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ABSTRACT

Microbial communities persist under recurrent abiotic and biotic disturbance, yet the organizational basis of this
persistence remains incompletely explained. Existing frameworks describe resistance, resilience, functional redundancy,
social evolution, and ecological networks, but do not explicitly define how demonstrated protective effects are
distributed among community members or whether this distribution predicts stability beyond diversity, composition,
and functional potential. Here, we propose the Collective Ecological Protection Theory (CEPT), a systems-level
framework in which stability is influenced by a protective architecture: the directed, weighted, disturbance- and
response-specific network through which the activity of a provider increases the persistence or functional performance
of a recipient relative to a matched counterfactual. CEPT separates protective mechanisms from their organization and
identifies six candidate descriptors: protective coverage, protective redundancy, mechanistic complementarity, spatial
reach, modularity, and dependency concentration. Protection is context dependent and may be weakened by spatial
separation, correlated failure, costly cooperation, exploitation, or dependence on a small number of providers. We
derive four discriminating predictions based on matched-community rewiring, targeted provider loss, independent
protection, and architectural reconstruction during recovery. CEPT receives support to the extent that independently
measured protective architecture improves causal or out-of-sample prediction of a specified stability response beyond
established compositional, functional, and environmental factors. It therefore offers a testable organizational
explanation for how distinct protective processes combine to influence microbial resistance, persistence, recovery, and
maintenance of function. By identifying distributed protection and single points of failure, CEPT may also provide a

mechanistic basis for assessing ecological vulnerability and risk in disturbed microbial systems.
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1. Introduction

Microbial communities repeatedly encounter abiotic disturbances—including shifts in temperature,
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moisture, salinity, nutrient supply, and chemical exposure—and biotic disturbances such as antimicrobial
attack, contact-dependent antagonism, and invasion by non-resident populations (Allison and Martiny 2008;
van Elsas et al. 2012; Shade et al. 2012; de Vos et al. 2017; Granato et al. 2023; Philippot et al. 2021). These
disturbances can alter community composition, resource availability, physicochemical conditions, and
ecological interactions. Explaining how microbial communities persist under such pressures requires
distinguishing among several dimensions of stability, including resistance during disturbance, recovery after
disturbance, temporal invariability, population persistence, and maintenance of ecosystem function (Grimm
and Wissel 1997; Ives and Carpenter 2007; Shade et al. 2012; Philippot et al. 2021). These dimensions need not
covary: substantial taxonomic turnover may occur with little functional change, while compositional,
functional, and network-level responses may differ in both their resistance and recovery trajectories (Louca et
al. 2016; Gao et al. 2022; Oprei et al. 2023). Identifying the processes that connect microbial organization to
particular stability outcomes therefore remains a central challenge in microbial ecology.

Established frameworks provide complementary explanations for community stability. Biodiversity can
buffer ecosystem functioning against environmental variation, functional redundancy can compensate for
taxonomic loss, and resistance and resilience characterize community responses during and after disturbance
(Yachi and Loreau 1999; Allison and Martiny 2008; Loreau 2010; Louca et al. 2018). Ecological network
theory further describes how interaction topology, modularity, centrality, and the balance of positive and
negative links can influence community dynamics (Faust and Raes 2012; Coyte et al. 2015; Hernandez et al.
2021; Kajihara and Hynson 2024). Together, these approaches establish that stability depends not only on
which organisms and functions are present but also on how ecological interactions are organized.

Experimental microbial ecology has demonstrated that the activity of one community member can
modify the exposure, susceptibility, or physiological response of another member to abiotic and biotic
disturbances. Extracellular matrices, antibiotic degradation, metabolic exchange, environmental detoxification,
nutrient provisioning, and spatial organization can generate benefits that extend beyond the organisms
performing the underlying activity (Lee et al. 2014; de Vos et al. 2017; Pande and Kost 2017; Piccardi et al.
2019; Granato et al. 2023). Experimental studies have shown that mixed-species biofilms can exhibit enhanced
antimicrobial tolerance through interspecies protection, while the spatial arrangement of microbial populations
influences the accessibility and distribution of shared extracellular benefits (Lee et al. 2014; Nadell et al. 2016;
Granato et al. 2023). Moreover, metabolic exchanges and environmentally mediated facilitative interactions
demonstrate that the ecological consequences of microbial activities depend on recipient requirements and
environmental context (Pande and Kost 2017; Piccardi et al. 2019). Further evidence from facilitative
interaction networks, collective antibiotic tolerance, extracellular-polymer-mediated defense, and colonization
resistance indicates that these interactions may extend beyond individual physiological responses to influence
recipient persistence and community-level outcomes (Kelsic et al. 2015; de Vos et al. 2017; Fujita et al. 2023;
Granato et al. 2023; Spragge et al. 2023).

Importantly, protective interactions may also depend on ecological relationships that sustain the
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organisms responsible for providing protection. Metabolic exchanges and resource provisioning can influence
the abundance and activity of potential protective providers before or during disturbance. For example,
exudates released by Prochlorococcus have been shown to stimulate heterotrophic activity in Alteromonas,
influencing competitive interactions involving other cyanobacteria under nitrogen limitation (Calfee et al.
2022). Although this finding does not establish that reciprocal resource exchange maintains protection against
future disturbances, it illustrates how recipient-associated activities may influence the ecological conditions
supporting potential protective providers. Consequently, the persistence of protective capacity may depend not
only on the immediate effects of providers on recipients but also on the ecological interactions that sustain
those providers over time.

These contributions establish important precedents, demonstrating that microbial interactions can
influence community responses to disturbance through diverse physiological and ecological mechanisms.
Previous studies have also advanced beyond individual interactions by examining the organization and
dynamics of facilitative networks and identifying influential species within microbial communities (Fujita et al.
2023; Angulo et al. 2019). Nevertheless, these approaches address distinct aspects of microbial interaction
networks and community dynamics, rather than explicitly integrating experimentally demonstrated,
disturbance-specific protective effects into a common framework linking providers, recipients, and defined
stability outcomes. In particular, it remains insufficiently resolved how demonstrated protective effects are
distributed among providers and recipients across an entire community, whether multiple providers contribute
independently or only in combination, and whether general properties of this organization predict a specified
stability response after diversity, composition, and functional potential have been accounted for. The
distinction between interactions that maintain protective capacity and those that provide effective protection
during disturbance introduces an additional temporal dimension to this unresolved organizational problem.
This unresolved relationship between the causal identification of protective interactions and their collective
organization constitutes the central knowledge gap addressed by the Collective Ecological Protection Theory
(CEPT).

To address this gap, we introduce the Collective Ecological Protection Theory (CEPT). CEPT defines
protection as a causal and context-dependent effect in which the presence or activity of a provider improves the
persistence or functional performance of a recipient under a specified disturbance relative to an appropriate
counterfactual. Interactions that sustain a provider may contribute indirectly to future protection, but they do
not themselves qualify as protective effects unless a benefit to a defined recipient is demonstrated under the
focal disturbance. The directed and weighted organization of these effects constitutes the protective
architecture. The distinctive proposition of CEPT is not merely that protective interactions exist, but that
differences in their distribution, strength, independence, accessibility, and concentration can explain variation
in microbial community stability beyond the presence of particular taxa, genes, or mechanisms. This
proposition also accommodates temporal changes in protective architecture as providers and their supporting

ecological relationships change. From an ecological-risk perspective, these architectural properties can be
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interpreted as potential determinants of vulnerability: communities with sparse coverage, inaccessible
protection, or highly concentrated dependencies may be more susceptible to population or functional loss
when disturbance disrupts critical providers or pathways.

CEPT therefore shifts the analytical focus from asking only which organisms or functions are present to
asking who protects whom, through which mechanism, under which disturbance, across what spatial range,
and with what degree of redundancy or dependency. It further recognizes that protective capacity may depend
on ecological relationships that sustain providers across changing environmental conditions. We first define
the theory and derive its operational unit from established ecological and experimental precedents. We then
formalize the protective architecture and its candidate descriptors, distinguish CEPT from neighboring
frameworks, and derive predictions whose experimental failure would require revision or rejection of the

theory (Figure 1).
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Figure 1. Conceptual position of the Collective Ecological Protection Theory (CEPT). Established frameworks characterize

dimensions and determinants of ecological stability, while experimental studies identify particular mechanisms of community-level
protection. CEPT addresses the intervening organizational question by integrating demonstrated, stress-contingent provider—recipient
effects into a directed and weighted protective architecture and asking whether this architecture predicts a specified stability response
beyond diversity, composition, and functional potential. Ecological interactions that maintain potential protective providers may
influence the availability and temporal development of this architecture, but are distinguished from protective edges unless their

recipient-level effects under disturbance are causally demonstrated.
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2. Collective Ecological Protection Theory

The Collective Ecological Protection Theory (CEPT) proposes that, for a specified disturbance and
ecological response, variation in microbial community stability is influenced by the organization of
stress-contingent protective effects among community members (Coyte et al. 2015; Fujita et al. 2023). CEPT
does not infer protection from taxonomic identity, co-occurrence, or the mere presence of a potentially
beneficial mechanism (Faust and Raes 2012). Evidence must demonstrate that the presence or activity of a
provider improves the performance of a recipient under the focal disturbance relative to an appropriate
counterfactual (Morris et al. 2011; Piccardi et al. 2019). Such evidence requires experimental designs capable
of distinguishing the provider's protective contribution from concomitant changes in community composition,
resource availability, or environmental conditions (Piccardi et al. 2019). The organization formed by these
directional effects constitutes the protective architecture.

