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Introduction

The search for determinants of species composition of 
ecological communities is one of the basic tasks of commu-
nity ecology (Silvertown and Charlesworth 2001, Vellend 
2016). Any species found in the community must have been 
able to arrive to the site, to establish a population there, and 
that population must survive there until we have sampled the 
community. Failure in any of these three processes (arrival, 
establishment, survival) results in the absence of a species. 
Understanding why species are missing from the communi-
ties is necessary for understanding the diversity decline, and 
also for designing effective management measures.

Traditionally, species absence in a community is consid-
ered to be a result of two possible constraints, i.e., dispersal 
and habitat limitation. If species are not able to reach the site, 
we talk about dispersal limitation (Ehrlén et al. 2006, Foster 
2001, Primack and Miao 1992, Zobel et al. 2000). Species 
that are not able to establish and survive in the community, 
even if its propagules are present, are considered to be habi-
tat limited (Dupré and Ehrlén 2002, Moore and Elmendorf 
2006, Turnbull et al. 2000). Habitat limitation encompasses 
here both the biotic and abiotic enviromental filters, i.e., the 
biotic interactions of other species, in the case of limitation, 
this is mainly competition (Jakobsson and Eriksson 2000, 

Fibich et al. 2013, Wellstein et al. 2014, Švamberková et 
al. 2017), but also possible effects of pathogens, herbivores 
etc. (Orrock et al. 2006, Moles and Westoby 2004). Vellend 
(2016) involves these processes under the “high-level pro-
cess” called selection. Dispersal and habitat limitation are 
thus two factors affecting species composition of communi-
ties, usually considered as independent of each other, even 
though they operate jointly and can compensate each other 
(Clark et al. 2001, 2007), and their interactions can be quite 
complicated (Pásztor et al. 2016). Their effect is often dem-
onstrated through seed addition experiments – successful es-
tablishment of originally missing species after seed addition 
is often considered as a demonstration of dispersal limitation, 
whereas species unable to establish at a site are considered to 
be habitat limited (Turnbull et al. 2000).

This strict separation is (tacitly) based on the idea that 
there are habitats suitable for a species and habitats that are 
not suitable. In suitable habitats, once a species arrives, it 
establishes a viable perpetuating population. Its absence on 
other similar habitats is thus caused by dispersal limitation. 
On the contrary, in unsuitable habitats, the species is not able 
to form a population, or if the population is established, it 
(sooner or later) dies out (Foster and Tilman 2003, Klimeš 
2005, Moles and Westoby 2002, Primack and Miao 1992). 
Nevertheless, in seed sowing experiments, introduced species 
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are sometimes able to overcome negative community filters 
and establish there through high seed input solely (Mudrák 
et al. 2014, Vítová and Lepš 2011), and in this case it is im-
portant to follow the population to be sure that it was able to 
form a viable population. On the other hand, for many clonal 
plants, the establishment from seeds is a rare event, and even 
resident species are not able to establish from seeds (Vítová 
and Lepš 2011). Colonization of new, not yet occupied sites 
is a bottleneck process where seed input must be sufficient to 
provide enough individuals to be able to establish and over-
come habitat filters. Environmental constraints on life stages 
after germination are species specific (Baeten et al. 2009). In 
many studies, we can find a general trend of high densities 
of seedlings but low densities of adults during establishment 
phase (Turnbull et al. 2000). 

The importance of dispersal limitation is still under de-
bate (Baeten et al. 2009) and apparently differs among com-
munity types. For example, its role in extreme Mediterranean 
conditions was small in comparison with habitat filters 
(Goméz-Aparicio 2008). On the contrary, Baeten et al. (2009) 
argue that environmental limitation cannot be a crucial factor 
for species absence in a forest and that dispersal and habitat 
limitation are non-exclusive mechanisms that shape the com-
position of a plant community. Gustafsson and Ehrlén (2002) 
reached a similar conclusion in their study of forest species. 
Our experience shows that the situation is even more com-
plicated. In particular, the chance that a seed will establish 
an individual is very small, even for species that are resident 
in the community. Often, the community filter affects mainly 
species regeneration from seeds. In our sowing experiment 
(Vítová and Lepš 2011), only 7 adult individuals had estab-
lished from 2000 sown seeds of Plantago lanceolata, a resi-
dent species common in the community. For all other tested 
species, both resident and newly introduced, the establish-
ment success was even lower. Consequently, even for species 
well adapted to a habitat, many seeds must reach the site for 
the species to have a chance to establish there, the higher the 
amount of seeds arriving, the higher the chance will be that at 
least some of them will „sneak“ through the community fil-
ter and will give rise to an established individual (which will 
produce seeds, ideally for many years, and eventually enables 
establishment of viable population). Apparently, the stricter 
the habitat filter is for species establishment, the more seeds 
are needed to overcome it (Clark et al. 2007).

