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Department of Biology, Institute of Ecology and Evolution, University of Oregon, Eugene, OR, United States

Although most models conceptualize a metacommunity as a collection of habitat patches
embedded in a matrix that is not hospitable to life, new applications of metacommunity
theory to host-microbiome systems have shown this assumption to be flawed. Frequently
the matrix is at least somewhat hospitable to the species that normally reside in
the habitat patches. We modify an existing patch dynamic metacommunity model to
incorporate the possibility of a hospitable matrix and expand the process of dispersal to
include moving out of the patch, surviving/growing in the matrix, and moving into a new
patch. With these alterations, we find that it is substantially harder for a dispersal specialist
to persist in a system with a hospitable matrix compared to an inhospitable matrix. In
addition, we find that the traits required to successfully disperse in the hospitable system
are different from those required in the inhospitable system. The difference in dispersal
traits in a hospitable environment vs. an inhospitable one could be especially of interest
to host-microbiome systems where manipulation of the matrix is common practice. For
example, ventilation or disinfection of built environments is a common way to change
the matrix properties for metacommunities of human or animal-associated microbiomes.
We conclude that the qualities of the matrix can have important effects on community
assembly, and that relaxing matrix assumptions broadens the range of applications for
metacommunity ecology, including its use for host-microbe systems.

Keywords: metacommunity, dispersal, patch dynamics, host-microbiome, modeling, theory

INTRODUCTION

The metacommunity concept has had a wide-reaching impact on ecology (Leibold et al., 2004;
Logue et al., 2011). Its central contribution has been to conceive of communities as being governed
by both local and regional processes, connected by dispersal. This insight has allowed the synthesis
of many disparate theoretical approaches under the umbrella of metacommunity ecology (Leibold
and Chase, 2018). This synthesis has had a great influence on ecology generally, and has expanded
our understanding of evolution (Urban et al., 2008), coexistence (Mouquet and Loreau, 2002),
and community assembly (Mittelbach and Schemske, 2015). It has been especially influential on
the emerging field of microbiome science, where it has provided a theoretical foundation for
understanding microbiome variation, especially in host-microbe systems (Costello et al., 2012;
Burns et al., 2017; Miller et al., 2018).

Frontiers in Ecology and Evolution | www.frontiersin.org 1

July 2019 | Volume 7 | Article 276


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2019.00276
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2019.00276&domain=pdf&date_stamp=2019-07-18
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles
https://creativecommons.org/licenses/by/4.0/
mailto:emiller8@uoregon.edu
https://doi.org/10.3389/fevo.2019.00276
https://www.frontiersin.org/articles/10.3389/fevo.2019.00276/full
http://loop.frontiersin.org/people/725450/overview
http://loop.frontiersin.org/people/186420/overview

Miller and Bohannan

Patch Dynamics and Matrix Hospitality

A great deal of theory has been developed around
understanding  the patterns expected with different
metacommunity regimes defined by different levels of dispersal
and patch heterogeneity. Almost all of this theory treats dispersal
as direct (i.e., when colonists leave one patch they arrive
instantaneously in another, with possible death along the way),
and the matrix as inhospitable (i.e., no colonists remain in the
matrix for the next generation or dispersal time step) (Levins and
Culver, 1971; Fournier et al., 2016; Shoemaker and Melbourne,
2016; Sokol et al., 2017). Despite its prevalence, the assumption
of an inhospitable matrix is not met in many ecological systems.
This shortcoming (especially with regard to island biogeography)
has been acknowledged in the conservation literature for years
(Mendenhall et al., 2014). More recently, this assumption has
been challenged by the application of metacommunity ecology
to host-associated communities (i.e., the microbiomes of animals
and plants; Miller et al, 2018), because a hospitable matrix
is especially likely in such systems. Environmental reservoirs
often play important roles in the transmission of microbiome
members among animal and plant hosts, and this is likely to be
true of humans as well. Most humans live in built environments
that harbor microbiomes that are largely influenced by the
microbiomes of the human inhabitants, which can in turn be
influenced by the nature [and even the architecture (Kembel
et al.,, 2012)] of the built environment.

Ignoring the ecology of the matrix could have important
implications for our understanding of community assembly and
dynamics. First, it may lead to misunderstandings about the
provenance of community members if we do not take into
account those that came from the matrix. Second, a hospitable
matrix allows dispersal to occur over a much longer and more
continuous timescale, which better captures the environment’s
role as a reservoir, which is commonly observed for micro-
organisms. Finally, dispersal through a hospitable matrix opens
up more complicated life history strategies for dispersing species.
Instead of merely getting out of the old patch and into a new
patch in a single step, colonists could specialize on any of the
steps along the way. The traits that make a species readily able
to leave a patch may not be the same as those traits that might
enhance survival or growth in the matrix or even entrance into
a new patch. For example, traits related to seed dispersal such as
dandelion parachutes or burrs that attach to animal vectors may
help get out of a patch but not be much use when it comes to
getting established in a new patch. Such differences are especially
apparent in host-microbiome systems where emigration and
immigration often happen through entirely different routes.