CEPT does not assume that protective interactions explain why community members coexist under
baseline conditions. In the absence of the focal disturbance, coexistence may result from resource partitioning,
spatial segregation, dispersal, weak competition, metabolic exchange, or other assembly processes (Goldford
et al. 2018; Pande and Kost 2017). A relationship that is neutral or competitive under baseline conditions may
become protective when a disturbance activates or reveals an effect that benefits another community member
(Brooker et al. 2008; Maestre et al. 2009; Piccardi et al. 2019). Protection is therefore a disturbance- and
response-specific classification rather than a permanent property of a taxon or relationship. Furthermore,
interactions that sustain potential protective providers under baseline conditions need not themselves
constitute protective effects. Experimental evidence that microbial exudates can stimulate the activity of
heterotrophic partners supports the plausibility of such maintenance relationships (Calfee et al. 2022).
However, whether these interactions preserve protective capacity against subsequent disturbances remains an
open empirical question. Such interactions may influence the availability of protection during subsequent
disturbances, introducing a distinction between the ecological maintenance of protective capacity and its
effective expression under stress.

The Alteromonas—Prochlorococcus system provides a practical illustration of this conditionality. Under
extracellular H2O: stress, Alteromonas sp. EZ55 removes peroxide from the shared environment and improves
the growth, survival, and photosynthetic performance of Prochlorococcus UH18301 relative to matched
cultures lacking the helper (Morris et al. 2011). Within CEPT, this result supports a directional protective effect
from Alteromonas to Prochlorococcus specifically under H-O: stress and for the measured recipient responses.
Related work has also demonstrated that organic compounds released by Prochlorococcus can stimulate the
activity of Alteromonas macleodii and alter competitive interactions with Synechococcus under nitrogen
limitation (Calfee et al. 2022). Although these studies involve different experimental systems and do not
establish a reciprocal protective loop, they illustrate how interactions originating from a potential recipient
may influence the ecological activity of heterotrophic organisms capable of providing benefits in other

contexts. Repeating equivalent causal comparisons across community members would reveal whether
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peroxide protection is broadly distributed among several independent providers or concentrated in a single
helper. CEPT predicts that these contrasting architectures would differ in their capacity to maintain community
stability, particularly following the loss or inhibition of a major provider. This prediction remains to be tested
by comparing communities with similar initial protective capacity but different degrees of provider
redundancy and dependency.

Several established research traditions provide the conceptual and experimental elements needed to
recognize such effects. Social-evolutionary theory distinguishes actors and recipients according to the
consequences of an activity for each participant, whereas facilitation ecology describes benefactor—beneficiary
relationships and demonstrates that their magnitude and direction can vary along environmental stress
gradients (West et al. 2007; Brooker et al. 2008; Maestre et al. 2009). Microbial disturbance ecology
distinguishes among responses such as resistance, persistence, recovery, temporal invariability, and
maintenance of function (Shade et al. 2012). Experimental microbial studies have further employed
monoculture—coculture comparisons, provider removal, pathway inhibition, mutant comparison, and
environmental manipulation to determine whether one organism improves another’s performance under stress
(Morris et al. 2011; de Vos et al. 2017; Piccardi et al. 2019; Granato et al. 2023). Together, these approaches
demonstrate that identifying a beneficial interaction requires attention to the organism receiving the benefit,
the environmental conditions under which it occurs, and the causal consequences of the underlying activity.

These traditions therefore supply the principal elements required to recognize protective effects, but they
generally examine them using different terminologies, mechanisms, and levels of organization. CEPT
integrates these precedents into a single operational criterion that can be applied consistently across
mechanisms and community members. Operationally, a protective interaction identifies five elements: a
provider, a recipient, a specified disturbance, a measurable recipient-level response, and an appropriate
counterfactual. The provider is the organism, functional group, or experimentally defined set whose activity
may generate protection. The recipient is the community member whose response is evaluated. The
disturbance specifies the abiotic or biotic condition under which protection is proposed to occur. The
recipient-level response defines the measured outcome, such as survival, persistence, growth, or functional
performance. The counterfactual is an otherwise comparable condition in which the provider or relevant
activity is absent, removed, inhibited, or experimentally suppressed. Where provider removal changes multiple
environmental or biological variables simultaneously, pathway-specific inhibition, complementation, or rescue
experiments may be necessary to isolate the protective mechanism and reduce confounding.

Only when these elements are specified can an effect be classified as a protective interaction within CEPT.
Quorum sensing, extracellular enzyme activity, biofilm formation, cross-feeding, detoxification, and nutrient
provisioning are therefore candidate mechanisms rather than intrinsically protective traits. Their presence
establishes protective potential, but their inclusion in the protective architecture requires evidence of a net
benefit to a defined recipient under the focal disturbance. Importantly, the identification of a protective effect

does not require the provider to benefit from the interaction, nor does it imply that the recipient contributes to
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maintaining the provider. Conversely, a reciprocal metabolic interaction may support the persistence of a
potential provider without qualifying as a protective edge unless the corresponding recipient-level benefit
under disturbance is independently demonstrated.

Empirical studies provide examples of how this operational criterion can be applied at different levels of
biological organization (Table 1).

These examples represent different degrees of correspondence with the CEPT operational unit. The
Alteromonas—Prochlorococcus and EPS-producing—non-producing E. coli systems provide particularly clear
directional provider—recipient effects supported by experimental counterfactuals. The metal-working-fluid
consortium demonstrates that the sign and magnitude of microbial interactions can change with the disturbance
context. The gut-community experiment demonstrates a collective provider-set effect at the level of
colonization resistance, although it does not by itself resolve every provider—recipient edge within the resident
community. Thus, these studies establish the existence of local protective effects and collectively generated
protection, but they do not individually test the broader CEPT proposition that the organization of such effects
predicts community stability beyond diversity, composition, and functional potential.

The provider in CEPT may consequently be a taxon, strain, functional guild, or experimentally defined set
of community members. When protection emerges only through complementary activities of multiple
providers, the relevant causal unit is the provider set rather than any individual member. Pairwise effects
constitute the first-order representation of protection, whereas effects that cannot be adequately explained by
the contributions of individual providers may require composite provider units or explicit higher-order
interaction terms (Levine et al. 2017; Grilli et al. 2017). Importantly, collective protection is not necessarily
synonymous with synergistic or non-additive protection: multiple providers may contribute additively,
redundantly, or through interactions that modify one another's effects. Distinguishing these possibilities
requires comparisons among individual-provider, combined-provider, and appropriate control treatments. This
distinction prevents an emergent community effect from being incorrectly attributed to a taxon that is

ineffective in isolation.

Table 1. Empirical examples of stress-contingent protective interactions and provider-set effects in microbial communities.

Recipient or
Provider or Specified Protective
protected Experimental evidence
provider set disturbance activity
response

Dilute axenic Prochlorococcus cultures
Removal of exhibited poor growth, whereas medium
Oxidative stress H:0: from the conditioned by EZ5S5 supported robust growth.
Alteromonas Prochlorococc ) ) ) .
caused by extracellular shared Reintroducing H:0O: into the conditioned
sp. EZ55 us UH18301 . - o
H:0: extracellular medium eliminated the benefit, identifying

environment peroxide removal as the protective effect

(Morris et al. 2011).
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Agrobacteri Community members survived and
um tumefaciens, degraded the toxic fluid more effectively in
Comamonas Other Toxic: ; Collective ~ mixed culture than alone. Reducing toxicity or

oxicity 0o
testosteroni, members of the ) __modification and increasing nutrient availability  shifted
) metal-working  fluid ) . . ) .
Microbacterium  four-species . detoxification of interactions toward competition,
) containing biocides ) ) o

saperdae, and consortium the shared medium demonstrating that facilitation depended on
Ochrobactrum the stressful environment (Piccardi et al.
anthropi 2019).

