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Abstract

Recent studies have suggested that intransitive competition, as opposed to hierarchical
competition, allow more species to coexist. Furthermore, it is recognized that the
prevalent paradigm, which assumes that species interactions are exclusively pairwise,
may be insufficient. More importantly, whether and how habitat loss, a key driver of
biodiversity loss, can alter these complex competition structures and therefore species
coexistence remain unclear. We thus present a new simple yet comprehensive
metapopulation framework which can account for any competition pattern and more
complex higher-order interactions (HOIs) among species. We find that competitive
intransitivity increases community diversity and that HOIs generally enhance this
effect. Essentially, intransitivity promotes species richness by preventing the
dominance of a few species unlike hierarchical competition, while HOIs facilitate
species coexistence through stabilizing community fluctuations. However, variation in
species vital rates and habitat loss can weaken or even reverse such higher-order
effects, as their interaction can lead to a more rapid decline in competitive
intransitivity under HOIs. Thus, it is essential to correctly identify the most
appropriate interaction model for a given system before models are used to inform
conservation efforts. Overall, our simple model framework provides a more

parsimonious explanation for biodiversity maintenance than existing theory.

Keywords: habitat loss, higher-order interactions, intransitive competition,

metapopulation model, pairwise competition, site-occupancy dynamics.
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1. Introduction

Despite interspecific differences in competitive ability, the high levels of biodiversity
present in ecological communities is a long standing mystery in community ecology
[1-4]. Classical modelling approaches demonstrate that competition between species
pairs often drives one species to extinction (competitive exclusion). Furthermore,
theoretical studies for large communities predict that community stability declines as
the number of species increases [5]. Consequently, established explanations for
community diversity rely in large part on exogenous factors which shape the
community. Such factors include niche-structured habitats, which permit species to
coexist through inhabiting different niches (niche theory [3]), or the existence of a
global metacommunity, in which all species coexist and from which local
communities are assembled by dispersal processes (neutral theory [6]). However,
empirical evidence that classical resource-based niche differences are essential for
coexistence is rare [7-9], and the species equivalence assumptions of neutral theory

are hard to reconcile with nature [10, 11].

An alternative coexistence mechanism is competitive intransitivity within the
community [12, 13]. This means that the competitive abilities of the species cannot be
ordered into a strict hierarchy (hierarchical competition [14]) instead forming
competitive cycles (e.g. the rock-paper-scissors game [15, 16]). Recent studies have
returned to this concept, noting that it could explain biodiversity maintenance as no
single species can outcompete all others [17-22]. More and more empirical evidence

of intransitive competition has been found in bacterial, phytoplankton, plant,
3
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vertebrate and invertebrate communities [16, 21, 23-27]. For example, Kerr ef al. [16]
showed that intransitive interactions occur between engineered strains of the
bacterium Escherichia coli, whereas Cameron et al. [24] found the parasite-grass-forb
intransitive competition, with the dynamics of the system conforming to a
rock-paper-scissors game. Additionally, Soliveres et al. [21] specifically documented
a positive relationship between the degree of intransitivity and species richness. Thus,
competitive intransitivity is suggested to play an important role in maintaining species

diversity in communities of varying types.

Additionally, the focus in most theoretical studies has been to use the species pair
as the fundamental unit of study (pairwise competition). However, in practice
complex community patterns and dynamics often cannot be explained solely by
pairwise interactions even with competitive intransitivity [28, 29]. This lack of
explanatory power has recently been attributed, at least partially, to higher-order
interactions (HOIs), i.e. interactions between more than two species simultaneously
[29-32]. Theoretical studies suggest that HOIs stabilize the dynamics of species-rich
communities [33, 34] and, as such, may promote community diversity in their own
right [33-36]. Such interactions have often been ignored previously because there was
little empirical evidence for their existence. However, more recent field studies, with
superior statistical techniques [37], have shown that HOIs are actually abundant in
nature [35]. For instance, a shrub can provide indirect benefits to a grass through
suppressing a forb in a shrub-forb-grass interaction chain [35], while Mayfield &

Stouffer [37] used direct statistical tests to find that HOIs significantly affect the

4

http://mc.manuscriptcentral.com/prsb



78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

Submitted to Proceedings of the Royal Society B: For Review Only Page 6 of 34

fecundity of three of six focal plant species by weakening the suppressive effect of
neighbours (e.g. from resource/space competition). Although both factors, including
intransitive competition and HOIs, play a vital role in maintaining biodiversity,
habitat loss, a key driver of biodiversity loss, greatly threatens ecological
communities. More importantly, little is known about whether and how habitat loss

can alter the effects of intransitive higher-order competition on species coexistence.

