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Abstract

In human microbiota, the prevention or promotion of invasions can be crucial to human

health. Invasion outcomes, in turn, are impacted by the composition of resident communities

and interactions of resident members with the invader. Here we study how interactions influ-

ence invasion outcomes in microbial communities, when interactions are primarily mediated

by chemicals that are released into or consumed from the environment. We use a previously

developed dynamic model which explicitly includes species abundances and the concentra-

tions of chemicals that mediate species interaction. Using this model, we assessed how

species interactions impact invasion by simulating a new species being introduced into an

existing resident community. We classified invasion outcomes as resistance, augmentation,

displacement, or disruption depending on whether the richness of the resident community

was maintained or decreased and whether the invader was maintained in the community or

went extinct. We found that as the number of invaders introduced into the resident commu-

nity increased, disruption rather than augmentation became more prevalent. With more

facilitation of the invader by the resident community, resistance outcomes were replaced by

displacement and augmentation. By contrast, with more facilitation among residents, dis-

placement outcomes shifted to resistance. When facilitation of the resident community by

the invader was eliminated, the majority of augmentation outcomes turned into displace-

ment, while when inhibition of residents by invaders was eliminated, invasion outcomes

were largely unaffected. Our results suggest that a better understanding of interactions

within resident communities and between residents and invaders is crucial to predicting the

success of invasions into microbial communities.

Author summary

Our resident microbiota can prevent diseases by making it harder for pathogens to grow

and establish, a phenomenon called “colonization resistance.” Colonization resistance is

one of the major benefits provided by human-associated microbiota and a viable alterna-

tive to the use of antibiotics for preventing or treating infections. Here we use a model of

microbial interactions through production and consumption of metabolic compounds to
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assay invasion and colonization resistance. We systematically examine in simulations how

interactions among resident members and those between residents and an invader impact

colonization resistance and invasion outcomes. In our simulations, the common strategy

of increasing the dosage of probiotics is often unsuccessful for augmenting a new species

into a resident microbiota. Instead, we find that the net facilitation or inhibition between

the resident members and the invader explains whether the community remains intact

and whether the invader can establish. Our results suggest that a better understanding of

microbial interactions can inform successful microbiota interventions.

Introduction

Members of resident communities can influence whether invading species are able to establish

in an ecosystem. In human microbiota, where invasion is a first step in the establishment of

many pathogens, preventing the invasion is sometimes referred to as colonization resistance.

The potential for resident microbes to protect us from pathogens has been observed as early as

1917, by the discovery of Escherichia coli Nissle 1917 that antagonized and blocked enteric

pathogens [1]. More examples across different microbiota sites abound: nasal microbiota can

protect us against respiratory Staphylococcus aureus infection [2,3], gut microbiota can protect

from Clostridium difficile infection [4,5], and oral microbiota can block E. coli infection [6], to

name a few. While substantial evidence demonstrates that resident microbiota can suppress

pathogens [7–9], the mechanism of colonization resistance is not fully understood [6].

Strategies to promote the addition of new taxa to human microbiota—called engraftment—

can also be critical components of healthcare. For example, fecal microbiota transplant is used

to increase the diversity of human gut microbiota and treat a variety of intestinal conditions,

including C. difficile infection [10], Crohn’s disease [11], and ulcerative colitis [12]. The appli-

cation of probiotics has become an important component of current approaches for promot-

ing a healthy neonatal gut microbiome [13–15] as well as for treating bacterial vaginosis [16]

and numerous digestive disorders [17]. Additional exploration of the community and environ-

mental contexts in which each strategy is likely to be effective could benefit from guidance

from appropriate theory. However, with a few exceptions (such as [6,18,19]), and despite the

many studies on invasion and colonization resistance performed in microbial systems [20–23],

the potential repercussions of mechanisms of colonization resistance and invasion ecology on

microbiota intervention strategies have not been explored in depth.

