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Synopsis Stress resilience is defined as the ability to rebound to a homeostatic state after exposure to a perturbation. Organ-
ismsmodulate various physiological mediators to respond to unpredictable changes in their environment. The gut microbiome
is a key example of a physiological mediator that coordinates a myriad of host functions including counteracting stressors.
Here, we highlight the gut microbiome as a mediator of host stress resilience in the framework of the reactive scope model.
The reactive scope model integrates physiological mediators with unpredictable environmental changes to predict how ani-
mals respond to stressors. We provide examples of how the gut microbiome responds to stressors within the four ranges of the
reactive scope model (i.e., predictive homeostasis, reactive homeostasis, homeostatic overload, and homeostatic failure). We
identify measurable metrics of the gut microbiome that could be used to infer the degree to which the host is experiencing
chronic stress, including microbial diversity, flexibility, and gene richness. The goal of this perspective piece is to highlight the
underutilized potential of measuring the gut microbiome as a mediator of stress resilience in wild animal hosts.

Introduction
All organisms seek to maintain homeostasis for crit-
ical systems, a stable internal state that resists devia-
tions from a set point when acted upon by external
forces (Wingfield et al. 1995; Williams 1966). Individ-
uals with the ability to return to a previous homeo-
static state or establish a new state after significant per-
turbations exhibit increased stress resilience (Wingfield
2013; Crespi et al. 2021). Researchers can begin to quan-
tify challenge-induced changes in homeostatic state
by measuring physiological systems that comprise the
stress response (Gormally and Romero 2020). Stress
responses to ecological challenges are often mediated
by physiological processes, such as activation of the
hypothalamic–pituitary–adrenal (HPA) axis, which can
respond to internal and external cues. The HPA axis re-
leases glucocorticoids, which act as central hormonal
regulators of the vertebrate stress response. At baseline
levels, glucocorticoids regulate energy metabolism, but
at high levels, they orchestrate widespread phenotypic
adjustments that influence the ability of individuals to

cope with and recover from stressors (Sapolsky et al.
2000).
Though the hormonal stress response has received

much attention, individual differences in stress re-
silience may be influenced by other physiological medi-
ators. Other components of the physiological response
to challenges, and therefore, potential contributors to
stress resilience, include cytokines (Hodes et al. 2014),
telomere attrition (Haussmann and Marchetto 2010),
DNAdamage (Gormally et al. 2019),microRNAs (Chen
et al. 2015), and heart rate variability (Thayer et al. 2012;
Gaidica and Dantzer 2020), among others. The gut
microbiome is another physiological system that may
serve as a mediator of individual variation in stress re-
silience. The gutmicrobiome encompasses themicroor-
ganisms including bacteria, archaea, and fungi, and the
wide array of microbe-produced molecules including
structural elements (e.g., proteins, lipids, nucleic acids,
and so on) and metabolites (e.g., signaling molecules,
toxins, and so on) that are structured by the environ-
mental conditions of the gut tract (Whipps et al. 1988;
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Berg et al. 2020). Gut microbiota refer to the commu-
nity of living microorganisms residing in the gut tract.
The gut microbiome plays key functional roles for the
host, including immune system training (Gensollen et
al. 2016), digestion of complex dietary items (Zhu et al.
2011), and pathogen colonization resistance (Kamada
et al. 2013). However, the potential for the gut micro-
biome to impact host stress resilience has only recently
been explored in the context of its relationship with the
HPA axis via the microbiota–gut–brain axis (reviewed
in Cussotto et al. (2018)).

Evidence has accumulated supporting the idea that
the relationship between the gut microbiome and the
HPA axis can be bidirectional, whereby altered gluco-
corticoid levels can affect gut microbiome composition
and altered gut microbiome composition can modu-
late HPA axis function. Correlational studies have re-
ported a negative relationship between glucocorticoid
levels andmicrobial diversity (Levin et al. 2016; Stothart
et al. 2016; Petrullo et al. 2022). Experimentally elevat-
ing glucocorticoids can causally affect gut microbial di-
versity and composition, although the effect of these
changes on metrics of diversity and community com-
position vary. Corticosterone elevation can increase gut
microbial diversity (MacLeod et al. 2022) or result in the
underrepresentation of certainmicrobial taxa (Noguera
et al. 2018). Sterile germ-freemice exhibit increased glu-
cocorticoid levels and anxiety-like behavior (Bercik et
al. 2012; Luczynski et al. 2016). Postnatal exposure to
gut microbiota regulates the development of the stress
response, suggesting that the presence of a gut micro-
biome is necessary for development of the HPA axis
(Sudo et al. 2004); however, probiotic administration
later in development did not rescue HPA axis function.
Thus, there is clear evidence of the importance of the
gut microbiome in the development of the HPA axis,
but microbial community composition later in life may
also affect the regulation of the HPA axis.

Beyond its connection with other physiological sys-
tems such as the HPA axis, the gut microbiome has sel-
dombeen considered a standalone effector of host stress
resilience in vertebrates (Sommer et al. 2017; Dogra et
al. 2020). The gut microbiome is both shaped by the
environment and has myriad effects on host pheno-
type; therefore, it could serve as amediator of plastic re-
sponses to stressful external stimuli (Soen 2014). When
referring to the gut microbiome as a mediator of stress
resilience, this could imply that the gut microbiome im-
pacts organismal-level stress resilience directly, or in-
directly through its effects on other elements of the
stress response including the HPA axis. Microbiota-
mediated physiological functions of the host that neu-
tralize potential perturbations to host homeostasis in-
cluding toxin degradation (i.e., neutralization of a toxin

that could lead to disruption of host homeostasis) and
cellulolytic activity (i.e., hydrolyzation of cellulose that
could cause nutritional stress in herbivores that cannot
naturally degrade cellulose) are examples of direct ef-
fects of the gut microbiome on organismal-level stress
resilience. The gut microbiome of hibernating ground
squirrels contributes to protein homeostasis by recy-
cling nitrogen via ureolysis during hibernation (Regan
et al. 2022).
In this perspective piece, we focus on indirect effects

of the gut microbiome on host stress resilience because
there is more existing experimental support for them,
but we expect that the integration of direct effects with
this framework will be a fruitful area for future inves-
tigation. We suggest that because of the role of the mi-
crobiome inmediating diverse elements of the stress re-
sponse: (1) measurements of the gut microbiome could
be used to assess the degree to which the host is expe-
riencing chronic stress (e.g., Pannoni et al. 2022), and
(2) the current state of the host’s microbiome could be
used to predict resilience to future challenges. Identify-
ing which aspects of the gut microbiome influence the
maintenance of host homeostasis through environmen-
tal change will be crucial for understanding the causes
of individual variation in host stress resilience and
fitness.
Here, we introduce the gutmicrobiome as amediator

