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Competition-colonization dynamics
in experimental bacterial metacommunities
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Mathew A. Leibold® & Nicolas Mouquet!

One of the simplest hypotheses used to explain species coexistence is the competition-
colonization trade-off, that is, species can stably coexist in a landscape if they show a
trade-off between competitive and colonization abilities. Despite extensive theory, the
dynamics predicted to result from competition-colonization trade-offs are largely untested.
Landscape change, such as habitat destruction, is thought to greatly influence coexistence
under competition-colonization dynamics, although there is no formal test of this prediction.
Here we present the first illustration of competition-colonization dynamics that fully trans-
poses theory into a controlled experimental metacommunity of two Pseudomonas
bacterial strains. The competition-colonization dynamics were achieved by directly manip-
ulating trade-off strength and colonization rates to generate the full range of coexistence
conditions and responses to habitat destruction. Our study successfully generates
competition-colonization dynamics matching theoretical predictions, and our results further
reveal a negative relationship between diversity and productivity when scaling up to entire
metacommunities.
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ompetition—colonization (CC) trade-off models predict

that species can coexist in landscapes with patch turnover

by means of spatial niche partitioning!™*. Under CC
dynamics, species can occupy a ‘colonization niche’ by efficiently
colonizing empty habitat patches (that is, ‘fugitive species’) or a
‘competition niche’ by outcompeting other species within sites’.
Depending on allocation trade-offs, such as those determined by
life history, these alternative strategies (that is, ‘colonizers’ versus
‘competitors’) reduce the ratio of interspecific to intraspecific
competition and allow coexistence to occur without
environmental heterogeneity among patches®. Although early
CC models"? somewhat unrealistically assumed strict trade-offs,
including habitat homogeneity and the absence of both patch pre-
emption and stochasticity, CC model predictions have been
shown to be applicable to situations of greater complexity®’.

CC models predict that changes to landscape structure impact
coexistence even in the absence of changes in environmental
conditions at the local scale®. A key prediction of such models is
that habitat destruction (or any other environmental change that
reduces overall colonization rates) should preferentially suppress
superior competitors or drive them extinct, whereas increasing
the regional abundance of inferior competitors®. If these
landscape-level processes are resolved on long time scales, then
extinction debts (that is, species committed to extinction)
are expected to develop®. It is also likely that changes in the
prevalence of competitively dominant species could alter
ecosystem functioning if such species are more productive than
inferior competitors5.

Despite a general acceptance of the theoretical framework, to
our knowledge there is no direct experimental treatment of the
general predictions of the CC theory; in fact, indirect tests that
attempted to document the existence of the CC trade-off have
produced contradictory results in experimental'®!3 and
observational studies of natural species assemblages!~18,
Moreover, because the existence of a CC trade-off in an
assemblage does not necessarily indicate that CC dynamics are
determinant, indirect approaches have limited power to evaluate
the theory.

In this study, we present the first experimental illustration of a
CC dynamic by manipulating the trade-off strength and
colonization rate in an experimental system of Pseudomonas
fluorescens  bacteria in  96-well plate metacommunities.
Pseudomonas has emerged as a model for experimental ecology
and evolution!*2!, We first tailored the general CC model®* to
our experimental system, which allowed us to make quantitative
predictions regarding the conditions under which different
patterns of coexistence and dominance are predicted in the
metacommunity. We constructed and manipulated the two key
mechanisms of CC dynamics in the model (trade-off strength and
colonization rate) within a controlled setting to impose an
experimental CC dynamic. We subsequently tested the predicted
consequences of this dynamic for coexistence, landscape change
and ecosystem function by monitoring strain persistence, local
dominance, patch occupancy and metacommunity productivity.
Our experiment is thus a targeted test of CC dynamics; however,
it is an implementation rather than a test of underlying
mechanisms.

Results

Experimental system. We used two Pseudomonas bacterial
strains (analogous to ecological species®?), a strong competitor
(‘competitor’) and a poor competitor (‘colonizer’), to generate a
strict asymmetry of competition in local patches (that is, the
colonizer is completely excluded from local patches). The
rationale underlying the use of a two-strain system is consistent

with other existing experimental and empirical studies of the CC
(for example, refs 13,15,18) and a variety of other studies that use
microbes to investigate ecological phenomenon (for example, refs
23-25). We manipulated the strength of the CC trade-off by
controlling the colonization of the two strains independently;
both strains could have the same colonization rate in the
experiment (no trade-off treatment) or the colonization rate of
the colonizer could be strongly increased relative to the
competitor (strong trade-off treatment). The manipulation of
colonization rate was achieved by diluting each strain when
building the ‘colonizers pool’ (when inoculating a new microplate
between two time steps of our experiment); greater dilution
reduced the number of cells that entered the colonizers pool and
consequently reduced the probability that a strain would
successfully colonize each inoculated well (see Methods and
Supplementary Methods).

