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Abstract

Ecologists have long sought a way to explain how the staggering biodiversity observed in na-
ture is maintained. On the one hand, simple models of interacting competitors cannot produce the
stable persistence of very large ecological communities !~; on the other hand, neutral models®?,
in which species do not interact and diversity is maintained by immigration and speciation, yield
unrealistically small fluctuations in population abundance '°, and a strong positive correlation be-
tween a species’ abundance and its age'!, contrary to empirical evidence. Models allowing for
the robust persistence of large communities of interacting competitors are lacking.

Here we show that very rich communities could persist thanks to the stabilizing role of higher-
order interactions '>!3, in which the presence of a species influences the interaction between other
species. The existence of higher-order interactions has been debated in ecology for decades 416,
but their role in shaping ecological communities is still understudied>. Our results show that
higher-order interactions can have dramatic effects on the dynamics of ecological systems, pro-
ducing models in which coexistence is robust to the perturbation of both population abundances
and parameter values. Introducing higher-order interactions has strong effects on models of closed
ecological communities, as well as simulations of open communities in which new species are
constantly introduced.

Notably, in our framework higher-order interactions are completely defined by pairwise inter-
actions, easing empirical parameterization and validation of our models.

Here we study deterministic models describing communities in which the number of individuals
is large and the system is isolated (e.g., bacterial strain competition in laboratory conditions !”); in the
Supplementary Information (S4) we examine the case in which the dynamics are stochastic, which
best describe communities in which the number of individuals is finite. Finally, we allow new species
to be introduced at a given rate, allowing for a comparison with neutral models (Supplementary Infor-
mation S5).

While our results hold for a wide class of systems, to exemplify our findings we consider the
dynamics of a forest in which there is a fixed, large number of trees, so that we can simply track x;(7),
the proportion of trees of species i at time 7, with };x;(¢) = 1. At each step, a randomly selected
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tree dies, opening a gap in the canopy (i.e., we initially assume identical per capita death rates for all
species). This event ignites competition among seedlings to fill the gap. Suppose that all individuals
produce the same number of seedlings, and that we pick two seedlings at random, with the winner of
the competition filling the gap (Fig. S1). The matrix H encodes the dominance relationships among
the species: H;; is the probability that the first seedling, belonging to species i, wins against the second
seedling, belonging to species j. Clearly, H; =!/2 for all i, and H;; + Hj; = 1 for all i and j. If all
Hjj=1 /2, we recover a neutral model. At the other extreme lies a model in which each pair (H; i, H ﬁ)
is either (1,0) or (0,1) (i.e., species i always wins or always loses against j), in which case H is
called a “tournament matrix”'3. A number of results have been derived for this case'®, showing that
coexistence is possible when species form “intransitive cycles” of competitive dominance, such as in
the rock-paper-scissors game>’. Here we extend these previous findings ' to the most general case in
which interactions range from neutral to complete dominance.
We can approximate the dynamics of the n species as

B 2 Y Hige0) — o), 1)
J

where —x;(7) models the death process, and x;(¢)2H;;x;(t) is the probability of picking two seedlings

of species i and j, with i winning the competition. The factor 2 arises from the fact that we could pick

i first and j second, or vice versa, with the same outcome.

Simple manipulations (Supplementary Information S1) show that these equations are equivalent

to the system
d"c’l(t) = xi(t) ) Py (1), @)
! j
which is the celebrated replicator equation?!?> for a zero-sum, symmetric matrix game with two
players and payoffs encoded in the skew-symmetric matrix P = H— H’. This equation is at the core
of evolutionary game theory, with applications spanning multiple fields >3-4,

Thanks to this equivalence, we are able to characterize the dynamics. Unless specified, we as-
sume H to be of full rank, i.e., all of its eigenvalues are nonzero. We show in the Supplementary
Information that violations of this assumption are unbiological, amounting to degenerate cases in
which slightly altering the parameters dramatically changes the outcome. Suppose that we start with
n species and initial conditions x;(0) > 0, and that we let the dynamics unfold. Once the transient
dynamics have elapsed, we find k < n coexisting species, with k being odd. The n — k species that go
extinct do so irrespective of initial conditions, and the k coexisting species cycle neutrally around a
unique equilibrium point x* (Fig. 1, Supplementary Information S1).

How large is k when we build the matrix H at random? When drawing H;; (with i < j) from the
uniform distribution % [0, 1] and setting the corresponding H;; = 1 — H;;, we find that the probability
of having k species coexisting when starting with n, p(k|n) = 0 when k is even, and p(k|n) = (})2'™"
when k is odd?® (Fig. S2). This matches what found for tournament games %126 in which dominance
is complete: we expect half of the initial species to coexist, irrespective of the choice of n; moreover,
monodominance is extremely rare, and about as rare as the coexistence of all species. Thus, this theory
generates high biodiversity without the need to fine-tune parameters.

This model can generate any species-abundance distribution: for any choice of x*, we can build
infinitely many matrices H such that Eqs. 1 and 2 have x* as an equilibrium (Supplementary Infor-
mation S1). Note that this is true irrespective of the fact that x* contains an even or odd number of
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Figure 1: Sampling two seedlings: cycles. Dynamics of a forest where two randomly sampled
seedlings compete to fill the gap in the canopy opened by the death of a tree. Seedlings of species i
have probability H;; of winning against those of species j (shade of the arrowheads; H;; +Hj; = 1). a)
When starting with n species, n — k species go extinct, and k coexist. Given a matrix H, the identity
of the species coexisting or going extinct is the same irrespective of initial conditions. The k species
that coexist cycle neutrally around a single equilibrium point. b) The same is found when dominance
is complete, such as in the rock-paper-scissors game'?. c) For any possible species-abundance dis-
tribution x*, we can build a matrix H such that the species coexist and x* is an equilibrium of Eq. 1
(Supplementary Information S1). This is true even when x* contains an even number of species—
though this case is not robust to small changes in parameters (Supplementary Information, Fig. S4).
d) The same holds for any number of species in the system.
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species (Fig. 1)—but the case in which an even number of species coexist is degenerate: the system
has infinitely many neutrally stable equilibria, and a slight change of H would result in the extinction
of at least one species (Supplementary Information, Fig. S4).

In summary, the model in Eq. 1 can lead to arbitrarily many species coexisting even when com-
petitive abilities are drawn at random; moreover, it can generate any possible species-abundance dis-
tribution. While the neutral cycling around equilibrium is problematic (such cycles are not observed
in nature, and would lead to monodominance in a noisy, stochastic world, Supplementary Informa-
tion S4), the main issue with this model is that it is highly unrobust: any deviation from perfectly
identical death rates and fecundities for all species destabilizes dynamics, leading to monodominance
(Supplementary Information, Fig. S4).