Non-producing cells survived better

when located near EPS  producers.
EPS sharing

EPS-produci Neighboring Contact-dependen ] lComparisons involving EPS-producing and
an spatia

ng  Escherichia non-EPS-producing t attack by the T6SS of hicldi . non-producing targets and T6SS-active and
shielding 0

coli E. coli Acinetobacter baylyi inactive attackers identified EPS sharing and

susceptible cells
flank protection as the causal mechanisms

(Granato et al. 2023).

Individual species produced negligible

suppression, whereas appropriately composed

Diverse multispecies communities strongly restricted

human gut Collective ~ pathogen growth. Nutrient-use overlap
Invasion by

bacterial Community-le consumption  of predicted protection, supporting a
Klebsiella pneumoniae

consortia, vel colonization nutrients also higher-order provider-set effect generated by
or Salmonella enterica

frequently resistance required by the collective nutrient blocking (Spragge et al.

serovar Typhimurium
including key E. invading pathogen 2023). This result establishes protection at the
coli strains consortium level, without resolving every

directed protective interaction among resident

species.

The examples in Table 1 should be interpreted as mechanistic precedents rather than direct experimental
validations of CEPT. None independently establishes that a quantified protective architecture predicts
community stability beyond established compositional or functional descriptors.

A localized physiological response becomes ecologically protective when its effect extends beyond the
responding organism (Figure 2). A microorganism may, for example, reduce the extracellular concentration of
a toxic compound, release a limiting metabolite, degrade an antibiotic, produce a shared matrix, or modify a
microhabitat in a manner that increases the performance of a neighboring population. Protection is
demonstrated by comparing the recipient response in the presence and absence of the provider or protective
activity while holding other relevant conditions as constant as possible. The causal interpretation of this
comparison depends on whether alternative explanations, including changes in resource competition,

population density, or abiotic conditions, have been adequately controlled. Repeating this causal comparison
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across community members transforms individual protective effects into a directed map of who protects whom
under the specified disturbance. CEPT begins at this transition from isolated protective effects to their

organization across the community.

From a testable protective interaction to protective architecture
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Figure 2. Causal identification of a protective interaction and its scaling to protective architecture. Protection is demonstrated when a
provider, provider set, or protective activity improves a specified recipient response under disturbance relative to a matched
counterfactual. Repetition of this comparison across community members produces a directed and weighted map of stress-contingent
protective effects. Higher-order effects are represented by provider sets when protection cannot be attributed to any member acting in
isolation. Interactions that maintain potential providers without demonstrating recipient-level protection under the focal disturbance

remain conceptually distinct from the protective edges represented in the architecture.

Protective interactions can make physiological capabilities ecologically accessible beyond the organisms
that express them. Environmental modification, metabolite exchange, extracellular catalysis, detoxification,
spatial shielding, and shared matrices may expand the conditions under which recipient populations persist.
CEPT refers to these demonstrable recipient-level benefits as distributed protective capacity, without assuming
that every physiological trait expressed by one organism becomes a property of the entire community. Only
effects demonstrated under the focal disturbance and oriented toward a specified response enter the protective
architecture. The persistence of this capacity may nevertheless depend on additional ecological interactions
that support provider survival or activity across time. These maintenance relationships can be investigated as
potential determinants of the availability and temporal development of protective architecture, without

automatically classifying them as protective interactions.

2.1. Scope and causal identification of protection

The operational unit of CEPT is a disturbance-conditional effect, not an intrinsic taxonomic property. The

five required elements are an identifiable provider (or provider set), a recipient, a prespecified disturbance, an
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oriented recipient response, and a matched counterfactual. This distinction builds on experimental evidence
showing that the direction and magnitude of microbial interactions can change with environmental stress,
including transitions between facilitation and competition (Piccardi et al. 2019). Baseline facilitation without
the focal disturbance may help establish biological plausibility, but it does not by itself qualify an edge as
protective under that disturbance. Similarly, the presence of a metabolic capability or a statistically inferred
association does not establish a causal protective effect on a particular recipient (Faust and Raes 2012; Weiss et
al. 2016; Carr et al. 2019).

The counterfactual must distinguish the contribution of the provider or its activity from other changes
introduced by the experimental manipulation. Provider-removal experiments, for example, may
simultaneously alter resource availability, competitive interactions, or population density. Where feasible,
selective inhibition, functional complementation, or restoration of the proposed protective activity should
therefore be used to strengthen causal identification. Because correlation-based network inference may be
sensitive to methodological assumptions and data structure, inferred associations should be treated as
candidates for experimental validation rather than direct evidence of protection (Weiss et al. 2016; Carr et al.
2019). The protective effect is defined for the specified recipient response, observation window, and
experimental context, without assuming that the same effect persists across other disturbances or spatial scales.

For a prespecified response scale, an experimentally testable two-provider interaction contrast is
A AC,j(s)=Y j(A,C,s)— Y j(A,0,s) — Y j(0,C,s) + Y _j(0,0,s). A nonzero contrast identifies departure from
additivity on that scale, given suitable factorial controls; it does not automatically establish a beneficial
synergy or universal higher-order effect. Higher-order terms for larger sets require correspondingly specified
lower-order contrasts and uncertainty estimates (Sanchez 2019; Sanchez-Gorostiaga et al. 2019).

Where a benefit emerges exclusively from a provider combination, the combination is represented as a
higher-order unit rather than assigning unsupported pairwise effects. Such effects must be distinguished from
additive contributions by individual providers. Higher-order interactions are relevant when the combined
effect cannot be adequately represented by independently estimated lower-order contributions (Levine et al.
2017; Grilli et al. 2017; Sanchez-Gorostiaga et al. 2019; Sanchez 2019). Experimental studies of microbial
consortia have demonstrated that higher-order interactions can modify community-level functional outcomes
in ways that cannot be adequately inferred from pairwise combinations alone (Sanchez-Gorostiaga et al. 2019).
This operational restriction allows the theory to make predictions that can be rejected by targeted intervention.

A matched intervention should preserve the focal stressor, recipient definition, observation window and
relevant environmental conditions as far as feasible. Provider deletion estimates a total removal effect, whereas
activity-specific inhibition or complementation targets a mechanistic effect; these estimands should not be
treated as interchangeable. When collateral changes cannot be controlled, their influence should be quantified
and the causal claim qualified. This distinction also applies to interactions involving provider sets.

An additional distinction concerns interactions that maintain protective capacity before disturbance.

Resource exchange, metabolic facilitation, or other ecological relationships may sustain the abundance or

10
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activity of potential protective providers without directly constituting protective effects. These maintenance
interactions may influence which protective pathways become available during subsequent disturbances, but
their contribution to future protection must be evaluated separately rather than assumed from baseline

coexistence (Goldford et al. 2018; Calfee et al. 2022).

2.2. Fundamental principles

The organizational perspective developed by CEPT rests on five fundamental principles. Two
non-equivalent evidentiary routes are envisaged: prospective predictive validation, which tests whether
independently estimated architecture improves held-out forecasts, and randomized intervention-based tests,
which assess whether changing protective pathways produces a corresponding response. Prediction alone is
not evidence of causal mediation, and an intervention effect alone does not demonstrate broad generality.

Disturbance and response specificity. A taxon, activity, or interaction is protective only with respect to a
specified disturbance and response variable. The same relationship may be protective under one disturbance,
neutral under another, and detrimental under different environmental or biological conditions (Shade et al.
2012; Piccardi et al. 2019). Consequently, a protective effect established for one stressor or recipient response
cannot automatically be generalized to another without additional evidence.

Directionality and relationality. Protection links a provider, or an experimentally defined provider set, to a
recipient through a measurable effect. CEPT therefore does not assign a fixed protective identity to a taxon,
trait, or mechanism. Directionality specifies whose activity generates the benefit and which recipient receives
it. Reciprocal interactions may occur, but protection in one direction does not establish protection in the
opposite direction. This distinction is particularly relevant when metabolic exchanges sustain potential
providers without demonstrating reciprocal protection under the focal disturbance (Pande and Kost 2017;
Calfee et al. 2022).

Causal and independent characterization. Protective effects require an appropriate counterfactual and
must be characterized before or independently of the community-level stability outcome they are subsequently
used to explain. This separation is essential to avoid circular reasoning in which an interaction is classified as
protective merely because it occurs in a stable community. Experimental manipulation and matched
counterfactuals provide a basis for causal identification, whereas independently characterized protective
effects can subsequently be evaluated as predictors of community-level responses. As emphasized by Carr et al.
(2019), associations inferred from microbial community data cannot, by themselves, establish direct ecological
interactions, reinforcing the need for independent experimental validation of protective effects. The predictive
contribution of CEPT must therefore be tested against models incorporating established compositional,
functional, and environmental covariates.

