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abstract: Despite the rich biodiversity found in nature, it is un-
clear to what extent some combinations of interacting species, while
conceivable in a given place and time, may never be realized. Yet
solving this problem is important for understanding the role of ran-
domness and predictability in the assembly of ecological communi-
ties. Here we show that the specific combinations of interacting
species that emerge from the ecological dynamics within regional
species pools are not all equally likely to be seen; rather, they are
among the most likely to persist under changing environments.
First, we use niche-based competition matrices and Lotka-Volterra
models to demonstrate that realized combinations of interacting
species are more likely to persist under random parameter pertur-
bations than the majority of potential combinations with the same
number of species that could have been formed from the regional
pool.We then corroborate our theoretical results using a 10-year ob-
servational study, recording 88 plant-herbivore communities across
three different forest successional stages. By inferring and validating
plant-mediated communities of competing herbivore species, we
find that observed combinations of herbivores have an expected
probability of species persistence higher than half of all potential
combinations. Our findings open up the opportunity to establish a
formal probabilistic and predictive understanding of the composi-
tion of ecological communities.
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Introduction

TheEarth containsmillionsof species that can formecolog-
ical communities, but only a small fraction of all possible
combinations of species are observed in nature (Diamond
1975). Understanding and anticipating which combina-
tions of interacting species from a regional pool should
be observed at a given locality is a long-standing problem
in ecology (Fukami 2015; Vellend 2016). Numerous studies
have revealed that the specific combination of species ob-
served in a given place and time is the result of a complex
interplay between many ecological and evolutionary pro-
cesses, including species interactions (Chase and Leibold
2003), environmental conditions (Kraft et al. 2015), dis-
persal (Moore et al. 2008), priority effects (Fukami 2015),
phylogenetic relationships (Maherali and Klironomos 2007;
Song et al. 2018a), and stochasticity (Rosindell et al.
2011). Although each of these processes can have impor-
tant effects at different stages of community assembly, we
still lack a simple framework that would allow us to antic-
ipate which specific combinations of interacting species
are more likely to be observed in nature.
Typically, the composition of a local community results

from an assembly (or disassembly) process that starts
from a regional pool and gives rise to a subset of coexist-
ing species (Odum 1969; Holyoak et al. 2005). Essentially,
this subset emerges from the compatibility of each species
with local environmental conditions (which we define
as abiotic filters) and with each other (i.e., biotic interac-
tions; Chase andLeibold 2003; Kraft et al. 2015).However,
abiotic and biotic factors are in constant change, and
their relative importance in shaping communities is also
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expected to change over time (Odum 1969; Fukami 2015).
Therefore, there is a great degree of uncertainty about how
environmental filtering, species arrival order, population
dynamics, and other factors will impact the final compo-
sition of a community (Chase 2010; Fukami 2015; Cadotte
and Tucker 2017). This accumulated uncertainty from
measuringmultiple ecological factors indicates that to un-
derstand which combinations of species should emerge
from a regional pool, we need to work under a probabilis-
tic framework (Cazelles et al. 2016; Serván et al. 2018;
Song et al. 2020).
In this line, previous work has already established the

question of what the probability is that a species can invade
a feasible communitywith a given structure (typically char-
acterized by an interaction matrix; Case 1990). In the case
of unstructured communities (e.g., random matrices built
from a probability distribution centered around zero), it
has been shown that this probability is about 0.5 (Rossberg
and Barabás 2019). Instead, when one considers structured
communities, the probability can be different from an un-
biased coin toss (Case 1990). Similarly, one can treat the
invasion problem as the equilibrium between extinct resi-
dents and new colonizers, leading to the problem of the
expected fraction of persistent species from a regional pool.
It has also been shown that the fraction of persistent species
follows a distribution with central tendency, and the ex-
pected fraction can be either half the pool or different from
half depending on the community structure (Goh and
Jennings 1977; Serván et al. 2018). Nevertheless, while the
expected fraction of persistent species from a regional pool
may be possible to anticipate, knowing which of the poten-
tially many combinations with the same fraction of species
should be realized is still an open challenge in community
ecology (Fukami 2015; Friedman et al. 2017; Song et al.
2018a; Maynard et al. 2020). Yet answering this question
could aid in the development of strategies for maintaining
biodiversity in the face of environmental change (Walther
2010; Dirzo et al. 2014).
Across many areas of biology, the structuralist view has