Building on classical site-occupancy models [14], we construct a new
comprehensive modelling framework for competitive communities encompassing
these factors. Specifically, the outcomes of competitive interactions between any pair
of species are encoded in a fournament matrix [17-20], allowing any possible
competitive structure to be represented. Higher-order interactions are incorporated by
permitting a fixed number of pairwise interactions to occur within each time unit,
providing a relatively simple representation of such interactions [34]. Finally, the
underlying site-occupancy model provides a straightforward way to introduce habitat
loss, one of the primary drivers of biodiversity loss worldwide. Using this extended
model, we explore how these factors: competitive intransitivity, HOIs, and habitat
loss, interact to influence community diversity. We show that, while competitive
intransitivity always has a positive effect on community diversity, the effect of HOIs

depends on other factors.

2. Methods

2.1. Metapopulation model for pairwise competition

http://mc.manuscriptcentral.com/prsb
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On the landscape scale, the dynamics of populations are typically modelled using the
site occupancy, or metapopulation, framework [14, 38-40]. It is assumed that the
landscape is divided into a finite number of colony sites and that population sizes can
be measured in terms of the number of sites that a species occupies. Implicitly, this
means that each colony site can only accommodate one single individual of a species.
Population growth occurs when new colony sites are established (colonization) and
the population decreases when an individual dies out (mortality). Each individual
produces colonizers (e.g. seeds or excess individuals) which can establish new
colonies. Thus, a species can be regarded as exerting a colonization pressure

proportional to its population size on the other colony sites within the landscape.

There are a variety of ways to model competition between species. In this study,
we assume that, on the time scale of the model, coexistence between species within a
colony site is impossible. Thus, competition is represented by allowing colonizers of
one species to displace an individual of another species (competitive invasion). The
probability (or rate) of competitive invasion is determined by comparing the relative

competitive strength of the species involved.

With these assumptions in mind, a community of n species can be modeled
using a system of equations of the following form (electronic supplementary material,
Model derivation in Appendix A)

dp;

i n n
pr Cipi(1 —U-—- Zj _ 1Pj) —ep; + Z!-: (cipiHyp; — ijjHjipi)- (1
Colonization Mortality Competitive invasion
6
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Here p;, c;, and e; represent: the fraction of sites occupied by species i; the rate at
which an individual of this species produces colonizers (colonization rates); and the
rate at which individuals of this species die out (mortality rates), respectively. The
terms in Eq. (1) describe how the population changes due to the three processes:
colonization, mortality, and competitive invasion described above. Species mortality
occurs at a constant rate e;, thus the expected change in site occupancy is given by
multiplying this rate by the fraction of occupied sites p;. Similarly, colonizers are
produced at a constant rate c;, so the colonization pressure is given by c;p;. However,
not all sites are available for colonization, thus we multiply by the rate at which a
colonizer moving at random would find an unoccupied site. This is expressed in terms
of the fraction of sites occupied by any species (Z;; P j) and, possibly, the fraction

of habitat sites that are unsuitable for any species establishment (U - habitat loss).

Finally, competitive invasions occur when a colonizer from one species finds a
site occupied by a species and displaces it. The terms H;; and Hj; are the
probabilities that species i displaces species j and that species j displaces species i
respectively, and are typically regarded as mutually exclusive, e.g. H;; + Hj;; = 1 and
H;=0.5 if i=j [19, 34]. The probabilities for the whole system can be encoded in a
tournament matrix H. Thus, the invasion term is given by a sum of the net result of
pairwise competition events, where species i displaces or is displaced by another
species j, which in turn depend on the competition pressure exerted by, and the

population size of, these species.

http://mc.manuscriptcentral.com/prsb
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140 If the vital rates of all species are assumed to be the same (c; = ¢ and e; = e), Eq.
141 (1) simplifies to

dp;
142 = Cpi(]- —U— Z]n= 1p]) —ep; +Cpi27= 1(Hij — H}l)pj (2)

143 After some straightforward algebra (see electronic supplementary material, Appendix
144  A), Eq. (2) can be rearranged to obtain

dp;
145 = cpi(l —U—p; + Z;li l.Mi]-pj) —ep;, (3)

146 with the matrix M having elements M;; = H;; — Hj; —1. Thus, the site occupancy of

e

147  species i at equilibrium is given by p;* = (1 —U-— *) " Mp; if Z;l L Mipj >

c j#i

e

148~ — (1 —U). Otherwise, p;" =0 and the model predicts the extinction of species i.