Resident communities can affect invasion outcomes by altering resource availability, occu-

pying niches, or interacting with invaders directly or indirectly via predation, competition,

facilitation, or other mechanisms. The relative importance of factors determining invasion

outcomes varies across communities and ecosystems. Functional composition of resident

communities, for example, is a major determinant of invasion success in many grasslands [24],

while release from consumer or competitive pressure is an especially important factor in

marine invasions [25]. The majority of explanations about how microbiota achieve or resist

colonization are built around competition [26–29], which can take many forms [30,31],

including resource competition, production of toxic compounds, or induction of host immu-

nity. The role of facilitation—interactions that benefit other community members—has been

less frequently investigated, despite being considered an important influence on invasion out-

comes in non-microbial systems for decades [32–38]. To highlight a few examples, it has been

shown that incidental mutual interactions with native species promotes invasion [39], facilita-

tion among two non-native species can make invasion more successful [40], and facilitative

ecosystem-engineering can increase invasion success [37]. Among microbes, interactions
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often occur via chemical mediators released into the environment [41,42] and are believed to

be influential in structuring many microbial communities. The impact of positive interactions

on invasion outcomes, especially in the context of microbes interacting via diffusing chemical

mediators, remains underexplored.

Mathematical models have been used to explore many aspects of the relationship between

interspecific interactions (chemically-mediated and otherwise), microbial community struc-

ture, and invasion fate. Modeling of metabolic interaction networks have provided insight into

how nutrient exchange can lead to emergent properties of microbial communities, such as bio-

degradation or the ability to survive in nutrient poor environments [43]. And by modeling the

microbes of the human colon as functional groups producing a range of major metabolic

products, Kettle and colleagues were able to reproduce experimental results showing changes

in community composition in response to pH change [44]. Modeling of invasion of a new spe-

cies into a multispecies biofilm has shown that colonizing microbes can move from bulk liquid

into the biofilm and establish where environmental conditions favor their growth [45,46].

Models of bacteriocin-mediated interactions have demonstrated that Lactic Acid Bacteria

could be effectively used to control Listeria sp. growth in food products [47,48]. However,

none of these models have explored the conditions under which positive and negative chemi-

cally-mediated interactions within resident communities and between residents and invaders

might alter invasion outcomes.

Mechanistic studies typically fall along a spectrum of generality. In invasion ecology, on

one side are general theoretical predictions [29,35,38], while on the other side are specific,

although remarkable, instances such as host-supported colonization of legume by rhizobia

[49,50]. Studies in human microbiota can be done in these two types as well (see a summary of

different model systems in [51], for example). Here, we choose to focus on developing general

insights that could inform and guide future microbiota-based intervention strategies. Since

such general insights are hard to draw in natural microbiota, where members and interactions

are not often adequately known, we use in silico models in our approach instead.

We use a previously introduced mathematical model of microbes and explicit mediators of

interactions [52,53] to investigate how invasion of microbial communities is affected by chem-

ical-mediated interspecific interactions between the invader and resident members or among

resident members. Even though the formulation of our model is inferred from empirical data

in [53], our conclusions are derived from many constructed in silico examples; as such, they do

not reflect specific metabolites and are insensitive to the details of the parameters used. As

described below, our investigation suggests that species interactions can markedly influence

invasion and colonization resistance.

Results

Increasing the propagule size does not increase the chance of incorporation

of an invader into a resident community

To assess colonization resistance, we set up an in silico invasion assay in which stable resident

communities [54] are challenged with invaders introduced at different population sizes (Fig 1;

see Materials and Methods for details). We categorize the outcome based on the fate of the

invader and the resident community. There are four possible outcomes (Fig 1): ‘Resistance’

(invader extinct, all resident species maintained), ‘Augmentation’ (invader maintained, all resi-

dent species maintained), ‘Disruption’ (invader extinct and some resident species also go

extinct), and ‘Displacement’ (invader maintained and some resident species go extinct).

We observe that only when the relative size of the invader population introduced into the

resident community—hereafter called propagule size—is comparable to the resident
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community, the chance of observing different outcomes is affected (Figs 2 and S1). In our

model, no considerable change in outcomes is observed below a propagule size of ~10%. Com-

munity outcomes are affected when invader propagule size exceeds ~10% of the resident popu-

lation. Probability of resistance decreases across this range. Importantly, in our model, a larger

propagule size does not appear to alter the chance of augmentation. At large propagule sizes,

the invader is maintained in the final population only at the cost of losing some of the resident

species. This is at odds with common wisdom of using probiotic at high doses to allow the

“helpful” microbes to be augmented into the microbiota.

Invaders with higher basal growth rate are more likely to displace residents

We asked if the basal growth of the invader—what would conventionally be the main indicator

of its competitive potential—is the major determinant of invasion success. To answer this

question, we introduced invaders with different basal growth rate—i.e. growth rate in the

absence of interactions—into the community and tallied the invasion outcomes (S2 Fig). The

results show that as the community is challenged with invaders with basal growth rates higher

than resident members, the outcome shifts from resistance to displacement. The augmentation

and disruption outcomes remain unlikely as the basal growth rate of the invader increases.

