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Interspecies Interactions Drive Community-Level Selection in

Microbial Coalescence

Jinyeop Song!, Jiliang Hu', and Jeff Gore!

Department of Physics, Massachusetts Institute of Technology, Cambridge, MA, USA

Abstract

It has long been debated in ecology whether communities behave as cohesive units or
as loose collections of independent species. Here, we study this question in the context
of community coalescence, the mixing of previously isolated communities, using bacterial
microcosm experiments combined with ecological modeling. Our results demonstrate that
interspecies interaction strength determines whether communities or species are the units
of selection during coalescence. When interactions are moderate to strong, one parental
community consistently outcompetes the other, indicating community-level selection. In
contrast, under weak interactions, species fates are uncorrelated and the two communities
contribute equally to the coalesced outcome, indicating the absence of community-level se-
lection. These patterns extend to communities derived from natural samples with greater
taxonomic diversity and richness. Furthermore, we identify two distinct regimes underly-
ing community-level selection in experiments with different media conditions: an emergent
regime in which collective dynamics shape outcomes that cannot be predicted from species
traits alone, and a top-down regime where dominant species determine the winning commu-
nity. Together, these results reconcile conflicting observations on community-level selection
during community coalescence by demonstrating that communities behave as cohesive units

only when interactions are sufficiently strong.
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1 Introduction

In nature, species coexist and interact within complex communities, yet whether these assem-
blages function as cohesive, integrated units or merely as loose collections of independently
acting species remains a fundamental question in ecology. Historically, this tension has been

" “superorganism” view treats communities

framed through two influential paradigms. Clements
as discrete biological entities with emergent properties arising from species interdependencies,
potentially as a result of coevolution . In contrast, Gleason’s individualistic hypothesis posits
that species independently occupy niches, with community composition emerging from the coin-
cidental overlap of species ranges® . Despite decades of research, the conditions that determine
when communities behave as cohesive units versus loose species assemblages remain unclear.
These contrasting frameworks make distinct predictions in the context of community coales-

10,11

cence, the mixing of previously isolated communities . Coalescence occurs across diverse con-

texts and scales: environmental disturbances trigger microbial community mixing in soils %13,
flooding events promote coalescence in aquatic and estuarine habitats!'?, skin microbiomes un-
dergo exchange through daily social contact'®, and gut microbiomes are subject to wholesale

16,17 Coalescence brings species

community transfer through fecal microbiota transplantation
with distinct interaction histories into contact, creating novel cross-community interactions that
can reshape the resulting assemblage!?. Thus, it provides a natural test for the individualistic
versus holistic paradigms: The holistic view predicts that species within a community have corre-
lated persistence, making the community the primary unit of selection, termed community-level
selection. The individualistic view predicts species-level selection, yielding outcomes shaped
by individual fitness regardless of community origin, with no systematic correlation in species
persistence within parental communities.

Substantial theoretical and empirical evidence supports the holistic prediction that commu-
nities act as cohesive units during coalescence. Early theoretical work by Gilpin'® suggested that
pre-assembled communities, having already undergone internal competitive exclusion, possess
structured interaction patterns that differ fundamentally from randomly assembled commu-
nities. Because species within such communities have been filtered to coexist, their survival
outcomes become coupled, producing asymmetric post-coalescence communities dominated by

one parental community'?. Notably, this structured interaction can arise due to ecological exclu-

sion alone, even in the absence of long-term coevolution, as demonstrated in synthetic microbial
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communities 2921

. Building on this foundation, resource-consumer models formalized the mech-
anism by which such selection occurs, demonstrating that communities with superior collective
fitness through resource consumption outcompete others in ways not predictable from individual
species performance alone 22724 Empirically, correlated selection between dominant and sub-
dominant taxa has been observed across 100 coalescence experiments, confirming that species
retention within communities is indeed correlated ?°.

However, opposing evidence supports the individualistic prediction that species respond inde-
pendently to coalescence events, with outcomes primarily determined by environmental sorting
rather than collective community dynamics. Empirical work reports that coexistence between
species from different source communities is common through niche partitioning rather than
competitive exclusion during macro-scale biogeographic interchange in marine and terrestrial

biomes 26

; similar patterns have been observed in microbial systems where closely related species
coexist via resource partitioning?’. Other work shows that species from the same community
rarely go extinct together in the fossil record?®. In microbial systems, local environmental
factors explain more variation than the presence of constantly interchanging neighboring com-
munities??. Strain-resolved metagenomic analyses of in vitro gut microbial communities showed
species-level dynamics rather than community-level selection, with surviving species originating

3031 These findings suggest that selection during coalescence

from both parental communities
acts on species-level traits rather than on emergent community properties.

