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We used a two-species simulation model (o study mechanisms of coexistence of annual
plants in patchy habitats with local disturbances. In habitats with nested scales of
patchiness, short dispersal is advantageous because favorable habitat tends to be
aggregated. The invasion of a resident population with short dispersal distance by a
species with longer-range dispersal was simulated for combinations of habitat pattern,
disturbance frequency and germination strategies. A germination strategy was defined
by the type of response to disturbance (*“disturbance-broken” when disturbances trigger
germination, “risk-spreading” when germination is insensitive to disturbance) and the
dormancy fraction at dispersal. Simulations estimated the long-term low-density
growth rate of the invader, the mean local crowding (number of compeling seeds per
invader seed at each site) and the effective fecundity of each species (the mean number
of seeds successfully dispersed per adult plant). Crowding increased with habitat
suitability and decreased with increasing dormancy fractions for the resident. Effective
fecundity in a landscape can be (aken as a measure of competitive ability. The
short-dispersing resident invariably had higher effective fecundity, but this difference
decreased with increasing suitability, i.e. competitive differences decreased.
Coexistence depended on both habitat suitability and disturbance frequency. Maximum
coexistence was obtained for habitats of intermediate suitability with moderately
frequent disturbances. General linear modelling of the long-term low-density growth
rate showed that coexislence results from a reduction in local crowding. This growth
rate also increased for increasing habitat suitability and connectivity, and for a higher
dormancy fraction of the resident species. The effects of disturbance frequency and of
invader’s dormancy fraction depended on the type of dormancy of the resident species.
The analysis showed that 2 different mechanisms are involved in the coexistence of
species with different niches. Differences in regeneration niches permit coexislence
through compelitive equivalency with trade-offs between dispersal and germination
traits, but for a limited range of habitat pattern and disturbance conditions. On the other
hand, coexistence through density fluctuations of a disturbance-broken species and
storage effects can be achieved for a broad range of environmental conditions and
species germination stralegies. Species coexistence thus results from the combination
of two mechanisms. Evidence from natural communities is discussed.

Our results also demonstrate the importance of detailed attention (o spatial patterns and
dispersal because of the complexity of spatial effects. Further, spatial pattern and
disturbance frequencies need to be considered jointly to understand the dynamics of
diversity.

S. Lavorel and P. Chesson, Research School of Biological Sciences, Australian Na-
tional Univ., Canberra ACT 0200, Australia (present address of SL: Centre d’Ecologie
Fonctionnelle et Evolutive, C.N.R.S. BP 5051, F-34033 Montpellier Cedex, France).
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Fig. 1. Habitat maps for (a) p,=0.32, p;=0.60, (b) p,=0.60,
p3=0.32, (¢) p;=0.32, p;=0.88, (d) p,=0.88, p;=0.32, (¢)
p2=0.60, p;=0.88, (f) p,=0.88, p;=0.60.

Recent theoretical and experimental work has demon-
strated the role of environmental spatio-temporal vari-
ability for species coexistence (Chesson 1986, Chesson
and Case 1986, sce reviews by Silvertown and Law 1987
and Wilson 1990). Chesson and Huntly (1989) proposed
to unify a diversity of hypothesized mechanisms by
showing that the common feature is an interaction be-
tween species biology and environmental fluctuations.
The key mechanism is “storage effects” (Chesson 1983)
whereby, as a result of their biologies, species which are
favored differentially in time and/or space can store the
demographic benefits obtained under favorable condi-
tions and outweigh the losses in unfavorable conditions.
This requires: 1) that when a species is favored by the
environment it causes more competition (has a greater
competitive effect, sensu Goldberg 1990) 2) that some
trait of their biology (e.g. seed dormancy, overlapping
generations) allows them to store the demographic bene-
fits. In particular, these mechanisms would apply in the
case of differences of regeneration niches (Grubb 1977),
i.e. species differing in their requirements of the estab-
lishment of a new generation (Chesson 1991).

Spatial variability due to environmental heterogeneity
and to disturbances is recognized as an important type of
variability underlying the dynamics of species diversitly
(Levin 1976, Chesson 1981, 1985, Pickett and White
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1985, Pacala 1989, Kareiva 1994). Species coexistence
has been explained by several mechanisms leading to the
spatial segregation of competitors. These mechanisms
fall into two broad categories. Firstly, environmental
patchiness with conditions locally suitable to different
species leads to spatial niche partitioning (Whittaker and
Levin 1977, Shmida and Ellner 1984, Chesson 1985,
Comins and Noble 1985). Secondly, spatial segregation
can result from chance colonization followed by a local
build-up of propagules favoring the species that arrived
first (Levin 1974, Yodzis 1978, Shigesada et al. 1979,
Comins and Noble 1985, Pacala 1986a). Recently, the
advances of spatially-explicit models have allowed more
detailed insight into these mechanisms (see the review by
Czdrdn and Bartha 1992). Such models have allowed
deeper understanding of the role of habitat spatial pattern
(Green 1989, Milne 1992, Palmer 1992), dispersal dis-
tances (Comins and Noble 1985, Pacala 1987, Molofsky
1994) and population distributions (Czdrdn and Bartha
1989, Silvertown et al. 1992).