Facilitation of invader by resident microbiota can weaken colonization

resistance

To investigate the impact of interactions on invasion outcomes, we first looked at the interactions

between the resident microbiota and the invader. We kept the interactions within the resident

Fig 1. An in silico invasion assay allows us to assess invasion outcomes. In our in silico invasion assay, we first assemble instances of stable resident communities and

then assess the outcomes after introducing an invader. Based on whether the invader persists or goes extinct and whether the resident community maintains or

decreases in richness, we categorize the outcomes into four groups: ‘Resistance’ (invader extinct, resident richness maintained), ‘Augmentation’ (invader maintained,

resident richness maintained), ‘Disruption’ (invader extinct, resident richness drops), and ‘Displacement’ (invader maintained, resident richness drops).

https://doi.org/10.1371/journal.pcbi.1008643.g001
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communities fixed and transitioned the interactions imposed by the resident microbiota on the

invader from mostly inhibition to mostly facilitation (Fig 3). The results show a clear trend: when

the resident community facilitates the invader, the chance of invasion (augmentation or displace-

ment outcomes) is enhanced. As facilitation of the invader increases, the fraction of resistance

decreases, with a corresponding increase in displacement. The chance of augmentation increases

slightly, while the probability of disruption remains relatively constant.

This result is fairly intuitive. If the resident members mostly facilitate the invader, the

growth rate boost that the invader receives makes the invasion more successful. The prevalence

of the displacement category in these results rather than augmentation (i.e. successful inva-

sions tend to deplete resident community richness) reinforces the view that facilitation of

invaders may be detrimental to resident communities.

More cooperative microbiota show stronger colonization resistance

We shifted our focus to the interactions within the resident microbiota to assess their impact

on invasion outcomes. For this, we surveyed many examples of stable resident communities

Fig 2. Only at large invader propagules colonization resistance is weakened. As the normalized propagule size (i.e. the amount of

invader cells introduced, relative to the total population size of the resident community) increases, the probability of resistance

decreases, the probability of disruption and displacement increases, and the probability of augmentation remains approximately

constant. Number of instances examined Ns = 1000. Interactions among resident members are equally likely to be facilitative or

inhibitory (ffac = 0.5). Interactions between resident members and the invader are mostly inhibitory (ffac,inv = 0.1). The invader has

on average a 50% advantage in basal growth rate compared to resident members (r0,inv/r0,res = 1.5). To visualize the trends more

clearly, here we do not include the error-bars (see S1 Fig for confidence intervals).

https://doi.org/10.1371/journal.pcbi.1008643.g002
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formed by groups of species that engaged in interactions at different facilitation to inhibition

fractions. The results showed that invasion was less successful when there was prevalent facili-

tation among resident members (Fig 4). This trend holds when the resident members are

mostly antagonistic against the invader as well (S3 Fig).

One explanation for the above results is from the perspective of available interactions. The

mediators present in the resident community can modulate the growth rate of the invader pos-

itively or negatively. If other members of the community are already mostly positively benefit-

ting from these mediators, that leaves less room for an invader to take advantage of those

resources to keep up with resident members or outpace them in growth.

The net interaction between the invader and resident microbiota

determines the type and strength of colonization resistance

What are the mechanisms through which interactions between the invader and resident mem-

bers determine the chance of invasion? We considered a particular case where the chemical

mediators of the resident were more likely to be inhibitory to the invader. We asked how

much this inhibitory effect as well as consumption or production of mediators by the invader

Fig 3. When resident species facilitate the invader, colonization resistance is weakened. Invasion success drastically increases

when we switch the interactions that influence the invader from inhibition to facilitation. Number of instances examined Ns = 1000.

Interactions among resident members are equally likely to be facilitative or inhibitory (ffac = 0.5). Normalized basal growth rate of the

invader is 1.5. Normalized introduced propagule size is 0.3%.

https://doi.org/10.1371/journal.pcbi.1008643.g003
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influenced the invasion outcome. The invader interfaces with residents in two ways: it can

affect the chemical environment of the resident community by consuming or producing

chemical mediators, and it also gets affected by the chemicals in the environment. As expected,

when more mediators had an influence on the invader, colonization resistance was strength-

ened (S4A Fig). We tested how removing production, consumption, and/or chemical influence

on the invader impacted invasion outcomes (Figs 5 and S5).

