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Abstract 
We applied individual-based simulations to study the effect of physiological integration among 

ramets in clonal species that live in patchy habitats. Three strategies were compared: (1) Splitter, in 
which the genet was fragmented into independent ramets; (2) Transient Integrator, where only 
groups of ramets were connected; and (3) Permanent Integrator, in which fragmentation did not 
occur, and the whole genet was integrated. We studied the dynamics of spatial spreading and 
population growth in these strategies separately and in competition. Various habitat types were 
modeled by changing the density of favorable habitat patches. 

We found that the spatial pattern of good patches significantly influenced the growth of the 
populations. When the resource patches were scarce, a large proportion of the carrying capacity of 
the habitat was not utilized by any of the strategies. It was the Splitter that proved to be the most 
severely dispersal-limited. But at the same time, it could compete for the good patches most 
efficiently. The balance between these two contradictory effects was largely determined by the 
proportion of favorable to unfavorable areas. When this proportion was low or intermediate (up to 
ca. 50% good), integration was more advantageous. At higher proportions, fragmentation became 
beneficial. Fragmentation into groups of ramets (Transient Integration) was not sufficient, only 
radical splitting could ensure a significant selective advantage. 

Transient Integrators got fragmented according to the spatial pattern of ramet mortality. It was 
interesting that the enrichment of the area in good sites did not lead to larger fragment sizes. It 
merely raised the number of fragments. Nevertheless, these small fragments were more similar to 
integrated genets (in the Permanent Integrator) than to solitary ramets (in the Splitter) in terms of 
dispersal and competitive ability. This suggests that even a slightly integrated clonal species can be 
ecologically considered as an integrator. 

Keywords: population dynamics, competition, clonal plant, ramet, patchy environment, habitat fragmentation, 
spatial heterogeneity, percolation, cellular automata, individual-based modeling 
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Fragmentation of clones 

INTRODUCTION 
Clonal growth is very widespread among 

plants. We find a large diversity of clonal 
growth forms, and many of these significantly 
contribute to the structure of vegetation. Several 
community types of the Earth are dominated by 
clonal species (van Groenendael and de Kroon 
1990, Klimes et al. 1997).  

The definition of clonal growth is based upon 
modular development. Like all modular 
organisms, clonal organisms develop by 
producing identical developmental units 
repetitively. But a specificity of clonal life 
forms is that these units can become 
physiologically autonomous. Thus, a genetic 
individual (genet) can consist of numerous 
physiological individuals (ramets) (Harper and 
Bell 1979, Jackson et al. 1985). Let us take the 
example of a strawberry (Fragaria vesca L.) 
genet, which produces, for example, twenty new 
rosettes in a particular year. Each ramet starts its 
development from a node on a stolon. At the 
beginning, it has only a single foliage leaf, and 
has to rely on the resources (water, mineral 
nutrients and photoassimilates) that arrive from 
its parent through the stolon connection. Later 
the ramet can root and develop its own 
vegetative and reproductive shoot systems. 
Therefore, it can attain complete physiological 
autonomy. It is important to note that it is not 
necessary that all ramets should actually do so. 
For example, there may be ramets which do not 
root, or do not develop any inflorescence, 
depending on the environmental conditions. The 
definition stipulates only a potential for 
autonomy, and not the actual fulfillment of this 
potential.  

The lifetime of each ramet is finite, but the 
genet can perpetuate its life by producing new 
ramets. The genetic individual can significantly 
delay (or even escape) senescence by this 
repeated rejuvenation, and can often survive for 
hundreds (or, in some species, even thousands) 
of years (Cook 1985, Schmid 1990, Klekowski 
1997, Gardner and Mangel 1997). A genet is 
capable of extensive lateral spreading during its 
lifetime. New ramets are produced further away 
from their parents, and thus, the clone occupies 
new locations. The average mother-to-daughter 
distance can exceed 1 meter in many 

rhizomatous or stoloniferous species with 
creeping growth habits (Eriksson and Jerling 
1990). Diffusion coefficients of 50-100 
cm2/year are not uncommon in nature (c.f. Cain 
1990, Cain and Damman 1997). At the extreme, 
some old-aged genets have been reported to 
exceed 800 meters in diameter (Gaylussacia 
brachycerium, Holcus mollis), or 80 ha in area 
(Populus tremuloides) (Cook 1985). This 
remarkable capacity for mobility is a direct 
consequence of horizontal growth and ramet 
autonomy. Individual ramets or groups of 
ramets can become physiologically independent 
of the state of the rest of the clone. Some parts 
of a clone can vigorously grow while others are 
suffering stress or die.  

Extensive horizontal growth implies that 
different parts of the same clone have a high 
chance of experiencing different habitat 
conditions. Distributions of nutrients and light 
are often heterogeneous even on small 
(centimeters) spatial scales (Caldwell and 
Pearcy 1994). Therefore, the commonly 
occurring phenomenon, that growth conditions 
differ at two parts of the same individual, is 
especially likely to occur in clonal species. 
Several adaptive responses to habitat 
heterogeneity have been described in plants (see 
Caldwell and Pearcy 1994 for review). But 
clonal species have an opportunity for a specific 
response: fragmentation. This opportunity 
directly follows from their capacity for 
producing autonomous modules. 

There is a large variation among clonal 
species in the degree of ramet autonomy. Some 
species cease all transport across ramet 
connections after the establishment of new 
ramets. Even programmed disintegration may 
occur (Pitelka and Ashmun 1985, Hutchings and 
Bradbury 1986, Schmid and Bazzaz 1987, 
Wijesinghe 1994, Kelly 1995, Wilhalm 1996). 
We can call these species ‘splitters’ (after 
Eriksson and Jerling 1990). Others remain 
physiologically connected, and keep 
transporting resources. Only injury or other 
damage of ramet-to-ramet connections can force 
the ramets become independent. These species 
can be called ‘integrators’. (See Pitelka and 
Ashmun 1985, Marshall and Price 1997 and 
Jónsdóttir and Watson 1997 for reviews about 
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physiological integration.) An interesting effect 
of integration is that the qualities of habitat 
patches, encountered by different parts of a 
clone, can be averaged among the 
interconnected ramets. This phenomenon has 
been demonstrated by various experimental 
studies (Pitelka and Ashmun 1985, Schmid and 
Bazzaz 1987, 1991, Birch and Hutchings 1994, 
Wijesinghe and Handel 1994, Alpert 1996b, 
Stuefer et al. 1996, Wijesinghe and Hutchings 
1997, Hutchings and Wijesinghe 1997, Marshall 
and Price 1997; see more references in 
Jónsdóttir and Watson 1997, and in theoretical 
papers:  Eriksson and Jerling 1990, Kelly 1995). 
Integrated clones can perceive and respond to 
spatial heterogeneity on a coarser scale than 
solitary ramets could do (c.f. Stuefer 1996, 
Oborny et al. 2000). The scale of this, of course, 
largely depends on the size of clonal fragments. 
Extensively integrated clones can maintain 
connections through more than ten ramet 
generations (as in Lycopodium annotinum or 
Carex bigelowii; Headley et al. 1988, Jónsdóttir 
and Callaghan 1988, Jónsdóttir and Watson 
1997). The size of integrated fragments can 
exceed 50 ramets (e. g., in Fragaria chiloensis; 
Alpert 1991). 

