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COMMUNITY ECOLOGY

Emergent phases of ecological diversity and
dynamics mapped in microcosms
Jiliang Hu1,2, Daniel R. Amor1†, Matthieu Barbier3,4, Guy Bunin5, Jeff Gore1*

From tropical forests to gut microbiomes, ecological communities host notably high numbers of
coexisting species. Beyond high biodiversity, communities exhibit a range of complex dynamics that
are difficult to explain under a unified framework. Using bacterial microcosms, we performed a
direct test of theory predicting that simple community-level features dictate emergent behaviors of
communities. As either the number of species or the strength of interactions increases, we show that
microbial ecosystems transition between three distinct dynamical phases, from a stable equilibrium in
which all species coexist to partial coexistence to emergence of persistent fluctuations in species
abundances, in the order predicted by theory. Under fixed conditions, high biodiversity and fluctuations
reinforce each other. Our results demonstrate predictable emergent patterns of diversity and
dynamics in ecological communities.

I
n nature, species reside and interact with
myriad other species in complex commu-
nities (1). Central challenges in ecology in-
clude understanding howmany species are
able to coexist, why biodiversity is higher

in some places than others, why communities
show varying dynamical behaviors (2, 3), and
how these factors shape ecosystem functioning
(4). A long-standing debate concerns whether
the diversity of a community enhances or weak-
ens its stability (5). By studying natural com-
munities, ecologists have identified potential
environmental drivers that could affect both
biodiversity and community dynamics (6). Lab-
oratory experiments facilitate disentangling such
environmental drivers from inherent community
properties, such as species interactions, that
may also shape biodiversity and dynamics.
Experimental communities with few species
have been shown to display predictable
dynamics, such as stable equilibria and pe-
riodic oscillations (7–11), and have allowed
an understanding of the role of interactions
ranging from predation (9–11) to competition
(7, 8) to cross-feeding (12). In more biodiverse
laboratory microcosms derived from natural
habitats, however, community composition is
only reproducible and predictable at family
or higher levels of taxonomy (3, 13–15). Given
the relative inaccessibility of detailed infor-
mation on the ecological roles of every spe-

cies (capturing every interaction strength,
growth rate, and carrying capacity, among
others), the question arises: Is it possible to
predict the biodiversity and dynamics of these
complex communities with simple community-
level parameters?
Starting with the pioneering work by

RobertMay (16), ecologists have sought to pre-
dict community behaviors using community-
level parameters such as the number of species
and the distribution of interaction strengths
between species. The interaction strengths
quantify how strongly a species influences
the growth and survival of other organisms in
the community and therefore determines the
overall composition and stability of commu-
nities (14). May and others have suggested that
a large number of species and strong interac-
tions lead to instability of community dynam-
ics (16–20), yet we still do not understand how
communities behave beyond the transition
to instability. Recent theory suggests that a
fraction of species tend to go extinct before
the community loses stability (21–23) and
that unstable communities can exhibit fluc-
tuations, which could in turn reinforce bio-
diversity (24–30). This body of theory has
been difficult to validate because the asso-
ciated parameters are hard to estimate and
manipulate (31). Experimental microcosms
have now reached the necessary controlla-
bility (8, 14, 15) to test theoretical predictions
based on community-level parameters of eco-
logical communities. We aim to uncover the
relationship between stability and diversity
through experimentally controlling two fac-
tors that are usually unobservable in natural
settings: the strength of interspecies inter-
actions and the number of species introduced
in the experiment (referred to as the species
pool size).

We began by summarizing the predictions
on community dynamics and biodiversity from
the well-known generalized Lotka-Volterra
model, modified to include dispersal from a
species pool:

dNi

dt
¼ Ni 1�

XS
j¼1

aijNj

 !
þ D ð1Þ

where Ni is the abundance of species i (nor-
malized to its carrying capacity), aij is the in-
teraction strength that captures how strongly
species j inhibits species i (with self-regulation
aii = 1), and D is the dispersal rate. We sim-
ulated the dynamics of communities with dif-
ferent species pool sizes S and interaction
matrices. We sampled the interaction strength
from a uniform distribution U [0, 2<aij>],
where <aij> is the mean interaction strength
between species (which also determines the
variance of interactions; the values of <aij>
and std(aij) increase proportionally in this
study, where std(aij) is the standard devia-
tion of interactions; see (32)]. Modeling spe-
cies interactions as a random interaction
network captures species heterogeneity with-
out assuming any particular community struc-
ture (16, 17, 23).
Our simulations revealed a strong depen-

