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Scheuerl et al. NatCom 2020. I conducted EcoEvoComm during my times at Silwood. From EcoEvoComm there are more works planned that 
will be indicated in this way to link them together. 
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The process of bacterial adaptation has a profound impact on human wellbeing and 

health, but our toolkit to modify evolution is limited. Here, we present a concept of how 

steering evolution can be achieved by integration of ecological and evolutionary 

approaches. The fundamental issue is how specific species bloom after community 

perturbance and subsequently evolve. We consider two kinds of traits – α-niche traits 5 

involved in partitioning resources (e.g. broadened resource consumption) and β-niche 

traits driven by changes in the abiotic environment (e.g. pH adaptation or resistance after 

antibiotic treatment). We suggest that evolution of the second trait can be directed 

indirectly via evolution of the first trait exploiting specific interspecies interactions. Thus, 

understanding how these traits interact in co-evolving communities may offer 10 

unprecedented opportunities to deflect trait evolution. Summarizing current knowledge, 

emphasising open questions and highlighting conceptual ideas we hope to stimulate new 

studies that are needed to move this field forward.  

 

 15 

Microbial Eco-Evolution has a value 

In recent years a multitude of research has shown that ecological forces shape composition 

and functionality of bacterial communities in predictable ways (Catalán et al. 2021; Estrela et 

al. 2021b; Gralka et al. 2020; Pascual-García et al. 2025; Thompson et al. 2017). This 

realisation has led health-care systems, public sectors and politicians to acknowledge the 20 

importance of a whole community perspective (Cavicchioli et al. 2019). For instance, a 

recently published call across a range of journals suggests that microbial communities should 

be deployed against the climate catastrophe because of their huge physiological and adaptive 

potential (Peixoto et al. 2024). Similarly, the ecological benefits a healthy gut microbiome 

provides are now widely appreciated, and interventions building on complex communities are 25 

being developed to improve gut functioning (Cuesta-Zuluaga et al. 2024; Maier et al. 2021). 

Understanding how evolution plays out in natural bacterial communities is important, as 
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bacterial lineages also evolve over ecological timescales (Good & Rosenfeld 2023; Zhao et al. 

2019). For example, bacterial evolution has direct impacts on human health through antibiotic 

resistance and evolution of virulence in long-term patients (Smith et al. 2006; Wheatley et al. 30 

2021). Many decades of study have uncovered the genetic mechanisms of evolution in 

monoculture experiments (Barrick et al. 2009; Tenaillon et al. 2016). Yet, all bacteria live in 

diverse communities and multiple interspecies interactions within microbiomes can impact 

evolutionary processes in different ways (Bailey et al. 2013; Lawrence et al. 2012).  Exploiting 

approaches that consider eco-evolutionary interactions in communities may be vital to modify 35 

evolutionary changes observed in nature (Barraclough 2015). However, due to the complexity 

and high-dimensionality of community eco-evolutionary dynamics and multitude of open 

questions, research combining ecological and evolutionary processes is often met with great 

scepticism (Crocker et al. 2023). Here, we outline approaches that can address some of these 

concerns, and promote knowledge to help manipulate bacterial communities with improved 40 

functions.  

 

How communities impact bacterial species evolution 

With in vitro models we can follow the process of bacterial adaptation in real time and watch 

evolution in action (Good et al. 2017; Rainey & Travisano 1998). Bacterial isolates rapidly 45 

adapt to new conditions and fitness continuous to increase even over several thousand 

generations (Tenaillon et al. 2016; Wiser et al. 2013). While the effect size of beneficial 

mutations seems to reduce over long-time scales (Couce et al. 2024), there can still be regular 

inflow of beneficial mutations (Barrick et al. 2009). However, unlike most in vitro 

experimental approaches, in situ bacteria rarely evolve in isolation but co-evolve with many 50 

other organisms within in the same habitat (Chase et al. 2021; Rohwer et al. 2025). Even when 

bacterial communities are strongly disrupted by chemical addition or immigration, 

deterministic and stochastic processes combine to allow different species to survive, binding 

them in a complex co-evolving network during community re-assembly (Ravi et al. 2019). 

Particularly after disruption, early immigrants may monopolize open niches (De Meester et al. 55 

2002), which is speculated to drive evolutionary changes (Zhao et al. 2019). These dynamics 

of evolutionary changes in natural environments have been revealed by in situ lineage tracking 

by molecular approaches (Bendall et al. 2016; Rohwer et al. 2025) and even in our gut 

microbiome we can see similar dynamics (Madi et al. 2023; Wheatley et al. 2021; Zhao et al. 

2019). While the influence of the background community on evolution of individual bacterial 60 

species is now accepted, the precise mechanisms behind this are still puzzling.  

The diversity of a community seems to play an important role mediating the availability of 

resources and it looks like that in low diversity communities, evolution is facilitated, e.g. by 

niche construction, whereas in highly diverse communities niche filling may limit ecological 

opportunities (Fig. 1). Supporting this, one study found an plateauing increase of biodiversity 65 

in communities  with increased taxonomic diversity (Madi et al. 2020), and a follow up work 

suggested that more genetic variants of a species are found in human gut microbiomes with 

reduced biodiversity (Madi et al. 2023). At what level of biodiversity there is a switch from 

facilitation to inhibition of evolution is a pertinent, yet unexplored question. In general, 

taxonomic diversity seems not to be the only determinant of directing adaptive rates. From a 70 

theoretical perspective, survival of new mutations is depending on the size of the community 
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and the saturation of niches (McEnany & Good 2024) and another model suggested that 

changes in evolution rate depend on the shape of trade-offs in resource use (Barraclough 

2019a).  