Together, these contrasting lines of evidence indicate that communities behave as units of
selection in some coalescence events but not others; however, the governing factors of these
transitions remain poorly understood. Here, we combine empirical and theoretical approaches
to investigate how interspecies interaction strength drives these contrasting outcomes. Using
randomly assembled synthetic microbial communities across different interaction strengths, we
classify post-coalescence outcomes into three types: Dominance (one community wins), Mixture
(both persist), and Restructuring (a novel state emerges). Under weak interactions, Mixture
prevails and species persistence is uncorrelated, consistent with individualistic dynamics. As
interaction strength increases, the system shifts toward Dominance, where species persistence
becomes correlated, indicating community-level selection. A theoretical model with minimal
pairwise interactions reproduces these experimental observations, and the patterns generalize

to natural communities with greater taxonomic complexity. Further analysis reveals two mech-

anistic regimes underlying community-level selection: one where a few dominant taxa largely
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determine the winner, and another where collective multi-species dynamics shape the outcome.
These results reconcile conflicting observations by establishing interaction strength as the control

parameter for community-level selection.

2 Results

2.1 Community-level selection is prevalent in microbial coalescence

Our central question is whether selection acts primarily on whole communities as cohesive units
during community coalescence. To address this, we asked how often coalescence outcomes are
represented primarily by one parental community versus blending of both or forming a novel
community. Consider a coalescence event where communities A and B merge to produce commu-
nity C (Fig. 1A). We represent each community by its normalized abundance vector and quantify

the similarity between the coalesced community C and each parental community (Fig. 1B):

Sim(C, A) = Z¢ - 4, Sim(C,B) = 7 - 7 (1)

where &4, ¥p are normalized abundance vectors of parental communities A and B, and Z¢ is
that of the coalesced community. These two similarity scores yield a two-dimensional similarity
map in which the location of C reflects how strongly it resembles each parental community. We
partition this map into three coalescence outcome classes (see Methods): Dominance, where
C closely resembles one parental community but not the other; Mixture, where C similarly
resembles both parental communities; and Restructuring, where C diverges from both parental
communities into a novel configuration. Crucially, Dominance reflects community-level selection:
one parental community displaces the other while retaining its internal compositional structure,
indicating that its species persist collectively.

To quantify the occurrence of outcome types experimentally, we assembled random in-vitro
communities and subjected them to pairwise coalescence (Fig. 1C). We first curated a strain
library of 54 bacterial isolates collected from diverse environments (soil, tree surface, and flower
stamen). The library is phylogenetically broad, spanning 29 families across three phyla: Pro-
teobacteria, Firmicutes, and Bacteroidota (Extended Data Fig. 1; Supplementary Fig. 1). From
this library, we assembled 30 parental communities with varying initial richness (6, 12, or 24

species; see Methods) and stabilized them for 7 days under daily growth—dilution cycles (x30
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every 24 h) (Fig. 1C). Our initial experiments were done in Base medium (1 g L™! yeast ex-
tract, 1 g L™! soytone, 10 mM sodium phosphate, 0.1 mM CaCly, 2 mM MgCly, 4 mg L~}
NiSOy4, 50 mg L=' MnCly, 5 g L™! glucose and 4 g L' urea; pH 6.5), a buffered complex
medium that we have previously determined has moderate interaction strength and supports
high species coexistence (Supplementary Information, mean species survival ratio = 74 + 2%).
We then performed 83 pairwise coalescence events by mixing stabilized parental communities at
equal volume and restabilizing for an additional 7 days. Community compositions of parental
and coalesced communities were measured at the end of stabilization by 16S rRNA amplicon se-
quencing (Amplicon Sequence Variants, ASVs), and we also recorded the optical density (ODgg)
and pH of the communities to contextualize assembly and post-coalescence dynamics.

Representative time series illustrate the spectrum of post-coalescence dynamics (Fig. 1D).
In outcomes classified as Dominance, one parental lineage rapidly displaces the other after
mixing and the coalesced community converges to a composition closely matching that parental
community, while largely preserving its internal relative-abundance structure over serial dilution
cycles. In the Restructuring case, the merged community converges toward a novel state distinct
from both parental communities. Among 3 representative time-series trajectories, we did not
observe Mixture cases in which both parental communities remained comparably represented
after coalescence (see Supplementary Fig. 26).