provided a systematic and probabilistic platform of under-
standing the diversity (or lack of diversity) that we observe
in nature (Alberch 1989; Solé and Valverde 2004; Valverde
et al. 2017). In particular, in community ecology, the struc-
tural approach posits that communities with a wider range
of environmental conditions compatible with their persis-
tence should have a higher probability of being observed
under changing environments (Cenci et al. 2018b). While
traditional approaches to community dynamics typically
analyze environmental filtering and ecological dynamics
separately (Kraft et al. 2015; Cadotte and Tucker 2017),
the structural approach phenomenologically integrates ex-
ternal perturbations (e.g., changes in abiotic factors) and
internal constraints (e.g., species interactions) to estimate
the probability of persistence of a given community (Song
et al. 2018b, 2020). In particular, the structural approach
uses tractable population dynamics models, such as the
Lotka-Volterra model, to establish the internal rules of de-
sign of a community. Then, under these models, the struc-
tural approach investigates the range of parameter values
compatible with the persistence of a community to deter-
mine the set of external perturbations under which a com-
munitymaybe observed (Solé andValls 1992; Bastolla et al.
2005; Rohr et al. 2014; Saavedra et al. 2014, 2017b). In this
sense, the structural approach in community ecology al-
lows us to hypothesize which communities we are more
likely to observe given the often unobserved abiotic vari-
ations at a given locality (Song et al. 2017).
Herewe follow a structural approach based on feasibility

and stability conditions to investigate whether combina-
tions of species that result from Lotka-Volterra competi-
tion dynamicswithin a structured regional pool have a less,
equal, or greater chance to persist under changing environ-
mental conditions than potential combinations that could
have been formed from the regional pool (fig. 1).More spe-
cifically, we test the hypothesis that while the fraction of
persistent species from a regional pool can be the result
of an unbiased die (i.e., a distributionwith central tendency),
the observed combination of species is the result of a biased
die regardless of the fraction of persistent species (i.e., many
of the combinations are almost never observed because of
the constrains imposed by biotic interactions). This struc-
tural hypothesis is based on the notion that under chang-
ing environments (i.e., under abiotic variation), observed
combinations of species should be among the most prob-
able to persist, where this expected probability is given by
their community structure outside of the regional pool
(fig. 1). We first illustrate our hypothesis using competi-
tion communities generated with a niche framework
and performing simulations of Lotka-Volterra dynamics.
Then, we test our hypothesis using a 10-year observational
study, recording a total of 88 annual plant-herbivore com-
munities that comprise three different forest successional
stages.
Methods

Expected Probability of Species Persistence
under Changing Environments

Following recent work (Saavedra et al. 2017b; Cenci and
Saavedra 2018; Song et al. 2020), we use a structural ap-
proach to study the expected probability of species persis-
tence in a given community under changing environmental
conditions. In what follows, we describe our framework,
which relies on the following motivation and assumptions:
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(i) we consider Lotka-Volterra competition models to
leverage on their mathematical tractability; (ii) we assume
constant and direct pairwise interactions based on the time-
invariant assumption of direct interactions under Lotka-
Volterra dynamics; (iii) we focus on niche-based species
interactions,whichproduce ecologicallymotivated andglob-
ally stable interaction matrices; and (iv) we use no prior
information on how environmental perturbations will im-
pact ecological dynamics and therefore assume that all di-
rections of environment-related parameters are equally
likely.
We assume that community dynamics can be described

by any competition model topologically equivalent to the
classic Lotka-Volterra model (Vandermeer 1975):
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Figure 1: Illustration of our structural hypothesis stating that observed combinations of interacting species should have a higher expected
probability of species persistence than potential combinations that could be formed from a regional species pool. A, Illustration of a regional
pool of three species (center) from which seven combinations of interacting species can be formed (left). Links represent the direct effects
between species, and the matrix A contains the interaction coefficients of the Lotka-Volterra dynamics (eq. [1]). After community dynamics
proceed in a given environment, which combination of competing species is more likely to be observed (right)? B, Resulting species com-
binations after 2,000 simulations of the Lotka-Volterra dynamics (each with a different direction of the carrying capacity vector K, where
jjKjj p 1 and Ki 1 0 8 i) starting from the regional pool shown in A. Species combinations are represented using the same colors as in A,
and the three interaction submatrices (a1, a2, and a3) with two species are shown. C, Fraction of simulations in which one, two, or three
species persisted. Each bar is partitioned into the fraction of simulations that resulted in each species combination (colors as in A). Note that
the number of persistent species follows a distribution with central tendency. D, Illustration of our structural hypothesis, showing that from
the expected number of persistent species, the two-species combination that is most likely to be observed under changing environments is the one
with the expected probability of species persistence (q(a)) higher than the median across all potential two-species combinations (~q(ai) p P0:5),
which is shown as a dashed line. The rth percentile is represented as Pr.
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whereNi represents the abundance (or biomass) of species
i, ri 1 0 represents the intrinsic growth rate of species i,
Ki 1 0 represents the carrying capacity of species i, and S
denotes the number of species, whereas aij 1 0 and aii p
1 are elements in the unitless interaction matrix A, rep-
resenting the per capita effect of species j on species i
relative to its own self-regulation (Case 2000). The classic
Lotka-Volterra model in equation (1) is a phenomenolog-
ical competitionmodel written in aK-formalism, implying
that carrying capacities (Ki) represent the summary effect
between mortality rate and resource intake on the growth
rate of species i and thus are linked to environmental con-
ditions (Case 2000). We opted to write the classic Lotka-
Volterra model in the K-formalism to conform with our
assumption of niche-based community structures (Mac-
Arthur and Levins 1967). Note that under the niche frame-
work, interaction matrices A are by construction unitless
and Volterra dissipative, which guarantees global stability
of the feasible fixed point (Goh 1977; app. sec. A1; the ap-
pendix is available online). Also note that a population dy-
namics model is considered to be topologically equivalent
to the classic Lotka-Volterra model if the phase portrait
of the candidate model can be mapped into the phase por-
trait of equation (1) (Cenci and Saavedra 2018; for details,
see app. sec. A5).
To investigate the expected probability of species per-