Following recent mathematical results?’, we explore a possible solution to this problem. So far,
we have taken exactly two seedlings, competing with each other to fill the gap in the canopy. In
nature, we would observe a much richer seedbank, potentially leading to the competition among many
seedlings. We therefore study a model in which we take three seedlings at random, compete the first
with the second, and the winner with the third. The deterministic approximation of this model reads

dx(llft) = x;(1) (Zk,(ZHinik + HjjH ji + HigHy )x(2) X (t) — 1) ; (3)
Js
where H;;Hj is the probability that i beats both j and k, H;;H j; that j beats k, but ultimately is beaten
by i, and H; H; that first k beats j, and then i beats k. Surprisingly, this small modification leads to
a major change in the dynamics: though the equilibrium point is unchanged, it is now globally stable
(Fig. 2 and Supplementary Information S1). Increasing the number of seedlings that compete to fill
each gap simply accelerates the dynamics, speeding up convergence to the equilibrium (Fig. S3).
While the model in which we sample two seedlings yields the replicator equation for a two-player,
symmetric matrix game, Eq. 3 is equivalent to the replicator equation for a three-player game (Sup-
plementary Information S1):
dui(r)

pr =x;(t) Y P (1)xi (1), 4)
I

where P is a 3-index tensor encoding the payoff of player 1 playing strategy i when player 2 plays j and
player 3 plays k. The payoffs can be calculated from the matrix H: P, = 2H;;Hy — H;;H ji — H;Hy
(where the first term includes the probability of i winning against both j and &, and the remaining two
terms the probability that either j or kK dominate).

This latter formulation makes it clear that the stabilizing effect is due to higher-order interac-
tions>!2: suppose the matrix H is constructed as in a rock-paper-scissors game; then the presence
of the rock-plant can reverse the outcome of the competition between the paper- and the scissors-
plant. In our model, higher-order interactions do not alter equilibrium values, but have a dramatic
stabilizing effect, leading to globally stable fixed points instead of neutral cycles. Including fourth- or
higher-order terms simply accelerates the convergence to equilibrium. As such, as long as there is a
chance of competing more than two seedlings at a time, dynamics will converge. Most importantly,
results are qualitatively robust to the perturbations of the death rates and fecundities of the competitors
(Supplementary Information, Fig. S4).

One formidable challenge of estimating higher-order interactions empirically is that for n species
we have (5) = n(n—1)/2 pairs of interactions, but the number of triplets is much higher ((3) =



Higher-order interactions stabilize competitive dynamics

Nature (2017) 548:210-213

Page 5

b)

d)

e A

0.4+

xi(t)

0.3+

0.2-

0.4+

xi(t)

0.2

0.1-

0.4+

xi(t)

0.2

0.1-

0.34

t

A

I WYV

0 50 100 150 200
t

0 10 20 30 40 50
t

0 50 100 150 200
t

i

| W"\M’v

‘(’7' A\,
0 100 200 300 400

Figure 2: Sampling three seedlings: stability. When we sample three seedlings at a time instead of
two, and we compete the first with the second and the winner with the third, the equilibrium point is

unchanged, but is now globally attractive. The four cases correspond to those in Fig. 1.
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n(n—1)(n —2)/6)—requiring many experiments. Instead of introducing new coefficients, here we
have chosen the most “natural” and conservative parameterization: higher-order interactions are fully
determined by pairwise interactions, as shown by the fact that we can write all models in terms of
the pairwise relationships encoded in H. This makes the models empirically testable by, for example,
competing bacteria in laboratory conditions!”.

We have shown the equivalence of models in which competition happens in a sequence of bouts
(Eq. 3) with models in which interactions are simultaneous and involve more than two species at a time
(Eq. 4). Because of a separation of timescales (the filling of a gap is fast, compared to the lifespan
of trees), the two types of models have the same deterministic form, blurring the traditionally-held
distinction between so-called interaction chains and “proper” higher-order interactions>2®. Our results
may have important implications for a variety of ecological systems; for example, in models in which
reproduction is not instantaneously coupled with consumption, an animal could consume a resource,
but be consumed before reproduction—yielding the same mechanism that stabilizes our competitive
communities when we sample three seedlings at a time. Similarly, the stabilizing role of higher-order
interactions in random replicator equations has been recently proposed®’, and our analytical results
shed light on these findings.

Moving from deterministic to stochastic models, we find that the presence of higher-order interac-
tions, which make equilibrium points attractive, dramatically increase>" time to extinction in isolated
systems, allowing for the prolonged coexistence of species (Supplementary Information S4). When
we open the system to the introduction of new species (Supplementary Information S5), we recover
many of the main results of neutral theory, but remove the artifactual relationship between a species
age and its abundance—one of the main drawbacks of neutral models!'.

Our results strengthen the theory of coexistence in zero-sum competitive networks in several ways.
First, we have widespread coexistence without having to invoke either of two extreme cases: perfect
ecological equivalence (neutral model) or complete dominance (coexistence through intransitive com-
petition). In nature, the outcome of competition could be mediated by a number of factors (e.g.,
soil chemistry, presence of consumers), so that competitive dominance could range from neutral to
complete. Second, many species coexist even when we draw parameters at random, meaning that
the results are highly robust. Third, in this formulation, the notion of intransitivity, which is central
to coexistence in competitive networks in which dominance is complete'?, is no longer necessary
for coexistence (Supplementary Information S3). Fourth, the artifact of neutral cycling is due to the
choice of only two competitors per bout—a choice dictated by mathematical convenience rather than
by empirical evidence. Including more biological realism in the form of multiple competing species
removes the artifact, leading to dynamics that are stable against perturbations of species abundances
and robust against changing model parameters.
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Methods

To exemplify the role of higher-order interactions in shaping ecological dynamics, we consider a
model of a forest in which whenever a tree dies, a certain number of seedlings compete to fill the gap
in the canopy (Fig. S1). We start by writing the microscopic rate Wig-m) at which species j loses an
individual (1; — n; — 1), while species i gains an individual (1; — 1; + 1). The index m specifies that
we consider the case in which m seedlings at a time compete to fill in the gap. When there are many
individuals we can track proportions (x;(¢) = 1;(t)/ ¥ ;1;()), and setting m = 2, we can write this rate

as:

2 fixi Sx
Wiy = dix; Y fixi % ¥ fu L2 Y fixi ©)
in which f; and d; are the fecundity and death rate of trees belonging to species i. Using the notation
F(x) =Y, fix;, the term fix;/ Y fix; = fix;/F(x) is the proportion of seeds in the seedbank belonging
to species i. Finally, the matrix H encodes the probability of winning for every pair of species, so that
Hj; is the probability of seedling of species i beating those of species k, and the factor 2 arises from
the fact that we could sample i first and k second, or vice versa. Then, the term WL-S-Z) can be interpreted
as the rate at which a) a tree of species j dies, and b) two seedlings of species i and k are sampled,
with i filling the gap. Because the identity of & does not matter, we sum over all possible choices.