of stress resilience within the framework of the reactive
scope model. The reactive scope model, originally pro-
posed byRomero et al. (2009), develops a framework for
how physiological mediators allow animals to respond
to stressors associated with unpredictable environmen-
tal changes. First, we explore the gut microbiome as a
physiological mediator of host homeostasis within the
four ranges of the reactive scope model including pre-
dictive homeostasis, reactive homeostasis, homeostatic
overload, and homeostatic failure (Romero et al. 2009).
Second, we identify which metrics of the gut micro-
biome could be used asmeasures of microbial resilience
including microbial diversity, flexibility, and gene rich-
ness. Though numerous invertebrate taxa possess a mi-
crobiome, wewill focus on the application of the gutmi-
crobiome in vertebrate hosts, paralleling other physio-
logical systems applied to the reactive scopemodel. The
goal of this perspective piece is to highlight the under-
explored potential of measuring the gut microbiome as
a mediator of stress resilience in wild animal models.

Summary of the reactive scope model

Physiologists have long struggled with how to define
and conceptualize the stress response since it was first
described by Selye (1946). Over 130 different hypothe-
ses have been proposed to explain the stress response
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Table 1 The gut microbiome as a physiological mediator of stress resilience within the framework of the reactive scope model (Romero
et al. 2009). The four ranges include the predictive homeostasis range, reactive homeostasis range, homeostatic overload, and homeostatic
failure.We present examples of gut microbiome shifts that correspond with how a physiological mediator would respond within each
range of the reactive scope model.

Ranges of reactive
scope model Definition Gut microbiome example

Predictive homeostasis Levels of physiological mediator vary according
to predictable life history changes

1) Aging/development
2) Seasonal changes in food availability or temperature
3) Hibernation
4) Migration

Reactive homeostasis Levels of the physiological mediator necessary to
maintain homeostasis following an
unpredictable event that threatens
homeostasis

1) Infection
2) Change in diet
3) Antibiotic usage

Homeostatic overload Levels of physiological mediator where the
mediator itself starts to cause damage

1) Overgrowth of toxigenic bacteria
2) Microbe-mediated immune system overactivation
3) Obesity

Homeostatic failure Levels of physiological mediator are too low to
maintain homeostasis

1) Loss of keystone gut microbiota
2) Captivity
3) Germ-free or antibiotic-depleted animals

and its tradeoffs (Harris 2020), but one of the most
popular and comprehensive frameworks used by stress
physiologists is the reactive scope model (Romero et
al. 2009). The reactive scope model illustrates how an
individual organism responds to acute stressors and
when the physiological mechanisms underlying these
responses can become pathological to the animal. The
reactive scope model assumes that physiological medi-
ators of the stress response exist in four distinct ranges
that encompass levels of the mediator that sustain func-
tions for normal daily activities (i.e., predictive home-
ostasis) and acute emergency conditions to survive un-
predictable stressors (i.e., reactive homeostasis). The
model also helps make predictions about when the
physiological mediators will start to cause problems to
the host, either at levels too low to sustain life (i.e.,
homeostatic failure) or so high that the organism enters
a pathogenic state (i.e., homeostatic overload).
Each mediator changes in its levels or concentrations

across the four ranges of the model depending on the
frequency and intensity of perturbations. The predictive
and reactive homeostasis ranges encompass the nor-
mal reactive scope of the organism depending on the
specific physiological mediator. Organisms incur costs
when physiological mediators enter the reactive home-
ostasis and homeostatic overload ranges too frequently
or for an extended period of time. A variety of experi-
ences (e.g., repeated stressors, social environment, re-
productive state, and so on) can change the boundaries
between the four ranges, limiting the reactive scope of
the organism. Romero et al. (2009) uses the term wear-
and-tear to describe the gradual decrease in the ability
to counteract stressors and the narrowing of the normal

reactive scope. Maintaining one physiological media-
tor in the reactive homeostasis range can also decrease
the amount of investment the organism can give to up-
keep of other physiological systems. For example, ele-
vated glucocorticoids can lead to suppression of the im-
mune system (Cain andCidlowski 2017). Given that the
gut microbiome can orchestrate its effects on the host
through other physiological systems, investigations into
how shifts in the gut microbiomemay affect the normal
reactive scope of other physiological systems are war-
ranted.
There are key differences between the gut micro-

biome and other physiological mediators that make its
application to the reactive scope model more compli-
cated (see Table 1 in Romero et al. (2009) for a dis-
cussion of various other mediators). The gut micro-
biome comprises a community of living microorgan-
isms rather than nonliving, molecular components of
the host. Though the host exhibits environmental and
genetic control over the gut microbiome (Bonder et
al. 2016), microbe–microbe interactions provide a di-
rect connection to the extensive literature on ecosys-
tem resilience and community ecology (McDonald et al.
2020). Due to these complex interactions, the gut mi-
crobiome cannot be measured as a single continuous
level or concentration that can be plotted on the y-axis
of the reactive scope model except, in some cases, for
specific metrics described below (see Metrics of a re-
silient gut microbiome). When mapping the gut micro-
biome onto the reactive scopemodel, the y-axismay de-
pict an ordination (e.g., PC1 on a Principal Component
Analysis) or n-dimensional distance from the popula-
tion average. The gut microbiome could influence host
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stress resilience by changing the reactive scope of other
physiological mediators (Fig. 1), the amount of time
needed to recover the full reactive scope (Fig. 2), or the
magnitude of other physiological responsesmounted in
response to a perturbation (Fig. 3). All three possibil-
ities are non-mutually exclusive; gut microbiome dys-
biosis could result in all three types of changes at the
same time.

To our knowledge, the gut microbiome has yet to be
applied to the reactive scope model framework. The in-
corporation of gut microbiome surveys into studies of
wild animals has only recently occurred in the past two
decades with the advent of affordable, high-throughput
sequencing technologies. Using the gut microbiome as
the physiological mediator in the model, we identify
known stressors that cause shifts in the gut microbiome
and give examples of how the gut microbiome responds
across the four ranges of the reactive scope model
(Table 1).