Further, there is a chance that each population may be-
come locally extinct (for various reasons, including demo-
graphic stochasticity or environmental fluctuations), and the 
probability of this depends also on the species life history. 
A species can be missing in a site, despite the fact that it ar-
rived and established a population there, but subsequently, 
the population became locally extinct. Species dependent 
on continuous influx of diaspores are called transitional ac-
cording to Grime (1998), or their populations are considered 
sink populations in the metapopulation theory (Hanski 1997, 
2004). However, the classification of population types is defi-
nitely not a sharp one, and even seemingly well-established 
populations can die out (e.g., due to extreme weather con-
ditions, local disturbance or due to a “pest”). Nevertheless, 

large local populations (populations with large carrying ca-
pacities in the metapopulation theory terminology) are less 
affected by demographic stochasticity, and also less likely to 
become extinct.

All the above mentioned mechanisms are stochastic 
in their nature – each seed has some (usually very small) 
probability to develop into an established individual, each 
individual has some probability to die, adverse events (like 
major disturbances) appear also with some probability. The 
presence/absence of a species in a site is then a consequence 
of many stochastic events. Naturally, for many species and 
habitat combinations, probabilities are close to zero, for 
some they can be close to one, but in many cases, they are 
somewhere in between. Pärtel et al. (2011) use the term dark 
diversity for set of species with high probabilities of occur-
rence, but still absent from the community. Whereas these 
probabilities are obviously specific for each species – habitat 
combination, there are also some general patterns determined 
by traits and life histories of the species considered. For ex-
ample, increasing seed size will mostly increase the species 
chance to establish from seed, but will increase its dispersal 
limitation (Jakobsson and Eriksson 2000).

To demonstrate how the processes of new colonization, 
population establishment, population survival and stochastic 
event frequency are interconnected, we have built a stochas-
tic population based model, including the above mentioned 
processes. Our aim is to demonstrate the effect of habitat 
favorableness (for various population processes), population 
life history and propagule pressure on the probability that a 
habitat patch will be occupied by a species. In this way we 
want to demonstrate how the processes are interconnected 
and test to what extent they can compensate each other.

Model

Concepts

We constructed a simulation model, which reflects the 
three components that determine the presence of a species 
in a site, i.e., the propagule pressure, the properties of a 
habitat, and the life history of a species. In our model, we 
adopted some concepts of the metapopulation theory (Hanski 
1997) and  characterized each local population by a transi-
tion matrix model (Caswell 2001), amended with effects 
characterizing the propagule pressure and carrying capacity 
of the habitat island. The classical matrix model mostly does 
not take into account the negative density dependence (and 
hence the population can grow indefinitely, but see chapter 
16 in Caswell 2001). On the contrary, the carrying capacity 
(in fact the equilibrial population size, determined by both 
habitat favorableness and habitat patch size) is one of the cru-
cial determinants of local population survival (Hanski 1997, 
2004). Matrix models for each species are characterized by 
its “optimal parameters”, i.e., generally by transition prob-
abilities between life stages (Foster and Tilman 2003) under 
optimal conditions, and these might be reduced by “habitat 
limitation”, which can reduce both the seedling establishment 
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probability, and transition probabilities in the transition ma-
trix model. Disturbance events decrease survival. They are 
characterized by frequency (how often they appear) and in-
tensity (the extent to which they decrease survival). The prop-
agule pressure can lead to establishment of new individuals, 
regardless of whether there is a seed input from local plant 
individuals (the phenomenon called the rescue effect).

Model realization

In our model, we focus on the explanation why a species 
is missing from a site. The individual sites are in fact repli-
cations of a simulation and used to estimate the probability 
that a site (habitat island) will be occupied under given con-
ditions. We varied parameters characterizing the favorable-
ness of habitat conditions, life history traits of a species, and 

propagule pressure, that contrary to metapopulation models 
is taken as an external variable, which is not affected by the 
percentage of occupied habitat islands (Table 1). Survival of 
a local population is negatively affected by random events 
(called disturbances here). 

