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Abstract

Symbiotic associations between microorganisms and hosts are universal and
dynamic. However, current ecological and evolutionary theory often simplisti-
cally analyzes hosts and symbionts as either separate or fully integrated entities.
This entrenchment obscures a central research challenge: to understand symbioses
across varying degrees of interaction, integration, and functional dependence. We
posit that major advances will emerge from theoretical models that explicitly
capture eco-evolutionary feedbacks linking host and microbial community inter-
action structure, biotic resource availability, and selection across biological levels.
We show how extending consumer-resource theory to incorporate evolutionary
processes can overcome limitations in separation of timescales approaches, ad-
vancing our understanding of the evolution, adaptability, and persistence of vari-
able host-microbe symbioses. By coupling ecological and evolutionary dynamics
across scales, this framework can guide both basic understanding and applied
approaches in symbiosis research.
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Overview1

Host-microbe symbioses are essential components of the biosphere, with profound ecological2

and economic significance. Canonical interactions involve eukaryotic hosts associating with a3

multitude of microbial species. Examples span beneficial plant-fungal interactions that hold4

promise for sustainable agriculture and forestry (Mora et al., 2023), coral-reef ecosystems5

that are integral to the economic and environmental sustainability of tropical communities6

(Thompson et al., 2015), and the human gut and its symbiotic microbiome which together7

shape host metabolism and the balance between health and disease (Lozupone et al., 2012).8

Despite their importance, our understanding of the mechanisms underlying the emergence,9

stability, and evolution of symbioses remains limited and overly simplified (Araujo et al., 2024;10

Koskella et al., 2017; Ferretti et al., 2025; Week et al., 2025; Bordenstein, 2024).11

The evolutionary and population dynamics of host-microbe symbioses can differ funda-12

mentally from those of their component single species, due to emergent properties arising13

from species interactions. Symbioses encompass multiple interacting partners that vary in14

their degree of functional and physiological integration, interdependence (obligate to faculta-15

tive), inheritance mode (vertical to horizontal), interaction outcome (beneficial to harmful),16

evolutionary rates, and reproductive cycles. All of these processes operate simultaneously and17

influence one another across timescales. For example, host physiological responses, behaviour,18

and social structure shape microbiome acquisition and persistence (Ross et al., 2024; Sarkar19

et al., 2024; Mazel et al., 2025; Aspenberg et al., 2023), and microbial generation times and20

ecological dynamics can rapidly feed back on host traits, driving evolutionary change (Henry21

et al., 2021; Kolodny and Schulenburg, 2020; Brooks et al., 2016). This holistic perspective22

on symbioses emphasizes how biological form and function emerges within diverse symbiotic23

associations (Bordenstein, 2024). We contend that these emergent properties can be tractably24

modeled using modified consumer-resource modeling frameworks.25

Theoretical advancements offer a path to clarify how host-microbe interactions and their26

interdependence influence host and microbial growth and evolution. Yet modeling symbioses27

remains challenging, as theoretical treatment must address their intricate hierarchical nature28

(Fig. 1a). Microbial communities within hosts can encompass hundreds of microbial species,29

each of which may in turn hosts its own symbionts, such as viruses and other mobile genetic el-30

ements (Hum, 2012; Lang et al., 2025). Interactions between hosts and among microbes –both31

within and across hosts– generate population processes that span multiple ecological and evo-32

lutionary dimensions and timescales, often involving inherent conflicts of interest (Van Baalen33

and Jansen, 2001; Figueiredo and Kramer, 2020; Richards and Moran, 2024; Malagon et al.,34

2025). Inheritance modes further influence evolutionary trajectories by aligning or decoupling35

host and symbiont fitness (Fisher et al., 2017; Bull et al., 1991; Akçay, 2015). It therefore re-36

mains unclear how this interplay of divergent forces ultimately determines host and microbial37

evolution and community structure (Fig. 1b).38

Existing theoretical frameworks each capture elements of host-symbiont dynamics but39

remain limited in their ability to provide a comprehensive theory. We posit that a useful40

starting point to develop this theory is to view symbioses –literally ‘living together’– as sys-41

tems in which partners serve as one another’s biotic environment and influence the availability42

of resources within it. We introduce an eco-evolutionary consumer-resource framework that43