Projecting all outcomes into the similarity space based on stabilized compositions (Fig. 1E)
revealed that Dominance is the most frequent empirical outcome. Of the 83 coalescence events,
54 were classified as Dominance, 26 as Restructuring, and 3 as Mixture (Fig. 1E). This pattern
of Dominance as the most frequent outcome was robust across variants of similarity metrics
(Extended Data Fig. 2). One possibility is that the observed frequency of Dominance results
from skewed species abundance distributions rather than correlated selection among species
from the same parental community. To rule out this possibility, we compared experimental
outcomes against two null models that assume no correlation in species selection: (1) abundance-
weighted random selection and (2) shuffled abundance (see Supplementary Information). The
experimentally observed asymmetry significantly exceeded both null expectations (Extended
Data Fig. 3), supporting that Dominance reflects correlated species selection within parental

communities.
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Figure 1: Fig. 1. Coalescence of synthetic microbial communities frequently yields
Dominance. a, Schematic of coalescence: parental communities A and B are mixed to pro-
duce C. Outcomes are classified as Dominance (one parent wins), Mixture (both persist), or

Restructuring (novel state). b,

tween communities and define a two-dimensional similarity map for classifying outcomes.

We use similarity to quantify compositional resemblance be-
c?

Experimental workflow: 30 parental communities (initial richness 6, 12, or 24) were assembled
from 54 bacterial isolates, stabilized, mixed pairwise (n = 83), and restabilized. d, Representa-
tive time courses showing Dominance (left, center) and Restructuring (right). e, Dominance is
the most frequent outcome in Base medium. Of 83 coalescence events, 54 (65%) were classified
as Dominance, 26 (31%) as Restructuring, and 3 (4%) as Mixture. Different symbols indicate
initial richness (circles: 6; squares: 12; triangles: 24 species).

2.2 Theoretical model with random interactions reproduces community-level

selection

To gain insight into why Dominance is the prevalent outcome, we introduced a generalized Lotka—

Volterra (gLV) model 3?33 that mi

irrors the experimental protocol (Fig. 2A). In this classic model,
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species grow logistically and compete pairwise:

dni
dt =1y r, — Z aijnj (2)
J

where n; is abundance, 7; is growth rate, and «;; is the competition coefficient between species
i and j (with self-interaction a;; = 1). We fixed r; = 1 and drew off-diagonal competition coeffi-
cients from a uniform distribution U(0, 2) with mean p, which controls the average competition

3435 From a pool of 54 species, we

strength: higher © means stronger interspecies competition
generated two parental communities of 12 species each with no shared species, allowed each to
reach equilibrium, then mixed them equally to simulate coalescence (Fig. 2A; see Methods for
details). Post-coalescence compositions were analyzed using the same similarity metrics as in
the experiments.

We simulated 1,200 random coalescence events at interaction strength p = 0.6 and analyzed
the similarity of each coalescence outcome to the two parental communities. At this inter-
action strength, the random-interaction model quantitatively reproduces the high frequency of
Dominance observed in the experiments. Outcomes concentrate near the axes rather than the di-
agonal, indicating asymmetric dominance by one parental community (Fig. 2B). Quantitatively,
Dominance accounts for 61% of all outcomes, far more frequent than Restructuring (26%) or
Mixture (13%; Fig. 2B, right). This observation suggests that interspecies interactions alone,
a minimal and generic condition, are sufficient to reproduce the high frequency of Dominance
observed in coalescence.

To understand how Dominance emerges in the model and whether it reflects community-level
selection, we examined the role of the assembly process. During assembly, competitive exclusion
filters out species with strong competitive interactions, leaving communities with reduced mean
interaction strength compared to the initial pool (paired t-test, P < 0.001; Fig. 2C). Because
surviving species compete weakly with each other but face stronger competition from outsiders,
their fates become coupled during coalescence: they tend to persist or go extinct together. We
quantified this effect using pairwise selection correlation—the degree to which species pairs share
the same survival outcome (both persist or both go extinct) across coalescence events (Supple-
mentary Information; Fig. 2D). Species from the same parental community showed strongly
positive correlations, while cross-community pairs showed negative correlations—a pattern ob-

served in both simulations and experiments (Fig. 2D). This confirms that member species within
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a parental community, having undergone assembly together, have coupled fates and are co-
selected during coalescence. Together, the prevalence of Dominance combined with positive

within-community selection correlation provides evidence for community-level selection in this

system.
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Figure 2: Fig. 2. Generalized Lotka—Volterra model of community coalescence. a,
Simulation workflow: species grow according to the generalized Lotka—Volterra (gLV) equations,
where interaction coefficients «;; are drawn from a uniform distribution U(0, 2p) with mean g
controlling mean interaction strength. Two equilibrated parental communities are mixed and
simulated to steady state. b, Outcome density map (= 0.6, n = 1,200 simulations). The model
reproduces the high frequency of Dominance (61%) observed experimentally. ¢, Community
assembly significantly reduces the mean interaction strength among surviving species (paired
t-test, p < 0.001). d, Pairwise selection correlation. Species pairs from the same parental
community show positive correlation (co-survival), while cross-community pairs show negative
correlation, indicating community-level selection. This pattern holds for both simulations (left)
and experiments (right). Error bars, s.e.m.