Spatially-explicit simulations of community dynamics
for 2 annual plant species characterized by their mean
dispersal distance and their dormancy strategy (i.e. re-
sponse of germination to disturbances and fraction dor-
mant seeds at dispersal) showed that coexistence is pos-
sible in patchy habitats with local disturbances in spite of
a compelitive difference determined by dispersal capaci-
ties (Lavorel et al. 1994a). These results validated the
hypothesis that differences in regeneration niches can
lead to coexistence (Grubb 1977). However, further in-
vestigation is needed to identify the details of the mecha-
nisms of coexistence.

We used a development of that model to address the
following questions: 1) What are the specific effects on
species coexistence of environmental spatial and tempo-
ral variability, resulting from habitat pattern and local
disturbance respectively? 2) What differences between
species regeneration niches are required for stable coexis-
tence? 3) Is coexistence explained by competitive lottery
and storage effects?

Methods
The model

The model is an extension of the simulation model by
Lavorel et al. (1994a).

Habitat maps

The algorithm generates hierarchically structured habitat
maps (O’Neill et al. 1992, Lavorel et al. 1993) consisting
of a matrix of zeros and ones, indicating unsuitable and
suitable sites for plant establishment, respectively. Three
level maps are generated by a top-bottom procedure sub-
dividing the map into blocks of (g; x g;) sites at level i,
(i=1,2,3), and randomly setting the suitability of each
block with a probability p; of encountering a suitable site
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within a cell at hierarchical level i. The total number of
suitable sites for plant establishment, SS, will be (g, X g,
X g3)? (p) X p, X p3). Different combinations of p,, p, and
p~ can produce the same total fraction of suitable sites,
but will result in distinctly different landscape patterns
(O’ Neill et al. 1992, Lavorel et al. 1993).

Seven different random landscapes, all having the
same values of g; and p,, but different combinations for p,
and p; were used in the simulation experiments. The
successive levels within the maps were fixed at g;=4,
g>=5 and g, =35, resulting in square maps with 100 sites
on a side (g, X g, x g3 = 100). These grids may be thought
of as 10x 10 m plots with 10000 10 x 10 cm sites each
representing the basal area that a herbaceous plant would
cover. The larger subblocks of 2.5x 2.5 m represent the
area within which a herbaceous plant might be expected
to deposit most of its seeds. The fraction of suitable sites
at the coarser scale, p,. was assumed to be 1.0 for all
maps, reflecting a potential vegetation cover of 100%. At
finer scales, variation in microtopography, soils, nutrients
and historical patterns of disturbance will affect the de-
gree of site suitability. This variation was modelled by
setting the partial probabilities (p,) lower than 1.0 at the
level of 55 (i.e. 50 x50 cm) patches. Finally, microen-
vironmental conditions determine the suitability of sites
at the scale of the individual plant (ps). A single map with
p>=p3=1.0 was used to create a solid homogencously
suitable landscape. Combinations of p, and p; were
varied in the other maps at values of 0.32, 0.6, or 0.88,
producing three pairs of maps (Fig. 1a) with the same
percent suitable sites, SS, but different levels of patchi-
ness. In each pair of maps, the landscape with the higher
level of fine-scale suitability (p, < p3) has a higher level of
mean cluster size and is referred to as “aggregated” (vs
“disaggregated” for the map with p, > p;) (Lavorel et al.
1993).

Simulating population dynamics

Each suitable map site represents a place where one
individual plant can germinate, establish, grow and repro-
duce — a ‘safe site’ sensu Harper et al. (1961). Density-
dependent competition for establishment is simulated by
a lottery process (Chesson and Warner 1981), with each
species having a probability of establishment propor-
tional to the number of viable seeds present at that site.
Interference competition for space is assumed to summa-
rize species interactions at a particular point in space
(Yodzis 1986). Once a seed germinates, growth and sur-
vival to a reproductive adult will occur, and all adults will
produce a fixed number of seeds each year. For the
simulations presented here, fecundity of both species was
set at 10 viable seeds per plant.