In contrast to most CC models that assume continuous
colonization processes, we aimed to conduct our colonization
treatments at discrete-time intervals for logistical feasibility. To
achieve this goal, we needed to derive a discrete version of the CC
competition model that we could parameterize for our
experimental system (see Methods and Supplementary
Methods). The following experiments and model conditions
were implemented. An initial metacommunity was inoculated
with each of the two strains in half of the wells of a 96-well
microplate. Every 24h, the regional abundances (that is,
microplate scale) of the two strains were estimated and used to
build a ‘colonizer pool,” which was subsequently used to inoculate
a new microplate containing fresh medium. The relative
contribution of the two strains in the colonizer pool and the
dilution of this pool were adjusted before each transfer (Fig. 1), to
manipulate the absolute and relative colonization rates (and thus
the strength of the CC trade-off) of the two strains in the
metacommunity. This procedure ensured that our experimental
manipulations remained constant throughout the experiment, but
that potential deviations from the predicted trajectories in
the preceding transfers would be taken into account in the
computations of the colonization pool. The overall dilution
ensured that colonization rates were low enough to approximate
limited or near-limited dispersal and generate an exponential
growth phase. To prevent any possible confounding of
evolutionary changes in each strain from affecting the
dynamics, at each new transfer, the bacterial colonization pool
was reconstituted from initial frozen stock and not from the
bacteria of the previous transfer. Using this experimental setting
and our model (Fig. 2, see Methods), we predicted the outcome of
metacommunity dynamics under different trade-off and
colonization scenarios (Fig. 3). We subsequently assigned our
primary experimental treatments along this parameter space to
generate all predicted outcomes, which consisted of the exclusion
of the colonizer or competitor, coexistence and the extinction of
both strains (Supplementary Table S1). In general, our
experimental results closely corresponded to the predictions of
our model.

Coexistence and patch occupancy. The persistence of both
strains was most prevalent and resulted in the most even relative
patch occupancies at moderate trade-off strength (Figs 4 and Fig. 5,
and also see Supplementary Fig. S1). Treatments with no or weak
trade-off strength resulted in the rapid exclusion of the colonizer,
whereas strong trade-offs caused extinction of the competitor.
Low absolute colonization resulted in the extinction of both
strains. There was a highly significant interaction between strain
identity and trade-off strength in predicting equilibrium patch
occupancy (Fig. 5; generalized-linear model, P<0.0001, df= 74,
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Figure 1 | Implementing competition-colonization trade-offs. The experiment consisted of six basic steps: (1) set up an initial metacommunity with
equal proportions of both strains in all wells (48 wells at random occupied by each strain); (2) build a new ‘colonizer pool’ based on the regional
abundances of the two strains after every 24 h; (3) modify the relative contribution of the two strains in the colonization pool and the dilution of this pool
according to each experimental treatment (see Supplementary Table 1) to manipulate the absolute and relative colonization rates (and thus the strength of
the CC trade-off) of the two strains in the metacommunity; and finally (4) inoculate new metacommunities (that is, new microplates containing fresh
media); (5) measuring abundances in each microplate metacommunity by estimating optical density; presence/absence results were confirmed via plating.
Finally, (6) characterize colonizer pool using data from step 5 to estimate the relative abundances of each strain in the colonizer pool. This experimental

procedure was run for ten transfers.

