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Abstract

New microbial communities often arise through the mixing of two or more separately
assembled parent communities, a phenomenon that has been termed “community
coalescence”. Understanding which features of complex parent communities determine
the outcomes of any given coalescence event is an important challenge. While recent
work has begun to elucidate the role of competition in coalescence, the effect of specific
underlying structures of interactions remains unclear, and that of cooperation, a key
interaction type commonly seen in microbial communities, is still largely unknown.
Here, using a general consumer-resource model we study the combined effects of
competitive and cooperative interactions on the outcomes of coalescence events. We
simulate coalescence between pairs of communities lying on the spectrum from
competition for shared carbon resources, to cooperation through cross-feeding on leaked
metabolic by-products (facilitation). Specifically, we develop novel metrics to quantify
community-wide competition and cooperation levels, and show that these can predict
which community dominates in pairwise coalescence events. We find that when both
types of interactions are present in the parent communities, the less competitive one,
which maximizes resource partitioning, contributes a higher proportion of species to the
new community after coalescence, regardless of its cooperativeness. However,
counter-intuitively, when competition in both parent communities is significantly weaker
than facilitation, the more cooperative one is at a disadvantage during coalescence
because multi-species invasions are able to disrupt established cross-feeding links.
Encounters between microbial communities are becoming increasingly frequent across
the globe, and there is great interest in how the coalescence of microbial communities
affects environmental and human health. Our study provides new insights into the
mechanisms behind microbial community coalescence, and a framework to predict
outcomes based on the interaction structures of parent communities.

Author summary

In nature, new microbial communities often arise from the fusion of whole, previously
separated communities (community coalescence). Despite the crucial role that the
interactions among microbial communities can play in ecosystems, our ability to predict
the outcomes of coalescence events remains limited. Here, using a general mathematical
model, we study whether and how the structure of species interactions confers an
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advantage upon a microbial community when it encounters another. We find that when
both competition and cooperation are present, less competitive communities, which
partition resources well, dominate in coalescence events. However, when competition is
negligible, cooperation turns out to be detrimental to coalescence success, because
highly cooperative communities are more susceptible to multi-species invasions. There
are many potential environmental and health implications of microbial community
coalescence, which will benefit from the theoretical insights that we offer here about the
fundamental mechanisms underlying this phenomenon.

Introduction

Microbial communities are widespread throughout our planet [1], from the the human
gut to the deep ocean, and play a critical role in natural processes ranging from animal
development and host health [2,3] to biogeochemical cycles [4]. These communities are
very complex, typically harbouring hundreds of species [5], making them hard to
characterize. Recently, DNA sequencing has allowed a high-resolution mapping of these
communities, opening a niche for theoreticians and experimentalists to collaboratively
decipher their complexity and assembly [6H14].

Unlike in the macroscopic world, entire, distinct microbial communities are often
displaced over space and come into contact with each other due to physical (e.g.,
dispersal by wind or water) and biological (e.g., animal-animal interactions or leaves
falling to the ground) factors [15H18|. The process by which two or more communities
that were previously separated join and reassemble into a new community has been
termed community coalescence [19]. Although microbial community coalescence is likely
to be common, the effects of the interactions structure of parent communities on the
outcome of such events remains poorly understood [20].

Early mathematical models of community-community invasion in animals and plants
revealed that when two communities merge after barrier removal, asymmetrical
dominance of one community over the other one is likely to occur [21,[22]. As an
explanation for this observation, it was argued that, because communities have been
assembled through a history of competitive exclusion, they are likely to compete with
each other as coordinated entities, rather than as a random collection of species. This
result has been established more rigorously in recent theoretical work, where
consumer-resource models have been used to show that in microbial community
coalescence events, the winning community will be that which is capable of
simultaneously depleting all resources more efficiently [23]. Overall, these findings
suggest that communities arising from competitive species sorting exhibit sufficient
“cohesion” to prevent successful invasions by members of other communities.

