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Summary
1. There is an ongoing debate about whether communities are closely integrated and bound together
via interactions such as competition or facilitation, or are disintegrated and dominated by chance.
We still lack community-wide data on the intensities of interactions and randomness, and measurements of their impacts on community structure.
2. Using a long-term data set, we sought to measure the effects of interactions and stochasticity in
structuring a highly diverse (>100 species) semi-arid grassland plant community, testing for positive
and negative interactions at different stages of population growth of all species.
3. During the colonization of new patches, most species were facilitated or inhibited by several others. These opposite effects can potentially have a large effect on species abundances, but they were
correlated and cancelled out at the community level. Nevertheless, competition during colonization
was strong enough to cause poor competitors to have small population sizes.
4. The subsequent phase of population growth (increase and subsequent change in numbers within
occupied patches) was mainly driven by intraspeciﬁc density dependence, and we found little evidence for interspeciﬁc interactions.
5. Model results showed that stochasticity and recurrent colonization of transient, favourable patches
maintained diversity, keeping poor competitors from becoming extinct.
6. Synthesis: Our results, taken together with recent studies on tropical forests, suggest that weak
interactions among established plants may be a general phenomenon, but that local interactions during colonization are important drivers of community composition. Most of the variance in species
abundance in our community was explained by intraspeciﬁc competition and stochasticity, with
interspeciﬁc interactions playing a minor role due to their overall weakness, interaction changes over
ontogeny, and the cancellation of opposite-sign interactions when all the species in the community
are considered. Despite this, some species were rare seemingly because they cannot withstand interspeciﬁc competition. Thus, to untangle the effects of interactions on community structure, future
research should focus on interactions occurring at different phases of population growth and on
whole communities.
Key-words: coexistence, colonization-competition trade-off, community assembly, density dependence, facilitation, intraspeciﬁc competition, interspeciﬁc interactions, model, plant population and
community dynamics, positive interactions

Introduction
There has been a long-term debate about whether communities are structured by the interactions among constituent species or instead by chance and individual responses of species
*Correspondence author. E-mail: r.freckleton@shefﬁeld.ac.uk

to the abiotic environment. Community-level assessments of
stochasticity and interactions are required to distinguish
between the various models of community structure and relevant data and techniques are now beginning to emerge
(Levine & HilleRisLambers 2009; Adler, Ellner & Levine
2010; Comita et al. 2010; Mangan et al. 2010). However,
sufﬁciently detailed measurements of the quantitative effects
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of randomness and interactions on whole communities are
largely lacking.
Theories of community structure have been dominated by
models of resource competition on the assumption that plants
of all species compete for the same limited pools of key nutrients (Tilman 1980; Chesson 2000b; Keddy 2001; Silvertown
2004; Tilman, 2007). In general, the species with the largest
long-term population growth rates should outcompete the
others, unless strong negative dependence on conspeciﬁc density limits their populations before competitive exclusion
takes place (Chesson 2000b). Differences in resource requirements among species, that is, niche differentiation (Tilman
1980), and specialist natural enemies (e.g. Janzen-Connell
effects; Chesson 2000a; Freckleton & Lewis 2006) have been
frequently advocated as the mechanisms behind such speciesspeciﬁc negative feedbacks. Strong negative feedbacks may
also arise from limited dispersal, which inﬂates the frequency
of interactions with conspeciﬁcs and their demographic
impact, regardless of their per capita intensity (Rees, Grubb
& Kelly 1996; Turnbull et al. 2007).
In resource-poor communities, it has been suggested that
positive interactions (frequently referred to as facilitation) may
be particularly signiﬁcant because established plants ameliorate the negative effects of environmental stress on their
neighbours (Brooker & Callaghan 1998; Bruno, Stachowicz &
Bertness 2003; Brooker et al. 2008). Facilitation seems to be
especially important during establishment, vanishing or even
turning competitive during later phases of population dynamics (Miriti 2006; Valiente-Banuet and Verdu, 2008, Verd
u,
Jordano & Valiente-Banuet 2010). This highlights the importance of considering different life stages when interactions are
studied. There is still debate about the impact of positive interactions on community structure: they seem to increase species
richness in some cases (Valiente-Banuet et al., 2006; Bruno,
Stachowicz & Bertness 2003; Cavieres & Badano 2009), but
also tend to destabilize communities and thus lead to species
extinction (May 1973; Butterﬁeld 2009).
In contrast, it has also been proposed that local communities are largely the outcome of chance, and that we should
not expect interspeciﬁc competition (which is thought to be
weak or unimportant; Ricklefs 2008, 2009) or niche differentiation to determine membership in the community (Hubbell
2001). According to this view, a local community is largely a
draw from a larger species pool. The composition of the local
community is determined by regional abundance, random
extinction, colonization and dispersal events. The neutral
model shows that if species are equivalent in every possible
respect (interactions, dispersal, ﬁtness, etc.), a community
may be extremely diverse if speciation and immigration from
the regional biota are sufﬁcient to balance the stochastic
extinction rates inherent to the model (Hubbell 2001). At
small scales, these same processes still dominate. Demographic stochasticity (population variability that arises from
random events such as birth or death that affect its individuals) becomes more important as fewer individuals are considered, and may result in local extinctions (Menges 1992). The
re-colonization of the gaps so opened is largely determined

by chance events during dispersal and by the distance to seed
donors (Hubbell 2001). Because random events drive community structuration in such models, stochastic processes are
often labelled as neutral, despite the fact that neutrality more
usually refers to species equivalence.
Most ecologists would agree that interactions and stochasticity occur concurrently in ecological communities. Neutrality
may operate within subsets of closely related or convergent
species (Leibold & McPeek 2006; Scheffer & van Nes 2006;
Vergnon, Dulvy & Freckleton 2009), or among species pairs
with similar ﬁtness (equalizing mechanisms). However,
increasing niche differentiation is required for coexistence to
occur as asymmetries in competitive ability become greater
(stabilizing mechanisms; Chesson 2000b; Adler, HilleRisLambers & Levine 2007). Furthermore, immigration may
counteract competitive exclusion in interconnected metacommunities, reducing the degree of niche organization required
for diversity maintenance (Gravel et al. 2006). Nevertheless,
stochasticity is expected to set more restrictive conditions to
coexistence in interaction-driven communities (May 1973;
Tilman 2004; Adler & Drake 2008).
Empirical evidence is still insufﬁcient to settle the conﬂict
between these theories. Community patterns expected from
theories based on interactions and stochasticity are frequently
indistinguishable (Hubbell 2001; Chave, Muller-Landau &
Levin 2002; Rosindell, Hubbell & Etienne 2011), so direct
assessments of the effects of both mechanisms on community
structure are required (Freckleton, Watkinson & Rees 2009).
In contrast with the huge body of evidence from experiments
that shows the potentially powerful effects of competition on
individual plant performance, when the strength or demographic importance (i.e. the impact on species abundance) of
interspeciﬁc interactions in plant communities have been measured in the ﬁeld, often only weak effects are found (Rees,
Grubb & Kelly 1996; Law, Herben & Dieckmann 1997;
Freckleton et al. 2000; Ives et al. 2003; Adler et al. 2006;
Lamb & Cahill 2008; Mutshinda, O’Hara & Woiwod 2009;
Villarreal-Barajas & Martorell 2009; Adler, Ellner & Levine
2010; Comita et al. 2010). The reasons for this are still
unclear. There are currently too few systems in which interactions have been measured in situ, and only a handful for
which this has been done for separate stages of the life cycle.
In order to fully understand the community-level effects of
interactions, several issues need to be addressed. First, the
demographic importance of interactions has to be evaluated
separately from the intensity of interactions via their effects on
individuals in pairwise interactions (Rees, Grubb & Kelly
1996; Freckleton & Watkinson 1999, 2001b; Freckleton,
Watkinson & Rees 2009; Rees, Childs & Freckleton 2012).
Secondly, the model should to allow for the negative and positive components of interactions to act simultaneously (Brooker
& Callaghan 1998; Brooker et al. 2008). Thirdly, it is necessary to look at how the effects of interactions manifest at different stages of population growth, as interaction shifts seem to be
common (Miriti 2006; Valiente-Banuet and Verd
u, 2008,
Verd
u, Jordano & Valiente-Banuet 2010). Fourthly, stochasticity needs to be acknowledged, as it may affect substantially the
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outcome of interactions (Tilman 2004; Adler & Drake 2008).
An appropriate structure that accounts for different forms of
randomness (e.g. demographic stochasticity, dispersal and colonization probabilities) is required in the model for it to be realistic and informative (Clark 2009). Finally, data are required
that encompass all species within a community, or else a random sample. The selection of species because they appear a
priori to interact strongly may induce a considerable bias in our
perception of how interactions structure communities.
In this study, we assess the role of interactions and stochasticity in structuring an ecological community, focusing on species abundances and not just their presence or absence. For the
ﬁrst time, we analyse all the pairwise interactions (positive
and negative) that drive two phases of population growth: the
recruitment phase, in which areas previously devoid of the
species are colonized, and the population growth phase in
which there are changes in the numbers of established plants.
Stochasticity during colonization (non-neutral random colonization, i.e. with species-speciﬁc probabilities) and population
growth (demographic stochasticity) was also assessed. Finally,
we measure the degree to which population sizes are affected
by interactions and stochasticity. Our overall aim was to document the intensity and demographic importance of interactions
and stochasticity in terms of per capita effects, and to set them
in a community context. We discuss how these results may
then relate to different theories of coexistence.

Materials and methods
DATA

Data come from a semi-arid grassland in Concepcion Buenavista,
Oaxaca, Southern Mexico. Annual precipitation is 579 mm and mean
temperature 16.3 °C. Soil is very shallow (depth <20 cm) and develops over a continuous andesitic-tuft pan. The community is very rich,
with about 200 species, comprising perennial, annual and facultatively
annual taxa in more or less equal proportions. The vast majority of
species are herbaceous and minute (≤5 cm in height and diameter,
with the exception of a few tussocks and shrubs which may cover an
area up to 0.15 m in diameter but are usually much smaller). As a
result, a large number of individuals (up to 135) and species (up to
22) can be found in a 0.1 9 0.1 m area.
In four 1 ha sites, we randomly placed 16 1 9 1 m quadrats. We
recorded the number of individuals of all species in 20 randomly chosen 0.1 9 0.1 m squares in each quadrat. This sampling unit was
selected because it probably reﬂects the scale over which interactions
occur given the extremely small sizes of plants in this grassland
(Freckleton & Watkinson 2001b; Villareal-Barajas & Martorell 2009).
Only presence–absence was recorded for three highly clonal species
(Bouteloua polymorpha and Tripogon spicatus). The squares were
followed over seven annual transitions (2001–2008). In total, 103 species occurred in our squares, so we have 1.05 9 106 abundance
records in our data base.

POPULATION MODEL

The structure of a community can be deﬁned as the composition and
abundances of the species that co-occur. In this sense, understanding

the effects of interactions and stochasticity on community structure
arises from the analysis of how these factors affect the population
sizes of the community’s constituent species. To do so, we developed
a discrete-time model that projects population size for each species in
the community at time t + 1 from the population sizes of all species
at time t in 0.1 9 0.1 m squares. The model was selected from a
large set of alternatives using the Akaike Information Criterion (AIC;
See Appendix S1).
The model considers ﬁve different factors that affect population
dynamics:
(i) Interactions: these change over the life cycle (Miriti 2006;
Valiente-Banuet and Verdu, 2008, Verdu, Jordano & Valiente-Banuet
2010), so we modelled separately the data from squares where the
focal species was present or absent at time t. In herbs, once the plant
becomes established, survival is relatively independent of the density
of con- or heterospeciﬁc neighbours; in contrast, density dependence
is presumed to mainly affect growth and fecundity of established individuals (Watkinson, 1980; Crawley 2007), and thus population size at
time t + 1. Therefore, the colonization of empty squares should
depend heavily on the outcome of interactions occurring during germination and early growth, while the population growth in occupied
squares reﬂect the interactions over the whole life cycle.
(ii) Positive interactions: Since our study site is a stressful, semiarid environment, facilitation can be expected to play an important
role (Bruno, Stachowicz & Bertness 2003; Brooker et al. 2008).
However, even positive interactions may have a negative component
(Brooker & Callaghan 1998; Brooker et al. 2008), so our model contains separate terms for both positive and negative interactions.
(iii) Annual stochasticity: Interannual variability in rainfall plays an
important role in dryland-plant population dynamics (Schwinning
et al. 2004).
(iv) Dispersal: Squares are linked through seed dispersal. Population density in the neighbourhood of any square and the distance that
seeds may travel are expected to determine the chances of immigration. Dispersal limitation is central to the neutral theory (Hubbell
2001), and failure to include it in the model may result in biased
interaction coefﬁcients (Freckleton & Watkinson 2000).
(v) Intra-annual stochasticity: Colonization and population growth
are subject to stochasticity. Seeds move randomly during dispersal,
and established plants are subject to events such as predation, disturbances or pollinator visits that result in stochasticity.
Colonization probability and number of colonizers were modelled
as functions of the densities of the interacting species at time t + 1.
Densities at time t + 1 (rather than t) were used because germination
and survival of seedlings are enhanced by nurse plants in semi-arid
ecosystems (Valiente-Banuet et al., 1991, Flores & Jurado 2003), and
it would be those plants present at the time of germination that act as
nurses or inhibit seedlings. To account for stochasticity, the colonization probability of the focal species j (Pj,t+1) was assumed to follow a
binomial distribution with the following mean:
P
t Þ
expðyc;k þ i6¼j ci Ni;tþ1 þ mc N
P
Pj;tþ1 ¼
eqn 1
t Þ
1 þ expðyc;k þ i6¼j ci Ni;tþ1 þ mc N
yc,k is a year-speciﬁc term determining the effect of the kth year on
colonization, Ni,t is the density of the interacting species i at time t, ci
is the effect of speciesi on species j (i.e. interaction intensity) during
 t is the
colonization, mc determines the intensity of dispersal and N
mean density of individuals of the focal species in the neighbouring
squares in the same 1 9 1 m quadrat weighed by the reciprocal of
the Euclidean distance between them and the focal square. Such
weighting was included because distant squares are expected to
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contribute fewer seeds to the focal squares (Nathan 2001, see Appendix S1 for further details). Given that a square was colonized, the
number of colonizers Nj,t+1 was modelled as follows:
X
t Þ
di Ni;tþ1 þ mn N
eqn 2
Nj;tþ1 ¼ expðyn;k þ
i6¼j

This number was modelled using a zero-truncated Poisson distribution, and yn,k, di and mn are year speciﬁc, interaction and dispersal
coefﬁcients, respectively, and thus are equivalent to yc,k, ci and mc in
eqn 1.
The dynamics in occupied squares were modelled by modifying
the Akcßakaya & Ferson (1990) population-growth model for Allee
effects in order to accommodate facilitation and interactions between
several species:
Q
kj;k i6¼j ð1 þ Ni;t Þbi
 j;t kj;k
P
Nj;tþ1 ¼ ð1  mj ÞNj;t
þ mj N
eqn 3
 j;t
1 þ i ai Ni;t
1 þ aj N
mj is the dispersal rate of the focal species, kj,k is the population
growth rate during the kth year in the absence of interactions, and ai
and bi are, respectively, a measure of competition and facilitation of
speciesi on the focal species. Large values of these parameters imply
high interaction intensity. In this equation, a species may have positive and negative effects on the other simultaneously but competition
will dominate at high densities (see Appendix S1). This prevents the
occurrence of “orgies of mutual benefaction” that drive population
sizes to inﬁnity (May 1981).
The ﬁrst term on the left hand side of eqn 3 describes the “local”
dynamics in a 0.1 9 0.1 m square as it includes only the proportion
1-mj individuals that do not undergo dispersal. Note that eqn 3
includes intraspeciﬁc competition and that we assumed that there is
no intraspeciﬁc facilitation. The right-hand part of the sum accounts
for immigrants from neighbouring squares. No interspeciﬁc effects
were included in this term as preliminary tests showed that this had a
negligible effect on parameter estimation, but frequently precluded
convergence in the ﬁtting procedure. Demographic stochasticity was
included by assuming a negative binomial distribution of recruits
about the mean predicted by eqn 3 with dispersion parameter dj for
species j. Finally, for species for which only presence–absence data
were available, the probability of persistence (1-extinction probability)
was modelled using an equation with the same form as (1), but with
different parameters (See Appendix S1). Cactus and shrub densities
per square were so low that they were also analysed as presence–
absence data.