Here we examine what happens when we incorporate a
hospitable matrix into a metacommunity model. Instead of
moving directly from patch to patch, some portion of the
dispersing individuals will remain in the matrix and be eligible
to complete the dispersal process in the future. We find that
when the assumption of an inhospitable matrix is relaxed, it
becomes clear that survival or growth in the matrix complicates
the process of dispersal, and it becomes substantially harder for a
dispersal specialist to persist. In addition, we find that the traits
required to successfully disperse in the hospitable system are
different from those required in the inhospitable system.

MATERIALS AND METHODS

Patch Dynamics Framework

We set out to investigate the importance of the matrix and the
strategies species employ to move through it using a simple
patch dynamics model (Leibold et al., 2004). We utilize this
modeling framework because it most clearly isolates the effect
of dispersal on coexistence in the matrix and it is well-studied
for the direct-dispersal case. The patch dynamics framework
assumes identical habitat patches that are subject to random
extinction events. Diversity in the system is maintained through
a dispersal-competition tradeoff: one species is dominant in
the patch (patch specialist) while the other species (dispersal
specialist) can survive by being the first to colonize a newly empty
patch. In modern coexistence parlance, this enables coexistence
via the storage effect (Chesson, 2000; Shoemaker and Melbourne,
2016). Compared to other processes that promote coexistence
in metacommunities, it is a weak mechanism (Shoemaker and
Melbourne, 2016), but it is entirely dependent on the dispersal
dynamics between patches and so it is ideal for exploring changes
in dispersal within a metacommunity. There is recent evidence
that a dispersal-competition tradeoff was an important factor
in early microbial adaptation to dry land (Dini-Andreote et al.,
2018), and it is likely to be especially important in the turbulent
early days of host colonization in host-microbiome systems
(Stewart et al., 2018). Therefore, we believe that this theoretical
framework is ideal for examining the effect of a hospitable matrix
on metacommunity processes.

To assess the effects of a hospitable matrix and an expanded
range of dispersal traits on coexistence we constructed a patch-
dynamic metacommunity model based on previous models
that sought to understand coexistence in metacommunity
processes (Shoemaker and Melbourne, 2016). This model, like
the MCSim model (Sokol et al, 2017), employs a step-wise
dispersal mechanism that is readily adapted to incorporate a
hospitable matrix. We looked at the conditions for persistence
of two competing species, one with a growth rate advantage
in the patch (patch specialist) and one with a dispersal
advantage (dispersal specialist). We investigated the potential
for coexistence over a range of values for disturbance rate,
tradeoff strength, number of patches, and mean dispersal rate in
directly dispersing metacommunities, metacommunities where
species could survive (but not grow) in the matrix, and
metacommunities where growth was possible in the matrix.

In addition to changing the conditions of the metacommunity,
we looked at the traits of the species. To be a dispersal specialist,
a species must have an advantage at some point during the
dispersal process to gain an overall dispersal advantage. There
are three distinct methods of gaining such an advantage: a species
could leave a patch at a relatively high rate compared to the patch
specialist species, it could grow or survive in the matrix at a
relatively high rate, or it could gain entry into a patch (from the
matrix) at a relatively high rate. We call these different strategies
“out trait,” “matrix growth,” and “in trait.” We alter which of these
traits provide the dispersal advantage for the dispersal specialist
to see whether the point at which the advantage is applied matters
to the outcome of the model.
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The Model

We adapted our metacommunity model from Shoemaker and
Melbourne (2016). It is a discrete-time, stepwise model that keeps
track of the populations of two species as they grow in and move
between identical individual habitat patches. The two microbial
species are differentiated by their traits at several points: growth
rate in the patch (R), growth rate in the matrix (M), dispersal rate
out of the patch (d,y), and dispersal rate into the patch (dy,).
The model proceeds in a step-wise fashion: after initialization,
species compete within a patch according to the Beverton-Holt
model, commonly employed in metacommunity models and thus
well-suited to our goal of relaxing matrix assumptions,

Nig(f+1) = Ri * Nj(t)

’ L+ax Yy Nj(t)
Here Nji(t) is the density of species i in patch k at time ft,
R; indicates the growth rate of species i, and « is a parameter
that sets the carrying capacity of a patch (see Table S1 for
parameters). Competition and growth (if there is any) within the
matrix happens similarly to and simultaneously with growth in
the patch.

M; * Njp(t)
14+ ax Z,‘Ni,M(t)

Nim(t+1) =

Where Nj y is the density of species i in the matrix and M; is the
growth rate in the matrix of species i.