brings together and extends previous theoretical approaches, providing a unified tool to study44

host-microbe symbioses. Such a framework enables tracking of multiple interacting and evolv-45

ing populations linked through shared resources and selective forces, operating at comparable46

timescales. By coupling ecological and evolutionary processes, this approach reveals alter-47

native pathways shaping the resilience, productivity, adaptability, and potential collapse of48

symbioses.49
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Fig. 1: Host-microbe symbioses are multi-level dynamical systems. (a) A schematic representation
of multi-level population structure and dynamics characteristic of host-microbe symbioses. (b) Inter-
actions among hosts, between hosts and microbes, and among microbes can influence one another,
collectively shaping the population and evolutionary dynamics of host-microbe symbioses.

When consumers are also resource providers50

The mathematical formalism we develop below sits on a simple conceptual framing: the51

resource landscape of the host is shaped (positively and negatively) by its symbionts, and52

concurrently the symbiont resource landscape is shaped by its host. For example, host-derived53

substances such as mucus and other organic compounds can influence microbial growth and54

survival (Bergstrom and Xia, 2022; Quinn et al., 2024), whereas microbes can supply hosts55

with diverse metabolites that can help or harm host survival and growth (Feng et al., 2019;56

Salem et al., 2014). In this way, host-microbe interactions influence not only community57

structure, but also the availability of biotic resources. This framing suggests that host-microbe58

symbioses can be naturally modeled as reciprocal consumer-resource dynamics.59

Consumer-resource models of mutualism provide a theoretical basis for understanding60

which dynamics are produced when processes of resource acquisition and provision translate61

into biomass densities of the interacting species (Holland and DeAngelis, 2010). Despite62

the name, these models are not limited to the study of mutualistic interactions. Reciprocal63

influences can be uni- or bidirectional and range along a continuum from mutually beneficial64

to mutually harmful, depending on the cost and benefit of each interaction. The functional65

forms of resource exchange, both benefits and costs, can be linear or saturating, or empirically66

grounded in more complex relationships that reflect how host- or microbe-associated resource67

availability and biomass conversion depend on the densities of interacting species (Holland68

et al., 2002; Walmsley et al., 2025). This formalism explicitly couples host and microbial69

dynamics, reflecting the conceptual view of hosts and microbes as reciprocal consumers of each70

other’s resources, while implicitly accounting for chemical intermediates and their dependence71

on biomass densities through the benefit and cost functions. Such consumer-resource models72

can capture a wide spectrum of outcomes, many of which remain unexplored.73

To date, consumer-resource models of mutualism have primarily focused on two-species74

systems (Fig. 2a), examining the conditions for ecological stability of mutually beneficial75

relationships (Hale and Valdovinos, 2021; Holland, 2015; Osuna et al., 2025). Extensions of76

these models to larger, multi-species communities demonstrate how the interplay between77

host-microbe dynamics, which govern resource flows, and community-level ecological dynam-78

ics, which shape resource-driven selection, can generate outcomes not predicted by simpler79

pairwise or single-population models (see Fig. 2c, which accounts for the processes shown in80
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2a and 2b). These models can provide insights into the maintenance of microbial diversity81

that are specific to host-microbe symbioses (Bachelot and Lee, 2018; Martignoni et al., 2020a;82

Valdovinos, 2019). For example, they show how microbial competitors can coexist through key83

mediator species that enhance host-provided resources (Martignoni et al., 2020b; Narayanan84

et al., 2025). They also highlight that microbial interactions can be non-additive and context-85

dependent, with synergistic or antagonistic effects on host performance and disease outcomes86

(Rawstern et al., 2025; Afkhami et al., 2014). Furthermore, these models allow exploration of87

new ecological scenarios, such as symbiont-mediated invasion (Martignoni et al., 2025; Ladau88

et al., 2025; Dickie et al., 2017).89

Despite these advances, consumer-resource models with fixed traits and interaction struc-90

tures are constrained in their ability to explain how host-microbe associations originate and91

evolve. By treating symbiont traits and interaction types as static, these frameworks can92

characterize the ecological consequences of mutualistic or parasitic relationships, but cannot93

account for evolutionary transitions between them or for the emergence of mutualism itself.94

