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Abstract
Even though “perfect” metagenomes or metatranscriptomes are close at hand, the implicit assumption of spatial homogeneity
in the “omic” approaches makes it difficult if not impossible to relate those data to ecological processes occurring in natural
and man-made ecosystems. In fact, the distribution of microbes in their habitats is far from being uniform and random.
Microbial communities show a high degree of spatial organization that stems from environmental gradients and local
interactions. These interactions can be very complex and may involve multiple species. Several studies highlighted the
importance of indirect interactions for community stability, but the absence of a theoretical framework for microbial ecology
restricts the possibilities to strike a balance between the investigation of simple communities with purely pairwise
interactions and the attempts to understand interaction patterns in whole communities based on meta-omics studies. Here we
suggest adapting the concept of Associational Effects (AE) from plant ecology, to better understand the link between
ecological interactions, spatial arrangement, and stability in microbial communities. By bringing together a conceptual
framework developed for plants and observations made for microbes, this perspective article fosters synthesis of related
disciplines to yield novel insights into the advancing field of spatial microbial ecology. To promote the integration into
microbial ecology, we (i) outline the theoretical background of AE, (ii) collect underlying mechanisms by literature
synthesis, (iii) propose a three-point roadmap for the investigation of AE in microbial communities, and (iv) discuss its
implications for microbial ecology research.

A way forward in spatial microbial ecology

In a world beyond well-mixed culture flasks, microorgan-
isms live in multispecies communities with distinct patterns
of spatial organization [1]. Although these patterns are
considered a main force driving the composition and
function of microbial communities, field and laboratory
studies often neglect the role of spatial complexity. How-
ever, microbes communicate and interact with their neigh-
bors via physical, chemical, and biological mechanisms.
The spatial structure of microbial communities facilitates

and consolidates these interactions and provides organisms
with advantages for growth and adaptation under fluctuating
environmental conditions [2].

Although the important role of the spatial context is well-
known in ecology, the methodological difficulties asso-
ciated with observing microbes in nature at interaction-
relevant scales impeded a rapid progress in the field of
spatial microbial ecology. The advances in microscopy, the
fabrication of tailored microhabitats, and the new era of
chemical microscopy and imaging mass spectrometry now
enable researchers to observe microbial interactions with
high resolution and in complex matrices [3]. Nevertheless,
only a few studies exist, which integrated spatial complexity
into the investigation of microbial interactions, and all of
them focused on direct pairwise interactions in low com-
plexity communities. Indirect interactions involving multi-
ple species were largely neglected in microbial ecology,
although several theoretical studies emphasized their
importance for species coexistence and community stability
[4]. Here we argue that a theoretical framework is needed to
move forward with the investigation of these two different
axes of complexity in microbial communities studies. The
ecological concept of Associational Effects (AE) describes
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the influence of plant neighborhood composition on the
interaction between plants and herbivores. This framework
has not been matched to microbial ecology, although it
opens new opportunities for moving beyond communities
with simple bipartite interactions in well-mixed environ-
ments to complex and spatially structured communities
intertwined by dense interaction networks.

AE: having “good” or “bad” neighbors

Consumer–resource interactions were extensively studied in
plant ecology. Due to the high economical and societal
value of many plant species, their interactions with pests
and pathogens received a lot of attention fostering the
development of numerous ecological concepts. One of those
concepts is the framework of AE, which emerged from the
observation that consumer–resource interactions can be
modified by neighboring organisms. AE occur in
plant–herbivore, predator–prey, and plant–pollinator inter-
actions [5]. The main difference to other basic ecological
interactions (e.g., competition, mutualism, amensalism,
[…]) is that AE represent a form of indirect interaction, in
which the presence of a modulator species (plant neighbor)
influences the interaction between a focal (plant) and an
effector (herbivore) species. The modulation can occur via
interaction chains or via higher-order interactions (HOI).
The distinction between these two types of interactions is
determined by whether the indirect effect emerges from a
change in herbivore density (interaction chain) or a change
in the “per capita” competitive effects between herbivore
and focal species (HOI) [4]. The peculiarity of the AE
concept is that the outcome for the focal species can be
either positive or negative, and that it takes into account the
identity of species in the direct neighborhood of the focal
species at particular spatial scales [6]. This distinguishes the
concept from other types of indirect interactions, such as
“apparent competition”, denoting a purely negative indirect
interaction between species through shared natural enemies
without explicit consideration of spatial aspects [7]. Two
opposite AE phenomena are described: either the associa-
tion increases (Associational Susceptibility, AS) or
decreases (Associational Resistance, AR) the vulnerability
of the focal plant species (Fig. 1). Understanding this
linkage between indirect interactions and spatial arrange-
ment in plant–herbivore interactions yielded ecologically
guided agricultural practices to protect crops from herbivore
attack. This is achieved by using adjacent plants within the
crop plots or by planting patches of non-crop plants next to
the focal crop plot [5].