When the number of trees is sufficiently large, we can neglect stochasticity and write:

dx; D(x)
T ;(Wig@ ~wP) =x (FW ;ﬁH,-kkak —d,-> (©)

where we have introduced D(x) = Y, d;x;. In Supplementary Information S4 we present stochastic
simulations that show strong agreement with the predictions of this deterministic approximation. We
can derive equations like Eq. 6 for any choice of m. We write:

W = djxjg" )

1

where ql(m) is the probability that a seedling of species i wins when competing against m — 1 other
(m)

seedlings. We build g, recursively:

(1) _ Jfixi

i F(x)

®)
(m) fixi (m—1) JiXe

l
Y H; gy "‘qlm Zk ik 7N

T FW F(x)

fixi Y Hikq,((m_l) is the probability that i wins against the winner

F(x)
Jex

of the competition of involving the first m — 1 seedlings, while q, ):kH,kF o is the probability

which has a simple interpretation:

that i is the winner of the competition among the first m — 1 seedlings, and beats the last seedling.
Consistently with the fact that these are probabilities, Y ; ql(m) =1 for any m. In this way, we can for

(2)

example recover the rate W, we have introduced above:
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fl i fX ﬁx, fx
W = dxiq? = de<F(x); Hag\" +4¢!" ZH "(x")>—d/ 5 )Zzﬂ,k% ©9)

In general, the dynamics when considering m seedlings become:
dx;:
o ;(Wzgm) - Wj(im)> = D(x)g" —d;i. (10)

Using this formulation, we write the system of equations describing the model in which three
3).

seedlings are sampled. We calculate g,

H kxk

; e Dy
flxz fixj i g f kxk fzxz Jixj i gy X
9 &R F &R R

Jok

lxz) X/:’ ( 2H;jH ji +2H;jHy ) ==
Js

f]xj kak )
F(x) F(x)

Fixj fixe )
F(x) F(x)

-
= f‘x’ Z( HijHjx + HyHyj + 2H; jHy ) -2
i,k

yielding the system of equations

dx,- D(x
E — Z (‘/Vl53) _ Wj(i3)> =X (F((x))?’fl Z(ZHinik + Hinjk + Hikaj)fjxjkak — dl> (1 1)
J Jik

Having derived this general case, we dedicate Supplementary Information S1 to the study of the
simplified model we have introduced in the main text, in which f; = d; = 1 for all i. It is easy to
derive a number of results for this simplified formulation, including the existence and uniqueness of
the coexistence equilibrium, the stability properties of such equilibrium when sampling two or more
than two seedlings, the expected number of coexisting species when H is random, and the construction
of an algorithm that takes as input a desired species-abundance distribution x*, and produces infinitely
many H such that x* is an equilibrium of the system.

In Supplementary Information S2, we return to the more general case introduced above to test
the robustness of our findings when we relax the strong constraint of identical physiological rates for
all species. Supplementary Information S3 is dedicated to the discussion of intransitivity. Finally,
Supplementary Information S4 and S5 extend these models to situations in which the number of
individuals is finite, and therefore demographic stochasticity becomes important. We first consider the
case of an isolated ecological community (S4), and then open the community to the introduction of
new species by immigration or speciation (S5), allowing for a direct contrast with neutral models.
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S1 Identical physiological rates

In the Methods we have shown that, when considering systems with a large number of individuals,
our model (depicted in Fig. S1) can be written as a system of differential equations:

dxi m m m
(0 -wf) ot .
J

where m is the number of seedlings that compete for filling each gap, Wi(/.m) is the rate at which indi-

viduals of species j are replaced by those of species i, and the function ql(m) can be built recursively:

(1 _ Jixi
REE)
.. (82)
my _ Jixi (m=1)  (m—1) SiXe
= H. . H., 2Kk
For the cases of two seedlings competing, the equations describing the dynamics become:
dx; ( @ D(x)
= W\ — W ): ) H. —d; |, S3
dl, ; 1] Ji Xi F(x)2 ;f‘l lkkak 1 ( )
and those describing the case in which we sample three seedlings become:
dx; 3 3 D(x
dtl = Z <Wl5 - Wj(i )) =X (F(<)c)>3f' Zk(zHinik + HijHji + HgHyj) fi%) fixe — di) . (84
J Js

11
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Processes Dynamics
a) death a) a tree dies
b) fecundities b) seedlings are pooled, m are sampled and compete in sequence
4l -
V‘( . X $ )
F -l N ’S ﬁ ‘-é m= 3 f‘ ,1 V‘
i & 2B
7 N\ < < 42 N

,1- ’1.3 i‘ii:,:
o) FmE |

c) competition ¢) the winner Ffills the gap
Hij
= ﬁ ﬁ
Hii ) ) l

Figure S1: Illustration of the model, Left: the dynamics are controlled by the following parameters: (a)
d;, the death rate of species i; (b) f;, the fecundity of species i; and (c) the matrix H, detailing the probability
that seedling from one species win against seedling of other species when competing to fill a gap. Right: a)
whenever a tree dies, we pool the seedlings, and select m to compete (b), with the winner filling the gap (c).

VA
o

In this section, we study these models when we make the simplifying assumption of equal physi-
ological rates (d; = f; = 1) for all species.
S1.1 Sampling two seedlings
When setting all f; =d; =1 in Eq. S3, we obtain Eq. 1 of the main text:

dJC'
d_l’l =x,-22Hl-jxj—x,- (SS)
J

We want to show that this is equivalent to the replicator equation, Eq. 2 of the main text:

dxA
d_tl =xi ) Pjx; (S6)
J

where P =H — H'. This is easy to show:
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Xi <22Hijxj — 1) :XiZ(zHiij' —Xj)

J J

=x; ) (Hijxj + (1 — Hji)x; —x;)

J
=xi ) (Hij — Hji)x;

j
=) Pijx;
j

If x* is an equilibrium such that x;* > 0 for all i, then Px* = 0, meaning that x* is an eigenvector
of P, corresponding to a zero eigenvalue.

The formulation in terms of P is also useful to connect to important results in game theory: P
is the payoff matrix for a two-player, zero-sum symmetric matrix game. Then, when H is random,
the game admits only one optimal strategy >, which in general is a mixed strategy composed of k
pure strategies, with k odd. The optimal strategy corresponds to the equilibrium x*. This means that,
starting the dynamics with n species and any positive initial conditions, the same n — k species will go
extinct, and the same k species will coexist.

Though we believe that mild deviations from zero-sum (for example, cases in which the num-
ber of individuals is fixed on average) would not change qualitatively our results, we maintain this
assumption out of mathematical convenience, and because it allows us to connect directly with the
afore-mentioned results in game theory.

S1.1.1 Neutral cycling

Next, we want to show that the species that coexist cycle neutrally around the single equilibrium point.
To do so, we construct a Lyapunov function for the system and show that we can find a constant of
motion for system—meaning that trajectories will follow closed orbits.

Suppose x; > 0 is the equilibrium of Eq. 1 of the main text. We write the function

X
V(x)=—) xlog=. S7
(1) ==Y xilog (S7)

Because of Gibbs’ inequality, V/(x) > 0 for any 0 < x; < 1 and it is equal to zero only if x; = x] for
all i. Note also that at equilibrium 2}’ ; H;;x; = 1. We write

AV vV dx,
o Xomar
. x;‘dxi
R

=—2) x/Hipx;+1
7
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= Z(zZHijx?>xj+1

J

Z( 221— ji)X )x,+1
Z( ZZx +22Hj,x )xj+1

J
=) (=2+1)x;+1

J
:—ij'—l-l
Jj
=0.

Thus, we have found a constant of motion, meaning that the system will follow closed orbits. Hence,
unless we start the system precisely at x*, the abundances will cycle neutrally around the equilibrium.