The basic idea of our approach is simple – for each com-
bination of parameters (Table 1), we run the population ma-
trix model simulation for 1000 steps (years; see Fig. 1 for 
processes operating in transitions of the plant population be-
tween years) and check whether the population is present at 
the end of simulation (presence is defi ned here as presence 
of at least one adult individual). Combination of parameters 
remains constant during the entire simulation. We consider 
the 1000 year period to be roughly corresponding or longer 
than is the time scale at which these processes operate in 
contemporary landscape (we also checked that the results 
do not change further in time; see Fig. S1). By running the 
simulation 1000 times, the proportion of occupied sites is the 
estimate of the probability that a site will be occupied. For 
simplicity, we have “designed” just two life histories – annual 
and perennial plants, as the most common species types in the 
majority of seed addition experiments. Moreover, we expect 
different effects of the modeled parameters for these two life 
histories (both use the same values of parameters).

Matrix model

We designed a matrix population model for plant 
populations assuming two life histories (annual and per-
ennial) and different life stages (Caswell 2001; Fig. 1). 
Two life stages were considered for annuals (seeds and 
adult plants) and three stages for perennials (seeds, small 
plants and adult plants, with only adult plants produc-
ing seeds). Transition formula between year t and year t+1 
has common form (for the parameter values see Table 1)

n(t+ 1)=f (A n(t )+ r)    (Eq. 1)

where n(t), n(t+1) are state vectors with numbers of seeds 
and plants at time t and t+1, A is the transitional matrix, r is 
vector for a propagule pressure effect (with the same dimen-
sion as vector n). The propagule pressure effect is a vector, 
for annuals r = (i,0) and for perennials r = (i,0,0), where i 

Table 1. Values and meaning of parameters and constants for each time step. P[x] denotes probability of x.

Parameter Default value, range Meaning
E 0.03, 0.03 (low) to 0.28 (high) (Disturbance probability), how often disturbances happen
b 0.2, 0.02 (low) to 0.6 (high) (Seed bank viability) P[seeds survive to next year]
s 30, 5 (low) to 500 (high) Number of seeds  produced by one adult plant

i 20, 20 (low) to 420 (high) (Propagule pressure) Number of incoming seeds from 
outside

c 100, 2 (low) to 200 (high) (Carrying capacity) Maximal allowed number of adults
h 1, 0.1 (low) to 1 (high) (Habitat suitability/limitation) Factor for habitat suitability
Constant
R 0.03 Factor for reducing population size during disturbance
G* 0.003 (Germination) P[from seed that will become a plant]

* It depends on the chosen type of plants, for perennials small plant and for annuals adult plant.

Figure 1. Conceptual diagram of matrix population model de-
scribing positive (+) and negative (–) effects on the population 
(all life stages including seeds) between time steps. Solid lines 
correspond to adult plant and recruits pathways and dashed lines 
describe seeds dynamics describing dispersal limitation.
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denotes the number of seeds that are arriving to the site from 
outside each time step (e.g., year). The function f is the proba-
bilistic rounding function used for returning integer number 
of units (seeds and individuals) with a given probability. It 
rounds up arguments (one number or several members in a 
vector) with probability given by non-integer part of argu-
ments, and it rounds down with complementary probability. 
For example, f(3.4) returns 4 with probability (P) = 0.4 and 
it returns 3 with P = 0.6. (In this way we avoid the non-inte-
ger numbers of individuals, and in fact enable extinction of 
a population – otherwise in the matrix model, a fraction of 
a single individual would be always present.) To constrain 
growth of the populations, the model applies a carrying ca-
pacity with a maximum of adult individuals set to c param-
eter. After applying transitional formula (Eq. 1), if there are 
more adult individuals than c, number of adults is set to c and 
other adults are considered as dead due to negative density-
dependence (i.e., competition).

Transitional matrix for annuals

For annuals, n = (n1,n2) is a transposed state vector, 
where n1 is number of seeds and n2 is number of adults. The 
transition matrix is

 
A=( b se

Ghe 0 )
where b (seed bank viability) is the probability that a seed 
survives ungerminated in the soil to the next year (so, seeds 
in the soil are expected to be depleted exponentially, so val-
ues close to one mean long lasting – “persistent” seed bank), 
s (fecundity) is the number of seeds produced by one adult 
plant, G (germination) is the probability that a seed will ger-
minate and establish into an adult plant under ideal condi-
tions, h (habitat) is a factor expressing habitat limitation of 
seed recruitment (0 would mean that no seed is able to estab-
lish, 1 would correspond to ideal conditions). Value 0 denotes 
that all adult plants die after a year. Factor e represents a dis-
turbance event (i.e., event that kills part of population, for 
example, a winter too long and/or cold, fire or pest outbreak). 
It is determined by two parameters, the frequency of distur-
bances E and the strength of disturbances R (higher value de-
notes lower reduction). The parameter e then refers to

e = 
 R with probability E

       1  with probability 1–E. 