After a single time step in the patch, the dispersal step takes
place. Species leave the patch according to their dispersal out
trait, m;x = Njx * dour,i» where m; is the migration density of
species i out of patch k, and d,,,; is the dispersal rate of species
i out of a patch. The emigrants from all patches are combined
in the matrix (with the residents in the matrix, or without for
the inhospitable matrix case) and then are added back into the
patches proportionally to their density in the matrix and their
dispersal in trait dj, ;.

Finally, some patches are chosen at random for an extinction
event (set by the “Patch Disturbance Rate” parameter). If a patch
is disturbed, then the densities of both species in the patch are set
to zero and they remain at zero until the immigration step of the
next iteration.

We ran all simulations for 2,500 time steps, and because
of the fluctuations inherent in the patch dynamic model we
calculated final density as the average per-patch density over
the last 50 time steps. We repeated each simulation 100 times
and report the proportion of times a species was present at the
end of the simulation. All model simulations were done using R
statistical software.

Analyses

We explored the model in three ways. First, we determined the
effect of a hospitable matrix by allowing persistence or growth in
the matrix between time steps. Second, we examined the effect
of different dispersal traits by conferring an advantage to the
dispersal specialist in either dyy, din, or M. Third, we confirmed
that these effects were due to the matrix conditions and not

merely the introduction of patch heterogeneity by adding a single
matrix-like patch into a metacommunity with direct dispersal
(and comparing the resulting dynamics to our original model).
In all cases, we determined the effect of altering the model by
measuring persistence rates of the two species (patch specialist
and dispersal specialist), across a range of number of patches
and disturbance rates. There are four possible outcomes, patch
specialist out-competes dispersal specialist, dispersal specialist
out-competes patch specialist, coexistence, and total extinction.
The prevalence of each of these outcomes is our main indicator
of differential effects of survival and/or growth in the matrix.
Patch disturbance rate is a typical parameter investigated in
patch-dynamic studies. It is a measure of the environmental
variability and the prevalence of empty patches. In general, a
higher disturbance rate should favor the dispersal specialist over
the patch specialist because the dispersal specialist is better able
to utilize newly emptied patches and the patch specialist is the
one that primarily loses (because it is present) when a patch
is destroyed. Number of patches is less well-addressed in patch
dynamic studies [they often consider infinite or a very large
number of patches; (Levins, 1979)] but it has the potential to
greatly alter metacommunity dynamics (Burns et al., 2017).

Model Variants

We look first at the difference among a direct dispersal model,
a model with a completely inhospitable matrix, a model where
dispersal is indirect through a matrix where species can survive
but cannot grow, and a model where all species can grow slowly
and evenly in the matrix (Figure 1). We start by assuming that
the dispersal specialist has the same advantage on the way in
and on the way out (see Table S1 for parameter values and
Figures S1-S3 for additional analyses).

We begin with two variants of an inhospitable matrix. We
first construct a model with direct dispersal where the emigrants
from one patch are sent to another, randomly chosen patch
(Figure 1A). This model has no matrix; immigrants from one
patch move instantly and with their cohort to another patch.
Although we call this a direct dispersal model, we maintain
the stepwise process that creates an emigrant pool with the
doy trait and then an immigrant pool with the dj, trait as
described in section The Model. The patch connections are re-
drawn each time step so the system becomes well-mixed. This
one-to-one type of transmission may be analogous to vector-
aided transmission in many systems: the duck foot theory of
algae dispersal (Schlichting, 1960), for instance, or storm-driven
dispersal between islands. Next, we look at a global dispersal
model where all emigrants from all the patches are pooled
and then evenly divided among all the patches (Figure 1B)
(Shoemaker and Melbourne, 2016). The conditions of this
matrix may seem somewhat artificial (global mixing, totally
inhospitable matrix) but it is a commonly used approximation
in the literature.

We also look at two variants of a hospitable matrix, both using
the same approach as the global dispersal model (Figure 1C).
First, we have a persistence model where some of the emigrants
remain in the matrix but have no growth in the matrix between
time steps. These residents of the matrix are then re-mixed with

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2019 | Volume 7 | Article 276


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Miller and Bohannan

Patch Dynamics and Matrix Hospitality

Matrix Scenarios D Dispersal Traits
A Matrix
Direct, patch to Patch 1 Patch 2
. o
patch dispersal = $e =
002020
= WG
B » Matrix
Global dispersal = Patch 1 Patch 2
through an 2
inhospitable matrix 2 PR -
£ & 01 &
= ~ J‘:
2 = 456
I .|
Cc :
Matrix
Dispersal through a
hospitable matrix 8 Pach1 , Patch2
= = A
§ |;|A;> O(::; <Jl:| O (‘\,‘:
3 1[3

L

in the patches).

