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Abstract
The human body is inhabited by billions of microbial cells and these microbial symbionts play critical roles in human health. Human-associated
microbial communities are diverse, and the structure of these communities
is variable across body habitats, through time, and between individuals. We
can apply concepts developed by plant and animal ecologists to better understand and predict the spatial and temporal patterns in these communities.
Due to methodological limitations and the largely unknown natural history
of most microbial taxa, this integration of ecology into research on the human microbiome is still in its infancy. However, such integration will yield
a deeper understanding of the role of the microbiome in human health and
an improved ability to test ecological concepts that are more difﬁcult to test
in plant and animal systems.
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1. INTRODUCTION
Like nearly all plants and animals, humans host a large number of microorganisms, both on
and in our bodies. As we go about our daily lives, we are continually in the process of acquiring
and shedding microbes, exchanging microbes directly and indirectly with friends, family members,
strangers, and any environment with which we come into contact. However, the resulting structure
of our microbial communities is not simply a product of this immigration and emigration of
microbes. Current and past conditions of our body habitats, conditions that are largely a product
of our anatomy, physiology, behavior, and immune system function, also affect the structure of
our microbial communities. The converse is also true; the microbial communities living on and
in our bodies can shape the characteristics of the human body in a myriad of ways.
Collectively, the human microbiome, which we deﬁne here as those microorganisms associated
with the human body, is represented by 1014 to 1015 microbial cells and the majority of these
cells are found in the large intestine (Bäckhed et al. 2005). In terms of numerical abundance,
bacterial cells likely outnumber human cells by at least an order of magnitude (Savage 1977). The
bacterial contribution to the total genetic diversity found within the human body is perhaps a
more important consideration as the number of bacterial genes clearly outnumbers the number
of genes in the human genome by several orders of magnitude (Qin et al. 2010). Although many
of these bacterial genes may have no direct relevance to the health of the human host, the human
microbiome has the potential to endow us with a large number of traits or characteristics that are
not encoded in our own genome. In other words, our health is not simply a product of the genetic
or epigenetic potential of human cells, but also a function of the structure and activities of our
associated microbial communities.
Understanding the structure and function of the human microbiome requires knowledge from
a wide range of disciplines—from immunology to genomics to microbial metabolism. Here we
examine the human microbiome from an ecological perspective, exploring how ecological concepts
derived largely from research on plant and animal communities may help us understand the
structure and function of the human microbiome. We recognize that ours is not the ﬁrst attempt
to delve into the ecology of the human microbiome; there are a number of excellent reviews on the
topic (e.g., Dethlefsen et al. 2007, Gonzalez et al. 2011, Robinson et al. 2010). We also recognize
that the ecology of the human microbiome is an impossibly large topic to summarize in this space.
Essentially every topic in the ﬁeld of ecology, from autecology to biogeography, is relevant to
understanding the spatial and temporal patterns exhibited by human-associated microbes. We
focus on selected topics that represent key knowledge gaps in our understanding of the ecology of
the human microbiome. Although we primarily focus on bacteria, we recognize that the human
body is also home to other microbial taxa, including fungi, microeukaryotes, and archaea, which
can have important effects on the health of the human host. Likewise, we do not devote a lot of
attention to viruses as researchers are only now beginning to document the diversity of viruses
found in the human body and their role in the human microbiome (e.g., Minot et al. 2011, Reyes
et al. 2010).

2. RELEVANCE OF THE MICROBIOME TO HUMAN HEALTH
Research on the human microbiome is as old as the ﬁeld of microbiology. The ﬁrst person to observe and formally describe microbes was Antonie van Leeuwenhoek, who in the late seventeenth
century looked at his own saliva through a rudimentary microscope and noted: “I then most always saw, with great wonder, that in the said matter there were many very little living animalcules,
very prettily a-moving”. In subsequent centuries, research on the human microbiome expanded as
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microbiologists began to discover that speciﬁc bacterial taxa caused diseases, with many of these
pathogens fulﬁlling Koch’s postulates. Although the limitations of Koch’s postulates are well
known, they remain a cornerstone of medical microbiology because they provide a useful framework for the identiﬁcation of new pathogens. However, the reliance on Koch’s postulates (or
variants thereof, see Fredericks & Relman 1996) may have directed the focus of medical microbiology toward diseases that could be linked to a speciﬁc taxon and away from diseases associated with
changes in multiple taxa within a microbial community. The recent launch of the Human Microbiome Project (http://commonfund.nih.gov/hmp/), MetaHIT (http://www.metahit.eu/), and
other related large-scale research efforts signals a shift of focus as both medical professionals and
research microbiologists are increasingly recognizing the importance of the underlying structure
of the entire human microbiome for human health.
The human microbiome can affect human health in many ways, and new functions of the
human microbiome are being discovered on a regular basis. For example, we know that the human
microbiome can alter host susceptibility to microbial pathogens, aid in the digestion of complex
polysaccharides, produce metabolites required by the host (e.g., vitamins or speciﬁc amino acids),
modulate and educate the immune system, regulate environmental conditions within body habitats,
and inﬂuence tissue development (Gill et al. 2006, Pﬂughoeft & Versalovic 2011, Robinson et al.