In host-microbe systems, selection pressures arise from ecological context –such as host den-95

sity, competition, and resource availability– which in turn are shaped by host and symbiont96

traits. Capturing these reciprocal feedbacks requires explicitly incorporating evolution, allow-97

ing symbiont and host traits to respond to and reshape the ecological dynamics that generate98

selection. We discuss this further in the next section.99
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Fig. 2: Reciprocal resource exchange links partner traits to community dynamics and selection. (a)
Consumer-resource interactions in which two parties (e.g., host and symbiont) simultaneously act as
both consumer and resource-providers (Box 1, Eq. (1)). (b) Resource availability influences selection
through the structure of ecological interactions. (c) The parties in case (a) are replaced by whole
communities (e.g., microbial and host populations, see Box 1, Eqs. (2) and (3)). As a result, selection
becomes possible and can shift community composition. Resource availability in one community (e.g.,
host-derived resources) affects selection in the other (e.g., by shaping microbial interaction dynamics,
or by affecting the fitness of particular traits), and vice versa. (d) Example of a feedback loop captured
by eco-evolutionary consumer-resource models. Selection shapes host and microbial community com-
position, community composition alters resource availability, and resource availability in turn modifies
selection.
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Box 1: Eco-evolutionary consumer-resource models

Consider multiple populations of interacting hosts and symbionts, denoted by Hi and Mj ,
for i ∈ {1, . . . , I} and j ∈ {1, . . . , J}. Each population is structured into subpopulations
characterized by host trait values xk and microbial trait values ys, with k ∈ {1, . . . ,K}
and s ∈ {1, . . . , S}, such that

Hi = (hi(x1), . . . , hi(xK)) and Mj = (mj(y1), . . . ,mj(yS)).

Traits quantify, for example, resource exchange capacity or symbiotic dependence, and
may evolve through genetic or phenotypic variation, either at birth or throughout life.
Changes in trait-structured host biomass hi(xk) and microbial biomass mj(ys) depend on:

• Multi-level interactions, as shown in Fig. 1a, and defined by:

– host- and microbial-specific growth rates fRhi
and fRmj

. These functions de-
scribe, respectively, host-host interactions and microbe-microbe interactions,
and account for density- and trait-dependence in both growth and ecological
interactions;

– the total benefit and total cost of host-microbe interaction, through bene-
fit functions fBhi←Mj

and fBmj←Hi
, and cost functions fChi→Mj

and fCmj→hi
.

These functions describe the individual contributions of each host-microbe
interaction, and can be modulated by host and microbe traits, and by the
presence of other hosts and/or symbionts (e.g., if these are competing for the
same shared resource).

• Evolutionary processes, described as diversification in host and/or microbial traits.
Trait diversification occurs at rates σhi

and σmj , with dynamics determined by
diversification matrices Dhi

and Dmj , which satisfy D(z, z′) ≥ 0 for z ̸= z′ and
D(z, z) = −

∑
z′ ̸=z D(z′, z).

The temporal dynamics of host biomass hi with evolving trait xk, and of microbial
biomass mj with evolving trait ys, can be described as:
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d

dt
hi(t, xk) = σhi

K∑
k′=1

Dh(xk, xk′)hi(t, xk′)︸ ︷︷ ︸
diversification of

host traits

+ hi

[
fRhi

(xk,H)︸ ︷︷ ︸
host–host
interactions

+
J∑

j=1

fBhi←Mj
(xk,H,M)−

J∑
j=1

fChi→Mj
(xk,H,M)︸ ︷︷ ︸

host–microbe interactions

]
,

d

dt
mj(t, ys) = σmj

S∑
s′=1

Dm(ys, ys′)mj(t, ys′)︸ ︷︷ ︸
diversification of
microbial traits

+mj

[
fRmj

(ys,M)︸ ︷︷ ︸
microbe–microbe

interactions

+

I∑
i=1

fBmj←Hi
(ys,H,M)−

I∑
i=1

fCmj→Hi
(ys,H,M)︸ ︷︷ ︸

host–microbe interactions

]
.

where
H =

(
hi(xk)

)
(i,k)∈I×X

and M =
(
mj(ys)

)
(j,s)∈J×Y

An example of such an eco-evolutionary consumer-resource model is provided in the SI.