2.3 Interaction strength controls coalescence outcome type and degree of

community-level selection

Having established that random interspecies interactions can recapitulate Dominance with cor-
related pairwise selection, we next investigated how interaction strength alters coalescence
outcomes. We simulated 1,200 coalescence events at each of three representative interaction
strengths (u = 0.3,0.6,0.8) and mapped outcomes into the similarity space (Fig. 3A). At weak
interactions (u = 0.3), outcomes clustered in the interior of the map, indicating Mixture; as

1 increased, outcomes shifted toward the axes, indicating Dominance. We quantified this shift
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using the Parental Dominance Index (PDI), which captures the relative contribution of each
parental community (0: parental community B, 0.5: equal, 1: parental community A; see Meth-
ods). PDI distributions shifted from unimodal near 0.5 at g = 0.3 to bimodal at higher p
(Fig. 3A), reflecting a transition in which Dominance becomes increasingly frequent, indicating
community-level selection.

Across interaction strengths from p = 0 to 1.2, we observed a systematic shift in coalescence
outcomes (Fig. 3B), with Mixture predominating at weak interactions and Dominance at strong
interactions. Restructuring emerged at moderate to high interaction strengths. These patterns
were robust to variation in carrying capacities, interaction distributions, similarity metrics, and
community size (Supplementary Figs. 2—4; Extended Data Fig. 4). Notably, the frequency
of Dominance remained relatively stable across parental communities ranging from 4 to 48
species, spanning our experimental species pool range. To determine whether this transition
from Mixture to Dominance corresponds to the degree of co-selection, we examined pairwise
selection correlation across interaction strengths. Notably, within-community pairwise selection
correlation emerged only at high interaction strengths, indicating that species fates become
coupled only when interactions are sufficiently strong (Extended Data Fig. 5). These findings
indicate that interaction strength simultaneously determines both coalescence outcome type and

the level at which selection operates.

A B
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Figure 3: Fig. 3. Interaction strength controls the transition between coalescence
outcome types in simulation. a, Simulated coalescence outcome maps at three representative
interaction strengths: p = 0.3, 0.6, 0.8; n = 1,200 simulations per condition. Outcomes shift
from central Mixtures at weak interactions (@ = 0.3) to axis-aligned Dominance at strong
interactions (1 = 0.8). Histograms show the Parental Dominance Index (PDI) transitioning from
unimodal to bimodal. b, Outcome fractions across interaction strengths (u = 0-1.2). Mixture
predominates at low u, while Dominance becomes prevalent as p increases. Restructuring peaks
at intermediate strengths. Error bars, s.e.m.
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2.4 Nutrient-dependent interaction strength in experiments recapitulates

model predictions

Following prior work showing that nutrient concentration intensifies microbial competition 34-36

we conducted additional coalescence experiments by removing or augmenting glucose and urea
in the Base medium used in Fig. 1 (Methods). This yielded two additional media conditions
(Fig. 4A): Nutr— (no added glucose/urea) and Nutr+ (high supplementation). Higher nutrient
concentration amplifies consumer—resource feedbacks and intensifies environmental modification,
thereby strengthening interspecies interactions%. To empirically validate this effect, we mea-
sured failed invasion frequency using pairwise invasion assays among the 12 most abundant
isolates (95:5 initial frequency; Methods, Supplementary Figs. 5-7). The fraction of failed in-
vasions increased monotonically with nutrient supply (Nutr—: 2 + 1%; Base: 33 + 4%; Nutr+:
48 + 4%; mean =+ s.e.m.; Fig. 4B). Assuming the uniform distribution used in the model, cali-
brating these values against gLV simulations yielded approximate mean interaction strengths of
=~ 0.5 for Nutr—, p ~ 0.7 for Base, and pu ~ 0.9 for Nutr+ (see Supplementary Methods).
Given that nutrient concentration modulates interaction strength, we performed coalescence
experiments in Nutr— and Nutr+ media using the same parental community library to examine
how interaction strength affects coalescence outcomes. The distribution of outcomes in similarity
space shifted systematically with nutrient concentration (Fig. 4C), which we quantified by the
fraction of each outcome type (Fig. 4D). In Nutr— (n = 90), where interactions are weakest,
Mixture was the most frequent outcome (53%), and Dominance was substantially reduced to
39% compared to the Base medium (Dominance: 65%, Mixture: 4%). In Nutr+ (n = 90),
Dominance further increased to 76%. Pairwise selection correlation analysis confirmed that this
shift corresponds to a transition in the level of selection (Extended Data Fig. 6). In Base and
Nutr+ media, within-community species pairs showed significantly higher selection correlation
than cross-community pairs (P < 0.001), consistent with community-level selection. In Nutr—,
no such correlation was observed, indicating species-level dynamics. These results experimentally

validate the theoretical prediction: weaker interactions yield Mixture with uncorrelated species

fates, while stronger interactions yield Dominance with community-level selection.