S1.1.2 Number of coexisting species for random interactions

Now we ask how many species will coexist when we draw the matrix H at random. We build random
matrices in two ways. First, we set each pair (H;;,H};) to (1,0) with probability !/2, and to (0, 1) with
probability !/2; the diagonal elements are all set to ! /2. In this model, dominance is complete, and the
matrix H describes a tournament—a complete directed graph in which for each pair of species, an
arrow connects the winner to the loser. Second, for each pair (H;;,Hj;) (i # j) we sample a random
number z from the uniform distribution %/ [0, 1], and set the values to (1 — z,z); again, H; = !/ for all
i. Thus H encodes a generalization of tournament graphs, called hypertournaments?>.

We set n = 50, and build 10,000 matrices of each kind. The number of coexisting species k can
be found solving the corresponding linear program, as done by Allesina & Levine*. Finally, we tally
the number of coexisting species to estimate p(k|n). The results, reported in Fig. S2 show that both
settings result in the same histogram: p(k|n) = 0 when  is even, and p(k|n) = (}))2' " when k is odd,
as predicted both for random tournaments*> and hypertournaments?.

S1.1.3 Building H given x*

Finally, we provide an elementary argument for why only an odd number of species coexist at equi-
librium, unless we fine-tune parameters. The argument allows us to build an algorithm that accepts as
input a desired species-abundance distribution x*, and produces infinitely many matrices H such that
x* is an equilibrium of Eq. 1, or Eq. 2 of the main text.

As we stated above, if all x;* > 0 is an equilibrium, then x* is an eigenvector of P corresponding
to a zero eigenvalue.

A matrix with one or more zero eigenvalues is rank-deficient. Fisher & Ryan® proved that, if the
n x n matrix H represents a tournament, then P has rank n when n is even, and rank n — 1 when n is
odd. Therefore, the matrix P will have an eigenvalue of zero only if n is odd—when the matrix H is a
tournament matrix, only an odd number of species can coexist.
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Figure S2: Number of coexisting species with random competition. Number of coexisting species
k in a random tournament (red) or hypertournament (blue) when the number of initial species is n = 50.
Bars: proportion of random (hyper)tournaments leading to the coexisting of k species (out of 10,000
simulations). Crosses: analytical expectation (p(k|n) = 0 when k is even, (2)21_" when k is odd).
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When we build the matrix H at random by sampling the coefficients from a uniform distribution,
we have that the matrix has full rank (i.e., the set of rank-deficient matrices has measure zero). For
these matrices then, the same result found for tournaments holds 2.

Clearly, one could build rank-deficient matrices—only, it is impossible to find this result at random
when sampling the coefficients from a continuous distribution. In the next paragraphs, we show having
a rank-deficient H automatically introduces a neutral manifold of infinitely many equilibria, and that
this case is unrobust: small perturbations of the coefficients will lead to an odd number of species
coexisting.

Armed with these results, we can build an algorithm that takes a desired relative species abundance
x*, and builds a matrix H such that Eq. 1 and Eq. 2 have x* as an equilibrium. In fact, we show that one
can construct infinitely many matrices of this kind. The algorithm also makes apparent the implicit
assumptions we are making when we want an even number of species to coexist indefinitely.

The strategy is to build a matrix of eigenvectors U for the skew-symmetric matrix P, and the
corresponding diagonal matrix of eigenvalues A. Then, P = UAU™!. Finally, we have that H;; =

(Pj+1)/2.
The first case we examine is that of an odd number of species, n. We set the real vector r; = x*,
and draw n — 1 random, real-valued vectors, r»,...,r,. We modify the vectors r,,...,r, to make them

orthogonal to 1 and each other. Writing U; as the 7" column of U, we set: Uy =ry =x*, Uy =1 +ir3,
Us =ry—ir3, Uy =ry+irs, Us = ry —irs, etc. (note that i = /—1). Finally, we need to set the
eigenvalues. We choose A1 = 0, and we set the remaining eigenvalues in pairs: we draw a random
number z, and set Ay > =iz, A3 3 = —iz; draw a second random number to determine A4 4 and As s,
etc. Once we have chosen the eigenvalues and eigenvectors, we compute P, and, if needed, normalize
the matrix such that min ;; > —1 and max F;; < 1 (dividing all elements by a constant simply re-scales
the spectrum).

Note that we have complete freedom in choosing all the eigenvalues and eigenvectors, besides the
first. Hence, we can produce infinitely many matrices P that have x* as an eigenvector associated with
a zero eigenvalue, and therefore we can produce infinitely many matrices H.

If x* contains an even number of species, we proceed in almost the same way, but we now need two
eigenvalues to be 0 (because the matrix P needs to be skew-symmetric, all the eigenvalues must have
real part 0, and conjugate imaginary parts), and two eigenvectors to be real. Therefore, we construct
thematrix Uas: Uy =ri =x"Uy=r,Us=r3+iry, Us=r3—iry,Us =rs+irg, Us = r5s —irg, etc.
We set Aj;1 = Axp = 0, and the remaining eigenvalues at random, as done for n odd. Again, we can
build infinitely many P and therefore H.

This means that in order to have an equilibrium containing an even number of species, we need
to set two eigenvalues to zero: the matrix has rank n — 2, so that the rows/columns of P are no longer
linearly independent. This is a very fragile situation, as small modifications of the coefficients of P (or,
equivalently, H) would break this fine-tuning. Hence, the dynamics around the equilibrium x* are not
robust. A more subtle point is that, given PU; = PU, = 0, any linear combination P(aU; + fU;) =0
as well. Therefore, in the case of an even number of species coexisting, we have infinitely many
equilibrium points, again stressing that this is a special (and biologically quite unrealistic) situation.
Small changes to the matrix H would invariably lead the system to collapse to neutral cycling around
an equilibrium containing an odd number of species.

Code implementing this algorithm can be found at git.io/vXZWF.
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S1.2 Sampling more than two seedlings

Under the hypothesis d; = f; = 1, Eq. S2 reduces to

qg; =X
(S8)
ql(m) =Xi Yk Hikql(cmfl) + ql(mfl) Y i Hixy,
and Eq. S1 becomes
dxi _ om)
dTl =q" —x;. (S9)

We want to show that if x* is the equilibrium of the model with two seedlings (m = 2), it is also an
equilibrium of the other models with m > 2. Consider Eq. S8 evaluated at x = x™:
1)x% %
‘1,( *= X
(2)*x __ 2k Lk
ql' = zX; Zk Hthk

* * —1)* —1)x*
q,(’”) =X; ZkHikql((m ) +Q§m ) Y Hixy

(m—1)» (mye _

In Eq. S9 for m = 2, we have that Hx* = 12. It is easily seen that if g, =x",theng, =~ =x",
and therefore, by induction, it follows that x* is a fixed point of Eq. S9 for any m.