149  Classical analytical results for two- or three-species systems [13, 14, 38] can be

150  reproduced in this system (electronic supplementary material, Appendix A).
151  2.2. Extension for higher-order competition

152 Given that colonization pressure is applied globally within a landscape, it is

153  reasonable to assume that competitive invasions are not necessarily strict pairwise
154  events. For example, it is possible that different species might simultaneously invade
155  asite occupied by another species. The simplest resolution of such a case is to

156  determine the final state of the site from sequential pairwise competition between the
157  species involved [34]. Note, in particular, that this approach does not model the

158  typical HOI paradigm [33] where interspecific interactions vary depending on which
159  species are present. In our setting, the higher-order aspect arises simply from the

160  necessity of tracking a sequence of competitive events, i.e. where two species
8
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compete and the winner then competes with a third, which does not affect the final
competitive outcome. Thus, these HOIs summarize the outcomes of processes that
occur on faster time scales than the overall timescale of the metapopulation
framework, emphasizing effects of discordances in the temporal scales of competitive

Pprocesses.

It is relatively straightforward to incorporate three-way sequential pairwise
competition [34] into the existing framework obtaining

dp;
P Cipi(l —U-— Z;lz 1Pj) —ep;+ sz _,(2ciHyHy — c;H;Hpy — cicH Hi)pip,pie

(4)

The only difference between this equation and Eq. (1) is in the competitive invasion
term where we now consider the outcomes of invasions of sites occupied by species i,
J, and k in a similar way to that explained above. The asymmetry in the numerical
coefficients of the invasion term (2,1,1) arises from the fact that species i could
compete with species j to invade a site occupied by species k or vice versa with
species k to invade a site occupied by species j. As such, there are more sequential
contests in species-richer communities because of more combinations of the

triple-wise interaction.

As previously, if the vital rates of all species are assumed to be equal, Eq. (4)
simplifies to give

dp;
= Cpi(l —U— Z]le 1p]) —ep; +Cpi2;fk _ 1(2Hinik — H]LH]k — Hlek])p]pk,(S)

and, furthermore, can simplified to obtain
9
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dpi
i Cpi(l —-U+ Z;tkTijkpjpk —Di— Z;li ipj) —epi, (6)

where the matrix 7 has elements T = 2H;;Hy — Hj;Hj; — Hy;Hyj (see electronic
supplementary material, Appendix A). Thus the site occupancy for species i at

eqer e . .  _ e n % n x - n *
equilibrium is given by p;* = (1 —U— C) + Zj‘le-jkpj Pr — Zj;e i if Zj’kTijkpj

* n € . .
pPr — Zjiip]- >-—(1—"U) andis 0 otherwise.
2.3. Measurement of competition within a community

In two-species communities, either one species is a stronger competitor than the other,
Le. Hy > Hj denoted i > j, or the species have equal competitive ability (H;; = Hj;
= 0.5). This is a simple hierarchical pattern. However, when a third species is added,
a fundamentally new possibility is created. In particular, it is possible for the
competition to be hierarchical, e.g. i >j > k, or competition can be cyclic, e.g. i
outcompetes j which outcompetes £ which outcompetes i, denoted i > j > k> i (similar
to the rock-paper-scissors game). These patterns are described as transitive or

intransitive competition respectively.

Thus, competition within an n-species community has at least two measurable
aspects. Firstly, there is the degree to which the elements of the tournament matrix H,

i.e. the competition strengths H;;, vary within the community. At one extreme, all

ij>
species are competitively equal (neutral competition with H;; = 0.5); at the other, any
pairwise competition event has a certain winner and loser (i.e. H;; =0 or 1). This is
summarized by the coefficient of variation C.V.(H) = % with oy being the standard
deviation for all elements H;; and H the mean of these elements.

10
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Secondly, the degree of intransitivity can be quantified using the relative
intransitivity (R/) index of the tournament matrix H. This is given by [20]

Var,ps — Varmin 7
- Varmaex — Varmm’ ( )

RI=1
Here, Var,,s; denotes the variance of the row sums, h; = 27: Hyj or score
sequence, of the tournament matrix H. Var,,,, and Var,,, are the maximum and
minimum possible variances for the row sums of a competitive tournament matrix
with the same number of species as the observed tournament matrix respectively. The
minimum variance Var,,;, for the score sequence is obtained when the row sums are
as uniform as possible. High row sum variance means that a few species win the
majority of competitions, and hence corresponds to transitive competition. Low row
sum variance means all species have similar numbers of species that they can
outcompete, i.e. intransitive competition. When Var,,s is close to Var, ., a low Rl
index is obtained, indicating that transitive competition is prevalent in the community.