sistence under changing environments in a community
defined by a niche-based interaction matrix A and gov-
erned by Lotka-Volterra competition dynamics, we focus
on the necessary (i.e., feasible solution) and sufficient (i.e.,
global stability) conditions for species persistence (Stro-
beck 1973). Because niche-basedmatrices are globally sta-
ble by construction (MacArthur and Levins 1967), it is
necessary only to satisfy the feasibility condition to guar-
antee persistence. Note that a feasible solution represents
the necessary condition for persistence and permanence
(Hofbauer and Sigmund 1998). The feasible equilibrium
of equation (1) is given by N* p A21K, where N* p
[N*

1, ::: ,N
*
S]

T
(N*

i 1 0) is the vector of abundances at equi-
librium, K p [K1, ::: ,KS]

T is the vector of carrying capac-
ities, A21 is the inverse of the interaction matrix, and the
superscript T is the transpose operator. Importantly, for
a given interactionmatrixA, feasibility in equation (1) will
be satisfied as long as K falls inside the feasibility domain
DF(A)pfKjKpN*

1v11 :::1N*
SvS, withN*

1, ::: ,N*
S 1 0g,

where vi is the ith column vector of the interactionmatrixA
(Song et al. 2018b). Note that ifK falls inside the feasibility
domain, any vector cK (c 1 0) has the same direction as K
and therefore also leads to a feasible solution.
Following Song et al. (2020), we calculate the expected
probability of species persistence under changing envi-
ronmental conditions within a communityAwith S com-
peting species as

q(A) p
2Svol(DF(A) ∩ BS)

vol(BS)

� �1=S

, ð2Þ

where vol(BS) represents the volume of the S-dimensional
unit ball, 2S normalizes the unit ball to the positive orthant,
and vol(DF(A) ∩ BS) corresponds to the volume of the
intersection of the feasibility domain with the unit ball
(Song et al. 2018b). Given that the intersection of the fea-
sibility domain with the unit ball is effectively a solid angle
spanned by the column vectors of A, q(A) is a measure
of this solid angle normalized by the unit ball. Because
we are interested only in the direction of positiveK-vectors,
we can consider only vectorsK for which jjKjj ≤ 1 and nor-
malize the size of the feasibility domain using the positive
orthant of the unit ball (i.e.,BS ∩ RS

≥0). That is, the volume
of the unit ball must be scaled by 22S. Note that we are fixing
the magnitude of the K-vectors to one under the Euclidean
norm (i.e., jjKjj p 1); however, the analysis can be done
using any norm without altering the conclusions (Rohr
et al. 2016).
Thus,q(A) ∈ [0, 1] is a probabilisticmeasure and can be

efficiently computed for even relatively large communities
(app. sec. A1; Song et al. 2018b). Ecologically, q(A) can be
interpreted as either the probability of persistence of a
randomly chosen species or the expected fraction of persis-
tent species within communityA under changing environ-
mental conditions (Song et al. 2018b)—that is, the expected
probability of species persistence under changing condi-
tions. Note that Song et al. (2020) have used q(A) to study
the expected switches of interaction classes within a feasi-
ble community. Here we use this methodology to study
the properties of realized combinations of interacting spe-
cies formed from a regional pool under changing environ-
ments. Recall that by changing the direction of theK-vector,
we can phenomenologically represent changes in resource
availability associated with the abiotic environment.
Theoretical Analysis