However, empirical support for the role of competition alone in coalescence is
circumstantial, and the role of cooperation, which is commonly observed in microbial
communities, remains largely unknown. For example, during coalescence in
methanogenic communities, cohesive units of taxa from the community with the most
efficient resource are co-selected [24], and in aerobic bacterial communities, the invasion
success of a given taxon is determined by its community members [25]. Nonetheless,
neither of these studies was able to establish the role of competition vs. cooperation in
shaping cohesiveness, and coalescence success. Yet, these microbial communities exhibit
cooperation through a dense cross-feeding network, where leaked metabolic by-products
of one species act as resources for others [26-28|. Indeed, several studies have suggested
that a combination of competitive and cooperative interactions may determine the
outcome of coalescence in microbial communities [29431].

Here, we focus on the gap in our understanding of the relative importance of
competition and cooperation in community coalescence. We use a consumer resource
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model that includes cross-feeding to assemble complex microbial communities spanning
a broad range in the competition-cooperation spectrum. Using novel metrics, we then
quantify community-level competition and cooperation in the assembled communities,
as well as their “cohesiveness”. Using the latter metric, we then determine the relative
importance of the two types of interactions on success in pairwise coalescence events.

Methods

Mathematical model

We use a mathematical model based on Marsland et al. [6] (see [Supporting text section|
for the microbial consumer-resource dynamics (Fig :

dng
e Jalo | (1 — l);cajRj —Za |,

(1)

dR;
d—t] =K; — ZnacajRj + lZnaijcakRk.
« ak
Here, n, (=1,...,s) and R; (j = 1,...,m) are the biomass abundance of the a'"

microbial (e.g., bacterial) species and the concentration of the j** resource (e.g., carbon
source). The growth of species « is determined by the resources it harvests minus the
cost of maintenance (two terms in the brackets). Resource uptake depends on the
resource concentration in the environment I;, and whether or not the species a uses
resource j (cqj = 1 or caj = 0, respectively). The leakage term [ determines the
proportion of this uptake that is released back into the environment as metabolic
by-products, with the remainder (1 — 1) being allocated to growth. The maintenance
cost term, z,, is dependent on the number of resources that the o” species consumes,
and is given by the expression:

Za =X0(1+€)ang‘a (2)

where x( is the average cost of being able to consume a given resource, the summation
represents the total number of resources that species « is able to process, and € is a
random fluctuation sampled from a truncated (so that z, > 0) normal distribution.
Eq [2| ensures that neither generalists nor specialists are systematically favoured during
the community assembly by imposing a greater cost on species that consume a wider
range of resources (see [Supporting text section 2|). The uptake that remains after
subtracting this maintenance is transformed into biomass with a proportionality
constant of g, the value of which does not affect the results presented here.

The change in the concentration of resources in the environmental pool are
determined by three terms. The first term represents the external supply ~;, which
gives the rate at which the j** resource enters the system. The second term is the
uptake of the j*" resource from the environment, summed across all s consumers in the
system and the third term represents resources entering the environmental pool via
leakage of metabolic by-products. By-product leakage is determined by the metabolic
matrix D (or the “stoichiometric” matrix; [6]), with the jk'" element representing the
leaked proportion of resource j that is transformed into resource k. Due to conservation
of energy, D is, by definition, a row stochastic matrix, meaning that its rows sum to 1.

The above model entails the following assumptions: (i) all resources contain the
same amount of energy (taken to be 1 for simplicity), (ii) a type I functional response,
(iii) binary consumer preferences, (iv) a shared core metabolism encoded in D, (v) a
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common leakage fractions for all species and resources, and (vi) a complex environment
where all resources are externally supplied in equal amounts. We address the
implications of these assumptions in the Discussion section.

Competition and facilitation metrics

Previous work suggests that during coalescence events, sets of species from the same
community act as cohesive units and are selected together (ecological
co-selection) [21425]. Our goal is to quantify community-level cohesion (), by
considering the interactions between all species in the community, classifying
cooperative interactions as cohesion inducing, and competitive ones as cohesion
precluding [35], so that

0=F-C, (3)

where F and C are measures of community-wide facilitation and competition
respectively, which we now define.

In the system described by Eqgs [I} facilitation occurs when a species leaks metabolic
by-products that are used by another species. We compute community-level cooperation
by calculating the strengths of facilitation between individual species pairs and then
averaging them across the community:

F = (Fap)azs- (4)

Here, F is a unitless quantity where the facilitation between the species, a — 3 is given
by:
Faﬁ = ZZchaijkclgk, (5)
ik
where [ is the strength of cooperative links, and the term c,;D;rcgy represents the
necessary condition to establish a cooperative link (see [Supporting text section 3 for
further details).