Jónsdóttir and Watson (1997) note an 
important aspect of integration in their review 
paper. The very existence of integrated 
fragments requires an overlap between ramet 
generations. Once this condition has been 
satisfied, the process of fragmentation is 
determined by two variables: longevity of the 
ramets (R), and longevity of the connections 
between ramets (C), because both the death of a 
ramet and the decay of a connection can lead to 
disintegration (see also Wijesinghe 1994). For 
example, in pseudoannual species, like 
Trientalis europea, the ramets live for only for 
one year, which guarantees disintegration by the 
next growing season (C = R = 1; Piqueras et al. 
1999). In others, like Potentilla simplex, the 
connections are short-lived, but the rooted 
ramets can persist for more than four years (C = 
1, R > 4; Wijesinghe and Handel 1994). 
Jónsdóttir and Watson (1997) propose a 
functional classification of integration strategies 
on the basis of R, C, and a third variable, ramet 
generation time (G).  In our model, we will 

compare three strategies, that are based on this 
approach.  

There are two minor differences from the 
view of Jónsdóttir and Watson (1997). The first 
is a simplification. We disregard ramet 
generation time, by defining G = 1. In our 
model, we can arbitrarily choose any value as a 
time unit. We have chosen the ramet generation 
time, which is practical, because lets us scale the 
time axis according to the behavior of the plant. 
(Note that in field studies, or in any model 
where species of different generation times are 
compared, such a simplification would hardly 
be possible.) The second difference is that 
(unlike in Jónsdóttir and Watson’s (1997) 
model) C can be larger than R. This assumption 
follows from the need that we model 
competition for resources. It is possible that a 
ramet is dead in the sense that it cannot 
consume resources any more, and its site can be 
colonized by other individuals, but it is still able 
to transmit resources through that location. Let 
us take the example of carbon integration. It is 
possible that the photosynthesizing above-
ground shoots of a ramet die, but the rhizomes 
persist below-ground, and keep transporting 
carbohydrates. Similarly for mineral nutrients 
and water, the root system can decay at a 
location, leaving the soil volume vacant for 
exploitation by other plants, nevertheless, a 
horizontal shoot can transport materials across 
this site. Thus, we distinguish between two local 
behaviors: uptake of a resource from a site, and 
transport of a resource across a site. This is why 
C and R can have any relation. We compare 
three simple strategies. 

[1] In the Splitter strategy, the lifetime of 
connections is short (C < R). To simplify this 
even further, we assume that the connections 
disintegrate right after ramet establishment (so 
that C  = 0). Consequently, every genet consists 
of individual, disconnected ramets. 

[2] We have two types of Integrator 
strategies. In both, the lifetime of connections, 
C, is assumed to be as long as possible. In the 
strategy that we call Transient Integrator, each 
connection persists until the connecting ramet 
dies (C = R). Thus, fragmentation can occur, but 
not due to any active disintegration of the 
connections, but as a spontaneous consequence 
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of ramet mortality. The genet consists of 
fragments (i.e., integrated groups of ramets). 

[3] In the Permanent Integrator strategy, the 
genet stays integrated throughout its lifetime. 
This means that the connecting vascular tissues 
(in rhizomes, stolons, etc.) remain functional 
even when the other parts of the ramets die  (C 
> R). In our model, we assume that 
fragmentation does not occur at all. This is an 
extreme idealization, because some degree of 
fragmentation can hardly be avoided in real life. 
But we can use this extreme strategy as a 
reference. It shows the achievable maximum 
effect of long-lasting connections. This can only 
be approximated by real species. An example 
maybe Carex bigelowii, in which field studies 
estimate that the average lifespan of  above-
ground shoots is only 2.4 years, but the 
connecting rhizomes persist for more than 20 
years. These connections can transport 
photoassimilates through up to 30 ramet 
generations, thus, integration is very extensive 
(Jónsdóttir and Watson 1997). 

We apply another important simplification in 
the model. We assume that all the ramets that 
are connected can integrate fully, i.e., they form 
a single IPU (integrated physiological unit, 
sensu Watson 1986). In the Splitter, the IPU size 
is one ramet. In the Permanent Integrator, it is 
always equal to the actual size of the genet. In 
the Transient integrator, the IPU sizes are 
intermediate, being equal to the fragment sizes 
(Figure 1). 

 
In this paper, we study the dynamics of 

clonal metapopulations. Each genet can consist 

of numerous ramets. In the case of the Transient 
Integrator, every genet can be subdivided into 
fragments, and every fragment can contain a 
number of ramets. A specificity of the model is 
that those ramets that are connected share the 
resources that are locally available to them. 
Therefore, the environmental conditions are 
averaged within the IPUs. The regions where 
this averaging takes place continuously change 
by the spatial development of the clones.  

We simulate various habitat types and 
observe how the three strategies occupy the 
habitat patches. The only environmental 
parameter that we manipulate is the density of 
resource-rich patches. Thus, we modify the 
average amount of the resource over the habitat. 
According to our assumptions, a Permanent 
Integrator which covers the whole area would 
sense exactly this resource level. In contrast, 
smaller groups of ramets or solitary ramets 
encounter different conditions, depending on 
their exact locations. We evaluate how the 
strategies can capture the good patches, and how 
the number of ramets changes over time. First 
we study the three strategies separately. Then 
we let the Splitter compete with the Integrators 
(first with the Permanent Integrator, and then 
with the Transient Integrator). 

Thus, we study the advantages vs. 
disadvantages of clonal fragmentation over a 
landscape that is also fragmented. The most 
advantageous strategy can, by definition, 
produce the largest population growth (in terms 
of the number of ramets). Vigorous population 
growth can be achieved in two alternative ways. 
One is to give birth to a small number of good-
quality ramets. The other is to produce a large 
number of medium-quality offspring, which 
shall later be thinned by mortality.  The first 
option is typical for Splitters; the second for 
Integrators. Splitting implies that the good 
ramets (i.e., those which have been located to 
resource-rich sites) are selfish. The genet is a 
strong competitor in good sites, but can hardly 
colonize bad locations. Integrators do the 
opposite. The good ramets subsidize the bad 
ones. Therefore, the Integrator is relatively 
weaker in good patches but stronger in bad 
patches, compared to the Splitter. This has been 
demonstrated by our previous simulations 

Splitter Permanent 
Integrator

Transient 
Integrator

Splitter Permanent 
Integrator

Transient 
Integrator

 
Figure 1. A scheme of the three strategies. The genets are
circumscribed by dashed lines. The living ramets are drawn
individually and the places of dead  ramets are marked by
black dots. Living connections between the ramets are shown
by solid lines. Those living ramets that are connected make a
fragment, and are assumed to belong to one Integrated
Physiological Unit (IPU). 
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(Oborny et al. 2000, 2001), where a Splitter 
competed with a Permanent Integrator in 
various habitat conditions. We found that spatial 
spreading of the Splitter was confined to good 
locations. Therefore, it occupied  a smaller but 
better portion of the habitat. The Integrator 
proved capable for colonizing those locations 
that had been left vacant by the Splitter. The 
final outcome of competition sensitively 
depended on the density and size of resource 
patches (Oborny et al. 2000, 2001).  