dence of biodiversity (number of coexisting
species) and dynamics on both the species
pool size S (Fig. 1A) and interaction strength
<aij> (Fig. 1B). As either of these parameters
increase, communities experience a transi-
tion from stable full coexistence (phase I: all
species survive and reach stable abundances)
to stable partial coexistence (phase II: some
species go extinct, and the surviving ones reach
stability) to persistent fluctuations in species
abundances and biomass (phase III) [figs. S1
to S3 and (32)]. The transition to unstable dy-
namics (phase II to phase III) corresponds
with the loss of linear stability of the equilib-
rium, consistent with May’s theory (fig. S4).
These results agree with recent theory that
derived analytically the existence of a phase
transition from a distinct stable state (phases I
and II) to persistent fluctuations (phase III)
(21, 22).
To address the ecological implications of

these dynamical phases, we analyzed both the
fraction of species that survive at equilibrium
(Fig. 1, C and E, and fig. S5) and the fraction of
communities that exhibit persistent fluctua-
tions (Fig. 1, D and F). We found that the se-
quence of dynamical phases is generic across
the parameter space: Communities generally
experience species extinctions before they lose
stability as either of the control parameters
increase. This sequence is both predicted by
analytical expressions for the phase bounda-
ries (Fig. 1, C to F) and robust to different
choices of interaction strength distributions
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and modeling assumptions (figs. S6 and S7)
(21). In particular, natural ecological com-
munities display diverse interaction types,
which affects the degree of symmetry in
the interactionmatrix (aij) (e.g., competition
and mutualismmay be symmetrical, whereas
predation is antisymmetrical). We found
that varying these properties of the interac-
tion matrix does not qualitatively affect the
dynamical phases (figs. S8 and S9). Other
model choices—for example, considering pH-
mediated interactions or the serial dilution
of communities into fresh media (figs. S9
to S12) (14)—further showed the robustness

and generic nature of the dynamical phases.
Therefore, it may be possible to predict the
diversity and dynamics of ecological commu-
nities from community-level features of the
interaction network.
To experimentally test the predicted phase

transitions, we built synthetic communities
using a library of 48 bacterial isolates from
terrestrial environments [figs. S13 and S14
and (32)]. After inoculation, we exposed com-
munities to cycles of growth, dispersal from
the pool, and dilution while monitoring com-
munity composition and biomass at the end
of each daily cycle [Fig. 2A and (32)]. Leverag-

ing previous work (14, 33), we tested media
conditions to tune the strength of bacterial
interactions. We found that the probability of
coexistence in pairwise coculture decreased
with the concentration of supplemented glu-
cose and urea. In this medium, an increase
in the concentration of these nutrients there-
fore increases the strength of competitive
interactions (Fig. 2B and tables S1 to S3).
As discussed in our previous work (14, 33),
high nutrient concentrations lead to extensive
modification of the media (e.g., pH) and hence
stronger interactions. This experimental plat-
form allows us to control the key parameters
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Fig. 1. Theory predicts that species pool size
and interspecies interaction strength shape
phases of community diversity and dynamics.
(A) Representative time series of species abundance
for the qualitatively different dynamics of com-
munities with different species pool size S, under
interaction strength <aij> = 0.3. Communities
transition from stable full coexistence (S = 4) to
stable partial coexistence (S = 20) to persistent
fluctuations (S = 80). (B) Increasing interaction
strength while fixing the species pool size reveals
analogous transitions. The values of <aij> and
std(aij) increase proportionally in this study.
(C and D) Mean fractions of species that survive in
the community (C) and communities that exhibit
persistent fluctuations (D). As interaction strength
increases, communities lose species (dashed vertical
line, transition from phase I to phase II) before
losing stability (solid vertical line, transition from
phase II to phase III). (E and F) Mapping the
survival fraction (E) and community fluctuation
fraction (F) onto the phase space reveals that this
sequence (phase I to phase II to phase III) of phase
transitions is maintained as either of the control
parameters increases. The gray dashed (solid) line
shows the analytical solution for the survival
(stability) boundary. The color maps depict the
mean value over 1000 simulations (32).
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Fig. 2. Increasing species pool size or interaction strength leads to loss of
stability in microbial communities. (A) We used a library of 48 bacteria to
generate species pools of different sizes and compositions. Cocultures underwent
serial dilutions with additional dispersal from the pool. Community composition
and total biomass were monitored through 16S sequencing and optical density
(OD). (B) In two-species cocultures, interaction strengths leading to the loss of
coexistence (aij > 1) increase in frequency with nutrient concentration. Error bars
represent SEM; n = 30. (C) Fluctuations in community biomass increase with
either species pool size or interaction strength. Solid lines represent eight