2010). Host-microbiome interactions span the spectrum of being beneﬁcial to the host, having
no detectable inﬂuence on host health (a commensal relationship), or having a net negative effect
on the health of the host. For example, the pathogenic bacterium Clostridium difﬁcile can, in some
cases, become more abundant and permanent members of the human microbiome (McFarland
2008). Likewise, there is a wide range of diseases that have been linked to dysbioses, causing
changes in resident microbial communities that are associated with negative effects on host health.
Such diseases include bacterial vaginosis, Crohn’s disease, psoriasis, gingivitis, obesity, antibioticassociated diarrhea, and irritable bowel syndrome (Frank et al. 2011, Pﬂughoeft & Versalovic
2011). However, causality for dysbiosis is often difﬁcult to determine; the microbiome could be
causing the disease or the resident microbial communities could be reﬂecting changes in the host
brought about by the disease state. In either case, ecological investigations of human-associated
microbial communities have the potential to directly affect the way in which we prevent diseases,
identify onset of disease, design treatments, and track disease recovery.

3. DESCRIBING DIVERSITY IN THE HUMAN MICROBIOME
Only in the past few decades have microbiologists begun to fully appreciate the extent of microbial
diversity found within the human body. Although we have known for centuries that the mouth,
for example, harbors large numbers of bacteria (Leeuwenhoek’s animalcules), until recently, our
understanding of their taxonomy and function was drawn almost entirely from pure culture studies
of individual bacterial isolates grown in vitro. Most microbes are difﬁcult to culture in isolation,
leading to biases in culture-dependent surveys of microbial diversity (Pace 1997). Moreover,
although culture-based investigations are vital to understanding the ecology, physiology, and
genetics of individual taxa, microorganisms may exhibit different characteristics in vitro than in
vivo. For example, streptococci, which are often associated with dental caries, rely on a suite of
other bacteria in order to effectively colonize and reproduce on tooth surfaces ( Jenkinson 2011).
Thus, streptococcal ecology cannot be understood by solely studying these organisms in pure
culture.
The development of culture-independent tools, particularly 16S rRNA gene sequence analysis,
has greatly expanded our understanding of the microbial diversity in the human microbiome. We
now know that the human mouth, for example, contains hundreds of microbial taxa, most of
www.annualreviews.org • From Animalcules to an Ecosystem
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which have yet to be cultured ( Jenkinson 2011). This revolution in our ability to describe humanassociated microbial communities continues unabated. New tools that enable detailed examination
of the human microbiome across large numbers of individuals are introduced nearly every month,
including both sequencing platforms and data analysis approaches. Reviews of the methodological
advances in human microbiome research (Hamady & Knight 2009, Kuczynski et al. 2012) point
out that it is increasingly feasible for researchers to rapidly characterize microbial communities
in thousands of samples. These advances enable us to move research on the human microbiome
into the realm of ecology, describing and predicting the inter- and intraindividual variability in
microbial communities and their functional capabilities.
Many of the approaches microbiologists use to describe the variability in microbial communities
are conceptually similar to those approaches long used by plant and animal ecologists. However,
there are important distinctions between microbial and “macrobial” (i.e., plant and animal) diversity surveys. Studies of plant and animal systems often rely on visible observations of taxa and
their responses to biotic and abiotic stimuli. However, modern microbiome studies typically rely
on DNA or RNA sequencing to infer the presence or relative abundance of organisms because
visual observation of microbial taxa in situ is often difﬁcult. Also, though microbiologists do have
extensive knowledge about a limited number of well-studied, cultured organisms, we lack basic
knowledge about the natural histories of most microbial taxa, even those taxa commonly found in
the human body. Furthermore, because the average sizes and generation times of plant and animal
species are orders of magnitude larger or longer than those of bacterial taxa, microbial ecologists
need to address a unique set of spatial and temporal issues. These limitations make it difﬁcult to
directly compare those ecological phenomena observed in macrobial versus microbial systems.
Nevertheless, they should not prevent us from applying ecological concepts (which were largely
derived from plant and animal systems) to the study of the human microbiome.

4. ALPHA DIVERSITY IN THE HUMAN MICROBIOME
AND HOST HEALTH
Alpha diversity is a key metric used by community ecologists and may provide important insight
into community assembly patterns and the interactions between the microbiome and its human
host. Alpha diversity is generally deﬁned as richness (the number of taxa or lineages in a given
sample), evenness (the relative abundance of taxa present within a given sample), or a metric that
combines these two parameters (e.g., Shannon-Weiner diversity index). Although ecologists are
increasingly describing alpha diversity patterns using metrics that incorporate phylogenetic (Faith
& Baker 2006) and functional or trait-based information (Petchey & Gaston 2007), we focus
here on the taxonomic diversity of human-associated microbial communities as this is the alpha
diversity metric most commonly applied in microbial community analyses.
To an ecologist more familiar with plant and animal communities, the alpha diversity observed in human-associated bacterial communities is immense. Individual body habitats typically
harbor dozens of bacterial phyla and hundreds, if not thousands, of individual bacterial phylotypes, canonically referred to as operational taxonomic units (OTUs). The notion of an OTU
is essential as there is no consensus deﬁnition of what constitutes a bacterial species (Zhi et al.