MODEL FITTING

Model parameters were estimated from the dynamics of the number
of individuals of each species observed in each square (Rees, Grubb
& Kelly 1996; Freckleton & Watkinson 2001b). All the species were
included in the analyses. The 18 most common species (350 or more
occurrences, mean n = 731) were treated individually, and the
remainder was pooled into nine functional groups depending on their
possible responses to the environment (drought and grazing) and
effects on neighbours. Accounting for the response to drought is
important because most facilitative effects in dry lands occur through
stress amelioration and thus depend on tolerance (Flores & Jurado
2003; Brooker et al. 2008), so functional groups separate succulent
and non-succulent plants. Grazing modiﬁes competitive relationships
(Le Bagousse-Pinguet, Gross & Straile 2012) and should increase
demographic stochasticity by removing individuals and opening gaps
for colonization. Tall and erect plants are more frequently eaten than

small or prostrate ones, and hemicryptophytes are specially resistant
to grazing (Díaz et al. 2007). Architectural traits affect interactions
among plants, as those that have greater basal areas usually have a
greater impact on their neighbours (Freckleton & Watkinson 2001a)
or plants that develop canopies may facilitate seedlings of other species (Valiente-Banuet et al. 1991; Flores & Jurado 2003; Leger &
Espeland 2010).
We recognized three groups of succulents: cacti (stem succulents),
leaf succulents and bulb rosettes (rosette plants with underground succulent bulbs and no above-ground tissue during the dry season).
Hemicryptophytes include solitary gramminoids (small solitary
rosettes in the Poaceae and Cyperaceae) and tussocks (which are taller
and have large basal areas). Small plants unlikely to be grazed comprise vines (diffuse prostrate plants), mats (compact prostrate plants
forming dense plates), while erect plants prone to grazing were classiﬁed either as shrubs or erect forbs. The last two groups, as well as
solitary gramminoids, tussocks and bulb rosettes form canopies that
project shades and thus may facilitate their neighbours. Pooling
reduced the data set size to 276 480 records. For simplicity, we will
refer to the groups of pooled taxa (e.g. “rare erect forbs”) as species,
unless stated otherwise.
Equation 1 was ﬁtted to the data using binary regression via procedure glm in R (R Development Core Team 2009). Only squares for
 t > 0 were used in this analysis (mean n = 2562). The same
which N
was done for persistence probability in species with presence–absence
data (mean n = 709). Equations 2 and 3 were ﬁtted using ADMB
(Fournier et al. 2012). The parameters for eqn 2 were obtained
through maximum likelihood, but Markov-Chain Monte Carlo was
required for equation (3) due to the complexity of the likelihood surface (Bolker 2007).

DEMOGRAPHIC IMPORTANCE OF THE INTERACTIONS

In order to assess the joint net effect of the interactions, we simulated
the changes in population size of focal species over time. We generated a sequence of 100 years by randomly and independently choosing
one of the seven observed transitions at a time. The densities of all
interacting species, with the exception of that of the focal species, and
the coefﬁcients kc, kn and k were set to those observed in each year.
The number of individuals of the focal species at time t + 1 was estimated for each 10 9 10 cm square. If the square had no individuals
of the focal species at time t, we used eqn 1 to determine if it was colonized, and the number of individuals was obtained from eqn 2. If the
square was occupied at time t, we used eqn 3 to predict the numbers
at time t + 1. Equations (1–3) provide mean values, to which stochasticity was incorporated via binomial, zero-truncated Poisson and negative binomial distributions respectively (see Model ﬁtting). Extinctions
may occur in a square due to the stochasticity related to eqn 3. For
each species, 20 series of 100 years were simulated.
In order to measure the relative demographic importance of positive, negative or the combination of all interspeciﬁc interactions, the
previous model was run again setting the negative, positive or all the
interaction coefﬁcients to zero. The intraspeciﬁc competition (aj) and
dispersal coefﬁcients were always set to their estimated values.
We measured the demographic importance (In) of the different
interactions in terms of their impact on population densities. This was
measured by dividing the density predicted by each model by that
predicted without interspeciﬁc interactions. As a measure of the effect
that competition or facilitation have on the actual community, their
importance was also measured with respect to the model with all
interactions by removing the respective interaction. Thus, we
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measured the importance of interspeciﬁc competition for density, Ic,
as follows:
Ic ¼

population density without competition
population density with all interactions

The demographic importance of facilitation for population densities, If, was similarly deﬁned as follows:
If ¼

population density with all interactions
population density without faciliation

Note that both measures increase as the effect of the respective
interaction increases. Although some authors describe such measures
as confusing (e.g. Brooker et al. in press), the interpretation is quite
simple: a value of one indicates that there is no impact of interactions; values >1 indicate that there are effects, for example, a value of
two implies that there is a doubling of population size by removing
competition (importance of competition) or through the presence of
facilitators (importance of facilitation).
To assess the effects of stochasticity, a ﬁnal set of models was run.
All interspeciﬁc interaction coefﬁcients were set to zero. In occupied
squares, the removal of demographic stochasticity precludes extinctions because eqn 3 can only approach zero asymptotically. In the
absence of randomness, the expected number of colonizers in a
square equals Pj,t+1 9 Nj,t+1 (see eqns 1–2). As this product is always
different from zero and no extinctions occur, all squares would be
immediately colonized and inordinate increase in population sizes
would follow. To circumvent this rather uninteresting and uninformative result, and to compensate for the lack of local extinctions, we did
not allow any new squares to be colonized. Individuals that undergo
dispersal were distributed equally among all occupied squares to
avoid loss into squares that can no longer be colonized. Such loss
would lower population sizes as an artefact of suppressed colonization. Thus, eqn (3) was modiﬁed
Ps
kj;k
kj;k
s6¼p Nj;t;s 1þaj Nj ;t;s
Nj;tþ1;p ¼ ð1  mj ÞNj;t;p
þ mj
1 þ aj Nj;t;p
S1
At the start of each simulation, one randomly chosen year
selected and the initial densities were set to those observed in
year. Population densities were recorded after 100 iterations,
averaged over 1000 simulations. The importance of stochasticity
measured as follows:
Is ¼

was
that
and
was

Density without stochasticity and interspecific interactions
Density without interspecific interactions

Results
INTERACTION INTENSITY

A large number of intense positive and negative interactions
were detected during the colonization of 0.1 9 0.1 m squares.
Positive interactions were more frequent than negative ones
during colonization. 20.8% of the standardized interaction
coefﬁcients for the colonization probability were found to be
signiﬁcantly different from zero. This was signiﬁcantly more
than the 5% expected by chance indicating a departure from
random (6.1% were negative, P < 0.001, and 14.7% were
positive, P < 0.001), while for the number of colonizers
25.5% of coefﬁcients were statistically signiﬁcant (negative:
11.6%, P < 0.001; positive: 13.9%, P < 0.001).

In contrast, the number of interspeciﬁc interactions detected
for squares that were already occupied by the focal species
was dramatically lower, and nearly no positive interactions
were found. Intraspeciﬁc competition was consistently the
most intense interaction determining population growth in
occupied squares (Fig. 1; interaction coefﬁcients are reported
in Appendix S2).
The effect that species exerted on their neighbours was
found to vary between functional groups (Fig. 2 and Table 1).
Prostrate species that cover large areas (mats) had the largest
proportion of species acting as competitors, reducing the
probability and number of colonizers. Most of the species
with growth forms that are characterized by forming aboveground canopies that project shade (erect forbs, solitary gramminoids, bulb rosettes, tussocks and shrubs) exerted signiﬁcantly more positive effects on their neighbours than expected
by chance, both in terms of colonization probability and the
number of colonizers (Table 1). Most of the few facilitative
effects detected in occupied squares were still exerted by erect
forbs. However, most of the interactions occurring during colonization became competitive or negligible once the focal
species was established (Fig. 1).
We found no difference in the frequency of positive and
negative coefﬁcients when comparing within and between
functional-group interactions, regardless of whether coefﬁcients were measured during colonization or population
growth (Fisher’s exact test). The differences between the
mean intensities of the interactions within and between functional groups were not signiﬁcant, except for colonization
probability. For this variable, the within group interactions
were more negative among species that belong to the same
functional group (mean interaction coefﬁcient = 0.083) than
among species from different groups (0.039, Mann–Whitney
U-test z = 4.176, P < 0.001).
Despite being statistically signiﬁcant, most of the interactions taking place during colonization were weak. With the
exception of a few species that compete strongly with each
other, interspeciﬁc effects were rarely symmetric (Fig. 3a).
One would expect that if the effect of species i on species j
was strong (e.g. that species i was a superior competitor over
species j) then, reciprocally, the effect of species j on species
i should be weak. However, this asymmetry of interactions is
not evident in Fig. 2a, regardless of whether effects on colonization or population growth were considered.
Two-thirds of the pairwise interactions that took place during colonization were weak for both species involved, with
most of the remaining interactions being either commensalistic (+/0) or ammensalistic (/0). Competitive (/), mutualistic (+/+) or parasitic (+/) were very infrequent (Fig. 3b).
DEMOGRAPHIC IMPORTANCE OF INTERACTIONS AND
STOCHASTICITY

When the interactions occurring during colonization and in
occupied squares were combined to simulate population
dynamics, our model was able to reproduce community
structure remarkably well. The complete model including all
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Fig. 1. Per capita interaction coefﬁcients for pairs of species during colonization (left column; (a): Interactions affecting the colonization probability. (b): Interactions affecting the number of colonizers) and in occupied squares (right column; (c): Competition coefﬁcients. (d): Facilitation
coefﬁcients). White squares correspond to interaction coefﬁcients that were negligible or set to zero due to lack of convergence. Species and
groups of rare species are arranged according to functional group (left and bottom labels, black lines). See Appendix S2 for species names (right
and top labels).

Table 1. Fraction of the species in each functional group that exerted
signiﬁcantly more signiﬁcant positive or negative interactions than
expected by chance
Colonization
probability

Number of
colonizers

Species

Negative

Positive

Negative

Positive

Erect forbs
Mats
Solitary gramminoids
Bulb rosettes
Succulents
Vines
Tussocks
Shrubs

–
0.50
–
–
–
–
–
–

0.89
0.50
0.80
1.00
–
1.00
1.00
1.00

0.33
0.67
0.17
0.50
0.50
–
–
–

0.89
0.33
0.33
1.00
0.50
1.00
–
–

intra- and interspeciﬁc interactions, dispersal and demographic
stochasticity was able to explain 71.1% of the variation in
population sizes among species (Fig. 4a). However, after
removing interspeciﬁc interactions the model still accounted
for 57.0% of the variation in population sizes (Fig. 4b). When
all interactions were included in the model, population sizes
were at most doubled or halved, but far more frequently the
changes were much smaller (leftmost box in Fig. 5). Nevertheless, when positive and negative interactions are analysed
separately, their effects on population size were found to be
much larger (up to a 20-fold change). Interactions taking
place during the colonization phase were responsible for most
of that variation (Fig. 5).
Rare taxa (i.e. those with the lowest densities) were more
affected by interspeciﬁc competition (Spearman correlation
between observed densities and competition importance Ic:
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q = 0.666, P = 0.001; Fig. 6a). No correlation was found
between density and facilitation (correlation between observed
densities and facilitation importance If; q = 0.141, P =
0.481), but there was a signiﬁcant trend for rare species to
suffer reductions in size and common ones to increase when
all interactions are considered in the model (correlation
between observed densities and importance of all interactions
In: q = 0.551, P = 0.003; Fig. 6b). The demographic importances of facilitation and competition were also correlated
(correlation between Ic and If: q = 0.589, P = 0.006;
Fig. 6c).
When stochasticity and interspeciﬁc interactions were
removed from the model, a further decrease of 0.03 in the R2
value of the model compared with that of the model with
only intraspeciﬁc interactions and demographic stochasticity
(Fig. 4c). Nevertheless, the estimated population sizes were
systematically lower for all species (mean reduction: 46.9%,
range: 9.3–99.6%) with only one exception. Reductions were
greater for rare species (correlation between observed densities and stochasticity importance In:q = 0.8836, P < 0.001;
Fig. 6d), so many of them became quasi-extinct (Fig. 4c). To
discard any possible bias, all the correlation analyses were
repeated without the sets of pooled species. All tests became
more signiﬁcant, except that for density- In, which had a
P = 0.320.