Stressors of the gut microbiome

A stressor is defined as an unpredictable and/or uncon-
trollable stimulus that challenges homeostasis (Levine
and Ursin 1991). Both intrinsic and extrinsic factors
can serve as stressors for the gut microbiome and con-
trol the differential distributions of microbial taxa and
overall diversity of the community (Karl et al. 2018).
Significant stressors that have been shown to alter the
gut microbiome include infection (Li et al. 2019), shifts
in diet (David et al. 2014; Sen et al. 2017; Arias-Jayo et
al. 2018), social challenges (Archie and Tung 2015), an-
tibiotic usage (Francino 2016; Strati et al. 2021), pollu-
tants (Jin et al. 2017), and changes in temperature (He
et al. 2019; Sepulveda and Moeller 2020) or inclement
weather (Lau et al. 2019). The frequency and duration
of individual stressors in addition to the compounding
effects of multiple stressors occurring simultaneously
or successively must also be taken into consideration
when assessing the responses of the gut microbiome to
stress.

An important distinction to make between the gut
microbiome and other physiological mediators dis-
cussed in Romero et al. (2009) is the length of the
response time of the mediator after a single acute stres-
sor versus repeated stressors. Most of the physiolog-
ical mediators applied to the reactive scope model—
including heart rate, glucocorticoids, and cytokines—
produce a measurable response to a single acute stres-
sor within seconds to minutes. Due to the nature of the
timescale over which changes are likely to occur to the
gut microbiome, it may not be possible to detect mea-
surable changes on such short timescales. Thus, it may
be more relevant to consider how the gut microbiome

changes in response to repeated or chronic stressors
(e.g., multiday usage of antibiotics rather than a single
dosage) and expand the response time of the y-axis to
longer periods of time such as hours to days when ap-
plying it to the reactive scope model.
When the composition of the gut microbiome is

disrupted or shifted from a former state by a stres-
sor, the community undergoes dysbiosis (Carding et
al. 2015). When applied to the reactive scope model,
gut microbiome dysbiosis could change the magnitude
of the stress response to the same stressor determin-
ing whether the organism reaches homeostatic over-
load. The upper threshold of the reactive homeostasis
range decreases after each stressor as the dysbiotic gut
microbiome loses the ability to copewith repeated stres-
sors (i.e., wear-and-tear). Under normal conditions, a
healthy gut microbiome would recover after each stres-
sor; however, there is currently not a one size fits all defi-
nition of what constitutes a healthy gutmicrobiome due
to high interindividual variability (Falony et al. 2016;
Healey et al. 2017; MacLeod et al. 2022). Therefore,
a dysbiotic microbial community can take on many
forms. Studies on gut microbiome stability have shown
that stressors produce stochastic changes in dispersion
(i.e., distribution or spread of data). For example, fe-
cal glucocorticoid metabolites are positively correlated
with phylogenetic clustering/stochasticity in the gutmi-
crobiome of eastern gray squirrels (Stothart et al. 2019).
The high degree of interindividual variability can be ex-
plained by the Anna Karenina hypothesis, which states
that all healthymicrobiomes are similar (though depen-
dent on several factors such as host species, sex, life his-
tory stage, and so on), but each dysbiotic microbiome is
unique to the individual host (Zaneveld et al. 2017). Re-
searchers can begin to distinguish between these states
by characterizing the gut microbiome of their study or-
ganism and/or population across life history stages in
healthy individuals (i.e., uninjured and noninfected).
Thus, we must keep our definition of a healthy gut mi-
crobiome flexible and assess natural intra- and inter-
specific variation in gut microbial communities when
contextualizing the effects of stressors on the gutmicro-
biome.

Gut microbiome in the predictive homeostasis
range

The predictive homeostasis range consists of the nor-
mal circadian and seasonal range for the physiologi-
cal mediator (Romero et al. 2009). The gut microbiome
can undergo circadian changes over the course of a
day, as demonstrated in wild meerkats that exhibit di-
urnal oscillations in gut bacterial load and composi-
tion (Risely et al. 2021). Seasonal variation in gut mi-
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Fig. 1 Gut microbiome composition could influence stress resilience by changing the reactive scope of other physiological mediators. (A)
The reactive scope of a physiological mediator of a host with a normal gut microbiome. (B) Gut microbiome dysbiosis could limit the
normal reactive scope of other physiological mediators by narrowing the upper threshold of the reactive homeostasis range. Adapted from
Romero et al. (2009). Created with BioRender.com.

Fig. 2 Gut microbiome composition could influence stress resilience by changing the amount of time needed to recover the full reactive
scope for other physiological mediators (i.e., wear-and-tear). (A) A physiological mediator in response to stressors of a host with a normal
gut microbiome. Each colored bar represents a spike in a physiological mediator from the predictive homeostasis range into the reactive
homeostasis range to maintain homeostasis in the face of a perturbation. All stressors are of equivalent strength but occur at different
times. (B) A physiological mediator in response to stressors of a host with a dysbiotic gut microbiome. The upper threshold of the reactive
homeostasis range decreases after each stressor as the dysbiotic gut microbiome loses the ability to cope with repeated stressors. Lighter
colored bars denote mediator responses that stay within the reactive homeostasis range, and darker colored bars denote mediator
responses that exceed the homeostatic overload threshold. Adapted from Romero et al. (2009). Created with BioRender.com.

crobial communities has been reported across a wide
array of host taxa including fish (Dulski et al. 2020),
amphibians (Huang and Liao 2021), reptiles (Ordorica
et al. 2008), birds (Góngora et al. 2021), non-human
mammals (Carey et al. 2013; Wu et al. 2017; Hu et al.

2018; Xiao et al. 2019; Baniel et al. 2021), and humans
(Davenport et al. 2014; Smits et al. 2017). These seasonal
changes in gut microbial communities are often driven
by predictable shifts in environmental factors associated
with each season such as food availability or tempera-
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Fig. 3 Gut microbiome composition could influence stress resilience by changing the magnitude of other physiological responses mounted
in response to a perturbation. (A) A physiological mediator in response to a stressor of a host with a normal gut microbiome. The
predictive homeostasis range changes seasonally, depending on life history demands of the host. The lighter colored bar denotes a
physiological mediator response that remains within the reactive homeostasis range. (B) A physiological mediator in response to a
stressor of a host with a dysbiotic gut microbiome. The darker colored bar denotes a physiological mediator response that exceeds the
homeostatic overload threshold. Adapted from Romero et al. (2009). Created with BioRender.com.

ture. For example, the abundances of particular micro-
bial taxa are driven by dietary fluctuations between sea-
sons with respect to produce availability in different hu-
man populations including the Hutterites (Davenport
et al. 2014) and Hadza hunter–gatherers (Smits et al.
2017).

