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Processes that occur both within and between hosts can
influence the ecological and evolutionary dynamics of
symbionts, a broad term that includes parasitic and
disease-causing organisms. Metacommunity theory
can integrate these local- and regional-scale dynamics
to explore symbiont community composition patterns
across space. In this article | emphasize that symbionts
should be incorporated into the metacommunity con-
cept. | highlight the utility of metacommunity theory by
discussing practical and general benefits that emerge
from considering symbionts in a metacommunity frame-
work. Specifically, investigating the local and regional
drivers of symbiont community and metacommunity
structure will lead to a more holistic understanding of
symbiont ecology and evolution and could reveal novel
insights into the roles of symbiont communities in me-
diating host health.

Expanding symbiont community ecology

The study of symbionts and symbiont communities, wheth-
er these are commensal, mutualistic or parasitic organ-
isms, is vital to our understanding of general host-
symbiont dynamics, as well as clinical and epidemiological
patterns. Exploring the community-level ecological inter-
actions of symbionts and their hosts has substantially
added to our knowledge of host-symbiont relationships
[1-4], as well as symbiont evolution [5-7]. Furthermore,
symbiont communities themselves have contributed to the
fields of ecology and biogeography, for example, in testing
of theoretical predictions such as the distance decay of
similarity and niche breadth-range size relationships [8].
However, there is an extensive body of other ecological
theory that can be applied to and tested with symbiont
communities, which would enhance our understanding of
host-symbiont interactions, including disease dynamics,
and of the structuring of ecological communities in general.
Here I advocate the utility of metacommunity theory
(Figure 1) [9,10].

The ultimate aim of metacommunity theory is to evalu-
ate patterns of and mechanisms contributing to species
diversity across space. Specifically, this theory asks how
dispersal of organisms between communities alters local
dynamics and subsequently influences community struc-
ture both locally and regionally (Box 1; Figure 1). Further-
more, the emerging ‘evolving metacommunity’ concept
explores how genetic variation is distributed across space
and how gene flow can influence species interactions and
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community composition via (mal)adaptation [11-13]. The
metacommunity concept has been integral to our under-
standing of large-scale trends in community structure and
biodiversity [14-16]. The goals of metacommunity theory
and the predictions that have emerged from this body of
work align well with current research on symbiont com-
munities and host-symbiont interactions.

Interspecific interactions among symbionts, as well as
their dispersal and transmission, all influence the ecological

Glossary

Community structure: refers to the diversity of a suite of species, where
diversity is measured by species richness and/or the relative contribution of
each species to the community (i.e. evenness).

Dispersal limitation: phenomenon by which species are not able to colonize all
available habitats. This can arise via spatial impediments to dispersal (e.g.
distance) or species-specific dispersal traits.

Evolving metacommunity: metacommunity in which species interactions are
modified by hereditary traits that are allowed to evolve [11]. The primary
distinction is that dispersal among patches influences the gene flow and
adaptation to various biotic or abiotic conditions of species. These evolutionary
processes determine whether or not species can persist in a patch or meta-
community and thus influence how community composition changes over time.
Mass effects: net flow of individuals from patch to patch resulting from differ-
ences in local population sizes or densities [9]. Mass effects can alter local patch
dynamics. For example, a prey species can be rescued from local extinction due
to predation via the influx of immigrants from neighboring patches without
predators.

Neutral metacommunity: metacommunity in which species are assumed to
have identical demographic rates. Thus, local communities assemble randomly
based on the composition of the regional (source) species pool. Differences in
local community composition arise primarily via dispersal limitation or evolu-
tionary processes (e.g. speciation events).

Parasitic: the term parasitic is used in a general sense. Here, a parasite must use
the resources of a host but may or may not cause pathology in the host as a
result of this resource use. Thus, ‘parasitic’ can be equated to ‘pathogenic’,
depending on the specific effects of the parasite at any given time point.
Resistance: ability of a host to limit infection given a certain exposure to a
parasite. In other words, resistant hosts have a lower probability of allowing
a parasite to successfully infect and replicate. Resistance can be achieved
via a variety of mechanisms including behavioral avoidance of parasites and
immunological mechanisms.

Species sorting: essentially niche partitioning, whereby species inhabit areas in
which their optimum resources exist. Dispersal is necessary so that species can
find their preferred habitat.