1.0

(b) 0.9

Relative frequency

Fig. 2. Fraction of the species in each functional group that exerted
negative (dark grey) or positive (light grey) interactions signiﬁcantly
more frequently than expected by chance. Solid bars correspond to
effects on colonization probability, and cross-hatched bars to effects
on the number of colonizers.

0.0

Effect of species i on species j

0.6

0.3

0
(–,–)

(–,0) (–,+)

(0,0)

(0,+) (+,+)

Interaction type

Fig. 3. Pairwise interactions during colonization. (a): Reciprocal
interaction coefﬁcients for all the possible pairs of species i,j (b): Relative frequency of interaction types. Interaction coefﬁcients were classiﬁed as “0” if smaller than 0.2, but changing this boundary had little
effect on the predominance of weak interactions shown in panel B
(Appendix S3). Triangles and solid bars: Interactions affecting colonization probability. Circles and cross-hatched bars: Interactions affecting the number of colonizers.

growth once individuals are established, as expected by
niche-differentiation models. (ii) Interactions play a role in
the initial stage of local population growth, with both positive
and negative effects of species on each other. (iii) Competition during this stage sets limits to population size. (iv) Interaction coefﬁcients show little pairwise structure with the
result that +/+ and / interactions are exceptionally rare
and 0/0 interactions dominate. (v) Stochastic events occurring
at small scales promote diversity.

Discussion

INTRASPECIFIC EFFECTS

Studies of communities ranging from tropical rain forests to
sand dunes are beginning to yield remarkably similar results
in terms of the effects of interactions and stochasticity on species composition and population growth (Rees, Grubb &
Kelly 1996; Law, Herben & Dieckmann 1997; Comita et al.
2010; Johnson et al. 2012). Among these shared properties,
our analyses highlight a number of key outcomes: (i) Intraspeciﬁc competition is the main driver of local population

Theory states that differentiation among species is required for
long term, stable coexistence (Chesson 2000b). The signature
of differentiation is typically stronger intraspeciﬁc density
dependence compared to interspeciﬁc effects (Chesson 2000b;
Levine & HilleRisLambers 2009). Several recent papers have
found evidence of such pattern (e.g. Turnbull, Manley & Rees
2005; Adler et al. 2006; Levine & HilleRisLambers 2009;
Adler, Ellner & Levine 2010). Our results also show that once
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Fig. 4. Observed and predicted population sizes using different models.
(a): Populations sizes predicted by a model with all interactions and stochasticity. (b): Populations sizes predicted by a model with intraspeciﬁc
competition and stochasticity. (c): Populations sizes predicted by a model
with intraspeciﬁc competition only.

a species becomes established, strong negative density dependence drives population dynamics. It has been suggested that
rare taxa are more likely to exhibit neutral dynamics (Turnbull,
Manley & Rees 2005), but stronger intra than interspeciﬁc
interactions (see per capita interaction coefﬁcients in Fig. 1c)
were also found among low abundance species. It is impossible to tell whether the strong coefﬁcients for the pooled species were due to inter- or intraspeciﬁc interactions. However,
given that these taxa are very infrequent, it seems unlikely that
interspeciﬁc encounters contribute signiﬁcantly to the estimated interaction coefﬁcient.
It has been suggested that strong self-limitation is needed
for rare species to persist in a community (Yenni, Adler &
Ernest 2011). This is because if a species is rare due to intraspeciﬁc competition, a very steep increase in population
growth rate as the density diminishes is required to prevent
extinction. Although there is evidence for this phenomenon in
nature(Yenni, Adler & Ernest 2011), the opposite pattern, that
is, positive density dependence in rare species, has also been

Fig. 5. Demographic importance of interactions during different
phases of population growth: colonization (C), growth in occupied
patches (G) or both (C+G). Importance was estimated as the ratio of
population size affected by interactions to the size expected if only
intraspeciﬁc interactions and stochasticity are included in the model.
White: Importance of all the interactions combined. Dark grey:
Importance of negative interactions. Light grey: Importance of positive interactions.

observed (Levine & HilleRisLambers 2009). We found evidence for greater self-limitation in rare species. They showed
the strongest intraspeciﬁc competition (Fig. 1c), and became
nearly extinct when stochasticity and dispersal were removed.
It would seem that negative density dependence is so strong
in these species that once a patch is occupied, dispersal to
new sites is required to avoid extinction. Most of these species occupied any given square for very short periods of time
(1–2 year), typically experiencing a local population burst
before becoming locally extinct. Bursts may cause speciesspeciﬁc nutrient depletion in the soil or the accumulation of
specialized natural enemies (i.e. Janzen-Connell effects;
Ehrenfeld, Ravit & Elgersma 2005; Kulmatiski et al. 2008)
that lead in turn to local extinction. Such plant–soil feedbacks
are strongest in annual grasses and forbs (Kulmatiski et al.
2008), which were the species that suffered the most when
we precluded dispersal. Negative plant–soil feedbacks mediated by pathogens are known to regulate population sizes in
many communities (Freckleton & Lewis 2006; Mangan et al.
2010; Johnson et al. 2012), and have been reported for several grassland species (Ehrenfeld, Ravit & Elgersma 2005;
Casper et al. 2008; Petermann et al. 2008).
INTERSPECIFIC EFFECTS

The frequency of interspeciﬁc interactions among established
populations may be underestimated in Fig. 1, as we may not
have had enough statistical power to detect some of them.
For 12% of the species pairs we had <20 co-occurrences in
the data set (3% had <10 co-occurrences, the minimum
number for interaction intensity estimation, Freckleton &
Watkinson 2001b; See Appendix S1). Nevertheless, the high
proportion of very weak interactions found in larger data sets
(species close to the top-left corner of graphs in Fig. 1c) sug-
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gests that many of the interactions that we may have missed
are likely to be weak as well. Moreover, if species do not
co-occur frequently, their interaction would not be expected
to have a signiﬁcant effect on community structure.
Although they were weak overall, interspeciﬁc interactions
did occur in the initial stages of population growth and
affected community structure. It seems that, from the point of
view of a colonist, the rest of the community acts as a physical matrix within which it attempts to establish. The mechanisms for both positive and negative effects of different
species on colonizers are straightforward to envisage. Negative interactions arise when one species occupies space prohibiting another species from establishing, as it happens with
mats, but positive interactions can arise when, for example,
nurse plants create a microclimate that small seeds and seedlings can recruit into. Drylands are the ecosystem in which
nurse-protegé interactions are most frequent due to shading
that ameliorates temperature extremes and increases water
availability (Valiente-Banuet et al. 1991; Flores & Jurado
2003). Such effects have also been documented in our study
system (Vergnon, Dulvy & Freckleton 2009). Species such as
erect forbs or solitary gramminoids have a reduced basal area,
thus pre-empting a small area, but produce shade that may
ameliorate stress (Fayolle, Violle & Navas 2009). The effects
of species on each other are thus likely to be primarily
through habitat modiﬁcation.
In recent studies, it has been found that competition during
colonization sets limits to population size either by direct
competition between conspeciﬁc seedlings or because of
apparent competition with the mother plant mediated by natural enemies (Comita et al. 2010; Mangan et al. 2010; Johnson
et al. 2012). In our system, rare species were also the ones
most affected interspeciﬁc competition (Fig. 6a), whose
demographic importance was largest during colonization
(Fig. 5). This provides evidence in favour of the idea that
interspeciﬁc interactions do play a role in structuring
communities.
Nevertheless, these observations beg the question of why
local-scale interspeciﬁc interactions should have a relatively
small effect at the population level. This paradox is at least

10

Fig. 6. Relationships between the importance
of
different
interactions,
stochasticity
importance and population densities. All the
shown relations are signiﬁcant (Spearman’s
q, P < 0.05).

partially solved by our approach, which bridges the gap
between individuals and the community. It shows that
dramatic changes in population sizes may be observed in
removal experiments if the right species are suppressed (see,
for instance, the large impact of competitive release in the
light-grey boxes of Fig. 5), but not if the whole community is
analysed (white box, same ﬁgure).
One reason for the differences between studies performed
on individuals and populations becomes clear in our study.
Species may be locally facilitated or out-competed depending
on the neighbourhood composition, but these effects cancel
out at the population level because the importances of facilitation and competition are correlated. This correlation may be
expected in several systems because large-seeded species are
superior competitors (Rees & Westoby 1997; Turnbull, Rees
& Crawley 1999; Leishman 2001) and more tolerant to stress
(Leishman & Westoby 1994; Facelli 2008; Muller-Landau
2010). In contrast, small-seeded species would depend more
on stress amelioration by neighbouring plants, so facilitation
should be more frequent in them, but they would also be
more affected by competition. Furthermore, as it happens in
many other systems (Flores-Martínez, Ezcurra & SanchezCol
on 1994; Miriti 2006; Schiffers & Tielb€
orger 2006;
Valiente-Banuet and Verd
u, 2008, Fayolle, Violle & Navas
2009), interactions shifted over ontogeny. Intense, positive
interactions that occurred during colonization turned weak or
competitive on occupied patches. Such changes may also contribute to the cancellation of the interactions at the population
level (Fayolle, Violle & Navas 2009; Leger & Espeland
2010; Verd
u, Jordano & Valiente-Banuet 2010).
This neutralization of interactions with different signs highlights several issues. (i) The outcome of interactions depends
on the composition of the neighbourhood and its variability.
Accounting for the interactions among several species may signiﬁcantly affect our perception of their effects on community
structured compared to studies based on a few pairwise interactions. (ii) The correlation between positive and negative effects
would have important implications for the emerging research
into positive interactions, as it would set important constraints
upon the evolution of facilitation. Coexistence models based
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solely on competition may also require revision. (iii) The
effects of interactions on community structure need to take into
consideration the whole life cycle and the demographic importance of interactions. Shifts over ontogeny are common, so
studies based on individual-level performance over short periods cannot be readily extrapolated to the community.
STOCHASTICITY

Due to strong self-limitation, recurrent colonization of empty
patches increased population sizes in nearly every species in
spite of the concurrent removal of stochastic extinctions from
the model. Recolonization allowed the persistence of rare
species that were vulnerable to intra- and interspeciﬁc competition. From a community assembly viewpoint, it seems that
the only poorly competitive species in the regional biota that
were able to invade our grassland were those that are able to
colonize new patches continuously. Evading competition
through the colonization of favourable patches has recently
been shown to promote coexistence under a wide set of circumstances. Fugitive species take advantage of windows of
opportunity unlocked by disturbance or stochastic extinctions
of superior competitors. Facilitators may also create sporadic,
benign patches that fugitive species may also track, thus preventing their extinction (Valiente-Banuet et al., 2006).
It has been proposed that subsets of similar species in the
community may coexist due to neutral (equalizing) mechanisms even in the absence of niche differentiation because of
a slow random drift (Leibold & McPeek 2006; Vergnon,
Dulvy & Freckleton 2009). Within such subsets interspeciﬁc
competition should be similar to intraspeciﬁc feedbacks. This
is in accordance with the fact that competition during colonization was greater within functional groups that among them.
Species in the same group have similar functional traits and
thus are expected to have similar requirements. However, this
likeness seems to be restricted to the regeneration niche, as
the same pattern was not identiﬁed in already occupied
squares. Tailored tests are required to address the question of
neutral subsets in the community unambiguously.
In conclusion, our data illustrate that the community is
strongly non-neutral, as very strong asymmetries between
intra- and interspeciﬁc interactions were found. Neutrality did
not operate even within functional groups, where we only
found weak evidence that such asymmetry is attenuated.
According to Ricklefs (2008), communities are disintegrated
because they can be broken down into individual species and
still retain their essential features. The fact that intraspeciﬁc
competition (altogether with stochasticity) was able to explain
most of the variance in species abundance in our community
would appear to support his claims. Nevertheless, the same
pattern would be expected if the community were structured
by interspeciﬁc competition, which would cause extinctions
until only a set of species that are more limited by conspeciﬁc
than heterospeciﬁc interactions remained (Chesson 2000b). A
deeper understanding of the community-assembly process is
needed to discern between both alternatives. Despite the leading role of self-regulation, interspeciﬁc interactions had an

effect on community structure: some species are rare seemingly because they cannot withstand interspeciﬁc competition
and are strongly self-regulated, and thus appear to undergo a
life of vagrancy in search of competition-free patches. Moreover, the potentially large effects of interactions on population
size were neutralized because the magnitude of positive and
negative interactions was correlated. To fully understand community functioning, we need to discern whether the effects of
interactions on population sizes is small in other systems
because interactions are weak or because they cancel each
other out. Community-level assessments such as ours are
needed to deliver the correct answer.
Are our results likely to be general? We would argue that
this is indeed likely to be the case. The most intense interactions occur mostly during the early stages of the life cycle even
within complex communities at the other end of the productivity spectrum, such as tropical rain forests. For example, shadeadapted species will recruit only beneath existing canopies, and
poorly competitive pioneers can recruit only into gaps and thus
depend strongly on stochastic events. In line with our ﬁndings,
recent research in Panama’s rainforests found evidence for
direct and indirect interspeciﬁc interactions during recruitment
(Comita et al. 2010; Mangan et al. 2010), but that population
sizes are mainly determined by intraspeciﬁc competition (Villarreal-Barajas & Martorell 2009; Comita et al. 2010). That
strong self-limitation pervades community structure and allows
for coexistence is a general result in several ecosystems (Silvertown 2004; Adler et al. 2006; Levine & HilleRisLambers
2009; Villarreal-Barajas & Martorell 2009; Adler, Ellner &
Levine 2010; Johnson et al. 2012). The colonization phase of
any community is likely to have a complex outcome depending
on the recruitment requirements of the species present, the local
balance between positive and negative interactions during early
growth, and on how stochasticity determines the rates of appropriate environment formation and colonization.
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Appendix 1: Model selection and parameter estimation
Accounting for positive and negative interactions
The assessment of interactions from time series data requires a model that estimates the
population density Nt + 1 of the focal species at time t + 1 from the densities of different
species observed at time t, such as the Hassell model,

N t +1 =

λN t
,
1 + αN t

(1)

where λ is the maximum population growth rate in the absence of competition, and α is
a measure of the intraspecific competition coefficient, or the Ricker model:

N t +1 = N t e

λ − αN t

.