In microbial ecology, however, there is a much broader
interest in the manifold types of interactions occurring
between different species in a community. Disentangling

these dense interaction networks is almost impossible and
reductionist approaches are used to understand community
dynamics by decomposing the community into smaller and
more manageable subsets [8]. There is increasing consensus
that the dynamic behavior of a full community is unpre-
dictable based on observations of interactions between
subsets of species. To overcome this issue, holistic
approaches often focus on diversity as a cause of success or
failure of a community with respect to stability or pro-
ductivity [9]. However, we have to take diversity relation-
ships as a starting point to unravel what specific ecological
mechanisms underpin communities’ emergent properties.
Matching the conceptual framework of AE to microbial
ecology is an attempt to bridge the holistic–reductionist
divide [8] to move beyond communities consisting of
simple bipartite interactions to more complex, spatially
structured communities with numerous direct and indirect
interactions. By generalizing the AE concept with respect to
the number of modulator species and the type of interac-
tions between focal and effector species, we integrate the
idea of context-dependent microbial interactions influenced
by biotic (modulator species) and abiotic (spatial structure)
factors. Thus, it will help to gain a better understanding of
the behavior of species embedded in complex microbial
communities and the role of spatial organization in shaping
their interaction patterns. Accordingly, we here adapt the
definition of AE for microbial ecology as follows: AE can
be defined as the impact of one species (effector) on another
(focal) that is mediated by other community members
(modulators). The outcome depends on the spatial organi-
zation of the community members and the type of interac-
tion between effector and focal species. The impact of this
modulation on the focal species can be positive (Associa-
tional Benefit, AB) or negative (Associational Detriment).

Indeed, studies in plant ecology inherently consider the
spatial context by placing plants at certain positions in pots
or in the field or by analyzing their natural distribution.
Microbial ecological experiments, however, are often car-
ried out in shaken liquid cultures (“well-mixed environ-
ment”) or apply sampling techniques that destroy the spatial
organization of the microbial community. Therefore, studies
on AE in microbial ecology have to consider the explicit
spatial configuration of the interacting species (Fig. 1).

Mechanisms underlying AE in microbial
communities

Physical, chemical, and biological mechanisms can evoke
AE in microbial communities (Fig. 2). In a study on a
predatory bacterium, high diversity of the prey community
reduced predation. The authors hypothesized that predation-
resistant bacteria form barriers around sensitive bacteria and
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thereby physically shield them from the predator [10].
Biofilm formation alters the physical environment of bac-
teria and provides collective cell protection against phage or
protist attack [11, 12]. Resource competition between
community members can induce bacterial cell aggregation
due to changes in their surface properties. Bacterial cells
living in aggregates are physically protected against pre-
dation, as predators cannot reach bacteria in the inner part of
the aggregate [13].

In addition to inducing changes in the physical properties,
bacteria also shape their chemical environment. The excretion
of metabolic byproducts such as lactic acid or antibiotics can
affect the growth of other microbes and potentially also of
predators. Volatile organic compounds (VOCs) emitted by
bacteria serve as weapons in microbial warfare and are
effective against various antagonists including fungi, protists,

and other bacteria [14]. In unsaturated soils, VOCs act over
greater spatial scales than soluble compounds and probably
also protect VOC-insensitive bacteria in the surrounding of
the producing population.