Symbiont: the term symbiont is used in a very general sense to represent
all organisms that must infect or inhabit hosts for at least part of their life cycle,
including micro- and macro-parasites and non-disease-causing or potentially
beneficial micro- and macro-organisms. Here, symbionts are thus the suite
of organisms that are encompassed by a mutualism—parasitism continuum
(sensu [56]).

Symbiont dispersal: passive movement or seeking behavior of symbiont life
stages outside of the host. This movement is independent of host movement.
Symbiont transmission: transmission is distinguished from symbiont dispersal
in that, in this case, transmission is driven by host-to-host contact. The distinc-
tion between symbiont dispersal and transmission in this article differs from
traditional epidemiological definitions, but is used to highlight the relative roles
of host movement versus movement of the symbiont independent of the host.
Virulence: morbidity or mortality of the host caused by a pathogen. However,
virulence is clearly an emergent property of both host and pathogen traits.
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Figure 1. A summary of metacommunity theory. Metacommunity theory can generally be divided into two approaches: mechanism-based and pattern-based approaches.
The mechanism-based approach utilizes four modeling paradigms to ask how the regional species pool partitions into local habitats and how these local communities vary
across space. The four paradigms differ mainly in the role of patch heterogeneity and the timing and effect of dispersal on local dynamics. The pattern-based approach
determines the structures of natural metacommunities. Metacommunities (a—c) are cartoon examples of such structures. These represent presence/absence matrices that
are ordinated via a process such as reciprocal averaging. Then other ordination methods and null models are used to associate this structure with a variety of potential

biotic and abiotic structuring mechanisms.

and evolutionary dynamics of symbiont populations and
communities, often in complex ways. For example, direct
and indirect interactions among multiple symbionts
within an individual host can affect the ways in which
symbionts influence host health and can also affect the
evolution of symbiont traits, such as the virulence of para-
sitic symbionts [17-20]. These intra-host dynamics are
linked to those of larger spatial scales (e.g. inter-host) via
symbiont dispersal or transmission. Understanding how
these ‘local’ and ‘regional’ processes interact is at the

Box 1. Standard applications of metacommunity theory

forefront of symbiont-related research, especially for para-
sitic symbionts [5,21,22]. Fortunately, merging of local- and
regional-scale dynamics is the motivation behind metacom-
munity theory.

Despite the conceptual similarities with metacommu-
nities of free-living species, the consideration of symbiont
metacommunities and their relevance to host health, to
symbiont eco-evolution and to the study of ecological com-
munities has not been addressed in depth. Here, I empha-
size that considering the metacommunity dynamics of

In general, ecological metacommunity theory has been approached in
two ways (Figure 1). The discussion that follows is not comprehensive
but rather is meant to introduce readers to the various ways in which
metacommunity theory has been used to date.

Mechanism-based approach
The mechanism-based approach develops and tests theoretical
models that generate predictions about how the regional species
pool partitions into local habitats and how communities vary across
space (Figure 1). Metacommunity models can be separated into four
paradigms that mainly differ in the role of patch heterogeneity and
the timing and effect of dispersal on local dynamics (Figure 1) [9,10].
Most metacommunity models consider space implicitly, where
species can differ in dispersal rates, but it is assumed that all patches
are colonized with equal probability. More recent models, however,
explore the implications of spatially explicit patch distributions [32].
These paradigms have been tested using a variety of study systems
and procedures [51]. The data generally show that community
composition patterns are best explained by integrating multiple
paradigms.

Mechanism-based theory has been used to investigate many real-
world issues. Recent examples include an examination of how habitat
destruction alters food web complexity [32], the use of patch
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connectedness to determine the best conservation methods [52]
and an evaluation of how climate change might alter community
compositions [53].

Pattern-based approach

The pattern-based approach examines the structure of natural meta-
communities and evaluates the influence of particular environmental
gradients in creating those structures (Figure 1). This approach relies on
ordinations and null models to determine which ‘idealized” metacom-
munity structures, if any, best fit the observed data [44,54]. Then
canonical correspondence analysis is used to test what natural biotic
and abiotic factors might lead to the observed structure [46,55].