When Var,,s is close to Vary,,, a high Rl index is obtained. Note that when

C.V.(H) is low, all rows are similar and thus a high R/ index is always obtained.
2.4. Numerical simulations

Numerical methods (ODE45, Matlab 2016a) were used to determine the non-trivial
steady states (and hence the system diversities) for multi-species competitive systems
(see electronic supplementary material, figures S1-S4 in Appendix B and Matlab
codes in Appendix C). Simulations were run until initial transients had dissipated and
the long term system state had been reached (e.g. either reaching a fixed point or a

11
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periodic cycle). Species were assumed to be functionally extinct if the minimum site
occupancy at steady state (normally from 10,000~20,000 time steps) fell below 104
Each system was run for 20 replicates to establish the generic behaviour of the system

as opposed to that which could emerge from a specific set of initial conditions.

To further test the robustness of these steady states, a continuous stochastic
environmental perturbation W;(t) =02 X [1 —2-6(t)] - pi(t), with 2 being the
perturbation size/amplitude (2 = 0.1), 6(t) a uniform random variate that varies
temporally between 0 and 1 (i.e. §(t)~unif[0, 1]), and p;(t) the site occupancy of
species i at time ¢, was incorporated directly as a stochastic component of the
deterministic systems described above (i.e. stochastic differential equations, SDEs),
similar to Grilli ef al. [34]. As shown in figures S5-S7 (electronic supplementary
material, Appendix B), both stochastic and deterministic models yield qualitatively
similar trajectories in most cases; with stochastic fluctuations around the deterministic
dynamics. Only for neutral models (equal vital rates and either no competition or
equal competition ability for all species) do stochastic perturbations produce
non-trivial effects. In particular, while the deterministic model predicts high species
diversity in such cases, stochastic perturbations eventually lead to dominance by a

single species.

The effect of the following factors: variation in competition strength C.V.(H);
intransitivity of competition (R/); the degree of habitat loss (U); and the number of
species in the initial community (7), on community diversity was then explored.

Specifically, distinct systems were generated by systematically varying these
12
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parameters. The resulting community diversity was then found and related to the
controlled parameter. This is straightforward for U and n, but C.V.(H) and R/ require
more explanation (see below). Additionally, cases where all species within the
community had the same vital rates and cases where these vital rates were permitted

to differ between species were considered separately.

The effect of variation in competition strength C.V.(H) was explored (see figure 1)
by randomly generating tournament matrices H subject to the condition that
H;+H;=1. Each matrix / was randomly constructed using the given two elements
{0.5, 0.5}, {0.49, 0.51}, {0.48, 0.52}... {0, 1} respectively with 0.01 increments
around the mean competition strength H=0.5. The coefficient of variation C.V.(H)
was computed for each realized system. Note that, in such randomly-structured
matrices, competitive intransitivity is generally very high (0.9 < R/ < 0.98) (see
electronic supplementary material, figure S8 in Appendix B). To verify the generality
of the outcome, we additionally constructed another type of random tournament
matrices H (electronic supplementary material, figure S9 in Appendix B), where one
element in each pair of competitors i-j was produced randomly from a uniform
distribution with range varying from [0.49, 0.51] to [0, 1] (with 0.01 increments) and

the second determined from it (H;+ H;;=1).

As such, to assess the effect of R/, it is necessary to choose a tournament matrix
H with high variation in competition strength (//;;= 0 or 1) and permute it [20]. First a
matrix with purely hierarchical competition was constructed (1>2>3>-->pn),

containing all ones above the diagonal and all zeros below the diagonal. Then, the
13
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interaction between each pair of species (i, j) was reversed with probability £, a
random perturbation of the tournament matrix. This probability f was taken from the
following set of values {0, 0.05, 0.1, 0.15...0.95, 1}, yielding a broad range of R/

values.

In systems where vital rates were permitted to vary within the community, the ¢;’s
and e;’s were drawn randomly from uniform distributions with ranges unif[0.6,1] and
unif[0,0.2] respectively. To test the robustness of these outcomes, a broad range of
biologically reasonable parameter combinations were explored (electronic
supplementary material, figures S8-S14 in Appendix B) and found to yield
qualitatively similar outcomes (e.g. effects of variation in species vital rates in
electronic supplementary material, figure S11 in Appendix B), thus allowing us to
present our general results in figures 1-4 by choosing a single reference case. In this
study, we attempt to check whether there is any difference in the competitive outcome
between pairwise and higher-order competition in landscapes with habitat loss by

varying species vital rates.