The production of defensive secondary metabolites is
costly and requires an allocation of resources to secondary
metabolism [11]. Growth-defense tradeoffs result in lower
numbers of individuals. In contrast, the excretion of meta-
bolic byproducts or the release of extracellular enzymes and
scavenging molecules can enhance substrate availability in
the environment leading to higher cell densities. Sometimes
predators concentrate on abundant prey types and this
frequency-dependent selection can increase or reduce pre-
dation. In a study on phage epidemics in a bacterial popu-
lation, the immunity strongly depended on the relative
frequency of resistant and susceptible individuals, and the

Fig. 1 Transfer of the AE framework from plant to microbial ecology.
The framework describes the modulation of the interaction between a
plant and a herbivore by a neighboring plant species. The modulation
depends on the spatial organization and can either decrease

(Associational Resistance, AR) or increase (Associational Suscept-
ibility, AS) the damage/mortality of the focal species. In microbial
ecology, this concept will help to bundle research activities on indirect
interactions in spatially structured microbial communities
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spatial population structure [15]. Although bacteria and
phage were able to coexist in a structured habitat, they
collapsed in a well-mixed environment due to the low fre-
quency of the resistant individuals [15].

Predator feeding and associated damage of neighboring
cells often causes a release of chemical cues that may
induce or prime defenses in the focal species. In addition,
released compounds may also attract natural enemies of the
predator—an indirect defense mechanism well-known for
plant VOCs emitted upon plant damage. Although there is
no study on the attraction of natural enemies of predators by
prey bacteria, bacterial volatiles were already shown to be
involved in such complex interaction networks. In a colla-
borative attempt, two soil bacteria produced VOCs trig-
gering the growth and motility of a Pseudomonas strain,
which in turn produced antibacterial and antifungal com-
pounds to the benefit of the VOC producers [16]. Effects of
VOCs on bacterial motility, which is a key trait in
predator–prey interactions, were observed in many different
studies [11] and indicate the occurrence of VOC-
mediated AE.

The previous section emphasizes that it is rather easy to
find examples for AB in microbial ecology literature. In
contrast, fewer studies look at the potential negative effects
that modulators can have on cooperating species. Pande
et al. [17] showed that non-cooperating bacteria can exploit
public goods produced by a cross-feeding consortium
leading to a reduced productivity of the latter. Also here,
spatial structure had an important impact on the outcome of
the modulation. Unlike in liquid cultures, spatial

segregation on agar surfaces protected the cross-feeders
from being exploited by non-cooperators [17].

Expansion of the concept to abiotic stressors

AE served as a concept to explain changes in the vulnerability
of plants to herbivores and, more recently, the concept has
been expanded to herbivore–herbivore associations and their
vulnerability to predators, pathogens, parasites, or parasitoids
[5]. Here we suggest to adapt the AE concept not only to
biotic interactions in microbial ecology but also to the effects
of abiotic stressors on bacteria growing embedded in complex
communities in spatially structured environments. The ratio-
nale is that most of the mechanisms highlighted in Fig. 2 can
be responsible for AE in the presence of both abiotic and
biotic stressors. Conceptually, the interaction can be seen as a
form of amensalism with the stressor replacing the effector
species. The stressor inflicts harm to the focal species without
any effect on the stressor itself. The modulator species can
affect the extent to which stressors exert negative effects on
the focal species by shielding the focal species, by reducing
the stress, e.g., via degradation of toxic compounds, or by
changing the physiology of the focal species. Depending on
the mechanism involved, spatial organization can increase or
weaken the effects of the stressor.

This expansion will help to gain a more thorough
understanding of the role of compositional and spatial
complexity for stability properties of microbial commu-
nities. In a recent publication, Frost et al. [18] found that
antibiotic-resistant strains provide resistance to sensitive
cells when they are nearby. This observation points to the
occurrence of AB in bacterial colonies, in which neighbors
shield cells of the focal species and thereby reduce their
vulnerability towards abiotic stress. This hypothesis was
supported with an individual-based simulation model of
microbial biofilms where antibiotic detoxification by resis-
tant cells protected sensitive cells in close vicinity [19].
Such spatial feedbacks were most pronounced in cross-
feeding consortia exhibiting a high degree of intermixing of
resistant and sensitive cells. In contrast, competition-
induced spatial segregation lifted the benefits of detox-
ification for the sensitive strain [19].