To investigate our structural hypothesis theoretically, we
follow a niche framework to generate ecologically moti-
vated interaction matrices (MacArthur and Levins 1967;
Rohr et al. 2016; app. sec. A2). Specifically, we randomly
generate S#S-dimensional matrices A (regional species
pools), whose elements are constructed as

aij p exp 2
jjmi 2 mjjj

4j2

� �
, ð3Þ



Community Dynamics as Biased Dice E21
where mi (drawn randomly from a uniform distribution in
[0, 1]) gives the position of species i in a one-dimensional
niche space and j corresponds to the niche width (Svirezhev
and Logofet 1983). We assume the same j for all species.
However, confirming previous work (Rohr et al. 2016),
relaxing this constraint does not affect our conclusions
(app. sec. A2). To obtain a desired mean competition
strength r(A) in the regional pool, we tune j so that

P
i(jaij

(S2 1)S
p r(A)

on average. Note that as long as r(A) is small enough such
that matrices remain diagonally dominant (i.e., the sum of
its off-diagonal elements must be less than its diagonal el-
ement for each row,

P
j(iaij ! aii 8 i), interaction matrices

generated via this niche framework areVolterra dissipative
and guaranteed to be globally stable (Goh 1977; Lu 1998).
Additionally, we explore other niche-basedmethodologies
to generate structured interaction matrices and obtain the
same qualitative results (app. sec. A2).
We start our simulations by generating 500 globally sta-

ble matricesA (as described above), representing regional
pools of size S p 20 for three different values of mean
competition strength (r(A) ∈ f0:025, 0:05, 0:1g; total p
1,500 matrices; fig. 2A). Then we compute q(A) for each
of the regional pools A to get an estimate of the expected
fraction of species that would be present (i.e., persist) in
the realized combinations after running Lotka-Volterra
competition dynamics (eq. [1]). Recall that q(A) can be
interpreted as the expected fraction of persistent species
within communityA under changing environmental con-
ditions. Then, for 30 matrices (10 for each value of r(A)),
we randomly sample 100 directions of K-vectors uni-
formly on the positive orthant of the S-dimensional unit
ball. Therefore, we ran 1,000 simulations per r(A) value.
Initial species abundances (N p [N1, ::: ,NS]

T) and in-
trinsic growth rates (r p [r1, ::: , rS]

T) were chosen to be
1 for every species (i.e., Ni p 1 and ri p 1 8 i) and do
not affect our results because of the global stability condi-
tion (Takeuchi 1996).
Next, for each level of competition strength r(A) and

regional pool A, we reach the global equilibrium point
N* after numerical integration of equation (1). We record
the realized combination formed by the subset of s ≤ S
persistent species (i.e., the subset N* p [N*

1, ::: ,N
*
s ]

T
,

with N*
i 1 0 8 i). For each realized combination, we de-

fine its interaction matrix a as the submatrix of A, where
indexes of rows and columns belong to the s persistent spe-
cies. This generated 100 submatrices a of different sizes
s (i.e., one matrix for each sampled direction of the K-
vector) from each regional poolA. Therefore, we generated
1,000 submatrices per r(A) value. Note that global stabil-
ity is also guaranteed for every a that is a principal sub-
matrix of a globally stable matrixA (Cross 1978; Takeuchi
1996). Thus, for each realized combination defined by
submatrix a, we compute its expected probability of spe-
cies persistence under changing conditions q(a) follow-
ing equation (2). Finally, we define the set of all potential
combinations with the same number of species as a as
W p fa1, ::: ,akg, where jWj p k p ( Ss ) denotes the to-
tal number of such combinations and a1, ::: ,ak denotes
all the possible s#s-dimensional submatrices that can
be formed from the regional pool A. For each realized
combination a, we sampled 500 potential combinations
ai from W and computed q(ai) for each of the potential
combinations. Note that our random sampling from the
species pool allows the same potential combination to be
sampled twice; however, this resampling effect can be con-
sidered negligible with S p 20 and 500 potential combi-
nations. Next, using the empirical cumulative distribution
function of q(ai), we computed the percentage of q(ai)
values below q(a). That is, we computed the percentile
rank r (0 ≤ r ≤ 1) of the rth percentile Pr p q(a) of the
distribution of q(ai).
Following a structuralist view, we hypothesize that

while the number of species forming the realized combi-
nations has a distribution with central tendency linked
to q(A), the expected probability of species persistence
within the realized combination q(a) should be biased to-
ward top percentile rank values regardless of the size of
the realized combination. Specifically, we computed the
percentage of all percentile rank values (1,000 values per
r(A) value) that were above 0.5, which corresponds to
the median P0:5 p ~q(ai) of q(ai). We use a one-sided bi-
nomial test (unbiased binomial trial with probability of
success p 0:5) to test whether the percentile rank of
q(a) is above 0.5 (i.e., the percentile rank of the median
~q(ai)) for the majority of realized combinations. Note
that our simulation settings were chosen simply for illus-
tration purposes, and preliminary analyses showed that
changing the number of species pools (A) built, the num-
ber of carrying capacity vectors (K) sampled, or the num-
ber of potential combinations (ai) sampled does not affect
our conclusions.
Empirical Analysis