The present study employs the same 
modelling technique, but with some extensions. 
First of all, we consider that not only active 
splitting but also the death of ramets can lead to 
disintegration.  Therefore, we introduce a new 
strategy, Transient Integrator, and we study the 
process of fragmentation. For this, we have to 
record the connections between the ramets 
explicitly. Secondly, we compare [1] the 
performance of the strategies when they are in 
competition to [2] their performance when they 
grow separately. According to the previous 
results, we hypothesize that the difference 
between [1] and [2] should be rather small in the 
Splitter, and significant in the Integrator. 

 
METHODS 

 
We apply an individual-based model, in 

which we represent every ramet together with 
its state (resource level), location, and 
connections to other ramets. First we let the 
strategies grow separately, then we make the 
strategies compete in the same simulation arena. 
We test the Splitter against the Permanent 
Integrator, and then, in turn, against the 
Transient Integrator. 

 
Assumptions of the model 

The model is based on a cellular automaton. 
(See Czárán 1998 for an introduction to this 
spatially explicit tool of modelling.) Thus, it is 
discrete in space and time. One spatial unit (i.e. 
the distance between two neighboring cells) 
corresponds to the distance between two 
neighboring ramets. One time unit is assumed to 
be equal to the developmental time of one ramet 

generation. Therefore, scaling of the model is 
prescribed by the species itself.  

We apply important simplifications, in order 
to focus on a single phenomenon: 
fragmentation. Our purpose is to exclude any 
other effect that may influence the dispersal or 
competitive ability of the species. Therefore, we 
assume that the strategies are identical in every 
other aspect but fragmentation. Let us list the 
most important simplifying assumptions at this 
point, before the technical specification of the 
model. 

[1] One cell is assumed to serve as a 
microhabitat for a single ramet. Parent ramets 
give birth to new ramets by colonizing 
neighboring cells (in von Neumann 
neighborhood, i.e. in any of the contacting four-
cells). Parents subsidize the establishment of 
their offspring. Splitting or integration becomes 
optional only after this establishment phase. The 
strategies do not differ in terms of parental 
support, in order to make the strategies 
comparable. Therefore, the cost of 
establishment is merged into the parameter 
which describes the cost of a reproduction 
event. After this juvenile phase of 
establishment, the ramets can become 
physiologically autonomous, if the strategy 
requires so. Autonomy means that a ramet can 
have its own resource budget, ceasing any 
import from or export to other ramets.  Adult 
ramets in any strategy are the same in the sense 
that they can reproduce and die in each time 
step, according to their resource supply. The 
rule that tells the probability of reproduction and 
survival as a function of resource level is the 
same. Only the way of calculating these 
resource levels differ among the strategies. 

[2] The strategies themselves are largely 
simplified by assuming that C, the longevity of 
connections, is practically 0 in the Splitter and 
unlimited in the Permanent Integrator (i.e. lasts 
as long as the genet lives). Complete averaging 
of the resource levels within an IPU is also a 
simplification. In fact, sophisticated patterns of 
resource transport can be imagined, depending 
on the species (c.f. Watson 1986, Marshall and 
Price 1997, Birch and Hutchings 1999). 

[3] Each simulation starts by distributing 50 
propagules over the field randomly. When two 
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strategies compete, then each has 50 propagules. 
We assume that seedling establishment is 
negligible in the population after this initial step. 
Preliminary simulations have shown that the 
results can sensitively depend on the success of 
dispersal (c.f. Oborny et al. 2000). Therefore, 
we strictly control seed dispersal, giving equal 
chances to the strategies at the beginning, and 
preventing any colonization by seeds later. 

[4] The environment is also simplified, in 
order to manipulate resource availability 
through a single parameter. Preliminary 
simulations have shown that the density of good 
patches is an important characteristic of the 
environment, and can largely influence the 
relative success of Splitters to Permanent 
Integrators in competition (Oborny et al. 2000). 
Therefore, we have chosen this parameter for 
further study. Accordingly, all the other 
characteristics are simplified as much as 
possible. The habitat is assumed to consist only 
of good (resource-rich) and bad (resource-poor) 
patches. The patchwork is very fine-grained, 
i.e., the distribution of good and bad sites is 
random on the scale of ramet-to-ramet 
distances. The habitat pattern is static over time. 
Only the occupancy of cells can re-arrange the 
availability of good and bad sites, because 
occupied cells cannot be colonized. Only the 
death of the resident ramet can make a site open 
for further colonization, i.e., the system is 
strongly founder-controlled (sensu Yodzis 
1978). 

[5] The ramets are identical; their 
physiological states are fully described by the 
resource levels. For example, we do not 
distinguish between young and old, or flowering 
and non-flowering ramets. We assume that the 
ramets do not vary morphologically. The 
architecture of the clones is also rigid (i.e. not 
influenced by the environment). We assume that 
that the maintenance of connecting tissues 
between the ramets does not provide any extra 
benefit to the clone (e.g., by storing resources), 
and does not have any cost either. The costs and 
benefits of integration are manifested through 
their effects on the survival and reproduction of 
the ramets. An advantage of this approach is 
that we can directly focus on the effects of 
fragmentation. In the case of Integrators, we do 

not put any extra resource into the system, or do 
not remove any, only redistribute the existing 
resources among the ramets. 

 
Specification of the model 

The cellular automata is stochastic. It 
consists of two layers: one for storing the 
distribution of the resource, and the other for 
showing the distribution of the ramets (see 
Figure 2). The resource layer is static; the 
population layer is changeable. The lattice size 
is 100 x 100 cells. We apply von Neumann 
neighborhood, i.e., every lattice cell is 
neighbored by its four nearest cells. The 
boundaries are wrapped-around, to preclude 
edge effects. Updating is synchronous. Four 
updates take place in every time unit: [1] 
evaluation of the resource level for each ramet, 
according to the connections, [2] birth of new 
ramets, [3] re-evaluation of the resource level, 
considering the new-born ramets, and [4] death. 

 
The environment 

In the resource layer, every cell has two 
potential states: good (resource-rich) or bad 
(resource-poor). p proportion of the cells is 

 
Figure 2. The columns show snapshots from two
cellular automata simulations. The first was produced
in a moderately rich habitat (p = 0.4), while the
second was made in somewhat better conditions (p =
0.6). The simulations were stopped at time 500.
Distributions of the resource are shown in the first
row. (Layer 1 in the automata. Black cells: good sites;
white cells: bad sites.) Only one strategy, the Splitter
was grown in these heterogeneous environments. Its
distribution is shown in the second row. (Layer 2.
Black cells: occupied; white cells: empty.) Note that a
relatively small change in p caused a big increase in
the area that can be occupied by the Splitter. 
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good, and 1-p is bad. The distribution of good 
and bad cells is random on the scale of lattice 
cells. 

 
The populations 

In the other layer, every cell can be vacant or 
occupied. If occupied, we know the identity of 
the resident ramet (i.e., the strategy, the genet 
and the fragment to which it belongs). In the 
integrators, we keep track of the living 
connections as well. We record every pair of 
ramets that are connected. Whenever a birth 
event occurs, we add a new (mother and 
daughter) pair to the list. When a ramet of a 
Transient Integrator dies, we delete every 
connection in which the dead ramet has been 
involved (Figure 3). Therefore, we record the 
actual structure of the clones in every time step. 
This technical complication has made our model 
step out of the framework of classical cellular 
automata models. Not only site-based but also 
ancestry-based relationships are considered. 
This is necessary, because we wish to know the 
exact locations of the ramets (where they 
interact with their local environments) as well as 
their positions within the branching structure 
(through which they can exchange resources). 