To interpret the results, we first recall that the resident community involves mostly facilita-

tive interactions among resident members [53]. Thus, we expect production of mediators by

the invader to facilitate the resident community, while consumption of mediators will inhibit

residents. Consistent with this expectation, when more of the mediators were produced by the

Fig 4. Facilitation among resident species strengthens colonization resistance. Invasion success decreases when interactions among resident species are

predominantly facilitation rather than inhibition. The interactions between resident species and the invader are mostly inhibitory (ffac,inv = 0.1). Normalized basal

growth rate of the invader is 1.5 (compared to resident members). Normalized introduced propagule size is 0.3%.

https://doi.org/10.1371/journal.pcbi.1008643.g004
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Fig 5. The effective interaction between the resident community and the invader alters the outcome of invasion. We examined how invasion outcomes

changed when the interactions between the invader and resident members were altered. In the original case, the invader is inhibited by resident species, and the

invader consumes and produces some chemical mediators. In other cases, the invader inhibition, consumption, or production (or a combination of them) are
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invader, the chance of augmentation increased (S4B Fig) and depletion of mediators weakened

colonization resistance (S6 Fig). We can simplify our view of the system as two compartments

—i.e. the resident community and the invader—and their interactions. As shown in the left-

most inset of Fig 5, in the original case the invader facilitates the resident community through

production of mediators, inhibits the resident community through consumption of mediators,

and gets inhibited by the chemical environment of the resident community (our assumption

for this example). Examining the results after removing different components of this model

leads to several interesting observations: (1) Removing invader production (thus, no facilita-

tion) removes the augmentation types from the outcomes and increases the chance of displace-

ment. (2) Removing consumption (thus, no inhibition of microbiota by the invader) only

marginally decreases the chance of displacement and slightly improves colonization resistance.

(3) Removing the inhibition of the invader increases the chance of invasion, primarily by con-

tributing to the displacement outcomes. The results are overall in agreement with what we

would expect from a two-component system [55]: facilitation increases stable coexistence

(manifested as the augmentation outcome), whereas mutual inhibition increases bistability

(most outcomes are resistance or displacement).

Insights from the impact of different interactions on invasion and colonization resistance

outcomes (Figs 5 and S5) is a helpful first-step to rethink the intervention strategies for manip-

ulating microbiota. Our results suggest that when interactions other than pure competition are

involved, propagule size is not an effective parameter to influence the outcomes (Fig 2).

Instead, interactions between the invader and the resident community and the interactions

within the resident community appear to influence the outcome (Fig 5). Take a situation of

assimilating a probiotic strain into an existing microbiota. Our results suggest that rather than

administering larger doses of the probiotic strain, the focus should be on creating facilitation

or removing existing inhibition between the probiotic strain and the resident microbiota.

Discussion

To examine how interspecific interactions affect invasion outcomes within microbiota, we

used a mediator-explicit model of chemical interactions among microbes [52,53]. We devel-

oped an in silico yet empirically feasible assay to assess different types of invasion. Invasion

outcomes in this assay are categorized as resistance, augmentation, disruption, or displacement

depending on whether the invader is maintained in the community or driven extinct and

whether the resident community maintains its richness or some resident species go extinct.

Using this model, we investigated the impact of different parameters—including those related

to interactions—on invasion outcomes.

We saw that as the size of the invader population increased relative to the resident commu-

nity, resistant outcomes decreased and were replaced by disruptions. Empirical work on inva-

sion of colicinogenic bacteria into a colicin-sensitive population found that initial population

size of the invader had no effect on invasion outcome, but did have a negative relationship

with time to displacement of the resident community [56]. Other work in microbial communi-

ties has found that invasions into structured environments are only successful with a suffi-

ciently large initial population size or propagule pressure [57–59]. We also found that when

invaders had higher basal growth rates relative to the resident members, resident communities

removed from the system, as shown in the insets, to assess the impact of each. Interactions among resident species are equally likely to be facilitative or

inhibitory (ffac = 0.5). The influence of residents on the invader is mostly inhibitory (ffac,inv = 0.1). Invader has a normalized basal growth rate of 1.5. Number of

instances examined Ns = 10000.

https://doi.org/10.1371/journal.pcbi.1008643.g005
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were increasingly disrupted, which agrees with empirical results from microbial systems show-

ing a positive relationship between invader success and invader growth rate [60–62]. Other

work has found no effect of invader growth rate on invasion outcome [56].