Monte Carlo simulation decides in each time step (i.e., year), 
whether the disturbance event happens or not. 

Transitional matrix for perennials

The transposed state vector for perennials is n = (n1,n2,n3), 
where n1 is number of seeds, n2 is number of small, i.e., non-
reproductive plants and n3 is number of reproductive adults. 
The transitional matrix is

A=( b 0 se
Ghe 0 0

0 he he)
where b, s and e have the same meaning as for annuals. The 
parameter G is the probability that a seed will establish as a 
small individual and h is a parameter describing overall habi-
tat suitability (low values mean strong limitation) operating 
on all stages of plants (for simplicity, we expect the same ef-
fect on all life stages). Zeros mean impossible transitions (so 
we do not expect that an adult plant could become a small 
plant in the following year, which is a simplifying assump-
tion, just to avoid an increase in the number of varying pa-
rameters).

Parameters, setting and simplifications

Each simulation started with an empty population state 
vector n. We used values for parameters (if they are not var-
ied) the same as those in Table 1. Our model does not consider 
any spatial arrangement and does not implement density de-
pendent mortality or growth. The model is mostly determin-
istic except disturbance events that dramatically influence the 
population dynamics. The simulation code was implemented 
in language C and is available from the authors upon request.

Results

Our results show that only the most favorable combina-
tions of all the factors studied lead to habitat occupancy prob-
ability being close to one. All the factors investigated are able 
to affect this probability, and their effects can be mutually 
compensated (but can also reinforce each other). Factors im-
portant for dispersal (e.g., propagule pressure) and fecundity 
became more crucial as habitat limitation gets stronger (e.g., 
under low habitat suitability, or high disturbance probability; 
Fig. 2). Both the propagule pressure and habitat limitation 
could change the proportion of occupied patches. Generally, 
at a site which is suitable for species recruitment, relative-
ly low seed input from outside is sufficient to successfully 
establish a population. By contrast, species may overcome 
unfavorable site conditions by higher continuous propagule 
pressure, or species may be compensated by high viability of 
the seed bank and so substitute high habitat limitation or low 
carrying capacity (Fig. 3, 4). Besides that, low plant fecun-
dity or low seed bank viability could be balanced by higher 
propagule pressure (Fig. 2, 4, S5, S7). In general, the high 
occupancy of patches can be achieved either by their high 
environmental favourability (i.e., easy establishment and low 
probability of local extinction once established) or by high 
constant propagule pressure from the surrounding area. High 
frequency and intensity of disturbance (leading to frequent 
local extinctions) increases the importance of continuous 
propagule influx (Fig. 2, S5).

For perennials, the proportion of occupied patches tends 
to be more dependent on habitat limitation than for annuals, 
as was also the case for propagule pressure (Fig. 2, S5 vs. 
S2, S8). Annuals were more dependent on the combination 
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of habitat suitability and propagule pressure, and under high 
disturbance frequency, the trend of annuals is even followed 
by perennials. Also, annuals were more directly dependent 
on seed input (whatever source it was, i.e., propagule pres-
sure, fecundity or seed bank), contrary to perennials, which 
reacted more strongly to habitat limitation (i.e., habitat suit-
ability and carrying capacity). In particular, (1) there were 
stronger dependences of annuals than perennials on the fe-
cundity (Fig. 2, S5 vs. S2, S8) and on the seed bank viability 
(Fig. 4, S7 vs. S4, S10) and (2) the opposite was observed for 
the carrying capacity, which was more strongly linked with 

perennials than with annuals; effect of carrying capacity was 
mostly negligible for annuals (Fig. 3, S6 vs. S3, S9). Here, 
for the proportion of occupied patches, capacity/number of 
adults was more crucial for perennials than for annuals. High 
seed bank viability substituted propagule pressure more for 
annuals than for perennials (Fig. 4, S7 vs. S4, S10).