At the beginning of the simulations, we 
randomly placed 50 ramets over the field from 
each strategy. All the other cells were empty.  

 
Transition rules 

Every updating started with the evaluation of 
the resource status of ramets. Every ramet had 
access to the resource in its microsite, i.e. at the 
same location in the resource layer. ‘Good’ cells 
contained 1 unit of resource, and ‘bad’ cells 0 
unit of resource. Thus, we assumed that the 
contrast of the habitat pattern was maximal. The 
effect of 0 or 1 unit of resource on the growth of 
the plant was defined by a resource utilization 
function (see later).  

Let r i  denote the amount of resource at the 
ith ramet. Every Splitter ramet gets ri = 0 or ri = 
1, depending on the local patch quality. In the 
Integrator, however, ri can take intermediate 
values, 

.10 ≤≤ ir     Eqn. 1 
It is calculated by summing all the resource 

that is available to the actual fragment, and 
distributing the resource evenly among the 
ramets. If a fragment consists of f ramets, from 
which fg are situated in good sites, then every 
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(b) Death and fragmentation

 
Figure 3. Two basic events in the cellular automata: birth and death. The drawings show a Transient Integrator as an
example. (Fragmentation does not occur in the other strategies.) The events take place in the cells that are marked by
thick borders. Resource-rich sites are gray, and poor sites are white. Those ramets that belong to the same fragment are
connected by solid lines (“rhizomes” or “stolons”), and are shaded by the same pattern. (a) The white fragment
colonizes an empty cell after winning the competition against another candidate, the black fragment. (b) The white
fragment, in which all the ramets are connected, loses one ramet, and disintegrates into three pieces. 
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ramet from i=1 to f gets 

f
f

r g
i =     Eqn. 2 

units of resource, because the resource is 
averaged among the ramets. 

The next step is birth, which takes place in 
empty sites. If an empty site does not have any 
occupied neighbors, it remains empty. If it is 
neighbored by only one occupied site, then gets 
colonized unconditionally. If there are more 
occupied sites in the neighborhood (from 2 to 
4), then competition starts. We choose only one 
mother to win the competition, and delegate her 
offspring into the empty site. The probability of 
winning the competition is proportional to the 
resource level. For example, if there are two 
ramets to compete for a site, one with r1=0.3, 
and another with r2=0.9, than ramet 1 can win 
the competition with probability 0.25, and ramet 
2 with probability 0.75. This rule means that 
stronger ramets have relatively higher chances 
to establish new offspring. 

After each birth event, we record the 
daughter as belonging to the same fragment as 
the mother, and a new mother-to-daughter 

connection has been formed. When all the 
empty cells have been updated, we re-evaluate 
the resource level for every ramet, according to 
the changes that have been caused by 
reproduction. Then a survival cycle commences. 
We examine every occupied site and decide 
whether or not the inhabitant ramet can survive. 
The probability of survival is equal to the 
resource level, r1. This means that stronger 
ramets have relatively higher chance for 
survival. If a ramet dies, its site becomes empty. 

Twenty parallel repetitions were made in 
every simulated habitat type, i.e. at every value 
of p. The simulations lasted for 500 time steps. 
(With the exception of producing the data for 
Figure 4, where we considered 1000 time steps.) 
We evaluated the results for each strategy 
separately. At the end of each time step, we 
calculated the average and standard deviation of 
the number of ramets. At the 500th time step, 
we recorded the number of ramets in good and 
bad sites for every IPU, and calculated their 
resource level according to Eqn. 2. We merged 
the results of the 20 repetitions, and calculated 
the average number, size and resource level of 
the IPUs. 
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Figure 4. Changes in the population sizes over time when two strategies are in competition: (a) and (b) the Splitter
against the Permanent Integrator; (c) and (d) the Splitter against the Transient Integrator. Dashed line: Splitter; Solid line:
Integrator (Permanent or Transient, marked by capital letters). The first column was simulated at a lower proportion of
good sites (p = 0.4) than the second (p = 0.6). These are examples from single runs of the simulation program from time 0
to 1000. 



 9 

RESULTS 

Figure 4 shows four examples how the 
population sizes changed over 1000 time steps. 
These served as preliminary examinations. They 
demonstrate that coexistence of the strategies 
was possible for as long as 1000 time steps.1 
Secondly, they show that 500 time steps (that 
we used in the further simulations) were 
sufficient to estimate the quasi-equilibrium 
population sizes. Note that these examples show 
rather “problematic” cases, because the 
strategies were quite similar in their competitive 
abilities. In other cases, where one of the 
strategies got excluded more quickly, or only 
one strategy was running, the quasy-equilibria 
were reached more rapidly, well before the 
500th time step. The reliability of the data is 
also shown by the relatively small standard 
deviations in the population sizes when 20 
repetitions were made (see later, in Figure 5). 

Figure 4 demonstrates that the order of 
competitive dominance was quite sensitive to 
habitat conditions. We considered two 
proportions of good and bad sites, p = 0.4 and p 
= 0.6, which were both moderately rich. 
Diagrams (a) and (c) show that p = 0.4 
promoted the dominance of the Integrator over 
the Splitter. At p = 0.6, the dominance relations 
had changed, and the Splitter outnumbered the 
Integrator (Figures b and d). If we compare the 
Permanent Integrator to the Transient Integrator, 
we can see that the performance of the two 
strategies was quite similar. (Compare (a) to (c) 
and (b) to (d).) But the Transient Integrator was 
slower in its population growth, because it was 
more similar to the Splitter in its competitive 

                                                 
1 Note that the model does not permit coexistence for 
infinitely long time, because we assume that there is no 
recruitment of new genets. An existing genet becomes 
extinct if all of its ramets die. This cannot happen in the 
Splitter, where ri = 1 for every ramet i, but can occur in 
the Integrator, where ri  can be lower than 1.  So, 
stochastic effects exclude the Integrator, but this process 
can take such a long time at some values of p, that its time 
horizon may be biologically irrelevant (for example, 
longer than the lifespan of the whole plant community). 
We suggest that persistence of both strategies for 1000 
ramet generations can be practically considered as long-
term coexistence, and what we see in the figures are 
quasi-equilibria of the populations. 

ability. In every case (from (a) to (d)), the 
Integrator population fluctuated more than the 
Splitter. This is a consequence of stricter habitat 
selection in the Splitter. In general, the Splitter 
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Figure 5. Population sizes (N) at different values of p.
All simulations run for 500 time steps. The markers
show averages with standard deviations. Black dot:
Splitter (S); empty triangle: Permanent Integrator (P);
empty square: Transient Integrator (T). Sub-figure (a)
presents the results when the populations were
growing separately. Sub-figures (b) and (c) show the
strategies in competition. The solid line is the sum of
the population sizes for each pair of strategies, i.e., the
number of occupied sites in total. The dashed line is
the average number of good sites according to p. The
ranges, marked from 1 to 5, indicate qualitatively
different outcomes of the model. (See text for details.) 
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ramets always have a relatively high chance to 
survive in good locations and die in bad ones, 
so, the fate of the population hinges simply on 
the increase of the number of ramets in good 
sites. In contrast, the survival of any Integrator 
ramet depends on the actual resource level in its 
IPU, i.e., on the actual ratio of good and bad 
ramets in the IPU. This additional stochastic 
effect causes larger fluctuations in the 
population size of the Integrator. 