10
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Figure 4: Fig. 4. Nutrient concentration modulates interaction strength and vali-
dates model predictions. Experimental manipulation of nutrient concentration confirms that
stronger interactions shift coalescence outcomes from Mixture toward Dominance. a, Schematic
of nutrient manipulation: we varied glucose and urea concentrations to create three media con-
ditions with increasing interaction strength (Nutr—, Base, Nutr+). b, Pairwise invasion assays
confirm that nutrient concentration modulates interaction strength. Failed invasion frequency
among the 12 most abundant isolates (95:5 initial frequency, n = 132 assays per medium) in-
creases monotonically with nutrient concentration (Nutr—: 2 £+ 1%, Base: 33 4+ 4%, Nutr+:
48 + 4%; mean + s.e.m.). ¢, Coalescence outcome distributions shift systematically with nu-
trient concentration. Scatter plots show outcomes in similarity space for each medium (Nutr—:
n = 90, magenta; Base: n = 83, brown; Nutr+: n = 90, orange); different symbols indicate
initial richness. Histograms show PDI distributions. d, The fraction of Dominance increases
with nutrient concentration (39% in Nutr—, 65% in Base, 76% in Nutr+) while Mixture declines
from 53% to 4% to 6% (chi-square test for trend, p < 0.001), consistent with model predictions.
Error bars, s.e.m.

2.5 Dominant community predictability reveals two mechanistic regimes

We observed Dominance in both Base and Nutr+ media, consistent with community-level se-
lection as confirmed by pairwise selection correlation (Extended Data Fig. 6). We next asked
whether we can predict which parental community will win during coalescence. Prior work
has suggested that species-level competitive outcomes may correlate with Dominance direc-
tion 1937, Inspired by these observations, we tested whether pairwise competition between dom-

34,36

inant species predicts which community wins (Fig. 5A).

11
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The relative abundance of dominant species in stabilized parental communities increased with
nutrient concentration (44 + 2% in Nutr—, 51 + 5% in Base, 67 + 4% in Nutr+; mean + s.e.m.,
Fig. 5B), suggesting that dominant species exert greater influence under higher nutrient concen-
tration. We therefore tested whether pairwise competition between dominant species predicts
the coalescence outcome by analyzing the linear relationship between dominant-species compet-
itive success (from invasion assays) and the PDI of coalescence outcomes (Fig. 5C). Predictive
power varied markedly across media: in Nutr—, where Mixture predominates and pairwise se-
lection correlation is weak, pairwise competition showed no predictive power (R? = 0.00); in
Base medium, predictive power was weak (R? = 0.11), consistent with collective multi-species
dynamics shaping outcomes; in Nutr+, pairwise competition was more predictive (R? = 0.49),
indicating that the dominant species contributes substantially to determining which community
wins. These results suggest that community-level selection spans a mechanistic continuum: at
one end, an emergent regime (Base medium) where multi-species dynamics collectively shape the
outcome and no single species trait is predictive, and at the other, a top-down regime (Nutr+
medium) where a few dominant taxa determine the winner.

We explored the mechanistic basis of the top-down regime by examining environmental mod-
ification through pH. In our system, dominant species are often strong pH modifiers that either
acidify or alkalinize the medium (Supplementary Fig. 8). In both Base and Nutr+ media, when
these pH-modifying species become dominant within a community, they determine the commu-
nity’s overall pH; communities dominated by acidifiers become acidic, while those dominated
by alkalizers become alkaline (Supplementary Fig. 9). In coalescence events between acidic
(pH < 6.5) and alkaline (pH > 7.5) parental communities, the acidic community won in only
56% of cases in Base medium (n = 41), but won in 91% of cases in Nutr+ medium (n = 32,
Fisher’s exact test p < 0.0001; Extended Data Fig. 8), consistent with the hypothesis that
high nutrients amplify metabolic activity, thereby intensifying pH modification and excluding

36,38 " Thus, in Nutr4+ medium, the dominant species determines community

pH-sensitive species
pH, and community pH predicts coalescence outcome, providing a mechanistic explanation for

the top-down regime.