To test our structural hypothesis, we use a data set of
88 annual local communities formed by 22 herbivore spe-
cies and 15 plant species on average from a total of 521 her-
bivore species feeding on 138plant species. The study site is
located in the tropical dry forest at the Chamela-Cuixmala
Biosphere Reserve (197220–197390N, 1047560–1057100W) in
Jalisco, Mexico (Boege et al. 2019). Specifically, the data
comprise monthly records during the rainy seasons (from
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Figure 2: Theoretical results of our structural hypothesis using competition communities generated with a niche framework and per-
forming simulations of Lotka-Volterra dynamics. A, left, illustrative example of a regional species pool (matrix A) with S p 20 competing
species generated following a niche framework with a high mean competition strength (r(A) p 0:1). Right, illustrative example of a realized
combination (submatrix a) formed by s p 9 competing species obtained by simulating Lotka-Volterra dynamics on the regional pool with a
given direction of the K-vector. Colors represent the level of competition strength aij. Diagonal elements (aii) are all set to one (see “Meth-
ods”) and are not colored to improve visualization. B, Expected probability of species persistence under changing environments of 500 model-
generated regional pools (q(A)) for each value of mean competition strength (low: r(A) p 0:025; intermediate: r(A) p 0:05; high: r(A) p 0:1).
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combinations (q(a)) as a function of the fraction of persistent species (s=S) and level of mean competition strength. Note that each percentile
rank is computed by comparing a given realized combination within the population formed by 500 sampled potential combinations with the
same number of species. Each point corresponds to one of 1,000 different simulations (i.e., different directions of K-vectors) per level of mean
competition strength. Within each level of mean competition strength, more than 95% of the points are above the percentile rank of the median
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July to October) from 2007 to 2017. The data collection
was carried out for three stages of secondary succession:
initial stage (approximately 6 years after being excluded
and protected from cattle ranching use), middle stage (ap-
proximately 20 years after being excluded and protected),
and late stage (more than 50 years without anthropogenic
perturbations). We had three independent sampling plots
of 20 m#50 m for each successional stage (nine plots in
total per year), with a minimum distance of 3 km between
them. For each plot, monthly records were aggregated to
build annual communities. The sites were not sampled in
2015 because of extreme bad weather conditions caused
by Hurricane Patricia, and there was no access to one site
in 2016 and 2017, providing a total of 88 annual plant-
herbivore communities (for further details, see table A1,
available online).
It is known that herbivores can negatively affect each

other through a variety of mechanisms, such as induction
of plant defenses or attraction of parasitoids and preda-
tors (Pallini et al. 1998; Denno et al. 2000; Redman and
Scriber 2000; Ohgushi 2005). Therefore, our data set al-
lows us to test the hypothesis that observed combinations
of plant-mediated communities of competing herbivores
are among the most likely to persist under the within-
and across-year climatic changes that occurred across the
10-year period, including the impact of two hurricanes.
Furthermore, negative effects among herbivores are ex-
pected to increase along forest succession because of an
increase in host plant phylogenetic diversity and hence
greater opportunities for niche differentiation, particularly
for specialist herbivore species that are constrained to feed
on particular plant taxa (Saavedra et al. 2017a). Thus, we
leverage on these expected biotic changes across ecological
succession and investigate our hypothesis separately for
each forest successional stage.
For each of the 88 observed combinations (local com-

munities) of herbivore species, we inferred their corre-
sponding regional pool A. For this purpose, we first re-
constructed a binary regional pool matrix B (bij p 1 if
plant species i is consumed by herbivore species j, and
bij p 0 otherwise) by merging all herbivore species from
the same year and successional stage that fed on plant spe-
cies present at a given plot. For example, to reconstruct
the regional pool for plot 5 in 2011 in the middle succes-
sional stage, we merged all herbivore species from plots 4,
5, and 6 (i.e., the other plots from 2011 and the middle suc-
cessional) that fed on plants from plot 5. The rationale
behind this approach is that the regional pool for a given
plot must contain all herbivores that could potentially feed
on the plant species present at this plot. Thus, each regional
pool contained only plant-herbivore interactions observed
in our data set, and therefore we do not assume that her-
bivores could feed on any arbitrary plant species. Note that
herbivore species, plant species, and their interactions changed
across years and successional stages.Wealso performed our
analyses using differentmethods to reconstruct the regional
pools (mergingherbivores onlyby year or only by stage) and
obtained the same qualitative results (app. sec. A3).
Next, because we have no information about the level