From consumer-resource feedbacks to multi-level selection100

The multi-host and multi-microbe models discussed in the previous section can be extended101

to explicitly account for evolutionary processes (e.g., trait evolution), alongside ecological102

dynamics. The addition of the evolutionary components allows us to move beyond purely103

ecological predictions. It provides a mechanistic understanding of how resource-driven trait104

variation shapes partner associations, drives the evolution of interdependence, and determines105

the adaptive capacity of symbioses to change. By formalizing these eco-evolutionary feedbacks,106

such models link community interaction structure and resource dynamics to host and microbial107

evolution. Thus, these models effectively function as a multi-level selection framework.108

Multi-level selection models have been useful in highlighting how the persistence of mutu-109

alistic host-microbe associations need not rely solely on high partner fidelity or strict parent110

to offspring transmission of symbionts. Instead, persistence can emerge from multi-level se-111

lection processes, including population- and community-level dynamics that favor beneficial112

host-microbe combinations (Roughgarden, 2020, 2023; Van Vliet and Doebeli, 2019; Bruijning113

et al., 2022; Lean and Jones, 2023; Gokhale et al., 2023). A limitation of current multi-level114

selection approaches, however, is their reliance on assumptions of timescale separation. These115

models are often implemented within adaptive dynamics frameworks and assume that mi-116

crobial dynamics equilibrate before host reproduction. Consequently, their outcomes fail to117

capture how equilibria are shaped and created by ongoing feedbacks operating on compa-118

rable ecological and evolutionary timescales (Kopac and Klassen, 2016; Ashby et al., 2019;119

McGuinness et al., 2025; Song et al., 2015; Pichon et al., 2024; Malagon et al., 2025; Walmsley120

et al., 2025). Another key limitation is assuming, a priori, that selection occurs at particular121

fixed levels (e.g., microbial, host, or combined host-microbe or ‘holobiont’), which typically122

allows the strongest level to dominate and overlooks the emergence of new levels at which123

selection can act, or shifts in existing ones. As a result, these dynamics may fail to embody124
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the compromises that can emerge among the sometimes competing interests across levels of125

selection.126

Consider a case where within-host selection favours microbes with parasitic traits, but127

selection at the host level favours hosts associating with mutualistic microbes. Multi-level128

selection theory predicts that mutualistic traits can persist if selection at the group (or host)129

level outweighs selection within the microbial community. This persistence can be reinforced130

by limiting the recruitment or proliferation of parasitic microbes, through mechanisms such131

as host control or spatial structuring (Kiers et al., 2003; Brauchli et al., 1999; Sharp and132

Foster, 2022). Here we show that mutualist persistence may also arise from the coupling of133

ecological and evolutionary processes. In this case, persistence is an emergent eco-evolutionary134

property of the system rather than a consequence of host control, compartmentalization, or135

of other regulatory mechanisms. Because the ecological context both shapes and is shaped by136

trait evolution, eco-evolutionary feedbacks strongly influence community composition, and the137

balance of mutualists and parasites. The resulting community reflects the interplay of selective138

pressures, resource availability, and host-microbe interactions, as summarized in Fig. 2d. We139

refer to models capturing these feedback dynamics as ‘eco-evolutionary consumer-resource140

models’.141

To illustrate the consequences of relaxing timescale separation and quasi-static evolution-142

ary assumptions, we simulate a minimal eco-evolutionary consumer-resource model of a host143

population interacting with a microbial community (Fig. 3). Microbes vary continuously in144

their investment in host resource provision, ranging from fully parasitic to fully mutualistic145

strategies. Additionally, microbes compete for a host-supplied resource that is shared indis-146

criminately among symbionts, conferring a competitive advantage to parasites. When ecolog-147

ical and evolutionary dynamics operate on different timescales, parasitic strategies dominate,148

driving a decline in mutualistic investment, host density, and ultimately community collapse149

(Fig. 3b(i)). In contrast, when ecological and evolutionary processes operate on compara-150

ble timescales, eco-evolutionary feedbacks generate a stable equilibrium characterized by the151

coexistence of parasitic and mutualistic symbionts and a positive host density (Fig. 3b(ii)).152