The mechanistic question whether biodiversity constrains or begets biodiversity is a 75 

fundamental one. The contradiction is often explained by how biodiversity manipulates niches 

(Schluter & Pennell 2017). Likewise, whether bacteria evolve more in diverse communities 

(Jousset et al. 2016; Lawrence et al. 2012), or whether adaptive rates are constrained in 

communities (Gómez et al. 2016; Klümper et al. 2019; Scheuerl et al. 2020), potentially hinges 

on the availability of niches. So, can we postulate how resources and biodiversity together 80 

shape evolution? One experimental study using four organoheterotroph bacteria, from 

phylogenetically different lineages, found that while species that evolved in monoculture 

remained competitive, facilitative interactions, based on cross-feeding, evolved in simplified 

communities (Lawrence et al. 2012). Some bacterial species consumed carbon-resources, but 

excreted metabolites that other species evolved using, thus minimising resource competition. 85 

The study provided evidence that interspecific interactions can initiate the evolution of cross-

feeding via metabolite secretion resulting in new niches that were more accessible than 

resources present in the medium. A comparable experiment used eight different Pseudomonas 

strains and suggested that resource competition fostered evolutionary diversification provided 

that sufficient alternative resources were available, therefore reducing antagonistic interactions 90 

(Jousset et al. 2016). By using different strains from the same species, however, community 

members competed for a narrow set of resources, and this intra-specific competition is a likely 

motor to promote adaptive radiations (Rivett et al. 2017). In contrast, another study tracked the 

evolution of a diverse set of focal species which were embedded in natural communities and 

found that diversity constrained adaptation (Scheuerl et al. 2020). Here, a close interaction 95 

between the focal species and the communities was detected; species with larger genomes 

evolved more while more diverse communities constrained evolution. In line with this finding, 

a similar study reported inhibited diversification of a focal species in natural soils communities 

as ecological opportunities were consumed (Gómez & Buckling 2013).  

With focus on the availability of resources, one work showed that competitors can increase 100 

the adaptive radiation of P. fluorescence initially, but if the competitors themselves evolve, and 

occupy niches, this again limits evolutionary potential (Bailey et al. 2013). Building on this, 

co-evolving species of wheat-straw cultured communities were found to limit the evolutionary 

potential of focal species and constrained evolution towards less rewarding resources (Evans 

et al. 2020). There are ongoing discussions as to whether positive (e.g. mutualistic) or negative 105 

(e.g. competition) interactions prevail in natural communities, and the matter is far from clear 

(Coyte & Rakoff-Nahoum 2019; Foster & Bell 2012; Palmer & Foster 2022). In experimental 

systems, where interactions between bacteria are negative, reducing competition for resources 

seems to be an important mechanism (Lawrence et al. 2012; Morgan et al. 2020; Rivett et al. 

2016). Bacteria are known to exploit and combat each other using chemical warfare, while 110 

supporting close alliances that provide benefits to them (Faust & Raes 2012; Thompson et al. 

2017). This may affect the whole habitat or only congeners within close proximity (Dal Co et 

al. 2020; Gralka et al. 2020). With constant conflict and species sorting (Palmer & Foster 

2022), open or newly created niches, that are not filled by new invasions, may rapidly be 

occupied by adaptive radiation of resident species if conditions are suitable (Rainey & 115 
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Travisano 1998), but the sign of interactions may have important impact on evolutionary 

trajectories.  

Together, these highlighted studies suggest an impact of biotic interactions, but they all 

explore how bacterial species evolve using other resources in the presence of competitors. 

Much less is known how bacteria evolve to new abiotic environments, like pH or externally 120 

supplied antibiotics, in the presence of other species. There are many studies that show 

antibiotic resistance evolution in nature (Baquero et al. 2008; Harris et al. 2010; Karkman et 

al. 2019; Larsson & Flach 2022), but few explore the underlying mechanisms. One 

evolutionary study did show that selection of antimicrobial resistance is reduced in 

communities (Klümper et al. 2019), an aspect that was cemented by other works (Fang et al. 125 

2023). There is also support that dual stress between antibiotic application and predation limits 

resistance evolution (Hiltunen et al. 2018). Turning the perspective, another work found that 

communities were more resilient to changes, when individual species were previously exposed 

to antibiotics and thus could evolve resistance (Cairns et al. 2025), which indicates that 

adaptations can reduce stress from biotic interactions. The bacterium Pseudomonas 130 

fluorescence readily radiates into different oxygen niches (Rainey & Travisano 1998), but was 

constrained by increasing biodiversity in the experimental vials (Brockhurst et al. 2007), an 

experiment that may also suggest evolutionary modifications to abiotic conditions by other 

species. Probably due to the complexity of the topic, this research direction has not developed 

much recently, but needs careful expansion to meet many current challenges. 135 

 

The concept; interplay between biotic interactions and abiotic environments  

Whilst we can measure evolutionary rates of single species when grown in tractable in vitro 

systems (Couce et al. 2024; Levy et al. 2015; Tenaillon et al. 2016), we not only need more 

data but also concepts for bacterial communities when species evolve and interact. To address 140 

this, we should first conceptualize the niche space that a species inhabits in terms of resources 

and environmental stressors. Species are located along a resource spectrum (α-niche;  Fig. 2a), 

with differences in α-niche traits permitting coexistence between species, e.g. by partitioning 

resource use (Silvertown et al. 2006a, b). When evolution drives trait changes around resource 

consumption, co-occurring species have a direct effect on each other by limiting or facilitating 145 

ecological opportunities in form of available substrates. In addition, cross-feeding and 

metabolite secretion may provide new ecological opportunities that species can evolve to 

consume. Such evolution leads to niche partitioning and results in more likely coexistence 

between species. Conversely, β-niche traits determine survival in a particular environment and 

tend to be experienced by co-occurring organisms in similar ways (Barraclough 2019b; 150 

Silvertown et al. 2006a). Here, abiotic environmental factors like the temperature or pH, or 

changes in chemical composition, come into play. Different species will have different 

tolerances for such abiotic pressures, limiting or expanding their habitat range. In such 

situations, a plausible prediction is that, without an overlap in α-niche, diversity will have little 

impact on adaptive trait changes (Fig. 2b). As such, if a species is located in its own α-niche 155 