For a further study of competitive 
hierarchies, we examined the outcome of 
competition at more values of p. At each p, we 
made 20 repetitions, and calculated the average 
population sizes (N) at time 500. The results are 
shown in Figure 5. We extended the range of 
simulated habitat types from very resource-poor 
(p = 0.1) to extremely rich (p = 0.95) 
environments. p = 0 and 1 were left out, because 
the results of these would be trivial. No ramet 
could survive at p = 0. All ramets would survive 
in every location at p = 1, yielding N = 10 000, 
the total number of cells in the lattice.  

The dashed line, which runs from 0 to 10 
000, represents the average number of good 
sites over the area. 

K = 10 000·p.   Eqn. 3 
This value can be interpreted as the 

theoretical carrying capacity of the habitat. The 
reason is quite simple. Imagine a case when 
exactly p proportion of the area is covered by 
good sites, and there is no spatial constraint 
upon the dispersal of the species. This means 
that any location is available for colonization 
from any other site. By this simplification, we 
have made a mean field approximation to the 
cellular automata model (c.f. Czárán 1998). Let 
us estimate the population sizes of the strategies 
in these conditions, when they grow separately, 
without any competition. The Splitter would 
occupy every good location in every birth step, 
and it would survive there with probability 1. 
Therefore, its population size should be exactly 
K on average. The Integrators could invade 
every site, but, according to the simple linear 
resource utilization that we assume, only a 
proportion p of the ramets would survive. This 
yields K for the average population size again. 
Therefore, K can be interpreted as the 
theoretically achievable maximum of the 
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Figure 6. Integrated Physiological Units at different 
values of p. The markers are the same as in Figure 5. 
Standard deviations are not shown. (a) The average 
number of IPUs in the simulated fields. (b) Their 
average size, expressed by the number of ramets. 
Scaling of the vertical axis is logarithmic because of 
the big differences. (c) Their average quality. The 
vertical axis ranges from 0 (bad) to 1 (good). 
Integrated fragments can have intermediate qualities 
due to sharing the resource. The thick line represents 
the cases where the average resource level in the IPUs 
is equal to the average resource level in the habitat 
(that is p). We can see that the line of the Permanent 
Integrator exactly coincides with this line. 
verage population size, that can be realized 
hen every resource patch is continuously 
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utilized, i.e. there is no limitation upon the 
spatial availability of resource patches. 

We can see in Figure 5.a that every strategy 
deviated from this line. When p was low, the 
population sizes were negligible compared to 
the theoretical carrying capacity (N << K). Even 
at p = 0.3, which is not a very resource-poor 
habitat, only a relatively small numbers of 
ramets inhabited the area. N was 1370 in the 
Permanent Integrator, and lower in the other 
strategies, even though the environment could 
have carried 3000 ramets. 

The increase of N was quite abrupt when p 
surpassed a certain threshold. The three 
strategies differed in the position of this 
threshold. It was the highest in the Splitter, 
lowest in the Permanent Integrator, and 
intermediate in the Transient Integrator. Let us 
compare, for example, those p values where the 
population sizes approached 50% of K. This 
happened at p = 0.3 in the Permanent Integrator, 
at 0.4 in the Transient Integrator, and only at 
0.55 in the Splitter. So, the access to good 
patches is most severely limited for the Splitter. 
At larger values of p, population sizes tended to 
reach the carrying capacities. From p = 0.7, no 
limitation was experienced for any of the 
strategies. 

How do these limitations in resource 
utilization influence the competitive abilities? 
To study this, we let the strategies compete in 
the same field. Figure 5.b shows the results of 
competition between the Splitter and the 
Permanent Integrator. It is interesting that 
competition did not cause any change in the 
performance of the Splitter. Its curve is similar 
to the curve in Figure 5.a. In contrast, the 
behavior of the Integrator changed significantly. 
It suffered competitive exclusion at high values 
of p, and was thinned from p = 0.4 onwards 
(practically, from the point where the Splitter 
population started to increase). This indicates 
that competition between the Splitter and the 
Integrator is asymmetric. Note that even the two 
strategies together were unable to exploit the 
carrying capacity of the environment (see the 
solid line). The total number of ramets could 
reach K only at p = 0.7, where the Splitter 
would have filled practically every good site 
anyway, even if it was alone (c.f. Figure 5.a). 

We can roughly distinguish between four 
regions in the parameter range of p. These are 
marked under the diagram. [1] From p = 0.1 to 
0.25, the simulated field is almost empty, 
because the population sizes are very small. [2] 
Then, up to p = 0.5, the Permanent Integrator 
dominates over the area. [3] As the proportion 
of good sites increases above 50%, the Splitter 
takes over the dominance. But the field still 
contains vacant resources. [4] Finally, from 
approximately p = 0.7, the carrying capacity of 
the environment is fully utilized, and, at the 
same time, the Splitter excludes the Permanent 
Integrator.  

The results gained from competition between 
the Splitter and the Transient Integrator (Figure 
5.c) were quite similar to this, with the 
exception of large p values. We can identify the 
same regions, only one of the borderlines is 
slightly shifted. Region [2] starts later, because 
the Transient Integrator could not grow at those 
low p values where the Permanent Integrator 
could. Note that region [2] always begins with 
the increase of the Integrator, while the Splitter 
is still weak. So, it is not surprising that the 
beginning of region [2] was similar to the 
solitary behavior of the Integrators. The 
borderlines between the other regions were 
similar to Figure 5.b. There is one extra region, 
number [5], from p = 0.75. Here the difference 
between the Splitter and the Transient Integrator 
is decreasing again. To explore the reasons for 
this, we had a closer look at the process of 
fragmentation.  

Figure 6 presents the average number, size 
and quality of Integrated Physiological Units in 
the three strategies. One IPU corresponds to one 
ramet in the Splitter, one genet in the Permanent 
Integrator, and one fragment in the Transient 
Integrator. We did not show the standard 
deviations on the diagrams, because they are 
very large in the case of the Transient Integrator 
(sometimes nearly 100% of the mean). This 
large variation in quite natural, because 
fragmentation is a stochastic process, and the 
fragments differ in their size and access to 
resources. 

The case of the Splitter was quite simple, and 
serves only as a reference. The number of IPUs 
was, naturally, the same as the number of ramets 
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in Figure 5. We can observe the same, sudden 
increase after p =0.3. The horizontal axis is 
scaled only from 0.3, because region [1], where 
the species cannot proliferate, would not be 
interesting from the present point of view. The 
size of the IPUs was always 1 ramet, and their 
quality was 1 (i.e., maximal),  by definition.  