12
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Figure 5: Fig. 5. Predictability of Dominance direction reveals two mechanistic
regimes. The direction of Dominance (which parental community wins) becomes increasingly
predictable from dominant species competition across media conditions, distinguishing an emer-
gent regime (Base) from a top-down regime (Nutr+). a, Schematic: can pairwise competition
between dominant species predict which community wins? b, Relative abundance of dominant
species increases with nutrient concentration (Nutr—: 44 +2%; Base: 51 +5%; Nutr+: 67 +4%;
mean =+ s.e.m.). ¢, Dominant species competitive success versus PDI of coalescence outcomes;
gray shading indicates Dominance. Predictive power: R? = 0.00 in Nutr—, R? = 0.11 (p = 0.03)
in Base (emergent regime), and R? = 0.49 (p < 0.001) in Nutr+ (top-down regime). Linear
regression with 95% confidence intervals shown.

2.6 Interaction-dependent coalescence outcomes generalize to natural com-

munities

The synthetic communities described above were assembled from individually isolated bacterial
strains, allowing precise control over initial composition but raising the question of whether

these patterns generalize to more ecologically realistic settings. To address this, we performed
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coalescence experiments using communities derived from natural environmental samples, which
harbor complex species assemblages shaped by evolutionary and ecological processes in their
natural habitats.

We collected six environmental samples from diverse microhabitats (soil, compost, and de-
composing organic matter) and established bacterial communities through seven rounds of se-
rial growth-dilution in laboratory media across all three nutrient conditions (Nutr—, Base, and
Nutr+; Fig. 6A). After stabilization, these natural sample-derived communities exhibited higher
ASV richness than synthetic communities (mean of 13.74+7.2 ASVs above 0.1% threshold, com-
pared to 9.8 £ 4.8 in synthetic communities) and low ASV overlap among communities from
different samples (Supplementary Figs. 22-25).

We performed 15 pairwise coalescence events with two biological replicates each (n = 30 per
condition) across all three nutrient conditions after stabilization and analyzed outcomes using
the same similarity framework applied to synthetic communities. Natural sample-derived com-
munities showed similar patterns to synthetic communities: outcomes clustered along the axes
in similarity space (Fig. 6B,C). The fraction of Dominance outcomes increased with nutrient
concentration (37% in Nutr—, 70% in Base, 77% in Nutr+ ), mirroring the interaction-strength
dependence observed in synthetic communities. Natural communities showed higher Restructur-
ing fractions, possibly reflecting greater taxonomic diversity and more complex interaction net-
works. These results demonstrate that the interaction-dependent shift toward community-level
selection is robust and generalizes beyond precisely controlled synthetic consortia to naturally-

evolved microbial assemblages.
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Figure 6: Fig. 6. Dominance generalizes to natural sample-derived communities.
Natural environmental communities show qualitatively similar coalescence patterns to synthetic
communities, with Dominance frequency increasing under higher nutrient concentration. a,
Experimental workflow follows Fig. 1c, but uses natural sample-derived communities from six
environmental samples including soil, compost, and decomposing organic matter. b, Coalescence
outcome distributions in similarity space for natural communities across three media conditions
(n = 30 coalescence events per condition, 15 unique pairs x 2 replicates). Similar to synthetic
communities, outcomes cluster near the diagonal under weak interactions and shift toward the
axes under strong interactions. Histograms below show PDI distributions. ¢, The fraction
of Dominance outcomes increases with nutrient concentration in natural communities (37% in
Nutr—, 70% in Base, 77% in Nutr+), consistent with patterns observed in synthetic communities.
Error bars, s.e.m.

3 Discussion

Our work demonstrates that interspecies interaction strength governs community coalescence
outcomes, determining both the dominant outcome type and the level at which selection oper-
ates. In both experiments and modeling, when interactions are strong, Dominance prevails and
species persistence is correlated within parental communities, indicating community-level se-
lection; when interactions are weak, Mixture predominates and species respond independently.
Furthermore, predictability from dominant species reveals two distinct mechanisms underly-

ing Dominance: a top-down regime driven by dominant species via pH modification, and an
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emergent regime where collective dynamics reduce predictability. These findings reconcile the
Clements—Gleason debate: interspecies interaction strength determines whether communities
behave as cohesive units or loose species assemblages.