3. Results

3.1. Intransitive competition promotes diversity when differences in competitive
ability are large

In the long term, a community where all species have identical vital rates and equal
competition strength (a neutral community), will be dominated by a single species

(figure 1 V-VIII; electronic supplementary material, figure S5 in Appendix B and

14
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system analysis in Appendix A). However, introducing a small random variation in
competition strength allows a coexisting sub-community to emerge. Community
diversity declines, to a greater or lesser extent depending on other factors, but
eventually saturates at higher levels than can be obtained in the neutral community. If
the colonization and mortality rates of species within the community differ, the effect
of a small variation in competition strength is less dramatic (figure 1I-1V). Instead,
community diversity increases gradually as variation in competition strength increases,
saturating at levels slightly lower than those seen in communities with no variation in
vital rates.

As noted previously, in order to investigate the full range of possible relative
intransitivity (R/) values, it is necessary to fix variation in competition strength at a
high level. If the outcome of any competitive interaction is certain (/;= 0 or 1),
increasing the R/ degree also increases community diversity (figure 2). The
relationship contains two ranges where diversity increases quickly, for low levels of
relative intransitivity and then for high levels of relative intransitivity, separated by an
intermediate range where diversity increases slowly, although note that these ranges
become more or less distinct depending on other factors. This relationship can be well
described by a degree 3 polynomial. Thus, this suggests that intransitivity in
competition between species enables greater diversity within the community. Note
that random community structures display very high R/ levels (electronic
supplementary material, figure S8 in Appendix B) and, as such, ecological
communities are likely to have this property.

15
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311 However, competitive intransitivity is not sufficient to ensure high community

312 diversity. When all species are equal competitors, i.e. variation in competition

313 strength is O (figure 1), competition is intransitive yet community diversity is low.

314  Furthermore, when variation in competition strength is low, the effect of intransitive

315  competition can be overwhelmed by variation in the other vital rates of species (cf.

316  figure 1 I & V). In this case, as variation in competition strength increases,

317 community diversity increases. These trends suggest that the effect of intransitive

318  competition on diversity depends on the degree to which competition strength varies

319  within the community.

320  3.2. Predictions of community diversity are dependent on the complexity of

321  competition

322 There are pronounced differences in the effects of competition on community

323  diversity dependent on whether competition occurs pairwise or as a three-way

324  interaction (figures 1 & 2). Specifically, for models with no variation in vital rates,

325 there is a pronounced increase in community diversity when HOIs are included.

326  However, this difference is significantly reduced when other vital rates are chosen

327  randomly for each species (figures 1 & 2; electronic supplementary material, figures

328  S9 & S11 in Appendix B); although the overall trends are preserved.

329 As can be expected, increasing levels of habitat loss, decreasing habitat

330 availability, reduce community diversity. However, again differences emerge

331  depending on whether pairwise or higher-order competition is considered (figures 2 &

332 3). When vital rates are permitted to vary, higher-order competition produces higher
16
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diversity than pairwise competition for low levels of habitat loss, but this reverses for
high levels of habitat loss. This switch in predicted outcome is not observed if all
species have the same vital rates, where HOIs always maintain higher species
diversity than pairwise competition (electronic supplementary material, figure S14 in
Appendix B).

3.3. Community diversity declines with initial community size

Finally we test the effect of initial community size on the fraction of species that can
coexist in the competitive system (figure 4). Regardless of variation in vital rates, the
fraction of survival species declines as the initial number of species increases. This
decline is approximately linear with respect to the log-scale of the initial number of
species, indicating a simple reciprocal relationship. This outcome can be explained as
a combination of two factors. Firstly, a finite number of species can coexist
(determined by the other factors discussed), and the observed decline is a natural
consequence of computing diversity relative to the initial number of species in the
community. Secondly, the more species the initial community has, the less likely it is
that a transitive competitor will be present at a higher position in the competitive
hierarchy than species that are part of a stable intransitive sub-network (see figure S8
in Appendix B). Thus, larger communities favor an intransitive competition structure

and hence lower diversity.

4. Discussion

In this study we present a general framework for modelling the landscape scale

dynamics of a community with direct competitive interactions. Metapopulation
17
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models were initially developed to investigate community assembly arising from the
interplay of colonization and mortality processes in finite habitats [41]. Since then the
framework has often been used to describe direct competition between species with a
specific, typically hierarchical, structure [14]. These studies have shown that a
tradeoff between colonization and competition ability can maintain community
diversity within the landscape. However, an increasing number of empirical studies
have observed intransitive competition structures in natural communities [16, 21,
23-27], suggesting that an alternative paradigm is required. The more general
framework used in this study readily allows a broad range of different competition
structures to be explored. In doing so we find that intransitive, e.g. cyclic, competition
structures, associated with HOIs, facilitate species coexistence (figures 1 & 2).
Essentially, intransitivity promotes species richness by reducing interspecific
difference in cumulative interactions (including positive and negative) and therefore
mitigating competitive exclusion, as those species subject to decreased negative
cumulative interactions remain viable in the system. In addition, HOISs facilitate
species coexistence through decreasing population fluctuations and thus stabilizing
community dynamics compared to pairwise competition (electronic supplementary

material, figures S1-S4 in Appendix B), similar to Grilli ef al. [34].