of interaction strength among herbivore species, we fol-
low a niche framework to infer the herbivore competition
matrix A by computing the normalized monopartite pro-
jection of the binary bipartite matrix B (Cenci et al. 2018a).
Specifically, we project the binary matrix on the herbi-
vore layer as A p BTB, and then we normalize the col-
umns ofmatrixA to sumone and set its diagonal elements
to one afterward. By doing so, we eliminate tuning pa-
rameters that could be used to infer interaction coef-
ficients (Saavedra et al. 2014). Thus, the matrix element
aij after normalization can be interpreted as an approxi-
mation to the negative indirect effect of herbivore j on her-
bivore i and is proportional to the number of shared plant
species between j and i while taking into account the total
number of plant species consumed by j. Note that the ef-
fect of species j on i is not necessarily the same as the effect
of species i on j. This niche-based methodology generates
diagonally dominant and consequently globally stable re-
gional pool matrices A (app. sec. A4).
To estimate the expected fraction of species that could

be observed from these inferred pools after ecological dy-
namics, we compute q(A) for each of the 88 regional pool
matrices A. We also perform prediction analyses to show
that the Lotka-Volterra dynamics together with the in-
ferred interaction coefficients can be used to perform ac-
curate out-of-sample predictions of temporal changes in
species composition and therefore support our inference
methodology as a reasonable approximation of interac-
tion matrices (app. sec. A4). In addition, we obtain the
same qualitative results by performing our analyses using
different niche-based methods to infer interaction coeffi-
cients (app. sec. A4).
Finally, we infer the observed interaction matrices a

for each of the 88 observed plant-mediated communities
of competing herbivores. We parameterize these matrices
following the niche-based methodology mentioned above
by computing the normalized monopartite projection of
its binary bipartite matrix b, in which bij p 1 if plant
species i is consumed by herbivore species j and bij p 0
otherwise. We then use these inferred matrices a to cal-
culate the expected probability of species persistence of ob-
served combinations under changing environments (q(a)).
Then, to deal with the trade-off between computational
constraints and statistical support, we sample a popula-
tion W of 1,000 potential combinations ai with the same
size as a from the regional pool A. We normalize each
of these potential combinations as we did for observed
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combinations. Then, similarly to our theoretical analyses,
we compute the percentile rank r of the rth percentile Pr p
q(a) of the distribution of q(ai). For each successional
stage, we perform a one-sided binomial test (unbiased bi-
nomial trial with probability of success p 0:5) to test
whether the percentile rank of q(a) is above 0.5 (i.e., the
percentile rank of the median ~q(ai)) for the majority of
observed combinations.
Results

Theoretical Results

We first illustrate our structural hypothesis by performing
Lotka-Volterra simulations with a toy three-species compe-
tition community. Figure 1A shows this three-species re-
gional species pool (matrixA; center) and all potential com-
binations of interacting species (left) that could result from
community dynamics under a given environment (i.e., a
given direction of the K-vector). Figure 1B shows the real-
ized community composition after simulating Lotka-Volterra
dynamics (eq. [1]) under many different environments. Each
point on the positive orthant of the unit ball represents one
of 2,000 random directions of K-vectors (i.e., environmen-
tal conditions) used to simulate the dynamics. The figure
shows that the feasibility domain DF(A) (i.e., the direction
of K-vectors for which the three species have positive
abundances at equilibrium) is much smaller than the do-
main of infeasibility. In particular, different species combi-
nations (i.e., different colors in fig. 1B) have different prob-
abilities of being observed under random environmental
conditions. Figure 1C confirms that the fraction of persis-
tent species follows a distribution with central tendency. In
this case, the expected number of persistent species is two,
with three possible combinations (i.e., {1, 2}, {1, 3}, {2, 3}).
The question we are addressing in this study is which of
these combinations we are more likely to observe in na-
ture. Figure 1D shows the expected probability of species
persistence under changing environments (q(a)) for each
of these two-species combinations. Our hypothesis is that
the two-species combination a2 containing species 1 and 3
is more likely to be observed, as it has an expected proba-
bility of species persistence higher than half of all possible
combinations.
To show the generality of our hypothesis, we present

our results for niche-based regional pools A with S p
20 competing species under three different levels of mean
competition strength (see “Methods”; fig. 2A). We found
that Lotka-Volterra dynamics together with changing en-
vironmental conditions (phenomenologically represented
by equally probable directions of K-vectors) lead to real-
ized combinations of interacting species that are among
the most probable to persist. In particular, figure 2B shows
that the expected probability of species persistence within
the regional pools (q(A)) was higher for communities with
a lower mean competition strength (low: 0:64150:045;
intermediate: 0:42250:069; high: 0:16250:065; mean5
SD). As a consequence, figure 2C shows that the expected
fraction of persistent species (s=S) was also higher for com-
munities with a lower mean competition strength (low:
0:78450:068; intermediate: 0:65550:073; high: 0:4885
0:075). These results confirm that the expected fraction of
persistent species (forming realized combinations of com-
peting species) follows a distribution with central tendency
linked to q(A).
Importantly, figure 2C shows that the expected proba-