Discussion

Our model demonstrated effects of multiple determinants 
of species presence in a habitat, which can partially com-

Figure 2. Proportion of sites occupied by at least one adult perennial plant from 1000 repetitions after 1000 time steps for gradients of 
fecundity, propagule pressure, disturbance probability and habitat suitability. Dark color (high proportion) describes parameter’s space 
where mostly all simulations fi nished with at least one adult individual at the end, whereas light color (low proportions) corresponds to 
low number of simulations with adult individuals. For the defi nitions of parameters, see Table 1.
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pensate for each other. The presence/absence of a species is 
an outcome of various interacting stochastic processes, and 
thus, it might be impossible to unequivocally determine the 
cause of possible species absence. There are always species, 
for which the probability of occurrence at the site is high, 
but are still absent and the term dark diversity is coined for 
them (Pärtel et al. 2011, Pärtel 2014). The fi rst constraint, and 
probably the most obvious one, is habitat limitation – clearly, 
extremely unsuitable habitats cannot support any population. 
The second one is based on propagule availability (and thus 

corresponds to dispersal limitation). The habitat, however, 
affects the population in several aspects: the probability of 
establishment, the population growth, and population persis-
tence. If we accept, concordantly with the metapopulation 
theory (Hanski 1997, 2004) that, in a stochastic environment 
each local population will eventually become extinct, then 
this aspect can be characterized by the expected time to local 
extinction. This is infl uenced not only by habitat suitability 
and habitat patch size (determining the carrying capacity), but 
also the life history of individual species, and the probability 

Figure 3. Proportion of sites occupied by at least one adult perennial plant from 1000 repetitions after 1000 time steps for gradients 
of carrying capacity, propagule pressure, disturbance probability and habitat suitability. Dark color (high proportion) describes param-
eter’s space where mostly all simulations fi nished with at least one adult individual at the end, whereas light color (low proportions) 
corresponds to low number of simulations with adult individuals. For the defi nitions of parameters, see Table 1.
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of some extreme events, which would lead to local population 
extinction. In particular, this last aspect can be diffi cult to as-
sess from short-term observations.

Habitat limitation and seed input

Distribution of a plant species is usually considered to 
be a result of both seed and microsite availability at the lo-
cal scale, and dispersal and habitat limitation at the regional 
scale (Hellström et al. 2009, Münzbergová and Herben 2005, 

Öster et al., 2009, Turnbull et al. 2000, Pásztor et al. 2016). 
Both are important in structuring plant communities, and the 
importance of each is species specifi c (Hölzel 2005, Öster 
and Eriksson 2012) as well as scale dependent (Münzbergová 
2004). For a species, the role of both factors changes during 
life cycle stages (Baeten et al. 2009, Candeias and Warren 
2016, Gustafsson and Ehrlén 2002, Kelemen et al. 2015, 
Münzbergová 2004). In our model, we have not considered 
the microsite limitation explicitly. Nevertheless, it is included 
in two ways in our model. First, the habitat suitability effect 

Figure 4. Proportion of sites occupied by at least one adult perennial plant from 1000 repetitions after 1000 time steps for gradients of 
seed bank, propagule pressure, disturbance probability and habitat suitability. Dark color (high proportion) describes parameter’s space 
where mostly all simulations fi nished with at least one adult individual at the end, whereas light color (low proportions) corresponds to 
low number of simulations with adult individuals. For the defi nitions of parameters, see Table 1.
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on recruitment reflects mainly the abundance of suitable mi-
crosites (i.e., of the “safe sites” according to Harper 1977). 
Second, in the model, each seed has some probability to 
germinate and establish. In fact, the most important determi-
nant of whether individual seeds either germinate or fail is 
whether it will fall to a suitable or unsuitable microhabitat. 
Mechanistically, it means that increasing the seed input also in-
creases the chance that a seed reaches a suitable microhabitat.

Our results imply that the effects of lack of seed input and 
habitat limitation can mutually compensate each other. To 
demonstrate this compensation, studies where propagule pres-
sure is manipulated are needed. Accordingly, Münzbergová 
(2012) found that seed input (mimicking the seed rain inten-
sity) has a significant effect on species richness and particu-
larly on the composition of plant communities. She suggested 
that different intensity of seed rain may explain differences 
in the composition of natural communities that cannot be at-
tributed to habitat conditions. Similarly, several other studies 
concluded that establishment success is positively related to 
seed input (Stampfli and Zeiter 2008, Tanentzap and Bazely 
2009). Nevertheless, this compensation is not absolute. Öster 
and Eriksson (2012) recorded a positive effect of increased 
propagule pressure on successful colonization only for some 
species. For a subset of their species, increasing propagule 
pressure enhanced recruitment, suggesting that these species 
may overcome the mortality sieve after seed arrival, provided 
that there is a sufficient density of propagules. However, they 
noted that there is still also a large subset of species that did 
not increase recruitment despite increasing propagule pres-
sure, with their successful establishment dependent on niche 
structure. The establishment can also be affected by priority 
effects, when the first arriving species has higher chance to 
establish, and then it is difficult to be outcompeted – however, 
to avoid overcomplicated model, we decided not to reflect 
this effect in our model.