Unlike adaptive-dynamics frameworks, where evolution acts as a perturbation of an underly-153

ing ecological equilibrium (Dieckmann and Law, 1996; Geritz et al., 1998), here no meaningful154

ecological steady state exists independently of evolution. Rather stability emerges only when155

multi-level ecological interactions and evolutionary dynamics are considered simultaneously156

across scales.157

Model analysis shows that ecological interactions between hosts and symbionts tend to158

increase host density in proportion to the average mutualistic investment of the symbiont159

community. In contrast, evolutionary dynamics (arising from a combination of selection and160

mutation) favor parasitic strategies, with this advantage increasing with resource abundance161

(Martignoni et al., 2024). As parasitism spreads, host density declines, weakening the advan-162

tage of parasitic symbionts and favoring a return toward mutualism. Thus, parasite abundance163

modulates host-associated resources and, in turn, the strength of selection for parasitic traits,164

altering the costs, benefits, and fitness associated with parasitism. The resulting feedback165

creates a new equilibrium with stable community composition and host abundance. Experi-166

mental observations of reduced virulence at low-density expansion fronts are consistent with167

these predictions (Raina et al., 2026; Nørgaard et al., 2021), highlighting the potential for the168

present framework to shed light on the eco-evolutionary processes leading to these patterns.169

Notably, several existing approaches already examine how resource availability –whether170

externally supplied or produced internally by the population as shareable common goods–171

affects microbial community composition and trait evolution. These studies provide valu-172

able guidance for defining expectations about resource-driven dynamics and for formulating173

resource- or density-dependent assumptions in modeling frameworks (Allen et al., 2016; Brown174
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and Taddei, 2007; Ross-Gillespie et al., 2009; Sanchez and Gore, 2013; Kümmerli and Brown,175

2010). Related bodies of work have also highlighted the non-intuitive consequences that arise176

when selection is contingent on changes in the resource landscape, including those generated177

by niche construction (Werner et al., 2025; Orr et al., 2025; Cheng et al., 2026; Jiang et al.,178

2023; Laland et al., 1999, 2016). These results indicate that neglecting the coupling be-179

tween community structure, resource availability and selective pressure can significantly limit180

our ability to interpret host-microbe symbiosis dynamics, in which organisms simultaneously181

shape and respond dynamically to resources.182

Eco-evolutionary consumer-resource models address this gap. Consideration of the inter-183

play of ecological interactions, resource distribution, and selection allows the system’s full184

behavior to emerge. As illustrated in Fig. 3, selective pressures on traits regulating resource185

supply arise from bottom-up-defined interaction functions, and drive context-dependent shifts186

from parasitism to mutualism. Trait diversification in parameters governing host or symbiont187

intrinsic growth (e.g., parameter r, see SI) may also help investigate the evolution of obligate188

symbiosis.189

Our approach supports spatial extensions. Spatial dynamics can influence the availabil-190

ity of host- and microbe-associated resources by creating resource gradients or enhancing re-191

source heterogeneity, thereby influencing community structure (Ledru et al., 2022; Martignoni192

et al., 2024; Cheng et al., 2026; Nørgaard et al., 2021). For example, mutualist-induced in-193

creases in local host density can amplify community-level competition, causing host declines194

in parasite-dominated regions and creating opportunities for more mutualistic host-symbiont195

associations to spread (Ledru et al., 2022). Spatially explicit models also provide a natural196

avenue for studying how dependency may affect the evolution of dispersal in symbiotic re-197

lationships (Narayanan and Shaw, 2024; Zilio et al., 2024; Cheng et al., 2026; Pichon et al.,198

2024). Finally, eco-evolutionary consumer-resource models can be extended to account for199

externally supplied resources and can incorporate additional layers of symbiotic interactions,200

such as mobile genetic element replicators within a host cell.201
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microbes emerge when feedback loops connecting consumer-resource dynamics to trait evolution, which
here governs resource exchange, are fully considered. In the absence of coupling between ecological
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mutualists, parasites, and their host. (a) Model schematic, (b) numerical simulation outputs, and
(c) qualitative eco-evolutionary feedback loop. See SI, and Martignoni et al. (2024) for full model
formulation and parametrization.