(no or limited resource competition), and there is no direct interference (e.g. toxic secondary 

metabolites), there should be little effect of species interactions on how species evolve to β-

niche changes. When, however, initially vacant α-niches can become filled by adaptive niche 

shifts or expansions, species have to evolve to new ß-niches while α-niches overlap with other 



Directing evolution Version 10-Sep-25 EcoEvoRxiv 
 

5 
 

species, which results in a lack of resources to grow (Fig. 2c). Here, the evolution to exploit 160 

vacant resources is impacted by biodiversity, caused by various changes in strength of selection 

and available genetic variances. Consequently, when competitors take ecological opportunity 

away in the form of available resources, this should lead to an indirect modification in 

evolutionary potential of β-niches, e.g. by reducing the population size (Fig. 2d, see section 

“How interspecific interactions impact evolution”). When competitors have opportunity to co-165 

evolve and broaden their α-niche, this should therefore impact β-niche evolution in an indirect 

way. Resource mediated interactions, either competition or cross-feeding, condense or broaden 

the ecological opportunities needed to support adaptive responses when abiotic environments 

change. When there is no option to escape the original α-niche-space, β-niches may still evolve, 

but most likely at a much lower rate. In summary, we consider co-evolution for α-niches as a 170 

potent leverage to direct β-niche evolution, thus future studies should carefully consider how 

biodiversity co-evolves in form of resource consumption. 

 

 Worked example: Antimicrobial resistance 

When we envision an elevation of abiotic stress, especially on microbiomes, a common place 175 

example is during the onset of antibiotic treatment. Here, a foreign chemical is introduced to 

the host at high concentration, either systemically or targeted, and sensitive bacteria must 

respond or perish (Bell & MacLean 2018). Depending on the antibiotic, an individual 

bacterium may evolve resistance that render the antibiotic ineffective in that individual but 

confers no resistance to others in the ecosystem (e.g. mutations in the topoisomerase/ DNA 180 

gyrase preventing fluoroquinolone binding, or mutations to increase efflux pump efficiency 

(Bhattacharyya et al. 2022)). Under ongoing selection, the modification will sweep through the 

population. Resistance, however, is usually associated with fitness costs (Vogwill et al. 2016), 

but if the sub-population can evolve using more rewarding nutrients, within our framework 

more likely in low-diverse systems, the costs will be more easily ameliorated. The metabolic 185 

state and the availability of nutrients interact in complex ways with antibiotics (Ahmad et al. 

2025). It is often observed that drugs are more efficient in actively growing populations (Bren 

et al. 2023) , while persister cells increase in frequency under depressed metabolism (Ahmad 

et al. 2025). However, under healthy conditions with natural microbiomes, pathogens are 

commonly effectively suppressed (Wheatley et al. 2021; Zhao et al. 2019), which is likely, at 190 

least partly, due to competition between species (Spragge et al. 2023) and fitness costs of 

resistances (Ahmad et al. 2025). Thus, adaptation to consume resource niches enhancing 

resistance evolution is likely constrained in a community where several species are pre-adapted 

to the core resource pool. With open niches potentially made vacant by species susceptible to 

the antibiotic, it is likely to promote evolution of resistances opening this pool. If resources are 195 

consumed by competitors, costs cannot be ameliorated easily as metabolism was shown to 

constrain resistance evolution (Zampieri et al. 2017). Support of this comes from studies that 

found that nutrient concentration can modify success between resistant and non-resistant 

bacterial strains in mixed communities (Nev et al. 2020). Moreover, many resistances are 

plasmid based, but horizontal gene transfer, particularly conjugation, which is a major source 200 

of resistance spread, is depressed under resource limitation as the process is energy intensive 

(Lopatkin et al. 2016). Niche shifts may be particularly relevant for drugs that are imported 

into the cells by transporters of specific substrates (Ahmad et al. 2025). 
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How interspecific interactions impact evolution 205 

To enhance our understanding how evolution in bacterial communities can be directed as 

outlined above, a detailed understanding of the underlying mechanisms will help. In principle, 

evolution increases with number of generations and its rate depends on the strength of selection, 

and the presence of heritable additive genetic variance (Hendry 2016). Evolution proceeds at a 

faster rate when the selection gradient acting on phenotypes is steeper and the population 210 

harbours more additive genetic variance (Schluter 2000). Genetic variance is influenced by 

population size, mutation rate and mutation effect size, as well as recombination rate and 

genetic covariances, whilst the strength of selection can be amended by ecological tolerance, 

phenotypic plasticity and the rate of environmental change (Barraclough 2019b)and all these 

aspects can be modified by interspecific interactions (Fig. 3). Overarching, one of the most 215 

important factors associated with evolution is population size; competition will likely decrease 

population sizes while cross-feeding will increase it. Further, multiple biotic interactions may 

also impact generation times. If species for example can exploit new cross-feeding products, 

this may allow faster cell division rates, whereas under increased competition cells may 

accumulate resources to persist adverse conditions. There are, however, many more ways in 220 

which communities can impact evolution of a focal species.  