S1.2.1 Sampling three seedlings

Now consider the system in Eq. S4, with identical physiologial rate d; = f; = 1, describing the case of
m=73

d:
dil‘l = X (Z(zHl‘jHik +Hi_/‘ij +Hikaj)xjxk - 1) = Xj <ZZ(H,'J'H,‘]{ -I-H[jij)ijk - 1) y (SIO)
Jk ik
which is Eq. 3 of the main text. This system of equations is equivalent to the replicator equation for a
three-player game in Eq. 4 of the main text,
dx;

(szizpijkxjxk, (S11)
e

where the coefficient P;j, = 2H;;Hy — H;;H j; — H;Hy ;. We write:

X; (Zk (2H;;H + HijH ji -+ HiH ) x i — 1> = x; ;(ZHinik + HijH ji + HyeH — 1)x %
.]7 ]7
=x; ) (2H;jHu + (1 — Hji)Hj + (1 — Hyi) Hyj — 1)x %
K
= x; Y (2H;jHy — HjiH ji — HyiHyj)x i
Tk
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=X ZPi X XK
Jik

Now we want to show that now an equilibrium x* > 0 is globally stable. Taking the same function
V(x) defined in Eq. S7, we find

av x; dx;
it ~xdt
=2 Y (%} HyjHjoxpx + X0 HyHyox) + Y
i,k i

2
- —22 (ZX?‘HU> H jix jxg — 2236? (ZHijxj> +1
Jk\ i ! 2/

= —2;:;ijxjxk - 2;)6;‘ (;Hij)@) +1

2
= _% —2Zi:x:-‘ (;Hi,-xj> +1

2

= —ZZi“x;‘ (;Hijxj) + %7

*

where we used Y, x; H;; = !/2and }_ j; Hjxx;x; = ! /2. Next we introduce §; := x; —x7 (note that }; §; =
0 by definition), obtaining

dav
t

2
= —2;)&‘ (;Hij(x; +‘§j)> +%
— —2in (2 +ZHij<§j> + 5

i J

2
_ _% _zzx;fZHijgj —Zij‘ (ZHijgj) + %
i J ! J
2

— _2Z<Zx§‘Hij> & —2296? (ZHU@)

Jjo\i ! /

2
_ 7251-—22)@‘ (ZH‘,@/)
J : J

2
= *2296? (ZHij§j> <0
i J
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for any choice of &, and therefore, for any value of x. Assuming that the matrix H is of full rank,
dV/dt =0 only if £ =0, i.e., only if x = x*. Since V(x) > 0 for any x and V (x) = 0 only if x = x*,
dV /dt <0 implies that x = x* is a globally stable fixed point. Therefore, in the model where we sample
three seedlings we have global convergence—starting the system at any initial condition leads to the
same outcome, unless we have a rank-deficient H (e.g., the case in which we want an even number of
species to coexist, in which case the system will reach one of the infinitely many equilibria).

When we take more than three seedlings at a time, the results are qualitatively the same, but
convergence to the equilibrium is faster (Fig. S3).
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Figure S3: Sampling more than three seedlings accelerates the convergence to the equilibrium.
We took the system in Fig. 2d of the main text, and integrated the dynamics when we compete three (a), four

(b), or five (c) seedlings at a time.
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S2 Different physiological rates

S2.1 Sampling two seedlings

In this section, we explicitly study Eq. S3, which can be rewritten as

dxi Xi 2
st (oo (poman) cares). o
If a feasible solution x* > 0 exists, it is the solution of
Y Hy fix = di Fx)” (S13)
T T Do)
The equation has the form:
* di
Y Hfixp = ¢ (S14)
Z fi
whose solution is
X! —C—Z 1 f (S15)

The solution must satisfy )} ;x; = 1, and therefore we can set the normalization constant c:
1 ZH
1 d ik .
Sty 5 T i
Having characterized the equilibrium, we turn to its stability. Assuming that all x; > 0 (i.e., that
the fixed point is feasible), we introduce the function V (x) defined in Eq. S7, obtaining

* _
X; =

(S16)

vV vy
dr 8x, dr
= —;xjg (S17)

1
T F(x)? (D(x) (2§,xfﬁHikkak> _F(x)zg,x;-‘di> ‘

Introducing Hy, = 1 — Hy; in Eq. S13, we find

F(x* 2
2Zx;'kfiHik:2F(X*)_% &)

fi D(x*)

(S18)

and therefore
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o 2
%‘t/ — _F(1x)2 <2D(x)F(x*)F(x) —D(x)zi)((x*)) B F(x)zD(X*>>
1 * * * *
T F(x)2D(x) (2D(x)F (x")F (x)D(x") = D(x)*F (x*)* = F (x)*D(x")?) (S19)

- W(D(’OF@*) —F®DE)? >0,

for any choice of x. This implies that any feasible fixed point (i.e., any positive solution of Eq. S13)
is either neutrally stable or unstable. Neutral stability (i.e., /& = 0) is achievable if and only if the
ratio d;/ f; has the same value for all the i. Consistent with this finding, Fig. S4 shows that whenever
physiological parameters are perturbed, the cycles become unstable, eventually leading to monodom-
inance.

S2.2 Sampling three seedlings

Finally, we study Eq. S4, that can be rewritten as

dx;

E = ( Zf, H; + jk)fjxjkak — diF(x)3> . (SZO)

If a feasible solution x* > 0 exists, it is the solution of

. _ i F(x*)’
ZH,, Hi+ Hj) £ fixi = 73D (S21)
Notice that the x* for the case of two seedlings does not solve this equation—the equilibrium
depends on the number of seedlings sampled, in contrast to what found when we assumed all physio-
logical rates to be the same.
Assuming that a feasible solution of Eq. S21 exists, we write the Lyapunov function V (x) (Eq. S7):

dv AV dx; X} dx;
@ Lava  Lua
1 (S22)
T TF? (D(x) <2ZX? fiH;j (Hi +ij)fjx/'kazc> —F(x)*Y x dl-) .
ijk i
After some lengthy calculation, we find the expression
v L (F(x*)3D(x)2 - 2F(x*)2F(x)D(x)D(x*) —|—F(x)3D(x*)2) +
dr  F(x)3D(x¥)
(S23)
T F@)? X];x i Jilij fiSH ji fiSk — ZX Ji tkf]gj)
ij

that can be interpreted more easily. Take the case of f; = d; = 1: then, only the last term is different
from zero, and since it is always non-positive, we find that the fixed point is globally stable. The two
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Figure S4: Dynamics with variable physiological rates. When introducing small changes to the phys-
iological rates (d; and f;), the equilibrium become unstable for pairwise interactions: the system cycles away
from equilibrium, eventually leading to monodominance. For the same system in Fig. 1 of the main text, we
introduce different d; and f; sampling them randomly from %/[0.9, 1.1]. Note that in all cases for pairwise inter-
actions the amplitude of the cycles increases with time, and that the dynamically-fragile case of the coexistence
of an even-number of species (c) is immediately broken. For higher order interactions, the dynamics are robust
to small changes in the parameterization. In this case, we recover the same qualitative dynamics found for the

case of all identical physiological rates (Fig. 2 of the main text), besides the fact that the coexistence between
an even number of species is broken.
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terms that appear when physiological rates are different do not have a definite sign. This implies that,
at least in principle, for some values of parameters the fixed point could be non-attractive. However,
note two facts: 1) dynamics are stable for f; = d; = 1, and 2) the position of the fixed point and the
derivative of the Lyapunov function are both continuous functions of the physiological rates. It follows
that for a sufficiently small perturbation of the f; and the d; away from 1 will not be able to make a
qualitative change to the dynamical properties of the model. Numerical simulations (Fig. S4, and next
section) show that this is indeed the case.