%> = 32.81, Supplementary Table S2), which occurs because the
two strains are affected in opposite ways by trade-off strength.
Our experimental results thus showed that CC dynamics may
regulate the outcome of species competition in a landscape that
conforms to theoretical assumptions of strictly asymmetric
competition, patch homogeneity and discrete global dispersal.
Interestingly, the most important deviation between our predic-
tions and the experimental results occurred under conditions for
which our model predicted coexistence (Supplementary Fig. S2).
In half of such cases, either the competitor or the colonizer went
extinct (four colonizer and two competitor extinctions). This
evidence suggests that stochasticity may be important in CC
dynamics, because it can lead to apparently random extinctions of
either species, even under conditions that are favourable to the
persistence of both strains. Our simulations indicate that these
effects are not solely due to the finite size of the metacommu-
nity!3 or to demographic stochasticity (Supplementary Fig. S2),
and that they are influenced by temporal variation (among
transfers) in the overall colonization rates of the two species. In
our experiments, this situation occurs because the actual
colonization rates that we impose are highly sensitive to
(1) density estimates in our metacommunities and stock cultures,
(2) unavoidable procedural imprecision during dilution and
(3) variability in the number of colonizing cells per well. This
effect is likely to be comparable to the temporal stochasticity in
overall dispersal that may occur in natural metacommunities.
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Metacommunity productivity. We found evidence for functional
consequences of CC dynamics in a negative relationship between
regional diversity and metacommunity productivity (Fig. 6).
Productivity was measured as the sum of cell densities (estimated
by optical density) in all of the wells in each microplate averaged
over the last three transfers. Taking in account that there were
only two strains in this system, we calculated the Shannon index
(or Shannon entropy) to measure diversity using the relative
density of each strain within each microplate (that is, meta-
community). If both species were equally common, the Shannon
index would be maximized. The more unequal the abundances of
each strain are in the metacommunity, the smaller the corre-
sponding Shannon index. If only one strain is contributing to the
overall biomass and the other strain is very rare (or absent), the
Shannon index approaches zero?®. These scenarios are analogous
to those in communities in which there are substantial changes in
the relative proportions of abundant species, although not in
numbers of species (for example, refs 27,28). In our experimental
system, the competitor was much more productive (that is greater
cell densities) than the colonizer (Supplementary Fig. S3). Taking
into account that these strains cannot coexist locally, the
asymmetry in productivity implies that metacommunities
dominated by the colonizer have lower productivity than those
dominated by the competitor do. In fact, the low-diversity
metacommunities often consisted of monocultures of the
competitor with high productivity, whereas high-diversity
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Figure 2 | Cobweb plot for the patch occupancy model. Patch occupancies
after one transfer (P, for strain 1and P, for strain 2 at t + 1) are functions of
their current values through the probability of successful colonization
following dispersal (f; and f,). The equilibrium is stable provided that f is
concave (f” <0), and under this condition, the persistence conditions are
1(0) >1 for strain 1 and f,'(0)>1/(1 — P;) for strain 2. One can determine
the equilibrium occupancy of the competitor (P;) and, subsequently, the
equilibrium occupancy of the colonizer (P,), given P;.

metacommunities resulted in mixtures of productive (occupied
by the competitor) and unproductive patches (occupied by the
colonizer) that lead to a negative relationship between regional
diversity and productivity (Fig. 6). Theoretically, the low-diversity
communities could also have consisted of monocultures of the
colonizers, which would lead to a unimodal relationship between
productivity and diversity?®, but this scenario was not observed
because there were far more treatments in which the competitor
was expected to be more likely to persist than the colonizer
(Fig 3).

As opposed to other regional mechanisms of species
coexistence that have found a positive biodiversity-ecosystem
function (BEF; for example, source-sink dynamics30’31), our
experiment showed how CC dynamics may produce a rarely
observed negative BEF relationship®>33, which is likely explained
by a combination of patch dynamics and the regional dominance
of a productive and competitive species (a ‘negative selection
effect, sensu®t). These results suggest that the definition of
complementarity and selection effects, as the main
drivers underlying the BEF relationship, may need to be
revisited to accommodate broader coexistence mechanisms.
Complementarity is based on niche differentiation and/or
facilitation®>3® and leads to a positive BEF, whereas the
selection effect assumes that the dominant species are driving
the BEF pattern and predicts either a positive or a negative
relationship, depending on whether the traits of dominance are
positively or negatively correlated to ecosystem functioning>*.
Although complementarity is clearly linked to the mechanism of
species coexistence, the selection effect does not integrate any
information on what drives species coexistence or abundances. In
our experiment, dominance is linked to the proportion of patches
occupied in the metacommunity and this is driven by an
interaction between species traits (CC trade-off strength) and an
external driver (perturbation rate) that ‘selects’ for dominance of
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Figure 3 | Coexistence predictions. These predictions take into account
the colonization rates (that is, dilution rates) of strong competitor
(competitor) and poor competitor (colonizer) strains. Numbers indicate the
treatment corresponding to each combination of strain colonization rates
(obtained from the model presented in Fig. 2). Axes indicate the
colonization rates of the competitor and colonizer strains as the
concentrations used before inoculation at each transfer; smaller values
(that is, greater dilutions) indicate that fewer cells colonize each well (that
is, are inoculated); greater values indicate more cells being dispersed. Light
gray, colonizer excluded by the competitor; white, coexistence; dark gray,
competitor excluded by the colonizer; black, extinction of both strains. Lines
correspond to the four trade-off strengths: no trade-off (solid white line),
weak, medium and strong trade-offs (all indicated by white dashed lines).
Thicker arrows indicate the predicted trajectories of isolation treatments
(H7 and H11) subjected to reductions in colonization rate (70 or 90%).
*Treatments whose observed dynamics are displayed in Fig 4. Dynamics for
the remaining treatments are shown in Supplementary Fig. ST.

either the competitor or colonizer. As dominance here is
decoupled from species productivity (that is, the dominant
species can be either the most or the least productive species), it
leads to a negative selection effect where the most diverse
metacommunities are less productive because they are dominated
by the less productive species. Besides illustrating one of the first
experimental negative BEF relationships (see also refs 32,37) our
results stress the need for redefining the drivers of the BEF based
on the relationship between the traits driving coexistence (for
example, CC trade-offs versus local niche differentiation) and
traits related to ecosystem functioning per se. Future research will
need to disentangle the mechanisms driving species coexistence at
local and regional scales, and reveal the manner in which
niche traits at multiple scales are related to ecosystem functio-
ning to advance a mechanistic understanding of the BEF
relationship?®38:39.