Our results also show that this compensation is dependent 
on many facets of the life history of individual species and 
on the disturbance regime of individual localities. Typically, 
in suitable habitats, the importance of external seed input 
decreases, once the habitat is colonized, provided that the 
locality is stable and the life history of the species supports 
long-term survival. There are clear examples of populations 
surviving at their localities for millennia without external 
propagule input. The relict populations from the last ice age 
are good examples. For example, the southernmost locality of 
the arctic species Rubus chamaemorus in the Krkonoše Mts., 
Czech Republic, Central Europe (Šourek, 1969) is clearly a 
relict from the last ice age, surviving there with zero prop-
agule pressure (the closest locality is hundreds of km away). 
The peat-bog, where the species has survived, provides a 
very stable environment (so that the e parameter in our model 
would be very close to zero) and this clonally spreading spe-
cies thus has an extremely high probability of surviving (there 
is minimal effect of demographic stochasticity), despite the 
fact that the population is very small. On a much smaller tem-
poral scale, there is an isolated locality of Erythronium dens-
canis in Medník (Central Bohemia, Czech Republic). The 
locality is hundreds of kilometers from the closest source of 

propagules, and the probability of propagule transfer of this 
large seeded species is effectively zero. Whether it is an in-
digenous locality, or some type of artificial introduction (most 
probably the latter is correct, Sádlo 2009), it is now clear that 
the population survived there for at least two centuries since 
it was first reported. These examples (and many other similar 
ones) demonstrate that there are habitats which are suitable 
for a species (particularly for species survival), and if they are 
not subject to severe external disturbances, these habitat is-
lands can be continuously occupied even with zero propagule 
input from outside for an extensive period (since the last ice 
age in the case of Rubus chamaemorus). Also, both the spe-
cies are able to spread vegetatively (the phenomenon not in-
cluded in our model). Vegetative spreading usually increases 
the population persistence (Herben et al. 2014), and thus de-
creases the species dependence on the external seed input.

On the contrary, there are clear examples where a single 
artificial transfer (both intended and unintended) of a species 
caused its long term survival in an area, demonstrating that 
there are many suitable unoccupied localities. The extensive 
literature on invasive species (Lowry et al. 2013) provides 
innumerable examples, but these are mostly transfers on 
large spatial scales – often between continents. Nevertheless, 
similar outcomes can be shown on much smaller scales. 
Mudrák et al. (2014) and unpublished results of ours show 
that Rhinanthus minor, an annual hemiparasite with relatively 
large seeds and only short-term seed bank, when introduced 
to suitable localities, is able to form “permanent” viable pop-
ulation (our longest running record is a population viable for 
15 years after introduction into suitable unoccupied habitat). 
It applies even to localities where the closest populations are 
within distances of less than five kilometers. This meadow 
species is highly sensitive to mowing early in the year, as this 
can effectively eliminate seed production (Blažek and Lepš 
2015), which together with fast depletion of the seed bank 
leads to fast local extinction. This is an example of a spe-
cies where the propagule pressure is limited by poor dispersal 
ability, where even high growth rate and carrying capacity 
(observed densities might be over 100 individuals / m2) can-
not compensate for the potential effect of strong disturbance 
(early mowing means effectively killing all of the individu-
als in the population, so the parameter R in our model will 
be very close to zero). Another example (Lepš, unpublished 
observation) is an artificial introduction of Calla palustris 
(as a few vegetative ramets) into an alder carr adjacent to a 
fishpond in Zátluky in Eastern Bohemia, having developed 
a strong population surviving there for more than 40 years 
and documenting that this habitat is suitable for the species; 
nevertheless, it was probably unoccupied for centuries. The 
closest localities are less than 20 km from this site, but this 
distance is sufficient to prevent diaspore transfer for this spe-
cies. This is a case where extremely low propagule pressure 
cannot be compensated by habitat suitability and dispersal 
limitation operates at rather short spatial scales.