different species pool compositions (dashed lines represent replicates of the
48-species community). Purple (orange) lines highlight stable (fluctuating)
dynamics. (D) Under high nutrient concentration, half of the 12-species communities
exhibit persistent fluctuations (top panels) in species abundances and the rest
reached stability (bottom panels). (E) Time series (top panels) for the species
abundances in 48-species communities. Stability was reached only under low
nutrient concentration, and variability in end-point relative abundances increased
with nutrient concentration (bottom panels) (fig. S15). Relative abundance
plots show the amplicon sequence variant data of individual replicates.
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established by theory: species pool size and
interaction strength.
We experimentally mapped the phase space

of community dynamics by exposing 63 spe-
cies pools to three levels of interaction strength.
Specifically, we tested 30 species pairs (S = 2);
eight different communities for each size S = 3,
6, 12, and 24; and one community of S = 48
(the full species library). The resulting bio-
mass time series were relatively stable under
low interaction strength and small species
pool size, whereas increasing these two var-
iables progressively led to a higher fraction
of communities exhibiting biomass fluctua-
tions (Fig. 2C). Analyzing species abundances
through 16S sequencing (Fig. 2, D and E), we
found that biomass fluctuations were highly
correlated with species abundance fluctua-
tions (figs. S15 and S16). For example, for com-
munities with 12 species in the pool and high
nutrient concentration, four communities
reached stable equilibria and the remaining
four exhibited fluctuations in both biomass
and species abundances until the end of the
experiment (Fig. 2, C and D). Replicates with
identical species pool composition exhibited
highly reproducible dynamics (figs. S17 to S25),
and the classification of stable and fluctuating
communities was robust to different methods
that analyzed biomass, species composition, and
variations between replicates [figs. S15 and S16
and (32)]. We also experimentally observed this
transition toward unstable dynamics under dif-
ferent carbon sources and dilution frequencies
(fig. S27). Therefore, synthetic microbial com-
munities lose stability as either species pool size
(for S > 2) or interaction strength increases.
To understand the relationship between spe-

cies extinctions and loss of community stability,
we analyzed species survival across these ex-
periments. As expected, the fraction of sur-
viving species decreased with an increase in
either species pool size or interaction strength,
asdeterminedbynutrient concentration (Fig. 3A).
For example, at medium interaction strength,
83% (±3%) of species were able to survive in
the 30 pairwise (S= 2) cocultures, whereas this
frequency decreased to 36% (±7%) among the
eight different combinations of six-species com-
munities (S=6; Fig. 3A). Despite the pronounced
loss of species, none of these communities
displayed persistent fluctuations (Fig. 3B).
Such fluctuations arose with further increase
of the species pool size, with half of the 24-
species combinations displaying fluctuations
(Fig. 3B). Notably, the species survival fraction
displayed only a modest decrease entering the
fluctuation regime, with 24% (±2%) of species
surviving in the 24-species communities as
compared with 36% (±7%) in the six-species
communities (Fig. 3, A and B). Mapping these
experimental results over the phase space (Fig.
3, C and D) confirmed the theoretically pre-
dicted (Fig. 1, E and F) sequence of transitions:
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Fig. 3. Species pool size and interaction strength determine the diversity and dynamics of experi-
mental communities. (A) Fraction of surviving species decreases with either species pool size or interaction
strength (nutrient concentration). The survival fraction decreases more slowly at high S and strong
interaction strength. (B) Fraction of fluctuating communities increases with either species pool size or
interaction strength. (C) Phase diagram for the fraction of species surviving in experimental communities.
As communities cross the boundary of phase I (dashed white line), they experience species extinctions,
with a fast decay in survival fraction through phase II and a relative maintenance of survival fraction through
phase III. The solid white line indicates the stability boundary. (D) Phase diagram for the fraction of
fluctuating communities in experiments. Communities start exhibiting persistent fluctuations after crossing
the boundary into phase III (solid gray line). The dashed gray line indicates the survival boundary.
In (A) and (B), error bars represent SEM; n = 8.