In summary, whether the physiological rates are allowed to vary or not, the case in which we
sample three seedlings is very different from that of sampling two seedlings. When we sample only
two seedlings, coexistence is always transient, while when we sample three seedlings, we can have
stable coexistence.

S2.2.1 Numerical analysis

We expect the dynamics of Eq. S3 to be very rich, including parameter and initial conditions combina-
tions leading to fixed points, limit cycles, and possibly chaos. Though a full analytic characterization
of this system of equations will be difficult to achieve, from an ecological point of view two questions
are important: a) can many species coexist when we allow physiological rates to vary?, and b) can we
reach coexistence from a variety of initial conditions? (i.e., is the basin of attraction of coexistence
large enough?). We use numerical simulations to attempt answering these questions.

The two numerical experiments follow the same basic setting. 1) We sample the relevant param-
eters: for a given number of initial species, n, the matrix H is drawn at random, the fertility values f;
are independently sampled from the uniform distribution % [1 — v, 1 + v|, where the parameter v mod-
ulates the variability in the rates; d; is obtained multiplying f;z;, where z; is sampled from the same
distribution (hence, d;/ f; is uniformly distributed, while d; is not). Finally, initial conditions x;(0) > 0
are set at random. 2) The dynamics are integrated numerically for a long time (5 - 10° time units), so
that in most cases the transients should have elapsed. 3) We record the number of species coexisting
at the end of the simulation (k), and their identity.

There are two main limitations of this approach: first, because of the inevitable rounding errors,
we could declare a species extinct when it approaches zero density (though mathematically it could
eventually rebound); second, the opposite problem could also be present for certain parameterizations:
given the arbitrary length of integration, we could have species that are slowly but steadily going
towards extinction be declared extant in our calculations. We expect the effect of both problems to
be relatively small, such that our numerical simulations should approximate the actual dynamics quite
closely. This expectation is confirmed when inspecting the numerical results for v = 0, in which case
we should recover our analytical results.

In our first experiment, we take n € {10,20,30} and v € {0,0.05,0.1,...,0.5} and produce 500
simulations for each combination of parameters. The histograms showing the frequency of the number
of coexisting species k for each parameter combinations are reported in Fig. S5. For v = 0 (and hence
identical physiological rates), the histograms are very similar to the analytic results in Fig. S2, though
in a few cases we still have an even number of species, meaning that for some of the simulations the
transients are very long. When we increase v, the average number of coexisting species is reduced, but
the decrease is slow and fairly linear, meaning that even when physiological rates are quite different
(e.g., v=0.5), we still have a fairly high proportion of species coexisting.
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Figure S5: Number of coexisting competitors when physiological rates are different for all
species. We sampled independently both d; and z; = d;/f; from the uniform distribution % [1 —v,1 +v],
and varied v to explore how the variance in these rates affects coexistence (rows). For each choice of initial
number of species (n, columns), we generated a random matrix H, random initial conditions, and integrated the
dynamics in Eq. S4 for a long time (5 - 10° steps). We recorded the number species coexisting at the end of the
simulation, and produced a histogram by repeating the procedure 500 times for any choice of » and v. For v =0,
the results should closely match those in Fig. S2. The results show that the histogram gently shifts to the left
when increasing v—as long as the physiological parameters are similar enough, we can have the coexistence of
many species.
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In the second numerical experiment we probe the size of the basin of attraction. As before, we
vary n and v to test the effect of the variability on physiological rates. Differently from the other
experiment, for each combination of n and v, we choose 100 parameterizations (i.e., setting H, d and
f), and then we integrate the dynamics 100 times, starting from different initial conditions. We then
record how often the same set of species coexist at the end of the dynamics. A proportion of 1 means
that for all 100 initial conditions, we always found that the same set of species coexist at the end of
the simulation. A proportion lower than 1 means that depending on the initial conditions, we end
up with alternative outcomes. Out of the 1000 parameterizations (Fig S6), in 848 cases we found
that the endpoint was exactly the same for all 100 initial conditions (corresponding to a proportion of
1). In only 75 cases out of 1000, we found a proportion < 0.9 (meaning that at fewer than 90 initial
conditions led to the same outcome).

In summary, these numerical results confirm the intuition we built analytically: even when con-
sidering different physiological rates, the model allows for the long-term coexistence of many species,
with the attractor having a large basin. To lower coexistence levels, naturally one can make physiolog-
ical rates so different from each other that species are excluded, exactly as expected from ecological
considerations.
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Figure S6: Dependence of the attractor on initial coditions. For » = 10 or 20 (rows), and for different
values of v, we repeat the simulations in Fig. S5 but starting from 100 random initial conditions. The position of
the dots in the histogram corresponds to the number of species coexisting at the end of the simulations (k), and
the color to the probability of ending up with the same k species coexisting. Black corresponds to a probability
of 1, and the lightest shade of gray (n = 20, v = 0.1, k = 4) to a probability of 29%. In only 75 cases out of
1000 we found a probability < 0.9.
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S3 Intransitivity and coexistence

In the theory studied by Allesina & Levine *—where dominance is complete and the matrix H encodes
a tournament—species can coexist only if they are connected by an intransitive cycle such as in the
rock-paper-scissors game. The existence of intransitive cycles in competitive abilities of species has
found mixed evidence in empirical data, with few clear examples in marine sessile organisms’=,
and in microbial systems!®!!. In terrestrial plants, the consensus seems to favor strict competitive
hierarchies '>!3, though recent statistical models suggest diffuse intransitive competition in speciose
communities 4.

Allesina & Levine* showed that intransitivity can arise whenever there are multiple resources, and
species experience a trade-off such that they cannot excel at competing for all resources simultane-
ously. Similarly, intransitivity can be due to spatial/temporal heterogeneity (e.g., one species wins in
the shade, the other in the open ground; one in the wet season, one in the dry), trophic interactions
(herbivores consuming preferentially strong competitors), and many other processes.

When we relax the strict requirement of complete dominance, but keep the physiological parame-
ters constant among species, we still require intransitivity—though now its definition is probabilistic.
In particular, we conjecture that whenever k species coexist, they are connected through a cycle in
the graph defined by the coarse-grained matrix H' obtained by setting Hi’j = 1 whenever H;; > 1/2
and Hi’. ; = 0 otherwise (as always, we assume H to be of full rank, and the coefficients to be sampled
from a continuous distribution, to avoid dealing with the case of H;; being exactly !/2 for i # j). Note
however that the reverse is not true: the fact that the species are connected through a cycle in H' does
not guarantee coexistence, as shown by the following simple example. Take H to be:

0.50 0.63 0.79 0.18 0.47
0.37 0.50 0.58 0.93 0.48

H= 021 042 0.50 0.99 0.84 (S24)
0.82 0.07 0.01 0.50 0.66
0.53 0.52 0.16 034 0.50

where we underlined all the coefficients > /2. Solving for the equilibrium in the case in which we
sample two or more seedlings, we find x* ~ {0.49,0.36,0,0.15,0}, meaning that species 3 and 5 will
go extinct. Note that species 1, 2, and 4 are connected by the “intransitive” cycle HyHp 4Hy 1 =
0.63-0.93-0.82 with all coefficients > ! /2. When we coarse-grain the matrix we obtain the matrix H':

01100
00110

H=1{000 11 (S25)
1000 1
11000

in which two cycles connect all the species, yielding a prediction of x'* in which all the species would
have positive density (x;" = 1/5 for all i)—examining H' we would expect coexistence among all
species, but analyzing the matrix H we predict the extinction of two species.