bility of species persistence of realized combinations (q(a))
exhibits a bias toward the top percentile rank values of the
distribution of potential combinations (q(ai)). Specifically,
for the vast majority of realized combinations, q(a) was
above the median ~q(ai) of potential combinations within
all three levels of mean competition strength (percentage
of values above the median: low, 99.1%; intermediate,
98.8%; high, 97.3%; P ! :0001 for all levels of competition
strength for one-sided unbiased binomial tests). We con-
firmed these results by building regional pools according
to different frameworks (figs. A1–A4; figs. A1–A10 are
available online) andbyperforming simulationswithmod-
ified Lotka-Volterra models (figs. A9, A10).
Empirical Results

We corroborated our structural hypothesis using an empir-
ical data set of 88 plant-herbivore communities (table A1).
These communities were sampled across a 10-year obser-
vational period, allowing us to test our hypothesis across
three different successional stages encompassing different
abiotic and biotic conditions (i.e., environmental condi-
tions as well as herbivore and plant species change over
time). As mentioned in “Methods,” we first reconstructed
regional pools bymerging herbivore species from the same
year and successional stage. Then, we inferred herbivore
interaction matrices following a niche framework with
no tuning parameters by computing normalized mono-
partite projections for the regional poolsA, observed com-
binations a, and potential combinations ai (fig. 3A). In
line with our theoretical results, we found that regardless
of the number of observed interacting species, themajority
of observed species combinations have an expected prob-
ability of species persistence higher than half of all the po-
tential combinations that could have been formed with the
same number of species from the reconstructed regional
pools.
Figure 3B shows that the expected probability of spe-

cies persistence of reconstructed regional pools (q(A)) is
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slightly higher in initial successional stages (initial: 0:6375
0:045; middle: 0:62550:030; late: 0:61550:051), al-
though the difference between stages is not statistically
significant (one-way ANOVA: F(2, 85) p 1:917, P p
:153). Figure 3C shows that the expected fraction of ob-
served species (i.e., the number of observed species s
divided by the number of species in the regional pool S)
is higher in initial successional stages (initial: 0:7505
0:107; middle: 0:70450:101; late: 0:65350:120; one-
way ANOVA: F(2, 85) p 5:722, P p :005). This result
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suggests a link between q(A) and the expected number of
species forming observed combinations for our empirical
data.
Furthermore, figure 3C shows that observed combina-

tions exhibit a bias toward top percentile rank values of
the expected probability of species persistence (q(a)).
Specifically, for the majority of observed combinations,
q(a) was above the median ~q(ai) of potential combina-
tions within all three successional stages (initial: 83.3%;
middle: 90.0%; late: 96.4%; P ! :001 for all successional
stages for one-sided unbiased binomial tests). These results
hold for different methods of reconstructing the regional
pool (figs. A5–A7).
Discussion

Several studies have elucidated key mechanisms that are
likely to drive the assembly of ecological communities (Odum
1969; Maherali and Klironomos 2007; Fukami 2015; Kraft
et al. 2015). For example, it has been shown how mecha-
nisms such as environmental filtering (Kraft et al. 2015),
phylogenetic constraints (Maherali and Klironomos 2007;
Song et al. 2018a), population dynamics (Serván et al.
2018), and ecological succession (Odum 1969; Fukami 2015)
can structure the composition of such communities. Never-
theless, we still lack a framework to understand and anti-
cipate the actual combination of species that should be
expected to be observed in nature. Yet answering this ques-
tion requires obtaining extensive amounts of data, knowing
the governing community dynamics, and understanding
how environmental conditions change and affect biological
populations within each community. Such complexity re-
veals that this answer may be addressed only under a prob-
abilistic framework (Cazelles et al. 2016; Serván et al. 2018;
Song et al. 2020).
In this line, here we have adopted a structuralist and

probabilistic approach to enhance our understanding
about what is likely to be seen in nature and what is not.
Indeed, a fundamental question about biological systems
in general is whether the forms and structures that we ob-
serve in nature represent the whole spectrum of all possi-
ble systems or only a small proportion of all potential di-
versity (Diamond 1975; Alberch 1989; Solé and Valverde
2004). Following this reasoning, we have combined a the-
oretical framework with a comprehensive data set to in-
vestigate whether the combinations of interacting species
that we observe (or ought to observe) in a given place and
time represent the full spectrum of possibilities or only a
small fraction of them. We have postulated a testable hy-
pothesis grounded on the feasibility and stability of pop-
ulation dynamics models (Saavedra et al. 2017b; Song
et al. 2020). Specifically, we tested whether observed com-
binations of interacting species forming ecological com-
munities are among the ones more likely to persist under
changing environmental conditionswithin all the possible
combinations that could have been formed with the same
number of species from a regional pool of species.
Corroborating our hypothesis, we have found that the