The factors of habitat and dispersal limitation do not only 
compensate for each other, but their negative synergistic ef-
fect might worsen the decline in species distribution on the 
landscape scale. Typically, the oligotrophic meadows remain 
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in cultural landscape mostly as isolated habitat islands. At the 
same time, the conditions change (e.g., due to the nitrogen 
depositions) so that the habitat suitability for the oligotrophic 
meadow species decreased. The possible local extinctions are 
then often irreversible, because the propagule pressure is de-
creased due to their isolation and also due to their scarcity in 
the landscape.

Seed bank and disturbances

A similar compensating relationship can also be seen be-
tween the propagule pressure and seed bank viability; species 
with a permanent seed bank are less dependent on propagule 
pressure. Indeed, arable weeds usually have poor seed disper-
sal, but a very persistent seed bank (Thompson et al. 1998). 
On the contrary, Salix seeds are one of the most efficient in 
long distance dispersal, but their seeds have extremely short 
viability (Karrenberg et al. 2002). For annual plants, prop-
agule pressure has to be higher and is more critical in com-
parison with perennials: once a perennial plant population es-
tablishes at a site, we can expect continuous seed production, 
whereas the annuals are dependent on recurrent recruitment.  
Not only high propagule pressure can compensate less suit-
able habitat conditions, but also low propagule input can be 
balanced by seed bank viability, or increased fecundity.

To keep the model simple and illustrative, we have lim-
ited the number of parameters in the model and thus we also 
limited the number of processes reflected. The disturbance in 
our model is considered solely as an agent killing part of, 
or, whole the population. This corresponds well to, e.g., the 
above mentioned effect of early mowing on Rhinanthus. On 
the contrary, it is known that success of species establish-
ment can be positively affected by disturbance (Špačková 
and Lepš 2004, Vítová et al. 2017). For many species, some 
disturbance is needed to recruit successfully from seeds, and 
this effect is not included in the model – consequently, the 
probability of occupancy always decreases with disturbance 
(so the model cannot simulate the disturbance-dependent spe-
cies). In recent anthropogenic landscapes, probably, the most 
frequent type of “disturbance” will be a change of land use 
– even seemingly minor changes such as change in the first 
mowing date in a meadow can by fatal for some populations 
(Blažek and Lepš 2015).

The dark diversity and the stochasticity

The simulations show that low (unfavorable) values of a 
single parameter are sufficient to keep the probability of spe-
cies occurrence low (particularly true for unfavorable habi-
tats), we need optimal values of multiple parameters to obtain 
the probability close to one; most of the values are rather far 
from one. This shows that even thought that we kept some 
of the parameters constant in the simulations, the occurrence 
of species in a locality is highly stochastic phenomenon. The 
stochasticity of species composition is recently being more 
and more appreciated by plant ecologists. As a matter of fact, 
the dark diversity concept (Pärtel et al. 2011, Pärtel 2014) 
can be defined in terms of our model as a set of species that 

have relatively high probability, but are absent from the com-
munity. From this point of view – the dark diversity is a fuzzy 
set (Dubois and Prade 1988) where degree of species mem-
bership is determined by its occurrence probability. In this 
concept, however, the degree of membership in dark diversity 
will depend on which parameters we take into account, and 
which are considered the random variability. This distinction 
would be particularly important, if we would use this concept 
for practical nature conservation (Lewis et al. 2017).

Decreasing niche breadth from the center to the margins of 
the area of distribution

The present model is able to explain some well-known 
ecological phenomena – one of them is the decrease of the 
niche breadth from the center to the margins of a species 
distribution range (Brown 1984, Gaston and Lawton 1990). 
Species are able to exploit a wider range of habitats in the 
center of its area of distribution than on the margins. Whereas 
there might be more explanations for this phenomenon, one 
of the most parsimonious can be derived from our model: we 
can expect that propagule pressure decreases from the center 
to the margins of the area of distribution, and consequently, 
the chance that high propagule pressure overcomes habitat 
limitation in marginally suitable habitats is higher in the 
center.