The strength of selection can be modified by competitors when selection would pull a 

population towards a new alternative resource providing increased fitness, but a co-evolving 

competitor effectively consumes this resource (decreases adaptive peak) which results in 

successive pre-emption of this ecological opportunity, thereby reducing selection (Osmond & 225 

de Mazancourt 2013). As such, the selection gradient β of an adaptive trait; the vector pointing 

to the nearest or steepest peak on the fitness landscape, may decrease if the peak is virtually 

depressed by competitors consuming the niche space which would support the relevant fitness 

increase. Depending on the overlap of the fitness function between focal species and 

competitors, divergence may be promoted if there is limited interference or canalized if there 230 

is pronounced overlap (Roughgarden 1976; Slatkin 1980). Weak competition is predicted to 

increase selection and to emphasise divergence, but strong competition will constrain adaptive 

radiations by smoothing fitness surfaces (Slatkin 1980; Van Cleve & Weissman 2015).   Further, 

selection is determined by the stress experienced; while for example low pH environments may 

have limited effect on a population provided high-quality resources are available, alleles that 235 

increase pH tolerance may experience little benefit. If, however, competitors remove these 

high-quality resources, adaptive alleles may gain extra importance as physiological costs 

increase. Alternatively cross-feeding may provide more metabolizable resources and reduce 

stress, which may in turn rescue crucial genetic variation from extinction. Similarly, plasticity, 

the ability of an organism to express a different phenotype, may increase or decrease 240 

evolutionary rates (Chevin et al. 2010), and interactions may modify how organisms respond 

to changes. Again, if enough resources, and therefore energy, are available, plastic 

modifications to respond to stress should be more easily expressed (e.g. more ion pumps due 

to pH stress). If, however, competitive stress plays out, it seems plausible that critical resources 

are no longer allocated for plasticity changes. Finally, the selection pressure depends on the 245 

rate of environmental change and a higher magnitude of change is likely causing more 

selection. Biotic interactions are likely to add extra pressure to abiotic changes and thus 
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increase the rate of environmental change, but may also result in multiple orthogonal selection 

pressures.  

Increased genetic variation in populations can enhance evolutionary rates to an extend that 250 

dominance and exclusion patterns are turned in competing bacterial communities (Scheuerl et 

al. 2019). In larger populations the amount of standing genetic variation may be higher, but 

competition may reduce densities and in the progress purge rare genetic variants which may be 

detrimental for future adaptations. Genetic variation is further directed by mutation inflow and 

mutation effect sizes; alleles may convey a potential small fitness advantage for recalcitrant 255 

products, but if more rewarding resources are present in the environment, these alleles may not 

unveil their capacity. Moreover, under stress, hyper-mutator strains are more likely to evolve 

which changes the inflow of new mutations (Barrick et al. 2009). In communities, genetic 

variation may increase through recombination during horizontal gene-transfer via transduction 

and conjugation which both may increase if more genetic material (e.g. from cell lysis) is 260 

present. Moreover, even epistatic interactions between adaptive loci may be revised (Poelwijk 

et al. 2007). If two loci altering labile sugar metabolism (e.g. by transporter and enzyme 

changes) yield high fitness increases on their own there may be little additive effects when 

recombined (Visser & Elena 2007). When competition drives molecule concentrations lower 

at an increased pace, the individual loci may yield less advantage, but both loci together may 265 

provide the adaptive advantage, thereby reverting a negative epistatic interaction towards an 

additive pattern, which ultimately maintains diversity. Even the sign of mutations may revert 

and modifications that are harmful under ecological versability may provide benefits under 

more stressful environments. Moreover, adaptive traits may be correlated with genetic co-

variance of another trait (gmax) pointing into different direction (Fig. 4a). Correlation between 270 

these traits will bias β towards gmax (Schluter 2000). If, as in the hypothetical example, gmax is 

based on resource pattern, interaction between species will either condense (Fig. 4b), or 

expand, the amount of genetic co-variance, causing a shift in the bias.  

Taken together, interactions between species potentially may deeply modify adaptive fitness 

landscapes. When particular trait combinations are yielding higher fitness than others, 275 

populations will be pulled towards adaptive peaks (Van Cleve & Weissman 2015), and with 

little competition, multiple peaks may be available and harbour opportunity for diversification, 

displaying highly rugged fitness landscapes (Fig. 4c). Competition for resources is likely to 

dampen average fitness peaks and potentially smoothens fitness landscapes. This is likely 

resulting in a canalization towards the most promising trait combinations (Fig. 4d). The 280 

interaction between species is also likely creating new niches, e.g. by cross-feeding, that may 

yield large fitness increases pulling trait combinations into new direction.  

In principle, all the factors affecting evolutionary rates can be impacted by interspecific 

interactions both in facilitating and constraining ways, and how interactions modify evolution 

is most likely very case specific. Supporting this, data suggest that evolution of a focal bacterial 285 

species is well explained by interactions with the specific back-ground community, thus 

whether a species evolves in a community is depending very much on the specific biotic 

background, and not only on more general factors, like biodiversity or genomic malleability 

(Scheuerl et al. 2020). 

 290 
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Future research directions 

How can “ecological opportunities” be characterised in greater detail 

With interactions based on resources, the difficulty is that environments hold thousands of 

different carbon molecules that may serve as food for heterotrophic bacteria. Regrettably only 295 

a tiny fraction of these molecules are described in detail and metabolic pathways characterized 

(Hu et al. 2022; Sheridan et al. 2022). Thus, large numbers of resources may potentially be 

available as niches that are currently widely unknown; without which however we are unable 

to accurately understand the α-niche space in which these communities inhabit. Only if this 

vast number of resources can be described, and how they are metabolized by bacteria, will true 300 

understanding of ecological niches, and their role in microbial evolution be possible; With the 

break-down of recalcitrant resources being less energy efficient it can thus be speculated that 

species which are pushed to use them have limited capacity to evolve other traits. Following 

this, potentially recalcitrant resources may foster more syntrophic interactions, whilst 

potentially promoting key species that initiate breakdown of recalcitrant molecules resulting in 305 

competition limiting diversity (Gralka et al. 2020).  