Conclusion202

Theoretical modeling of host-microbe symbioses is confronted with the need to bridge dy-203

namics occurring at both micro- and macro-scales, while tracking the eco-evolutionary con-204

sequences of their interplay (Bordenstein, 2024; Ferretti et al., 2025). Thus, a reductionist205

approach is limited in its ability to characterize the population and evolutionary dynamics206

of symbiotic species. In host-microbe symbioses, community structure and evolution emerge207

from multi-scale interactions that modulate resource availability and thereby reconfigure se-208

lection and the levels at which selection acts.209

We introduce an eco-evolutionary consumer-resource framework that provides a versatile210

tool that is flexible in its assumptions about degrees of integration and functional depen-211

dence, and moves beyond timescale separation to explore a broad spectrum of symbiotic212

outcomes. Such a framework can support the interpretation of experimental observations213

(Andrade-Domı́nguez et al., 2014; Sanchez and Gore, 2013; Schaffner et al., 2019; Zamorano214

et al., 2023; Rúa and Hoeksema, 2024; Nørgaard et al., 2021), and generate theoretical pre-215

dictions about the persistence of symbioses under perturbation and change. Implications will216

span environmental health and therapeutics (Evensen et al., 2024; Ladau et al., 2025), as217

well as fundamental research on the emergence of biological organization (Kalambokidis and218

Travisano, 2024).219
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Example of an eco-evolutionary consumer-resource model231

To examine the effects of relaxing time-scale separation, we simulate a minimal eco-evolutionary232

consumer-resource model. Consider a host population with biomass density H(t), interacting233

with a community of symbionts with total biomass density M(t). Hosts provides a resource234

to their symbionts at a fix rate quantified by parameter β. Each symbiont provides another235

resource to the host at a rate quantified by parameter α. An example, is a plant host providing236

carbon to mycorrhizal fungi, and receiving phosphorus in exchange. We will call parameter α237

the ‘mutualistic investment’ of the symbionts.238

The rate of mutualistic investment α is subject to diversification at rate dm, i.e., α can239

evolve through genetic or phenotypic variation over time. Thus, the microbial community240

includes symbionts that differ in their mutualistic investment, such that the total symbiont241

biomass M at time t is given by integrating the symbiont biomass density m(t, α) over the242

trait space α:243

M(t) =

∫ αmax

αmin

m(t, α) dα . (1)244

The maximal mutualistic investment of a symbiont is given by parameter αmax > 0. Here,245

we consider αmin = 0, meaning that in this case the symbiont does not provide anything246

to the host. Note that more parasitic symbionts receive the same amount of resource from247

the host as more mutualistic symbionts, but at a lower (or zero) cost, and have therefore a248

selective advantage. The net benefit to the host population depends on the average mutualistic249

investment ᾱ(t) of the symbiont population as a whole. At time t, ᾱ is given by250

ᾱ(t) =

∫ αmax

0
α
m(t, α)

M(t)
dα (2)251

We thus obtain the following eco-evolutionary consumer-resource model:252

∂tH = H
[
(r − µhH)︸ ︷︷ ︸

fR(H)

+Q ᾱ(t)
M

H + d︸ ︷︷ ︸
fBH←M

− βM︸︷︷︸
fCH→M

]
, (3a)253

∂tm(t, α) = dm∂2
αm︸ ︷︷ ︸

trait
diversification

+m
[
− µmM︸ ︷︷ ︸

fRm(α,M)

+ β H︸︷︷︸
fBm(α)→H

− α
H

H + d︸ ︷︷ ︸
fCm(α)←H

]
, α ∈ (0, αmax) . (3b)254

No-flux boundary conditions are imposed at the lower and upper limits of the trait domain255

(0, αmax), such that256

∂αm(t, 0) = ∂αm(t, αmax) = 0, for all t > 0.257

Note that H, M , and m have been converted into dimensionless quantities with arbitrary258

units.259
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Interaction functions260

• Host and microbe-microbe interactions: The host follows logistic growth, as described261

by the function fRH
. Microbes are obligate mutualists, and their density is regulated by262

competition, both within and between strains with different traits, as described by the263

function fRm(α,M). This term captures microbe-microbe competition for shared host264

resources, where strain characterized by low (or zero) mutualistic investment present a265

competitive advantage.266

• Host-microbe interactions: Resource provision from the host to the symbionts depends267

linearly on host and symbiont densities (see functions fCH→M
and fBm(α)←H

). Resource268

provision from the symbionts to the host increases linearly with increasing symbiont269

density, and nearly linearly with increasing host density when host density is low (rela-270

tive to parameter d) (see functions fCm(α)→H
and fBH←m(α)