2012). However, most of these OTUs are rare, and the majority of body habitats are dominated
by just a few bacterial phyla (Figure 1). We also know that alpha diversity levels can vary dramatically between individuals, across body habitats, and within an individual body habitat over
time (Caporaso et al. 2011, Costello et al. 2009). From a long history of research on the alpha
diversity patterns exhibited by plant and animal communities, we know that a wide range of processes could generate the alpha diversity patterns observed within the human microbiome. Such
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Figure 1
General patterns in the composition of bacterial communities in various body habitats. Pie charts illustrate
percentage of 16S rRNA gene sequences representing the dominant bacterial phyla. Data compiled from
Charlson et al. 2010, Costello et al. 2009, Dicksved et al. 2009, Frank et al. 2003, Hayashi et al. 2005, Kim
et al. 2009, Pei et al. 2004, Price et al. 2010.

processes include environmental gradients, disturbance regimes, resource competition, predatorprey interactions, and niche differentiation (Ricklefs & Schluter 1993, Rosenzweig 1995), in addition to neutral processes (Hubbell 2001). Unfortunately, there are surprisingly few studies of the
human microbiome that explicitly examine how these factors can inﬂuence alpha diversity patterns
even though understanding the relationship between the alpha diversity of microbial communities
and a disease state is one of the key questions in human microbiome research (Frank et al. 2011).
We know that certain diseases are associated with pronounced changes in alpha diversity
within affected body habitats. However, the directional change associated with the disease state
is not consistent across all diseases. Cystic ﬁbrosis appears to cause an increase in the diversity of
bacteria in patients’ lungs (Harrison 2007), whereas Crohn’s disease often results in a decrease in
the microbial diversity of the intestine (Manichanh et al. 2006). Furthermore, it is often difﬁcult
to determine whether changes in alpha diversity are the cause or consequence of the disease state.
For example, a study of human gut microbial communities found that there were differences in
bacterial diversity between healthy individuals and those with inﬂammatory bowel disease (IBD;
Frank et al. 2007); yet it was not clear if the healthy individuals were less susceptible to IBD
www.annualreviews.org • From Animalcules to an Ecosystem
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because they had a diverse gut microbiota to begin with or if IBD caused a lower alpha diversity.
For these reasons, alpha diversity may be a poor predictor of disease status (or susceptibility to
disease). Nevertheless, changes in alpha diversity could provide a useful indicator of health status
just as changes in plant diversity (Balvanera et al. 2006, Loreau et al. 2001) or animal diversity
(Hudson et al. 2006) can sometimes be used as indicators of ecosystem health or function. Work
on bacterial vaginosis lends support to this idea. In many cases, the onset of vaginosis is preceded
by a large increase in bacterial diversity levels within the vagina (Lamont et al. 2011).
Although it is difﬁcult to determine how shifts in alpha diversity within human-associated microbial communities may impact human health, we can apply concepts derived from research on
plant and animal communities to speculate on possible linkages. In particular, we hypothesize that
changes in alpha diversity may impact the stability of human-associated microbial communities
and their susceptibility to invasion from microbial pathogens. Ecologists have long hypothesized
that biodiversity might relate to these community-level properties of stability and invasibility
(Elton 1958, MacArthur 1955). Despite some debate on this topic, there is increasing evidence
from research in both terrestrial and aquatic systems that increases in alpha diversity may promote community stability and reduce invasibility. For example, higher alpha diversity tends to
decrease the susceptibility of a wide range of ecosystem-level processes to disturbance events or
environmental stressors (Cadotte et al. 2008, Cardinale et al. 2011, Hooper et al. 2005). Likewise,
more diverse communities may be more resistant to invasion (Ives & Carpenter 2007). However,
this is not always the case and ecologists have hypothesized that diverse communities may, in
some cases, facilitate invasion by creating more niches than the endemic taxa can ﬁll (Fridley et al.
2007). In addition, environmental conditions that favor highly diverse communities could also
favor colonization by invasive taxa (Stohlgren et al. 2003). Still, a review of studies investigating
links between plant community diversity and invasion found that higher alpha diversity was typically correlated with the reduced invasibility of communities at more local scales (Stohlgren et al.
2003).
There is some evidence that, within the human microbiome, more diverse communities may be
less prone to microbial invaders. Blaser & Falkow (2009) have suggested that decreases in microbial
diversity could create niches for microbial invaders including human pathogens. For example,
antibiotic treatments typically reduce bacterial species richness, which may open up niches for
pathogens such as C. difﬁcile in the human gut (McFarland 2008) and Pseudomonas aeruginosa in the
pulmonary tract (Flanagan et al. 2007). Unfortunately, we are not aware of any empirical studies
that directly demonstrate a link between an increase, or decrease, in microbiome diversity and
the onset of a disease in humans. Similarly, there is a dearth of empirical data indicating whether
people with high or low diversity microbiomes are more prone or resistant to disease, although
there is some evidence suggesting that such relationships may exist (Chang et al. 2008, Mazmanian
et al. 2008, Packey & Sartor 2009).

5. BETA DIVERSITY IN THE HUMAN MICROBIOME
The human microbiome is frequently characterized as having high beta diversity, deﬁned as the
taxonomic or phylogenetic difference in community composition between samples [see Anderson
et al. (2011) and Graham & Fine (2008) for an overview of the various beta diversity metrics].