Competition for resources exists because of the overlap in resource preferences (the
Cq;’s) between species. The realized strength of competition between species depends on
the resource environment they experience, which is made up of two sources; the
externally supplied resources, and the metabolic by-products generated by the
community. Similar to facilitation, we develop a new metric of pairwise competition
strength that accounts for both these sources. We then measure community-level
competition by taking the average of the strengths of competition between all species
pairs (see |[Supporting text section 3| for details), that is

C= <(Oa)a[3 + (Cb)aﬂ>a#ﬁ' (6)

Here again, community-level competition C is a unitless quantity partitioned into two
components: (Cy)q3 measures the level of competition between species pair (o, 3) for
externally supplied resources, and (Cj)ap the level of competition for resources that
have been leaked by species across the community.

We define the competition for externally supplied (abiotically-generated) resources
(Ca)ap to be

(Ca)aﬁ = (1 - l) Z /%kcakCgk.
k
That is, intrinsic competition between the species pair is quantified by their common
resource preferences through the scalar product of their preference vectors. Interaction
strength is determined by the fraction of externally supplied resources that is effectively
consumed, 1 — [, and the factor K; accounts for possible differences in external supply
rate between resources.
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Model Step 1: Step 2: Step 3: Step 4:
Parameterisation Community assembly Coalescence Analysis
C&D {na} {RJ} . C S1,2 vs. A® ?

- s e
wd X a T A hd =k g IR BT
Lo Ve | i

Fig 1. Overview of the coalescence modelling methodology. Step 1. The matrix of resource preferences (C) and
the metabolic matrix (D) are sampled for each community under both the unstructured, and structured scenarios. Black
polygons are different resource types. Step 2. Dynamics of the system are allowed to play out (Eqs until steady state is
reached. The solid bidirectional arrow represents a competitive link between two species, and the unidirecitonal dashed
Step 3. Pairs of the assembled parent communities are randomly
picked, mixed, and the resulting community re-run to steady state. Step 4. The contribution of each parent community to

the final mix is analyzed (51,2, EqE[) as a function of their cohesion before they coalesced (AO, Eq.

The second term in Eq [6] corresponds to competition for resources leaked as
metabolic by-products (biotically-generated resources), and is written as

(Co)ag =1 RjDjk (caj + cgj) Cancor-
ik

Here, [ is the strength of competition on leaked resources (the rationale behind this can

be found in [Supporting text section 3|and [Fig S1)), and the product

Dji(caj + csj)carcar represents the necessary conditions to have effective competition

for the k' leaked resource (see [Supporting text section 3| for details).

Simulations

Fig [I] presents an overview of our methodology used to simulate community coalescence,
which we describe here. The matrix implementation used in the actual simulations is

described in the [Supporting text section &l

Step 1: Parameterization

We first generate parent communities with interactions across the spectrum of
competition to cooperation. To this end, for each parent community, resource

preferences and secretion parameters (the c,;’s and Djy’s, respectively) of s = m = 60
consumer species and resource types are sampled from random distributions, but with

two types of constraints that modulate the competition and facilitation levels
(cohesiveness) achieved at steady state, or introduce structure in the system.
Modulating competition and facilitation levels. We use an iterative procedure to
impose a specific level of competition by increasing or decreasing niche similarity
between consumers (see [Supporting text section 4)). In this procedure, resource

preferences of single species are assigned iteratively by re-evaluating the probability that

species « samples resource j, given by

1 ~
Paj = (1 - kc)% + kcdaflja
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Fig 2. Examples of differently structured preference (C) and metabolic (D) matrices. These have
been generated with different combinations of the competition and facilitation parameters k., K., kr, and Ky in
systems of 60 resource types and 60 consumer species. In the metabolic matrices (D-F), lighter colours indicate

higher values (resource fractions secreted). A & D: Purely random matrices, where all the four parameters are 0.