Seeds are dispersed by an isotropic stochastic process.
A random angle and distance from the parent plant are
selected and each seed is moved to a new map site. Seeds
that are dispersed beyond the edge of the map are lost
(i.e., the map boundaries are absorbing). The standard
exponential distribution (Johnson and Kotz 1970) was
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used to generate dispersal distances. An important spe-
cies characteristic is mean dispersal distance. We ex-
pressed the dispersal distance in numbers of sites from
the parent plant in order to scale dispersal in relation to
plant sizes. For example, if a site represents an area of
10x 10 cm, for a decreasing exponential to a mean of 2
sites, 90% of the seeds will land within a radius of 5 sites
or 50 cm. For a mean dispersal distance of 10 sites this
radius would be 2 m.

Dormancy strategy is characterized by dormancy frac-
tion and type. The dormancy fraction (dorm) gives the
probability of newly dispersed seeds becoming dormant.
Seed survival survival from one year to the next was set
equal to 0.2. Germination response to disturbance can be
described as either ‘disturbance-broken’, i.e., disturban-
ces induce the germination of all seeds present, or ‘risk-
spreading’, i.e., disturbances do not modify the germina-
tion timing of dormant seeds (Grubb 1988). These two
kinds of sensitivity to disturbance will be addressed as
‘dormancy types’. The seed bank at each site is composed
of an ‘active’ seed bank, containing readily germinable
seeds, and the ‘dormant’ seed bank. Newly dispersed
seeds join the dormant seed bank with probability dorm,
else they are available in the active seed bank for germi-
nation at the next generation. If the species follows a
risk-spreading strategy, the fraction of seeds already in
the dormant seed bank which break dormancy and join
the active seed bank each year is assumed to equal (1.0 —
dorm). If the species follows a disturbance-broken strate-
gy, all seeds from the dormant seed bank of a given site
will join the active seed bank after having been activated
by a disturbance at that site.

Disturbances

Local disturbances were produced every generation in the
same hierarchical pattern used to generate the maps. The
disturbance pattern is generated hierarchically with the
same values of g, g, and g; as the habitat maps, and is
independent of the distribution of the safe sites and of the
plants. Examples of such disturbances are frost heaving,
digging or rampling by animals. An individual at a site is
affected by disturbance by failing to reproduce that year,
and the seed banks of both species for the next generation
will be modified according to their types of dormancy.
Disturbances were generated at the intermediate scale
(gy) of the 5 x5 subblocks, i.e., py=p;=1.0. Disturbance
frequency, the proportion (p,=dis) of sites disturbed at
the intermediate level, was varied. In a spatio-temporal
context, disturbance frequency represented both the ex-
tent of disturbance in any particular generation and the
temporal frequency of disturbance at any particular site.
In the terminology of Chesson (1985), disturbances im-
posed in this way represent spatio-temporal environmen-
tal variation, while the pattern of suitable sites represents
pure spatial variation. There is no component of pure
temporal variation, which would be temporal variation
that is perfectly synchronised (perfectly correlated) over
space.
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Table 1. Factorial design of analysis of the variations of the
low-density growth rate.

Variable Levels

SS Habitat suitability
dis disturbance frequency

1920, 2816, 5280, 10000
0.04, 0.08, 0.16, 0.24, 0.32

dispersal distance 2,5

dormancy type Risk-spreading, Disturbance-
broken

dorm dormancy fraction 0.2, 0.8

Invasion analysis

Our analysis of the mechanisms of species coexistence
was based on the use of invasion analysis (Turelli 1981).
Invasion analysis, identified as the only reliable tech-
nique to determine coexistence stability and strength, is a
well-established technique in analytical modelling but
under-utilised in simulations (Chesson and Ellner 1989).
It focusses on the geometric growth rate (sometimes
called the finite rate of increase) of a species introduced
at low density into a stable resident population. This
geometric growth rate is calculated as the ratio of the total
number of seeds of a species in suitable sites at one time
to the total for the previous time. A stable value of this
growth rate is obtained by first allowing the invading
species to achieve a stable pattern of distribution over
suitable sites, apart from spatio-temporal fluctuations due
to disturbances, and then calculating the growth rate. As
all the environmental variation in the system is a mixture
of spatial and spatio-temporal variation, with no purely
temporal variation, environmental variation does not lead
to large temporal fluctuations in total seed populations
for the system. The dynamics of these total seed popula-
tions come from arithmetic averages over space of local
population dynamics including dispersal (Chesson 1985).
In this respect, the implementation of the invasibility
analysis for systems dominated by spatial and spatio-
temporal variation is different from that in systems dom-
inated by temporal variation, where a geometric mean
over time is taken, or equivalently, an arithmetic mean of
the log of the geometric growth rate forms the basis of the
analysis (Turelli 1981, Chesson 1994).