Bacterial modification of the niche landscape has also been shown to determine how species 

behave in a community, with secondary metabolites used and produced in unequal measures 

(Morgan et al. 2020). Thus, how diversity and identity of resources impact biotic interactions 

and successively community assembly is an important open question (Dal Bello et al. 2021; 310 

Estrela et al. 2021a; Pacheco et al. 2021). Recent years have seen exciting new developments 

in describing the present resource molecules in environments; Ultra-high resolution mass 

spectrometry is unveiling molecular formulae and has the power to elucidate these details 

(Kellerman et al. 2014). First results are very promising that these methods can give insight 

into microbial resource-niches in unprecedented detail (Sheridan et al. 2022). Ongoing works 315 

try to characterize this molecular diversity before and after bacterial activity and this will 

provide insight into which resources are used, how they are partitioned and how they are 

metabolised. These initial data suggest that environments can hold several thousand different 

chemical formulae and bacterial activity even increases this number, presumably by breaking 

larger molecules into smaller fractions of variable size (Scheuerl unpublished data, Sandor 320 

2025). Thus, many new niches could be created even from a few high molecular weight 

molecules (Fonvielle et al. 2025). In nature this results in a vast diversity of chemical formulae 

(Kellerman et al. 2014; Tanentzap et al. 2019) and bacteria may have evolved traits to exploit 

all of them. With such data, fine-scale resources landscapes could be created that illuminate 

which resources are present, their abundance, and how efficiently metabolized they are by 325 

different bacteria (Fig. 5a). Tools are now established to estimate bioavailability which could 

be used to categorize resources into classes (D’Andrilli et al. 2015). Thus, resources could be 

categorized into formulae, abundance, bioavailability and energy yield, and consumption or 

production could be tracked. This way a precise picture of the available resources, and thus the 

present α-niches, of complex environments can be created. Of course, this landscape will be 330 

malleable, as bacterial activity may continuously consume and produce molecules. For many 

environments, and the bacterial communities that inhabit them, the core resources that most 

present species compete for may be rather high, thus characterizing the accessory resource 

niches should yield important insight into how different bacteria partition resources and coexist 

in nature (Fig. 5b). This would also allow predictions of which resource niches different 335 
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bacterial species will likely evolve to consume. In this way, selection surfaces for species may 

be rather different. For some species selection may act to focus even more on core resources 

that are highly rewarding but competition is high, while other species may evolve consuming 

accessory resources that are underutilized (Fig. 5c). Of special interest will be if the ability to 

exploit these resources can evolve from existing traits (modification of existing related 340 

pathways), or if new key-functions have to be evolved to seize them. Such resource landscapes 

would give valuable insight which niches are available in a species’ surrounding, mirroring 

fitness landscapes, and allow prediction which species may diversify into alternative niches.  

 

Box 1. Open questions to be addressed 

There are a number of outstanding questions that need to be addressed to fully appreciate 

how these two ecological and evolutionary processes combine. 

 

When we think about resources as ecological opportunities: 

• Which resources (core vs. accessory resources) do different species use, and how do 

species within communities partition them?  

• What can bacteria metabolize on their own and for what kind of resources are 

collaborative networks required? 

• Are there resources that foster collaborative behaviour or are there some that lead to 

enhanced competition? 

• Can β-niches evolve without α-niche shifts? 

• Are α-niches shifting due to standing genetic variation or due to key-innovation from 

new mutations? 

• Do different resources cause different evolutionary changes of β-niches? 

 

When we think about biotic interactions: 

• In what conditions will species interactions amend evolutionary trajectories or not?  

• Are higher-order biotic interactions important and what is the best way to measure 

them? Alternatively, are the main drivers pairwise interactions as envisioned 

previously?  

• Do strong interactions have a pronounced effect compared to widespread weak or 

diffuse interactions among many species?  

• Do facilitative interactions, where species rely on partners, increase or decrease the 

amount of evolution in a community context?  

• Are negative (e.g. competitive) or positive (e.g. mutualistic) interactions on average 

more important? 

• At what level they impact evolution of β-niches? 

 345 

Can our understanding of how species evolve in nature be improved? 

So far, our knowledge about community evolution is still in its infancy; more data are needed 

(Barraclough 2019b) and a wide range of open questions remains (Box 1). Not only is there a 

paucity of studies investigating evolution in a community context, we need more studies that 

explore how interactions themselves evolve (Piccardi et al. 2019). Thus, how stable are they 350 
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over evolutionary time scales? Laboratory based studies found evolution of neutral interactions 

starting from competitive situations (Evans et al. 2020; Fiegna et al. 2015a, b; Lawrence et al. 

2012); but then why are these competitive at all if species co-exist in nature? Interaction 

strengths and signs are ephemeral in different habitats and at different times, making their 

measurement difficult, and maybe even calls for new concepts. Two species may compete for 355 

resources in one environment but facilitate each other in a slightly modified environmental 

context (Beilsmith et al. 2020), which raises the question how can transient interactions impact 

population dynamics. Direct interactions, like excretion of toxic metabolites, are maybe easier 

to study as there are often quantifiable molecules that are used to kill competitors, but in low 

nutrient environments, as often found in nature, it is not clear how relevant this is (Lawrence 360 

& Barraclough 2016). Further, a clearer picture is needed how important population sizes are, 

if generalists or specialists are more evolvable and how multi-order interactions integrate. 

Moreover, co-evolved networks may show greater stability against disruptive effects imposed 

by an invader (Rivett et al. 2018). Directly interacting species in the co-evolved community 

may be potentially protected if better integrated into overall networks. The question about 365 

stability in co-evolved communities still needs to be much better explored, as evolution may 

either stabilize or destabilize communities (Loeuille 2010), which implies the question whether 

eco-evolutionary feedbacks are important in complex communities.   

Many of these questions hinge on the issue how to design experiments so component species 

and community members can be tracked and eventually re-captured. This is a difficult question, 370 

particularly in bacteria, and probably requires the development of more tools. Species may be 

marked by cytosolic dyes, genetically tagged and carry antibiotic resistance genes allowing 

them to be re-isolated, but all these tools can alter cellular processes and thus often come with 

fitness costs that render the carrying organism unfit in the current community or environment. 