In addition to generalized seasonal transitions, ex-
treme examples of predictable changes in host physiol-
ogy that shift gut microbiota are hibernation and mi-
gration. Seasonal physiological changes associated with
hibernation alter the gut microbial community struc-
ture and function across different mammalian species
(Carey et al. 2013; Dill-McFarland et al. 2014, Dill-
McFarland et al. 2016; Xiao et al. 2019). Brown bears
double their fat stores during the summer for use during
winter hibernation. Transplantation of the brown bear
summer gut microbiota into germ-free mice promotes
fat accumulation, suggesting that gut microbiota may
contribute to host energymetabolism in preparation for
hibernation (Sommer et al. 2016). Similar to physiologi-
cal changes experienced before and during hibernation,
migratory animals may undergo seasonal fluctuations
in gut microbiome composition as they are exposed
to disparate habitats and their metabolic needs change
(Skeen et al. 2021). Migratory birds can lose up to 50%
of their body mass during migration, requiring them to
regain body stores quickly before completing another
trip (Piersma et al. 1999). Recently migrated shorebirds

possess significantly higher abundances of Corynebac-
terium in comparison to conspecific residents, suggest-
ing this microbial genus may be involved in fat de-
position during migration (Risely et al. 2018). Thus,
the composition of the gut microbiome shifts in a pre-
dictable pattern in accordance with seasonal transitions
experienced by the host.
The temporal scale of the reactive scope model can

encompass longer time periods, beyond a single year.
By extending the model’s temporal scale, we can as-
sess how gut microbial communities change at marked
points of host development. For example, the human
gut microbiome changes throughout development with
timed host dietary transitions within the first 10 years
of life (Derrien et al. 2019). The gut microbiome of hu-
man children experiences gradual specialization to deal
with the diet substrates available during different stages
of development. Infantmicrobiomes contain higher lev-
els of Bifidobacterium species, which can break down
human milk oligosaccharides (Bäckhed et al. 2015).
However, the infant gut microbiome contains microbial
species capable of breaking down plant-derived glycans,
indicating that the microbial communities are metabol-
ically ready for the introduction andmetabolismof sim-
ple plant-derived foods associated with the introduc-
tion of solid foods (Koenig et al. 2011). The gut micro-
biome of human children reflects the dietary items of
each developmental state (e.g., breastfeeding, transition
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to solid foods) but still maintains functional complexity
in preparation for future dietary transitions.

Gut microbiome in the reactive homeostasis
range

The reactive homeostasis range includes levels of the
physiological mediator that are needed to counteract
unpredictable changes in the environment (Romero et
al. 2009). Though some vertebrate species harbor a
higher degree of phylosymbiosis (i.e., microbial com-
munity relationships that recapitulate the phylogeny
of their host) with their gut microbiota than others
(Lim and Bordenstein 2020; Song et al. 2020), the
gut microbiome of host species will naturally fluctu-
ate within the boundaries of the predictive homeosta-
sis range in response to circadian, seasonal, or circan-
nual events. When the gut microbiome experiences
an unpredictable stressor, it will shift into the reac-
tive homeostasis range to counteract the stressor un-
til the challenge ceases, allowing the mediator to re-
turn to its former levels within the predictive home-
ostasis range. Examples of unpredictable stressors that
can shift the gut microbiome into the reactive home-
ostasis range include infections, rapid changes in diet,
and antibiotic usage. As previously mentioned, the re-
active scope model is largely focused on physiologi-
cal mediators that show initial measurable responses to
a stressor within minutes to hours; however, many of
the transitions among the ranges of the reactive scope
model can take much longer (i.e., days to weeks) for
these mediators. When we refer to rapid responses of
the gut microbiome to stressors, we assume that both
the initial response to stressors and the subsequent tran-
sitions among the ranges of the reactive scope model
are occurring over longer timescales such as days to
weeks.
Infections occur when harmful microorganisms in-

cluding bacteria, viruses, or fungi invade the host.
When faced with an infection, the host initiates an
inflammatory response that can alter the community
structure of the gut microbiome. For example, sev-
eral studies have shown an alteration of the gut mi-
crobiome in hospitalized patients infected with SARS-
CoV-2 (Yamamoto et al. 2021). Similarly, infection by
the monkey simian immunodeficiency virus destroys
the previously stable gutmicrobiota in chimpanzees, re-
sulting in broader changes in gutmicrobiota and the en-
richment of potential pathogens (Moeller et al. 2013).
After the acute infection is remedied, the gut micro-
biome must return to a stable state or risk fluctuat-
ing to levels outside of the normal reactive scope of
the organism. For patients recovering from SARS-CoV-
2, the gut microbiome typically rebalances its com-

position 6 months after the resolution of the infec-
tion (De Maio et al. 2021), providing evidence that
the gut microbiome can return to a stable state post-
infection.
Rapid changes in diet can also cause significant shifts

in gut microbial communities, but eventually the gut
microbiota stabilizes to fit the new dietary strategy
(Leeming et al. 2019; Ang et al. 2020). For example,
consumption of plant secondary compounds modifies
gut microbial community composition in herbivorous
woodrats, but past exposure to these plant secondary
compounds affects how the gut microbiome, and there-
fore the host, responds to toxin consumption in com-
parison to naïve populations (Kohl and Dearing 2012).
A drastic shift in diet can shift the community structure
and metabolic pathways of the gut microbiome within
a single day (Turnbaugh et al. 2009). Short-term con-
sumption of diets composed entirely of animal or plant
products alters gut microbial community structure and
macronutrient intake of the hosts (David et al. 2014).
An animal-based diet increases the abundance of bile-
tolerant microorganisms and decreases the abundance
of Firmicutes that metabolize dietary plant polysaccha-
rides, reflecting trade-offs between carbohydrate and
protein fermentation (David et al. 2014). The gut mi-
crobiomes of hosts on the animal-based diet reverted
to their original structure 2 days after the diet ended
(David et al. 2014), reflecting a transition from the re-
active homeostasis range back to the predictive home-
ostasis range.
Antibiotic usage is another unpredictable stressor

that albeit artificial can shift the microbiome toward a
dysbiotic state (Ramirez et al. 2020). Antibiotic treat-
ment reduces the overall diversity of the resident gut
microbiome, which can cause shifts in metabolic pro-
files and a decrease in colonization resistance to en-
teropathogens (Maier et al. 2021). Early exposure to
antibiotics can lead to pathogenesis, as demonstrated
in a cohort study of infants with irritable bowel syn-
drome who received antibiotics in the first year of life
(Kronman et al. 2012). However, the gut microbiome
can usually recover to near-baseline composition after
antibiotic usage depending on the age and disease state
of the host (Palleja et al. 2018).
Organisms can return to the predictive homeosta-

sis range after antibiotic perturbations because of the
suite of antibiotic resistance genes present within their
gut microbiomes. Through antibiotic-induced selec-
tion, bacteria have developed a range of processes to
elude the effects of antibiotics including enzymatic
pathways that degrade the antibiotic or addition of ef-
flux pumps that remove the antibiotic from inside the
cell membrane (Vega and Gore 2014). These antibiotic
resistance genes help the gut microbiome withstand an-
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tibiotic perturbations, but can also lead to overgrowth
of harmful enteropathogens that push the host into the
homeostatic overload range. In comparison to the wide
array of host taxa discussed in the predictive homeosta-
sis range section, most of the work on how stressors
could shift the gut microbiome into the reactive home-
ostasis range has been conducted on humans or domes-
ticated laboratory rodents; thus, there is a strong need
for more research on reactions of microbiomes in re-
sponse to reactive homeostasis in non-human and non-
domesticated animal models.