observed species combinations are not all equally likely
or unlikely to be seen; rather, they are among the most
likely to persist under changing environments. Specifically,
we have found that half of all potential combinations of
interacting species (i.e., those with expected probabilities
of species persistence below the median) were rarely ob-
served theoretically and empirically. This result suggests
that the interplay between internal rules of design (i.e.,
community dynamics) and external forces (e.g., environ-
mental perturbations) constrains the set of combinations
of interacting species that can be realized in nature (Al-
berch 1989; Solé and Valverde 2004; Song et al. 2017).
We have first demonstrated the validity of our hypothesis
using model-generated communities and simulations of
Lotka-Volterra competition dynamics. Because a model
is only an approximation of the real world, we have corrob-
orated our hypothesis using an extensive longitudinal data
set comprising 88 different combinations of interacting
herbivore species mediated by plant resources subject to
within- and across-year variation of abiotic factors.
It is worth mentioning that our methodology is phe-

nomenological by construction, meaning that no causative
knowledge should be directly derived. Moreover, our pro-
posed methodology is built on four important assump-
tions. First, community dynamics are governed by popu-
lation dynamics models topologically equivalent to the
classic Lotka-Volterra model (eq. [1]). Therefore, exten-
sions of density feedback, such as Lotka-Volterra models
with type II functional response, can be integrated into
our framework. We show a confirmation of this in appen-
dix section A5. Models with higher-order interactions are
not integrated into our framework. However, it has been
shown that these higher-order polynomial models can
produce mathematical artifacts, limiting our capacity to
understand ecological dynamics (AlAdwani and Saavedra
2019). Second, species interactions are defined as constant
direct pairwise interactions. That is, regardless of whether
two species interact within a regional pool or within a sub-
set of such a pool, their interactions remain the same. Fur-
thermore, we also assume that species interactions are not
affected by evolutionary processes in the short timescales
that we are studying, but our framework can be used to
explore adaptive processes (Saavedra et al. 2017a; Cenci
et al. 2018a).
Third, we assume that communities are structured fol-

lowing a niche framework. While this is ecologically moti-
vated and minimizes the choice of free-tuning parameters,
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this framework imposes the property of global stability
for persistence that may not be necessarily met in nature.
While persistence may also be attained in the absence of
a stable equilibrium through stochastic processes or switch-
ingdynamics (Hofbauer andSigmund 1998; Schreiber et al.
2019), a careful analysis of these nonequilibrium processes
is outside of the scope of our work. Nevertheless, previous
work (Cenci and Saavedra 2018) has shown that the struc-
tural and probabilistic approachpresentedhere can be used
for Lotka-Volterramodels with demographic stochasticity,
as these models are topologically equivalent to the classic
Lotka-Volterra model (eq. [1]). We show a confirmation
of this in appendix section A5. Fourth, we assume that all
environmental conditions are equally probable. While this
imposes a uniform distribution as a prior, this allows us to
separate the role of interactions from the environment in
shaping the realized combinations of interacting species
given that any combination from the regional pool is ini-
tially possible. That being said, previous work (Cenci et al.
2018b; Song et al. 2020) has shown how this assumption
can bemodified if researchers have clear information about
the directionality of environmental changes.
Finally, we stress that our results should be taken only as

a first-order approximation of the probabilities of a ran-
domly chosen species. Similarly, thematrices inferred from
our empirical data should be taken only as an approxima-
tion of species interactions mediated by plant resources
and natural enemies present at each plot. Nevertheless,
the structural and probabilistic thinking that we have es-
tablished here can serve as a basis for future theoretical
and experimental work aiming to answer more specific
questions in different ecological systems under changing
environments. For example, our results have shown that
while the realized combinations of interacting species
appear to be the result of a biased die (i.e., many potential
combinations are very unlikely to be observed), these re-
alized combinations are not necessarily the ones maxi-
mizing the expected probability of species persistence un-
der changing environments. Indeed, previous work has
shown that community structures may be responding to
environmental pressures (Song et al. 2017). Thus, the
expected probability of species persistence can be higher
in placeswhere environmental variability is greater (Cenci
and Saavedra 2019). This implies that it is essential to un-
derstand and anticipate how directional and nondirec-
tional environmental stressors can change the bias of
the dice again in ecological communities.
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