According to the invasibility criterion for spatial varia-
tion or spatio-temporal variation, a species persists in a
community if its geometric growth rate at low density is
greater than 1. It is then able to increase from low density.
More importantly, this tendency to increase from low
density prevents a species from getting extinct once it is
present in a community. Conversely, if the low-density
growth rate is less than 1, the invader is excluded by the
resident. The species in'a community have a long-term
coexistence if they can each invade the community con-
sisting of the other. The case where species have geo-
metric growth rates equal to 1, however, has an ambigu-
ous outcome. The species have a neutral coexistence,
with no stabilizing tendency, or there may be some stabi-
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lizing or destabilizing effect at high densities. Experience
in this particular system implied that when both species
have low-density growth rates equal to 1, coexistence is
neutral: the relative abundances of the species undergo a
very slow random walk, with no tendency of one species
to dominate on average.

Previous simulations (Lavorel et al. 1994a) showed
that, in competition for living space, a species with shor-
ter dispersal (e.g. 1 or 2 sites) has an advantage over a
species with longer dispersal (e.g. 5 or 10 sites) such that
coexistence of these species required the existence of
seed banks and local disturbances. Preliminary invasion
simulations indicated that any species with a mean dis-
persal distance of 2 sites can invade any resident popula-
tion with a mean dispersal distance of 5 sites. Therefore,
our analysis focussed on the invasion of a resident with a
mean dispersal of 2 sites by an invader with a mean
dispersal distance of 5 sites.

Simulations with the resident species alone were run
for 50 generations necessary to establish a spatially pat-
terned adult and seed bank population. Then, the in-
vading species was introduced with SS$/100 initial seeds.
This density was determined as sufficiently small to limit
density-dependent effects but large enough for popula-

dis =0.24

dis = 0.16

dis =0.32

Fig. 2. Disturbance maps for (a) dis=0.04, (b) dis=0.08, (c)
dis=0.16, (d) dis=0.24, (e) dis=0.32.
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Fig. 3. Variations of number of potential two-species communi-
ties depending on habitat suitability and disturbance frequency.

tion persistence. In order to properly address coexistence
in a patterned habitat, the invader was kept at low density
by, at each generation, reducing its total seed density to a
total of S5/100 but retaining the spatial distribution. This
was achieved by reducing the seed number at each site
proportionally to its relative contribution to the total seed
density over the entire map. The invasion was run for an
initial 50 generations to allow for a stable spatial distribu-
tion to be reached, then the growth rate was measured at
each time step for 50 generations.

We investigated the mechanisms of coexistence by
examining the low-density growth rate for combinations
of species and system properties varied in a factorial
design (Table 1) with 7 habitat map types representing 4
levels of suitability (Fig. 1), 5 disturbance levels (Fig. 2),
2 types of dormancy response to disturbance (risk-
spreading and disturbance-broken) and 2 levels of dor-
mancy fraction. Five simulations with 50 time steps of
growth rate measures were run for each parameter set.

In order to examine the hypothesis of lottery competi-
tion more specifically, local competition at the scale of
the individual site was quantified by a crowding index
(crowd) calculated as the mean number of resident seeds
competing at each site with invader seeds for establish-
ment (i.e. the weighting factor in the lottery for establish-
ment). The competitive differences between species with
different mean dispersal distances were also estimated by
calculating the ratio of their effective fecundities, defined
as the mean number of seeds per plant of a species
dispersed to a suitable site at each generation.

Statistical analysis

Variations of invasibility with local competition, environ-
mental variables (number of suitable sites SS, and dis-
turbance frequency dis), and dormancy characteristics
(dormancy type and fraction) were analyzed using
general linear models of the logarithm of the low-density
growth rate. Preliminary analyses showed the absence of
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temporal autocorrelation in the low-density growth rate.
The analyses were then carried out on a subset of the
growth-rate data sampled every 10 generations. Linear
relationships were graphically identified between the log
of the low-density growth rate (logGR) and the loga-
rithms of the crowding index and of the number of suit-
able sites. Linear models of the covariation of logGR
with logSS and logcrowd, with disturbance frequency
(dis) and dormancy rates (dorml and dorm?2 for the resi-
dent and invader respectively) as co-factors were fitted
using the software package GENSTAT 5.0 (NAG 1987).

Results
Patterns of species coexistence

We first look at landscape properties in terms of the total
number of alternative two-species communities that
could exist there. Simulations showed that the number of
species pairs showing coexistence in a particular land-
scape (Fig. 3) varied with landscape suitability (ANOVA
F(3,19)=2.134, p=0.018) and disturbance frequency
(F(4,19)=1.863, p=0.021). The lowest numbers of po-
tential two-species communities were observed for habi-
tats of low suitability with very frequent disturbances and
for highly suitable habitats with infrequent disturbances.
The highest number of communities corresponded with
intermediate levels of both habitat suitability and dis-
turbance frequency, for which all species could coexist.
Habitats of low suitability with infrequent disturbance
and highly suitable habitats with very frequent disturban-
ces exhibited intermediate numbers of potential commu-
nities.