The most exploited tool is using sequencing technologies, however, exclusively relying on 375 

molecular data (e.g. metagenomics) will deprecate important information gained from 

phenotypic assays, and particularly this phenotypic information is so valuable for us. After all, 

it is the phenotype, not the genotype, which is the relevant unit to understand and predict 

processes that affect ecosystem function (Hendry 2016). While we certainly can gain highly 

valuable information from omics tools, holding the phenotype in hand is commonly the key to 380 

deep understanding. One study used dialysis bags allowing tracking and re-isolation of focal 

species after evolutionary time (Scheuerl et al. 2020). This is a mouldable approach but 

physical cell-cell contact is precluded which may be important in some situations.  

For monitoring and assessing interactions, first between species but also between focal 

species and communities research will benefit from new concepts. Previous approaches to 385 

study bacterial interactions suggested to grow bacterial species first in isolation and then in 

mixture (Foster & Bell 2012). From the isolated case, predictions can be made how the mixture 

should grow if there is no interaction between the species, with over- or underperformance 

suggesting interactions (Fiegna et al. 2015a; Mitri & Foster 2013). A similar approach could 

be used to study how co-evolved communities affect component species evolution (Fig. 6). 390 

Once calibrated with ancestral performance, comparing mixed performance with predicted 

performances would probably allow estimation how communities direct species evolution. In 

such an design, focal species may genetically evolve new phenotypes but also respond by 

phenotypic plasticity and physiological acclimatisation, which can be disentangled by 
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comparison with the ancestor (Bennett et al. 1990). Potentially, not only evolution between 395 

evolved and ancestor could be determined but also how both are affected by the community.  

In parallel also communities should be tracked, not only to explore how they affect focal 

species, but also to see if there is a feedback and how focal species affect entire communities. 

Over evolutionary time-scales communities may change by ecological sorting (frequency 

changes), dispersal (immigration and extinction), physiological acclimatization of members as 400 

well as evolution of species, but individual species may have capacity to modify. A combination 

of omics tools and functional and phenotypic assays (e.g. Goldford et al. 2018; Rivett and Bell 

2018; Scheuerl et al. 2020) could be used to illuminate the underlying processes within these 

communities and several predictions could be tested. For example, when maintained in a single 

carbon environment, e.g. glucose, a distinct, a sugar-loving, community should emerge but 405 

some biodiversity is maintained which is fuelled by cross-feeding of metabolites (Goldford et 

al. 2018). This cross-feeding may mainly evolve in rare species as this new niche emerges. 

When the number of supplied resources increases, more species can co-exist and diversity 

increases with predicted diversity of metabolites (Dal Bello et al. 2021; Pacheco et al. 2021). 

Not all the supplied resources can be used by all the different bacteria and not all resources 410 

yield the same energy, thus adaptations to streamline metabolic pathways consuming these 

sources on costs of other resources are likely. In complex environments multiple species are 

observed to partition their functionality based on abundance (Rivett & Bell 2018). Potentially 

due to these mechanisms, communities assemble even in complex environments in similar 

ways, however, small differences in initial composition can tilt towards different outcomes 415 

(Pascual-García et al. 2025). Even in natural settings, where composition and function are 

influenced by dispersal (Rivett et al. 2021), there are still distinct patterns that emerge within 

the microbiomes (Shabarova et al. 2021), but how evolution impacts this is unknown. Research 

has shown that predictability is comparably high under controlled conditions (Estrela et al. 

2021b; Goldford et al. 2018; Pascual-García et al. 2025), so detectable changes can probably 420 

well be attributed to evolutionary, or ecological, processes. Thus, replicated tests could unveil 

when communities converge or what determinants drive divergence and how ecological and 

evolutionary rules play out together. Experiments, as suggested above, would also allow 

exploring how individual species act on the community in return and offer ways to estimate if 

there are eco-evo-feedback-loops (Hendry 2016; Schoener 2011), which would provide 425 

detailed knowledge which mechanisms drive community fate in the long term. Maybe over 

evolutionary time scales mainly ecological processes occur, but most of our data suggest that 

even in complex communities, evolution plays an important role and thus has huge potential to 

modify community composition and function. So far, ecological forces shaping bacterial 

communities have received quite some attention, whereas an evolutionary component is 430 

usually not well explored. Arguably, in many laboratory-controlled systems where experiments 

lasted only a few days may this reasoning may justify, but in reality little data exist (Bennett et 

al. 1990; Chase et al. 2021; Rainey & Travisano 1998; Wheatley et al. 2021). Regardless, in 

nature bacterial communities do not coexist for just for a few days (generations), but at much 

longer time-scales, thus the role of evolution is important, and should be investigated further. 435 

As highlighted above, co-evolving bacterial communities can quickly expand a niche range 

(Adamowicz et al. 2020; Fiegna et al. 2015b; Lawrence et al. 2012); they evolutionarily occupy 

vacant niches and consume resources more broadly in just a few days, therefore altering 
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ecological dynamics (Martiny et al. 2023). Long-term observations have provided the first 

evidence of rapidly ongoing evolution in natural communities, emphasising the relevance of 440 

community ecology on evolution and ecosystem function (Bendall et al. 2016; Rohwer et al. 

2025). Again, how changing interactions, based on α-niches, finally correlate with evolution 

of β-niches needs careful considerations.  

To summarise, how evolution of species affect communities in return is essential particularly 

for microbiome functions. Many microbiomes are characterized by a comparably small set of 445 

species with relative high abundance and a long tail of comparably rare species. While it may 

be tempting to assume that abundant species have a high ecological fit, it is also well possible 

that their success is secured by, at least some, evolutionary potential. Also, many rare species 

may experience strong selection, and only because of evolutionary change be able to survive. 

Rare species have been identified in several cases to be important drivers of various ecosystem 450 

functions (Jousset et al. 2017) and should receive particular attention. Thus, evolution may 

cement abundant species and save rare species from extinction, with the result that ecological 

niches are likely to be exploited more exhaustively and more biodiversity can be retained. 