Fig. 4. Fluctuating communities are more diverse than stable communities under the same conditions.
(A) As the average survival fraction (blue line) decreases with increasing species pool size S in simulations,
more communities exhibit fluctuations in species abundances (orange data points). Whereas stable
communities (purple data points) exhibit a steady decrease in species survival fraction with S, the loss of
species is slower in fluctuating communities. Each data point represents an individual community. (B) In
experiments under high nutrient concentration (also under lower nutrient concentration; fig. S28), fluctuating
communities exhibit a higher survival fraction than stable communities. The survival fractions of 88%
(±5%) of the fluctuating communities are above or equal to the mean, as compared with 14% (±6%) in
the case of stable communities [p < 0.01; (32)]. Error bars represent SEM; n = 8.
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Communities experience species extinctions
before exhibiting persistent fluctuations, as
either species pool size or interaction strength
increases.
Next, through analyzing species survival

fraction across different species pool composi-
tions, we addressed how fluctuations and diver-
sity may influence each other. In simulations,
the fraction of surviving species revealed a
generic trend: For the same species pool size
and interaction strength, fluctuating commu-
nities were more diverse than stable commu-
nities (Fig. 4A). This trend was also observed
in experiments:Most fluctuating communities
reached higher survival fractions than stable
communities reached under the same con-
ditions (Fig. 4B and fig. S28). For example,
within the 12-species communities, fluctuating
communities had on average 5 ± 1 species
surviving, as compared with only 2 ± 1 species
surviving in stable communities. Among the
fluctuating communities, 88% (±5%) exhibited
survival fractions above or equal to the mean,
as compared with only 14% (±6%) among the
stable communities [p < 0.01; (32)]. Both ex-
periments and simulations suggest that fluc-
tuations are an emergent, diversity-dependent
phenomenon, because the addition of spe-
cies pools from stable communities often
yielded larger, fluctuating communities (fig.
S29). We also found numerically that fluctua-
tions and high diversity disappeared together
as we stopped dispersal or pinned the abun-
dance of the most abundant species (fig. S1).
Our results show that diversity and per-
sistent fluctuations enhance each other, as
theoretically demonstrated in previous work
(25, 26).
Our findings are consistent with two major

ideas in theoretical ecology: May’s suggestion
that complexity leads to instability (16) and
Chesson’s argument that temporal fluctua-
tions can help maintain diversity (34). The
question of whether complex dynamics are in-
herent to the ecological community—arising
from species interactions—or driven by envi-
ronmental factors has received considerable
attention yet has seldom undergone a direct
experimental test in many-species communities.
Under laboratory conditions that minimize
environmental stochasticity, and in agreement
with recent theory (21, 23, 35), we found that
community-level parameters representing

species diversity and interactions are suf-
ficient to predict the dynamical behaviors
of complex ecological communities. These
predictions are theoretically robust to vary-
ing biological assumptions [e.g., intraspecific
diversity and interspecies interaction mecha-
nisms, including resource-explicit models (36)].
Therefore, the emergent phases of biodiversity
and dynamics that we observed in this study
may occur in a wide range of ecological com-
munities. Future work should study whether
these phases generalize across spatiotemporal
scales, environmental conditions, and orga-
nism types to understand their prevalence
and importance in shaping major ecological
patterns (37, 38).
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