(2)

So far, only competitive and predatory interactions have been explored using
time series models (Rees, Grubb et al. 1996; 1997; Law, Herben et al. 1997; Freckleton,
Watkinson et al. 2000; Freckleton and Watkinson 2001; Freckleton and Watkinson
2001; Ives, Dennis et al. 2003; Turnbull, Coomes et al. 2004). Nevertheless, a weak
“negative competition” (i.e., facilitation) has been detected in a few cases (e.g.,
Freckleton and Watkinson 2001; Ives, Dennis et al. 2003). Due to the nature of the
models that have been used previously, the population growth of the facilitated species
is unbounded. This typical problem of models that involve positive interactions would
lead to an “orgy of mutual benefaction” (May 1981). Nevertheless, among plants, the
growth of one population would lead to the depletion of space and other resources, so
the interaction must become negative at high densities. If so, the population dynamics
when facilitation occurs would resemble the Allee effect, which occurs when
intraspecific interactions are positive at low densities but turn competitive as the density
increases (Courchamp, Clutton-Brock et al. 1999). Among the models that have been
proposed to describe the dynamics of Allee populations is the one proposed by Eskola
and Parvinen (2007) .They allow for an increase in population growth as the population
numbers rise simply by multiplying the Hassel model by Nt:

N t +1 =

λN t
Nt
1 + αN t

(3)

Fowler and Ruxton (2002) suggest a more flexible alternative:

N t +1 =

(

)

λN t
− βN
1 − Ae t ,
1 + αN t

(4)

where 1-A measures the amount by which the population growth rate is reduced in the
absence of conspecific organisms, and β is the rate at which the facilitative effect
vanishes as the population grows. In a very similar way, Akçakaya and Ferson (1990)
modified the Ricker model:

N t +1 = N t e

λ − αN t ⎛

βN t
⎜⎜ A + (1 − A)
1 + βN t
⎝

⎞
⎟⎟ .
⎠

(5)

Finally, Courchamp et al. (1999) also use the Ricker model:
⎛⎜

N t +1 = N t e ⎝

λ − αN t ⎞⎟⎠(βN t − 1)

.
(6)
Because we were interested in including interspecific interactions, the previous
models were modified to accommodate several species. Species-specific interaction
terms where required for competition and facilitation. Thus, we produced the following
equations:

N 1,t +1 =

N 1,t +1 =

λN 1,t
1 + ∑ α i N i ,t

λN 1,t

1 + ∑ α i N i ,t

N1,t +1 = N1,t e

β
∏ (1 + N )
i ,t

⎛
− β N
⎜1 − Ae ∑ i i ,t
⎜
⎝

i

(7)

⎞
⎟
⎟
⎠

(8)

βN
⎜ A + (1 − A) ∑ i i ,t
⎜
1 + ∑ β i N i ,t
⎝

λ − ∑ α i N i ,t ⎛

⎛
⎜

N1,t +1 = N1,t e ⎝

⎞
⎟
⎟
⎠

λ − ∑α i N i ,t ⎞⎟⎠(∑ β i N i ,t − 1)

(9)

(10)

which correspond to eqs. (3) through (6), respectively. In these models, the index i
corresponds to the different species. Note that the focal species has an index i = 1.
The effects of seed dispersal
Seed dispersal is a source of measurement error, as Nt+1 does not account for the seeds
that are produced in an plot but that migrate and germinate in different areas, thus
resulting in an underestimation of population growth. Immigrant seeds would have the
opposite effect. Seed dispersal may produce biased parameters if the population density
is heterogeneous (Freckleton and Watkinson 2001). Dense areas would export more
seeds than they receive, so growth is underestimated, and the opposite occurs for plots
where the species is sparse. Such a low population growth in quadrats with a high
density compared to areas with few individuals may be incorrectly interpreted as
competition. Also, seed dispersal may result in spurious facilitation under certain
circumstances.
Long-range seed dispersal is rather unusual, so most seeds remain close to the
mother plant (Nathan 2001). Assuming a hyperbolic kernel, the number of seeds that
arrive to a given site would be expected to be proportional to the reciprocal of the
distance to the seed source, and to the number of seeds produced there. Thus, the
number of seeds arriving to a given 10 × 10 cm square within a 1 × 1 m quadrat should
be proportional to the neighbourhood density N t , the average of the densities in the rest
of the squares weighed by the reciprocal of the Euclidean distance among them and the

Increase in local density (Nt + 1)

focal square. Using only quadrats from which the species is absent, it can be appreciated
that more seeds arrive if the neighbourhood density is high (Figure 1.1). Squares in
empty quadrats were very rarely colonized.

12

6

0
0

3

6

9

Neighbourhood density ( N t )

Figure 1.1. Number of Plantago nivea individuals (mean ± S.E.)
recruited in 1 dm2 squares lacking this species depending on the
neighbourhood density. The curve shows the estimated number of
recruits using the migration parameters from eq. (16).
Intraspecific competition may occur if the neighbourhood density is very high.
This would reduce the number of migrating seeds. To allow for this, four models were
tested

N t*+1 ∝ N t

(11)

N t*+1 ∝ N tµ

(12)

N t*+1 ∝

λN t
1 + αN t

λ − αN t

N t*+1 ∝ N t e

(13)

(14)

where N t*+1 is the number of plants found in a square at time t+1 that come from seeds
produced in the neighbourhood. Only eq. (11) does not allow for intraspecific
competition. If µ < 1, eq. (12) simulates migration from neighbours that experience
intraspecific competition, or (if µ >1) facilitation. Eqs. (13) and (14) also account for
competition assuming a Hassell or Ricker model, respectively.
A general model for population growth with seed dispersal
In order to avoid the problems that arise from seed dispersal we accounted for it
explicitly by means of the general model

N1,t +1 = (1 − m) L(N1,t , N 2,t , N 3,t …) + mG(N1,t )

(15)

where L is a function that estimates the number of individuals that are recruited in time
t+1 from seeds produced locally plus those individuals that survive from time t, the
function G estimates the number of individuals recruited locally from seeds produced in
the neighbourhood, and m is the fraction of individuals found at time t + 1 that come
from seeds produced in the neighbourhood.
Selecting the model
We assessed the fit of all the possible combinations of L (equations (7) through (10))
and G (equations (11) through (14)). Note that the Hassell migration term (13) was only
combined with models (7) and (8), while the Ricker term (14) was only combined with
models (9) and (10).
Because only small numbers of individuals were observed in each square due to
its reduced size, the distribution of Nt + 1 cannot be approximated by any continuous
probability density function. We thus fitted eq. (15) assuming either a Poisson or a
negative binomial distribution. Parameters were estimated using maximum likelihood
using the function optim in the statistical program R (R Development Core Team, 2010).
Each model was fitted 100 times using different initial guesses for the parameters in
order to reduce the chances of getting estimates for local minima. From these, the model
with the largest likelihood was selected (Bolker 2007). We used the Akaike
information criterion (AIC) to compare between models. Different models were fitted
for P. nivea, M. kunthii and S. tenuissimus.
Table 1.1 AIC values for different population growth models using different distributions and equations to
describe population dynamics (L model) and seed dispersal (G model). The three best models for each species are
in boldface. 1Eq (13) was used in combination only with eqs. (7) and (8), and eq (14) was used for eqs. (9) and
(10). See equation (15) for further details.
Poisson error
Negative binomial error
Species
G model
G model
Eqs. (13)
Eqs. (13)
L model
Eq. (11)
Eq. (12)
or (14)1
Eq. (11)
Eq. (12)
or (14)1
Microchloa
Eq. (7)
15509.47
15365.72
15197.06
14981.02
14842.93
14678.52
kunthii
Eq. (8)
15505.45
15358.65
15229.60
14980.63
14839.44
14703.96
Eq. (9)
15509.97
15370.48
15401.69
14990.96
14844.32
14878.25
Eq. (10)
15514.60
15444.90
15446.67
14990.51
14921.16
14925.13
Plantago nivea

Eq. (7)
Eq. (8)
Eq. (9)
Eq. (10)

9644.97
9654.73
9639.54
9647.72

9509.34
9495.11
9488.67
9496.71

9489.41
9497.12
9577.47
9508.49

7998.83
8000.48
8003.06
8002.10

7871.58
7873.87
7876.32
7872.91

7869.77
7868.96
7922.80
7870.13

Sporobolus
tenuissimus

Eq. (7)
Eq. (8)
Eq. (9)
Eq. (10)

4351.97
4349.37
4338.12
4347.56

4572.32
4582.49
4577.07
4587.54

4349.71
4360.78
4353.73
4353.61

4098.91
4097.74
4098.01
4099.29

4331.42
4330.99
4330.47
4331.01

4098.52
4099.52
4098.96
4098.87

Models with negative binomial error produced consistently better results than
those with Poisson distributions (Table 1.1). The linear and power seed-dispersal
functions (eqs. 11 and 12) had a poor fit when the data from Plantago and Microchloa

were used. For Sporobolus, eq. (11) produced slightly better results than the Hassell or
Ricker models, which resulted in the best fits for the other two species. In general, eqs.
(7) and (8) were found to describe satisfactorily the population dynamics in all species
(Table 1.1). Nevertheless, eq (8) proved to have some problems due to a high
correlation between λ, α1 and A. As a result, a large set of parameter combinations had
similar likelihoods: The variance in the λ-values obtained by using different initial
guesses was on average 900 times greater than that obtained from eq. (7), which gave
more consistent results. Also, we frequently observed that inordinately large values of λ
were compensated by large A-values. The intraspecific facilitation term β1 was also
observed to cause instability in the models so it was removed. So far, (intraspecific)
Allee effects have not been detected through time-series modelling (Rees, Grubb et al.
1996; Sibly, Barker et al. 2005), so it may be biologically sound to remove this term.
Thus, we chose to use the following combination of eqs. (7) and (13) to describe
population growth:

λ j ∏ (1 + N i ,t )βi

N1,t +1 = (1 − m )N1,t

i =2

1 + ∑ α i N i ,t

+ mN t

i =1

λj
1 + α1 N t

.

(16)

Note that a year-specific λj was added to the model after observing that this value was
very different when data from different years were used.
Model behaviour
The selected model may still produce a “benefaction orgy. This would not occur if the
population growth rate diminishes above a certain density of the facilitating species Nk
(which may be as small as 0 if there is “component” facilitation; Stephens, Sutherland et
al. 1999). To check under which conditions the model shows this behaviour we may
rewrite eq. (7):

N1,t +1
N1,t

Because

∏ (1 + N ) i
=λ
1 + ∑α N
β

i

i

.

(17)

i

∏ (1 + N ) = (1 + N )∏ (1 + N ), we can calculate the derivative of eq (17)
i

k

i

i≠k

with respect to the density of the facilitator Nk as

∂

N1,t +1
N1,t
∂N k

= λ ∏ (1 + N i )

βi

i≠k

β k (1 + N k )βk −1 (1 + ∑ α i N i ) − α k (1 + N k )βk

(1 + ∑α N )

2

i

.

(18)

i

In order to find out for which values of Nk the slope of eq (17) is positive we need to
N 1,t +1
∂
N 1,t
solve the inequality
> 0 . At this point we must bear in mind that all the
∂N k
parameters and variables in this equation have positive values (we do not have negative
densities, negative competition or negative facilitation). Thus, from eq. 18,

β k (1 + N k )βk −1 (1 + ∑α i N i ) − α k (1 + N k )βk > 0
Dividing eq. (19) by (1 + N k )

β −1

which may be rearranged as

k

(19)

we get

β k (1 + ∑α i N i ) − α k (1 + N k ) > 0 ,

(β k − 1)α k N k
If βk > 1, then βk – 1 > 0, so

⎛
⎞
> α k − β k ⎜1 + ∑ α i N i ⎟ .
⎝ i ≠k
⎠
⎛

Nk >

(21)

⎞

α k − β k ⎜1 + ∑α i N i ⎟
⎝

(20)

i≠k

(β k − 1)α k

⎠

(22)

This means above a certain density of the facilitator, the population growth rate of the
focal species will increase indefinitely with any increase of the density of the facilitator,
thus leading to a benefaction orgy. Therefore, for the model to be biologically realistic,
βk must never be greater than one.
Model fitting through MCMC
Because of the rough likelihood surface detected when fitting the different versions of
eq. (15), we used a Bayesian approach. Bayesian optimisation is very robust when the
likelihood surface has several maxima and when many variables are involved (Bolker
2007). The models were fitted through Markov-chain Monte Carlo with a flat prior
using the Metropolis-Hastings algorithm in ADMB (ADMB Project). Raftery-Lewis
diagnostics on the chain were performed in R using MCMCpack (Martin and Quinn) in
order to determine the chain length and thinning required to produce appropriate
sampling (Bolker 2007). Because the colonisation of empty squares was modelled
separately (see main text), only squares with N1,t > 0 were used.
All the interaction coefficients were restricted to be positive, and βs were
restricted to values between 0 and 1 in order to avoid biologically unrealistic estimates
(see eq. 22). This was achieved by transforming the parameter estimates before using
them to estimate the likelihood (Bolker 2007). We used the transformations α =exp(α’),
and β = exp(β’)/(1 + exp(β’)) and allowed the program to optimise α’ and β’.
For each focal species, equation (16) was initially fitted considering all the other
species with which it co-occured at least 200 times in our dataset. Those coefficients
that did not have well-behaved posterior distributions (Bolker 2007) were sequentially
set to zero, beginning with those that displayed the worst behaviour, that were closer to
zero, and had a smaller number of co-occurrences.
Colonisation model
The data from squares in which the focal absent at time t had a large number of zeros at
time t+1, so a zero-inflated distribution seemed appropriate for modelling. Thus, model
fitting was done in two separate phases. First, we modelled the probability of
colonisation using a binary logistic regression. Second, the number of individuals in
colonised squares was modelled separately. The first model had the form

#
&
exp %% yc,k + ∑γ i N i,t+1 + mc N t ((
$
'
i≠ j
Pj,t+1 =
#
&
1+ exp %% yc,k + ∑γ i N i,t+1 + mc N t ((
$
'
i≠ j

(23)

where yc values are specific for the different years k and mc accounts for migration, and
γi are the intensities of interspecific interactions. If γ i > 5 the coefficient was assumed
to be incorrectly estimated and deleted from the model as coefficients greater than this
produce predictions numerically not different from either 0 or 1 are usually associated
with low sample sizes. Model fitting was done in R.
The number of colonisers was modelled using data from squares that were
actually colonised in time t+1. After trying zero-truncated Poisson and zero-truncated
negative binomial distributions on a few species, it was found that the former
distribution produced larger likelihood values, so it was chosen. In order to bound the
number of colonisers to positive values, we used the following model:

(N

j,t+1

#
&
Pj,t+1 = 1 = exp %% yn,k + ∑δi N i,t+1 + mn N t ((
$
'
i≠ j

)

(24)

Where, again, yn are a year-specific terms and mn accounts for migration. The δi are the
intensities of interspecific interactions. These were again deleted from the model if
greater than 5. This model was fitted using ADMB.
The model for Plantago nivea
As an example we include the results for the most abundant species, Plantago nivea.
Using the population growth model (eq. 16), the posterior distribution and chain of the
interaction coefficients were well behaved for seven species (Crusea diversifolia,
Microchloa kunthii, Stevia ephemera, Thymophyla aurantiaca, Bulbostylis tenuifolia,
Aristida adscensionis and Bouteloua sp. nov.) and for the intraspecific competition
index (Figure 1.3). A large variability was observed in the λs among years (Range: 0.83
– 4.77), and the migration coefficient (m = 0.612) revealed important migration of seeds
among squares. This may be expected due to the small size of the sampling units.
For other five species initially included in the model the parameters did not
converge. The Metropolis-Hastings algorithm sampled any possible value, resulting in a
completely flat posterior. Fitting only α or β for these species did not improve the fit.
These species were deleted from the analysis as there was no evidence on what the
actual value of their parameters would be. For two more species, Tridax coronopifolia
and Bouteloua polymorpha, sampling proceeded as a random walk around extremely
low values of α’ and β’, which, after transformation were effectively zero. These were
also deleted from the model.
The final model reproduced the overall behaviour of the population. It explained
39.4 % of the variation in population sizes among squares and years (figure 1.4). It must
be noted that it was also able to estimate accurately the dispersal towards squares where
P. nivea was not originally present (figure 1.1), which is encouraging because the data
from those squares was not used to fit this model.