Recent high-throughput studies reveal that even within a given body habitat, any pair of individuals share remarkably few bacterial taxa. For example, though the composition of gut microbial
communities is more similar between family members than unrelated individuals, the relative
abundances of the taxa found within the communities of family members can still vary by two
orders of magnitude (Turnbaugh et al. 2009a). In addition, less than 30% of the microbial taxa
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sampled daily from speciﬁc habitats in a person’s body were consistent community members
in that body habitat over one month; after 120 days, less than 10% were consistent members
(Caporaso et al. 2011). Although it is not a surprise that different body habitats harbor distinct
bacterial communities (Costello et al. 2009), it is worth noting that the variability in bacterial
communities across skin sites on one person, for example, exceeds the variability in community
composition for a given skin location between individuals (Costello et al. 2009, Grice et al. 2009).
All of this evidence suggests that at the ﬁner levels of taxonomic resolution, a “core microbiome”
(sensu Turnbaugh et al. 2007) is not likely to exist. Thus, one of the central questions in human
microbiome research is: What mechanisms are responsible for these differences in the composition of human-associated microbial communities? As noted above, there is a long list of factors
that can inﬂuence species diversity and cause high levels of beta diversity. For simplicity, we focus
on niche and neutral theories that provide opposing explanations for beta diversity within and
between individuals.

5.1. Niche Processes in the Human Microbiome
The majority of human microbiome studies conducted to date have focused on the role of niche
processes in shaping beta diversity patterns. The niche perspective stresses the roles of environmental variables in driving patterns in community assembly and diversity. In fact, many human
microbiome studies have found evidence supporting the role of niche-based processes in explaining beta diversity patterns. The signiﬁcant differences between the microbial community
structures of different body habitats provides a compelling example of niche differentiation in
human-associated microbial communities (Costello et al. 2009). Within the skin body habitat,
differences in microbial community composition are related to moisture content and pH of the
skin (Grice et al. 2009). In addition, dietary habits (Ley et al. 2006) and obesity (Turnbaugh et al.
2006) have been shown to be correlated with differences in gut microbial community composition
and phylogenetic structure.
However, there are limitations to niche-based approaches in human microbiome research. In
most internal body habitats, it is difﬁcult to accurately measure all of the environmental parameters,
such as oxygen concentrations or moisture levels, which could be essential for deﬁning microbial
niches. Methodological constraints aside, one can imagine the difﬁculties associated with accurately
characterizing the niches within the ﬁve to eight meters of the small intestine (for example)
given that individual microbes are typically only a few microns in size. In particular, consider the
environmental heterogeneity created by changes in the mucosal layers from the duodenum to the
ileum, as well as the complexity created by villi and the continual breakdown of contents. For this
reason, most studies of the gut rely on fecal samples, which are assumed to be representative of the
average microbial community across the myriad of niches in the entire human gut. Consequently,
it is not only difﬁcult to determine the strength of niche processes in body habitats, it is also
difﬁcult to understand how niches inﬂuence the observed levels of beta diversity.

5.2. Neutral Processes in the Human Microbiome
It is possible that stochastic processes may also strongly inﬂuence beta diversity patterns in the
human microbiome because microorganisms have high dispersal rates onto/into the human body
and microbial taxa are subject to rapid evolutionary changes owing to relatively short generation times and horizontal gene transfer. In the neutral theory of biodiversity, interspeciﬁc trait
differences are assumed irrelevant, and community structures arise via primarily stochastic processes (Hubbell 2001). In brief, neutral theory posits that stochastic extinction, immigration, and
www.annualreviews.org • From Animalcules to an Ecosystem
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Figure 2
Three levels of diversity as deﬁned by Whittaker et al. (2001) and applied to the human microbiome. Alpha
diversity (α) describes the biodiversity found in one sample or a community (e.g., the microbes sampled from
the skin on one’s palm); beta diversity (β) describes the dissimilarity in communities or samples (e.g., the
phylogenetic diversity difference between the group of microbes found on the skin of one’s palm and chest,
or between the palms of individuals); gamma diversity (γ ) is the collective diversity of all samples, i.e., the
grouped alpha diversity, (e.g., the total biodiversity found in all skin samples of one or more individuals).

speciation events can explain community composition within or between sites without knowledge
of species-level traits. The appeal of these simple models is their parsimony or ability to accurately
predict biodiversity while including few parameters or assumptions (e.g., Hubbell 2001). In studies
of plants and animals, neutral models, though not always providing the best ﬁt, have been able to
predict species abundance curves, species area relationships, and distance-decay patterns across a
variety of systems with similar accuracy as niche models that incorporate species-level traits and
variability (McGill et al. 2006, Rosindell et al. 2011).
Neutral models pose unique challenges and opportunities in the study of the human microbiome. For example, deﬁning the size and composition of the bacterial source pool (metacommunity; Figure 2), as well as determining the dispersal rates within the metacommunity, is
conceptually and empirically challenging. Although initial studies have proposed elegant mathematical solutions to these challenges in model-ﬁtting studies (Oﬁteru et al. 2010, Sloan et al.
2006), empirical testing and validation of neutral model assumptions in bacterial communities
remains difﬁcult. Still, neutral models can be used to generate testable hypotheses of community
patterns, which can then help us understand the relative roles of niche versus neutral processes in
structuring the human microbiome [see discussions by Oﬁteru et al. (2010) and Rosindell et al.