B & E: As k. and ky are increased the regime moves towards greater preferential feeding, where more demanded
resources are more likely to be consumed (increase of k), but also secreted at higher fractions (increase of ky). C
& F': Instead, if K. and Ky are increased, the regime moves towards more structured resource use, where species
in one guild are more likely to consume resources from their preferred resource class (increase in K.), and leak
higher fractions of resources that do not belong to their preferred resource class (increase in Ky).

where m is the number of resource types, do_1 4 is the normalized cumulative demand of
resource j at iteration o — 1, and k. is the competitiveness factor (see
for details). In each step of the iteration, the sampling probability of each
resource by a given consumer is changed according to the demand on it such that
highly-demanded resources are more likely to be sampled in the next step (“preferential
feeding”). Note that k. modulates how much consumers prefer highly-demanded
resources, such that when k. = 0, the sampling is uniformly random (Fig ); as
k. — 1, the feeding becomes increasingly preferential (Fig[2B).

The facilitation level of the community depends on the topology of metabolic matrix
D (Fig )7 which is specified such that the resources that are highly demanded are
also secreted in large fractions (Fig , and see [Supporting text section 4| for details).

Introducing guild structure. Recent empirical studies suggests that microbial species
tend to form guilds with similar metabolic capabilities, thus introducing some degree of
functional redundancy in the communities they form . Theoretical studies
support these observations . We therefore add further structure to the matrices
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C and D, by partitioning resources into classes, and constraining consumers to feed on
a preferred class, but leak to any other, forming consumer guilds. Adding this structure
yields two interaction layers (imagine superimposing Figs 2B&C with Figs RE&F):
inter-guild facilitation and competition between consumers preferring distinct resource
classes, and intra-guild facilitation and competition, which stems from the
previously-imposed preferential feeding.

Resource preferences in this scenario are assigned similarly to the unstructured
preferential feeding above, except that the probability that species ag (which feeds
preferentially on resource class A) samples resource j, is now weighted up or down
depending on whether j belongs in guild A, or not, respectively (Fig , derivation in
[Supporting text section 5)), as:

1 .

(L Ke(Ne = 1) (= (1= ko) +dajhe) €4

Paj = "
aj

N

—(1-K,.) otherwise.

m
Here A is a normalization constant ensuring that the probabilities sum to 1. The
magnitude of this effect is given by the constant K., which controls the amount of
consumer guild structure in C.

The metabolic matrix D (Fig ) is constructed such that the fraction of leaked
by-product k is lower if it belongs to the same class as the consumed resource j
(elements within block-diagonals of D), and higher otherwise (off-block diagonal
elements of D). The prominence of this structure in the matrix is given by the
inter-guild facilitation factor K (see [Supporting text section 5| for details).

Step 2: Assembly of parent communities

After parameterization, we numerically simulate the dynamics of each parent
community (with s =m = 60), according to Eq until steady state is reached. We
assemble parent communities using the preferential feeding parameterization of the
consumer preference and metabolic matrices either with or without the guild-structure
described above (henceforth referred to as the structured or unstructured scenarios,
respectively). Within each of the two sets, we perform 100 random assemblies at each
combination of competition and facilitation values (i.e. k. = ky € [0,0.5,0.9]), setting
K.=K;=0or K. = Ky = 0.9 for the unstructured and structured cases respectively.
Traversing the parameter space in this way ensures that all regimes shown in Fig 2] and
their possible superpositions are visited 100 times. In order to assess the effect of
leakage (which will modulate interactions strength between species as shown by

Eqgs |§| & ) we repeat these simulations in three leakage regimes setting { = [0.1,0.5,0.9].

Further details of the assembly simulations are in [Supporting text section 6]

Step 3: Coalescence

To simulate coalescence we randomly sample pairs of assembled communities (2 -10*
pairs for each leakage level), set all resources to their initial concentrations, and
numerically integrate the new combined system to steady state. By selecting random
communities we sample across a range of interaction types within communities (i.e.
from competition to cooperation) and differences in cohesiveness values between the two
communities (see [Supporting text section 6| for further details).