FIGURE 1 | The alternative matrix scenarios and the different dispersal regimes. (A) The direct dispersal model, colonists from the patches move directly into another
patch, symbolized by lines directly connecting the white boxes. (B) The global dispersal scenario, colonists move from the patches move into a common pool
(symbolized by the black diamond) and then move back out to the patches, leaving nothing behind. (C) The hospitable matrix, colonists move from the white patches
into the matrix (now a gray diamond) and back out to the patches, but some of them stay in the gray matrix to get another chance at dispersing the next timestep. (D)
The dispersal scenarios. The dispersal specialist (green, dashed borders) has an advantage getting out in the Leave scenario, but no advantage getting back into the
patch or growing in the matrix. The dispersal specialist has an advantage in growth in the matrix in the Matrix Growth scenario (symbolized by the ovals in the matrix),
but no advantage getting out of or back into the patch. Finally, in the Colonize scenario, the dispersal specialist gets back into the patch at a higher rate, but has no
advantage getting out or growing in the matrix. In all scenarios the patch specialist (blue, solid borders) has a growth advantage in the patch (symbolized by the ovals

the dispersing cohort from the following time step and have
another chance to successfully disperse to a patch. Finally, we
have a low growth model where the emigrants from the patches
that remain in the matrix have a low growth rate of 1.2, compared
to 1.4 and 1.45 in the patches.

The choice of parameter values, as with any purely theoretical
study, was not designed to exactly mimic a particular system,
but to illustrate the maximum range of interesting behavior. In
particular, the timescale is undefined so each time step could take
a second or a year. It is important, however, to note that the
rates are relevant to each other: the relative speed of growth and
dispersal is fixed by the particular choice of values. To put our
model in terms of host-microbiome systems, we could fix the
timescale at 15 min per step. This would give our two species a
doubling time in the host of about 30 min (~27 min for the patch
specialist and ~30 for the dispersal specialist), slightly slower
than that of some E. coli strains (~20min) and about on par
with other measured host-associated bacterial strains in zebrafish
(~28min) (Robinson et al., 2018). On this same timescale,
our dispersal rate results in approximately 1 unit of density of
colonists on average entering a given host in 6 time steps, or
1.5h (at equilibrium conditions). Again, this is roughly on the
same scale as we see in zebrafish systems, where researchers have
measured successful colonization of a population of hosts on the
order of 45 min to 5h (Robinson et al., 2018).

RESULTS

Inhospitable vs. Hospitable Matrix
Metacommunity Theory Expectations

As described above, we introduced a hospitable matrix into a
patch dynamics model by allowing survival or growth in the
matrix. From previous work (Levins and Culver, 1971) we expect
there to be a range of parameter space where the dispersal
specialist and the patch specialist can coexist. We also expect that
an increase in the rate of disturbance will increase the advantage
of the dispersal specialist relative to the patch specialist (Tilman
etal., 1994). Finally, although patch number is not a well-studied
parameter, we know from our own previous work (Burns et al.,
2017) that increasing the number of patches can increase the
relative advantage of the dispersal specialist. A simple argument
that relies on the intermediate value theorem explains why,
with only a single patch, the patch specialist by definition wins,
and with multiple patches the dispersal specialist can persist,
therefore there is an increasing function relating patch number
to dispersal specialist persistence.

Effect of a Hospitable Matrix

The direct and global dispersal scenarios (Figures 1A,B) produce
equivalent results (Figures 2A,B) and we will consider them
together for the rest of the paper. Both of these models assume an
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FIGURE 2 | The persistence of a dispersal specialist and patch specialist when in competition under different dispersal regimes. The four possibilities are delineated in
the first panel: | Extinction, Il Dispersal specialist wins, Ill Patch specialist wins, IV Coexistence. Two inhospitable matrix scenarios: (A) direct dispersal and (B) the
Global dispersal model, and two hospitable matrix scenarios (C) persistence in the matrix and (D) growth in the matrix. The region borders the 50% chance of
persistence cline, this contour is the only plotted one for simplicity, it is a very sharp change (see Figure S4 for additional contour lines).

Patch Number

inhospitable matrix, and the global dispersal model is often used
in patch dynamics models as a short-hand for direct dispersal
models. With the chosen parameter values, there is a sizeable
range of coexistence (Figure 2A, Region IV), as expected. We also
see that increasing the disturbance rate increases the persistence
of the dispersal specialist and decreases the persistence of the
patch specialist. Finally, when there are very few patches and/or
very high disturbance, both species go extinct. If all patches
experience a disturbance effect at the same time or in quick
succession, it is likely that the entire system will go extinct.

In the hospitable matrix scenarios, there are two main
deviations from the inhospitable models. First, the region of
extinction at low patch numbers disappears. The hospitable
matrix provides a refuge that can maintain the population in the
event of total extinction in the patches. The second main effect
is that in both hospitable scenarios the dispersal specialist does
worse than in the inhospitable matrix scenarios. The region of
parameter space where it is able to coexist with or out-compete
the patch specialist is smaller (Figure 2C). When the matrix
allows growth, this effect is more pronounced (Figure 2D); the
dispersal specialist loses out even when the disturbance rate is
very high and can only out compete the patch specialist in a sliver
of parameter space.