Increasing patch isolation. In a second experiment, we investi-
gated whether increased patch isolation could modify the
outcome of metacommunity dynamics®®. We reproduced two
experimental treatments from the first experiment that revealed
(1) the strong persistence of both strains and (2) rapid exclusion
of the colonizer (treatments H11 and H7, respectively, in Fig. 7).
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Figure 4 | Time series for all replicates from select treatments. Treatments T1, T4, T7, T10 and T14 are included. Panels a-e show observed occupancies
(points) and model predictions for each strain (thick lines). Each treatment included three replicates and was run for a maximum of ten transfers.
Replicates were stopped after the extinction of one or both strains occurred. Aside from treatment T10, which showed strong variability, all other treatments
were consistent with the model predictions. Dynamics for the remaining treatments from the main experiment are shown in the Supplementary Fig. S1.

1019- . © O @O

(@ o) e

———o - @)
0.8 O ‘\ 8

W O
0.6 1 \

O Competitor

Mean patch occupancy (transfers 8—10)

0.4 @ Colonizer \
@) °.
o o
0.2- ®
- o
0.0 @ o @ o0 CeO
T T T T T T
090 092 094 096 0.98 1.00

Trade-off (colonizer dilution reduction factor)

Figure 5 | Effect of trade-off strength on equilibrium patch occupancy by
strain. Each point indicates the average proportion of occupied patches by
each strain in each replicate (averages of transfers eight to ten in our
experiment). The ‘competitor dilution reduction factor’ represents the
proportional reduction in the overnight culture volume of the competitor
before dilution (the strength of the trade-off in terms of reduced
colonization rate). Treatment T1 was not included in this analysis because
the extinction of both strains was predicted. A smoothing loess line is fitted
to points from each strain to highlight the colonization pattern. All points
were jittered to avoid overlap and improve the clarity of the figure.

We subsequently generated new predictions from the model,
which showed that decreased overall colonization by 70 and 90%
(corresponding to highly isolated patches) in each treatment
(Fig. 3) should qualitatively affect coexistence outcomes
(eliminating the competitor from the H11 treatment, inducing

0 25%

0 s0% QO 75% () 100%

O Competitor

60
Colonizer

Total productivity

T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
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Figure 6 | Total metacommunity productivity and Shannon diversity.
Points are averages from each replicate in the 14 main experimental
treatments over transfers 8-10. Circle sizes are proportional to the mean
patch occupancy of each strain (see scale in the figure). Notably, diversity
was calculated based on the productivity and not the occupancy data, so
plates with uneven occupancy can have high diversity (P<0.036,
R?=0.108, F=0.57, n=42).

coexistence in the H7 treatment). We ran these treatments in a
second experiment with identical conditions for ten transfers. As
predicted, we found that the persistence of both strains was
enhanced for the 70% reduction and that the extinction of the
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Figure 7 | Time series for all replicates from all treatments in the habitat isolation experiment. Panels a-f show observed occupancies (points) and
model predictions for each strain (thick lines). Each treatment included three replicates and was run for a maximum of ten transfers. Replicates were

stopped after the extinction of one or both strains occurred.

best competitor (referred to as PI) was observed for the 90%
reduction (Fig. 7). Extinctions and reversals in persistence
scenarios required multiple transfers to resolve relative to
controls (especially in H7, Fig. 7), suggesting the existence
of an ‘extinction debt”®. This situation illustrates the susceptibility
of communities structured by the CC trade-off to the changes in
absolute colonization rate that are predicted under human
impacts on landscapes, including habitat destruction®4’,
fragmentation® or changes in inter-habitat matrix quality*!.
Previous experimental studies have been limited to binary or
coarse-scale manipulations of colonization rate to simulate
reductions in landscape connectivity?>*3. By coupling our
model predictions to a tailored experimental system, we were
able to identify and test critical thresholds in the effects
of decreased connectivity on metacommunities. Future
developments will include measuring how these thresholds are
affected by other scenarios of competitive interaction (for
example, ref. 4) or landscape topology and dispersal patterns
(for example, ref. 44).