Gut microbiome in the homeostatic overload
range

When a physiological mediator exceeds the upper
threshold of the reactive scope, the animal enters a
pathological state (Romero et al. 2009). The host can
enter the homeostatic overload range when the level of
the physiological mediator extends beyond the normal
reactive scope of the organism or remains in the reac-
tive homeostasis range for an extended period of time.
As described above, resident gut microbiota provide a
protective barrier against enteropathogens via competi-
tive colonization resistance (Kamada et al. 2013).Deple-
tion of gut microbiome diversity with antibiotics could
send the host into the reactive homeostasis range by
increasing susceptibility to enteropathogens. Open mi-
crobial niches within the gut can lead to overgrowth of
enteropathogens such as Clostridium difficile and Heli-
cobacter pylori, which at high counts can become toxi-
genic and send the host into the homeostatic overload
range (Ianiro et al. 2020).

Overgrowth of C. difficile in the gut can cause diar-
rhea that leads to fatal colitis, a chronic digestive dis-
ease characterized by inflammation of the inner lining
of the colon (Leffler and Lamont 2015). Overgrowth of
H. pylori can lead to gastric and duodenal ulcers, in-
testinal metaplasia, and gastric cancer (Suerbaum and
Michetti 2002). There is also potential for overgrowth of
one enteropathogen to promote the overgrowth of an-
other. Disease-inducing human isolates of Enterobac-
teriaceae and Bacteroidales spp. are capable of symbi-
otic cross-feeding, resulting in synergistic growth un-
der malnourished conditions (Huus et al. 2021). Over-
growth ofmore than one species of enteropathogenmay
keep the host in the reactive homeostasis range for a
longer period of time, causing overactivation of other
physiological mediators such as the immune response
that could also send the host into the homeostatic over-
load range.

The gut microbiome can also enter the homeostatic
overload range without involving enteropathogens
through its effects on other physiological mediators

that induce pathological damage that is too severe to
be immediately repaired. Alterations of gut microbial
communities can cause immune system overactivation,
leading to autoimmune disorders (Wu and Wu 2012).
At homeostatic states, the gut microbiome provides a
protective immune response through colonization re-
sistance of pathogens (Kamada et al. 2013) and training
of the adaptive immune system (Gensollen et al. 2016);
however, shifts in gut microbial composition can cause
an immune system-mediated pathological state.
Dysbiotic gut microbiomes are commonly observed

in diseases involving inflammation in the gut, includ-
ing inflammatory bowel disease (Gong et al. 2016).
Increases in Gram-negative bacteria such as Bac-
teroidetes and Proteobacteria that contain lipopolysac-
charides can shift immune cells such as macrophages
toward a pro-inflammatory phenotype (Fujihara et al.
2003). Macrophages infiltrate tissues during inflamma-
tion and perform phagocytosis on foreign pathogens;
however, a dysbiotic gut may leak microbiota-derived
lipopolysaccharides into the bloodstream causing pro-
inflammatory macrophages to destroy host cells (Wang
et al. 2020). As another example, an increase in the ra-
tio of Firmicutes to Bacteroidetes within the gut micro-
biome has been identified as a contributing factor to
the pathophysiology of obesity. The gut microbiome of
obese individualsmay bemore efficient at extracting en-
ergy from a given diet than the microbiota of lean indi-
viduals (Turnbaugh et al. 2006). Thus, shifts in the ratios
of different bacterial phyla within the gut microbiome
may lead to pathogenesis of other physiological medi-
ators such as the immune system or lipid metabolism.
Similar to gutmicrobiome responses of hosts within the
reactive homeostasis range, the majority of studies on
gut microbiome responses to homeostatic overload are
found primarily in humans, necessitating a call for ex-
pansion of investigations on this topic in non-human
systems, as well as in non-captive systems.

Gut microbiome in the homeostatic failure
range

When a physiological mediator drops below the lower
threshold of the reactive scope, the organism enters the
homeostatic failure range (Romero et al. 2009). The ter-
minal lack of a functional gut microbiome either due
to an absence of any microbiota or a reduction in the
abundance of certain taxa could cause the host to en-
ter homeostatic failure. A single microbial species may
provide a key physiological process that causes homeo-
static failurewhen thatmicrobe is eliminated, even if the
rest of the microbial community is still intact. Keystone
microbes are species that individually or in a group ex-
ert a considerable influence on microbiome structure
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and functioning irrespective of their abundance across
space and time (Banerjee et al. 2018; reviewed in Tudela
et al. (2021)). For example, interspecific cross-feeding of
metabolites within the gut microbiome causes reliance
on specific microbes that perform essential functions
for other microbiota or the host itself. Following an an-
tibiotic stressor, gut microbiota that can degrade com-
plex dietary polysaccharides are keystone species for the
recovery process of community diversity, as they pro-
mote the growth of other microbial species that feed
from the broken-down components (Chng et al. 2020).
Microbiota that produce butyrate, a short-chain fatty
acid, are essential for maintaining intestinal integrity.
Butyrate provides various functions for the host such as
serving as an important energy source for colonocytes
and inducing differentiation of T regulatory cells.With-
out butyrate-producing keystone microbiota, intestinal
integrity and mucosal immune homeostasis would col-
lapse (Furusawa et al. 2013).
Microbial extinctions within the human gut micro-

biome associated with a Westernized lifestyle also pro-
vide an example of homeostatic failure. Microbiota-
accessible carbohydrates (MAC) acquired from dietary
fiber impact the diversity and composition of the hu-
man gut microbiome, but they are notably reduced in
the low fiber, high fat Western diet. Over several gen-
erations, mice fed a low-MAC diet significantly de-
crease gut microbial alpha diversity, which is not re-
coverable after the reintroduction of dietary MACs
(Sonnenburg et al. 2016). Captive mammal gut micro-
biomes resemble those of Westernized humans due to
dietary shifts, medical treatments, reduced contact with
conspecifics, and variable environmental substrates that
act as sources of microbial inoculates (McKenzie et al.
2017). Gut microbiotas of captive non-human primates
display predictable, host species specific responses to
captivity (Houtz et al. 2021), suggesting each host
species experiences unique losses of host-associatedmi-
crobiota and gains of human-associated microbiota.
Given that the gut microbiome profoundly influences
animal health, anthropogenically induced loss of key
microbial taxa may disrupt vital functions such as nu-
trient acquisition that cause the host to undergo home-
ostatic failure.
Germ-free or sterile organisms present the ideal sys-

tem to answer the question of what consequences hosts
face when they do not harbor a gut microbiome. Germ-
free organisms are raised in sterile isolators, which fully
block exposure to microorganisms including bacteria,
viruses, and eukaryoticmicrobes (Al-Asmakh andZad-
jali 2015). Germ-free animal models exhibit physiolog-
ical and morphological shortcomings in immune func-
tion, gut function, and nervous system activation in
comparison to those with a resident gut microbiome.