Dynamic and historical contingency. Succession, immigration, extinction, spatial reorganization,
recurrent disturbance, phenotypic plasticity, horizontal gene transfer, and evolution may add, remove,
strengthen, or redirect protective effects. CEPT therefore does not assume that a community must preserve a

fixed set of taxa or interactions to remain stable (Renes et al. 2020; Canarini et al. 2021; Shade et al. 2012;
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Fukami 2015). Historical contingency and priority effects can influence community assembly by modifying
which species establish and how subsequent interactions develop (Fukami 2015). Furthermore, protective
capacity may depend on ecological relationships that sustain potential providers before disturbance. Changes
in these supporting relationships could alter the availability of protection even when the community initially
retains similar functional capabilities. Accordingly, CEPT distinguishes the maintenance of potential
protective capacity from the effective protection observed under a specified disturbance. The temporal
development of protective architecture is therefore an empirical question rather than an assumption of
increasing protection with community age or complexity.

The architecture effect. After established covariates have been controlled, variation in the coverage,
distribution, independence, accessibility, and concentration of protective effects should explain variation in a
specified stability response. This is the principal proposition that distinguishes CEPT from the simple
observation that protective interactions exist. Although previous network-based approaches have
demonstrated that ecological interaction structure can influence microbial community dynamics and identified
influential species within complex communities (Fujita et al. 2023; Angulo et al. 2019), CEPT proposes a more
specifically defined test: whether independently characterized, disturbance-conditional protective architecture
provides additional causal or out-of-sample predictive information beyond established descriptors. The
magnitude, direction, and generality of this architectural contribution remain open empirical questions.

These principles imply that ecological importance depends not only on abundance, metabolic output, or
generic network centrality, but also on stress-specific contribution to recipient persistence. A low-abundance
provider may be disproportionately important when it supplies a unique protective pathway to multiple
vulnerable recipients. Conversely, a highly connected provider may generate broad short-term protection while
simultaneously creating a single point of failure. CEPT therefore distinguishes protective centrality from
abundance and from centrality inferred from undirected association networks (Power et al. 1996; Banerjee et al.
2018; Kajihara and Hynson 2024). This distinction does not imply that protective centrality is universally
superior to established network metrics; rather, its additional explanatory value must be demonstrated through
direct comparison with competing predictors.

The five operational elements define which effects may enter the protective architecture, whereas the
principles establish the conditions under which their organization can be evaluated as an explanation of
community stability. Interactions that sustain potential protective providers may influence the development of
this architecture over time, but they remain analytically distinct from the disturbance-specific protective
effects used to construct it. The following section formalizes this architecture and introduces the descriptors

used to characterize its structure.

3. Protective Architecture: Operational Definition and Descriptors

Protective architecture is the directed, weighted, disturbance- and response-specific network of
experimentally supported protective effects among community members. Nodes represent taxa, strains,

functional guilds, or experimentally defined populations or provider sets. A directed edge from provider “i”
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(I3

to recipient ‘4 is present when the activity of i improves the oriented response of j under disturbance s
relative to a matched counterfactual. Because the same pair may have different effects under different
disturbances or response definitions, CEPT assumes no context-free protective architecture.

Protective architecture is an organizational property rather than a physical object, although spatial
structure determines whether an effect reaches its recipient. It is measured before or independently of the
focal stability outcome. This separation prevents architecture from being defined as “robust” merely because
it was observed in a stable community and permits a genuine test of whether organization predicts resistance,
persistence, recovery, temporal invariability, or maintenance of function.

A community may contain several candidate protective mechanisms without having broad or accessible
protection. Effects may reach only a small fraction of vulnerable recipients, be concentrated in one provider,
share a common failure mode, or disappear under spatial separation. Conversely, distinct mechanisms may
reach overlapping recipients through independent pathways. CEPT therefore distinguishes protective
capacity—the presence and magnitude of demonstrated effects—from protective organization—their

distribution, independence, accessibility, and concentration.

3.1. Operational representation

For a fixed observation window, let E _ij(s) denote the signed change in an oriented recipient response
attributable to provider i under disturbance s relative to the matched counterfactual. Recipient variables are
oriented so that larger values always indicate improved performance; for example, recovery time and
functional deviation are sign-reversed or otherwise transformed before comparison. Positive values therefore
represent benefit, zero denotes no detectable effect, and negative values indicate increased vulnerability. The
protective architecture is the positive subnetwork P _ij(s) = max[0, E ij(s)]; negative effects remain part of
the broader signed effect matrix but are not protective edges.

In addition to the positive protective subnetwork, retain the signed effect matrix E(s) as a companion
representation. Baseline predictors should include preregistered summaries of detrimental effects, where
estimable, so improvements attributed to P(s) are not merely consequences of omitted antagonistic
interactions. For prospective tests, calibration and outcome measurement must use separate experimental
units or nonoverlapping time intervals.

The pairwise matrix P(s) provides the first-order representation. Complementary provider sets that
generate protection only in combination can be represented as composite nodes or higher-order terms. When
temporal change is central, P(s,t) denotes the longitudinal extension, in which nodes and protective links may
change through succession, immigration, extinction, spatial rearrangement, phenotypic plasticity, horizontal
gene transfer, or evolution (Renes et al. 2020; Canarini et al. 2021). This notation does not imply that
stability requires preservation of a fixed network; protective effects may instead be maintained or
reconstructed through different taxa or pathways.

For prospective tests, distinguish pre-perturbation protective capacity P cap(s), estimated in

independent calibration assays under a standardized challenge, from effective protection P_eff{(s,t), measured
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during a later focal disturbance. A prospective stability prediction uses P_cap(s), or a prespecified early-time
estimate that cannot incorporate the outcome interval. P_eff(s,t) is subsequently measured to test whether
provider mortality, inhibition, or spatial reorganization mediates deviation from the forecast. Inference from
P_eff measured after the outcome is not a valid independent prediction. Protective coverage and dependency
concentration are defined over positive P edges only; negative entries of E(s) remain available as separately

modeled antagonistic covariates, rather than being silently recast as protection.

3.2. Candidate architectural descriptors

Protective coverage is the fraction of vulnerable recipients, or of explicitly defined recipient-level
functions, reached by at least one protective pathway. Coverage distinguishes a community in which
protection is broadly accessible from one in which strong effects benefit only a small subset of members.

Protective redundancy is the number of independent pathways capable of protecting the same recipient
or response. It differs from functional redundancy: two taxa may carry the same gene or perform the same
process but fail together because they share spatial constraints, resource dependence, or disturbance
sensitivity. Redundancy contributes to stability only when alternative pathways remain accessible and
effective after selective loss.

Mechanistic complementarity describes the extent to which different protective processes address
distinct components, phases, or consequences of a disturbance. Detoxification and nutrient provisioning, for
example, may protect the same recipient through non-equivalent mechanisms. Complementarity may
broaden protection but can also create serial dependency when one pathway requires another.

Spatial reach describes whether a protective effect can access its intended recipients across the relevant
microhabitat. Cell proximity, diffusion, biofilm structure, and physicochemical gradients determine whether
extracellular protection remains local or becomes community-wide (Flemming et al. 2016; Nadell et al.
2016).

Modularity describes the compartmentalization of protective pathways. Modules may limit the
propagation of disturbance and preserve local effects, but excessive compartmentalization may prevent
protection from reaching vulnerable recipients outside a module. Its predicted effect is therefore conditional
rather than universally stabilizing (Stouffer and Bascompte 2011; Hernandez et al. 2021).

Dependency concentration quantifies how strongly total protective effect relies on a small number of
providers or pathways. Concentration may generate efficient short-term protection but creates single points
of failure when those providers are selectively affected. None of these descriptors is assumed to be
universally monotonic: their meaning depends on the focal disturbance, response, spatial scale, and
correlations among pathway failures.