Replay experiments, as used by Evans et al., where communities are re-assembled from 

evolved and ancestral clones could be used to explore what happens in the long run when 455 

dominant bacterial strains are refused from evolutionary progress. For rare species, 

evolutionary changes precluding extinction may be of particular importance, which may play 

an important role in attempts designing or breeding bacterial communities into particular 

functions for example for bioremediation (Liu & Suflita 1993). For these attempts it is 

imperative to understand when and why communities are permissive for evolution. Also in the 460 

light of ongoing species loss (Moraïs et al. 2024) it is important to explore whether functions 

can evolve and compensate for the loss of species within ecological time-scales. If evolution 

cannot compensate for functional loss, then species preservation attempts will gain extra 

importance.  

 465 

Solving the uneasy alliance of ecological and evolutionary research  

Blocking blooms of specific bacteria ecologically by adding bacterial communities is a 

straight forward idea (Spragge et al. 2023) and developing pro-biotic food supplements 

building on this is an quickly expanding market. But a recent review concluded that probiotics 

are not yet effective enough to hit this goal (Rueda-Robles et al. 2022). This is just one example 470 

of how bioaugmentation requires the complete understanding of the interplay between 

ecological and evolutionary dynamics (Liu & Suflita 1993). Including the bipartite nature of 

α-niche and β-niche adaptation into evolutionary microbiome research should mitigate 

continued ecological shortcomings in this field, even if uneasy scepticism is difficult to address. 

Applying the ecological drivers of community change to evolutionary trajectories should be 475 

exploited to modify evolution of focal species after knowing how interactive networks permit 

broadest consumption of ecological opportunities. As such, after characterizing niche 

occupation of focal species and which resources they will evolve to exploit, ecological similar 

species could be pre-evolved to pre-emption relevant α-niche space. Additionally, specific 

resources could be supplemented to enhance adaptive radiations of key-competitor species, but 480 

not focal species, so these competitors find opportunity to evolve themselves ecological 
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dominance. This way, focal species could be forced to evolve along resource niches which do 

not support ameliorating the costs of other adaptations.  

 

Concluding remarks 485 

In summary, we present a conceptual framework by which species’ evolution of β-niches is 

impacted by community interactions when α-niche competition is involved. With this concept 

in mind, approaches to seize eco-evolutionary potential of communities to direct adaptation 

into specific directions can be envisioned, bridging the divide between ecological and 

evolutionary research and propel our ability to directly manipulate evolution in natural 490 

microbiomes. 
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Fig. 1.  

 
Fig. 1. Biodiversity can beget and constrain evolution. The adaptive rate of a species 

depends on interaction with the surrounding community. A focal species (blue species) that 

is isolated (e.g. monoculture) may experience little limitations to evolve, but in nature the 

current environments can be unfavourable (e.g. full of recalcitrant resources). To unfold 

initial evolutionary potential, existing traits (e.g. TCA cycle, red circle) may need refinement 

to meet the current situation. Otherwise, adaptation may depend on evolution of completely 

new “key-innovations” (yellow star) that do not yet exist (break down of recalcitrant 

resource). When biodiversity increases, it is more likely that some species (e.g. green 

species) occur that act as “ecosystem engineers” and are able to break down difficult material 

by specialized exoenzymes (green-blue dot), or produce new niches via metabolic overflow 

(Bajic & Sanchez 2020) which results in “cross-feeding”. This process creates more niches 

which are potentially simpler to exploit (e.g. more labile resources) which facilitates 

refinement of the existing trait (bold red circles). While this process of creating more niches 

probably continues with increasing biodiversity it also becomes more likely that other 

species (purple & orange species) consume and fill these niches and thus again constrain 

ecological opportunities. So far, data support such a humped shaped relationship, with the 

result that at low levels of biodiversity evolution is facilitated but this plateaus at very high 

levels of diversity. 
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Fig. 2. Conceptual illustration of two types of selection pressures. Starting community of 

7 species with their phenotype plotted on two niche axes; resources (shaded area on X-axis) 

and antibiotics level from externally supplied treatment (green line on Y-axis). The 

populations inherit variation in niche space (ellipsis). a) Species overlap in their niches but 

can potentially evolve to use new resources or resist increased levels of antibiotics. More 

abundant species are darker; a pathogen is indicated by the red circle. b) Antibiotics increase. 

All species experience selection (arrows) in the same direction (β-niches). Co-occurring 

species have little effect on antibiotic resistance evolution of the pathogen (red arrows), the 

pathogen harbours wide genetic variation and evolves substantially. Some species may have 

little evolutionary capacity (thin arrows) and go extinct.  c) Niche space evolves. Species 

adaptively adjust their resource spectrum (α-niches), which leads to direct interaction 

between the pathogen and the co-occurring species. E.g. the light grey species experience 

selection to shift to the centre because of competition with the darker species. d) Competition 

limits resistance evolution. When the level of antibiotics changes under niche overlap, 

competition may constrain resistance evolution. Now, population sizes are reduced, and 

interactions constrain ecological opportunities. Modified after (Scheuerl et al. 2025). 
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Fig. 3.  

 

 
Fig. 3. Species interactions can influence evolutionary rates in multiple ways. The rate 

of evolution of a species is set by the amount of genetic variation and the strength of 

selection, which both canalize through population size and generation times. These factors 

are directly impacted by variables (e.g. mutation rate, or ecological tolerance), which each 

can be either enhanced or supressed by interspecific interactions. Conceptual ideas are given 

how species interactions may modify evolutionary trajectories (yellow boxes, blue indicates 

a delaying and red an enhancing effect). For example, a background community (green box) 

may have a pronounced limiting effect on the population size of a species if there is high 

competition for resources (bold blue error in centre). However, the new adaptation emerged 

from increased horizontal gene transfer that was only possible as multiple species were 

present (red arrow left side). This example may be comparably relevant as horizontal gene 

transfer is assumed to be more likely between phylogenetically related species, but this may 

also increase the niche overlap. The relative importance of various effects is certainly highly 

case specific. In most cases, there are several scenarios that either constrain or facilitate 

evolution and our summary is not exhaustive. Icons were generated using Microsoft Copilot. 
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Fig. 4. 