Intransitive, rather than hierarchical, competition structures mean that there is no
single dominant species, or group of species, which outcompete the others. Instead,
each species outcompetes some species and is outcompeted by others. As such,

decreasing the abundance of any competitor in the intransitive loop propagates
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through the competitive network in a manner that feeds back to favor the recovery of
the perturbed species. This creates dynamic species-specific niches within the
landscape; sites occupied by species that a given species can outcompete represent
opportunities for that species to expand. If all species have similar competition ability,
with only small advantages and disadvantages, these niches are only weakly
differentiated, while, if differences in competition ability are large, these niches
become more pronounced. Thus, the effects of competitive intransitivity can be
understood in terms of niche theory, in that clearly defined niches promote
community diversity. However, this niche creation is actually a result of the interplay
of species interactions and environmental constraints [42]. Competitive intransitivity
could, for example, arise in a situation with three limiting resources and three
consumers, and each consumer is superior in competing for a different resource [43,
44]. By manipulating the relative resource supply rates, the phenomenological
competitive pattern could easily shift from a transitive to an intransitive one,
determined by the external environment. As such, it presents a welcome unification of
neutral and niche theories, allowing the assembly of diverse communities. Besides the
niche difference, the outcome of intransitive competition promoting species
coexistence can also be explained by the fitness difference among species in the
context of Chesson’s coexistence theory [3, 45, 46]. There exists a large difference in
species fitness in strict hierarchical competitive communities, in contrast to the
intransitive competition structures in which all species have similar fitness. Thus,
differences in the fitness of those species drive competitive exclusion, with large
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differences suppressing coexistence. Recently, an increasing number of empirical
studies have observed competitive intransitivity in natural communities [16, 21,
23-27], supporting the conclusion that intransitive competition may be an alternative
mechanism driving community diversity. However, we should note that intransitive
rather than hierarchical structure is considerably more probable in random
competition matrices (electronic supplementary material, figure S8 in Appendix B)

and so it is possible these patterns arise by chance.

Perhaps more significantly for ecological applications, community diversity
responds differently to habitat loss depending on which type of competition is used in
the model. Recent studies have suggested that the existence of HOIs allow more
species to coexist than purely pairwise interactions [33, 34, 47]. We demonstrate that,
while this holds for low levels of habitat loss, at high levels of habitat loss HOIs
reduce community diversity. Essentially, an increase of habitat loss associated with
variation in species vital rates can lead to a more rapid decline in competitive
intransitivity under HOIs (see figure S12 in Appendix B). In other words, habitat loss
and demographic variation interact to damage intransitive structures and shape more
hierarchical competitive communities, thereby accelerating species exclusion.
Consequently, it is important to determine which type of interaction is most
appropriate for a particular system, prior to basing conservation activities on the

predictions of a mathematical model.

We suggest that the relatively long timescales implicit in site-occupancy

modelling mean that higher-order competition is more likely to be appropriate. In
20
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particular, it is likely that colonizers from multiple species may interact before a new
sub-population establishes itself on a specific site. However, pairwise competition
may be appropriate for specific ecological systems. It should be noted that previous
studies have suggested that higher-order effects may be comparatively rare [30], since
it has been commonly argued that effects of pairwise competition are likely to
counteract each other in higher-order combinations such that they essentially cancel
out [48]. However, this observation does not relate directly to sequential pairwise
competition of the type modelled here [34]. Furthermore, given that variation in vital
rates can reduce the difference between pairwise and higher-order competition, it may
be difficult to distinguish these cases in empirical studies. Interestingly, Worthen &
Moore [49] provided some empirical support for this inference, as they documented a
significant higher-order effect among mycophagous drosophilids and suggested that
the multigenerational laboratory studies may underestimate or obscure the importance

of HOIs for community stability.