Operational conventions and assumptions. Let V denote a preregistered set of recipient units and let v_j
> 0 be prespecified recipient-importance weights with (Eq. 1). Estimate a signed provider effect E_ij(s) using
an independently replicated, disturbance-matched counterfactual and define (Eq. 2), where r_j > 0 is a fixed,

prespecified recipient-response scale. All edge weights must use comparable response definitions and
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observation windows; otherwise descriptors should be stratified by response. The potential protective weight
w_ij is estimated in a standardized calibration environment. Independently measured accessibility a; € [0, 1]
adjusts that potential to the target spatial configuration. Do not apply a_ij twice when E ij was already
measured under the actual spatial configuration. Define a biologically justified minimum-effect threshold t
before analysis and retain uncertainty intervals and detection limits rather than treating nonsignificant edges

as confirmed zeros. These are proposed operational indices, not uniquely determined quantities.
YEVY=1()
wij = max(0, Eis)) / 1; (2)

Coverage and concentration. Define (Eq. 3), which counts recipients reached by at least one
individually sufficient validated pathway, without assuming that subthreshold effects add linearly. Where
jointly sufficient provider sets are established experimentally, count each such set as a separate higher-order
pathway; a sensitivity analysis may use the additive threshold criterion if additivity is justified. Define
provider contributions qi and concentration H (Eqs. 4-5) when £ k q k > 0. This Herfindahl concentration
index characterizes the distribution of measured provider contributions, not the probability of collapse. H
depends on the number and definition of provider units; report provider count, effective provider number 1/H,
and results under relevant provider-set representations. If total contribution is zero, H is undefined, not zero.
Shared resource dependence or simultaneous failure may make even a low-H system fragile; failure
correlations therefore require separate analysis.

Provider protective contribution q_i in Eq. (4) serves as the default, response-specific weighted provider
score for targeted-removal tests; it should not be described as a universal centrality measure. For
vulnerability-sensitive prioritization, recipient weights v_j are prespecified, and a leave-one-provider-out
protection-loss score L i = C(P) — C(P without provider 1) may be reported alongside q i. L i must be
recalculated with the same thresholds and provider-set rules, and shared failure modes can make either score

a poor proxy for actual collapse risk.
C =€V v; - I[max;(aiwij) > 1] (3)
qi = 2EV v aij wij (4)

H=Yi[q/Ck q)]? (5)

Redundancy, mechanisms, and spatial structure. For recipient j, let A j contain experimentally
distinguishable protective pathways with accessible weights b_k > 0. A candidate effective-pathway index is
R; (Eq. 6), with R_j = 0 when no pathway is observed and R (Eq. 7). The prespecified f kl € [0,1] represents
failure-mode overlap, with f kk = 1, and its matrix must be positive semidefinite (for example, an
empirically estimated nonnegative failure-similarity kernel), so the denominator is mathematically coherent.

The index equals two for two equal-weight independent pathways and one for two equal-weight fully
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overlapping pathways; unequal independent pathways yield an effective number between one and two.
Because overlap may vary across disturbances, report sensitivity intervals; unknown dependence must not be
coded as independence. The expression Dn (Eq. 8), where h jm denotes shares across prespecified
mechanism classes, is a mechanism-diversity index, NOT a measure of causal complementarity. Mechanistic
complementarity should instead be assessed by preregistered factorial provider-set contrasts, testing whether
combined protection exceeds (synergy), equals (additivity), or falls below (antagonism) a justified null
model on the chosen response scale. If these contrasts are unavailable, complementarity is not estimable.
Spatial reach S (Eq. 9) is the fraction of standardized potential effect spatially accessible (undefined if the
denominator is zero); it is meaningful only when w_ij is assessed without the same accessibility loss.
Network modularity Q can be estimated from a specified directed, weighted null model and preregistered
detection algorithm, but it is optional and should be recorded as not estimable in sparse or very small graphs.
Composite provider sets must be retained as hyperedges or analyzed under explicit node-expansion

sensitivity scenarios.
Rj= (X bi)?* / [2k bi® + 23 4< by by fia] (6)
R =2 viRi(7)
D =2, Vi [l = Xm hin’] (8)

S =2 vi 2iaiy wi] / [X v 2 wii] (9)

Statistical identifiability and missing-edge uncertainty. Architectural descriptors are community-level
predictors, not independent observations for each organism in the same microcosm. Replicated communities
(or independently perturbed community states) are the sampling units for predictive validation; otherwise
pseudoreplication inflates precision. Estimated edge effects, uncertain thresholds, and inferred links must be
propagated through descriptor uncertainty by hierarchical resampling or posterior simulation.
Cross-validation must hold out entire communities or experimental batches, not edges or technical replicates
drawn from the same community. When predictors are deterministic or highly collinear in minimal networks
(e.g., the one-provider case), coefficients for C, R, and H cannot be identified separately; report descriptive
indices but do not fit the full multivariable model. An observed improvement in predictive performance does
not by itself establish causal mediation; randomized rewiring and pathway rescue offer more direct tests.

Linking architecture to stability without circularity. Define the response Y from held-out community
replicates or from an observation window that starts after calibration of the architecture. A baseline model is
defined by (Eq. 10), where X includes prespecified compositional, functional, environmental, and
conventional-network comparators. The primary architectural extension is given in Eq. (11). This
parsimonious candidate should be chosen before analyzing outcomes; it is not a claim that all coefficients are
nonzero or have universal signs. Spatial reach S and optional modularity Q and mechanism-diversity DM can

be tested as secondary predictors when independently measurable and when sample size supports their
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estimation. Interactions (such as CxS) and nonlinear modularity terms (Q?) are exploratory unless
independently motivated, prespecified, and adequately powered. Center or standardize predictors, check
collinearity and sensitivity to threshold t and recipient weights, and compare nested out-of-sample prediction,
uncertainty, and calibration with identical data partitions. Mechanistic-diversity alone must not be interpreted
as demonstrated complementarity. In causal rewiring studies, randomize the perturbation, measure the
proposed mediators independently, and account for collateral ecological effects rather than attributing every

outcome change to protective architecture.
g(E[Y]) = a+y"X (10)

gE[Y]) =a+yX+B.C+BR+BH (11)

Worked illustration (hypothetical; not values reported by Morris et al. 2011). Consider three recipient
units with equal v_j = 1/3 and two prospective helpers A (Alteromonas-like peroxide scavenger) and B (an
invented alternative). Prespecify T= 0.1, a_ij = 1, and standardized potential effects A—P =0.6, A—>R =0.4,
and B—P = 0.4; all other links have zero modeled effect for illustration only. The validated-pathway
coverage is C = 2/3. Provider contributions are ¢ A = 1/3 and q_B = 0.4/3, yielding H = (1/1.4)*> + (0.4/1.4)?
~ (0.592 and effective provider number 1/H = 1.69. If failures of A—P and B—P are independent, R P =
(0.6+0.4)%/(0.6°>+0.4*) =~ 1.923, R_ R =1, R_unprotected = 0, and R = 0.974; under complete overlap of their
failure modes, R P = 1 and R = 2/3. Under the explicitly assumed complete accessibility, S = 1. If both
effects are classified as peroxide detoxification, D M = 0; this does NOT establish that mechanistic
complementarity is absent, which requires factorial evidence. Q and causal complementarity are not
estimable from this illustration. In the simpler validated Alteromonas—Prochlorococcus single-pathway
illustration, C = R = H = S =1 for the single recipient/provider, and Q remains not estimable. These are
index calculations, not observed measurements or numeric stability forecasts; the latter require independently

estimated regression coefficients and validation.

3.3. Mechanisms, accessibility, and failure

Cross-feeding, nutrient provisioning, environmental modification, extracellular matrices, catalytic
detoxification, and spatial shielding are biological mechanisms through which protective effects may arise.
They enter P(s) only when their recipient-level benefit is demonstrated under the focal disturbance. A
mechanism inventory alone is insufficient because it does not establish who receives the benefit, whether it
remains accessible, or whether alternative pathways fail independently.

Protective effects may impose costs on providers and create opportunities for non-contributing
organisms to exploit shared benefits. Competition, cheating, antagonism, diffusion loss, and spatial
separation can therefore weaken or reverse protection. A pathway contributes to stability when its benefit
remains accessible and maintainable under the disturbance; the same pathway can generate fragility when
recipients depend on a single costly or vulnerable provider. CEPT consequently treats protection and

dependency as possible outcomes of the same organization rather than as opposing categories.
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Feasible reconstruction in species-rich communities. Exhaustive ordered-pair intervention scales
approximately as n(n—1) assays before replication and is not required for every CEPT application. A tiered
protocol first identifies candidate provider—recipient effects through longitudinal perturbation, spatial
profiling, metabolic models, and factorial or dilution-to-extinction/reassembly screens. Second, it validates a
stratified subset of high-leverage positive, null, and negative edges using independent provider removal,
inhibition, and activity-specific rescue under matched disturbances. Third, it estimates remaining edges with
uncertainty-aware hierarchical or sparse inverse models, keeping inferred edges distinct from
intervention-validated edges. Finally, it propagates edge-level uncertainty into C, R, M, S, Q, and H and
compares predictions against held-out communities and disturbances. If causal identification or sampling
coverage is inadequate, report a partial architecture and refrain from claims of fully measured
community-wide protection.

Figure 3 depicts an ordered test rather than a retrospective description of a stable community. The
disturbance, response and observation window are fixed first; protective effects are then independently
characterized with counterfactuals, and architectural descriptors enter a comparison against established
covariates. CEPT gains support only when intervention or held-out prediction establishes incremental value,

with uncertainty and missing edges carried forward.