 

 
Fig. 4. The adaptive pathway of a population on the fitness landscape can be biased. 

This hypothetical landscape is consisting of resources that range from labile to recalcitrant 

(dark green background) and increasing levels of resistance. a) An individual population 

with genetic variation (blue ellipse) finds itself on this landscape where both, resource and 

resistance, traits display fitness peaks (brown circles). The selection gradient β (red dashed 

arrow) pulls the population mean towards the steepest fitness increase (circular lines with 

darker colours indicating higher fitness). Without competition, the population expresses 

extended variation and can exploit many different resources. The population initially evolves 

along the line of least resistance (gmax, red dotted arrow) caused by the genetic co-variance. 

The evolutionary pathway (red curved arrow) does not follow the selection gradient, but is 

biased by the greatest amount of genetic co-variance. In this example, resistance evolution 

is hinging on consuming more labile resources (compensating costs of resistance) and gmax 

facilitates evolution bringing the population mean closer to the fitness slop. Moreover, 
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adaptive radiation and divergence into two sub-populations is also possible if selection for a 

resource niche shift is equally strong than for resistance. b) Under competition ecological 

opportunities may be limited and the population has to consume a narrower set of resources 

which is more on the recalcitrant side. As less of the genetic co-variance can be expressed, 

gmax is limited and the population may more likely evolve towards using recalcitrant 

resources, on cost of resistance. Alternatively, cross-feeding may turn the picture and provide 

more labile resources that facilitate the evolution of resistance. This thought experiment also 

raises the question if the evolution of an abiotic trait is resting on a shift in resources, or if 

abiotic adaptations mainly evolve resource independent. On top, it is well possible that 

fitness benefits of adaptive alleles change under biotic interactions and thus cause a 

modification in the slope of the fitness peaks. c) Without competition the fitness landscape 

for a population may display a high ruggedness. With various niches available, a population 

(red) may diversify into different ecotypes (yellow lines). Potentially, the highest fitness peak 

is missed because the adapting population is trapped on a nearby local peak. d) When other 

species consume resources, these get limited and thus the fitness advantage decreases, which 

smoothens the landscape. However, it is less likely that the adapting population is trapped 

on a local peak and gets diverted from the original optimum. A common observation however 

is that new niches are created by metabolite excretion, which can form new adaptive peaks. 

These peaks are potentially rather step and support large fitness increases. 
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Fig. 5. Exploring resources landscapes, how bacteria occupy niches and how they share 

them will yield important insight. a) Characterizing the present chemical diversity, and 

classifying it into categories of metabolism should provide detailed insight which α-niches 

(and abundance of) are present in natural environments, how they are consumed, and which 

by-products are released that can be used for cross-feeding. This would also illuminate how 

niches of species overlap and which resources are underexplored serving as potential open 

ecological niches. In the given example, there is considerable niche packing. The black 

species evolved using a resource of extra property with low energy yield but escapes 

competition. The green and the blue species may both have access to an open and rewarding 

α-niche, but green may be more likely to evolve (yellow arrow) as existing metabolic traits 

are more suitable and reducing competition with the purple species. b) Like pan-genome 

plots, pan-resource plots could unveil what are core-resources that all the species of the 

community use, and which are accessory or alternative resources that are used only by very 

few species. In many environments this core-resource fraction may be rather high, thus 

interesting will be which alternative resources are underexplored and may support new 

adaptation. c) Overall, selection gradients for different resource niches are likely to be very 

different for each species. The purple species may have little opportunity to exploit accessory 

resources (resources that are not used by many other species) and selection may act in a 

condensing manner so the population evolves to dominate the core resources and becomes a 

dominant competitor. The orange and green species both may evolve using accessory 

resources and by this escape strong competition. The black species may not evolve but 

remain in its niche. In summary, of key interest will be if traits exploiting these resources 

can evolve from existing traits, or if new key-functions have to be evolved to seize them. 

But our data are far too limited to draw precise conclusions. 

 

  



Directing evolution Version 10-Sep-25 EcoEvoRxiv 
 

26 
 

Fig. 6. 

 

 
Fig. 6. Experimental design to study how bacterial species interact with complex 

communities. To explore how individual species and complex communities co-evolve 

detailed experiments will be needed. Under selection, populations will undergo 

physiological acclimation and accumulate heritable phenotypic variation which can be 

estimated by comparison with the ancestor. In parallel, diverse communities will change in 

composition and function over evolutionary time-scales by ecological sorting (frequency 

changes of species), migration (loss or gain of species) and component species will acclimate 

as well as evolve. Ecological experiments suggested to compare traits of different species in 

isolated cases and predict from this cases where species over- or underperform, to estimate 

interactions (Foster & Bell 2012; Mitri & Foster 2013). To estimate how communities 

modify species evolution and maybe also how this loops back from the species to the 

community, similar approaches could be taken. When considered together, comparing 

evolved species, their ancestor and the co-evolved community, the performance (e.g. cell 

counts) of each isolated component could be measured and compared to the performance 

when species and community grow together. A prediction from the isolated case could be 

made and compared to the observed performance. As an example, a species is re-isolated 

from the community or from monoculture after selection and its evolutionary change is 

evaluated by comparison with the ancestor. Similarly, the starting and final communities 

could be compared. Now, evolved species and “evolved” communities are grown together. 

When the observed measurement meets the prediction, the species evolved independent from 

the community and found its own niche. If it is less than the prediction, and it is the evolved 

species that is growing less, than the community constrained evolution. If it grows more, the 

community facilitated evolution. In parallel, effects of the species on the background 

community could also be estimated. 
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