Effective fecundities

An ANOVA showed that the ratio of eftective fecundities
of species with different mean dispersal distances (Fra-

Effective fecundity ratio

Fratio
1

0.8

0.6

0,4

0,2

5280

SS

.aggvega(edﬁdisaggregamd

Fig. 4. Effect of landscape pattern (suitability and clumping) on
the ratio of effective fecundities.
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Risk-spreading resident
logecrowd = logSS*dis + dorm1*dis
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Fig. 5a. Effect of habitat suitability and disturbance on the crowding index. b. Effect of dormancy fraction on the crowding index.

tio) was independent of disturbance frequency (p=0.305)
but depended significantly on habitat pattern described
by suitability (p < 0.001) and clumping nested within suit-
ability (p<0.001). The species with a shorter dispersal
distance had a greater dispersal advantage over the spe-
cies with a larger mean dispersal distance in poorly suit-
able and thus disconnected habitats than in more suitable
and more connected habitats (Fig. 4). This advantage
disappeared for a homogeneously suitable habitat map.
These patterns result from the fact that for the habitat
structures used, the probability of dispersing into a suit-
able site close to the mother plant is greater than random
and thus greater than for a larger dispersal distance (see
the discussion by Lavorel et al. 1995).

Local crowding

Linear modelling of logcrowd showed that the crowding
index was determined in two very different manners
depending on the dormancy type of the resident (risk-
spreading or disturbance-broken). In both cases, the
crowding increased for increasing habitat suitability (SS)
and decreased for increasing resident dormancy fraction
(dorml) (Fig. 5). However, disturbance {requency had a
significant effect only in the risk-spreading case. This is
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possibly because disturbance would only decrease fecun-
dity for a risk-spreading species, while its effects on
fecundity (negative) and recruitment (positive) would
compensate for a disturbance-broken species. On the
other hand, in the disturbance-broken case crowding also
depended on the invader’s dormancy fraction (dorm?2)
because a disturbance-resident can fall locally to very low
densities. On average, crowding was higher for a risk-
spreading (u=0.65) than for a disturbance-broken resi-
dent (uw=0.077).

Invasion growth rate

Initial analyses of the variations of the low-density
growth rate with local crowding and environment for
each pair of species showed a qualitative difference in the
behavior of the invader’s growth rate depending on the
dormancy type of the resident. Then, sets of runs with the
2 different types of residents were analyzed in 2 separate
groups and we present the resulting linear models
separately.

As a general feature, the logarithm of the low-density
growth rate (logGR) for a risk-spreading resident (u=
0.0588) was lower than for a disturbance-broken resident
(L =2.556). A risk-spreading rcsident was hard to invade

OIKOS 74:1 (1995)



Risk-spreading resident Disturbance-broken resident

logSS+ogcrowd*dis+dorm1°dorm2°dis logSS dis+ogcrowd dis+dorm1°dorm2°dis

N

I wogcrowd*ds

\
\

r2=0.902 r2=0978

Fratio*disHogcrowd dis+dorm1°dorm2°dls Fratio*disHogcrowd dis+dom1°doma2°dis

K

r2=0.893 r2=0975

Fig. 6. Results of the linear modelling analysis of the low-density growth rate.

R-resident D-resident

O L N W S o

0.04 008 016 024 032 0.04 0.08 0.16 0.24 0.32
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[ss=1920F 5280 @@ 10000

Fig. 7. Effect of habitat suitability and disturbance on the low-density growth rate.
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D-resident

0.08 0.16 024 032

disturbance frequency
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0.32

0.08 0.16 0.24
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0.04

10.8,0.200.8,0.8

Fig. 8. Effect of dormancy fractions on the low-density growth rate.

(negative or small positive values of logGR), while dis-
turbance-broken residents were easy to invade by any
other species (positive values).

In both cases, we were able to explain a highly sig-
nificant portion of the variance of the low-density growth
rate with the design variables (Fig. 6, r> values). The
crowding index explained the largest part of the variance.
Negative regression slopes (-0.75 for a risk-spreading
resident and —1.30 for a disturbance-broken resident)
showed that coexistence resulted from a decrease of local
competition. This effect was much stronger for a disturb-
ance-broken resident than for a risk-spreading resident.

The contribution of habitat suitability was larger for a
risk-spreading resident than for a disturbance-broken
resident (Fig. 6). In both cases, the slope of the regression
was positive (0.51 and 0.61, respectively), showing that
coexistence becomes easier as habitat suitability in-
creases (Fig. 7). Such results are consistent with the
trends observed for the ratio of effective fecundities.