The dramatic shift in the dominance of the system is caused
by the accumulation of patch specialists in the matrix (Figure 3).
The patch specialist population in the matrix is bolstered by
dispersal from patches that have not recently experienced a

disturbance event. These patches have a high density of the
patch specialist and nearly no dispersal specialists. Thus, even
though the dispersal specialist delivers a larger proportion of its
propagules to the next patch, it loses out when it comes to total
biomass (Figure 3).

Trait Variation

Altering the Traits

To alter where in the dispersal process the dispersal specialist
has an advantage over the patch specialist, we look at the three
dispersal related traits doys, din, and M. In the models described
in the previous section, d,,s and d;, were set so that they both
conferred an equal advantage to the dispersal specialist, while M
was set so that neither species had a growth advantage in the
media. Now, we confer an advantage to the dispersal specialist
in one of the traits at a time (Figure 1D). For the d,,; and
din traits, when the dispersal specialist has an advantage, it has
a 6-fold advantage over the patch specialist, when there is no
advantage, both the disperser and the competitor have the same
trait value (either d,,s = 0.01 or dj, = 0.1). By conferring the
same relative advantage to each trait, we are able to directly
compare the effect of specializing in one trait vs. the other.
For the M trait, either the species have equal growth rates in
the matrix (1 in the no growth or 1.2 in the low growth case)
or the dispersal specialist has an M greater than that of the
patch specialist.
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dout VS. din

With an inhospitable matrix, the effects of an advantage on the
way in or way out were subtle. When the dispersal specialist had
an advantage on the way in Figure 4A, it did somewhat better
than when it had the advantage on the way out (Figure 4B).
This may be due to the effect on the patch specialist: when
colonists move from the patch into the inhospitable matrix,
any colonists that don’t make it back into the patch are lost
from the system. So, when the dispersal advantage to the
dispersal specialist is in the out trait, the patch specialist by
definition retains more of its population in the patch, sending
out fewer colonists, and losing less of its population to the
inhospitable matrix. When the surrounding matrix is deadly,
it makes sense either to keep your propagules close or to
equip them with the ability to move through the matrix to the
next patch.

The opposite occurs when the matrix is more hospitable. In
the persistence model (Figures 4C,D), the dispersal specialist
did relatively better when its advantage was applied to the
out trait (Figure 4C). Its persistence was dramatically reduced

when it held an advantage only in the in trait (Figure 4D).
The population is no longer lost to the matrix in this
model, and as shown with (Figure3), the composition of
the matrix can alter the composition of the colonists that
get moved back into the patches. The effect is even more
pronounced in the model that allows growth in the matrix
(Figures 4E,F), When the disperser’s only advantage is in
the in trait, there is no region where it excludes the patch
specialist (Figure 4F).

Growth Advantage in the Matrix

Because there is by definition no growth in the matrix for
the direct and global models, we cannot compare this to the
inhospitable matrix as we did with the in and out traits above.
Instead, we look at how much of a growth advantage the
dispersal specialist needs in the matrix to overcome the growth
advantage of the patch specialist in the patch (Figure5). The
nature of the matrix and the number of patches both have an
effect. If the matrix is very resource poor and has depressed
growth rate overall, the dispersal specialist needs a larger relative
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advantage to persist, but if growth is relatively fast in the matrix,
it does not need such a large advantage to compensate for the
patches. The number of patches contributing to the matrix has
a similar effect; if there are more patches, the population in
the matrix becomes dominated by emigrants, requiring more
of an advantage for the dispersal specialist in the matrix. The
difference in growth rates examined translates from a 25% faster
doubling time in the water (top row, Figure5) to a doubling
time that is roughly twice as long in the water than in the fish
(bottom row, Figure 5). This range of growth rates is consistent
with measures in the zebrafish microbiome system (J. Lebov,
personal communication).

Matrix or Patch Heterogeneity?

It is possible that these effects are a result not of the matrix,
but of simply introducing patch heterogeneity into the patch
dynamics model. To rule this out, we re-ran the original set of

models with dispersal advantage in both traits but instead of
having a hospitable matrix, we simply added another patch to
the direct dispersal model with the same properties (carrying
capacity and growth rate) as the matrix (Figure 6). Either we had
a patch with no growth that only collected and emitted colonists
(Figure 6B), or a patch with the same growth rate as the matrix
in the low growth model (Figure 6C). All patches and the matrix
have the same carrying capacity (results from the direct dispersal
(Figure 6A) and hospitable matrix (Figures 6D,E) included for
comparison). Making the matrix into just another patch retains
the effect of having a refuge from disturbance and from strong
competition in the patches, but it changes the flow of dispersal.
A single patch does not experience dispersal in the same way
that the matrix does, since all immigrants must pass through
the matrix; any difference between the two models (hospitable
matrix and matrix-like patch) comes from a change in the
dispersal pattern. The matrix-like patch model is similar to
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the hospitable matrix models in that the dispersal specialist
has a decreased range of persistence, but the effect is much
less pronounced.