As expected, we found that invaders are more successful if the chemical environment cre-

ated by the resident community facilitates them. We also observed that if the interactions

among members that form the resident community are more facilitative—rather than inhibi-

tory—colonization resistance is strengthened. This is in contrast to empirical work demon-

strating that facilitative interactions promote invasion, including invasion of the Asian shore

crab into intertidal communities [37] and the plant pathogen Ralstonia solanacearum into rhi-

zosphere communities [63], although the promotion of invasion in the latter example was

believed to be due to facilitation of the invader by facilitative resident communities, while in

our work interactions among community members and between residents and invader were

explicitly considered separately. In fact, facilitation has been proposed as a mechanism to

explain the positive relationship between diversity and invasibility that is often observed at

broad spatial scales [29,64]. Because space is not explicitly considered in our model, we cannot

comment on the possibility that scale may account for the disparity between our results and

those from empirical systems, however this could be an important area for future exploration.

Finally, we found that when facilitation of the residents by the invader is removed, augmenta-

tion outcomes are replaced by displacement, while when inhibition of residents by invaders is

removed, there is little change in invasion outcomes.

The tradeoff in prevalence between resistance and displacement outcomes—created by

facilitative and inhibitory interspecific interactions, respectively—in our results already high-

lights how such interactions influence colonization resistance. This on its own is not a new

finding. Many studies before us have pointed to the impact of interactions, positive or nega-

tive, on invasion, including [6,26,33,37], and microbial communities that are unable to resist

invasion frequently decrease in resident diversity [65]. Our contribution is to highlight this

impact in a model of continuous growth in microbiota in a framework based on consumption

and production of chemicals that can impact cell growth and to track down how these pro-

cesses lead to an eventual success or failure of an invader. It is striking to note the many differ-

ent ways invasion trajectories can be altered by modifying or removing interspecific

interactions. An increase of facilitation of the invader, for example, leads to an increase in dis-

placement and augmentation, both outcomes in which the invader is maintained in the final

community. By contrast, facilitation among residents increases colonization resistance, while

the loss of facilitation of residents by the invader leads to a shift from augmentation, in which

the full resident community richness is maintained, to displacement, in which one or more

residents are driven extinct. The context dependence of the effects of positive interactions on

invasion outcomes emphasizes the importance of improving our understanding of the natural

history of microbial communities.

A simple two-compartment model of invader versus the resident community offers an intu-

itive prediction of invasion outcomes. If the effective interaction between the resident commu-

nity and the invader is mutual inhibition, we would expect bistability—either the resident

community resists invasion or it crumbles. In contrast, for assimilation of an invader into

microbiota, a facilitative interaction between the resident members and the invader appears

necessary. When interactions are the main driving force, two-way facilitation in a mutualism

or one-way facilitation in a commensalism or prey-predation interaction are necessary for sta-

ble coexistence of the two components [55].

This work was conducted using a model in which microbes interact exclusively via chemical

mediators released into the environment. Such interactions are common in microbial commu-

nities and are important determinants of community assembly and other processes, but they
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are by no means the only important microbial interactions. For example, in many microbiota,

contact dependent growth inhibition [66] and type VI secretion systems [67] are critical mech-

anisms of bacterial competition that rely on contact between interacting cells. Many interac-

tions are also mediated by induction of the host immune system [68]. This work cannot

account for the possible roles of such interactions influencing invasion trajectories or predict

the relative importance of chemical-mediated interactions on invasion outcomes. Direct com-

parison of the impact of these alternative interaction mechanisms on invasion outcomes

would provide an important extension of this work.

In our model, we intentionally have focused on interspecies interactions beyond competi-

tion for resources. An important question is whether the trends we have found will hold when

resource competition is included in the model. To answer this question, we modified our

model and explicitly incorporated competition for a single limiting resource (see Materials

and Methods). We chose the amount of resource such that within each round of growth the

populations would deplete the resource, ensuring that resource competition was in effect. We

found that making the resource limitation more stringent did not considerably influence the

outcome of invasion (S7 Fig). Our results show that the low sensitivity of outcomes to the

propagule size still holds in this modified model (S8 Fig). Changing the basal growth rate of

the invader also resulted in an overall trend resembling the case with no explicit resource com-

petition, with only one qualitative difference: an increased occurrence of disruption at inter-

mediate levels of invader growth rate (S9 Fig). The trends of invasion outcomes based on

invader-resident interactions (S10 Fig) and resident-resident interactions (S11 Fig) also largely

remained intact.