Discussion

In the context of increasing global change, ecologists are beinsg
urged to shorten the loop between theory and application®.
Although ecologists have now adapted to include larger-scale
mechanisms through the use of metapopulation, metacommunity
and meta-ecosystem concepts and models*®~4°, experimental
work targeting biodiversity and ecosystem effects at larger spatial
scales is still in the initial stages®’. The reality is that many
theoretical models, often used to understand the consequences of
global change, are difficult to test in natural systems, especially
without first evaluating their performance in highly controlled
experimental settings. Our study was done using a unitrophic
community in an aquatic microcosm system, which is a common
feature of many experimental tests of metacommunity

paradigms®’. These systems closely approximate theoretical
assumptions and have a long history in ecology serving as
bridges between theory and natural systems®">2, making them
ideal for theory that is challenging to test like CC dynamics. Here
we demonstrated that CC dynamics can indeed be implemented
in a controlled microcosm system, facilitating the comprehensive
and quantitative evaluation of these theoretical models in more
robust situations.

Our combined theoretical-experimental framework opens the
way for further investigation of different aspects of CC dynamics
(1) as a coexistence mechanism, (2) as a determinant of patterns
of biodiversity loss under anthropogenic landscape impacts and
(3) as a driver of regional BEF relationships. A prime example of
the potential applications of our framework is the demonstration
that the effects on landscape-level coexistence could be closely
linked to those on regional level BEF relationships, suggesting
that the effects of fragmentation on extinction debts may also
cascade to ecosystem attributes. Our findings illustrate that BEF
relationships may depend on the spatial scale over which they
occur and the mechanisms generating the gradient of
diversity?%-30:38,

We believe that our experimental framework is likely to
prompt further investigations into the mechanisms underlying
the evolution of CC dynamics in natural communities by
exploring the particular ecological scenarios that trigger the
evolution of CC trade-offs. As the changes in colonization rates in
our experiment have analogous effects to reductions in the
number of susceptible hosts or reduced transmissibility in
epidemiological models®>>%, our experimental setting has strong
potential for use beyond community and landscape ecology
questions; for example, to investigate questions related to spatial
epidemiology.

Our ability to bridge advances in theory with natural systems
partially relies on using formal tests of predictions derived from
theoretical models®">2. Although the highly controlled nature of
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our system and related experiments (for example, refs 55,56) does
not allow direct extrapolation of our primary results to natural
landscapes, they are a key step toward the understanding of
natural metacommunity dynamics and properties. These
approaches provide critical mechanistic explanations that will
ultimately facilitate the application of theory towards the
conservation and management of biodiversity and ecosystems
on large scales.

Methods

A model for CC dynamics in microplate metacommunities. We used a patch
occupancy model to describe how the proportion of wells (patches) in a microplate
that are occupied by a particular bacterial strain changes through successive
transfers from one plate to the next. This model can be seen as the discrete-time
equivalent of seminal community ecology models>* or the limiting case of a
haystack metapopulation model when local competitive exclusion is rapid (see ref. 57).
With P; and P; as the proportion of wells occupied by strain 1 (competitor,
equation 1) and strain 2 (colonizer, equation 2), respectively, the dynamic equations
are as follows:

Py(t+1) =fi(Pr(t)) =f (Pr()mdh) (1)
Py(t+1)=(1=Pi(t+ D)L(P2(t) = A = Pt + D)f (Pa()md)  (2)

where n; and n, are the local densities of each strain and d; and d, are their
colonization rates; f is any function, including a Poisson zero-term function

f=a(l — e( — bx)), such as the one used in this study. Important assumptions are that
(1) strain 1 is completely dominant so that strain 2 disappears from any well where
strain 1 is found; and (2) at the end of a transfer, both strains reach a given density in
any colonized well, irrespective of initial conditions.

The equilibrium occupancies can be determined graphically for any function f (see
Fig. 2). Coexistence occurs if the proportion of successfully colonized wells exceeds
zero for both strains and strain 2 has colonization rate sufficiently greater than strain
1 (Fig. 3). We took dispersal to follow a Poisson distribution, which was appropriate
for our method of diluting cell cultures®, and we assumed that at least one cell was
needed for successful colonization, yielding flx) =1 — e( — x). This function was
validated in preliminary trials (Supplementary Fig. S4).