(2011)].
Although the exploration of neutral processes in the human microbiome is relatively nascent,
stochastic processes do seem to be signiﬁcant predictors of the bacterial community composition
within certain body habitats. For example, dispersal rates and the size of the bacterial source pool
have been shown to be important in shaping the relative proportions of bacteria observed in human
lungs, but not necessarily of communities found in fecal samples (Sloan et al. 2006). The same
processes can also be important in structuring bacterial communities of lake and sewage treatment
waters, as shown by theoretical and empirical studies (Lindström & Ostman 2011, Oﬁteru et al.
2010). These results show that the inﬂux of bacteria to certain habitats can be high, and stochastic
departures and arrivals of bacterial community members can inﬂuence the variation observed
between human body cavities and between human hosts.
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Both niche and neutral processes are likely important for assembling the bacterial communities
of humans, a pattern already reported for some plant and animal communities (Chase 2007,
Chase & Myers 2011) and microbial communities (Cadotte 2007, Fukami et al. 2007, Zhang
et al. 2009). Nevertheless, determining which process is most important under which conditions,
or if these processes work simultaneously or conditionally, is imperative for the effective design
of more targeted studies. For example, if neutral processes dictate community structure in the
microbiome, it is important to empirically test the effect of dispersal rates among communities, as
well as to determine the size and diversity of the relevant metacommunity. Alternatively, where
niche processes are most important, research should focus on measuring community structure
in response to variation in local environments and processes, as well as focusing on the role of
interspeciﬁc and intraspeciﬁc trait variation in coexistence and community structuring (e.g., Clark
et al. 2010). Finally, determining the relative strength of niche and neutral processes across spatial
and temporal scales in the human microbiome is necessary in order to disentangle the effects of
deterministic and stochastic processes on beta diversity. Considering beta diversity in the context
of niche and neutral processes is particularly important for understanding how the microbiome
responds to, and recovers from, disturbances. Also, we can use both niche and neutral approaches
to reﬁne our understanding of how community assembly in the microbiome is inﬂuenced by
environmental heterogeneity and competition/facilitation, factors long considered by community
ecologists and covered in greater detail below.

6. SUCCESSION AND DISTURBANCE
As with all biological communities, the composition and structure of the human microbiome is not
static. The types of changes observed in the human microbiome can vary from small ﬂuctuations
around a relatively stable microbial community to complete shifts in community membership
to alternate stable states. Furthermore, these variations in microbial community structure can
occur over timescales ranging from hours to decades. Although some of the changes observed
in the human microbiome occur during speciﬁc life stages and are thus predictable, other shifts
are seemingly random or are triggered by speciﬁc disturbance events. In these regards, concepts
borrowed from community ecology, such as succession and the temporal stability in community
structure, may offer insights into the factors driving the temporal variability within the human
microbiome.
Microbial colonization of the human body begins at birth, and delivery mode largely determines
the pioneer colonizers (Dominguez-Bello et al. 2010). For example, the different body habitats
of babies born vaginally are ﬁrst colonized by Lactobacillus and Prevotella species originating from
the mother’s vagina. In contrast, babies born via Cesarean-section (C-section) are ﬁrst colonized
by Staphylococcus, Corynebacterium, and Propionibacterium species that originate from human skin.
Interestingly, the pioneer microbiota of C-section babies differ from the skin communities of
their mother, suggesting that these skin-associated taxa came from other people (nurses, doctors,
the father) or from surfaces that the babies contact shortly after being born (Dominguez-Bello
et al. 2010). These differences in initial colonization have a lasting effect on community composition as the intestinal microbiota of C-section babies remains distinct from vaginally delivered
babies several months after birth (reviewed by Dominguez-Bello et al. 2011). This phenomenon
is conceptually similar to the “priority effect” observed in other types of communities (Fukami &
Nakajima 2011) and may be partially responsible for the higher occurrence of certain atopic diseases later in life. For example, the human microbiome can train the immune system to respond to
various pathogens (Björkstén 2004), possibly contributing to the increased susceptibility of babies
born via C-section to the development of allergies and asthma later in life (Salam et al. 2006).
www.annualreviews.org • From Animalcules to an Ecosystem
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Following initial colonization, our microbial communities continue to develop and diversify
through the ﬁrst couple of years of life (reviewed by Dominguez-Bello et al. 2011). During this life
stage, bacterial communities change rapidly in response to our environment, health, and diet (Spor
et al. 2011). For example, the intestinal community of an infant can switch from an Actinobacteriaand Proteobacteria-dominated community to an adult-like state dominated by Firmicutes and Bacteroidetes upon the introduction of plant-derived foods like peas (Koenig et al. 2011). Adolescents
have distinct distal colon microbiota from adults (Agans et al. 2011), and shifts in the composition of
the oral microbiota have been associated with the development of secondary sexual characteristics
during puberty (Gusberti et al. 1990). This evidence indicates that some microbial communities
undergo succession in concert with the developmental stages of the human host.