As a cartoon example, metacommunities (a) and (b) in Figure 1
have a Clementsian structure, in which discrete communities replace
each other along a gradient, whereas metacommunity (c) has a
Gleasonian structure, in which each species responds individually to
any gradient. There are three distinct sub-metacommunities, or
compartments, within metacommunity (b), each of which has a
nested structure. Interestingly, in natural metacommunities, compart-
ments are probably common, and each compartment can have a
unique structure that responds to different biotic and/or abiotic
gradients [43,46]. Thus, hierarchical analyses can determine which
mechanisms are important at which spatial scales [44].



symbionts will reveal a suite of novel and highly relevant
questions pertaining to the structuring of ecological com-
munities and to the influence of symbiont communities on
host health and functioning. I explain how symbiont meta-
communities fit well within the conceptual framework of
the standard free-living organism metacommunity, even
though clear differences exist. These differences, however,
could actually serve to broaden the scope and test the
assumptions of metacommunity theory. I then outline
the novelty of metacommunity theory compared to other
methods of studying symbiont dynamics and discuss vari-
ous practical and general applications that stem from
linking these two fields.

Defining a (symbiont) metacommunity

Briefly, a metacommunity consists of multiple local com-
munities of interacting species that are connected by the
dispersal of at least one of those species. Local communities
can be limited to competing ‘guilds’ of species or can consist
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of more complex trophic webs. The important aspect here is
that dispersal of species among localities changes local
community dynamics, leading to community structures
that deviate from those expected when considering closed
communities. This allows researchers to study community
dynamics at larger — and more realistic — spatial scales
than previously considered in community ecology [14].
Although the spatial delineation of ‘local’ communities is
stringent in theoretical studies, the principles derived from
metacommunity theory have been successfully applied
to natural communities that lack definitive boundaries
(e.g. grasslands and forests [10]).

‘Local’ symbiont communities can be designated at var-
ious spatial scales, and thus multiple metacommunities
can emerge depending on the spatial scale under consider-
ation and the specific questions being addressed (Box 2,
Figure I). Although I believe that each spatial scale is
worth considering and can lead to novel research initia-
tives, for clarity I consider the implications of studying

Box 2. Symbiont metacommunity research topics at multiple spatial scales

| propose ecological and evolutionary research topics that emerge
from a consideration of symbiont metacommunities at various spatial
scales (Figure l). These questions are diverse and relevant to a general
understanding of ecological communities, as well as the effects of
symbionts on host health. However, this list is surely not exhaustive.

e Some important general questions
o Which metacommunity processes are most important at the
different spatial scales of symbiont metacommunities?
How might metacommunity processes that occur at different
spatial scales interact to affect symbiont community composi-
tion?
Is local and/or regional symbiont community structure (e.g.
richness, evenness) or metacommunity structure a reliable
predictor of disease risk or overall host population health?
e Intra-host
o How does the level of symbiont gene flow between areas within
the host (e.g. organs) affect the emergence of novel and/or patho-
genic varieties?

o

o
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(Y ) e® o

®s e
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®
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o Are the rate and outcome of symbiont evolution influenced by the
resident symbiont community composition within different host
compartments?

o Could control of symbiont dispersal to certain compartments and/
or a spatially directed use of pro-microorganism treatments com-
bat the intra-host evolution of pathogenic strains?

o Inter-host (in a host population)

o How does heterogeneity within a host population (e.g. genetic
diversity) influence symbiont gene flow among hosts?

o Does host heterogeneity influence symbiont community compo-
sition within and among hosts and, therefore, the potential for
epidemics?

¢ Inter-host subpopulation (in a host metapopulation)

o How does host dispersal between subpopulations augment local
symbiont community composition, and what consequences does
this have for population-level disease risk?

o Consideringthe effect on host health, how does symbiont 3-diversity
across host subpopulations affect host metapopulation stability?
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Figure I. Representations of symbiont metacommunities at various spatial scales. (a) Various host compartments (e.g. organs) house different suites of local
symbiont communities that are connected by dispersal of symbionts (represented by arrows). (b) Host individuals serve as local communities or patches for
symbionts. Here, patches are connected by dispersal or transmission of symbionts from host to host (represented by arrows). (c) Host subpopulations serve as
patches for symbionts, and the suite of symbionts within a host subpopulation constitutes the local symbiont community. In this scenario, patches are connected
by the migration of hosts from one subpopulation to another, which augments the local suite of symbionts. Different colored dots represent symbiont individuals

and species.
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symbiont metacommunities in which a local community
consists of the suite of symbionts that inhabit a single host
individual (Figure Ib in Box 2). In this way, the local scale is
clearly spatially delineated as a single host in which symbi-
ont population dynamics unfold. Emigration from a host is
achieved by the release of infective or dormant symbiont life
stages. This numerically changes the demographic param-
eters of resident symbiont populations within the host, and
thus potentially changes the community interactions among
symbionts. Colonization of a new host occurs via dispersal or
transmission of symbionts and the subsequent initiation of
population dynamics in the new host, which, as above, can
affect the local community dynamics.