Bacterial strains. We used two isogenic strains for both experiments;
Pseudomonas SBW25-LacZ (LacZ, ‘colonizer’) and an unknown strain of Pseudo-
monas were isolated on Gould S1 medium (sucrose, glycerol, casamino acids,
NaHCO3;, MgSO, 7H,0, K,HPO, 3H,0, N lauroyl sarcosine sodium, trimetho-
prim) from soil samples collected in Montpellier, France. We refer to the second
strain as ‘PI’ (‘competitor’). LacZ was chosen because it can be distinguished under
plating with X-gal (5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) and IPTG
(isopropyl-P-p-thio-galactoside). PI was chosen because it clearly outcompeted
LacZ (see Supplementary Methods, Competitive assay section). In all trials and the
main experiment, bacteria were grown for 24 h (overnight) at 28 °C on KB medium
(glycerol 10 pl1~ 1 420 g1~ ! protease peptone H3 4+ 1.5g1~ ! K2HPO, + 1.5g1 !
MgSO,; autoclaved 20 min at 121 °C) under constant agitation®!.

Model parameterization. Preliminary trials showed that increasing the dilution
rates generated a Poisson distribution of growth success in microplate wells
(Supplementary Fig. S4) and that this distribution was similar between the two
strains. This result confirmed that we could manipulate colonization using pre-
inoculation dilution and allowed us to use a specific distribution (Poisson) in our
model. We parameterized our model with the average strain-specific growth in a
single well after 24 h of 1.027 x 108 for LacZ and 9.517 x 10% cells for PI and the
number of wells per microplate, which was 96. Colonization (dilution) rates were
selected based on an exploration of model coexistence state outputs. Cell number
was assayed following the droplet procedure described above. This model

was implemented in Mathematica 8 (Wolfram). Model results are shown in

Figs 3, 4 and 7.

Basic experimental design. The main experiment consisted of manipulating
trade-off strength (that is, weak, moderate, strong and no trade-off) across 14
treatments (Fig. 3), with 3 independent replicates for a starting total of 42
microplates (metacommunities), or 4,032 wells (patches). Our experiment con-
sisted of six basic steps as follows: (1) set up an initial metacommunity with equal
proportions of both strains in all wells (48 wells at random occupied by each
strain); (2) build a new ‘colonizer pool’ based on the regional abundances of the
two strains after every 24 h; (3) modify the relative contribution of the two strains
in the colonization pool and the dilution of this pool according to each experi-
mental treatment (see Fig. 1) to manipulate the absolute and relative colonization
rates (and thus the strength of the CC trade-off) of the two strains in the meta-
community; and finally (4) inoculate new metacommunities (that is, new

microplates containing fresh media); (5) measuring abundances in each microplate
metacommunity by estimating optical density at 650 nm on a FLUOStar spectro-
photometer; and (6) characterize colonizer pool using a custom-made script in R
that uses data from step 5 to estimate the relative abundances of each strain in the
colonizer pool (for complete description of these steps see Supplementary Methods,
Detailed experimental protocol, and Supplementary Note for R script). This
experimental procedure was run for 10 transfers, which we considered appropriate
following model simulations (Figs 4 and 7). The treatment- and strain-specific pre-
inoculation dilution, concentrations of each strain and isolation levels can be found
in Supplementary Table S1.

Similar to the main experiment, the isolation experiment had six basic steps as
follows: (1) set up an initial metacommunity; (2) build a ‘colonizer pool’;
(3) modify the relative contribution of the two strains in the colonizers pool and
the dilution of this pool according to each experimental treatment and (4) inoculate
new metacommunities. To mimic isolation, we imposed an additional reduction in
overall colonization by reducing the inoculation volumes of the two strains by 0
(control), 70 or 90% in replicate microplates. The two coexistence scenarios that we
implemented were the same as treatment T7 and T11 in the main experiment.
Following the implementation of the additional reduction we proceeded with steps
5 and 6 as in the previous experiment. This experiment consisted of a starting total
18 microplates or 1,728 patches and was run for 10 transfers.

Stock cultures and experimental duration. A key issue in this experiment was to
ensure that no substantial evolution occurred between transfers so as not to
interfere with the ecological CC dynamics predicted by our model. For this pur-
pose, we generated a uniform stock library of bacteria by freezing (— 80 °C) 300 pl
aliquots from overnight cultures in KB medium and glycerol (60/40 bacteria to
glycerol, 80% v/v ratio). Before each transfer, we defrosted (for 5min) and vortexed
(for 10s) new frozen aliquots to remove the glycerol from the aliquot before
inoculation. Separate overnight tubes with 6 ml of KB were inoculated with 125 pil
of LacZ and 30 pl of PI from the defrosted and vortexed aliquots. Previous pilot
experiments have shown that these inoculation volumes ensured relative con-
gruence between overnight growth and growth in the microplates. This detail
meant that our procedure relating optical density-estimated cell counts in over-
night cultures to microplate estimates (see Supplementary Methods, Measuring
abundances and Detailed experimental protocol) was not correcting for great
differences in cell counts. Overnight cultures were grown overnight at 28 °C under
constant orbital shaking.