Until recently, there was a general consensus that healthy adults harbored a relatively stable,
climax microbiome. Stability, however, is a relative term and means different things depending on
the body habitat in question and the age of the individual. Furthermore, there is little empirical
data to support this consensus, as only a few studies have examined temporal variability in the
microbiome associated with healthy adults (e.g., Caporaso et al. 2011, Costello et al. 2009, Grice
et al. 2009). From these studies, it is apparent that the adult microbiome is in a constant state of
ﬂux as microbial community composition on and in an individual varies substantially over time.
Moreover, our body habitats exhibit differing degrees of variability; skin is the most variable,
whereas the mouth appears to be the least variable (Caporaso et al. 2011). The differing degrees of
variability observed across body habitats is likely dependent on a wide range of factors including
the stability of environmental conditions, the turnover rate of the community, and the immigration rate from external sources. However, intraindividual variation is nearly always less than
interindividual variation, and body habitats harbor distinct microbial communities (Caporaso et al.
2011, Costello et al. 2009). So, though there are variations in microbial community composition
over time, each body habitat appears to exist in its own stability domain.
Although the healthy human microbiome is temporally variable and animal-associated microbiomes may transition between alternate stable states (Costello et al. 2010, Ravel et al. 2011),
variation due to stressors may have detrimental effects on the function of our native microbiome.
Stressors such as pathogenic invasions and exposure to broad-spectrum antibiotics (Dethlefsen
et al. 2008, Hoffmann et al. 2009) can rapidly and dramatically alter the structure of the human
microbiome. The recovery time after removal of the stress can be weeks to months, although
evidence suggests that the microbial communities in some body habitats may never return to
their prior state (Antonopoulos et al. 2009). In these cases, certain treatment measures such as cohabitation with healthy individuals or intentional inoculation, may expedite the recovery process
(Khoruts et al. 2010). In contrast, there are a wide range of stressors, such as hand washing, teeth
brushing, and dieting, that have more transient effects on the skin, mouth, and gut microbiomes,
respectively, and the residual populations rapidly recover after removal of the stressor (Fierer et al.
2008, Turnbaugh et al. 2009b).
Generally, the response of microbial communities to perturbations can be characterized by
their resistance, resilience, and whether their stable states are changed (Allison & Martiny 2008)
(Figure 3). Communities that are resistant change composition comparatively little in response
to a disturbance. Although speciﬁc bacterial populations are resistant to certain disturbances (e.g.,
antibiotic-resistant taxa), it is likely that community-level resistance is dependent on the severity of
the disturbance and is not a deﬁning feature of the human microbiome. Instead, human-associated
microbial communities appear to be highly resilient as there are numerous examples of communities either rapidly returning to a state that resembles the predisturbance community or moving to
an entirely different stable state following a disturbance. For example, the gut communities of three
individuals returned to their initial state after a single treatment with the antibiotic ciproﬂoxacin
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Figure 3
Biological communities respond to disturbances in at least three distinct ways. Resistant communities (blue)
do not deviate considerably from an initial state following a disturbance. Resilient communities (red ) deviate
considerably but then return to resemble the initial community in time. Finally, communities may respond
to a disturbance by moving to an alternate stable state ( green), where community composition and structure
stabilizes in a regime distinct from the initial stable state.

(Dethlefsen & Relman 2011). However, after a second treatment with the antibiotic, the communities stabilized around states different from their preantibiotic state. In this example, the impacts
on the health of the hosts after the state change were unknown. However, other studies indicate
that alternate states are not always healthy for the host, as illustrated by polymicrobial infections
like bacterial vaginosis (Lamont et al. 2011). Moreover, care is needed in determining whether
or not a community has entered an alternative stable state. This is because what appears to be an
alternative stable state may actually represent an alternative transient state, and the conditions that
promote alternative transient states can be different from those that promote alternative stable
states (Fukami & Nakajima 2011).

7. MICROBE-MICROBE INTERACTIONS
Microbial diversity and function are driven to a large extent by biotic interactions occurring at
the local scale (Lindström & Langenheder 2011). These include interactions between microbial
taxa and, in the human microbiome, between microbes and the host. Host-microbe interactions
play a signiﬁcant role in regulating microbial community structure and function, and these relationships are reviewed in detail elsewhere (e.g., Bäckhed et al. 2005). Here we focus on the types
of antagonistic and cooperative microbe-microbe interactions that are likely to play an important
role in shaping both our health and the structure of our microbiome.

7.1. Antagonistic Interactions
Microbe-microbe competition for limited resources is likely a common occurrence in humanassociated body habitats, and such competition may be an important driver of community structure
and overall diversity through niche diversiﬁcation. In the human gut, for example, many microbes
are specialists in terms of nutrient sources despite the availability of a wide array of substrates,
suggesting that competition for resources may be a strong driver of niche diversiﬁcation in the
gut environment. Studies show that different Bacteroides species exhibit corresponding changes in
population size with the availability of speciﬁc substrates (Sonnenburg et al. 2010), and one study
of two Lactobacillus strains in the mouse gut showed that resource specialization can allow for
www.annualreviews.org • From Animalcules to an Ecosystem
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coexistence despite apparent overlap in resource requirements (Tannock et al. 2011). In a unique
example, one strain of Salmonella enterica has been shown to have evolved a unique capacity to
utilize ethanolamine, a byproduct of intestinal inﬂammation induced by virulence factors secreted
by S. enterica. By stimulating an inﬂammation response, S. enterica is able to indirectly create a novel
niche and thereby avoid competition for more commonly used redox combinations (Thiennimitr
et al. 2011).