Figure 1.3. Trace and posterior distribution of parameters of the population growth rate
model (eq. 16) for Plantago nivea. The parameter k is the overdispersion of the negative
binomial distribution. The species abbreviations after the interaction parameters are: Ari
app= Aristida appresa; Bul ten= Bulbostylis tenuifolia; Cru div= Crusea divaricata;
Dys ten= Dyssodia tenuifolia; Mic kun= Microchloa kunthii; Opi sto= Opizia
stolonifera; Pla niv= Plantago nivea; Ste eph= Stevia ephemera.

Thy aur

Ari ads

Bou spn

Fig 1.3 (cont.). Trace and posterior distribution of parameters of the population growth
rate model (eq. 16) for Plantago nivea. The parameter k is the overdispersion of the
negative binomial distribution. The species abbreviations after the interaction
parameters are: Ari ads= Aristida adscencionis; Bul ten= Bulbostylis tenuifolia; Cru
div= Crusea divaricata; Thy aur= Thymophylla aurantiaca; Mic kun= Microchloa
kunthii; Bou spn= Bouteloua sp. nov.; Pla niv= Plantago nivea; Ste eph= Stevia
ephemera.
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Figure 1.4. Observed (A) and predicted (B) densities of Plantago
nivea depending on its densities in the previous year. The scatter in
panel B is the product of interactions with other seven species and
of seed dispersal. Gray circles: densities in each 10 × 10 cm
square. Black dashes: means.
Two of the interacting species (M. kunthii and C. divaricata) were found to have
demographic facilitative effects on the population growth rate of P. nivea, while three of
the remaining species had a strong competitive impact and two had minor effects
(Figure 1.5). The two facilitating species are the second and fifth most abundant in the
study site, which may explain why neighbour removal has been found to reduce the
performance of individual P. nivea plants (Villarreal-Barajas and Martorell 2009).
In empty squares, as expected, a higher neighbourhood density increased
both colonisation probability and the number of colonisers (Fig 1.6). The presence of
other species in the square affected colonisation positively or negatively. Separately, the
colonisation models explained 21.1 % of the variation in germination probability and
68.6 % of the variation in the number of colonisers in squares that were colonised. The
product of both models explained 32.5 % of the variation the average number of
colonisers in all the empty squares. The different species differed greatly in the effects
that they had on colonisation by P. nivea (Fig 1.7).
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Fig 1.5. Effect of the density of different species in the population
growth rate of Plantago nivea. The intercept is mean of the λ-values
for the different years.
As it happened in many species, when the growth and colonisation functions
were set together in the simulations of the population dynamics of P. nivea, the
estimated density was slightly larger than the observed one (Observed: 0.93, simulated:
1.19 individuals dm-2). This is the outcome of an underestimation of the number of
empty squares (65 % vs. the actual figure of 75 %). This was largely the result of a large
number of occupied squares in one site in which plants grow in patches surrounded by
bare rock. These “islands” were probably difficult to colonise once a species had gone
extinct due to random fluctuations, a factor that was not included in our model. Despite
this difference in the abundance of empty squares, the estimation of the actual
frequencies of squares with different densities in the study site was very accurate (fig
1.8).
Interannual variability in the data
The estimation of interaction and demographic parameters from time series data
requires a minimal amount of interannual variability in population sizes. Overall, there
was a large variation at the scale used to fit models (1 dm2). Changes over time were
greater for annual species, but even long-lived perennials such as cacti showed
important variations (fig. 1.9).
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Figure 1.7. Average number of
colonisers through all empty squares
depending on the density of different
species. This average was estimated as
the product of colonisation probability
and number of colonisers. For the
abbreviations of species names see
appendix 2.

0.3

8"

Relative frequency

7"

Annuals"

6"

Ste"eph"

5"

0.2

Tag"mic"

4"

Thy"aur"

3"

Tri"cor"

2"

Ari"ads"

1"

0.1

Flo"ped"

0"
2001" 2002" 2003" 2004" 2005" 2006" 2007" 2008"

5

10

15

Density of Plantago nivea
Figure 1.8. Observed and modelled
frequency of plots with different
densities of P. nivea. Gray: Observed
data. Black: Modelled frequency

+20

RelaKve"density"

0

4.5"
4"
3.5"
3"
2.5"
2"
1.5"
1"
0.5"
0"

Cru"div"
Pla"niv"

Perennials"

Het"pin"

Cyp"ses"
Mic"kun"
Oxa"art"
Ric"tri"
Spo"ten"
Bul"ten"

2001"2002"2003"2004"2005"2006"2007"2008"
4"
3.5"
3"

Pooled"
species"

CacK"
Ere"for"
Bul"ros"

2.5"

Lea"suc"

2"

Mats"

1.5"

Shrubs"

1"

Sol"gra"

0.5"

Vines"

0"
2001"2002"2003"2004"2005"2006"2007"2008"

Year"
Figure 1.9. Changes in density of each
studied species in randomly-chosen 10
× 10 cm squares. To show all species in
comparable scales, density is shown
relative to its initial value in 2001.

References
Akçakaya, H. R. and S. Ferson (1990). RAMAS/Space. Spatially structured population
models for conservation biology. Setauket, Applied Biomathematics.
Bolker, B. M. (2007). Ecological Models and Data in R. Princeton, Princeton University
Press.
Courchamp, F., T. Clutton-Brock, et al. (1999). "Inverse density dependence and the
Allee effect." Trends in Ecology and Evolution 14: 405-410.
Eskola, H. T. M. and K. Parvinen (2007). "On the mechanistic underpinning of discretetime population models with Allee effect." Theoretical Population Biology 72: 41-51.

Tussock"

Fowler, M. S. and G. D. Ruxton (2002). "Population dynamic consequences of Allee
effects." Journal of Theoretical Biology 215: 39-46.
Freckleton, R. P. and A. R. Watkinson (1997). "Measuring plant neighbour effects."
Functional Ecology 11(4): 532-534.
Freckleton, R. P. and A. R. Watkinson (2001). "Nonmanipulative determination of plant
community dynamics." Trends in Ecology and Evolution 16: 301-307.
Freckleton, R. P. and A. R. Watkinson (2001). "On detecting and measuring
competition in spatially structured plant communities." Ecology Letters 3: 423-432.
Freckleton, R. P. and A. R. Watkinson (2001). "Predicting competition coefficients for
plant mixtures: reciprocity, transitivity and correlations with life-history traits." Ecology
Letters 4: 348-357.
Freckleton, R. P., A. R. Watkinson, et al. (2000). "Determinants of the abundance of
invasive annual weeds: community structure and non-equilibrium dynamics "
Proceedings of the Royal Society of London B 267: 1153-1161.
Ives, A. R., B. Dennis, et al. (2003). "Estimating community stability and ecological
interactions from time-series data." Ecological Monographs 73(2): 301-330.
Law, R., T. Herben, et al. (1997). "Non-Manipulative estimates of competition
coefficients in a montane grassland community." Journal of Ecology 85: 505-517.
May, R. M. (1981). Theoretical ecology: Principles and applications. Sunderland,
Sinauer Associates.
Nathan, R. (2001). Dispersal biogeography. Encyclopedia of Biodiversity. S. A. Levin.
San Diego, Academic Press. II: 127–152.
Rees, M., P. J. Grubb, et al. (1996). "Quantifying the impact of competition and spatial
heterogeneity on the structure and dynamics of a four species guild of winter annuals."
The American Naturalist 147(1): 1-32.
Sibly, R. M., D. Barker, et al. (2005). "On the regulation of populations of mammals,
birds, fish, and insects." Science 309: 607-610.
Stephens, P. A., W. J. Sutherland, et al. (1999). "What is the Allee effect?" Oikos
87(185-90).
Turnbull, L. A., D. Coomes, et al. (2004). "Seed mass and the competition/colonization
trade-off: competitive interactions and spatial patterns in a guild of annual plants."
Journal of Ecology 92: 97-109.
Villarreal-Barajas, T. and C. Martorell (2009). "Species-specific disturbance tolerance,
competition and positive interactions along an anthropogenic disturbance gradient."
Journal of Vegetation Science 20: 1027-1040.

Appendix 2. Interaction coefficients
In the following tables species and groups of species are listed according to these abbreviations:
Abbreviation
Pla niv
Thy aur
Cru div
Ste eph
Tri cor
Tag mic
Het pin
Flo ped
Ere for
Mic kun
Bou pol
Bou cho
Ric tri
Tri spi
Mats
Cyp ses
Spo ten
Ari ads
Bul ten
Sol gra
Oxa lun
Bul ros
Lea suc
Cacti
Vines
Tussock
Shrubs

Species
Plantago nivea Kunth
Thymophylla aurantiaca (Brandegee) Rydb.
Crusea diversifolia (Kunth) W.R. Anderson
Stevia ephemera Grashoff
Tridax coronopifolia (Kunth) Hemsl.
Tagetes micrantha Cav.
Heterosperma pinnatum Cav.
Florestina pedata Cav.
Rare erect forbs
Microchloa kunthi Desv.
Bouteloua polymorpha Columbus
Bouteloua chondrosioides (Kunth) Benth. ex S. Watson
Richardia tricocca (Torr. & A. Gray) Standl. Rubiaceae
Tripogon spicatus (Nees) Ekman
Rare mats
Cyperus seslerioides Kunth
Sporobolus tenuissimus (Mart. ex Schrank) Kuntze
Aristida adscenciois L.
Bulbostylis tenuifolia (Rudge) J.F. Macbr.
Rare solitary gramminoids
Oxalis lunulata Zucc.
Rare bulb rosettes
Rare leaf succulents
Rare cacti
Rare vines
Rare tussocks
Rare shrubs

Family
Plantaginaceae
Asteraceae
Rubiaceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Asteraceae
Poaceae
Poaceae
Poaceae

Cyperaceae
Poaceae
Poaceae
Cyperaceae
Oxalidaceae
Cactaceae
Poaceae

Table 2.1. Competition coefficients (α) of the population growth rate model (see eq. 1 in the main text). Data correspond to the median of the posterior distribution, with the 95 % credibility
interval in parentheses. n.c. = parameters deleted from the model because no convergence was observed. — = interactions not estimated because of lack of data (n < 250 coocurrences). 0.000 =
parameters with extremely low values for the median and credibility interval. See above for species names.

Erect forbs

Erect forbs

Mats

Solitary
gramminoids

Bulb rosettes
Succulents
Vines
Tussocks
Shrubs

Mats

Pla niv

Thy Aur

Cru div

Ste eph

Tri cor

Tag mic

Het pin

Flo ped

Others

Mic kun

Pla niv

0.110 (0.068, 0.166)

0.002 (0.000, 0.089)

0.063 (0.000, 0.379)

n.c.

n.c.

0.048 (0.000, 0.618)

—

—

—

0.001 (0.000, 0.049)

Thy aur

0.006 (0.001, 0.119)

0.228 (0.118, 0.414)

0.000

—

—

—

—

—

—

Cru div

0.001 (0.000, 0.023)

0.135 (0.001, 1.198)

0.122 (0.052, 0.253)

—

—

—

—

—

Ste eph

0.296 (0.069, 0.849)

—

—

0.397 (0.115, 0.928)

—

n.c.

—

Tri cor

0.000

—

—

—

0.003 (0.000, 0.162)

—

Tag mic

n.c.

—

—

n.c.

—

Het pin

—

—

—

—

Flo ped

—

n.c.

—

Others

—

—

Mic kun

0.001 (0.000, 0.071)

Bou pol

Bou pol

Bou cho

Solitary gramminoids
Ric tri

Tri spi

Bulb rosettes

Succulents

Vines

Tussocks

Shrubs

Others

Cyp ses

Spo ten

Ari ads

Bul ten

Others

Oxa lun

Others

Lea suc

Cacti

All

All

All

0.703 (0.089, 2.885)

0.000

0.016 (0.000, 0.229)

—

0.113 (0.000, 0.967)

0.030 (0.000, 0.239)

—

0.002 (0.000, 1.432)

1.282 (0.063, 102.75)

—

—

n.c.

—

—

0.002 (0.000, 0.042)

—

—

0.051 (0.000, 0.762)

n.c.

—

—

—

n.c.

—

—

—

—

—

—

—

0.001 (0.000, 0.020)

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.002 (0.000, 0.054)

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.030 (0.000, 0.296)

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.091 (0.001, 0.302)

—

—

—

n.c.

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

7.512 (0.123, 9.780)

—

—

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.097 (0.001, 0.401)

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

4.523 (1.754, 7.885)

n.c.