Statistical analysis. Productivity was measured as the sum of bacterial growth in
all wells of each microplate. Diversity was calculated as the Shannon diversity index
that takes into account the relative contribution to productivity of each strain. The
Shannon index used was calculated as H= — Xp/log(b)p;, where p; is the propor-
tional abundance of species i, and b is the base of the logarithm. This index is also
known as Shannon entropy 2°. If both species are equally common, the Shannon
index is maximized. The more unequal the abundances of each strain are in the
metacommunity, the smaller the corresponding Shannon index. If only one strain
is contributing to the overall biomass and the other strain is very rare (or absent),
the Shannon index approaches zero?®. These calculations were performed using the
vegan package in R*”. We tested for an interaction between strain identity and
trade-off strength in predicting equilibrium patch occupancy using generalized-
linear model (Supplementary Table S2).

References

1. Levins, R. & Culver, D. Regional coexistence of species and competition
between rare species. PNAS 68, 1246-1248 (1971).

2. Hastings, A. Disturbance, coexistence, history, and competition for space.
Theor. Popul. Biol. 18, 363-373 (1980).

3. Tilman, D. Competition and biodiversity in spatially structured habitats.
Ecology 75, 2-16 (1994).

4. Calcagno, V., Mouquet, N., Jarne, P. & David, P. Coexistence in a
metacommunity: the competition—colonization trade-off is not dead. Ecol.
Lett. 9, 897-907 (2006).

5. Mougquet, N., Hoopes, M. F. & Amarasekare, P. The world is patchy and
heterogeneous! Trade-off and source-sink dynamics in competitive
metacommunities. Metacommun. Spatial Dyn. Ecol. Commun. 237-262 (2005).

6. Amarasekare, P. Competitive coexistence in spatially structured environments:
a synthesis. Ecol. Lett. 6, 1109-1122 (2003).

7. Goldwasser, L., Cook, J. & Silverman, E. D. The effects of variability on
metapopulation dynamics and rates of invasion. Ecology 75, 40-47 (1994).

8. Nee, S. & May, R. M. Dynamics of metapopulations: habitat destruction and
competitive coexistence. J. Anim. Ecol. 61, 37-40 (1992).

9. Tilman, D., May, R. M., Lehman, C. L. & Nowak, M. A. Habitat destruction and
the extinction debt. Nature 371, 65-66 (1994).

10. Cadotte, M. W. et al. On testing the competition-colonization trade-off in a
multispecies assemblage. Amer. Nat. 168, 704-709 (2006).

11. Armstrong, R. A. Fugitive species: experiments with fungi and some theoretical
considerations. Ecology 57, 953-963 (1976).

NATURE COMMUNICATIONS | 3:1234 | DOI: 10.1038/ncomms2239 | www.nature.com/naturecommunications 7

© 2012 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2239

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Limberger, R. & Wickham, S. A. Competition-colonization trade-offs in a
ciliate model community. Oecologia 167, 723-732 (2011).

Hunt, J. J. & Bonsall, M. B. The effects of colonization, extinction and
competition on co-existence in metacommunities. J. Anim. Ecol. 78, 866-879
(2009).

Jakobsson, A. & Eriksson, O. Trade-offs between dispersal and competitive
ability: a comparative study of wind-dispersed Asteraceae forbs. Evol. Ecol. 17,
233-246 (2003).

Amarasekare, P. Coexistence of competing parasitoids on a patchily distributed
host: local vs. spatial mechanisms. Ecology 81, 1286-1296 (2000).

Turnbull, L. A, Rees, M. & Crawley, M. J. Seed mass and the competition/
colonization trade-off: a sowing experiment. J. Ecol. 87, 899-912 (1999).
Mouquet, N., Leadley, P., Mériguet, J. & Loreau, M. Immigration and local
competition in herbaceous plant communities: a three-year seed-sowing
experiment. Oikos 104, 77-90 (2004).

Yu, D. W. et al. Experimental demonstration of species coexistence enabled by
dispersal limitation. J. Anim. Ecol. 73, 1102-1114 (2004).

Rainey, P. B. & Travisano, M. Adaptive radiation in a heterogeneous
environment. Nature 394, 69-72 (1998).

Kassen, R., Buckling, A., Bell, G. & Rainey, P. B. Diversity peaks at intermediate
productivity in a laboratory microcosm. Nature 406, 508-512 (2000).
Buckling, A., Wills, M. A. & Colegrave, N. Adaptation limits diversification of
experimental bacterial populations. Science 302, 2107 (2003).

Cohan, F. M. Sexual isolation and speciation in bacteria. Genetica 116, 359-370
(2002).

Lenski, R. E. & Hattingh, S. E. Coexistence of two competitors on one resource
and one inhibitor: A chemostat model based on bacteria and antibiotics*.