Microbial diversity within a given community may result from other types of antagonistic
interactions besides the direct competition for resources. In the vagina, Lactobacillus spp. can lower
the pH of the environment, thereby inhibiting the growth of potentially competitive microbes
(Lamont et al. 2011). In addition, gut microbiota release molecules that trigger the mounting of
antibacterial defenses such as defensins, mucin, and secretory IgA by host cells (Salzman 2011).
These types of interactions between microbes and host can beneﬁt both the resident microbiota
and the host by protecting against invasive microbes that may compete for resources and/or
function as host pathogens.
Predator-prey interactions, which are traditionally a major focus in population and community
ecology, are also likely to be important in structuring the human microbiome. Gut microbial
studies of predator-prey interactions have typically focused on bacteriophages (i.e.,viruses) and
their effects on bacterial population structure (Reyes et al. 2010). Viruses fulﬁll a unique and
important role in the microbial trophic system because they can cause high levels of microbial
mortality and also may promote horizontal gene transfer between bacterial lineages. New work
detailing the effects of the predatory bacteria, such as Bdellovibrio-and-like organisms (BALO)
in the gut adds yet another layer to our understanding of trophic interactions in the human
microbiome. These studies suggest that predatory bacteria could be used in medical treatments
to control pathogens in the human body (Schwudke et al. 2001, Van Essche et al. 2011).

7.2. Mutualistic Interactions
Cooperation between microbes is also important in structuring communities in the human microbiome. This is particularly true in the gut where low O2 conditions promote syntrophic
interactions—groups of microorganisms combining metabolic reactions to improve total energy
yield (Stams & Plugge 2009). For example, the human gut archaeon Methanobrevibacter smithii reduces CO2 to CH4 with electrons from H2 produced by bacteria such as Bacteroides thetaiotaomicron
(Hansen et al. 2011). Removal of H2 by M. smithii can accelerate B. thetaiotaomicron respiration,
thereby accelerating the growth rates of both microbes (Samuel & Gordon 2006). Additionally,
the augmented B. thetaiotaomicron levels lead to increased production of short-chain fatty acids,
which can be used as source of nutrition by the human host. Alternatively, gut communities that
lack methanogens can instead process excess H2 through acetogenesis (Rey et al. 2010). In this
case the acetogen Bacteroides hydrogenotrophica ﬁlls the role of H2 consumer, with similar beneﬁts
to both the microbes involved in the syntrophic interaction and the host. More generally, these
types of interactions are evidence that certain taxa, even rare taxa, can have effects on the host and
on community assembly patterns that may be larger than their relative abundances might suggest.
Microbe-microbe signaling, such as quorum-sensing (QS), also demonstrates the advantage of
cooperative behavior. QS is a form of chemical communication between and within species that
allows for the coordination of activities according to changes in population density. Through QS,
microbes such as Vibrio cholera, the bacterium that causes cholera, produce virulence factors and
form bioﬁlms at low cell densities, facilitating successful infection of hosts. In contrast, at higher
cell densities V. cholera show a reduced rate of bioﬁlm formation possibly to improve dispersal
following diarrheal events (Hammer & Bassler 2003). Between microbial taxa, QS allows the
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peridontal pathogen Poryphyromonas gingivalis to colonize the bioﬁlm created by a commensal
bacteria, Streptococcus gordonii (McNab et al. 2003). In addition, evidence suggests that QS is used
to create bioﬁlms between two pathogens, Pseudomonas aeruginosa and Burkholderia cepacia, that
are known to cause complications in cystic ﬁbrosis patients (Riedel et al. 2001).
Overall, bacteria appear to exhibit numerous types of cooperative behaviors, many with significant manifestations at the community level. For example, many bacterial taxa release metabolites
into the environment, which help other community members access essential resources such as
complex organic compounds and iron (e.g., siderophores) or protect community members against
toxic substances. In particular, horizontal gene transfer (HGT) generates unique opportunities
for indirect community-level cooperation, including the transfer of novel traits between microbial
taxa that may be unrelated. Recent research indicates that the gut bacteria unique to Japanese
populations may have acquired novel enzymes for the degradation of porphyran, a chemical in
seaweed, from marine bacteria associated with edible seaweed (Hehemann et al. 2010).
As the catalog of uncultured human microbial diversity continues to explode, we are faced with
the difﬁcult task of untangling the various interactions between microbes, and between microbes
and host physiology, which could involve thousands of microbial taxa. Medical advances, such as
the development of antibiotic and therapeutic drugs, have relied on our growing understanding
of these relationships (Firn & Jones 2003). However, given the sheer scale and variability of the
human microbiome, more research is required to fully understand the underlying interactions that
deﬁne the human microbiome. Currently, we have the necessary tools for describing taxonomic
co-occurrence networks, and these offer starting points for identifying relationships among taxa
(e.g., Barberán et al. 2012, Freilich et al. 2010). However, we are only just beginning to resolve
the functional components of these networks in the human microbiome, such as pathways of
metabolites and trophic levels (levels that are more easily delineated in plant and animal systems).