Germ-free mice exhibit weakened immune responses
characterized by decreased expression of pathogen-
recognizing toll-like receptors (Huhta et al. 2016), al-
tered cytokine production (reviewed in Kennedy et al.
(2018)), and smaller lymphoid tissues within the gut
such as Peyer’s patches (Pollard and Sharon 1970).How-
ever, colonization of germ-free organisms with host-
associated gutmicrobiota rescues immune system func-
tion (Hapfelmeier et al. 2010).
The morphology and function of the host gut tract

are also compromised in germ-free models. In germ-
free mice, intestinal surface area and number of villi
are reduced (Wichmann et al. 2013), resulting in in-
sufficient digestion and nutrient absorption (Martinez-
Guryn et al. 2018). Germ-free rodents have reduced
production of short chain fatty acids (Høverstad and
Midtvedt 1986) and essential vitamins such as vitamins
K and B-6 (Gustafsson 1959; Sumi et al. 1977). Absence
of a gut microbiome also decreases the integrity of the
intestinal wall, which has the potential to leak bacterial
components into the bloodstream that trigger the onset
of low-grade inflammation (Sorini et al. 2019).
Finally, absence of a gut microbiome influences the

degree to which the host can enact other physiolog-
ical systems to counteract stressors. Germ-free mice
exhibit impaired short-term recognition and working
memory (Gareau et al. 2011), potentially making them
less efficient at recognizing and averting external stres-
sors. Acute restraint stress induces an exaggerated hor-
monal stress response in germ-freemice comparedwith
controls, but HPA axis hyperactivity is completely nor-
malized when juvenile germ-free mice are colonized
with beneficial gut microbial taxa (Sudo et al. 2004).
Though germ-free organisms present the ideal system
to answer the question of what consequences hosts
face when they do not harbor a gut microbiome, find-
ings in germ-free models cannot be directly applied
to free-living populations. The examples we provide
above heavily rely on laboratory rodent or captive ani-
mal models. Homeostatic failure of the gut microbiome
inwild animals is probablymore explicitly related to the
extinction or loss of genes in gut microbial populations
(Sonnenburg et al. 2016).
In conclusion, we have provided examples of how the

gutmicrobiome changes across the four ranges of the re-
active scopemodel.We highlight a key caveat about dif-
ferentiating between homeostatic overload and failure,
whereby individual microbial taxa could exhibit over-
growth (i.e., homeostatic overload) or extinction (i.e.,
homeostatic failure), but at the community level these
processes will often occur simultaneously. For exam-
ple, we present overgrowth of enteropathogens (e.g., C.
difficile and H. pylori) as an example of gut microbial
homeostatic overload; however, loss of keystone micro-
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bial taxa, which we use as an example of gut micro-
bial homeostatic failure, often sets the stage for over-
growth of opportunistic pathogens. The reactive scope
model is ideally designed for physiological mediators
that vary linearly along a single axis, but the gut mi-
crobiome varies along a combination of axes especially
when considering beta diversity. Therefore, a failure
state of the gut microbiome within the framework of
the reactive scopemodel could involve a combination of
overgrowth and extinctions in natural settings. Despite
this discrepancy between the gutmicrobiome and other
physiological mediators, and given the overwhelming
evidence connecting the gutmicrobiome and host stress
resilience, it is essential to identifymetrics of the gutmi-
crobiome that could be measured on a single axis by re-
searchers to quantify microbiome resilience.

Metrics of a resilient gut microbiome

Resilience, the ability to rebound to a homeostatic state
after exposure to a perturbation, is an intrinsic prop-
erty of ecological communities; therefore, the compo-
sition and diversity of the gut microbiome determines
the resilience potential of the microbial community
itself. Other reviews provide thorough discussions of
the ecological processes that determine gut microbial
diversity and composition including dispersal, diver-
sification, drift, and selection (Nemergut et al. 2013;
Sommer et al. 2017). Much research on resilience of
the gut microbiome has focused on its link to human
health and strategies for intervention such as fecal trans-
plants (Dogra et al. 2020) or identifying broad patterns
of responses to environmental stressors (Rocca et al.
2019). In addition to measuring the gut microbiome to
help diagnose when animals are currently experienc-
ing chronic stress or transitioning among homeostatic
states, it may be possible to predict the resilience of an
individual’s gutmicrobiome to future stressors, and thus
theoretically, the resilience of the host.While we do not,
yet, have a full perspective onwhat constitutes a resilient
gut microbiome, we present some possible metrics that
may indicate a greater resilience of microbial commu-
nities to future perturbations.

Alpha diversity

Studies on the benefits of the gut microbiome to host
health often refer to alpha diversity of the micro-
bial community (reviewed by Heiman and Greenway
(2016)), the distribution of species abundances in a
given sample or individual. Diversity can be broken
down into richness and evenness. Richness refers to
the number of unique species and effectively measures
presence/absence (e.g., Chao1), whereas evenness refers
to the relative abundances of species within a commu-

nity (e.g., Shannon and Simpson). Additionally, one can
consider phylogenetic alpha diversity, which incorpo-
rates information from phylogenetic relationships be-
tween species in a community. For example, Faith’s phy-
logenetic diversity is calculated as the sum of branch
length of all species in a community. At present it is un-
clear whether one metric is more informative than oth-
ers in the context of measuring resilience of the gut mi-
crobiome. Calculating alpha diversity metrics that in-
form all three factors (i.e., richness, evenness, and phy-
logenetic relatedness) may uncover patterns that war-
rant further investigation (Berg et al. 2020).
Low microbial alpha diversity may be a sign of a