DISCUSSION

Metacommunity Theory Ignores
Hospitable Matrices

The dominant theoretical approaches treat dispersal in
metacommunities as a direct process, assuming a totally
inhospitable matrix between the patches. This assumption
is likely incorrect for many ecological systems. For example,
seeds can at least survive (in dormant form) outside their
preferred habitat patch. This is especially true for host-
microbiome systems where many of the resident species in the
host can be found living and growing in the surrounding
environment. This mismatch between assumption and
reality is likely to lead to incorrect conclusions about the
effects of dispersal between patches and about the life
history strategies that species employ to move through
their environment.

We use a model that explicitly tests the impact of a hospitable
environment on metacommunity processes in a patch dynamic
framework. Despite the current emphasis on investigating
synthesis between the metacommunity archetypes (Leibold and
Chase, 2018), a purely patch dynamics model is optimal here
because it allows us to manipulate dispersal in relative isolation.
We look both at the effect that the characteristics of the
matrix have on the outcome of competition between a dispersal
specialist and a patch specialist and the effect of differing
dispersal strategies that the dispersal specialist could employ. In
general we find that a hospitable matrix makes it more difficult
to persist as a dispersal specialist relative to an inhospitable
matrix. In addition, the optimal dispersal strategies are different
between the two matrix types; in an inhospitable matrix, it
is best to specialize on getting into a patch, while with a
hospitable matrix it is better to specialize on getting out of
a patch.

What Does a Hospitable Matrix Do?

In this model and in many real-world systems, a hospitable
matrix acts as a reservoir for the species in the patches,
removing them from the threat of extinction when a given
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patch experiences disturbance. In any patchy environment
where there is periodic disturbance, all populations within
a patch are doomed; “dispersal is escape in space” (Levin
et al, 1984). In the case of a hospitable environment, the
“escape” is made by allowing individuals to leave a patch and
move into the surrounding habitat. The hospitable matrix also
introduces a time lag in the system: if a species goes extinct
in all the patches it may still be present in the matrix at
least temporarily (for an investigation of the effects of adding
a time lag within a patch, see Wisnoski et al, 2019). A
hospitable matrix also serves as a record of those communities
that have come before. In host-microbe metacommunities,
this property of the matrix has been used for such disparate
applications as determining the previous inhabitants of a building
(Hampton-Marcell et al., 2017) and designing optimal air
flow in hospitals to cut down on hospital acquired infections
(Arnold, 2014).

Community Effects
In general, a hospitable matrix makes it more difficult to be
a dispersal specialist. The presence of an alternative patch,

through which all dispersal flows, bolsters the dispersing
populations of both species, decreasing the relative advantage
of the dispersal specialist. The matrix population provides a
stepping-stone for the patch specialist to gain early entrance
into an empty patch, leading to an overall loss of dispersal
advantage for the dispersal specialist. The dispersal strategy
may also be more risky for a species in a hospitable matrix
scenario, where there is a more complicated path to re-
establishment in a new patch, decreasing the advantage of
such a lifestyle. Thus, we might expect to see fewer “fugitive”
species in systems with a hospitable matrix. The other main
effect of a hospitable matrix is to provide a refuge against
the stochastic extinction that occurs with direct dispersal
at very low patch numbers. The hospitable matrix permits
persistence and even coexistence with only a handful of patches
where the direct dispersal model always eventually leads to
total extinction.

Effect of Traits
How different life history strategies (reflected in dispersal traits)
play out under different matrix conditions is indicative of the role
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of the hospitable matrix. As discussed above, exiting the patch is
sufficient to bolster populations against patch disturbance with
a hospitable matrix. In the inhospitable matrix case, leaving the
patch is insufficient to ensure safety. This difference is reflected
in the different effects of dispersal traits between the two cases.
When the matrix is inhospitable, the best way to be a dispersal
specialist is to be efficient at getting into a patch, whereas in
the hospitable matrix it is better to be good at getting out of
the patch. It is easy to imagine why this is so; an advantage
in getting out of the patch in the inhospitable case would put
a species at risk of loss to the surrounding matrix, but in the
hospitable case, where loss to the matrix translates into a larger
matrix population to colonize a new patch, the opposite is true.
The mechanism works through an enhanced advantage to the
dispersal specialist and also a cost to the patch specialist. If the
competitor is equally good at getting out of the patch, then it loses
population to the inhospitable matrix that might have otherwise
stayed in the patch where it is more fit. Conversely, in the
hospitable matrix case, the patch specialist (by virtue of its high
population in the patch) can overcome its dispersal disadvantage
if it can build up a large enough population in the matrix. This
buildup of population in the matrix is evident in the population
dynamics (Figure 3).