Finally, by helping us to understand under what circumstances particular invasion out-

comes are likely, this work can help to guide interventions towards those that are appropriate

for restructuring microbiota. For example, the common strategy of increasing the dosage of

probiotics to increase the chance of invasion is unlikely to succeed in systems resembling our

model specifications, because increasing the invader propagule size has little effect on invasion

outcomes, except when the invader is almost as prevalent as the entirety of the resident com-

munity and even then disruption increases rather than augmentation, which is typically the

desired outcome of such interventions. Each of the four invasion outcomes described here has

a real-world equivalent in the human microbiota in which it is the desired state or outcome of

an intervention. For example, resistance is typically the desired outcome of invasion into a

healthy microbiota. There are many microbial communities that are known to resist invasion

by pathogens, such as [1–5]. Our work suggests that interactions are likely a key component of

this resistance, which would be favored in communities that inhibit the particular invader in

question and have many facilitative interactions among residents. This implies that predicting,

discovering, and improving upon successful microbiota interventions would be aided by a

deeper, more species-specific understanding of the interactions that operate within microbial

communities.

Materials and methods

Mathematical model

We use a mediator-explicit model that includes the species and the chemical environment that

mediates interspecies interactions.

dCi

dt
¼
P

j bij � aij
Ci

Ci þ Kij

" #

Sj ð1AÞ
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dSi

dt
¼ ri0 þ

P
jrij

Cj

Cj þ Kij

" #

Si ð1BÞ

In which Ci and Si are the concentrations of the mediators and cell densities, respectively;

βij and αij are production and consumption rates, respectively; and Kij is the saturation concen-

tration for uptake and growth rate influence. The following parameters are used throughout

this work: ri0 has a uniform distribution between 0.08 and 0.12 hr-1; rij’s amplitude has a uni-

form distribution between 0 and 0.2 hr-1, and its sign can be positive or negative with a proba-

bility that is specified in each case; βij has a uniform distribution between 0.05 and 0.15 fmole/

cell per hour; αij has a uniform distribution between 0.25 and 0.75 fmole/cell per hour; and Kij

has a uniform distribution between 50 and 150 nM. The initial cell density is 104 cells/ml, and

the community is cyclically diluted back to this initial value when the density reaches 107 cells/

ml. This dilution scheme—replicating conventional growth situation in the lab—ensures that

most shared resources are replenished during community growth [53]. Even though we use

parameters similar to [53] throughout this manuscript, our conclusions are not sensitive to the

detailed parameter values.

The model with explicit resource competition is different from the basic model in that it

also includes a single resource that all species require for growth.

dCi

dt
¼
P

j bij � aij
Ci

Ci þ Kij

" #

Sj ð2AÞ

dSi

dt
¼

R
Rþ KR;i

 !

ri0 þ
P

jrij
Ci

Ci þ Kij

 !

Si ð2BÞ

dR
dt
¼
P

iaR;i
R

Rþ KR;i

 !

ri0 þ
P

jrij
Ci

Ci þ Kij

 !

Si ð2CÞ

We have assumed that the consumption of resource R is directly proportional to the growth

rate of species, with a given resource consumption rate αR,i. Resource R also affects the growth

rate in a saturating fashion, with half-maximum concentration of KR,i. Unlike other mediators,

the resource R is not produced by any of the species; it is supplied in the medium and thus

replenished at dilution steps. For these simulations, dilution either happens when the density

reaches 107 cells/ml or after 80 hours. This choice is made to allow population turn-over even

when the amount of resources in the environment is low to the level that the density does not

reach the dilution threshold. The number of dilution cycles are adjusted in each case such that

the culture experiences a total of 200 generations (regardless of the amount of resources avail-

able) to allow a fair comparison.

Simulation platform

To find instances of resident communities, we simulated the enrichment process described in

[53] in Matlab using the parameters listed in “Parameters used for simulations.”

For in silico invasion assays, we numerically solved the dynamic equations in Eqs 1 and 2

(without or with an explicit resource, respectively) using a forward Euler method implemented

in Matlab. We chose the time-step for simulations to be at least ten times smaller than the

shortest doubling time in each case. This choice offers a trade-off between accuracy and total
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simulation time. We have tested smaller time-steps and confirmed that the outcomes were not

affected.

Parameters used for simulations

Unless specified, the following parameters were used in simulations in this manuscript.

In silico invasion assay

To assess invasion success, we first assemble instances of stable resident communities in silico,

following the enrichment procedure outlined in [53]. For each instance, we put together 20

species that are interacting through 10 chemical mediators. We simulate the dynamics in

growth-dilution cycles for 200 generations to identify instances of stable in silico communities.