For mathematical simplicity, we make several assumptions in our model. First,
we assume that all species are able to access any site within the habitat. Although
more limited dispersal paradigms could be used, it does not change the major
qualitative predictions of the spatial competition model [50]. The second assumption
used in our model is the division of habitat into suitable and unsuitable sites. In fact,
real habitats rarely consist of neatly divided colony sites of “habitat™ and
“non-habitat”; instead habitat degradation coincides with reduction in habitat quality,

so that most habitats show at least some levels of habitat variegation (varying
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suitability for species). However, since we are less concerned with exogenous niches
than those which emerge as a result of species interactions, this is not a significant
limitation for this study. The third assumption is that pairwise competition is strictly
hierarchical and that no coexistence is possible within a colony site. In practice, local
coexistence is possible in many communities, which allows more complex forms of
interaction between species [46, 51-53]. Such complexities are beyond the scope of
this study, but they might form the basis of future work. Finally, a set of differential
equations are used to draw conclusions about an intrinsically stochastic process.
However, we find that stochastic perturbations of these systems do not significantly
affect the results we present here. Furthermore, several stochastic individual-based
simulations on intransitive competition yield qualitatively similar outcomes [20].
Thus, while the model presented here is a simplification of the complexity in nature, it
can capture many essential features of competition among species in a physically

homogeneous habitat.

The relative simplicity of this model presents the opportunity to use realized
species abundance profiles to estimate vital rates and competition structure within
communities. However, at present suitable empirical data for such tests does not exist.
As such, detailed experimental work designed with these interactions in mind would
be beneficial. We suggest that extensions to microcosm experiments [16, 54] or
controlled field observations [21, 22, 37], could fill this gap. However, we note that
higher-order competition may be difficult to distinguish from pairwise competition

outside of highly controlled experiments, due to the confounding effect of variation in
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other vital rates. Thus, true field studies would need to separate the effects of variation
among species from that of the community competition structure. A practical reason
why HOISs in general have received less attention than pairwise interactions is due to
increasing experimental complexity imposed by collecting data for all subsets of
species combinations in a factorial design [48]. However, the type of higher-order
competition considered here, which is simply sequential pairwise competition, does
not pose this difficulty. Specifically, one could simply assess pairwise interactions
between species in a controlled setting and then compare relative abundances in field

trials to those predicted by a parameterized model [35].

We introduce a flexible model for incorporating direct competition into the
traditional metapopulation model. Our results suggest that this framework unifies
aspects of neutral and niche theory, demonstrating that variation in competition
between species can create dynamic niches that permit community diversity.
Furthermore, to our knowledge, this is the first attempt to compare pairwise and
higher-order competition in a metapopulation context. Intransitive competition
structures may be an important unrecognized mechanism for community diversity

maintenance, and, as such an important factor in future conservation efforts.
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Figure legends

Figure 1. Effect of variation in competition strength on the fraction of surviving species
(solid line plus shaded area: mean + SDs of 20 replicates for each case) under both pairwise
(red) and higher-order (blue) competition in a multispecies system (n=50) subject to habitat
loss (U=0, 0.25, 0.5 and 0.75) at steady state, by considering both variation in vital rates (I-IV:
colonization rates c~unif[0.6, 1] & mortality rates e,~unif[0, 0.2]) and identical vital rates
(V-VII: ¢=0.8 & ¢=0.1). Each matrix H is randomly generated using the given two elements
{0.5, 0.5}, {0.49, 0.51}, {0.48,0.52} ...{0, 1} respectively with 0.01 increments around the
mean H=0.5 (note Hj+H;=1), and the corresponding values of relative intransitivity (R/) are
shown in figure S8 in Appendix B (electronic supplementary material). Variation in
competition strength is represented by the coefficient of variation C.V.(H) = oy/H with oy
being the standard deviation for all elements H;; and H (=0.5) the mean of these elements.
Note that, only one species can survive in graphs (V-VIII) when there is no variation in
competition strength in the systems incorporating a continuous stochastic environmental
perturbation W;(t) =0 X [1—2-8(t)] - pi(t), with 2 = 0.1 being the perturbation size, §
(t)~unif 0, 1] a uniform random variate that varies temporally, and p;(t) the site

occupancy of species i at time ¢ (see Methods).

Figure 2. Effect of relative intransitivity (R/) on species coexistence in a multispecies (n=50)
system subject to habitat loss (U=0, 0.25, 0.5 and 0.75), regarding variation in vital rates

(I-IV: ¢~unif[0.6, 1] & e~unif[0, 0.2]) and identical vital rates (V-VIII: ¢=0.8 & e=0.1)
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separately. Two types of competition are considered: pairwise (red circles) and higher-order
(blue circles) competition, with 3-order polynomial fitting (solid lines, measured by R?). A
broad range of R/ values are generated randomly with 20 replicates for each perturbed
fraction (=0, 0.05, 0.1..., 0.95, 1), using elements H;=0 or 1 in the tournament matrix

(note Hy; + H;=1; see Methods).