There are two clear distinctions between symbiont meta-
communities, as defined above, and those of free-living
organisms. First, for symbionts the local habitat patch (host)
is not necessarily static in space; however, this is not an
insurmountable challenge. For example, the metapopula-
tion framework — a single-species perspective that follows
the same spatial assumptions as the metacommunity frame-
work — has long been advocated as useful for understanding
parasite infection dynamics [23,24]. The disease metapop-
ulation framework has been implemented across spatial
scales to explain parasite infection patterns in cases in which
parasites infect multiple host tissues (i.e. intra-host meta-
populations [25]), hosts are considered patches [26], or para-
sites are dispersed among host subpopulations via host
migration [27,28]. Furthermore, the theory of island bioge-
ography [29], developed with respect to static islands, has
been fruitfully applied to explain the prevalence patterns of
parasites when mobile hosts are considered islands [30,31].

The success of metapopulation and island biogeography
theory in studying parasites makes sense because symbi-
ont population dynamics unfold within a host whether or
not the host is mobile. Thus, if hosts were to be considered
closed communities, their movement would be irrelevant.
The movement of hosts, however, can clearly affect the
dispersal and colonization rates of symbionts, especially in
cases in which direct host-to-host transmission occurs.

Host movement is a unique feature of symbiont meta-
communities that can be integrated into metacommunity
theory and lead to interesting research questions. First,
the timescale and relative role of dispersal in structuring
metacommunities vary, depending on the theoretical par-
adigm considered, and thus symbiont metacommunities
could be analyzed to determine which paradigm is most
relevant (Box 1). Second, understanding the role of envi-
ronmental heterogeneity in structuring communities
across space is a principal focus of metacommunity theory
(Box 1). The rate of host movement could then be used as a
type of patch heterogeneity, in which symbionts in a more
vagile host have distinct demographic rates compared to
those residing in less vagile hosts. Finally, whereas most
theoretical models that have formed the foundation of
metacommunity theory consider the spatial distribution
of patches implicitly, newer methods explicitly model this
distribution [32]. Thus, a variety of host structures could be
simulated in which these ‘patches’ are more or less con-
nected, representing the relative contact rate of hosts.

The second distinction involves the mechanisms that
result in patch vacancy. In metacommunities of free-living
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organisms, patches become fully or partially vacant and
can be subsequently recolonized if, for example, residing
species become extinct because of demographic stochasti-
city or strong interspecific interactions. However, when
hosts are considered patches for symbionts, patches can
become vacant and subsequently unavailable to recoloni-
zation if hosts die because of parasitism or develop strong
resistance to parasitic symbionts. Thus, the number of
available patches does not remain constant, as is assumed
in current implicit-space metacommunity models.

Perhaps the issue above has caused reluctance to use
mechanistic metacommunity models to study symbionts,
especially because epidemiological models already ac-
count for such host-symbiont dynamics. Nevertheless, I
feel that, again, this caveat is not intractable. Implicit
terms could be added to models for patch destruction (e.g.
via pathogen virulence or host resistance) and then bal-
anced with patch creation (e.g. via host immigration or
birth rate) (sensu [26]). In fact, host resistance to symbiont
infection could be modeled more realistically as underly-
ing patch heterogeneity. Then one could explore how
intraspecific variation in these host characteristics affects
local and regional composition of symbionts [33]. Finally,
using explicit space models, host loss could be modeled
similarly to habitat destruction (sensu [32]). However, the
evolution of parasite virulence and host resistance, a
common question in epidemiological modeling studies,
might be more difficult to address using these methods.
The evolving metacommunity perspective, described
below, might hold more promise for these important ques-
tions. Below I highlight the novel features of metacommu-
nity theory compared to methods of studying infection
dynamics in light of their respective research agendas. I
also more fully develop the practical and general utility of
linking metacommunity theory and symbiont evolution-
ary ecology.