). When host density is large271

(relative to d) resource provision tends toward a dependency on symbiont density only,272

as we assume host availability to not be a factor limiting the resource provision capac-273

ity of symbionts. The efficiency of the conversion of resources into host and symbiont274

biomass is determined by parameter Q (see Martignoni et al. (2020b)). These functions275

are deliberately minimal to allow analytical progress, while remaining mechanistically276

grounded and biologically interpretable.277

Within this framework, mathematical tools –such as spectral analysis and equilibrium anal-278

ysis of ordinary differential equations– yield both qualitative and quantitative insights into279

model equilibria. In particular, they allow us to characterize the mean mutualist investment280

of the symbiont population, and the full equilibrium distribution of traits. In addition, tools281

from ancestral process theory provide insight into the dynamics of ancestral lineages within282

the symbiont population. This approach allows us to identify the most likely common ances-283

tor at equilibrium, and to quantify the fixation probability of each trait. Notably, for this284

model we find that the most likely common ancestor of a mutualist is a parasitic symbiont285

(Martignoni et al., 2024). The code used to produce Fig. 3 is publicly available on Zenodo286

(https://doi.org/10.5281/zenodo.18396556).287

Eco-evolutionary feedback: In Fig. 3b, we compare the outcomes of the model described288

above for a situation in which: (i) Trait evolution and ecological interactions occur at com-289

parable timescales (i.e., dm > 0); and (ii) trait evolution and ecological interactions occur at290

separate timescale. This distinction can be done by considering that the rate of trait diver-291

sification dm = 0, indicating that ecological competition is fast with respect to evolutionary292

changes.293

When ecological interactions are considered in isolation, symbionts with parasitic traits will294

take over in the community, due to their competitive advantage. As a consequence, the mean295

mutualistic investment of the population will decrease, and host density with it, leading to296

the collapse of the whole community (Fig. 3b(ii)). However, when ecological and evolutionary297

processes occur at comparable timescales (i.e., as soon as dm > 0), the symbiont population298

reaches an equilibrium distribution, as shown in Fig. 3b(i), and host density remains positive.299

Importantly, an equilibrium distribution is reached for any positive value of dm, with the300

equilibrium depending on all model parameters and derivable analytically.301

Analysis of the model (performed in Martignoni et al. (2024)) shows that ecological in-302

teractions between hosts and symbionts increase host density in proportion to the average303

mutualistic investment of the symbiont community. Indeed, at equilibrium, ecological inter-304
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actions between host and symbiont result in the following host density305

h = d

(
ᾱ

αc
− 1

)
, with αc =

β d

Q

(Q+ 1)−
√
(Q− 1)2 − 4

Qµmµp

β2

2
. (4)306

In contrast, evolutionary dynamics (as a combination of selection and mutation) favor more307

parasitic symbionts, which gain a fitness advantage that increases with resource availability308

and, consequently, with host density. Specifically, the resulting balance between selection and309

mutation produces a trait distribution as a function of host density h that can be approximated310

by the Airy function truncated at αmax, with mean ᾱ satisfying311

ᾱ = z0

(
(p+ d)dm

p

)1/3

, (5)312

where z0 is a positive constant that depends only on the Airy function solving the dimension-313

less problem Ai′′(z)− zAi(z) = 0 on R.314

Thus as parasitic strategies become more prevalent, the average mutualistic investment315

declines, leading to reduced host density and weakening the fitness advantage of parasitism.316

This shift promotes a return toward more mutualistic strategies, which again raise host den-317

sity and restore the advantage of parasitic symbionts. The opposing forces of microbe-level318

selection for parasitism and higher-level selection for mutualism thus stabilize host density319

around a fixed value.320

References321

Structure, function and diversity of the healthy human microbiome (n.d.). Nature, 486(7402):322

207–214, 2012.323

Afkhami, M. E., Rudgers, J. A., and Stachowicz, J. J. Multiple mutualist effects: conflict and324

synergy in multispecies mutualisms. Ecology, 95(4):833–844, 2014.325
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