Another mechanism was observed for Streptococcus
mutans populations showing a higher tolerance to various
antibacterial agents when present in a mixed biofilm with
Veillonella parvula than as a mono-species biofilm. Tran-
scription analysis revealed that V. parvula induced changes
in gene expression within S. mutans and thereby alters its
physiology to enhance antibiotic resistance [20]. In addition
to spatial shielding and trait changes, AB can also result
from changes in resource availability. Recently, Leisner
et al. [21] proposed that antibiotic-resistant cells can take

Fig. 2 Physical, chemical, and biological mechanisms causing AE in
bacterial communities. Physical mechanisms mainly prevent the
accessibility or ingestion of the focal species (F) by forming larger or
more complex structures together with the modulating species (M).
Chemical mechanisms lead to repellence or attraction of predators via
the production and release of secondary metabolites by M, whereas the
detoxification of chemicals by M decreases the susceptibility of F.
Biological mechanisms are diverse and include changes in the abun-
dance or traits of F, or the attraction of natural enemies by M
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advantage of substrates released from lysed sensitive strains
to compensate for the fitness costs associated to the main-
tenance of resistance.

In addition to negative effector chemicals such as anti-
biotics, the expansion could also comprise chemicals that
have a positive effect on the focal species (e.g., signaling
molecules). Degradation of quorum-sensing signals by
other bacteria can disrupt the communication among
populations and is therefore discussed as a prospective
therapy option for bacterial diseases [22].

Conceptual, experimental, and
methodological developments to study AE
in microbial communities

To study AE in microbial ecology, at first we have to
consider the complexity of microbial communities with
respect to both spatial structure and interactions between the
community members. There are numerous theoretical stu-
dies on the interlinkage between spatial structure and
microbial interactions. However, experimental data vali-
dating specific hypotheses generated by modeling is scarce.
Indeed, just a limited number of studies focused on the
interplay of spatial organization of microbial communities

and the interactions occurring in the community [23–25].
These studies follow the reductionist approach focusing on
two species and their pairwise interactions. A conceptual
rethinking in terms of multiple species being involved in
interactions, however, must be accompanied by experi-
mental and methodological efforts to be able to detect and
describe AE in microbial communities (Fig. 3).

Experimental requirements to study AE

Although individual-based modeling can predict phenom-
ena at the population level as an emergent property of
single-cell behaviors, experimental studies need to adapt the
analysis to an interaction-relevant scale, which may span
from single cells to populations growing in spatially distinct
microbial communities (e.g., microcolonies). Single-cell
imaging now allows measuring the scale over which indi-
vidual cells exert an influence on neighboring cells and to
define an interaction distance [26] as a direct microscopic
measure. In the last years, many different experimental
approaches and concepts were developed, which allow for
the cultivation and observation of bacteria displaying dis-
tinct spatial structures. Fabricated microhabitats and
microfluidics were recently highlighted for their potential to
overcome the challenges in studying complex systems.

Fig. 3 Conceptual, experimental, and methodological demands to
study AE in microbial communities. Although direct pairwise inter-
actions were intensively studied, the importance of indirect interac-
tions in microbial ecology remains elusive. To move beyond
communities with simple pairwise interactions, it requires (i) a