The utility of considering symbiont metacommunities
The novelty of metacommunity theory
Metacommunity theory differs from current methods of
studying symbionts, especially epidemiological models, in
both method and agenda. Epidemiological models deal
with infectious parasitic symbionts. These are mechanistic
models that follow the numbers or densities of infected,
susceptible and resistant hosts in a spatially implicit or
explicit (e.g. network analysis) manner, incorporating the
negative effects of the pathogen. Epidemiological models
ask questions about, for example, the probability of epi-
demics occurring in the host population and the evolution
of pathogen traits, such as virulence, in response to within-
or between-host dynamics. Importantly, recent models are
able to integrate within-host infection processes and
between-host transmission dynamics [5,34]. Although
some studies have considered the evolutionary conse-
quences of multiple pathogen strains or species at the
within-host level [19], few have modeled these dynamics
while considering both spatial scales (although see [35]).
Metacommunity models, in a sense, ask more general
and larger-scale questions than epidemiological models,
although they are similar in many ways (Box 1). This theory
makes predictions regarding the roles of local processes and



dispersal among localities in partitioning regional (y) diver-
sity into local habitats (a-diversity) and how this local
diversity varies across space (e.g. B-diversity). Metacommu-
nity models explore general trends, such as how dispersal
changes the coexistence of competing species and how dis-
persal and patch heterogeneity affect B-diversity across the
landscape. In other words, metacommunity theory is con-
cerned with the structure of communities and how this
structure varies across space in response to various mecha-
nisms. Below, I highlight many specific practical and gen-
eral applications that stem from considering these types of
questions for symbionts.

Practical applications
Linking metacommunity theory and the study of sym-
bionts has many practical applications. In general, an
understanding of the structure of symbiont metacommu-
nities, as well as the underlying causes of this structure,
could offer new insights into how symbionts affect host
health. The diversity of symbionts within a host (a-diversity)
might have direct effects on, or be correlated with, host
health and general functioning. Understanding the turn-
over among symbiont communities (B-diversity) is also im-
portant, because the effect of symbiont communities on their
hosts presumably changes as their compositions change [4].
Incorporating ideas from the ‘evolving metacommunity’
concept is particularly relevant to the study of symbiont
communities because of the overlap of ecological and evo-
lutionary timescales in these systems [36]. The details of
this framework are discussed below, and the theory could
be used to understand or model, for example, the distribu-
tion of symbiont haplotypes among hosts in response to
gradients in host genetic diversity, considering the role of
host-symbiont genotype interactions in symbiont fitness.
This framework would also be relevant in studying kin
selection dynamics in the evolution of parasitic symbiont
virulence. For example, it is important to understand how
multiple related parasite strains interact within a host and
how these intra-host interactions and inter-host transmis-
sion dynamics influence the evolution of parasite traits [37].

General ecological applications

Linking metacommunity theory and symbiont evolution-
ary ecology also has implications in understanding the
structure of ecological communities in general. For in-
stance, different ecological and evolutionary processes
might influence the structure of symbiont metacommu-
nities compared to those of free-living organisms. As
revealed by a large meta-analysis, most metacommunity
structures for free-living organisms tend to show strong
effects of species sorting and mass effects, but both local
and regional components of assembly are necessary to
explain the majority of variation [38]. Symbiont metacom-
munities could be compiled and compared to these data to
determine if symbiont metacommunities are structured
similarly to those of free-living organisms.

Research is already attempting to discern the primary
drivers of human microbial symbiont community composi-
tion using metacommunity theory. For example, Lindstrom
and Langenheder recently applied the predictions of mech-
anistic-based metacommunity theory to discuss general
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trendsin bacterial community assembly across a wide range
of systems, including the human body[39]. In addition, a
model-fitting study used neutral metacommunity theory to
explore how microbial a-diversity of the human lungs and
digestive tract is structured [40]. Neutral metacommunity
theory has also been used to speculate on the structuring
mechanisms of parasitic helminth communities [41]. How-
ever, these studies could be deepened and extended to
encapsulate the full range of metacommunity theory appli-
cations (Box 1).

Different structuring mechanisms might act at different
spatial scales for symbiont metacommunities compared to
free-living organisms. Svensson-Coelho and Ricklefs re-
cently explored how avian host phylogeography relates
to haemosporidian parasite community structure across
the Lesser Antilles [42]. Host genetic diversity between
islands does not predict the B-diversity of these parasites.
Furthermore, neither mosquito nor bird p-diversity corre-
lated with parasite B-diversity. Here, the spatial extent
of the data analysis might overreach the scale at which
the primary structuring processes for the parasite commu-
nity function. Hierarchical analysis of the parasite meta-
community structure could reveal the relative roles of
different structuring processes at different spatial extents
(sensu [43,44]; Box 1).