In both cases the effect of disturbance frequency, al-
though significant, was rather weak and mainly in inter-
action with other variables (Fig. 7). For a risk-spreading
resident, however, there was no significant interaction
with habitat suitability, and increasing disturbance fre-
quency demoted coexistence with lower low-density
growth rates. For a disturbance-broken resident, the re-
sponse of the low-density growth rate to disturbance was
bell-shaped, and dependent on level of habitat suitablity,
with a maximum at dis=0.08 for S§=2816, and a mini-
mum at dis=0.16 for $S§=1920. Sensitivity to dis-
turbance increased with increasing habitat suitability and
maximum sensitivity to habitat suitability occurred for
dis=0.08.

In both cases, the effect of the invader’s dormancy
fraction was negative (Fig. 8), because a larger dormancy
leads firstly to a higher seed mortality through time,
secondly to a lower availability of seeds for competition
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during establishment. On the other hand, the effect of the
resident’s dormancy fraction depended on its dormancy
type. The slope was positive for a risk-spreading resident
but negative for a disturbance-broken resident. In fact, the
low-density growth rate was determined by the combined
effects of dormancy tractions of both species and of
disturbance (Fig. 6). Invasion success was determined
more by the invader’s dormancy fraction for a risk-
spreading resident, but more by the resident’s dormancy
fraction for a disturbance-broken resident, which can be
interpreted as a dominant effect of the dormancy f{raction
of the disturbance-broken species.

Discussion

Using invasion analysis, we demonstrated the complexity
of mechanisms underlying coexistence of species with
different regeneration niches. Invasibility has been shown
to relate closely to long-term stochastic coexistence (e.g.
stochastic boundedness: long-term stable density fluctua-
tions for all species in a community; Chesson and Ellner
1989). Our results support its use, as the values of long-
term low density growth rate were consistent with coexis-
tence results in previous runs (Lavorel et al. 1994a). In
the past, simulations have often used time to extinction as
a variable characterizing stability of coexistence (e.g.
Caswell 1978). But time to extinction displays a high
variance and may require very long simulations to deter-
mine its value. The low-density growth rate is a useful
variable for quantitative analysis of the strength of spe-
cies persistence, and will often have much better statisti-
cal properties than the time to extinction.
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Mechanisms of species coexistence

We found that dispersal distance is of primary importance
in the ability of a specics to invade a resident population.
A species with a mean dispersal distance of two siles
could always invade a population of a species with a
mean dispersal distance of five sites. Pacala (1986a) also
found dispersal distance to be determinant of the outcome
of plant competition. Hobbs and Hobbs (1987) simulated
and observed in the field that the response of species
dominance rankings to gopher disturbances was deter-
mined by dispersal distances. Such a result would not be
expected in a homogeneous habitat, but in a hetero-
geneous habitat presumably reflects the risk of spreading
to an unsuitable site, which increases with dispersal dis-
tances (see the discussion by Lavorel et al. 1995; see also
the mother site theory for desert plants, Ellner and
Shmida 1981). We did not investigate the optimal dis-
persal distance, although work of others suggests that it
should not be zero (Levin et al. 1984, Cohen and Levin
1991). However, our simulations showed that a disad-
vantage in dispersal can be compensated for by germina-
tion characteristics, allowing a long dispersal species to
invade and coexist with a short dispersal species.

The analysis showed that stable coexistence is
achieved under environmental and biological conditions
that decrease local relative densities of the more effec-
tively dispersing species. Coexistence is known to be
facilitated by an increase of intraspecific relative to inter-
specific competition (MacArthur 1972). Pacala (1986a)
and Czdrdn and Bartha (1989) also explained coexistence
of species with short dispersal distances by this mecha-
nism.

The existence of significant effects on low-density
growth rate of other variables once the effect of local
crowding has been accounted for, indicates that local
crowding does not fully capture local competition and is
only one of the factors of coexistence in the context of a
structured landscape with local disturbances. Lower rela-
tive densities of the resident are in fact achieved in 2
ways: reduced crowding and decreased advantage in ef-
fective fecundity. Crowding is reduced in habitats of low
suitability which, for the maps used, support low popula-
tion densities (see Lavorel et al. 1995), and for higher
resident dormancy fractions. Reduction of the resident’s
advantage in effective fecundity occurs as habitat suit-
ability increases. Various factors in life-history and envi-
ronment (habitat pattern and disturbance) will modify the
way effective fecundity and local competition combine to
yield the actual growth rate. Our analysis showed that the
mechanisms of coexistence differ depending on the type
of germination response to disturbance of the species
with shorter dispersal distance. The following interpreta-
tion is proposed. Risk-spreading dormancy allows a spe-
cies to maintain continuous competition pressure in time
and space. Only low fluctuations in densities will result
from spatio-temporal variability in seed production due
to disturbances and spatial variability in effective fecun-
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dity due to habitat pattern. On the other hand, a dis-
turbance-broken strategy leads to large spatio-temporal
fluctuations in local density. The mean local density
pressure is less than that imposed by a risk-spreading
species. Although such a resident might still be competi-
tively superior on average (as a result of the ratio of
effective fecundities), density fluctuations in time and
space mean that it is not always locally superior (realized
competition). Recent work has emphasized that species
coexistence often results from the combination of several
processes rather than a single mechanism (Chesson
1994). As a summary of the two cases, we propose that
decrease in local competition and coexistence are
achieved in 2 complementary ways.