The Permanent Integrator represented the 
other extreme. The number of its IPUs was 
always quite small (increasing from 3 to 45) 
because we assumed that new genets were not 
generated. Only those genets that existed at the 
beginning (50 in total) could persist or become 
extinct. The size of the IPUs was, accordingly, 
quite large. It is obvious that assuming full, 
permanent integration is an extreme 
idealization, because 1000 ramets as an IPU can 
hardly be imagined in nature. However, it is 
interesting to observe some general phenomena 
that follow from broad-range integration. First 
of all, p did not significantly influence the size 
of IPUs. There was some decrease at the 
beginning and at the end, at low and high p 
values, but the changes were not dramatic. The 
decrease at p = 0.3 can be explained by the 
generally weak performance of the Permanent 
Integrator in this habitat (c.f. Figure 5.a). The 
other decrease at high p values is probably due 
to a slight increase in the number of persistent 
ramets. As the quality of the environment 
improved, the chance for genet survival 
increased. So, the total amount of resource was 
distributed among more genets, which, of 
course, competed for the resource. The third 
variable, the average quality of IPUs (Figure 
6.c) was steadily increasing as the quality of the 
environment improved. This means that the 
genets were successful in taking up more 
resources. It is notable that that the mean 
resource level in the genets was exactly equal to 
p, to the mean resource level in the 
environment. So, the Permanent Integrator 
averaged the quality of the habitat patches. 

The Transient Integrator can get fragmented, 
and thus, represents an intermediate case 
between the Splitter and the Permanent 
Integrator. Its IPU size was also intermediate at 
every value of p, without reaching the extremes 
(Figure 6.b). It is notable that the fragment sizes 
were almost constant, and rather small, 

increasing from 1.7 to only 2.3. Therefore, even 
perfect habitat conditions could not raise the 
size of fragments. Their quality was steadily 
increasing with the increase of p (Figure 6.b), 
but this obviously led to an increase in the 
number of IPUs (Figure 6.c) and not to an 
increase in their size. The fragments multiplied 
better in better conditions but did not grow. 

The average quality of IPUs was, again, 
intermediate between the Splitter and the 
Permanent Integrator (Figure 6.c). It was closer 
to the Permanent Integrator, which indicates that 
resource translocation did occur frequently. 
Considering the increase in the number of 
fragments (Figure 6.a), we can conclude that the 
dynamics of the fragment population was 
similar to the dynamics of the ramet population 
(Figure 5.a). This is what can also be expected, 
if we consider that the sizes of fragments were 
quite constant. 

Let us go back to the decrease in the 
difference between the Transient Integrator and 
the Splitter that we found in very resource-rich 
conditions (Region [5] in Figure 5.c). This can 
also be explained by small fragment sizes. As 
the quality of the environment was improving, 
the chance for having perfectly good fragments 
(with resource level 1) was increasing. The size 
of the fragments did not increase (Figure 6.b) 
but their quality did (Figure 6.c). Therefore, the 
probability that every ramet happens to be in 
good conditions was increasing. And a fragment 
with maximum resource level (that is 1) is as 
viable as a solitary ramet in a good site. 
Therefore, the Transient Integrator started to be 
competent against the Splitter in the 
competition. Note that at p = 1, when the whole 
habitat is filled with good sites, the Splitter 
cannot be distinguished from the Integrators. So 
the population sizes would be equally 5000 
ramets for every strategy (in Figures 5.b and c). 

 
DISCUSSION 

 
Population dynamics of Splitter clones 

Our results suggest that when the good 
patches are scarcely distributed (p is low), then 
splitting is disadvantageous, because it can 
significantly hinder the ability to spread over the 
habitat. But when the good patches are frequent 
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(p is high), then dispersal limitation becomes 
less important relative to another effect. 
Splitting promotes the ability to compete for 
good patches, thus, it becomes advantageous. 

To explain the importance of dispersal 
limitation, let us consider how the population 
size of the Splitter changed as we changed the 
proportion of good patches (Figure 5.a). We can 
observe a sharp increase in the population size 
within a relatively narrow range of p. In this 
range, the number of ramets increased from its 
theoretical minimum to maximum (from zero to 
the carrying capacity of the habitat). It is 
significant that the population size stayed well 
under the carrying capacity up to a rather large 
value of p. Even at p = 0.3, the population 
reached only 0.007 average density, which is 2.3 
percent of the carrying capacity. In natural 
conditions, a habitat in which 30% of the area is 
covered by suitable sites cannot be considered 
severe at all. A heuristic explanation for this 
phenomenon is offered by percolation theory.  

 
Percolation through habitat mosaics 

Percolation theory originated in statistical 
physics, and has gained diverse applications in 
chemistry, physics and other branches of natural 
sciences, including landscape ecology (Zallen 
1983, Stauffer 1985, Gardner et al. 1987, With 
and Crist 1995, McIntyre and Wiens 1999). One 
of its main predictions is directly relevant here. 
We shall translate it to the language of the 
present model. Imagine a lattice which consists 
of “good” and “bad” cells, exactly like our 
cellular automata. Assume that a species can 
survive only in good cells, and can colonize 
only neighboring cells. This means that only 
good-to-good transitions are permitted. Bad 
cells are barriers to the dispersal of the species. 
This is exactly like our Splitter strategy. Now 
the question emerges: What is the probability 
that the species can reach to infinitely far 
distance from a point of origin? This probability 
is increasing, of course, as we increase the 
density of good sites (p). But a very interesting 
conclusion of percolation theory is that the 
increase is threshold-like. Up to a critical 
threshold, pc, the percolation probability is 0,  
then it shows a critical transition to 1. The 
transition is so sharp at pc, that the process can 

be considered as a second-order phase 
transition. In the low-density phase (at p < pc), 
the distance of spreading is limited, and the 
population can survive only in finite-sized 
clusters of good sites. These percolation clusters 
are surrounded by edges of bad sites, which are 
barriers against further spreading. A population, 
at best, can fill these clusters, but cannot grow 
any further. It is necessary that a certain 
proportion of good sites remains unoccupied. 
The size distribution of percolation clusters 
depends on p. In contrast, in the high-density 
phase (at cpp ≥ ), the habitat becomes “open” 
for spreading. It is not necessary that all the 
good sites should be reached by percolation. But 
the probability of this is sharply increasing, 
together with the probability of spreading 
infinitely far, as we increase p. 

We applied serious simplifications in our 
model, exactly with the purpose to make the 
spreading of our Splitter comparable to a 
percolation system. We assumed that the 
contrast of the habitat patches was maximal, i.e., 
the bad cells were completely forbidden to 
colonize, and the good sites provided ideal 
conditions (with 0 probability of death).  

We attempted to run the simulations long 
enough to let the Splitter reach its equilibrium 
(c.f. Figure 4), in order to ensure that the empty 
good patches have stayed empty due to 
percolation barriers, and not due to a lack of 
time.  Figure 2 shows examples for the spatial 
distribution of the Splitter in the low-density 
and in the high-density phases (at p = 0.4 and 
0.6, respectively). The figure illustrates that the 
percolation clusters are quite small at p = 0.4. 
(Naturally, only those clusters are shown that 
had been colonized in the initial time step). 
Comparing the Resource to the Splitter, we can 
see that quite a large proportion of the good 
patches remained unoccupied, i.e., the carrying 
capacity of the environment had been poorly 
utilized. A relatively small increase in p caused 
a significant difference in the opportunity for 
spreading. At p = 0.6, only a small proportion of 
the good sites was unreachable to percolation. It 
was possible to spread from one edge of the 
simulation area to another (both horizontally 
and vertically) by stepping from good to good 
sites only. A serious limitation of the present 
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model was that we had a finite area (100 x 100 
cells), therefore, we could not study percolation 
to infinite distances. This is why the transition 
in Figure 5.a is relatively smooth, compared to 
the prediction of the theory. But we can see that 
a significant change occurs in the population 
size of the Splitter between p = 0.5 and 0.6. The 
theory suggests that the exact percolation 
threshold (for a square lattice with von 
Neumann neighborhood) should be pc = 0.59. 