Operational test of CEPT

. N - N
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Figure 3. Operational test of CEPT. The disturbance, recipient response, scale, and observation window are specified before
provider-recipient effects are measured against matched counterfactuals. Descriptors derived from P(s) are then evaluated together with

established covariates. CEPT requires incremental causal or predictive value for the specified stability response.

18



Ecological Risk and Security Research | doi: 10.59429/ersr.v4il1.15090

4. Relationship to Existing Ecological Frameworks

CEPT does not replace established ecological frameworks; it addresses a distinct organizational question.
Resistance, resilience, persistence, functional deviation, and recovery time are distinct dimensions or
operational measures of ecological stability, whose interpretation depends on the response variable,
disturbance regime, and observation window (Grimm and Wissel 1997; Ives and Carpenter 2007; Shade et al.
2012). CEPT proposes one possible determinant of variation in those responses: the organization of
demonstrated protective effects. It therefore does not redefine stability but links a specified stability dimension
to a separately measured architecture. Importantly, CEPT does not assume that all stability dimensions respond
similarly to protective organization. An architecture that increases resistance during disturbance may not
necessarily accelerate subsequent recovery, and the direction and magnitude of these relationships must be
established empirically.

Functional redundancy concerns overlap in ecological roles or potential functions (Yachi and Loreau
1999; Louca et al. 2018). Protective redundancy is narrower: alternative provider-recipient pathways must
compensate for one another under the focal disturbance. Functional duplicates may not be protective, and
protective alternatives may rely on different mechanisms. Moreover, species performing similar ecological
functions may differ in their sensitivity to environmental disturbances, making functional overlap insufficient
to guarantee compensatory protection (Elmgqvist et al. 2003; Loreau and de Mazancourt 2013). Protective
redundancy therefore requires evidence that alternative pathways remain effective and accessible when
another pathway is disrupted, rather than merely demonstrating overlap in functional traits or metabolic
capabilities. CEPT is supported only when this distinction improves explanation or prediction beyond
functional redundancy, response diversity, and established biodiversity—stability mechanisms.

Public-goods, cooperation, facilitation, and social-evolution frameworks explain the production, sharing,
costs, exploitation, and evolutionary maintenance of beneficial traits (West et al. 2007; Pande and Kost 2017,
Zachar and Boza 2022). CEPT uses evidence generated by those frameworks but neither requires cooperation
nor assumes mutual benefit. A provider may incur a cost, receive a benefit, or be unaffected; classification
depends on the causal effect on the recipient under disturbance. Furthermore, beneficial interactions may
depend on ecological relationships that maintain provider populations or their metabolic activities before a
disturbance occurs. Such relationships can influence the availability of protective capacity without themselves
constituting demonstrated protective effects (Goldford et al. 2018; Calfee et al. 2022). CEPT therefore
distinguishes the ecological maintenance of potential providers from the disturbance-specific protection those
providers subsequently deliver. Similarly, colonization-resistance theory describes the suppression of invaders,
whereas CEPT asks whether the distribution of resident protective effects explains variation in that response
beyond community richness, resource competition, and functional composition (van Elsas et al. 2012; Spragge
et al. 2023).

Ecological network theory supplies tools for representing direction, weights, centrality, modularity, and

dependency (Faust and Raes 2012; Coyte et al. 2015). Classical theoretical approaches have further
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demonstrated that the stability of ecological systems depends on interaction structure, interaction strength, and
the balance among different interaction types (Allesina and Tang 2012). CEPT restricts the focal network to
effects supported by provider-recipient counterfactuals under a defined disturbance and response.
Co-occurrence edges do not by themselves establish direction, mechanism, or protection (Weiss et al. 2016;
Carr et al. 2019). The distinctive claim is thus not that interactions matter, but that the independently
characterized protective subnetwork may contain additional explanatory information not captured by
composition, functional inventories, or undirected associations. This claim must be evaluated against
established network-based predictors, including conventional measures of centrality, interaction strength, and

modularity, rather than assuming that protective architecture necessarily offers superior explanatory power.

Table 2. Comparison of CEPT with neighboring ecological frameworks. Differences indicate proposed operational contrasts, not

empirical superiority.

Framework Main unit/ evidence Disturbance-specific? Directional / CEPT-specific test beyond
counterfactual? comparator

Facilitative Inferred directed Context dependent Directed; causal Causally validated

networks (Fujita et community validation not recipient-level protective

al. 2023) interactions inherent edges forecast a specified
response beyond inferred
network structure

Control / driver Structural Not necessarily tied to  Directional network;  Stress-specific provider

species (Angulo et al.  accessibility and focal stress recipient benefit not effects outperform

2019) controlling sets required controllability / driver metrics
Keystone and Disproportionate Not necessarily Removal tests g i and pathway
centrality (Power et taxon influence possible;  protective replaceability improve

al. 1996; Banerjee et

edges not required

matched-loss predictions

al. 2018)

Functional Functional  overlap Often across  Recipient-specific Accessible recipient-directed
insurance / response and differential  environmental counterfactual not redundancy adds held-out
diversity (Yachi and responses variation required prediction

Loreau 1999;
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Elmqyvist et al. 2003)

Generic network Interaction Jacobian / Model-dependent Signed networks; not Protective P(s) contributes
stability  (Allesina local stability necessarily protective beyond conventional network
and Tang 2012) intervention predictors

Relationship to the closest theoretical alternatives. Fujita et al. (2023) reconstructed potential facilitative
interaction networks using metabolic inference across a longitudinal microbial experiment, identifying
network features, including positive-feedback structures, associated with subsequent compositional transitions.
Their work provides an important precedent for linking facilitative network organization to microbial
community dynamics, rather than evidence that the use of directed or weighted networks is itself novel. CEPT
adds the narrower requirement for a matched, disturbance-specific causal benefit to an identified recipient, and
tests whether the organization of those effects explains a preregistered response beyond existing network
predictions. Unlike networks inferred primarily from metabolic dependencies, CEPT distinguishes
experimentally validated protective edges from hypothesized or indirectly inferred interactions, particularly
when evaluating the causal contribution of architecture to stability.

Angulo et al. (2019) developed a control-theoretic framework based on structural accessibility,
identifying sets of driver species whose manipulation may allow microbial communities to be directed toward
desired states. This approach addresses community controllability, whereas CEPT addresses the organization
of protective effects contributing to a specified response under disturbance. A CEPT provider instead confers
demonstrated stress-conditional recipient protection and need not be a topological driver. Conversely, a driver
species identified through structural accessibility need not provide protective benefits to a particular recipient.
The two approaches may identify overlapping influential taxa, but they define ecological importance through
different operational criteria and make distinct predictions.

Keystone and node-removal theories predict outsized consequences of removing influential taxa (Power
et al. 1996; Banerjee et al. 2018); CEPT additionally predicts response-specific rescue by substituting the
protective activity, even while taxon identity and conventional centrality differ. The distinction becomes
particularly informative when two communities share similar abundance distributions and conventional
network topology but differ in the accessibility, replaceability, or failure dependence of experimentally
identified protective pathways. Under these conditions, CEPT predicts that protective architecture may explain
differences in resistance or recovery that are not captured by conventional keystone descriptors alone.

Insurance and response-diversity theories explain buffering through functional overlap and different
environmental responses (Yachi and Loreau 1999; Elmqvist et al. 2003; Loreau and de Mazancourt 2013);
CEPT asks whether the independently validated provider—recipient pathways and their spatial accessibility add

information after that buffering is measured. Accordingly, two communities with equivalent functional
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inventories and comparable response diversity may still differ in their ability to protect vulnerable recipients if
protective pathways are spatially inaccessible, concentrated in a small number of providers, or subject to
correlated failure. Whether such differences contribute independent predictive information constitutes a direct
empirical test of CEPT rather than an established ecological result.

General network stability criteria (Allesina and Tang 2012) address interaction structure at a different
level of generality. These criteria provide mathematical insights into how interaction types and network
organization influence local dynamical stability, whereas CEPT focuses on disturbance-conditional,
recipient-specific protective effects and their relationship to explicitly defined resistance, persistence, or
recovery outcomes. The approaches are complementary, but CEPT must demonstrate incremental predictive or
causal value beyond suitable network-stability comparators. The proposed novelty is therefore incremental and
falsifiable, not a claim to have discovered beneficial networks or redundancy. Its central contribution lies in
proposing a common operational framework for distinguishing protective effects from potential mechanisms,
representing their distribution among providers and recipients, and testing whether that organization improves

explanations of microbial community stability beyond established ecological alternatives.