Symbiont communities could be used to test metacom-
munity predictions by using pattern-based metacommunity
approaches (Box 1). De Meester speculates that small organ-
isms (e.g. environmental bacteria) might show an even
stronger species sorting signal because of their high dis-
persal capacity and rapid population growth, allowing for
the simultaneous influence of dispersal and evolution to
match organisms to their environmental optimums across
space (see below) [36]. Symbiont dispersal and transmis-
sion rates, however, are linked to the dispersal rates of
their hosts to varying degrees [45]. Thus, symbiont meta-
communities could be divided into ‘meta-ensembles’
(sensu [46]) of varieties with high and low dispersal and
the respective structures could be used to test the assumed
role of dispersal in the four predominant metacommunity
paradigms.

General evolutionary applications

The ‘evolving metacommunity’ concept considers how gene
flow and local adaptation can alter local species interac-
tions and lead to either regional coexistence or monopoli-
zation [12]. Consider a simple scenario in which competing
species are locally adapted but can disperse to patches with
different local conditions [47,48]. Species A invades an
empty patch and becomes locally adapted, preventing
the establishment of its competitor, species B. This is an
example of local monopolization facilitated by adaptation.
However, if local conditions vary between patches, gene
flow from the new patch for species A to its source could
lead to maladaptation in the source. This could then allow
species B to invade the source patch of species A. The
maladaptation of species A thus facilitates regional coex-
istence with species B. Similar theory can easily be applied
to and tested on symbionts, especially considering their
rapid population growth rates and short-term evolutionary
dynamics [36]. However, in host-symbiont systems, the
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relative rate of gene flow of hosts versus symbionts is

im

portant for symbiont adaptation, especially in antago-

nistic coevolution scenarios [49,50]. Thus, an understand-
ing of the relation between host population gene flow and
symbiont gene flow among individual hosts will be essen-
tial for predicting and interpreting evolutionary symbiont
metacommunity patterns.

Recent conceptual models predict that intermediate

levels of gene flow among patches in a metacommunity will
maximize the adaptation of community and population
traits to the local environment via species sorting and
natural selection [12]. In other words, regional biodiversity

mi,

ght be hindered by too little or too much dispersal due to

monopolization or maladaptation. Therefore, an under-
standing of the level of symbiont gene flow among hosts
will be crucial for predicting the conditions under which
coexistence or monopolization will be favored. Future stud-

ies

could explore how within-host symbiont community

dynamics interact with variable dispersal or transmission
rates to influence among-host community structural pat-
terns (Box 2).

Conclusion

Symbiont communities are ripe for a merger with existing
and emerging research on metacommunity dynamics. This
would simultaneously allow for testing of theories and an

un

derstanding of the effects of symbionts on host health,

whether positive or negative. Utilization of symbionts

in

metacommunity research and application of concepts

garnered by metacommunity studies to symbiont eco-evo-
lution could aid our general understanding of spatial eco-
logical dynamics, help in determining the processes and
spatial scales most relevant to the structuring of symbiont
communities, guide studies related to symbiont trait evo-
lution, and offer a framework for exploring the effects of
symbiont communities on disease across space. Metacom-
munity ecology is a new and burgeoning field, and incor-
poration of symbionts into its theoretical and experimental
repertoire is bound to benefit ecologists, evolutionary biol-
ogists and medical scientists alike.

Acknowledgements

I am grateful for the insightful comments of Samuel Alizon, one
anonymous referee, Pieter Johnson, Jason Hoverman, Valerie
McKenzie, the members of the Johnson laboratory, and the Parasites &
Pathogens reading group at CU-Boulder, which greatly improved earlier
drafts of this manuscript. I also acknowledge support from a National
Science Foundation Graduate Research Fellowship.

References

1

328

Pedersen, A.B. and Fenton, A. (2006) Emphasizing the ecology in
parasite community ecology. Trends Ecol. Evol. 22, 133-139
Graham, A.L. (2008) Ecological rules governing helminth—
microparasite coinfection. Proc. Natl. Acad. Sci. U.S.A. 105, 566-570
Ezenwa, V.O. et al. (2010) Hidden consequences of living in a wormy
world: nematode-induced immune suppression facilitates tuberculosis
invasion in African buffalo. Am. Nat. 176, 613-624

Telfer, S. et al. (2010) Species interactions in a parasite community
drive infection risk in a wildlife population. Science 330, 243

Mideo, N. et al. (2008) Linking within- and between-host dynamics in
the evolutionary epidemiology of infectious diseases. Trends Ecol. Evol.
23, 511-517