A percolation process is similar to diffusion 
over a structured landscape (which consist of 
good and bad patches), with the limitation that 
the positions of patches do not change over time 
(Hughes 1996). Permanent barriers in these 
“frozen” patterns are exactly the reasons why 
the populations can get stuck in finite 
percolation clusters. Long-lasting barriers are 
not uncommon in natural habitats either (c.f. 
Turner and Gardner 1990, Harrison and Bruna 
1999). However, if the matrix of good and bad 
patches could change, then the transgression of 
these barriers would become possible. 
Preliminary simulations have shown that the 
turnover rate of good and bad patches can 
largely influence the population growth of the 
Splitter.  

Another simplification in our model was to 
assume that the habitat pattern was extremely 
fine-grained. Good and bad patches were 
distributed randomly on the scale of plant 
growth. Our pilot studies showed that this is 
probably not a strong simplification.  Coarse 
grain (aggregation of good sites) did not 
fundamentally change the behaviour of the 
system, only shifted the treshold from which 
splitting became advantageous (Oborny et al. 
2001). This is in accordance with the results of 
McIntyre and Wiens (1995), who emphasize 
that long-term movement across a habitat 
mosaic is predominantly determined by the 
avarage density of good sites, rather than the 
actual configuration of good and bad patches. 
(See McIntyre Wiens 1999 and the literature 
cited therein.) Consequently, p seems to be the 
most important parameter of the environment. 
The effects of  spatial and temporal 
autocorrelation of site qualities are also 
interesting, but rather complex in our system, 
and require further studies. (The preliminary 

results, produced by György Szabó, Ulf 
Dieckmann, Géza Meszéna, Krisztián Mágori, 
Hajnalka Gergely, Ádám Kun and Beáta 
Oborny, have been unpublished.)  

In addition, there are two factors which give 
unilateral advantage to the Splitter. Both seed 
dispersal and decrease in the contrast between 
good and bad patches (better conditions in bad 
sites) help the splitter to “leapfrog” across 
percolation barriers, and fill the habitat space. 
Therefore, we predict that those species which 
have prolific seed dispersal or can tolerate 
adverse conditions in resource-poor patches can 
successfully follow a Splitter strategy at 
relatively lower densities of good patches. 
Naturally, the grain and contrast of habitat 
pattern should always be measured according to 
the species. 

 
Effects of integration 

In this section, we examine how Permanent 
and Transient Integrators reacted to habitat 
quality. We did not introduce any extra cost or 
benefit for integration. Only the effect of 
resource redistribution between ramets was 
considered. An extra cost can be, for example, a 
metabolic cost for maintaining the 
interconnections, or any increase in the chance 
of parasite infection through the 
interconnections (Kelly 1995). We disregarded 
these effects. Moreover, we assumed that the 
effect of the resource on ramet survival and 
reproduction was linear. Non-linear shape of the 
resource utilization curve would necessarily 
grant some advantage to splitting or integration 
(Eriksson and Jerling 1990). For example, if the 
recipient ramet gained more than the donor lost, 
then integration should obviously have some 
extra advantage. To avoid any handicap to any 
of the strategies, we applied the simplest 
assumption: fair averaging between ramets. Our 
purpose was to focus purely on the effects of 
resource sharing.  

In any pair of ramets, the cost to the donor 
was equal to the benefit of the recipient. 
However, the total benefit to a clone cannot be 
predicted from this local assumption, because 
integration changes the growth pattern of the 
clone, i.e., modifies the chances for 
encountering good versus bad patches. This is 



 15

the reason why spatially explicit simulations 
were needed. 

We emphasize that the total carrying capacity 
of the environment was always the same for the 
Splitter and for the Integrators. (It was marked 
as a dashed line in Figure 5). But the strategies 
differed in their access to resource patches. 

Figure 5.a shows that the Permanent and 
Transient Integrators were also dispersal-
limited, similarly to the Splitter. But their 
thresholds were significantly lower. Integration 
could successfully facilitate to spread across 
unfavorable areas, and thus, sustain positive 
population growth in a wide range of habitat 
conditions where the Splitter was unable to 
grow.  

At low proportion of good sites (under p = 
0.3), none of the strategies were able to reach 
large population sizes. The Splitter, as we have 
mentioned before, was able to survive, but 
maintained only very small, local 
subpopulations in some colonized percolation 
clusters. The Integrators can leave the good 
patches, but have to face another problem. 
When the good patches are too sparsely 
distributed then the resource becomes “diluted” 
in the growing IPU before it can reach further 
good sites. Thus, the chance increases that the 
whole IPU becomes extinct due to the death of 
every ramet. This phenomenon is more severe in 
the Transient Integrator, which has smaller IPU 
sizes (Figure 6.b), therefore, stochastic 
extinction is more likely. This is why the 
threshold proved to be higher in the Transient 
Integrator than in the Permanent Integrator. 

It is interesting to consider that there is a 
range of habitat types (from p = 0 to 0.25 in our 
simulations) where step-by-step advance in the 
habitat mosaic is practically unfeasible by any 
method. Even integration cannot help. The 
population is destined either for stagnation or 
for extinction. In these habitat types, the only 
way to ensure positive population growth is to 
use long-distance dispersal. For example, 
ruderal weeds with far-dispersing seeds can be 
typically successful in these habitat types. 
Naturally, the spatial scale of patchiness should 
always be related to the scale of “step length” of 
the plant. In our model, one unit was equivalent 
to the distance between a mother and a daughter 

ramet (which can be, for example, the length of 
a stolon internode). 

 
Habitat use and implications for species 
coexistence 

At high proportion of good sites (above p = 
0.7 ), the population size of every strategy was 
equal to the carrying capacity of the 
environment. But there was a considerable 
difference between the Splitter and the 
Integrators. The Splitter saturated the habitat, in 
the sense that it occupied all the good sites, and 
left only the bad ones vacant. In contrast, the 
Integrators left good sites, too. The Permanent 
Integrator was especially interesting in this 
respect. Figure 6.c shows that it occupied the 
good patches exactly proportionally to their 
density in the habitat. If p proportion of the 
habitat was good, then p proportion of the good 
patches was occupied, and 1 – p was empty. 
These favorable, empty sites may serve for other 
species as gaps that are open for colonization. 
Therefore, we suggest that whenever a clonal 
species dominates in a community, its nature 
(whether it is a Splitter or an Integrator) can 
significantly influence the quality of vegetation 
gaps, and thus, the performance of subordinate 
species and the chances for invasion from the 
outside. 