dysbiotic community with weakened resilience. Low
microbial diversity has been observed in human pa-
tients with diseases such as inflammatory bowel dis-
ease (Gong et al. 2016), psoriatic arthritis (Scher et al.
2015), type 1 diabetes (Zhou et al. 2020), and obesity
(Stanislawski et al. 2019). A community with increased
species richness or phylogenetic diversity may be more
resilient against perturbations such as antibiotics be-
cause related microbial species with similar functions
can compensate or replace the functional niche origi-
nally filled by the eliminated taxa (Raymond et al. 2016).
For example, gut microbiomes with increased richness
become more stable in response to a dietary fiber chal-
lenge (Tap et al. 2015).
It may be intuitive to assume high alpha diversity al-

ways translates into improved host health (Heiman and
Greenway 2016), but it often depends on what host trait
is in question. There are multiple examples of commu-
nities of low alpha diversity which are stable or benefi-
cial for the host, and conversely, other communities are
more diverse in their pathogenic state (Shade 2017). Ex-
perimentally reducing diversity of the gut microbiome
through antibiotic administration has been shown to
improve host growth (Kohl et al. 2018; Potti et al. 2002).
Reducing the number of gut microbial inhabitants also
decreases competition between the host and gut micro-
biota for nutritional resources, allowing hosts to divert
energy toward their own growth. The direction of the
relationship between host health and gut microbiome
diversitymay be dependent on species, life history stage,
or population. We caution against the sole use of alpha
diversity as a proxy for gut microbial community stabil-
ity or resilience without an intraspecific and interspe-
cific comparative context. Additionally, when measur-
ing alpha diversity, multiple axes (i.e., richness, even-
ness, and phylogenetic relatedness) should be consid-
ered when making connections between microbial di-
versity and host health metrics.
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Flexibility

In addition to overall alpha diversity, the ability to adapt
and flexibly respond to changing environmental con-
ditions may also be a measurable metric of a resilient
gut microbiome. Traditionally, phenotypic plasticity of
a vertebrate host has been defined as the ability of a
single genotype to produce different phenotypes in re-
sponse to environmental stimuli. Emerging evidence
supports the existence of an extended hologenome in
vertebrates, the sumof their own genomes and the com-
bined genomes of their microbial inhabitants, and the
environment that contributes to plasticity of host phe-
notype (Bordenstein andTheis 2015;Maebe et al. 2021).
Microbial flexibility is defined as the ability to dynam-
ically restructure the gut microbial community in the
face of environmental change (Sommer et al. 2017). Mi-
crobiome flexibility could be measured as change in di-
versity of composition in relation to the baseline from
the pre-disturbance state or relative to magnitude of
perturbation, quantifying how well the system has re-
turned to its pre-perturbation state or how much it has
recovered from the impact of perturbation.
We will explore the concept of microbial flexibility

through the lens of generalist versus specialist micro-
biota. In classical ecology, habitats with frequent pertur-
bations favor generalists (i.e., taxa with broad-resource
utilization) over specialists (i.e., taxa with narrow-
resource utilization; Robinson and Strauss 2020). The
gut environment naturally varies in pH, oxygen sat-
uration, and enzymatic profile along its length. Shifts
in host diet can also influence what nutrients are sup-
plied to the gut microbiota. These continual changes in
environmental conditions and/or resource availability
may drive cyclic growth and extinction events for spe-
cialist microbial taxa. Generalist microbiota are able to
maintain more stable populations given that they are
more adaptable to environmental change (Sriswasdi et
al. 2017).
Generalist microbial taxa can alternate between en-

ergy sources, carbon sources, and oxygen requirements
(Chen et al. 2021). Bacterial species utilize a wide
spectrum of electron donors (e.g., organic carbon, sul-
fide, and hydrogen; Falkowski et al. 2008), oxidants
(e.g., oxygen, nitrite, fumarate, sulfur, and fermenta-
tion; Gyuraszova et al. 2017), and carbon sources (e.g.,
heterotrophy and autotrophy; Wang et al. 2019). It is
assumed that microbial taxa with increased metabolic
flexibility such as facultative anaerobes are more re-
silient to perturbations in the gut environment (Chen et
al. 2021). From the holobiont perspective (Bordenstein
and Theis 2015; Maebe et al. 2021), low microbial flex-
ibility may limit the phenotypic plasticity of the host in
response to environmental cues. Thus, high microbial

flexibility presumably promotes adaptation of the holo-
biont to environmental changes.
Similar tomicrobial alpha diversity, increasedmicro-

bial flexibility does not always equate to increased host
fitness or resilience. As discussed above, microbial flex-
ibility is adaptive for the host if it is responding to an
environmental challenge; however, if a certain gut mi-
crobial composition makes the host well-matched to
its environment, then microbial flexibility or mutabil-
ity might be maladaptive for the host (Alberdi et al.
2016). Therefore, we urge researchers to consider the
role of microbial flexibility in the context of environ-
mental variables and how the host responses to its envi-
ronment with different gut microbial compositions.

Gene richness

Beyond the taxonomic membership of the gut mi-
crobiome, one could argue that the community-level
biochemical functions and metabolic interaction pat-
terns are more important for host fitness than the taxa
responsible for them (Doolittle and Booth 2017). In
other words, researchers should focus more on the
song of the holobiont (i.e., functional pathways) rather
than the singers (i.e., the taxonomic identities of the
gut microbiota). One way to measure the functional
capacity and subsequently, resilience of the gut mi-
crobiome is by measuring the richness of functional
genes. Metagenomic approaches such as metagenome-
assembled genomes provide a direct assessment of the
full suite of functional genes of the microbiome, al-
though the results are dependent on sequencing depth
(Durazzi et al. 2021). Previous metagenomic sequenc-
ing approaches were limited by low sequencing depth
(e.g., Illumina HiSeq only), which are unable to cap-
ture low abundancemicrobial genomes, but a combina-
tion of long-read sequencing approaches (e.g., HiSeq-
PacBio hybrid) can cover repetitive and low-coverage
regions, increasing metagenomic assembly contiguity
(Jin et al. 2022). Regardless of the specificmicrobial taxa
present, the overall diversity of genes and subsequent
metabolic functions can be used as a measure of re-
siliency (Xu et al. 2014). Metagenomics could also be
used to identify sources of dysbiosis by characterizing
the presence or absence of a functional gene that pro-
vides a key metabolic pathway.
One of the main ways that the gut microbiome may

acquire novel functional genes is from horizontal gene
transfer among community members or the environ-
ment. Quantifying metrics that consider gene function
over taxonomic identity may be preferred as a signifi-
cant proportion of microbiota are horizontally acquired
from environmental reservoirs that may be different for
each host generation. In some cases, gut microbiota of
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offspring may be taxonomically identical to those of the
previous generation; however, in other cases, newly ac-
quired microbiota are not the same taxa as their prede-
cessors but belong to the same functional guild (Burke
et al. 2011). Thus, selection is most likely acting at
the functional level rather than at the taxonomic level
(Doolittle and Booth 2017), necessitatingmore work on
how selectionmay act on functional microbial guilds to
promote a resilient gut microbiome.