With differences in regeneration niches, coexistence is
promoted by a trade-off between the capacity to disperse
to a suitable site and the capacity for establishment deter-
mined by the germination strategy. This means that the
species are very nearly equal on average, so that small
regeneration niche differences are sufficient for a stable
coexistence (Chesson 1991). Important in such average
equality are the conditions that lead to a decrease in the
competitive advantage of the species with more effective
dispersal. For example, increasing habitat suitability de-
creases the difference in effective fecundities and thus
facilitates coexistence. Dormancy increases seed loss
through mortality in the seed bank, and thus higher dor-
mancy fractions of the resident and lower dormancy frac-
tions of the invader will [avor coexistence. This mecha-
nism was detected in both resident cases. The growth
rates close to 1 (logGR = Q) obtained in the risk-spread-
ing case indicate that such mechanisms offer rather
limited scope for coexistence in terms of environmental
conditions as well as of compatible species. Pacala
(1986b) and Geritz et al. (1987) also observed coexis-
tence as a result from a trade-off between effective fecun-
dity and seed dormancy, expressed as the life time germi-
nation success. Similarly, Liljelund et al. (1988) demon-
strated coexistence of species with equivalent life time
fecundities resulting from a trade-ofl between longevity
(equivalent to our dormancy fractions) and annual seed
set (equivalent to our effective fecundity). Extensive lite-
rature has addressed trade-offs beiween dispersal and
dormancy traits within species (e.g. Venable and Brown
1988; sec the review by Westoby et al. 1992) which could
be extended to species coexistence. Further investigations
of the effects of annual seed set and on possible trade-offs
with dispersal and dormancy need investigation for our
model. Finally, coexistence of unlimited numbers of spe-
cies can result from trade-offs between dispersibility and
competitive ability (Tilman 1994).

The second mechanism, evidenced in the case of a
disturbance-broken resident and for the combined effects
of resident and invader dormancy fractions (Fig. 8), is
based on fluctuations in performances. These result in the
existence of times and places where the invader is more
favored than the resident. For example, the germination
probability of the disturbance-broken resident depends on
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whether or not the site is disturbed. At a given generation,
all the undisturbed sites are [ree of competition from the
resident and can be colonized by a risk-spreading in-
vader. Disturbed sites will be colonized either by the
resident or by a disturbance-broken invader depending on
local seed availabilities and chance. Conditions favoring
coexistence are those which either amplify these fluctua-
tions (e.g. a lower dormancy fraction of the resident) or
decrease the difference in effective fecundities (e.g. a
higher suitability). The mechanisms involved are likely to
be storage effects, where the resident fluctuations allow
some “windows of opportunity” for invaders with a wide
range of dormancy strategies. As opposed to simple dif-
ferences in regeneration niches, such mechanisms of
competitive lottery permit coexistence of numerous spe-
cies under a wide range of environmental conditions.

These results support the claim that neither inter-
specific differences in regeneration niches nor environ-
mental variability are enough in themselves to fully ac-
count for coexistence (Chesson 1991). Regeneration
niche differences need to be such that the environmental
fluctuations affect species differentially and that the stor-
age effect can operate. Grubb (1988) discussed coexis-
tence mechanisms for species within only a single dor-
mancy type. Consistent with our findings, he proposed
that different disturbance-broken species are favored at
different places and times. The coexistence of risk-
spreading species would result from shifting clouds of
abundance (Grubb 1984, 1986), i.e. spatio-temporal den-
sity fluctuations such that interspecific competition
would be avoided. Our results do not allow to test this
assertion on the details of the spatio-temporal population
dynamics. Further investigations need to analyze the vari-
ability of densities in time and space.