Our work provides the first experimental demonstration of alternative regimes in community
coalescence, reconciling previously contrasting observations of community-level versus species-
level selection. Prior studies have reported both outcomes: some found communities behaving

22,25 while others observed species responding independently 262, Our results

as cohesive units
suggest that these conflicting observations may reflect differences in interaction strength across
experimental systems. For instance, the absence of community-level selection in in wvitro gut

microbiome coalescence experiments 303!

is consistent with our framework. Rich media such as
BHI are analogous to our Nutr— condition, providing complex and diverse resources while lack-
ing high concentrations of readily metabolizable carbon sources. This resource structure reduces
both direct resource competition and pH-mediated interactions, thereby weakening interspecies
interactions3% and favoring species-level rather than community-level dynamics. Likewise, in-
teraction strength may vary systematically across ecosystems: microbial biofilms experience
strong metabolic interactions due to high cell densities and shared resources’, whereas mobile
macroscopic organisms interact more transiently across larger spatial scales. These differences
may explain why community-level selection is more frequently observed in microbial coalescence
studies. This framework provides a unified perspective: rather than asking whether communi-
ties are cohesive units, we should ask under what conditions they become so, with interaction
strength emerging as a key determinant.

A growing body of work has identified interaction strength as a key control parameter gov-
erning diverse aspects of microbial community dynamics, including diversity 3440 stability 364!,

33 and invasion outcomes>>4%. Our results extend this claim to include coalescence,

coexistence
providing further evidence that interaction strength determines when communities exhibit col-
lective behavior. The parallel with priority effects is particularly instructive; recent work showed
that assembly order shapes final composition only under strong interactions, whereas weak in-

3543 Our coalescence

teractions lead to convergent outcomes regardless of assembly history
results mirror this pattern—strong interactions preserve parental identity, while weak interac-
tions yield convergent Mixtures. Together, these findings reinforce interaction strength as a

coarse-grained parameter that predicts history-dependent community dynamics across multiple

ecological contexts.
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In nature, coalescence occurs in richer settings that may shift regimes and outcomes. En-
vironmental heterogeneity (temperature, pH buffering, and other physicochemical factors) co-
varies with interaction strength and can reshape coalescence across habitats 9374445 In host-
associated microbiomes, host filtering, priority effects, and spatial structure further influence
successful colonization, making coalescence a useful framework for predicting and steering mi-

crobiome transfer 144647,

Our experiments focus on steady-state outcomes and thus do not
capture temporal dynamics such as fluctuating resources, migration pulses, or host responses.
Additionally, both our experimental system and theoretical model are dominated by competi-
tive interactions; systems with substantial mutualism or facilitation may exhibit qualitatively

different dynamics. Incorporating these axes into both theory and experiment will help build a

more comprehensive picture of community-level selection across habitats and scales.
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4 Methods

Microbial Strain Library and Culture Conditions

We used a library of 54 bacterial isolates from environmental samples (soil, tree surface, and
flower stamen) collected in Cambridge, MA, USA, spanning 29 families across three phyla (Pro-
teobacteria, Firmicutes, and Bacteroidota; Extended Data Fig. 1; Supplementary Fig. 1). Iso-
lates were purified by serial streaking and stored as glycerol stocks at —80 °C. Experiments
were conducted in culture medium containing 1 g L™! yeast extract, 1 g L™! soytone, 10 mM
sodium phosphate, 0.1 mM CaCly, 2 mM MgCly, 4 mg L~! NiSO4, 50 mg L=! MnCl, (pH 6.5),
supplemented at three nutrient levels—Nutr— (no added glucose/urea), Base (5 ¢ L~! glucose,
4 g L~! urea), and Nutr+ (20 g L™! glucose, 16 g L~! urea)—which produce different strengths
of interspecific interactions. Communities were grown in 300 uL. volumes in 96-well deep-well
plates at 25 °C with shaking at 800 rpm. Full media composition and culture conditions are

provided in Supplementary Methods.

Community Assembly and Coalescence Experiments

Parental communities (n = 30) were assembled at three richness levels (6, 12, or 24 species)
by sequential assignment of isolates from the strain library, each with two biological replicates.
For 6-species and 12-species parental communities, non-overlapping sets were assembled (e.g.,
community 1: strains 1-6, community 2: strains 7-12). Communities were stabilized through
seven daily serial dilutions (x30) before coalescence. Coalescence experiments mixed two pre-
stabilized parental communities at 1:1 volume ratio, followed by seven additional serial transfers
to reach new steady states (Fig. 1C). In total, 83 pairwise coalescence events were performed in
Base medium, and additional experiments were conducted across all three nutrient conditions.

Full experimental details are provided in Supplementary Methods.

16S rRNA Sequencing

Community composition was measured by 16S rRNA amplicon sequencing (V4 region). DNA
was extracted using QIAGEN DNeasy PowerSoil kit, and sequencing was performed at Argonne
National Laboratory. Amplicon sequence variants (ASVs) were identified using DADA2%® with
SILVA 138 as reference. Species richness was defined as ASVs with >0.1% relative abundance,

corresponding to the extinction threshold used in simulations. Raw sequencing reads are avail-
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able at Dryad (http://datadryad.org/share/LINK_NOT_FOR_PUBLICATION/kQACU7LCmQclVZE
GZkObS5ZPUVL_grhwah2zvFY4m9s). Full sequencing and data processing details are provided in

Supplementary Methods.