Step 4: Post-coalescence analysis
We analyse the contribution of the communities in the original pair to the species’
presence or absence profile in the coalesced community, and how this contribution
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depends on the cohesiveness of the parent communities (01 and ©2, measured before
coalescence using Eq . We measure the similarity of the coalesced community to each
of the two parents (indexed by 1 and 2), which gives a measure of parent community

dominance: . .
- D1 P2

Sio=pr-|——=—=), 9

12 = Df (n m) 9)

where py, pi, and p3 are (s1 + s2)—dimensional vectors of species presence-absence in
the post-coalescent, and parent communities 1, and 2, respectively, with r; and ro the
species richness values of the parent communities 1 and 2, respectively (calculated as
ri =y p;). If S12 =1, the coalesced community is identical to parent community 1,
and if Sy 2 = —1, it is identical to parent community 2. This measure is independent of
the number of consumer species, allowing us to mix communities with different levels of
species richness, avoiding bias in similarity towards the richer one.

Results

Minimizing competition ensures coalescence success

We first simulate coalescence between pairs of communities in the unstructured scenario
(i.e. without guild-structure; Fig ) We find that communities with higher cohesion
values tend to perform better in coalescence as seen by the positive relationship between
parent community dominance (S,2) and the difference in cohesion between the parent
communities (01 — O4; Fig ) That is, communities that emerge following coalescence
tend to have greater similarity with their more cohesive parent. This relationship holds
across all three leakage regimes. At low leakage, facilitation is negligible (blue line in
Fig|3B), and competition is mainly for abiotically-generated resources (dashed line in
Fig ) Thus, in this regime, being more cohesive is equivalent to being less

competitive and communities that minimize competition succeed in coalescence events.

This trend holds at higher values of leakage, even where facilitation is larger than
competition (now mainly for leaked resources) on average. This suggests that with only
preferential feeding, (minimizing) competition drives the outcome of community
coalescence, overriding the effects of facilitation (see for further details).

Previous work has linked success in coalescence to effective resource usage [23]. To
test this in our system, we plot, for all the assembled communities, the total resource
abundance per consumer at steady state, for three values of leakage, as a function of the
community’ intrinsic cohesion (Fig ), which is given by

F-C, G,
L1

6= (10)
This measure accounts for just the cohesion structure, leaving out the strength of the
links (allowing comparison between different values of leakage). The negative
correlation we observe (which holds too for the guild-structured scenario,
implies that as expected, more cohesive communities deplete resources more efficiently.
As the value of leakage decreases, more diverse and less competitive communities
(brighter colors and circular shapes, corresponding to decreasing k. values, in Fig )
cluster together more compactly at lower depletion levels. This is because more
competitive communities tend to be less diverse (see , and below a certain
richness threshold, are not able to saturate the available resource niches. Cooperative
links in communities with low leakage are too weak to balance this. On the contrary, in
high leakage communities, the stronger cooperative links are able to counter the effects
of competition by making all resources more evenly available across the community.
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Fig 3. Community coalescence with preferential feeding. A: Example of the secretion matrix of
(CD)qar’s, the total leakage of resource k by species a. B: Community-level competition C (dark red) and
facilitation F (blue) averaged across simulations for each leakage value. Competition for abiotically-generated
resources (C,) decreases, and that for biotically-generated resources (C) increases with leakage, with total
competition remaining consistently high throughout. Facilitation, on the other hand, increases linearly with
leakage. C: The post-coalescence community is more similar to its more cohesive parent. Shown is the binned
mean (20 bins) over communities with similar parent cohesion difference ©1 — 5 (solid line) + 1 standard
deviation (shaded) for the three leakage values. D: Total resource abundance per consumer at steady state is
negatively correlated with intrinsic cohesion, for all leakage values, confirming that more cohesive communities,
which also tend to be more species-rich, and less competitive, deplete resources more efficiently. Different values
of k. are in different shapes.