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.002 (0.000, 0.160)

0.000

1 (0, 4.757)

0.266 (0.000, 2.267)

—

n.c.

n.c.

n.c.

0.205 (0.137, 0.293)

0.001 (0.000, 0.202)

0.000

0.000

0.001 (0.000, 0.061)

0.002 (0.000, 0.24)

—

—

0.005 (0.000, 0.261)

0.003 (0, 0.595)

—

n.c.

n.c.

—

—

0.000

0.002 (0.000, 0.203)

0.483 (0.001, 2.513)

—

—

—

—

—

—

0.000

—

—

0.000

0.003 (0.000, 0.212)

—

—

—

0.059 (0.000, 1.669)

—

—

—

—

—

—

Bou cho

0.520 (0.001, 1.586)

—

0.002 (0.000, 0.110)

—

—

—

—

—

—

0.307 (0.002, 0.910)

0.010 (0.000, 1.437)

—

—

—

—

—

—

—

—

—

—

—

—

—

Ric tri

n.c.

0.000

—

—

—

—

—

—

—

0.002 (0.000, 0.094)

0.890 (0.428, 1.586)

—

—

—

—

—

—

—

—

—

—

—

—

—

Tri spi

—

—

—

—

—

—

—

—

—

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

—

Others

n.c.

—

—

—

—

—

—

—

—

n.c.

—

0.683 (0.241, 1.704)

—

—

—

—

—

—

—

—

—

—

—

—

Cyp ses

0.000

n.c.

—

—

—

—

—

—

—

0.002 (0.000, 0.062)

—

—

0.326 (0.113, 0.817)

—

—

—

—

—

—

—

—

—

—

—

Spo ten

—

0.497 (0.003, 5.029)

n.c.

—

—

—

—

—

—

0.001 (0.000, 1.155)

—

—

—

0.057 (0.008, 0.127)

—

—

—

—

—

—

—

—

—

—

Ari ads

0.275 (0.002, 1.102)

—

—

—

—

—

—

—

—

n.c.

—

—

—

—

0.17 (0.003, 0.699)

—

—

—

—

—

—

—

—

—

Bul ten

0.002 (0.000, 0.106)

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.015 (0, 0.398)

—

—

—

—

—

—

—

—

Others

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.043 (0, 0.219)

—

—

—

—

—

—

—

Oxa lun

n.c.

n.c.

n.c.

—

—

—

—

—

—

n.c.

—

—

0.000

—

—

—

—

0.416 (0.159, 1.025)

—

—

—

—

—

—

Others

—

—

—

—

—

—

—

—

—

n.c.

—

—

—

—

—

—

—

—

1.389 (0.295, 5.317)

—

—

—

—

—

Lea suc

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.307 (0.127, 0.69)

—

—

—

—

Cacti

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

n.c.

—

—

—

All

n.c.

—

—

—

—

—

—

—

—

0.002 (0.000, 0.074)

—

—

—

—

—

—

—

—

—

—

—

1.199 (0.377, 2.171)

—

—

All

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.394 (0.149, 1.021)

—

All

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

n.c.

Table 2.2. Facilitation coefficients (β) of the population growth rate model (see eq. 1 in the main text). Data correspond to the median of the posterior distribution, with the 95 % credibility interval
in parentheses. n.c. = parameters deleted from the model because no convergence was observed. — = interactions not estimated because of lack of data (n < 250 coocurrences). 0.000 = parameters
with extremely low values for the median and credibility interval. See above for species names.

Erect forbs

Erect forbs

Mats

Solitary gramminoids

Bulb rosettes
Succulents
Vines
Tussocks
Shrubs

Mats

Pla niv

Thy aur

Cru div

Ste eph

Tri cor

Tag mic

Het pin

Flo ped

Others

Mic kun

Pla niv

0.000

0.000

0.000

n.c.

n.c.

0.000

—

—

—

0.005 (0.000, 0.124)

Thy aur

0.000

0.000

0.000

—

—

—

—

—

—

Cru div

0.146 (0.003, 0.314)

0.000

0.000

—

—

—

—

—

Ste eph

0.000

—

—

0.000

—

n.c.

—

Tri cor

0.000

—

—

—

0.000

—

Tag mic

n.c.

—

—

n.c.

—

Het pin

—

—

—

—

Flo ped

—

n.c.

—

Others

—

—

Mic kun

0.071 (0.000, 0.332)

Bou pol

Bou pol

Bou cho

Solitary gramminoids
Ric tri

Tri spi

Bulb rosettes

Succulents

Vines

Tussocks

Shrubs

Others

Cyp ses

Spo ten

Ari ads

Bul ten

Others

Oxa lun

Others

Lea suc

Cacti

All

All

All

0.000

n.c.

0.000

—

0.000

0.000

—

0.009 (0, 0.982)

0.000

—

—

n.c.

—

—

0.000

—

—

0.002 (0.000, 0.468)

n.c.

—

—

—

n.c.

—

—

—

—

—

—

—

0.005 (0.000, 0.115)

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.002 (0.000, 0.109)

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.000

—

—

—

n.c.

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.000

—

—

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.000

n.c.

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.000

0.000

0.000

0.000

—

n.c.

n.c.

n.c.

0.000

0.000

n.c.

0.000

0.000

0.000

—

—

0.000

0.000

—

n.c.

n.c.

—

—

0.000

0.000

0.000

—

—

—

—

—

—

0.000

—

—

0.000

0.000

—

—

—

0.000

—

—

—

—

—

—

Bou cho

0.000

—

0.000

—

—

—

—

—

—

0.000

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

Ric tri

n.c.

0.000

—

—

—

—

—

—

—

0.000

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

Tri spi

—

—

—

—

—

—

—

—

—

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

—

Others

n.c.

—

—

—

—

—

—

—

—

n.c.

—

0.000

—

—

—

—

—

—

—

—

—

—

—

—

Cyp ses

0.000

—

—

—

—

—

—

—

—

0.000

—

—

0.000

—

—

—

—

—

—

—

—

—

—

—

Spo ten

—

0.000

n.c.

—

—

—

—

—

—

0.132 (0.002, 1.000)

—

—

—

0.000

—

—

—

—

—

—

—

—

—

—

Ari ads

0.000

—

—

—

—

—

—

—

—

n.c.

—

—

—

—

0.000

—

—

—

—

—

—

—

—

—

Bul ten

0.000

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.000

—

—

—

—

—

—

—

—

Others

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.000

—

—

—

—

—

—

—

Oxa lun

n.c.

n.c.

n.c.

—

—

—

—

—

—

n.c.

—

—

0.000

—

—

—

—

0.000

—

—

—

—

—

—

Others

—

—

—

—

—

—

—

—

—

n.c.

—

—

—

—

—

—

—

—

0.000

—

—

—

—

—

Lea suc

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.000

—

—

—

—

Cacti

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

n.c.

—

—

—

All

n.c.

—

—

—

—

—

—

—

—

0.000

—

—

—

—

—

—

—

—

—

—

—

0.000

—

—

All

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

0.000

—

All

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

—

n.c.

Table 2.3. Interaction coefficients (γ ± S.E.) of the colonisation model (see eq. 2 in the main text). n.e. = parameters that could not be estimated (i.e., |γ|>5). See
above for species names.