We will focus on examples of horizontal gene trans-
fer in bacteria since it is most commonly studied in
this kingdom, but horizontal gene transfer can also oc-
cur between other members of the gut microbiome
including fungi, plants, and animals (Rancurel et al.
2017; Garcia-Vallvé et al. 2000). Horizontal gene trans-
fer allows microbiota to acquire genes from distant
species that are not in a parent-offspring relationship
(Keeling and Palmer 2008). There are threemainmech-
anisms through which microbiota can horizontally ac-
quire novel DNA: conjugation, transduction, and trans-
formation. Relying on cell-to-cell contact via conjuga-
tive pili, DNA can be pushed out of a donor cell and
transported into a recipient cell during bacterial conju-
gation. During transduction, genetic material is intro-
duced from a phage into bacterial genomes. Transfor-
mation involves the uptake of DNA from the environ-
ment (Price et al. 2019).

The gut is an ideal location for horizontal gene
transfer-mediated adaptation to perturbations because
the probability of horizontal gene transfer occurrence
increases due to the proximal contact of donor–
recipient genomes with each other (Adato et al. 2015).
Though not all horizontally transferred genes are bene-
ficial (Bliven and Maurelli 2016), they can provide a se-
lective advantage to the host organism by increasing the
genetic diversity and subsequently functional capacity
of its microbial residents (Vogan and Higgs 2011). New
functions acquired by mobile genetic elements within
the gut microbiome include antibiotic resistance, diges-
tion of complex carbohydrates, and toxin resistance.

Horizontal gene transfer can occur and acquire new
functionality in the gut microbiome within a single in-
dividual (Zlitni et al. 2020). The most striking exam-
ple of this can be found in human populations with in-
dustrialized lifestyles, which are associated with higher
horizontal gene transfer rates. The functions of these
horizontally transferred genes are also related to the
level of host industrialization (Groussin et al. 2021).
As urbanization increases around the world, measuring
gene richness and rate of horizontal gene transferwithin
gut microbiomes may be a highly relevant proxy for
how resilient the microbiome is against anthropogenic
stressors.

Limitations and additional approaches

As described briefly above, a limitation of many lin-
ear metrics of the gut microbiome is that similar di-
rectional change can be caused by multiple underly-
ing processes, which may be differentially related to
resilience. For example, as the average alpha diversity
of a community increases, beta diversity tends to in-
crease as well, simply due to the fact that there are
more axes across which communities can differ. Thus,
as alpha diversity increases, the gut microbial commu-
nity may also exhibit greater dispersion. This creates an
inherent pitfall of universally interpreting high alpha
diversity as increased resilience, as stressors produce
stochastic changes in beta dispersion (i.e., distribution
or spread of data) of gut microbiome communities.
Eco-phylocomparative null modeling offers an alterna-
tive approach to parse deterministic versus stochastic
change in the gut microbiome (Stegen et al. 2013). This
approach quantitatively estimates the influence of eco-
logical processes that drive community assembly such
as drift, dispersal, and selection, while also using eco-
logical patterns to characterize known and unknown
abiotic variables that impose selection or result in low
levels of dispersal. Ultimately, eco-phylocomparative
null modeling may be a useful tool for drawing infer-
ences on what constitutes a resilient gut microbiome
that cannot be achieved by solely measuring alpha di-
versity.
We acknowledge the limitations of focusing on broad

directional metrics such as alpha diversity, flexibility,
and gene richness, but in some cases, these metrics pro-
vide measurable proxies that are likely to provide valu-
able information, and potentially to serve as indica-
tors of microbial resilience. Additionally, we encour-
age researchers to explore context-dependence (i.e., in
relation to other aspects of host phenotype and en-
vironment) to better understand the relationships be-
tween the gut microbiome and organismal-level stress
resilience.

Conclusions and future directions
In recent years, it has become more feasible for re-
searchers working in a wide variety of host taxa to
measure the gutmicrobiome using high-throughput se-
quencing technologies enabling approaches such as 16S
rRNA amplicon sequencing or shotgun metagenomic
sequencing (Goodrich et al. 2014; Jovel et al. 2016;
Gilbert et al. 2018). Amplicon-based sequencing of the
16S rRNA gene (i.e., a highly conserved and univer-
sal gene found in bacteria and archaea) is an affordable
and reliable option for researchers interested in con-
ducting gut microbiome surveys of their study organ-
isms. We encourage future studies investigating medi-
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ators or biomarkers of host stress resilience to include
the gut microbiome among the list of other measur-
able aspects of host phenotype. Microbe-mediated ef-
fects on the host are often context-dependent, high-
lighting the need to measure the full range of the host’s
phenotype. For example, glucocorticoid treatment de-
creases interindividual variation in microbial commu-
nities in nongravid female lizards, but this effect was
not observed in late-gestation females (MacLeod et al.
2022). If researchers desire to identify dysbiosis, they
must know what constitutes a healthy microbiome for
their study organism according to whichever life his-
tory stage and/or sex is of interest. To control for this
high interindividual variability, researchers should lon-
gitudinally sample the gut microbiomes of the same in-
dividuals throughout the course of the study if possible.
Though not all animals are dependent on a gut mi-

crobiome (Hammer et al. 2019), host-associated gutmi-
crobial communities are pervasive across animal taxa
and influence a suite of phenotypic traits. While there is
overwhelming evidence that the gut microbiome may
be associated with aspects of stress resilience, there is
still relatively little work in wild systems on its role as
a mediator of organismal-level stress resilience, pro-
viding ample opportunities for future studies on the
microbiota–gut–brain axis. Future studies should ex-
plore what characteristics indicate a resilient gut mi-
crobiome, and test when and how resilient gut micro-
biomes increase host resilience, especially in natural en-
vironments.Weprovide examples of how the gutmicro-
biome varies throughout the four ranges of the reactive
scopemodel (Romero et al. 2009), and identify measur-
ablemetrics including gutmicrobial alpha diversity, mi-
crobial flexibility, and gene richness that can be used as
a proxy for the degree to which the host is experiencing
chronic stressand potentially predict resilience to future
stressors. In conclusion, we urge researchers across dis-
ciplines to include the gut microbiome as a mediator of
host stress resilience and hope this perspective piece in-
spires more investigations into this topic.
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