Interpretation of sowing experiment

The results of the model have also some consequences 
for the interpretation of sowing experiments (where tradition-
ally, the successful establishment is considered a proof of 
dispersal limitation, and establishment failure to habitat limi-
tation). The complete failure to establish from seeds is a reli-
able proof of habitat limitation of establishment in the year 
of experiment. Nevertheless, because seedling establishment 
is more sensitive to weather fluctuation among years than the 
survival of established plants (Grubb 1977), we should have 
some temporal replications to show that the species is really 
not able to establish in the habitat. Also, we should always 
consider the amount of seeds generally needed for establish-
ment, and such experiments should always be accompanied 
by “control species”, i.e., resident species for comparison, as-
sessing how many resident species would erroneously dem-
onstrate “habitat limitation”. At medium habitat limitation, 
some percentage of seeds usually gives rise to established 
individuals (Vítová and Lepš 2011), but it is often not clear 
whether it means there is a good chance that the population 
will survive – we usually need to at least estimate how many 
seeds can the established individuals produce, which could in 
turn help to estimate the populations growth rate. In the case 
of successful mass establishment, the dispersal limitation is 
more probable, nevertheless, we should check whether there 
are good reasons to consider the population viable; probably, 
the most reliable would be to estimate the transition prob-
abilities for the population matrix model, and consider the 
population viable if the finite rate of increase (lambda) is 
greater than one (Caswell 2001); this would, however, usu-
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ally require several years. Although taking into account the 
possible effect of weather fluctuations and/or demographic 
stochasticity is more challenging. We should, however, also 
take into account the expected longevity of the population, 
i.e., to estimate the probability that a population will became 
locally extinct – and this is quite a challenging issue. Our 
experience (Krahulec and Lepš 1994) shows that some newly 
arriving species formed seemingly viable populations (with 
pronounced initial population increase, so that lambda esti-
mated during the first years after introduction would undoubt-
edly be larger than one), but became locally extinct later on 
(often without any apparent cause). Some, particularly annual 
species show large inter-annual fluctuations, which increases 
the probability of their local extinction, and some are par-
ticularly sensitive to unpredictable events. For these species, 
the sowing experiment might be successful, even though lo-
cal extinction is a consequence of environmental variability 
(i.e., of site conditions). For example, the annual hemipara-
sitic Orobanchaceae (e.g., the Rhinanthus species) typically 
have no permanent seed bank, and produce (for annuals) low 
number of relatively large seeds (Mudrák et al. 2014). This 
increases the probability of their local extinction (connected 
e.g., with irregularities in the meadow management, a fac-
tor that should be considered as a habitat characteristic); new 
sowing often leads to establishment of a viable population, 
suggesting dispersal limitation. This is usually true from a 
short term perspective, nevertheless, the proximate cause 
might be the local extinction due to management irregulari-
ties. 

In any case, we should always take into account that the 
distinction between habitat and dispersal limitation is not a 
sharp one, and that the habitat (in interaction with species 
life history) affects both the establishment and probability of 
population local extinction, and both are affected not only by 
the current habitat characteristics, but also by their long-term 
variability.
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Supplementary material

Figure S1. Proportion of sites occupied by at least one adult 
perennial plant for gradients propagule pressure and disturbance 
probability over time.

Figure S2. Proportion of sites occupied by at least one adult an-
nual plant from 1000 repetitions after 1000 time steps for gradi-
ents of fecundity, propagule pressure, disturbance probability and 
habitat suitability.
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Figure S3. Proportion of sites occupied by at least one adult an-
nual plant from 1000 repetitions after 1000 time steps for gradi-
ents of carrying capacity, propagule pressure, disturbance prob-
ability and habitat suitability.
Figure S4. Proportion of sites occupied by at least one adult an-
nual plant from 1000 repetitions after 1000 time steps for gra-
dients of seed bank, propagule pressure, disturbance probability 
and habitat suitability. 
Figure S5. Proportion of sites occupied by at least one adult 
perennial plant from 1000 repetitions after 1000 time steps for 
gradients of habitat suitability, propagule pressure, disturbance 
probability and fecundity.
Figure S6. Proportion of sites occupied by at least one adult 
perennial plant from 1000 repetitions after 1000 time steps for 
gradients of habitat suitability, propagule pressure, disturbance 
probability and carrying capacity.
Figure S7. Proportion of sites occupied by at least one adult 
perennial plant from 1000 repetitions after 1000 time steps for 

gradients of habitat suitability, propagule pressure, disturbance 
probability and seed bank.
Figure S8. Proportion of sites occupied by at least one adult an-
nual plant from 1000 repetitions after 1000 time steps for gradi-
ents of habitat suitability, propagule pressure, disturbance prob-
ability and fecundity.
Figure S9. Proportion of sites occupied by at least one adult an-
nual plant from 1000 repetitions after 1000 time steps for gradi-
ents of habitat suitability, propagule pressure, disturbance prob-
ability and carrying capacity.
Figure S10. Proportion of sites occupied by at least one adult 
annual plant from 1000 repetitions after 1000 time steps for 
gradients of habitat suitability, propagule pressure, disturbance 
probability and seed bank.
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