Erect forbs
Pla niv
Pla niv

Erect forbs

Mats

Solitary gramminoids

Bulb rosettes
Succulents
Vines
Tussocks
Shrubs

Mats

Solitary gramminoids

Bulb rosettes

Succulents

Vines

Tussocks

Shrubs

Thy aur

Cru div

Ste eph

Tri cor

Tag mic

Het pin

Flo ped

Others

Mic kun

Bou pol

Bou cho

Ric tri

Tri spi

Others

Cyp ses

Spo ten

Ari ads

Bul ten

Others

Oxa lun

Others

Lea suc

Cacti

All

All

All

0.012 ± 0.021

0.003 ± 0.019

-0.045 ± 0.057

0.024 ± 0.029

0.017 ± 0.028

-0.011 ± 0.028

-0.427 ± 0.155

-0.135 ± 0.039

0.048 ± 0.022

0.046 ± 0.023

0.048 ± 0.034

0.023 ± 0.030

-0.085 ± 0.043

-0.006 ± 0.027

0.008 ± 0.017

0.046 ± 0.029

-0.004 ± 0.026

0.083 ± 0.027

-0.053 ± 0.041

-0.008 ± 0.021

-0.012 ± 0.030

-0.117 ± 0.125

-0.014 ± 0.034

0.052 ± 0.024

-0.061 ± 0.051

0.012 ± 0.076

0.089 ± 0.020

0.202 ± 0.038

0.088 ± 0.023

-0.079 ± 0.052

0.012 ± 0.026

0.044 ± 0.033

-0.026 ± 0.030

0.051 ± 0.018

0.070 ± 0.027

0.042 ± 0.055

-0.037 ± 0.052

0.026 ± 0.026

0.035 ± 0.033

0.050 ± 0.019

-0.118 ± 0.049

-0.034 ± 0.031

0.078 ± 0.024

0.045 ± 0.025

-0.006 ± 0.027

0.013 ± 0.031

0.057 ± 0.030

0.034 ± 0.026

0.064 ± 0.019

-0.025 ± 0.052

0.012 ± 0.170

-0.048 ± 0.054

0.017 ± 0.030

0.010 ± 0.036

-0.034 ± 0.066

0.026 ± 0.058

0.037 ± 0.027

0.004 ± 0.016

-0.010 ± 0.053

0.037 ± 0.037

0.064 ± 0.022

-0.081 ± 0.095

0.072 ± 0.022

0.017 ± 0.022

-0.016 ± 0.047

0.000 ± 0.031

0.002 ± 0.020

0.014 ± 0.025

0.027 ± 0.024

0.068 ± 0.020

-0.293 ± 0.179

-0.051 ± 0.047

0.067 ± 0.020

0.007 ± 0.034

0.010 ± 0.045

0.013 ± 0.041

-0.001 ± 0.026

0.121 ± 0.038

-0.007 ± 0.078

0.051 ± 0.027

0.024 ± 0.027

-1.121 ± 0.517

-0.003 ± 0.039

-0.063 ± 0.060

-0.166 ± 0.168

-0.029 ± 0.047

0.038 ± 0.025

-0.066 ± 0.077

0.030 ± 0.047

0.036 ± 0.027

0.051 ± 0.028

0.040 ± 0.033

0.034 ± 0.035

0.293 ± 0.124

-0.196 ± 0.295

0.015 ± 0.033

0.016 ± 0.035

0.006 ± 0.071

-0.032 ± 0.176

-0.367 ± 0.207

-0.300 ± 0.219

0.192 ± 0.076

0.070 ± 0.055

0.121 ± 0.081

0.096 ± 0.101

0.039 ± 0.077

0.259 ± 0.098

-0.076 ± 0.148

-0.133 ± 0.097

-1.440 ± 1.062

-0.024 ± 0.091

-0.172 ± 0.105

-0.359 ± 0.313

0.281 ± 0.073

-0.060 ± 0.091

0.079 ± 0.158

-0.036 ± 0.074

0.018 ± 0.072

0.132 ± 0.138

0.080 ± 0.175

-0.002 ± 0.034

0.049 ± 0.085

0.018 ± 0.029

0.039 ± 0.032

-0.120 ± 0.404

-0.102 ± 0.228

0.118 ± 0.068

0.119 ± 0.259

-0.001 ± 0.034

0.071 ± 0.034

-0.122 ± 0.106

-0.022 ± 0.031

0.033 ± 0.033

-0.046 ± 0.035

0.011 ± 0.037

-0.042 ± 0.130

0.044 ± 0.068

-0.072 ± 0.048

-0.080 ± 0.198

0.061 ± 0.081

0.110 ± 0.048

0.066 ± 0.047

0.109 ± 0.132

-0.010 ± 0.080

0.057 ± 0.065

-0.002 ± 0.091

0.087 ± 0.059

-0.032 ± 0.047

0.214 ± 0.085

0.048 ± 0.076

0.062 ± 0.065

-0.115 ± 0.105

0.016 ± 0.050

0.004 ± 0.057

-0.505 ± 0.245

-0.005 ± 0.119

0.054 ± 0.060

-0.047 ± 0.053

0.141 ± 0.173

0.091 ± 0.063

-0.131 ± 0.068

-0.130 ± 0.232

-0.246 ± 0.186

-0.065 ± 0.107

0.192 ± 0.153

-0.249 ± 0.157

0.037 ± 0.054

0.134 ± 0.117

-0.228 ± 0.121

0.128 ± 0.079

0.177 ± 0.069

0.025 ± 0.050

-0.019 ± 0.076

-0.021 ± 0.190

-0.081 ± 0.167

0.153 ± 0.057

-0.034 ± 0.108

-0.070 ± 0.259

-0.135 ± 0.103

-0.198 ± 0.190

0.108 ± 0.138

0.061 ± 0.101

-0.068 ± 0.217

-0.089 ± 0.155

0.074 ± 0.072

0.088 ± 0.257

0.122 ± 0.112

0.172 ± 0.108

-0.115 ± 0.160

0.235 ± 0.091

0.201 ± 0.099

-0.056 ± 0.289

0.151 ± 0.138

-0.031 ± 0.109

0.180 ± 0.104

-0.186 ± 0.269

-0.065 ± 0.044

-0.153 ± 0.069

-0.025 ± 0.060

-0.036 ± 0.052

-0.080 ± 0.063

0.098 ± 0.031

0.000 ± 0.067

0.068 ± 0.040

-0.091 ± 0.059

0.044 ± 0.065

0.100 ± 0.038

0.035 ± 0.054

-0.009 ± 0.074

0.081 ± 0.042

-0.101 ± 0.052

-0.221 ± 0.069

-0.158 ± 0.120

-1.988 ± 0.516

-1.274 ± 0.624

-0.696 ± 0.192

-0.879 ± 0.495

-0.082 ± 0.147

-0.516 ± 0.221

-0.370 ± 0.210

-1.230 ± 0.353

-0.247 ± 0.282

-0.083 ± 0.225

-0.160 ± 0.410

0.150 ± 0.228

0.287 ± 0.181

-0.512 ± 0.252

-1.342 ± 0.451

-0.507 ± 0.544

-0.071 ± 0.226

-1.840 ± 0.738

-0.250 ± 0.244

0.062 ± 0.171

-0.666 ± 0.849

-0.900 ± 0.246

-0.004 ± 0.213

-0.428 ± 0.266

0.149 ± 0.209

-0.011 ± 0.233

0.178 ± 0.272

-0.542 ± 0.257

-0.912 ± 0.297

0.155 ± 0.364

-0.583 ± 0.411

0.062 ± 0.052

-0.009 ± 0.056

-1.245 ± 1.022

-0.140 ± 0.135

0.202 ± 0.063

-0.337 ± 0.142

0.071 ± 0.060

-0.095 ± 0.094

0.192 ± 1.127

-0.063 ± 0.227

-0.170 ± 0.111

0.106 ± 0.081

-0.052 ± 0.324

0.571 ± 0.495

0.406 ± 0.174

0.071 ± 0.262

0.245 ± 0.335

-0.595 ± 0.489

-0.337 ± 0.386

-1.040 ± 0.369

-0.971 ± 0.776

0.739 ± 0.230

0.093 ± 0.265

-0.262 ± 0.337

-0.574 ± 0.524

0.054 ± 0.116

-0.040 ± 0.289

-0.014 ± 0.247

0.030 ± 0.102

0.055 ± 0.133

0.437 ± 0.122

-0.080 ± 0.163

-0.260 ± 0.559

0.054 ± 0.110

-0.112 ± 0.142

-0.085 ± 0.128

-0.045 ± 0.162

0.032 ± 0.079

0.082 ± 0.082

0.118 ± 0.074

-0.079 ± 0.106

-0.002 ± 0.071

0.162 ± 0.074

0.077 ± 0.057

-0.403 ± 0.155

-0.153 ± 0.104

0.020 ± 0.097

0.037 ± 0.121

-0.004 ± 0.093

-0.466 ± 0.171

0.113 ± 0.059

0.174 ± 0.047

-0.059 ± 0.132

0.173 ± 0.064

-0.007 ± 0.060

-0.039 ± 0.082

-0.548 ± 0.430

-0.215 ± 0.198

-0.189 ± 0.161

0.176 ± 0.061

-0.256 ± 0.205

-0.557 ± 0.367

-0.092 ± 0.083

0.236 ± 0.071

-0.273 ± 0.218

0.011 ± 0.351

0.170 ± 0.099

0.199 ± 0.092

-0.041 ± 0.107

0.046 ± 0.308

-0.751 ± 0.402

0.069 ± 0.098

-0.116 ± 0.133

0.358 ± 0.185

0.045 ± 0.068

0.298 ± 0.103

0.067 ± 0.175

-0.085 ± 0.294

-0.038 ± 0.095

-0.466 ± 0.238

0.247 ± 0.217

0.156 ± 0.062

0.386 ± 0.103

0.044 ± 0.061

0.008 ± 0.059

-0.006 ± 0.130

-0.279 ± 0.228

0.475 ± 0.229

0.436 ± 0.160

-0.254 ± 0.171

0.113 ± 0.173

-1.064 ± 0.932

0.199 ± 0.122

-0.043 ± 0.213

0.541 ± 0.259

0.183 ± 0.236

-0.312 ± 0.305

-0.087 ± 0.517

0.536 ± 0.156

0.209 ± 0.298

Thy aur

-0.009 ± 0.019

Cru div

0.063 ± 0.020

-0.040 ± 0.033

Ste eph

0.059 ± 0.028

-0.031 ± 0.029

-0.103 ± 0.045

Tri cor

-0.026 ± 0.081

0.142 ± 0.070

0.046 ± 0.083

0.018 ± 0.238

Tag mic

0.009 ± 0.025

-0.035 ± 0.031

-0.062 ± 0.105

0.205 ± 0.052

-0.093 ± 0.083

Het pin

-0.054 ± 0.048

-0.015 ± 0.053

0.072 ± 0.064

0.535 ± 0.078

0.106 ± 0.074

0.074 ± 0.047

Flo ped

-0.072 ± 0.073

0.351 ± 0.062

-0.165 ± 0.088

0.227 ± 0.110

-0.063 ± 0.137

0.089 ± 0.065

0.178 ± 0.135

Others

-0.080 ± 0.098

0.003 ± 0.104

0.165 ± 0.085

-0.055 ± 0.137

0.174 ± 0.155

0.039 ± 0.089

0.252 ± 0.113

0.494 ± 0.153

Mic kun

0.12 ± 0.032

0.096 ± 0.029

0.021 ± 0.038

-0.146 ± 0.076

0.050 ± 0.055

0.102 ± 0.057

0.101 ± 0.046

0.090 ± 0.075

-0.020 ± 0.055

Bou pol

0.278 ± 0.153

0.279 ± 0.136

0.104 ± 0.167

-1.879 ± 0.494

0.424 ± 0.261

-1.669 ± 0.613

-0.221 ± 0.219

-0.292 ± 0.361

-0.966 ± 0.313

-0.291 ± 0.127

Bou cho

0.583 ± 0.161

-0.276 ± 0.171

0.628 ± 0.162

-0.111 ± 0.347

-0.677 ± 0.310

-0.461 ± 0.276

-0.153 ± 0.297

0.539 ± 0.301

0.244 ± 0.229

-0.566 ± 0.154

-1.332 ± 0.424

Ric tri

0.159 ± 0.067

-0.094 ± 0.070

0.162 ± 0.081

0.419 ± 0.125

0.052 ± 0.108

0.392 ± 0.118

0.041 ± 0.096

-0.191 ± 0.220

-0.185 ± 0.087

0.049 ± 0.050

0.189 ± 0.300

-0.229 ± 0.184

Tri spi

-0.572 ± 0.265

0.679 ± 0.173

-0.841 ± 0.328

-0.180 ± 0.410

-0.781 ± 0.576

-0.614 ± 1.151

-0.155 ± 0.325

0.380 ± 0.374

-1.082 ± 0.486

0.077 ± 0.188

0.009 ± 0.223

-1.393 ± 1.100

-1.095 ± 0.881

Others

-0.226 ± 0.109

0.091 ± 0.147

0.444 ± 0.108

-0.199 ± 0.213

0.147 ± 0.099

0.213 ± 0.182

-0.034 ± 0.127

-0.681 ± 0.380

-0.118 ± 0.150

-0.001 ± 0.089

-0.397 ± 0.327

-0.092 ± 0.175

0.187 ± 0.099

-0.234 ± 0.314

Cyp ses

0.003 ± 0.064

0.046 ± 0.044

-0.059 ± 0.068

-0.029 ± 0.080

-0.006 ± 0.101

0.002 ± 0.108

-0.083 ± 0.082

0.014 ± 0.108

0.030 ± 0.070

0.126 ± 0.055

-0.052 ± 0.064

-0.558 ± 0.249

-0.197 ± 0.135

0.025 ± 0.054

0.151 ± 0.113

Spo ten

-0.040 ± 0.057

-0.050 ± 0.041

0.113 ± 0.052

-0.332 ± 0.211

-1.249 ± 0.740

-0.152 ± 0.297

-0.005 ± 0.091

-0.121 ± 0.130

-0.106 ± 0.090

0.120 ± 0.037

0.018 ± 0.054

-0.771 ± 0.726

0.157 ± 0.046

-0.093 ± 0.128

0.106 ± 0.039

Ari ads

0.093 ± 0.079

-0.054 ± 0.059

0.108 ± 0.060

-0.926 ± 0.539

0.112 ± 0.186

0.008 ± 0.244

-0.190 ± 0.145

-0.186 ± 0.203

0.249 ± 0.195

0.228 ± 0.082

0.173 ± 0.094

-0.008 ± 0.150

0.530 ± 0.143

0.068 ± 0.092

-0.006 ± 0.111

0.062 ± 0.069

-0.178 ± 0.216

Bul ten

0.047 ± 0.089

0.181 ± 0.083

-0.079 ± 0.099

0.069 ± 0.125

0.087 ± 0.119

0.079 ± 0.098

-0.160 ± 0.162

0.212 ± 0.178

-0.019 ± 0.098

0.063 ± 0.078

-0.172 ± 0.202

0.004 ± 0.153

0.338 ± 0.110

-0.001 ± 0.344

-0.320 ± 0.168

0.044 ± 0.089

-0.301 ± 0.371

-0.102 ± 0.199

Others

-0.071 ± 0.066

0.039 ± 0.055

-0.100 ± 0.100

0.012 ± 0.086

0.006 ± 0.092

0.319 ± 0.084

-0.091 ± 0.136

0.176 ± 0.096

-0.008 ± 0.069

-0.184 ± 0.088

-0.121 ± 0.194

-0.346 ± 0.184

0.019 ± 0.140

-0.166 ± 0.176

-0.075 ± 0.152

-0.003 ± 0.090

0.258 ± 0.173

-0.328 ± 0.334

0.274 ± 0.094

Oxa lun

0.032 ± 0.063

-0.008 ± 0.048

-0.086 ± 0.063

0.045 ± 0.107

-0.246 ± 0.113

-0.063 ± 0.093

0.460 ± 0.087

-0.169 ± 0.149

0.168 ± 0.056

-0.024 ± 0.040

-0.060 ± 0.050

-0.063 ± 0.080

0.132 ± 0.060

-0.061 ± 0.082

0.127 ± 0.092

0.053 ± 0.032

0.066 ± 0.054

0.043 ± 0.076

-0.045 ± 0.055

0.087 ± 0.114

Others

-0.249 ± 0.119

0.052 ± 0.100

0.106 ± 0.129

0.502 ± 0.155

-0.184 ± 0.187

0.188 ± 0.135

0.084 ± 0.146

0.199 ± 0.214

0.235 ± 0.098

-0.162 ± 0.113

-0.099 ± 0.226

-0.213 ± 0.186

0.337 ± 0.147

-0.606 ± 0.426

0.143 ± 0.147

0.019 ± 0.124

-0.200 ± 0.332

-0.002 ± 0.168

0.044 ± 0.158

-0.193 ± 0.185

0.374 ± 0.115

Lea suc

-0.999 ± 0.395

0.061 ± 0.094

0.107 ± 0.156

0.451 ± 0.166

0.229 ± 0.166

0.619 ± 0.557

-0.330 ± 0.228

0.182 ± 0.159

-0.246 ± 0.244

-0.073 ± 0.074

0.001 ± 0.092

0.744 ± 1.169

-0.077 ± 0.098

-0.148 ± 0.724

-0.150 ± 0.120

0.158 ± 0.103

-0.032 ± 0.143

-0.086 ± 0.221

0.176 ± 0.167

-0.120 ± 0.110

-0.767 ± 0.631

Cacti

-0.108 ± 0.171

-0.062 ± 0.160

0.048 ± 0.211

0.005 ± 0.536

0.346 ± 0.267

0.584 ± 0.492

-0.047 ± 0.256

0.337 ± 0.221

0.112 ± 0.324

0.295 ± 0.134

-0.163 ± 0.196

-0.373 ± 0.397

-0.278 ± 0.340

-0.171 ± 0.267

0.083 ± 0.246

-0.192 ± 0.198

-0.042 ± 0.276

0.347 ± 0.175

0.157 ± 0.325

0.038 ± 0.293

1.202 ± 0.195

0.160 ± 0.302

0.215 ± 0.243

All

0.152 ± 0.066

0.273 ± 0.068

0.191 ± 0.065

-0.264 ± 0.237

0.032 ± 0.267

0.018 ± 0.174

0.097 ± 0.083

-0.109 ± 0.133

-0.038 ± 0.092

-0.044 ± 0.070

-0.173 ± 0.140

-0.334 ± 0.319

-0.727 ± 0.297

0.066 ± 0.096

0.200 ± 0.125

-0.112 ± 0.086

0.135 ± 0.115

0.246 ± 0.088

0.388 ± 0.153

0.264 ± 0.106

-0.238 ± 0.091

-0.027 ± 0.136

-0.192 ± 0.138

0.145 ± 0.071

All

-0.034 ± 0.111

-0.030 ± 0.127

0.062 ± 0.175

0.345 ± 0.153

-0.011 ± 0.206

0.454 ± 0.129

-0.325 ± 0.201

-0.126 ± 0.237

0.263 ± 0.123

-0.371 ± 0.152

-1.717 ± 0.975

-0.506 ± 0.397

-0.155 ± 0.178

-0.173 ± 0.497

0.002 ± 0.172

0.175 ± 0.115

-0.334 ± 0.504

-0.158 ± 0.246

0.095 ± 0.144

-0.130 ± 0.158

-0.144 ± 0.154

0.103 ± 0.218

-0.271 ± 0.361

0.128 ± 0.291

0.138 ± 0.176

All

0.386 ± 0.137

-0.035 ± 0.152

0.314 ± 0.155

-0.397 ± 0.514

0.875 ± 0.247

-0.269 ± 0.255

0.185 ± 0.139

0.355 ± 0.281

-0.231 ± 0.328

-0.016 ± 0.144

-0.558 ± 0.362

0.001 ± 0.370

0.014 ± 0.207

-0.480 ± 0.414

-0.096 ± 0.340

0.115 ± 0.141

0.371 ± 0.578

-0.915 ± 0.977

0.218 ± 0.144

0.113 ± 0.268

-0.032 ± 0.156

0.419 ± 0.614

-0.027 ± 0.350

0.245 ± 0.166

-0.499 ± 0.429

0.138 ± 0.280
0.239 ± 0.160

Table 2.4. Interaction coefficients (δ ± S.E.) of the number of colonisers model (see eq. 2 in the main text). n.e. = parameters that could not be estimated (i.e., |δ|
>5). See above for species names.