In summary, for identical physiological rates intransitivity is defined only probabilistically, but still
plays a role: all the species coexisting at equilibrium are connected through a cycle whose coefficients
are all greater that !/2. The existence of such a cycle, however, does not guarantee coexistence.
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Next, we show that when we allow physiological parameters to differ between species intransitiv-
ity is not a necessary condition for coexistence. That is, a species can persist despite losing competitive
bouts with each and every other species more often that not. Given that we cannot solve analytically
for the equilibrium in this more general case, we report here just a few numerical examples that how-
ever are sufficient to illustrate this surprising result. Take for example the matrix:

0.50 1.00 0.62
H= |0.00 050 1.00 (526)
0.38 0.00 0.50

which is clearly transitive in probability—we can gather all the coefficients with value > 1/2 in the
upper-triangular part of the matrix. Yet, all species persist at equilibrium when for example we set
f={1,1,1} and d = {7/4,5/a,1} (Fig. STa), or f ={1/2,1,1} andd = {1,1,1} (Fig. S7b).

Searching the parameter space, we can find larger communities that can persist despite a matrix
H that is transitive in probability. For example, Fig. S7c shows the persistence at equilibrium of a
seven-species community with:

[0.50 0.76 0.52 0.68 0.54 0.51 0.56]
0.24 0.50 0.59 0.74 0.71 0.62 0.77
0.48 041 050 092 0.74 0.82 0.56

H= 032 026 0.08 050 097 0.76 0.70 (S27)
046 029 026 0.03 0.50 1.00 0.82
049 0.38 0.18 0.24 0.00 0.50 0.88

10.44 0.23 044 030 0.18 0.12 0.50]

and physiological parameters d = {4.5,5,3,6.5,0.6,6.0,1.3} and f = {3.7,4.5,2.5,7,0.7,9,2.5}.
These examples prove that intransitivity (in probability) is not a necessary condition for coexistence
when species have different physiological rates.
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a) Matrix H as in Eq. S26, f = {1,1,1} and d = {7/4,5/s,1}

0.00+

0 100 200 300 400 500

¢) Matrix H as in Eq. S27

Figure S7: Dynamics under hierarchical competition. When we allow species to have different physi-
ological parameters, intransitivity is not necessary for coexistence. These time series are obtained for systems
in which we can order the species such that each species has a probability of winning H;; > !/2 for each i > j

(i.e., the matrix is transitive in probability).
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S4 Stochastic models

So far, we have studied communities whose dynamics are well-described by systems of differential
equations, assuming a large number of individuals (N — o). When the number of individuals is
finite, demographic stochasticity plays an important role, sometimes producing non trivial effects. To
test whether higher-order interactions influence dynamics in this setting, we explicitly simulate the
stochastic dynamics defined by the rates ngm) =d J-qufm)

Figure S8 shows the stochastic trajectories for a different number of competing individuals (m =1,
2, or 3). The case m = 1 corresponds to a neutral model (in absence of variability of physiological
rates), m = 2 to pairwise interactions, and m > 3 to higher-order interactions. The deterministic anal-
ysis described in the previous sections is expected to be exact in the limit N — oo. In general, if noise
is not additive, as in the case of demographic stochasticity, the full stochastic dynamical behavior can-
not be predicted from the deterministic approximation. There are in fact many examples of models
in which stochasticity changes the stability properties of the solutions. For example, Biancalani et
al.'3, have shown that noise not only governs the transition between alternative stable states, but can
also generate them; closer to the theme of this work, Capitan et al. ' have shown that the presence
of noise makes competitive Lotka-Volterra system lose species at lower values of similarity between
species compared to what expected under deterministic dynamics. In this section we show that, for
finite N, the importance of stochastic fluctuations depends (mainly, but not exclusively) on the stability
properties of the deterministic dynamics.

In the case of neutral stability, stochasticity produce non-trivial effects and the stochastic tra-
jectories deviate from the deterministic predictions. In our model, neutral stability in found when
physiological parameters are all identical, and m is either 1 (neutral case), or 2 (pairwise interactions).
When on the other hand we have a strong deterministic driver, stochastic fluctuations simply produce
fluctuations around the fixed point. For instance if higher-order interactions are considered (m > 3),
the presence of an attractive fixed point constrains trajectories to fluctuate around the equilibrium
(Fig. S8). Finally, when the fixed point is unstable, deterministic dynamics drive species to extinction.

More quantitatively, the interplay between deterministic properties and stochasticity can be an-
alyzed considering the scaling of extinction times with the population size. Fig. S8 shows time of
extinction Ty (averaged over 1000 realizations with random initial conditions) for different choices of
parameters and total population sizes N. When the fixed point is neutrally stable (m =1 and m = 2,
with identical physiological rates) Ty /N is approximately linear in N. When the fixed point is unstable
(m =1 and m = 2 with different physiological rates), Ty /N becomes sub-linear in N, a scaling that
reflects the deterministic dynamics driving one species to extinction. In the case of a stable fixed point
(m = 3) Ty/N grows exponentially with N (see Fig. S8), implying the existence of a well defined
(meta)-stable state.
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Figure S8: Stochastic simulations without immigration. a) Stochastic trajectories for a rock-paper-scissors
system, when we vary the number of seedlings competing. Dotted lines correspond to the deterministic approximation. For
m = 1 and equal physiological rates, one recovers a neutral model. For equal physiological rates and pairwise interactions
(m = 2) stability is only neutral and the deterministic solution does not describe the stochastic trajectories. Densities fluctu-
ate around the fixed point, but the amplitude of these oscillations is driven by stochasticity, rather than being fixed as in the
deterministic case. For higher-order interactions (m = 3), densities fluctuate around the stable equilibrium of the determin-
istic system. When physiological rates are different, the stochastic trajectories are predicted by the deterministic equations.
For m < 2, extinctions occur very rapidly, and are driven by the deterministic dynamics. For m = 3, trajectories fluctuate
around the stable equilibrium. In all the simulations the total population abundance was set to N = 1000. b) Scaling of the
average time to first extinction (7) vs. total population abundance N. For equal physiological rates and m < 2, extinction
time scales approximately linearly with N, as expected in neutral models as well as in the case of pairwise interactions!”.
When three or more seedlings are sampled, time to extinction grows exponentially with N. This is a consequence of the
stability of the fixed point. When physiological rates are allowed to vary and m < 2, Ty /N is very small, and scales logarith-
mically with N. The logarithmic scaling is a consequence of the instability of the deterministic equations. In agreement with
the deterministic analysis, the stability of the fixed point in the case m > 3 produces an exponential scaling of Ty /N (see also
panel on the bottom right). In the case of varying physiological rates we considered f = (1.,1.2,0.8) and d = (0.9, 1.,1.3).
Note that the scales of the x and y axis are different between different panels.
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S5 Stochastic models with immigration

Since its inception '®!1° neutral theory has been set in a stochastic framework in which the number

of individuals is finite, and new species can be introduced by either speciation or immigration. Rich
communities are then built by balancing the inevitable extinction processes with the introduction of
new species.