Mideo, N. (2009) Parasite adaptations to within-host competition.
Trends Parasitol. 25, 261-268

Trends in Ecology and Evolution June 2012, Vol. 27, No. 6

7 Alizon, S. et al. (2011) Epidemiological and clinical consequences of
within-host evolution. Trends Microbiol. 19, 24-32

8 Poulin, R. et al. (2011) The comparative ecology and biogeography of
parasites. Philos. Trans. R. Soc. Lond. Biol. 366, 2379-2390

9 Leibold, M. et al. (2004) The metacommunity concept: a framework for
multi-scale community ecology. Ecol. Lett. 7, 601-613

10 Holyoak, M. et al. (2005) Metacommunities: Spatial Dynamics and

Ecological Communities, University of Chicago Press

11 Urban, M.C. and Skelly, D.K. (2006) Evolving metacommunities:

toward an evolutionary perspective on metacommunities. Ecology
87, 1616-1626

12 Urban, M.C. et al. (2008) The evolutionary ecology of metacommunities.

Trends Ecol. Evol. 23, 311-317

13 Urban, M.C. (2011) The evolution of species interactions across natural

landscapes. Ecol. Lett. 14, 723-732

14 Ricklefs, R.E. (2008) Disintegration of the ecological community. Am.

Nat. 172, 741-750

15 Leibold, M.A. (2011) The Metacommunity concept and its theoretical

underpinnings. In The Theory of Ecology (Scheiner, S.M. and Willig,
M.R., eds), pp. 163-184, University of Chicago Press

16 Cavender-Bares, dJ. et al. (2009) The merging of community ecology and

phylogenetic biology. Ecol. Lett. 12, 693-715

17 Bell, A.S. et al. (2006) Within-host competition in genetically diverse

malaria infections: parasite virulence and competitive success.
Evolution 60, 1358-1371

18 de Roode, J.C. et al. (2005) Virulence and competitive ability in

genetically diverse malaria infections. Proc. Natl. Acad. Sci. U.S.A.
102, 7624-7628

19 Choisy, M. and de Roode, J.C. (2010) Mixed infections and the evolution

of virulence: effects of resource competition, parasite plasticity, and
impaired host immunity. Am. Nat. 175, E105-E118

20 Loépez-Villavicencio, M. et al. (2011) Competition, cooperation among

kin, and virulence in multiple infections. Evolution 65, 1357-1366

21 Alizon, S. et al. (2009) Virulence evolution and the trade-off hypothesis:

history, current state of affairs and the future. J. Evol. Biol. 22,
245-259

22 Rigaud, T. et al. (2010) Parasite and host assemblages: embracing the

reality will improve our knowledge of parasite transmission and
virulence. Proc. R. Soc. B 277, 3693-3702

23 Grenfell, B. and Harwood, J. (1997) (Meta)population dynamics of

infectious diseases. Trends Ecol. Evol. 12, 395-399

24 Thrall, P.H. and Burdon, J.J. (1997) Host-pathogen dynamics in a

metapopulation context: the ecological and evolutionary consequences
of being spatial. J. Ecol. 85, 743-753

25 Frost, S.D. et al. (2001) Genetic drift and within-host metapopulation

dynamics of HIV-1 infection. Proc. Natl. Acad. Sci. U.S.A. 98, 6975-6980

26 Hess, G.R. et al. (2002) Spatial aspects of disease dynamics. In The

Ecology of Wildlife Diseases (Hudson, P.J. et al., eds), pp. 102-118,
Oxford University Press

27 Hess, G.R. (1994) Conservation corridors and contagious disease: a

cautionary note. Conserv. Biol. 8, 256-262

28 McCallum, H. and Dobson, A. (2002) Disease, habitat fragmentation

and conservation. Proc. R. Soc. B 269, 2041-2049

29 MacArthur, R.H. and Wilson, E.O. (1967) The Theory of Island

Biogeography, Princeton University Press

30 Kuris, A. et al. (1980) Hosts as islands. Am. Nat. 116, 570-586
31 Reperant, L. (2010) Applying the theory of island biogeography to

emerging pathogens: toward predicting the sources of future
emerging zoonotic and vector-borne diseases. Vector Borne Zoonotic
Dis. 10, 105-110