Erect forbs
Pla niv
Pla niv

Erect forbs

Mats

Solitary gramminoids

Bulb rosettes
Succulents
Vines
Tussocks
Shrubs

Mats

Thy aur

Cru div

Ste eph

Tri cor

Tag mic

Het pin

Flo ped

Others

Mic kun

-0.035 ± 0.011

0.055 ± 0.011

-0.064 ± 0.048

-0.01 ± 0.013

0.017 ± 0.017

-0.083 ± 0.034

0.003 ± 0.104

0.014 ± 0.058

0.018 ± 0.009

0.028 ± 0.007

0.004 ± 0.015

0.011 ± 0.009

-0.031 ± 0.031

0.033 ± 0.016

0.064 ± 0.031

-0.048 ± 0.046

-0.031 ± 0.044

0.016 ± 0.011

0.078 ± 0.033

0.060 ± 0.035

0.031 ± 0.042

0.000 ± 0.023

0.005 ± 0.014

0.088 ± 0.025

0.087 ± 0.086

Thy aur

0.020 ± 0.011

Cru div

0.023 ± 0.007

0.015 ± 0.013

Ste eph

0.108 ± 0.010

-0.041 ± 0.018

-0.134 ± 0.057

Tri cor

-0.021 ± 0.038

0.080 ± 0.022

-0.042 ± 0.029

Tag mic

-0.108 ± 0.034

-0.031 ± 0.028

0.006 ± 0.084

0.022 ± 0.012

0.099 ± 0.034

Het pin

0.012 ± 0.016

-0.009 ± 0.027

0.007 ± 0.045

0.251 ± 0.035

-0.013 ± 0.036

Flo ped

-0.084 ± 0.062

0.048 ± 0.011

0.239 ± 0.043

0.057 ± 0.048

Others

-0.394 ± 0.100

-0.139 ± 0.052

-0.218 ± 0.072

-0.208 ± 0.082

Mic kun

0.020 ± 0.016

0.039 ± 0.014

-0.034 ± 0.021

0.010 ± 0.043

Bou pol

0.072 ± 0.078

-0.008 ± 0.065

-0.220 ± 0.097

Bou cho

0.127 ± 0.078

-0.206 ± 0.094

0.732 ± 0.095

0.933 ± 0.147

0.450 ± 0.108

Ric tri

-0.127 ± 0.036

0.014 ± 0.036

-0.048 ± 0.033

0.062 ± 0.043

-0.095 ± 0.044

Tri spi

-0.258 ± 0.204

-0.056 ± 0.084

0.639 ± 0.192

-0.301 ± 0.244

0.185 ± 0.166

Others

-0.037 ± 0.050

0.196 ± 0.039

-0.019 ± 0.045

-0.396 ± 0.176

0.039 ± 0.057

0.017 ± 0.100

0.086 ± 0.074

Cyp ses

0.125 ± 0.030

-0.037 ± 0.027

0.051 ± 0.046

-0.071 ± 0.050

0.006 ± 0.050

0.095 ± 0.052

-0.039 ± 0.049

Spo ten

0.059 ± 0.027

0.016 ± 0.024

-0.023 ± 0.037

-0.023 ± 0.081

Ari ads

0.010 ± 0.037

-0.014 ± 0.041

-0.027 ± 0.042

Bul ten

0.062 ± 0.032

0.050 ± 0.034

-0.159 ± 0.061

0.153 ± 0.036

-0.025 ± 0.066

0.090 ± 0.055

-0.264 ± 0.124

Others

-0.581 ± 0.114

0.044 ± 0.029

-0.041 ± 0.094

0.028 ± 0.016

-0.292 ± 0.204

0.162 ± 0.030

Oxa lun

0.143 ± 0.027

0.026 ± 0.027

-0.086 ± 0.025

-0.295 ± 0.066

-0.031 ± 0.018

Others

-0.023 ± 0.084

0.030 ± 0.044

0.130 ± 0.071

0.361 ± 0.077

-0.050 ± 0.061

Lea suc

-0.606 ± 0.420

-0.190 ± 0.062

-0.114 ± 0.124

0.032 ± 0.123

0.060 ± 0.116

Cacti

0.095 ± 0.107

0.150 ± 0.088

-0.902 ± 0.243

All

-0.040 ± 0.034

0.044 ± 0.015

0.060 ± 0.024

-0.121 ± 0.088

-0.096 ± 0.085

-0.099 ± 0.099

All

-0.049 ± 0.083

0.039 ± 0.080

0.037 ± 0.134

0.109 ± 0.065

0.130 ± 0.038

-0.427 ± 0.169

All

-0.074 ± 0.047

-0.304 ± 0.097

0.092 ± 0.065

-0.089 ± 0.045
0.012 ± 0.020

Bou cho

Ric tri

Shrubs

All

All

All

Bul ten

Others

Oxa lun

Others

Lea suc

-0.020 ± 0.028

-0.007 ± 0.044

0.034 ± 0.011

0.058 ± 0.035

-0.027 ± 0.028

0.009 ± 0.015

-0.017 ± 0.054

0.072 ± 0.015

0.072 ± 0.038

-1.380 ± 0.975

-0.019 ± 0.041

0.069 ± 0.134

0.022 ± 0.010

0.032 ± 0.056

0.034 ± 0.055

0.017 ± 0.019

-0.045 ± 0.075

-0.063 ± 0.044

0.016 ± 0.019

-0.061 ± 0.039

0.009 ± 0.024

0.018 ± 0.045

-0.007 ± 0.030

0.029 ± 0.013

0.105 ± 0.072

0.009 ± 0.044

0.001 ± 0.011

-0.007 ± 0.026

0.031 ± 0.018

-0.048 ± 0.031

-0.010 ± 0.088

0.038 ± 0.030

0.003 ± 0.019

-0.285 ± 0.098

0.054 ± 0.014

-0.041 ± 0.045

-0.453 ± 0.346

0.048 ± 0.018

-0.091 ± 0.179

-0.031 ± 0.036

-0.035 ± 0.019

0.006 ± 0.069

-0.076 ± 0.085

-0.037 ± 0.034

0.040 ± 0.070

0.044 ± 0.015

0.029 ± 0.024

-0.118 ± 0.029

-0.046 ± 0.077

0.005 ± 0.125

-0.004 ± 0.076

0.003 ± 0.059

-0.181 ± 0.160

0.135 ± 0.020

0.043 ± 0.083

-0.138 ± 0.172

0.110 ± 0.077

-0.376 ± 0.178

-0.175 ± 0.121

0.131 ± 0.048

0.149 ± 0.092

-0.111 ± 0.150

0.266 ± 0.394

-0.003 ± 0.073

0.024 ± 0.034

-0.023 ± 0.027

0.040 ± 0.028

-0.145 ± 0.107

0.063 ± 0.032

-0.205 ± 0.163

0.010 ± 0.021

0.020 ± 0.037

-0.022 ± 0.033

0.015 ± 0.060

0.350 ± 0.135

-0.004 ± 0.078

-0.049 ± 0.105

0.073 ± 0.044

-0.018 ± 0.027

-0.077 ± 0.090

-0.047 ± 0.126

-0.103 ± 0.057

-0.004 ± 0.103

0.155 ± 0.061

-0.191 ± 0.067

0.447 ± 0.125

0.014 ± 0.039

0.111 ± 0.068

-0.293 ± 0.187

0.100 ± 0.069

0.123 ± 0.082

0.005 ± 0.043

0.255 ± 0.151

-0.031 ± 0.076

-1.565 ± 0.528

-0.002 ± 0.187

0.101 ± 0.049

-0.175 ± 0.063

-0.001 ± 0.044

0.083 ± 0.128

0.003 ± 0.074

-0.067 ± 0.342

-0.085 ± 0.076

-0.070 ± 0.108

-0.032 ± 0.336

0.032 ± 0.063

-0.289 ± 0.469

-0.279 ± 0.094

-0.204 ± 0.097

-0.035 ± 0.250

0.252 ± 0.039

-0.082 ± 0.112

0.254 ± 0.211

-0.051 ± 0.173

-0.072 ± 0.059

-0.327 ± 0.131

0.000 ± 0.028

-0.039 ± 0.066

-0.009 ± 0.028

-0.130 ± 0.057

-0.212 ± 0.129

-0.156 ± 0.043

-0.156 ± 0.103

-0.060 ± 0.072

-0.109 ± 0.082

-0.189 ± 0.154

-0.087 ± 0.125

-0.271 ± 0.202

-0.643 ± 0.194

-0.862 ± 0.358

0.138 ± 0.282

-0.375 ± 0.184

0.220 ± 0.498

-0.163 ± 0.193

0.206 ± 0.234

-1.043 ± 0.399

-0.499 ± 0.191

-2.026 ± 1.901

-0.990 ± 0.478

-0.065 ± 0.174

-0.551 ± 0.362

0.134 ± 0.159

-0.946 ± 0.403

-1.490 ± 0.734

-0.731 ± 0.771

-0.070 ± 0.163

0.015 ± 0.062

0.584 ± 0.190

0.069 ± 0.036

-0.482 ± 0.325

0.021 ± 0.040

-0.198 ± 0.176

-0.501 ± 0.342

0.052 ± 0.156

-0.022 ± 0.084

0.088 ± 0.042

0.036 ± 0.057

0.081 ± 0.109

-0.030 ± 0.018

-0.023 ± 0.033

0.035 ± 0.032

0.034 ± 0.075

-0.195 ± 0.069

-0.321 ± 0.174

0.421 ± 0.354

-0.361 ± 0.546

-0.075 ± 0.082

0.715 ± 0.494

-0.148 ± 0.200

-1.050 ± 0.296

0.790 ± 0.298

0.091 ± 0.251

-0.050 ± 0.112

0.441 ± 0.261

0.176 ± 0.035

-0.037 ± 0.088

-0.052 ± 0.210

-0.190 ± 0.133

0.024 ± 0.017

-1.126 ± 0.435

0.159 ± 0.393

-0.125 ± 0.119

-0.148 ± 0.678

0.285 ± 0.134

0.194 ± 0.240

0.694 ± 0.281

-0.502 ± 0.263

-0.241 ± 0.096

-0.127 ± 0.101

-0.364 ± 0.175

0.154 ± 0.613

-0.166 ± 0.414

0.049 ± 0.073

0.157 ± 0.336

-0.052 ± 0.074

-1.068 ± 0.658

0.068 ± 0.135

-0.052 ± 0.102

0.032 ± 0.022

-0.192 ± 0.168

0.077 ± 0.158

-0.029 ± 0.080

0.014 ± 0.093

0.026 ± 0.061

-0.364 ± 0.190

0.136 ± 0.059

-0.300 ± 0.169

0.126 ± 0.191

-0.558 ± 0.360

0.003 ± 0.023

1.318 ± 0.603

0.472 ± 0.228

0.037 ± 0.026

0.194 ± 0.053

0.022 ± 0.042

-0.048 ± 0.092

-0.037 ± 0.044

-0.001 ± 0.110

-0.638 ± 0.370

0.052 ± 0.059

-0.483 ± 0.624

0.235 ± 0.440

-0.017 ± 0.047

0.224 ± 0.238

-0.088 ± 0.085

0.338 ± 0.502

-0.380 ± 0.259

-0.075 ± 0.122

-0.035 ± 0.049

0.012 ± 0.072

-0.302 ± 0.417

0.203 ± 0.084

-1.042 ± 0.485

0.086 ± 0.100

-0.005 ± 0.061

0.287 ± 0.148

-0.035 ± 0.179

0.145 ± 0.208

-0.601 ± 0.211

0.102 ± 0.095

0.020 ± 0.182

-0.071 ± 0.087

-0.932 ± 0.493

0.359 ± 0.347

0.025 ± 0.093

0.357 ± 0.076

-0.075 ± 0.103

0.090 ± 0.136

-0.829 ± 0.477

-0.097 ± 0.196

-0.622 ± 0.584

-0.233 ± 0.053

0.161 ± 0.046

-0.028 ± 0.108

0.088 ± 0.049

-0.070 ± 0.027

0.041 ± 0.048

-0.082 ± 0.122

-0.003 ± 0.026

-0.018 ± 0.039

0.186 ± 0.073

0.056 ± 0.060

-0.115 ± 0.185

0.149 ± 0.068

-0.063 ± 0.039

0.113 ± 0.103

-0.114 ± 0.258

-0.026 ± 0.057

-0.066 ± 0.098

0.168 ± 0.227

-0.027 ± 0.088

-0.047 ± 0.076

-0.091 ± 0.139

0.498 ± 0.247

-0.105 ± 0.121

0.657 ± 0.273

-1.317 ± 0.495

0.100 ± 0.109

0.102 ± 0.329

0.106 ± 0.065

-1.272 ± 0.669

0.111 ± 0.263

-0.061 ± 0.114

-0.113 ± 0.110

0.886 ± 0.155

-0.072 ± 0.231

0.193 ± 0.120

0.022 ± 0.213

-0.018 ± 0.141

0.161 ± 0.336

-0.238 ± 0.114

-0.408 ± 0.189

0.118 ± 0.134

-0.118 ± 0.109

-0.203 ± 0.168

Tussocks

Ari ads

-0.137 ± 0.084

-0.814 ± 0.392

0.365 ± 0.109

-0.181 ± 0.232

-0.013 ± 0.070

-0.058 ± 0.045

0.218 ± 0.075

0.450 ± 0.358

-0.953 ± 0.806

-0.410 ± 0.279

0.561 ± 0.163

-0.343 ± 0.201

-0.337 ± 0.231

-0.213 ± 0.079

0.408 ± 0.135

0.115 ± 0.074

0.059 ± 0.082

-0.318 ± 0.242

-0.005 ± 0.062

0.106 ± 0.105

0.094 ± 0.092

0.314 ± 0.193

0.032 ± 0.222

0.040 ± 0.068

-0.146 ± 0.151

-0.053 ± 0.286

0.097 ± 0.175

-0.541 ± 0.482

0.395 ± 0.171

0.245 ± 0.409

-0.341 ± 0.218

Cacti

Vines

Spo ten

0.133 ± 0.090

-0.131 ± 0.104

Succulents

Cyp ses

-0.133 ± 0.063

Tri spi

Bulb rosettes

Others

0.152 ± 0.048

Bou pol

Solitary gramminoids

0.044 ± 0.133

-0.102 ± 0.169

-0.127 ± 0.106

-0.142 ± 0.234

-0.417 ± 0.183

-1.001 ± 0.576

0.145 ± 0.063

0.048 ± 0.194

0.095 ± 0.068

-0.393 ± 0.344
0.126 ± 0.140

-0.303 ± 0.366

0.096 ± 0.066

-0.127 ± 0.207

0.159 ± 0.147

-0.039 ± 0.065

-0.056 ± 0.084

-0.076 ± 0.290

0.333 ± 0.219
-0.751 ± 0.554
0.111 ± 0.228

0.9

A

0.6

0.3

0
0.9

B

0.6

0.3

0
0.5

C

0.4
0.3
0.2

Mutualism (+,+)

Commensalism (+,0)

Neutralism (0,0)

Parasitism (-,+)

Ammensalism (-,0)

0

Competition (-,-)

0.1

Frequency of interactions using different cut points for zero interaction intensity. A:
cut at ± 0.3; B: cut at ± 0.2; C: cut at ± 0.1. Blue: Interactions affecting colonisation
probability; Red: Interactions affecting the number of colonisers