Of course, it would be possible to configure the parameters
in such a way that in a hospitable system, a sufficiently high
advantage in d;, could produce the same overall fitness advantage
to the dispersal specialist as a smaller advantage in d,,;. The result
still illustrates that specializing in getting out of the patch is a
more effective strategy for the dispersal specialist in a hospitable
matrix than specializing in getting in.

Trait Tradeoffs

A difference in the advantage conferred by alternative dispersal
traits would be particularly dramatic if there is any sort of
tradeoff between these two strategies. For example, previous
work suggests that there is a negative correlation between
planktonic behavior and clumping behavior among bacteria
in the larval zebrafish gut, behaviors that may correspond
to increased “in traits” and “out traits, respectively (Wiles
et al., 2016; Robinson et al., 2018; Schlomann et al., 2018).
The tradeoft between seed number and seed size in plants
may also reflect a trade-off between “in traits” and “out
traits”; small seeds are produced in greater numbers than
larger seeds, allowing more of them to get out of the patch
(Smith and Fretwell, 1974), while larger seeds are superior
at establishing in a new patch, giving them an advantage
at getting in Westoby et al. (1996). The offspring quality-
quantity tradeoff more generally might be another instance of
this kind of tradeoff (Einum and Fleming, 2000). Whether it
is better to simply send as many propagules as possible out
into the environment or equip them more properly for the
journey might depend on the hospitableness or deadliness of the
surrounding matrix.

More Than Patch Heterogeneity
The comparison between the hospitable matrix and
heterogeneous patches makes clear that the effect of a hospitable

matrix goes beyond merely adding patch heterogeneity.
Although, as expected, adding another patch where the
patch specialist can avoid extinction in a patch decreases the
advantage of the dispersal specialist, the results are much less
pronounced than for the hospitable matrix. The implication is
that the organization of the metacommunity dispersal network
matters. The position of the matrix as “between” all other
patches is crucial to its effect. To distinguish a hospitable
matrix from already well-studied patch heterogeneity (e.g.,
via species sorting or mass effects), some degree of mixing
in the matrix is necessary. Otherwise, the system reduces
to a spatial model with two habitat types and source-sink
dynamics. The mixing could be in the matrix itself, for example
water may be reasonably well-mixed, or it could be a result
of patch movement, as with mobile animal hosts and their
associated microbiomes. The observed effect of disadvantaging
the dispersing species is likely to be strongest when the matrix
is more homogeneously mixed. In aquatic systems this is
more likely to be the case than in terrestrial systems. But even
in terrestrial systems, if the patches themselves are mobile
(e.g., animals moving around, humans entering and exiting
a building) the effect might be more like an aquatic than
a terrestrial mixing of the matrix. Thus, we might expect
to see dispersers in a built environment or in an aquatic
environment at a greater disadvantage than in an explicitly
spatial environment (e.g., the microbiome of downed logs in a
forest or in pitcher plants).

Implications for

Host-Associated Communities

Hospitable matrices are likely the norm in host-associated
communities. It has long been known that human diseases can
reside in the environment; such environmental reservoirs are
called “fomites” in the literature (Boone and Gerba, 2007). Less
is known about non-pathogenic human associated microbes,
but there is evidence that our surrounding environment can
be an important conduit for microbial dispersal influencing the
composition of our gut microbiomes (Ruiz-Calderon et al., 2016;
Stagaman et al., 2018). Houseplants, soil, and the surrounding
environment have been shown to be proximal sources of the
skin microbiome (Vandegrift et al, 2019). Conversely, the
microbial cloud emitted from the human inhabitants of a room
remain viable for long enough to be used for forensic purposes
(Metcalf et al., 2017). In non-human primate systems there
is evidence of microbiome members surviving for extended
periods of time in the environment between hosts (Tung
et al,, 2015). In aquatic systems, the environment is often the
means by which colonists move from host to host; research in
aquaculture has shown that composition of the gut microbiome
of fish is a subset of the community found in the surrounding
water and sediments, implying that the environment provides
a continuous reservoir for the microbiome (Wu et al., 2012)
and that the conditions of this reservoir affects the function
of the microbiome (Vadstein, 2018). The role of the matrix
as a reservoir is even more obvious in plant-associated fungal
communities, where the soil can retain microbial signatures of
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former plant microbiomes for up to 80 years after the plants
have been removed (Bachelot et al., 2016). All in all, for host-
microbiome systems, the hospitable matrix is the rule rather than
the exception.