32 Pillai, P. et al. (2011) Metacommunity theory explains the emergence of

food web complexity. Proc. Natl. Acad. Sci. U.S.A. 108, 19293-19298

33 Osnas, E.E. and Dobson, A.P. (2012) Evolution of virulence in

heterogeneous host communities under multiple trade-offs. Evolution
66, 391-401

34 Day, T. et al. (2011) Bridging scales in the evolution of infectious

disease life histories: theory. Evolution 65, 3448-3461

35 Alizon, S. and van Baalen, M. (2008) Multiple infections, immune

dynamics, and the evolution of virulence. Am. Nat. 172, E150-E168

36 De Meester, L. (2011) A metacommunity perspective on the

phylo-and biogeography of small organisms. In Biogeography of
Microscopic Organisms: Is Everything Small Everywhere? (Fontaneto,
D, ed.), pp. 324-333, Cambridge University Press



37

38

39

40

41

42

43

44

45

46

Alizon, S. and Lion, S. (2011) Within-host parasite cooperation and the
evolution of virulence. Proc. R. Soc. B 278, 3738-3747

Cottenie, K. (2005) Integrating environmental and spatial processes in
ecological community dynamics. Ecol. Lett. 8, 1175-1182

Lindstrém, E.S. and Langenheder, S. (2012) Local and regional factors
influencing bacterial community assembly. Environ. Microbiol. Rep. 4,
1-9

Sloan, W.T. et al. (2006) Quantifying the roles of immigration and
chance in shaping prokaryote community structure. Environ.
Microbiol. 8, 732-740

Poulin, R. (2004) Parasites and the neutral theory of biodiversity.
Ecography 27, 119-123

Svensson-Coelho, M. and Ricklefs, R.E. (2011) Host phylogeography
and beta diversity in avian haemosporidian (Plasmodiidae)
assemblages of the Lesser Antilles. J. Anim. Ecol. 80, 938-946
Presley, S.J. and Willig, M.R. (2010) Bat metacommunity structure on
Caribbean islands and the role of endemics. Global Ecol. Biogeogr. 19,
185-199

Presley, S.J. et al. (2010) A comprehensive framework for the
evaluation of metacommunity structure. Oikos 119, 908-917
Blasco-Costa, I. et al. (2012) Swimming against the current: genetic
structure, host mobility and the drift paradox in trematode parasites.
Mol. Ecol. 21, 207-217

Lépez-Gonzalez, C. et al. (2012) Metacommunity analysis of Mexican
bats: environmentally mediated structure in an area of high geographic
and environmental complexity. JJ. Biogeogr. 39, 177-192

47

48

49

50

51

52

53

54

55

56

Trends in Ecology and Evolution June 2012, Vol. 27, No. 6

Loeuille, N. and Leibold, M.A. (2008) Evolution in metacommunities:
on the relative importance of species sorting and monopolization in
structuring communities. Am. Nat. 171, 788-799

Urban, M.C. and De Meester, L. (2009) Community monopolization: local
adaptation enhances priority effects in an evolving metacommunity.
Proc. R. Soc. B 276, 4129-4138

Greischar, M.A. and Koskella, B. (2007) A synthesis of experimental
work on parasite local adaptation. Ecol. Lett. 10, 418-434
Hoeksema, J.D. and Forde, S.E. (2008) A meta-analysis of factors
affecting local adaptation between interacting species. Am. Nat. 171,
275-290

Logue, J.B. et al. (2011) Empirical approaches to metacommunities: a
review and comparison with theory. Trends Ecol. Evol. 26, 482-491
Economo, E.P. (2011) Biodiversity conservation in metacommunity
networks: linking pattern and persistence. Am. Nat. 177, E167-E180
Urban, M.C. et al. (2012) A crucial step toward realism: responses to
climate change from an evolving metacommunity perspective. Evol.
Appl. 5, 154-167

Leibold, M.A. and Mikkelson, G.M. (2002) Coherence, species turnover,
and boundary clumping: elements of meta-community structure. Oikos
97, 237-250

TerBraak, C.J.F. and Prentice, I.C. (1988) A theory of gradient
analysis. Adv. Ecol. Res. 18, 271-317

Ewald, P.W. (1987) Transmission modes and evolution of the
parasitism-mutualism continuum. Ann. N. Y. Acad. Sci. 503,
295-306

329



	Linking metacommunity theory and symbiont evolutionary ecology
	Expanding symbiont community ecology
	Defining a (symbiont) metacommunity
	The utility of considering symbiont metacommunities
	The novelty of metacommunity theory
	Practical applications
	General ecological applications
	General evolutionary applications

	Conclusion
	Acknowledgements
	References