Coexistence of species with different regeneration
niches, and in particular with different germination
responses to disturbance, has been documented for a
number of communities, such as chalk grasslands (Ver-
kaar et al. 1983, Grubb ]1986), Mediterranean annual
grasslands (Grubb and Hopkins 1986, Rice 1989, Hobbs
and Mooney 1991), oldfields (Armesto and Pickett 1985,
Gross 1987, Lavorel et al. 1994b), desert annuals (Shmi-
da and Ellner 1984, Venable et al. 1993, Huntly and
Chesson unpubl.), and dune communities (van der Meij-
den et al. 1985), as well as for some marine communities
(Butler and Chesson 1990). Our interpretation is consis-
tent with experimental data for Mediterranean old fields
in southern France. Model predictions that communities
dominated by annual grasses (with low risk-spreading
dormancy) tend to be harder to invade and with lower
species richness than, for example, communities
dominated by annual legumes (with strong disturbance-
broken dormancy) match patterns observed through suc-
cession (Escarré et al. 1983, Debussche et al. unpubl.)
and for recolonization of experimental disturbances (La-
vorel et al. 1994b). In desert annuals, there is consider-
able evidence that species differ in germination responses
to weather and time of the rain that occurs (Shmida and
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Ellner 1984, Venable et al. 1993, Chesson and Huntly
unpubl.), allowing for more complex differences between
species than germination in response to disturbance. Cou-
pled with between-year seed dormancy, such weather-
determined regeneration niches theoretically allow co-
existence of many species (Ellner 1984, Chesson 1994).

Effects of habitat spatial pattern

The detailed analysis of the effects of habitat suitability
suggests that the effects of spatial patterns can be com-
plex. SS had a positive effect on growth rate directly, but
an indirect negative effect through local crowding,
making overall effects hard to predict. As a result of these
opposite lrends, maximum species coexistence was ob-
tained at intermediate levels of suitability (Fig. 3). Habi-
tat spatial pattern was shown to critically affect species
coexistence in several ways. Firstly, the magnitude of
competitive differences between species determined by
their dispersal distances was highly sensitive to landscape
pattern. Secondly, in the case of a risk-spreading resident,
a swilch from exclusion to coexistence occurred for a
map suitability of 5280. This threshold corresponds with
a threshold in connectivity of the structured habitat maps
(Lavorel et al. 1993), making dispersal differences no
longer critical.

Other studies have demonstrated the relevance of spa-
tial pattern to species coexistence. Earlier work on lottery
models in a spatially variable environment (Chesson
1985, Comins and Noble 1985) showed that spatial varia-
tion in species performances, including dispersal rates
into habitat patches, is a powerful promoter of species
coexistence. However, this early work did not consider
any detail of the interaction between habitat pattern and
dispersal distance. Recent work demonstrates the neces-
sity to explicitly consider the effects of habitat pattern on
dispersal success (Doak et al. 1992, Lavorel et al. 1995)
and realized competition (Czéirdn and Bartha 1989, Sil-
vertown et al. 1992, Bonan 1993). Finally, intraspecific
aggregation of propagules has been shown to mediate
coexistence of insect (Atkinson and Shorrocks 1981, Ives
and May 1985) and plant species (Pacala 1987, Marino
1991, Palmer 1992), provided the mechanism of aggrega-
tion leads to greater intraspecific than interspecific aggre-
gation (Ives 1991). Further analysis of adult and seed
specific distributions would be needed to test for the
existence of such mechanisms in our model.

Effects of disturbance regime

The invasibility analyses highlight qualitative differences
in the effects of disturbance for the two types of dor-
mancy leading to a qualitative difference in the mecha-
nism of coexistence. The quantitative effects, although
significant, were small and mainly in the form of com-
plex interactions with both habitat suitability and dor-
mancy fractions. This finding indicates that patterns re-

OIKOS 74:1 (1995)



lated to disturbance frequency or extent may be hard to
interpret in the real world.

As another complicating factor, disturbance effects
were strongly combined with effects of landscape pattern.
Stability of coexistence depends not only on the species
involved but also on the combined effects of landscape
pattern and disturbance frequency. For any given set of
species there was always some combination of landscape
and disturbance frequency where stable coexistence
could be achieved. But conversely, the coexistence of 2
given species will be more or less sensitive to landscape
and disturbance, with different species being favored in
different situations and more or less sensitive to changes
in pattern and/or disturbance depending on their biology.
For example, the response of low-density growth rate to
disturbance frequency depended on the dormancy type of
the resident. The relative roles of dispersal and response
to disturbance will also vary between systems. For exam-
ple, in California serpentine grasslands the community is
shaped by disturbance pattern (Hobbs and Hobbs 1987,
Moloney et al. 1992), while dispersal is most important in
some weed communities (e.g. Czdrdn and Bartha 1989).
It is then essential for studies of the dynamics of diversity
or conservation planning to consider landscapes in a
dynamic perspective including both spatial pattern and
disturbance dynamics (Turner at al. 1993).
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