Cooperation undermines coalescence success

A ke ©050.540.9
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% AA Species NN
Ar=01 richness 20 30 40

Next we simulate community coalescence by imposing consumer guild structure. This

effectively results in the biotically-generated resource competition (C} in Eq @

becoming very low, bringing out a new regime at high ! values where C << F (Fig )
When coalescence is simulated between such pairs of communities, we find that in the
low leakage regime, where significant competition is present, the same result (yellow and
red lines in Fig[dIC) as in the case with only preferential feeding (Fig [3B) is recovered.
In the highest leakage regime the correlation between parent community dominance and
cohesion reverses (black line, Fig ) Competition is negligible in this regime (Fig ),
so being more cohesive is equivalent to having higher levels of facilitation. Thus, the
negative correlation indicates that more facilitative communities perform poorly in

coalescence events, that is, cooperative communities are easily invaded by a

randomly-picked community (see [Fig S5)). One empirically-supported explanation for

this observation is that multi-species invasions can easily disrupt cooperative

links [36H38]. To test this, we measured the average facilitation in the mixed and losing
communities, as well as in the group of species that went extinct during the coalescence
event, across all simulations at each leakage value (Fig[D). The results confirm our
intuition: both, the species in the losing parent community, and the species that go
extinct from that community, tend to be engaged in stronger cooperative links relative
to those in the post-coalescence community (yellow and red bars are higher than the

black bars). As expected, this pattern is strongest for very high values of leakage
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Fig 4. Community coalescence with consumer guilds present. A: Example of a secretion matrix with
consumer guild structure in addition to preferential feeding. B: Community-level competition (C) and facilitation
(F) averaged across simulations for different levels of leakage. For low values of leakage, competition for
abiotically-generated resources (C,) dominates, and for high values of leakage facilitation (F) is the important
term. Competition for biotically-generated resources (C}) is consistently low due to the consumer guild structure
imposed on matrices C' and D. C: Parent community dominance is positively correlated with A© for low values
of leakage, when C > F; but negatively correlated with A® for high values of leakage, when C < F. D: The
difference in average intrinsic facilitation between extinct species, losing parent community, and post-coalescence
community, increases with leakage, indicating that in more cooperative communities, facilitation links are
disproportionately disrupted by invading species.

(I =0.9), where the strongest cooperative links are present. Note that the y-axis in
Fig @D is leakage-independent, and therefore it is only measuring the facilitation
topology, that is, the number of cooperative links independent of the flux through them,

I (recall Eq|[5).

Discussion

New microbial communities often emerge through community coalescence . Previous
studies have focused on the cohesiveness exhibited by coalescing communities [21}25//39].
In Tikhonov’s study, the cohesion displayed by coalescing communities in the absence of
cooperative interactions was explained in terms of effective resource depletion . This
allowed the winning community to engineer an environment more favorable for itself
than for the losing community, which was partially or completely displaced. This result
has been experimentally verified in methanogenic communities , which are
characterized by a dense metabolic cross-feeding network. However the question remains
as to how a model built exclusively around competition can explain the complex reality
of coalescence in the presence of extensive cross-feeding. Our findings offer new, general
insights by explicitly considering the effect of the structure of interactions underlying
resource competition and cooperation. In particular, we find that the balance between
competition and cooperation can substantially change the outcome of coalescence
events, as has been suggested recently . Overall, these findings extend the results of
previous theoretical studies to accommodate metabolic interdependence (cross-feeding);
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an essential feature of real microbial communities [35.|38], and also provide theoretical,
mechanistic insights into empirical studies that have demonstrated the importance of
cross-feeding interactions on coalescence [24].

Reassuringly, the emerging pattern we find at [ ~ 0 (yellow line in Fig ), parallels
that emerging in [23]. However, we do not define cohesiveness in terms of resource
depletion efficacy, but rather as a function of the underlying interaction structure,
confirming that resource use efficiency is indeed a consequence of structural
minimization of competition (Fig ) The consistency of the trend in Fig[3B across the
whole leakage range suggests that minimizing competition is the main factor driving the
outcome of community coalescence even in the presence of strong cooperation. When
I > 0, high competition levels prevailed, but were taking place in an altered environment,
one engineered by a community that both consumed and secreted resources. Ultimately,
competition for leaked resources exists because the species are secreting resources
necessary for their own growth. While this might seem disadvantageous and thus
unrealistic at first, leaking essential resources is an common phenomenon in microbial
systems [40,41], and may be advantageous as a “flux control” mechanism employed by
individual cells to promote growth in crowded environments [42}[43].