5. Testable Predictions and Falsifiability

Ecological theories gain explanatory power when they generate discriminating predictions and specify
observations that would challenge their central claims. CEPT therefore focuses on comparisons in which the
disturbance and response are fixed, established predictors are controlled, and protective architecture is
manipulated or characterized independently. Four predictions isolate the proposed architecture effect.
Importantly, the proposed tests do not require competing ecological frameworks to predict the complete
absence of an effect. Instead, CEPT must demonstrate an additional explanatory or predictive contribution
after relevant compositional, functional, and network-based mechanisms have been accounted for. Such
comparisons are especially important because previous research has already established relationships between
ecological interaction structure, stability, and community dynamics (Allesina and Tang 2012; Fujita et al.

2023). The corresponding discriminating tests and failure criteria are summarized in Table 3.

5.1. Matched-community rewiring

Discriminating contrast (P1). With taxon identities, functional inventory, abiotic context and global
degree or conventional network metrics held as constant as feasible, CEPT predicts that selectively redirecting
experimentally verified protective edges toward previously unprotected recipients changes their response to
the specified challenge. Composition-only and functional-inventory models predict no difference if those
inputs remain fixed. Generic interaction-network models must also be included as comparators; a difference
explained equally well by their topology is not distinctive CEPT support.

Communities matched as closely as feasible in richness, composition, abundance, functional potential,
and abiotic context will differ in resistance, persistence, or recovery when provider-recipient protective effects

are experimentally reorganized. Spatial separation, selective pathway inhibition, or substitution of functionally
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similar providers can alter protection while minimizing changes to the broader community. CEPT is supported
if independently measured coverage, pathway independence, or dependency concentration predicts the
resulting response beyond the matched controls.

A particularly informative experiment would redistribute a comparable total magnitude of validated
protective effects among recipients while preserving, as far as experimentally feasible, community
composition, provider abundance, and conventional network descriptors. Under this design, communities with
broader coverage of vulnerable recipients may exhibit greater recipient-level resistance than communities in
which equivalent protective capacity is concentrated in a subset of recipients. However, this prediction is
conditional on the identity and vulnerability of the recipients and should not be interpreted as a universal
positive effect of coverage.

Because spatial rearrangement or pathway inhibition may alter non-protective interactions
simultaneously, accompanying changes in competition, resource exchange, and environmental exposure
should be measured. Evidence for CEPT requires that independently quantified protective architecture explain
the response beyond these collateral effects. A null effect of rewiring alone would not reject CEPT unless the
manipulation demonstrably changed the targeted architectural descriptor and the experiment had sufficient

precision to detect the prespecified effect.

5.2. Targeted provider loss

Discriminating contrast (P2). In the Alteromonas—Prochlorococcus H20: system, compare helper removal
with matched non-helper removal, catalase-pathway inhibition, and rescue with peroxide removal supplied
independently of Alteromonas (for example, a separately controlled detoxification intervention). Measure
prospective H-O: scavenging and Prochlorococcus response under the same challenge. CEPT specifically
predicts that restored protective activity can rescue the recipient without restoring helper identity, while a
generic taxon-identity or abundance-only prediction fails. This proposed factorial extension has not been
performed here, and a generic keystone framework that includes the same mechanism could predict the result;
incremental explanatory value must therefore be demonstrated rather than presumed.

Removing a provider that supplies a large and weakly redundant share of stress-specific protection will
reduce recipient persistence or ecosystem function more than removing a taxon matched for abundance,
growth rate, or metabolic contribution but with replaceable protective effects. Rescue by restoring the missing
activity through a taxonomically different provider would further separate protective centrality from
taxonomic identity or generic keystone status.

The crucial discriminatory variable is the independently estimated contribution of each provider to
recipient protection, rather than provider removal alone. Keystone-species theory already predicts that the loss
of disproportionately influential organisms can cause substantial community changes (Power et al. 1996;
Banerjee et al. 2018). CEPT therefore gains distinctive support only if stress-specific protective contribution,
including dependency concentration and the availability of alternative pathways, improves prediction of

recipient responses beyond abundance, conventional centrality, and other established measures of ecological
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importance.

In the proposed Alteromonas—Prochlorococcus experiment, an activity-specific rescue would support the
causal role of peroxide detoxification but would not independently validate the entire CEPT framework. A
stronger architectural test would compare communities containing one dominant peroxide-scavenging
provider with communities containing multiple independently functioning providers, while controlling their
aggregate detoxification capacity and the relevant environmental conditions. Under selective helper loss,
CEPT predicts that the resulting response should depend on the independently characterized distribution,

accessibility, and failure dependence of the alternative protective pathways.

5.3. Protective redundancy beyond functional redundancy

Discriminating contrast (P3). Match function inventories and provider-specific response diversity while
experimentally altering co-failure dependence or access to the recipient. CEPT predicts differential recipient
performance if the same functions remain present but recipient-directed compensation differs. If a
response-diversity model already captures the change, CEPT has no demonstrated additional contribution.
Overlap-adjusted R and independently measured accessibility S must improve the preregistered comparison.

Communities with comparable functional redundancy will respond differently when equivalent protective
functions are supplied through independent versus correlated-failure pathways. Selective loss of one provider
should be compensated only when alternative protection remains spatially accessible and effective under the
same disturbance. Gene-level or taxonomic redundancy without compensatory recipient protection does not
satisfy this prediction.

This prediction builds on, rather than replaces, the insurance hypothesis and response-diversity theory,
which already recognize the stabilizing potential of functional overlap and differences in species responses to
environmental change (Yachi and Loreau 1999; Elmqvist et al. 2003; Loreau and de Mazancourt 2013). CEPT
introduces the additional requirement that putatively redundant functions produce demonstrable benefits for
defined recipients and remain accessible when alternative protective pathways fail.

An experimental comparison could therefore combine selective provider inhibition with spatial
rearrangement or manipulation of shared failure modes. Communities matched in functional inventory and
provider response diversity could still differ in recipient persistence if protection does not reach vulnerable
recipients or if nominally alternative pathways depend on the same limiting resource. However, if established
response-diversity or spatial-interaction models already explain these differences, CEPT cannot claim an
independent architectural contribution.

The prediction is supported only to the extent that independently estimated recipient-directed protective
redundancy and accessibility improve causal explanation or out-of-sample prediction beyond the relevant

competing models.

5.4. Reconstruction during recovery

Discriminating contrast (P4). Select communities matched for taxonomic similarity, conventional

functional recovery indicators and broad interaction-network recovery, but differing in prospectively measured
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restoration of causal protective edges. CEPT predicts that targeted restoration of those edges will change later
resistance or functional recovery. Resilience theory already allows taxonomic—functional decoupling;
therefore taxonomic mismatch alone does not distinguish CEPT. Only an architectural intervention or
incremental out-of-sample prediction after these alternatives are modeled does so.

Following disturbance, recovery of richness or taxonomic similarity will not reliably predict functional
recovery when protective pathways remain absent, inaccessible, or concentrated. CEPT predicts that
longitudinal reconstruction of provider-recipient effects will improve prediction of recovery time and
post-disturbance resistance beyond taxonomic return alone. Experimental restoration of a missing protective
pathway may improve subsequent recovery or resistance when that pathway limits the specified response,
without requiring re-establishment of the original composition.

This prediction is consistent with the established distinction between microbial community composition
and function, including evidence that functional processes may persist despite taxonomic turnover (Louca et al.
2016; Louca et al. 2018). Its distinctive CEPT component is therefore not the general observation that
taxonomic and functional recovery may be decoupled, but the prediction that independently measured
reconstruction of recipient-directed protective pathways provides additional explanatory information.

A prospective test would characterize protective architecture at predefined recovery stages and evaluate
its ability to predict subsequent functional performance or resistance to a standardized secondary challenge.
Where feasible, selective restoration of a missing protective activity should be compared with matched
interventions that restore biomass, taxonomic representation, or non-protective metabolic functions without
restoring the focal protective pathway.

Such experiments would distinguish recovery associated with the reappearance of taxa from recovery
associated with re-establishment of causal protection. Nevertheless, restoration of a protective pathway need

not accelerate every recovery response, particularly when other ecological constraints remain limiting.

5.5. Criteria for evaluating and challenging CEPT

The four predictions should be evaluated using prospectively characterized protective architecture,
prespecified disturbances and response variables, and explicit comparisons with competing ecological models.
A positive result is informative only when the experimental design or predictive analysis distinguishes the
proposed architectural contribution from established explanations.