rethinking of existing theories and concepts, (ii) tailored experimental
systems to study microbial interactions in spatially structured assem-
blies and habitats, and (iii) new modeling approaches considering
higher-order interactions in spatially explicit modeling environments
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They bear the potential to manipulate microbial interactions
by tailored designs and spatiotemporal control of microbe
entry [27]. Soft-lithographic techniques create micro-
structures by printing, molding, and embossing. Thereby,
reproducible patterns can be created varying in the explicit
neighborhood arrangement. Recently, the potential of soil
aggregates to study microbial evolution has been discussed
[28]. These aggregates can be formed in the lab and starter
cultures can be encapsulated. By arranging micro-
aggregates at different positions, neighborhood composi-
tion can be manipulated. A recent advance to control the
spatial position of bacteria is the embedding in biocompa-
tible three-dimensional (3D) printing ink and the subsequent
printing of “living materials.” Using such an approach,
researchers demonstrated that an antibiotic-resistant species
cross-protected a sensitive species as a consequence of their
3D spatial arrangement [29]. Another interesting opportu-
nity may be offered by the advances in cell engineering to
show a programmed aggregation behavior. Thereby, the
spatial position of cells can be directly controlled and even
manipulated. To measure AE, we need to follow changes in
the focal species abundance and activity at a high spatial
and temporal resolution. A comparison between well-mixed
and structured communities will indicate the role of the
spatial arrangement of focal, effector, and modulator species
for the emergence of AE.

Stronger consideration of AE in modeling microbial
communities

Also modeling in ecology often assumes species communities
with pairwise interactions and HOI only recently received
some attention in computational microbial ecology [30].
Interestingly, HOI can emerge in mechanistic models from
the underlying biology without the addition of special higher-
order terms [4]. A common approach to test the occurrence of
HOI involves fitting models of population dynamics or bio-
mass accumulation to competition experiments and evaluating
whether pairwise interactions can predict the performance of
multispecies systems. Thereby, Mayfield and Stouffer [31]
showed that accurate prediction of species survival in a low
complexity community composed of eight strains requires the
consideration of HOI. However, experimental validation of
this approach requires a full factorial design, which is an
enormous empirical and statistical challenge. The models of
Bairey et al. [30] considered the implications of random HOI
and showed that they can increase the stability of diverse
microbial communities. What is missing in these models is
the consideration of the role of spatial organization in
microbial communities and its effects on the strength of HOI.
The hypotheses generated by modeling should then be vali-
dated in empirical studies using tailored experimental systems
mentioned in the previous section.

Implications of AE in microbial ecology

Bacterial multispecies assemblies carry out crucial functions
in engineered and natural systems. However, they still
remain black box systems when it comes to the principles
that control their assembly and structural and functional
stability. This knowledge gap severely limits our capacity to
engineer and manage microbial consortia to enable, restore,
or improve desired functions.

Although synthetic microbial ecology allows for designing
communities with defined properties, they almost exclusively
have been arranged in well-mixed culture systems. However,
spatial organization has been shown to change the interactions
and behavior of bacterial species, and to affect their stress
resistance [32]. Establishing the concept of AE in microbial
ecology is an important step to advance our knowledge of
fundamental aspects of microbial interactions in complex and
structured communities, and to develop consortia that exhibit
a long-term stability in dynamic environments where species
are exposed to fluctuating conditions, competitors, or pre-
dators. Comparable to the application of the concept in agri-
cultural management, investigations of AE in microbial
ecology have the potential to yield ecologically guided con-
cepts for the design of synthetic microbial consortia and
guidance for purposeful structuring of their habitats. Design-
ing spatially organized collaborator strains bears the potential
to promote and stabilize functions in biotechnological appli-
cations or bioremediation approaches.

Conclusion

The structural and functional differences between micro-
organisms and “large” organisms often impede the direct
applicability of existing ecological theory to microbial
ecology [33]. However, theory is necessary to unify
observations made in different contexts and to develop a
conceptual understanding of the interactions of micro-
organisms with their biotic and abiotic environment [33].
Microbial communities show distinct spatial patterns, which
emerge as a consequence of trophic and energetic inter-
dependencies, and environmental preferences. In the last
years, microbial ecology experienced a transition from
observational studies on “Who’s there?” to more far-
reaching questions on “Where are they located and why?”
and more recently to “What are the consequences?”. Fol-
lowing up on this, we propose to adopt the AE concept
developed in plant ecology also for microbial communities.
This concept should serve as a framework to bundle
observations and mechanisms to explain changes in com-
munity behavior and stability of diverse communities with
complex interactions living in spatially structured assem-
blages. We provided evidence for the occurrence of AE in
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microbial ecology and summarized demands for studying
AE in microbial communities. This study should serve as an
impetus for strengthening future research in spatial micro-
bial ecology by integrating knowledge from related
disciplines.
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