Furthermore, these interactions are difﬁcult to study because they are dynamic; it is likely that
multiple interactions occur simultaneously and that the characteristics of the interactions change
depending on biotic and abiotic conditions. Also, interaction networks may be challenging to study
in microorganisms because characteristics such as QS allow for the ecological attributes of a population (including functional capabilities and gene expression) to change with population density.
Given the dynamism of microbial systems, detailed time course analyses will be particularly important to unraveling these webs of interactions. Likewise, integrating culture-based experiments,
metabolic modeling, and the experimental manipulation of gnotobiotic communities should help
address the knowledge gap between our cataloged microbial diversity and the respective functions
of these complex communities.

8. CONCLUSIONS AND FUTURE DIRECTIONS
Our understanding of the ecology of the human microbiome clearly lags behind our understanding
of plant and animal ecology. This discrepancy in the maturity of macrobial versus microbial ecology
is not surprising—basic surveys of microbial diversity were, until recently, difﬁcult to conduct; the
functional attributes of many microbial taxa remain unknown; and the small size of microorganisms makes it inherently problematic to understand microbe-environment and microbe-microbe
interactions at the spatial scales relevant to the size of the organisms. Fortunately, these barriers are
dissolving as methodologies continue to advance at a rapid pace and as interdisciplinary research
groups continue to focus on the human microbiome as a study system.
However, a number of ecological concepts are actually easier to study in microbial systems, like the human microbiome, than in plant or animal communities. Microbial communities
are more amenable to experimental manipulations than plant and animal communities, where
www.annualreviews.org • From Animalcules to an Ecosystem
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generation times are longer and logistical concerns prevent experimentation with large numbers
of individuals in well-replicated studies. In addition, just as plant and animal ecologists increasingly
incorporate phylogenetic information into models of community assembly and diversity patterns,
microbiologists nearly always have such phylogenetic information as a product of the sequencebased diversity surveys, making such analyses even more straightforward. Likewise, with the short
generation times of most microbial taxa, evolutionary processes can be directly observed during
the course of studies lasting weeks to months, making it possible to assess how evolutionary processes may inﬂuence ecological processes and vice versa. Comparable studies in plant or animal
communities could take decades or millennia, lengths of time far beyond the duration of most
research programs.
As research on the human microbiome is advancing rapidly, it is our hope that this review
will soon be rendered out of date. Thus, in lieu of a more formal conclusion, we conclude by
highlighting a handful of topics that represent key knowledge gaps. This is not meant to be a
comprehensive list, but rather a wish list of future research directions in the ﬁeld.
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Interactions between microbial taxa within the human body. Bacteria, archaea, fungi, microeukaryotes, and viruses all share space within human body habitats, yet most studies
focus on individual microbial groups in isolation (often just bacteria). Integrative studies
that seek to understand the role of these cross-taxon interactions in shaping the structure
and function of the human microbiome will be critical.
Moving beyond phylogenetic and taxonomic descriptions of the human microbiome. Despite the
explosion of information on the phylogenetic and taxonomic composition of the human
microbiome, we often lack key information on the functional attributes of these communities
and the traits of individual community members. In some cases, the phylogenetic structure
of microbial communities may predict the functional characteristics of those communities,
but this is clearly not true for all functional attributes. The wider application of “-omics”based approaches (e.g., metabolomics, proteomics), together with more detailed analyses of
individual taxa, may help resolve these knowledge gaps and improve our understanding of
how the functional characteristics of the human microbiome shift across space and time.
Changes in microbial biomass within and between individuals. Two of the fundamental metrics
in community ecology are biomass (or productivity) and diversity. Researchers routinely
characterize microbial diversity and changes in the relative abundances of speciﬁc microbial
taxa, but it is surprisingly difﬁcult to ﬁnd robust estimates of total microbial abundances
across human body habitats and how those abundances vary between individuals and over
time. This is of particular importance as some disease states may not necessarily be associated
with changes in diversity, but rather with changes in the absolute abundances of speciﬁc taxa
or total microbial biomass levels.
Experimental manipulations of the microbiome. Controlled experiments are critical for testing
concepts in microbial ecology and building a more mechanistic understanding of community
assembly within the human microbiome. For example, experimental manipulations could
be used to determine how changes in biotic or abiotic conditions alter community composition, the role of niche versus neutral processes in governing community assembly patterns,
and the importance of priority effects in diversity changes over time. Although controlled
experiments and experimental treatments are logistically difﬁcult to conduct with humans,
such experiments could be conducted in model animal systems (e.g., mice) or in vitro using
communities and environmental conditions that mimic those found within the human body.
Reconciling the disparity in scales. We typically measure temporal and spatial patterns in microbial communities at scales that are far different from the scales at which microorganisms
actually operate. For example, we assess bacterial community composition on skin regions
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that are often many square centimeters, yet bacteria are typically less than a few microns in
diameter and they often interact with the human host and other microorganisms at spatial
scales that are orders of magnitude smaller than the sampled area. Likewise, published studies of how microbial communities change over time have typically looked at patterns across
temporal scales (weeks to months to years) that are far longer than the generation time of
many microorganisms (hours to days). Although methodologically difﬁcult, characterizing
microbial communities and the environmental conditions of microbial habitats at scales that
more closely approximate the scales at which they operate will undoubtedly improve our
ability to describe and understand the ecology of the human microbiome.
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