We then introduce invaders at an initial fraction of 0.3%. We show that this fraction is a repre-

sentative of the outcome at “small” propagule sizes (see Fig 2). We simulate the dynamics in

growth-dilution cycles for an additional 200 generations. At the end of these simulations, we

calculate the fraction of the invader cells in the resulting community. Based on the relative

fraction of the invader between the initial and resulting communities across different

Parameter Description Value

Nc Number of different species in the initial pool used for obtaining instances of

resident communities

20

Nm Number of chemical mediators in the simulations that mediate the interactions

among species

10

Ns Number of instances of simulations run for each case 1000

Ngen Number of generations simulated to obtain stable resident communities; also the

number of generations simulated to assess invasion success

200

Finv Range of invader introduction fractions examined for assessing invasion (20 points,

equally spaced in log scale)

10−4 to 0.99

Ninoc to

Ndil

Range of total population density simulated (from inoculation to dilution threshold) 104 to 107 cells/

ml

Next Extinction population density per species 0.1 cells/ml

Ksat Average chemical concentration threshold for saturation of chemical consumption

and fitness influences (average of Kij values)

104 μM

r0 Basal net growth rate of community members, in the absence of interactions

(uniform random distribution)

0.08–0.12 hr-1

αij Consumption rate of chemicals by species, per cell (uniform random distribution) 0.25–0.75

fmole.hr-1

βij Production rate of chemicals by species, per cell (uniform random distribution) 0.05–0.15

fmole.hr-1

ri0 Amplitude of the influence of chemicals on species’ growth rate (uniform random

distribution)

0–0.2 hr-1

ffac Fraction of non-neutral interactions among the initial pool of resident microbes that

are facilitative

0.5

ri0,inv Amplitude of the influence of chemicals on invader’s growth rate (uniform random

distribution)

0–0.2 hr-1

ffac,inv Fraction of non-neutral interactions affecting the invader that are facilitative 0.5

qp The degree of connectivity of producer species to chemicals both for the resident

members and the invader (forming a binomial network)

0.3

qc The degree of connectivity of chemicals to species that they influence both for the

resident members and the invader (forming a binomial network)

0.3

R0 Concentration of the limiting resource in fresh medium 106 fmole/ml

KR Average saturation concentration of the limiting resource 1 mM

αR Consumption rate of limiting resource, per cell (uniform random distribution) 5–15 fmole.hr-1

https://doi.org/10.1371/journal.pcbi.1008643.t001
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propagule sizes, we categorize the invasion outcome as resistance, augmentation, displace-

ment, or disruption. Resistance: resident community richness is maintained, invader goes

extinct. Augmentation: resident community richness is maintained, invader population is

maintained. Displacement: resident community richness drops, invader population is main-

tained. Disruption: resident community richness drops, invader goes extinct. To obtain reli-

able statistics about invasion outcomes, we repeat the process of assembling resident

communities and challenging them with invaders for at least 1000 times.

Supporting information

S1 Fig. Only at large invader propagules colonization resistance is weakened. Here we have

added confidence intervals to the graph, with all the parameters being similar to Fig 2. Confi-

dence intervals for outcome frequencies are calculated using the Clopper-Pearson method

(using binofit function in Matlab). 80% confidence intervals are plotted as a shaded region

around each mean frequency. Number of instances examined: Ns = 1000.

(TIF)

S2 Fig. Invaders with a higher basal growth rate shift invasion outcomes primarily from

resistance to displacement. The pattern holds when the influence of mediators on the invader

is (A) mostly inhibitory (ffac,inv = 0.1), (B) equally facilitative or inhibitory (ffac,inv = 0.5), or (C)

mostly facilitative (ffac,inv = 0.9). In all cases interactions among resident species are equally

likely to be facilitative or inhibitory (ffac = 0.5). Normalized basal growth rate of the invader is

relative to resident species. Number of instances examined Ns = 1000.

(TIF)

S3 Fig. Facilitation among resident species strengthens colonization resistance. Invasion

success decreases when interactions among resident members are predominantly facilitation

rather than inhibition. The interactions of resident species with the invader are (A) equally

likely to be facilitative or inhibitory (ffac,inv = 0.5) or (B) mostly facilitative (ffac,inv = 0.9). In all

cases interactions among resident species are equally likely to be facilitative or inhibitory (ffac =

0.5). Normalized basal growth rate of the invader is 1.5 (compared to resident members).