The hospitable matrix as a reservoir unites several concepts
of species pools. Often, the species pool in ecological literature is
envisioned as either the sum of all the species in all the patches
(as is often the case in metacommunity models) or as some
external entity (MacArthur and Wilson, 1963), uninfluenced by
the events in the patches (Mittelbach and Schemske, 2015). The
species pool in a system with a hospitable matrix does not reflect
exactly the conditions of the patches (this is its role as a reservoir),
but it is affected by colonists exiting those patches. The mix of
independence and feedback between the species pool and the
patches may need to be considered when applying methods to
assess the neutrality of a system.

Because of the prevalence of hospitable matrices in host-
microbiome systems, our results regarding traits may be
particularly useful. In a system with a particularly hospitable
matrix we would expect particularly transmissible microbes to
specialize in getting out of the host. For example, many pathogens
employ this strategy, getting themselves out of the host through
sneezes and coughs. Microbes that specialize on transmission
may invest more resources in surviving in the environment
outside of the host; spore formation, or oxygen tolerance may be
examples of this strategy. Movement through a less hospitable
environment would require adaptations that ensure a quick
arrival in the next host: sexual transmission that eliminates the
need to persist in the environment or chemotaxis to quickly find
anew host.

Manipulation of the matrix to alter the transmission of
microbes is an important way that humans and other animals
manipulate their microbiomes. Humans alter the transmission
of pathogens through changing the ventilation and cleaning of
our buildings, social insects imbue their nests with antimicrobial
compounds (Turnbull et al.,, 2011), and birds build their nests out
of antimicrobial plants (Ruiz-Castellano et al., 2016). Our results
suggest that such matrix management can have different results
for different species. Measures that decrease the hospitality
of the environment may end up selecting for transmission
specialists at the expense of host-specialist species. If it is the
case that pathogenic bacteria tend to be better adapted for
transmission than commensal strains that specialize in playing
nice with the host, our efforts at cleaning and hygiene might
be counterproductive.

Future Studies

We have only scratched the surface of the implications of matrix
conditions for metacommunities. We highlight three important
avenues for continuing research: evolutionary dynamics, patch
heterogeneity, and experimental studies with model organisms.
Our observation of differential advantages of different life history
strategies under hospitable and inhospitable matrix conditions
raises questions about how evolutionary dynamics would
proceed in these systems. Our model incorporates traits but not
trait change; what would an evolutionary stable dispersal strategy

look like under different matrix types? Do we see differences in
average seed mass and dispersal ability across landscapes with
different matrix types? The possibility of tradeoffs between dy,;
and d;, could lead to drastically different evolutionary endpoints.

This study also limits itself to the patch dynamic archetype;
what would the role of the matrix be in a system that also included
patch heterogeneity? Here, the recent work by Wisnoski et al.
(2019) might provide a clue. They find that dormancy in a patch
increases the overall diversity of the system; a hospitable matrix
(which induces its own kind of time lag) could have a similar
effect. Interest in bridging the gaps between different archetypes
has been surging in metacommunity research. This could be
another interesting avenue to pursue.

As always, our theoretical results must be tested empirically.
In plant and animal systems, the relevant real-world tests might
involve attempting to quantify species ability to survive in
the matrix, and perhaps manipulating that ability. Using host-
microbiome systems with model organisms might be particularly
fruitful. With model organisms in laboratory settings, it would
be possible to dial up or down the hospitableness of the
matrix, either through sterilization or fertilization of the housing
conditions. The way in which microbes move between hosts
could also be manipulated: For example, one could prevent direct
dispersal between hosts by physically separating the individuals,
but allowing microbes to move between habitats. One could
also directly manipulate the relative importance of d,,; and
din, for example by adding microbes directly to the gut (e.g.,
via gavage).

Finally, because matrix management is so common in human
systems, microbiome surveys of built environments might be
an excellent source of real world data with which to test these
ideas. If changing the matrix changes the composition of human
microbiomes, we would expect to see a change in composition
after changes in matrix properties (for example, before and after
implementation of new cleaning procedures). We might also
expect to see different microbiomes in people who live in more
or less easily disinfected environments.

CONCLUSION

Metacommunity ecology has proven to be a useful framework
for incorporating dispersal processes into our understanding of
community assembly, but it has typically assumed that patches
are separated by an inhospitable matrix. In this paper we expand
the usefulness of the metacommunity framework to include
systems where the matrix itself is a player. We find that there is
a sizeable impact of the matrix on community outcomes, both
in terms of coexistence and in terms of the most advantageous
traits. It is becoming increasingly clear that the matrix cannot be
excluded when considering host-microbiome metacommunities,
but it is also likely that many plant and animal metacommunities
do not meet the assumption of an inhospitable matrix. Thus,
our expansion serves not only to broaden the application of
metacommunity theory (e.g., to host-microbiome systems) but
also to illuminate processes common to all of ecology.
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