After adding consumer guild structure to parent communities consistent with
empirical observations, we saw a new regime emerge for high values of leakage where the
community-level cooperation was high, and competition was negligible. In this case the
consistent positive correlation between cohesion and coalescence success found
previously was reversed (Fig )7 driven by the fact that multi-species invasions can
easily disrupt cross-feeding links in more cooperative communities. This result is in line
with empirical results showing that cooperative links are susceptible to be intercepted
by species invasions [36-38]. Nonetheless, recent in-silico results of single species
invasions on microbial communities have found that cooperative communities are more
resistant to invasions than their competitive counterparts [44]. The apparent
contradiction between this finding and our own suggests that invasions in the context of
complex communities cannot be understood from the study of single species.
Investigating the dynamics of these multi-species invasions of cooperative communities
in greater detail is a potentially important area for future work.

Throughout this work, we assumed that all resources were supplied, and at a fixed
rate. Removing environmental fluctuations in the form of resource variation allowed us
to focus on coalescence in terms of variation in species interaction structure alone.
While this assumption may be sensible in some cases |45], it is an oversimplification in
others [31]. Extending this theoretical framework to study the effects of resource supply
variation, e.g., by allowing substrate diversification from a single supplied resource [6}7],
is a promising direction for future research. In such cases, we expect that only the
cooperative links necessary to diversify the supplied carbon source will persist upon
coalescence events, but above that threshold, the results presented here would be
recovered. The resource dynamics where further simplified in this work by assuming a
type-I functional response. This is not expected to change our results substantially,
since our simulations are performed at steady state, where all three types of functional
responses behave the same. Given the heavy simulation based approach taken here,
assuming a core metabolism and leakage common to the whole community, made the
dynamics computationally tractable, while ensuring that the system was not far away
from the conditions of real communities [6,34].

The pairs of coalescing communities in this work were drawn with no richness
restrictions, that is, communities with different species richness were allowed to
compete. Consequently, the results reported here are independent of the species richness
of the mixed communities. Interestingly, several previous studies have pointed to
microbial community diversity as an important factor driving resource use efficiency
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and, therefore, determining community resistance against biotic and abiotic
perturbations [46H48|. These observations do not necessarily contradict the results
reported here. Instead, our findings suggest that community interactions may be a more
fundamental mechanism explaining the response of communities to environmental and
biotic perturbations, and that biodiversity is rather a consequence of the underlying
community interaction network. It is not surprising that empirical studies usually focus
on biodiversity’s influence on community stability (the “diversity-stability” relationship)
rather than of community interactions, since the latter is much harder to measure than
the former. Understanding biodiversity as an emergent property of the interaction
network topology in a microbial community is a promising line of future research [49].
Encounters between microbial communities are becoming increasingly frequent [50],
and mixing of whole microbial communities is gaining popularity for
bio-engineering [51], soil restoration [52], faecal microbiota transplantation [53}54], and
the use of probiotics [b5]. We present a framework which relates the nature of species
interaction in microbial communities to the outcome of community coalescence events.
Although more work is required to bridge the gap between theory and empirical
observations, this study constitutes a key step in that direction.

Supporting information

Supporting text section 1 — Relationship with other consumer resource
models.

Supporting text section 2 — Cost function.

Supporting text section 3 — Competition and Facilitation Metrics.

Supporting text section 4 — Modulating cohesion levels.

Supporting text section 5 — Adding consumer guild structure.
Supporting text section 6 — Further details on community assembly
simulations.

Supporting text section 7 — Further details on community coalescence
simulations.

Supporting text section 8 — Matrix representation of the model.

Fig S1 Mechanism of resource recycling
Fig S2 Consumer preferences before and after community coalescence

Fig S3 Heat-maps for each value of 1 of the average richness r as a function of k. and
ky.

Fig S4 Depletion level in the structured scenario.

Fig S5 Plots of each component of the cohesion measure for both the unstructured
and structured scenarios.

May 15, 2021

1217

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367


https://doi.org/10.1101/2021.04.18.440290
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.18.440290; this version posted May 16, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Fig S6 Plots of each component of the cohesion measure for all leakages in the
unstructured scenario.

Fig S7 Plots of each component of the cohesion measure for all leakages in the
unstructured scenario.
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