Number of instances examined Ns = 1000.

(TIF)

S4 Fig. Invader connectivity affects invasion outcomes. (A) When the chance of mediators

influencing the invader increases, colonization resistance is strengthened, as expected. (B)

When the chance of the invader producing chemical mediators increases, augmentation

becomes more likely. Interactions between resident species and the invader are mostly inhibi-

tory (ffac,inv = 0.1). Interactions among resident species are equally likely to be facilitative or

inhibitory (ffac = 0.5). Normalized basal growth rate of the invader is 1.5 (compared to resident

members). Number of instances examined Ns = 1000.

(TIF)

S5 Fig. The effective interaction between the resident community and the invader alters

the outcome of invasion. We expanded the results in Fig 5 (all parameters kept the same) to

demonstrate all eight possible combinations of keeping or removing production, consump-

tion, or mediator influence. Interactions among resident species are equally likely to be facilita-

tive or inhibitory (ffac = 0.5). The influence of residents on the invader is mostly inhibitory (ffac,

inv = 0.1). Invader has a normalized basal growth rate of 1.5. Number of instances examined Ns

= 10000.

(TIF)
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S6 Fig. Colonization resistance is weakened when the mediators that inhibit the invader

are depleted. (A) When the production of mediators increases, colonization resistance is

strengthened. (B) When the consumption of the mediators is increased, mediators are depleted

and thus colonization resistance is weakened. Interactions between resident species and the

invader are mostly inhibitory (ffac,inv = 0.1). Interactions among resident species are equally

likely to be facilitative or inhibitory (ffac = 0.5). Normalized basal growth rate of the invader is

1.5 (compared to resident members). Number of instances examined Ns = 1000.

(TIF)

S7 Fig. With explicit resource competition, the extent of resource limitation only margin-

ally influences the outcomes. Interactions between resident species and the invader are

mostly inhibitory (ffac,inv = 0.1). Interactions among resident species are equally likely to be

facilitative or inhibitory (ffac = 0.5). Normalized basal growth rate of the invader is 1.5 (com-

pared to resident members). The invader is introduced at 0.3% of the resident community

size. The amount of the limiting resource is varied between 105 and 107 fmole/ml. Each inva-

sion assay is run for as many dilution rounds as needed to reach 200 generations of total com-

munity growth. Number of instances examined Ns = 1000.

(TIF)

S8 Fig. Only invader propagules comparable to community size can weaken colonization

resistance, when explicit resource competition in included. As the normalized propagule

size increases, the probability of resistance decreases, the probability of disruption increases,

and the probability of augmentation or displacement remains approximately constant. Num-

ber of instances examined Ns = 1000. Interactions among resident members are equally likely

to be facilitative or inhibitory (ffac = 0.5). Interactions between resident members and the

invader are mostly inhibitory (ffac,inv = 0.1). r0,inv/r0,res = 1.5. The amount of the limiting

resource is set at 106 fmole/ml.

(TIF)

S9 Fig. Invaders with a higher basal growth rate shift invasion outcomes primarily from

resistance to displacement, when a single limiting resource is added to the model. The

influence of mediators on the invader is mostly inhibitory (ffac,inv = 0.1). Interactions among

resident species are equally likely to be facilitative or inhibitory (ffac = 0.5). Normalized basal

growth rate of the invader is relative to resident species. Number of instances examined Ns =

1000. The amount of the limiting resource is set at 106 fmole/ml.

(TIF)

S10 Fig. When resident species facilitate the invader, colonization resistance is weakened.

Invasion success drastically increases when we switch the interactions that influence the

invader from inhibition to facilitation. Number of instances examined Ns = 1000. Interactions

among resident members are equally likely to be facilitative or inhibitory (ffac = 0.5). Normal-

ized basal growth rate of the invader is 1.5. Normalized introduced propagule size is 0.3%. The

amount of the limiting resource is set at 106 fmole/ml.

(TIF)

S11 Fig. Facilitation among resident species strengthens colonization resistance, even with

explicit resource competition. Invasion success decreases when interactions among resident

species are predominantly facilitation rather than inhibition. The interactions between resi-

dent species and the invader are mostly inhibitory (ffac,inv = 0.1). Normalized basal growth rate

of the invader is 1.5 (compared to resident members). Normalized introduced propagule size
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is 0.3%. The amount of the limiting resource is set at 106 fmole/ml.

(TIF)
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