Optical Density and pH Measurements

Optical density (ODgoo) was measured after each 24-hour growth cycle using a plate reader
(BioTek Synergy H1). Community pH was measured using a benchtop pH meter (Apera In-
struments PH5500). These measurements were used to monitor community growth dynamics
and to assess environmental modification by dominant species. Full measurement protocols are

provided in Supplementary Methods.

Classification of Coalescence Outcomes

Coalescence outcomes were classified based on similarity between the coalesced community and
each parental community. Each community was represented as a normalized abundance vector
(see Supplementary Methods for normalization details), and similarity was computed as the dot
product between the coalesced community vector and each parental vector. These two sim-
ilarity scores place each outcome in a two-dimensional similarity space. From the similarity
scores, we derived: (1) retention magnitude, quantifying how much of the coalesced composition
is explained by the parental communities; and (2) parental dominance index (PDI), quantify-
ing selection preference toward one parental community (0: parental community B dominance,
0.5: equal contributions, 1: parental community A dominance). Outcomes were categorized
as Restructuring (low retention; substantial ecological reorganization), Mixture (high retention
with PDI near 0.5; balanced parental contributions), or Dominance (high retention with PDI
near 0 or 1; one parental community overwhelms the other). To assess whether Dominance re-
flects community-level selection, we computed pairwise selection correlations measuring whether
species from the same parental community share selection outcomes during coalescence. Full

mathematical framework is provided in Supplementary Methods.

Lotka—Volterra Simulations

Community dynamics were modeled using generalized Lotka—Volterra (gLV) equations (Eq. 2).
We fixed growth rates to 1 and self-interaction coeflicients «;; = 1, and drew off-diagonal com-

petition coefficients from a uniform distribution U(0,2x) with mean g, which controls mean
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interaction strength. From a pool of 54 species, we randomly generated two parental commu-
nities of 12 species each with no shared species. Communities were equilibrated numerically
(species below 0.1% relative abundance threshold set to zero), then mixed pairwise at equal
proportions to simulate coalescence. Each simulation used independently sampled interaction
matrices to explore diverse ecological contexts. Full simulation parameters and robustness anal-

yses are provided in Supplementary Methods.

Pairwise Invasion Assays

To empirically estimate interaction strength, we performed pairwise invasion assays among the
12 most abundant isolates. Each pair was tested in both directions (resident:invader = 95:5)
and propagated through seven daily dilution cycles across all three nutrient conditions. Final
compositions were determined by colony counting. An invasion was scored as failed if the invader
remained below 1% relative abundance. Pairwise outcomes were then classified as coexistence
(both isolates above 10% in both directions), exclusion (the same isolate drove its competitor
below 1% in both directions), or bistability (each isolate excluded the other when resident).
The fraction of failed invasions served as a proxy for mean interaction strength (Fig. 4B). Full

experimental details are provided in Supplementary Methods.

Natural Sample-Derived Communities

We performed coalescence experiments using communities derived from six natural environmen-
tal samples (soil, compost, decomposing organic matter) collected in Cambridge, MA. Unlike
synthetic communities assembled from isolated strains, these communities retain complex species
assemblages from their native habitats. Samples were enriched through seven serial dilution
cycles to establish stable communities, then 15 pairwise coalescence events (each with two bi-
ological replicates, n = 30 per condition) were conducted across all three nutrient conditions.

Full experimental details are provided in Supplementary Methods.

Statistical Analyses

Statistical significance was defined at p < 0.05. Paired t-tests compared mean interaction
strengths before and after assembly. Permutation tests (1,000 permutations) assessed pairwise
selection correlations. Mann-Whitney U tests compared experimental values against null distri-

butions. Chi-square tests for trend assessed outcome fraction shifts across nutrient conditions.
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Fisher’s exact test compared categorical outcomes between conditions. Linear regression quan-
tified predictability of coalescence outcomes from dominant-species competition (R? reported).
For figures requiring error bars, the mean and s.e.m. are presented, with specific test details

provided in each legend. Full statistical methods are provided in Supplementary Methods.

Data Availability

Isolates and communities are available upon request. All data are available in the Supplementary
Information and via Dryad at http://datadryad.org/share/LINK_NOT_FOR_PUBLICATION/k

QACU7TLCmQclVZ£GZkObS5ZPUVL _grhwah2zvFY4m9s.

Code Availability

All codes used for simulation and analysis are available via GitHub at https://github.com/J

inyeop3110/interspecies-interaction-derive-Community-Level-Selection.
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