Here we perform simulations that provide a direct comparison of our models with neutral models,
allowing us to test whether we can retain some of their strengths while overcoming some of their
limitations. Early critiques of neutral theory focused on the assumption of ecological equivalence and
zero-sum dynamics?’. However, theories should be judged by their predictions, rather than assump-
tions, and in time neutral theory proved to be strong in at least three aspects: a) it can produce species-
rich communities?!~%3; b) it produces species-abundance distributions that resemble those observed
empirically 21-2>-23; and ¢) it is mathematically tractable>'~2*. Recently, however several authors high-
lighted how neutral models fail in at least two aspects: first, species’ abundances fluctuations seem to
be too modest, with respect to what observed in natural populations?®; second, because species are
performing what amounts to a random walk in the space of abundances, very abundant species are
more likely to be very old—in contrast to empirical evidence>’~2°.

In this section, we consider simulations in which the number of individuals N is finite—therefore
explicitly considering demographic stochasticity—and new species can enter the system (through spe-
ciation or immigration from a metacommunity species pool) with probability v. In this context, a
series of articles by McKane, Alonso and Solé¢??3%3! have investigated the dynamics of systems in
which species interact in pairs, and dominance is either complete (S;; > 0 and S;; < 0 in the notation of
their first contribution??), or neutral (S; =S =0). Our approach to simulating community assembly
closely matches these models.

Our simulations are based on the following moves: a) the community is composed of a fixed
number of individuals, N; b) at each time step, a randomly chosen individual dies and is replaced;
c¢) the replacement can happen in two distinct ways: i) with probability v a new species is created
with abundance 1; ii) with probability 1 — v we sample m individuals at random and compete the first
with the second, the winner with the third, etc. The winner of the last competitive bout is chosen for
replacing the individual that dies; d) whenever two individuals compete, their probability of winning
is encoded in the matrix H; e) new species establish random interactions with the residents (i.e., the
corresponding column and row in H are randomized).

The transition rates of this model are very similar to the ones obtained for closed systems, and can
be written as

Wi = (1= v)g™ +véisi) | (528)

ij i
where the term v§; 5 is the speciation term and constrain the new species that appears to be a new

one. The term ql(m) is given by Eq. S8 for the case of equal physiological rates.
Note that for m = 1 we obtain qgl) = x;, and thus interactions between the species do not play a
role, such as in neutral models; for m = 2 a mean-field, deterministic equilibrium exists, but is not
attractive; for m > 2 the equilibrium exists and is attractive. We can therefore contrast directly the
results obtained for neutral models with those in which species interact in an increasingly higher-
order fashion. Note that, for simplicity and to keep the analogy with neutral models, we are implicitly

assuming equal fertilities and death rates for all species.
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The algorithm is repeated for a sufficiently large number of time steps, and snapshots of the num-
ber of extant species and their abundance are taken at intervals that are sufficiently large to ensure that
the snapshots are statistically independent. In order to determine the spacing between the snapshots
(i.e., the typical relaxation time scale of the model), we start the system with a single species with
abundance N, and run the simulations until the species goes extinct—at time 7. We then take 1000
snapshots of the system each spaced T time steps apart.

We ask three questions: a) can we assemble large, diverse communities? b) what is the shape of
the species abundance distribution? ¢) what is the relation between age and abundance of a species?

S5.1 Assembly and expected number of species

We start the system with a single species, at abundance N (we choose four different values of N: 500,
1000, 2500, 5000). We set the speciation rate v to one of five values: 0.0001, 0.0005, 0.001, 0.005,
0.01. Finally, we choose a number of seedlings for each competitive bout, m: 1 (neutral model), 2, 3,
10. Each simulation is replicated ten times, for a grand total of 4 x 5 x 4 x 10 = 800 simulations. For
each simulation, we take 100 snapshots spaced as described above to ensure independence.

Neutral theory predicts the average number of species to be?!, in the limit of large N,

(S) =1—Nvlog(v)/(1—v). (S29)

In Fig. S9, we show that the expected number of species, obtained averaging over all the snapshots
and replicates, matches closely with what expected under neutrality, irrespective of the number of
seedlings m.

This is an important result, because it means that we can assemble large communities even when
species do interact with each other. This is not trivial, given that we showed above that in the deter-
ministic approximation we cannot have an even number of species coexisting, and hence we could not
move from one species to three in this setting. We note that there seem to be a small, yet systematic,
trend in which sampling more seedlings (m > 1) results in elevated number of species at equilibrium.
Though this effect seems small and is only apparent for small values of v, it should be investigated
further.

S5.2 Species-abundance distribution

The ability to reproduce empirically observed Relative Species Abundance (RSA) patterns is one of
the main successes of neutral theory. Fig. S9 shows the RSA (averaged over snapshots and replicates)
for different values of the speciation rate v and the number of seedlings m. Surprisingly, neutral theory
predictions are very similar to the ones of interacting models, independently of m. This suggests that
the prediction of neutral theory are extremely robust, and are valid even when neutrality is broken. On
the other hand, it also implies that RSA are not particularly informative of the dynamical properties
of ecological communities3>3*—RSA is by and large determined by demographic stochasticity that
dominates the dynamics of rare species.

S5.3 Age and abundance

While neutral theory predicts and connects many ecological patterns including spatial and dynamical
ones??, it fails at predicting quantities on an evolutionary time scale. In particular, neutral models
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Figure S9: Diversity in stochastic simulations with immigration. Panel a) shows the average number
of extant species in the stochastic model with immigration/speciation. The black line represents the expectation
1 —Nvlog(v)/(1 —v) for neutral theory?!. The error bars enclose 90% of the distribution. Panel b) shows the
Relative species abundance, averaged over snapshots and replicates. The RSA is reported using a logarithmic
scale (Preston plot)21
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predict a monotonic relationship between species ages and their abundances?®?°. When applied to
tropical rainforests, this relationship would paradoxically imply that the most abundant species would
be older than the Earth itself?7-34,

We performed an analysis similar to the one shown in Chisholm & O’Dwyer?®. Figure S10 shows
the prediction for age-abundance relationship for different values of population size N, speciation rate
v and number of seedlings m. For m = 1 we recover a neutral model and the relation is monotonic
(an analytical formula can be found in O’Dwyer & Chisholm??). For m > 1, we obtain that for small
abundances, whose dynamics is likely dominated by demographic stochasticity, age and abundance are
still positively correlated. For larger abundance, on the other hand, the predictions of neutral models
and the ones for models of interacting species strongly diverge. In particular, we obtain that, for m > 1,
the relation reaches a plateau, therefore strongly reducing the predicted age for very abundant species.
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