Simulations with two species in competition 
have demonstrated that even a Splitter and an 
Integrator together cannot fully exploit the 
carrying capacity of the habitat in most habitat 
types (up to p = 0.7; see the solid line in Figures 
6.b and c). So, they necessarily leave suitable, 
empty gaps. The performance of the Splitter was 
generally not influenced by the presence of the 
Integrators. In contrast, the Integrators were 
obviously outcompeted by the Splitter. The 
reason for their poor performance from 
intermediate to rich habitat types ( 45.0≥p ) 
was obviously the competitive pressure from the 
Splitter, and not spontaneous mortality. 
(Compare the curves of the Integrators in Figure 
6.a and Figure 6. b and c.) This conclusion is in 
accordance with our previous results, where we 
have shown by a spatial statistical analysis that 
the distribution of the Splitter was determined 
only by the positions of the resource patches, 
but did not depend on the distribution of the 
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Permanent Integrator. In contrast, the Permanent 
Integrator proved to be almost random with 
respect to the resource, but was largely 
determined by the Splitter (Oborny et al. 2000).  
The present results also suggest that competition 
between a Splitter and an Integrator is fairly 
asymmetric, to the benefit of the Splitter. 

This asymmetric competition can be 
explained by the local dominance of the Splitter 
in favorable sites. Note that integration makes a 
species locally weaker in good sites and 
stronger in bad ones. This predestines the 
Integrator for becoming a subordinate, fugitive 
species, which tends to let the Splitter have the 
good patches, and utilizes only those areas that 
are not available to the Splitter, due to 
percolation barriers (Oborny et al. 2000). This is 
why the population size starts to decrease 
dramatically as p surpasses the percolation 
threshold of the Splitter (Figures 5.b and c). 

 
Adaptation to environmental heterogeneity 

We predict that in moderately rich 
environments (where p is close to the threshold 
pc) even a small mutation in the degree of 
integration can cause a significant change in the 
dynamics of spatial spreading and in 
competitive ability. In richer or poorer 
environments, the same mutation may have only 
minor selective consequences. It is important to 
note that Alpert (1999) and van Kleunen and 
colleagues (2000) have found genetic variation 
between populations in the degree of 
integration. Therefore, local adaptation to 
habitat conditions seems to be possible. 

Several empirical studies have emphasized 
that integration can help a species to cope with 
habitat heterogeneity (Pitelka and Ashmun 
1985, Schmid 1990, Birch and Hutchings 1994, 
Hutchings and de Kroon 1994, Stuefer et al. 
1994, Wijesinghe and Handel 1994, Alpert 
1996b, Hutchings and Wijesinghe 1997, 
Jónsdóttir and Watson 1997, Wijesinghe and 
Hutchings 1997, Marshall and Price 1999). We 
extend this view by suggesting that the pattern 
of heterogeneity can also matter: some patterns 
do, while others do not support integration. We 
predict that integration is relatively favorable in 
those environments where dispersal is limited 
by percolation barriers (region [2] in our Figure 

5). Conversely, splitting is more advantageous 
in richer habitat types, which allow for 
percolation from good to good patches (regions 
[3], [4], and [5]). Naturally, p and pc should 
always be measured on the scale of dispersal 
(“step length”) of the particular species.  

 
Predictions about the optimal degree of 
fragmentation 

Our simulations suggests that whenever a 
species lives in a habitat type where 
fragmentation would be more advantageous, 
then partial fragmentation (Transient 
Integration) is not sufficient. Only complete 
fragmentation to solitary ramets (i.e., Splitting) 
can have a significant effect. Figures 5.b and c 
shows that the Transient Integrator was more 
similar to the Permanent Integrator than to the 
Splitter in its behavior. This suggests that even a 
slight degree of integration (within small groups 
of ramets) is sufficient for producing the effects 
of full integration. Note that the IPU size of the 
Transient Integrator was not much higher than 
the IPU size of the Splitter (Figure 6.b). The 
first ranged from 1.7 to 2.3; the second was 1, 
by definition. Still, the Transient Integrator was 
more similar in its behavior to the Permanent 
Integrator, in which the IPU was higher by two 
orders of magnitudes (ranging from 230 to 574).  

Note that our rule for fragmentation in the 
Transient Integrator was quite strict, because 
every connection was completely deleted at the 
death of a ramet. This means that an IPU could 
fall apart even into four IPUs at the death of a 
single ramet. Therefore, the Transient Integrator 
and the Permanent Integrator represent two 
endpoints of a rather broad spectrum, in which 
we can place probably most of the integrated 
clonal species that live in natural conditions. 
This is why it is not trivial that the ecological 
behavior of these species was so similar in terms 
of dispersal pattern and competitive ability. 

Jónsdóttir and Watson (1997) suggest that 
fragmentation of a clone can occur due to two, 
different reasons. First, the connecting ramets 
may die. This was the case of our Transient 
Integrator. Secondly, the death of the connecting 
tissues (in stolons, rhizomes, etc.) can split up 
the clone even without the loss of ramets. That 
was the case of our Splitter species. The present 
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results suggest that whenever an environment 
facilitates fragmentation (i.e., there is a serious 
selective pressure), then only the second method 
of fragmentation can be efficient. The 
connections have to be “actively” split up. We 
do find such Splitters in nature. Some species 
tend to abandon the maintenance of the 
connecting tissues after the establishment of 
new ramets, and the connections decay (Pitelka 
and Ashmun 1985, Kelly 1995, Wijesinghe 
1994). Other species may even develop 
abscission tissues to make the clone disintegrate 
(Wilhalm 1996). We propose that these are the 
cases when we can easily hypothesize that 
disintegration had been an adaptive response to 
habitat quality. In other cases, when 
disintegration occurs spontaneously due to the 
death of ramets, the adaptive advantages should 
carefully be examined. Our results suggest that 
the selective pressure towards this solution is 
probably not very strong. 

 
Dispersal by clonal growth 

It is worth to mention two characteristics in 
which clonal growth offers special benefits for 
the dispersal of offspring (as opposed to seed 
dispersal). First of all, the positions of offspring 
around the mother can be regulated (Schmid 
1990). The adaptive advantages of various 
growth rules in a suite of patchy habitat types 
have been examined in several studies under the 
keyword “plant foraging” (see Sutherland 1990, 
Hutchings and de Kroon 1994, De Kroon and 
Hutchings 1995, and Oborny and Cain 1997 for 
reviews). But relatively few theoretical studies 
have dealt with a second specialty of clonal 
dispersal: the opportunity for integration. Alpert 
(1996a) have emphasized the importance of 
parental subsidy in the establishment phase. He 
compared seedling establishment to the 
establishment of clonal offspring, and concluded 
that clonality could enable a species to colonize 

microhabitats where the seedlings would not 
have been viable at all (for example, salty soil 
patches or shaded areas). We were also focusing 
on viability in these “bad” patches, but from 
another aspect: the effect of integration vs. 
disintegration after the establishment phase. We 
can conclude that clonality can significantly 
enhance the ability of a species to spread across 
fragmented habitats, provided that the fragments 
are close enough to let the species bridge over 
the unfavorable areas by clonal growth. The 
traditional view of clonality is that it represents 
a restricted way of dispersal, because the 
mother-to-daughter distances are usually smaller 
than the travelling distances of seeds (c.f. 
Sebens and Thorne 1985, Crawley and May 
1987). In contrast, Cain and Damman (1997) 
suggest by the estimation of diffusion rates in a 
suite of species that clonal spreading is not 
necessarily slower than spreading by seeds. We 
may add now that clonal integration can directly 
facilitate the advance of a species in a patchy 
habitat. 
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