CEPT would be weakened if protective effects could not be measured reproducibly, if descriptors derived
from P(s) added no causal or out-of-sample predictive value after established covariates were controlled, or if
rewiring, provider removal, pathway rescue, and architectural reconstruction produced no effects consistent
with the corresponding predictions. These criteria must be interpreted in relation to measurement uncertainty,
manipulation fidelity, statistical power, and the ecological domain for which the theory is being evaluated.
Failure to detect an architectural effect in a poorly resolved network is not equivalent to evidence that the effect
is absent. Conversely, repeated high-precision null results in systems where the relevant protective pathways

have been independently established would substantially weaken the theory's proposed generality.
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No single positive association is decisive. Replication across disturbances and systems, comparison with
simpler models, and preregistered or out-of-sample tests are required to determine whether protective
architecture is a general ecological principle or a context-limited description (Popper 1959).

Comparator requirement for P1-P4. Each prediction is evaluated against at least one predeclared
competing model (composition/functional inventory; conventional network-centrality or keystone measures;
insurance/response diversity; and established resistance—resilience metrics, respectively). Support requires
incremental effects or prospective prediction beyond the relevant comparator, not merely consistency with
CEPT. Where competing frameworks include the same protective mechanism or network information, the
relevant test concerns the additional value of the CEPT-specific operationalization, rather than an assumed

contradiction between theoretical perspectives.

Table 3. Principal discriminating predictions generated by CEPT.

Competing explanation and
Prediction Discriminating test Result that challenges CEPT
CEPT-specific increment

Reorganize validated
Composition and
protective edges in Verified architectural changes
functional-inventory models predict
P1 — compositionally and yield no detectable effect on the
similar outcomes when those variables
Matched-community functionally matched prespecified response and no
remain fixed. CEPT must add
rewiring communities while controlling incremental predictive value under
information beyond generic network
conventional network adequately powered tests.
topology.
descriptors.
Remove Protective  contribution and
Keystone and centrality theories
high-contribution  providers, dependency descriptors  fail to
already predict effects of
compare with matched improve prediction beyond keystone
P2 — Targeted influential-taxon loss. CEPT must
removals, and restore the measures; targeted functional rescue
provider loss improve prediction using independently
protective activity provides no Dbenefit when the
measured  stress-specific  protective
independently of  original proposed mechanism is verified as
contribution and pathway replaceability.
provider identity. limiting.
Compare  communities Insurance and response-diversity Validated  redundancy  and

matched for functional theory explain buffering through accessibility descriptors provide no
P3 — Protective redundancy and  response functional overlap and differentiated additional causal or predictive
redundancy diversity while varying responses. CEPT must add information beyond  established

pathway  accessibility  or recipient-specific compensation and response-diversity and spatial

co-failure dependence. accessibility. models.
Independently measured
Measure protective Established  resilience  theory
pathway reconstruction adds no
P4 — pathways prospectively during accommodates taxonomic—functional
predictive  value and targeted
Architectural recovery and  selectively decoupling. CEPT must show additional )
restoration produces no response
reconstruction restore missing protective information from reconstruction of

o ) when protection is experimentally
activities. causal protective pathways. . o .
established as a limiting mechanism.
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6. Implications and Conclusions

An operational risk endpoint would be the preregistered probability of recipient or functional loss after a
specified provider-failure intervention. Whether dependency concentration H or the leave-one-provider-out
score L i improves prediction of that endpoint beyond conventional network and environmental indicators is
an empirical test, not an assumed property (Chen et al. 2013).

CEPT provides a basis for experiments that manipulate protective organization rather than merely
cataloguing taxa or genes. Synthetic communities, microfluidic spatial manipulations, selective provider
removal, pathway inhibition and rescue, and longitudinal reconstruction can test whether architecture
contributes to resistance and recovery (Nadell et al. 2016; Jiang et al. 2023; Mehlferber et al. 2024). Defined
synthetic microbial communities offer particularly useful experimental systems because their composition and
environmental conditions can be controlled while specific interactions are manipulated and their consequences
evaluated. Microfluidic approaches additionally permit spatial constraints and interaction accessibility to be
investigated under controlled conditions. In engineered consortia, the framework suggests selecting not only
metabolic functions but also independent, accessible protective pathways while avoiding unbuffered reliance
on a single provider. Such applications remain prospective, but they are consistent with broader efforts to
improve consortium stability through the deliberate management of microbial interactions (Jiang et al. 2023).

A practical validation roadmap is to reconstruct experimentally supported partial architectures in small
synthetic communities, calibrate the proposed descriptors and intervention contrasts across independent
replicates, and then test transferability to other disturbances and more species-rich natural and engineered
assemblages.

The theory also extends to biological invasion when invasion is defined as the focal biotic disturbance.
Resident diversity can restrict invader establishment through resource use, niche occupation, antagonism,
environmental modification, and collective nutrient blocking (van Elsas et al. 2012; Spragge et al. 2023).
CEPT does not treat richness as protection by itself; it predicts that colonization resistance will depend on
which residents protect which recipients or functions, through which mechanisms, and whether those effects
remain accessible during invasion. Importantly, the protective contribution of resident communities should be
distinguished from the general suppression of invading organisms. Within CEPT, the relevant causal unit may
be a resident provider, a recipient-specific protective interaction, or an experimentally demonstrated
provider-set effect. The extent to which these protective arrangements improve prediction beyond diversity
and established invasion-resistance mechanisms remains to be determined.

Protective architectures are historically contingent. Recurrent disturbance, succession, and immigration
may add complementary pathways or fill gaps in coverage, but they can also remove providers, concentrate
dependency, favor exploiters, or improve responses to familiar stresses while reducing performance under
novel ones (Renes et al. 2020; Canarini et al. 2021). Historical contingency and priority effects may further
influence which organisms establish and which ecological interactions develop (Fukami 2015). As proposed in

the preceding sections, ecological interactions that sustain potential protective providers before disturbance
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may influence the subsequent availability of protection without themselves constituting validated protective
edges. Community age or diversity therefore creates opportunities for architectural development but does not
guarantee greater protection. The relevant empirical question is how history changes P(s,t), including whether
protective capacity is maintained, lost, or reconstructed through changes in provider populations and their
supporting ecological relationships.

Microbial community stability is multidimensional and cannot be inferred from taxonomic composition
or mechanism inventories alone. CEPT proposes an additional explanatory level: the disturbance- and
response-specific organization of protective effects through which community members alter one another’s
persistence or functional performance. Coverage, protective redundancy, mechanistic complementarity, spatial
reach, modularity, and dependency concentration provide initial descriptors, but their effects remain
hypotheses rather than universal rules. Moreover, these descriptors differ in their operational requirements.
Coverage, dependency concentration, and suitably characterized redundancy may be quantified using
independently estimated protective effects, whereas causal mechanistic complementarity requires appropriate
combined-provider experiments. Spatial reach and modularity require additional spatial or network
information and may not be identifiable in every experimental system. These descriptors could eventually
complement ecological-risk and ecological-security assessment by identifying vulnerable recipients, single
points of protective failure, and pathways whose loss is most likely to propagate functional decline under
disturbance. Such applications would require validation against established ecological-risk indicators and
should not yet be interpreted as operational assessment tools.

The current evidential scope of CEPT remains limited. The studies summarized in Table 1 provide
experimental precedents for stress-conditional protection, facilitation, and collective provider-set effects, but
they do not establish that the full protective architecture or all six descriptors predict community stability
across ecosystems. The numerical illustration presented in Section 3 is hypothetical, and the proposed
mathematical indices require independent empirical calibration. Consequently, CEPT should presently be
regarded as a falsifiable theoretical and methodological framework rather than a demonstrated general law of
microbial community stability. Adequately replicated perturbation experiments are required to estimate
architectural effects, characterize pathway failure dependence, evaluate uncertainty, and determine whether the
proposed descriptors improve causal or out-of-sample prediction beyond established compositional, functional,
and network-based models. Where network-wide identification is infeasible, conclusions should be restricted
to experimentally validated or explicitly uncertainty-qualified partial architectures. Generalization to
species-rich soil, freshwater, wastewater, and other natural or engineered communities remains an open
empirical question.

The central significance of CEPT therefore lies not in proposing previously unknown protective
mechanisms, but in asking whether their causal, disturbance-specific organization constitutes an independently
informative property of microbial communities. By distinguishing protective potential from demonstrated

protection, identifying the distribution of benefits among providers and recipients, and examining how
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redundancy, accessibility, and dependency influence specified stability responses, CEPT offers a framework
for translating local microbial interactions into testable community-level hypotheses. Its broader ecological
relevance will depend on whether protective architecture can be measured reproducibly and shown to
contribute explanatory or predictive value beyond established alternatives. Comparative experiments across
disturbances, community types, and organizational scales can now determine whether collective ecological
protection represents a generalizable organizing principle or a context-dependent feature of particular

microbial systems.
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