Figure 3. Effect of habitat loss on the fraction of surviving species (20 replicates for each
case) in a multispecies competitive system (n=50) with variation in vital rates (c~unif[0.6, 1]
& e~unif]0, 0.2]), fitted by 3-degree polynomial functions (solid lines, measured by R?).
Three levels of relative intransitivity (R/) are considered for both pairwise (red circles) and
higher-order (blue circles) competition, with /;=0 or 1 in the tournament matrix / (note Hj
+ H;=1; see Methods): (a) 0.55<RI<0.6, (b) 0.75<R/<0.8 and (c) 0.9<RI<0.95 (i.e.

randomly-structured interactions).

Figure 4. Effect of initial species richness on the fraction of surviving species in a
competitive system subject to habitat loss (U=0, 0.25, 0.5 and 0.75) at steady state,
considering both variation in vital rates (I-IV: c¢,~unif[0.6, 1] & e~unif[0, 0.2]) and identical
vital rates (V-VIII: ¢=0.8 & e=0.1) at 0.9<RI<0.95 (with H;=0 or 1 in the tournament matrix
H: Hj; + H;=1; see Methods). Each case is run with 20 replicates for pairwise (red circles) and
higher-order (blue circles) competition separately with linear fitting (but with the x-axis log

scale; solid lines), measured by R
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Figure 1. Effect of variation in competition strength on the fraction of surviving species (solid line plus
shaded area: mean % SDs of 20 replicates for each case) under both pairwise (red) and higher-order (blue)
competition in a multispecies system (n=50) subject to habitat loss (U=0, 0.25, 0.5 and 0.75) at steady
state, by considering both variation in vital rates (I-IV: colonization rates ci~unif[0.6, 1] & mortality rates
ei~unif[0, 0.2]) and identical vital rates (V-VIII: c=0.8 & e=0.1). Each matrix H is randomly generated
using the given two elements {0.5, 0.5}, {0.49, 0.51%}, {0.48, 0.52} ...{0, 1} respectively with 0.01
increments around the mean H =0.5 (note Hij+Hji=1), and the corresponding values of relative intransitivity
(RI) are shown in figure S8 in Appendix B (electronic supplementary material). Variation in competition

strength is represented by the coefficient of variation C.V.(H)=0_H/H with o_H being the standard deviation

for all elements H_ij and H (=0.5) the mean of these elements. Note that, only one species can survive in

graphs (V-VIII) when there is no variation in competition strength in the systems incorporating a continuous
stochastic environmental perturbation W_i (t)=Qx[1-2:8(t) ]-p_i (t), with Q=0.1 being the perturbation
size, 8(t)~unif[0,1] a uniform random variate that varies temporally, and p_i (t) the site occupancy of
species i at time t (see Methods).
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Figure 2. Effect of relative intransitivity (RI) on species coexistence in a multispecies (n=50) system subject
to habitat loss (U=0, 0.25, 0.5 and 0.75), regarding variation in vital rates (I-IV: ci~unif[0.6, 1] &
ei~unif[0, 0.2]) and identical vital rates (V-VIII: c=0.8 & e=0.1) separately. Two types of competition are
considered: pairwise (red circles) and higher-order (blue circles) competition, with 3-order polynomial fitting
(solid lines, measured by R2). A broad range of RI values are generated randomly with 20 replicates for
each perturbed fraction f (=0, 0.05, 0.1..., 0.95, 1), using elements Hij=0 or 1 in the tournament matrix H
(note Hij + Hji=1; see Methods).
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Figure 3. Effect of habitat loss on the fraction of surviving species (20 replicates for each case) in a
multispecies competitive system (n=50) with variation in vital rates (ci~unif[0.6, 1] & ei~unif[0, 0.2]),
fitted by 3-degree polynomial functions (solid lines, measured by R2). Three levels of relative intransitivity
(RI) are considered for both pairwise (red circles) and higher-order (blue circles) competition, with Hij=0 or
1 in the tournament matrix H (note Hij + Hji=1; see Methods): (a) RI=0.55~0.6, (b) RI=0.75~0.8 and (c)
RI=0.9~0.95 (i.e. randomly-structured interactions).
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Figure 4. Effect of initial species richness on the fraction of surviving species in a competitive system subject
to habitat loss (U=0, 0.25, 0.5 and 0.75) at steady state, considering both variation in vital rates (I-IV:
Ci~unif[0.6, 1] & ei~unif[0, 0.2]) and identical vital rates (V-VIII: c=0.8 & e=0.1) at RI=0.9~0.95 (with
Hij=0 or 1 in the tournament matrix H: Hij + Hji=1; see Methods). Each case is run with 20 replicates for

pairwise (red circles) and higher-order (blue circles) competition separately with linear fitting (but with the
x-axis log scale; solid lines), measured by R2.
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