 is larger
than the saturated biomass, and there is space
available in near neighbour, then spreading
happens.

The procedures from (A.3) to (A.12) are re-
peated until the end of annual growth period.
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A.13. Formation of seeds

The seeds yield is proportional to the biomass
at the end of growth period

CSY=Bio–C�CSYR/CSW (A23)

PSY=Bio–P�PSYR/PSW (A24)

where CSY : C. aspera seeds yield; CSYR : C.
aspera seeds yield ratio.
The total seeds available for germination are
then computed by:

CTS= (CSY+CTSL�(1.0−CSR))�(1–CSLR)
(A25)

PTS= (PSY+PTSL�1.0−PSR))�(1–PSLR)
(A26)

where CTSL : C. aspera total seed in last year;
CSLR : C. aspera seed loss ratio in winter.
Parameters used in this model are presented in
Table 2.
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