J. Theor. Biol. 122, 83-93 (1986).

Turner, P. E., Souza, V. & Lenski, R. E. Tests of ecological mechanisms
promoting the stable coexistence of two bacterial genotypes. Ecology 77,
2119-2129 (1996).

Dechesne, A., Or, D. & Smets, B. F. Limited diffusive fluxes of substrate
facilitate coexistence of two competing bacterial strains. FEMS Microbiol. Ecol.
64, 1-8 (2008).

Jost, L. Entropy and diversity. Oikos 113, 363-375 (2006).

Tilman, D. Secondary succession and the pattern of plant dominance along
experimental nitrogen gradients. Ecol. Monogr. 57, 189-214 (1987).

Power, M. E. et al. Challenges in the quest for key-stones. BioScience 46,
609-620 (1996).

Mougquet, N., Moore, J. L. & Loreau, M. Plant species richness and community
productivity: why the mechanism that promotes coexistence matters. Ecol. Lett.
5, 56-65 (2002).

Venail, P. A., Maclean, R. C., Meynard, C. N. & Mouquet, N. Dispersal scales
up the biodiversity—productivity relationship in an experimental source-sink
metacommunity. Proc. R. Soc. B Biol. Sci. 277, 2339-2345 (2010).

Gamfeldt, L. & Hillebrand, H. Effects of total resources, resource ratios, and
species richness on algal productivity and evenness at both metacommunity
and local scales. PloS One 6, €21972 (2011).

Pfisterer, A. B. & Schmid, B. Diversity-dependent production can decrease the
stability of ecosystem functioning. Nature 416, 84-86 (2002).

Balvanera, P. et al. Quantifying the evidence for biodiversity effects on
ecosystem functioning and services. Ecol. Lett. 9, 1146-1156 (2006).

Loreau, M. Biodiversity and ecosystem functioning: recent theoretical advances.
Oikos 91, 3-17 (2000).

Loreau, M. et al. Biodiversity and ecosystem functioning: current knowledge
and future challenges. Science 294, 804-808 (2001).

Hooper, D. U. et al. Effects of biodiversity on ecosystem functioning: a
consensus of current knowledge. Ecol. Monogr. 75, 3-35 (2005).

Jousset, A., Schmid, B., Scheu, S. & Eisenhauer, N. Genotypic richness and
dissimilarity opposingly affect ecosystem functioning. Ecol. Lett. 14, 537-545
(2011).

Cardinale, B. J., Ives, A. R. & Inchausti, P. Effects of species diversity on the
primary productivity of ecosystems: extending our spatial and temporal scales
of inference. Oikos 104, 437-450 (2004).

Hillebrand, H. & Matthiessen, B. Biodiversity in a complex world: consolidation
and progress in functional biodiversity research. Ecol. Lett. 12, 1405-1419
(2009).

Tilman, D., Lehman, C. L. & Yin, C. Habitat destruction, dispersal, and
deterministic extinction in competitive communities. Amer. Nat. 149,
407-435 (1997).

Vandermeer, J. & Carvajal, R. Metapopulation dynamics and the quality of the
matrix. Amer. Nat. 158, 211-220 (2001).

42. Debinski, D. M. & Holt, R. D. A survey and overview of habitat fragmentation
experiments. Conserv. Biol. 14, 342-355 (2000).

43. Staddon, P., Lindo, Z., Crittenden, P. D., Gilbert, F. & Gonzalez, A.
Connectivity, non-random extinction and ecosystem function in experimental
metacommunities. Ecol. Lett. 13, 543-552 (2010).

44. Salomon, Y., Connolly, S. R. & Bode, L. Effects of asymmetric dispersal on the
coexistence of competing species. Ecol. Lett. 13, 432-441 (2010).

45. Suding, K. N. Toward an era of restoration in ecology: successes and failures
along the science-practice divide. Ann. Rev. Ecol. Evol. Syst. 42, 465-487 (2011).

46. Loreau, M., MOuquet, N. & Holt, R. D. Meta-ecosystems: a theoretical
framework for a spatial ecosystem ecology. Ecol. Lett. 6, 673-679 (2003).

47. Hanski, I. & Gaggiotti, O. E. Ecology, Genetics, and Evolution of
Metapopulations. (Elsevier Amsterdam, 2004).

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

49. Massol, F. et al. Linking community and ecosystem dynamics through spatial
ecology. Ecol. Lett. 14, 313-323 (2011).

50. Logue, J. B., Mouquet, N., Peter, H. & Hillebrand, H. Empirical approaches to
metacommunities: a review and comparison with theory. Trends Ecol. Evol. 26,
482-491 (2011).

51. Jessup, C. M. et al. Big questions, small worlds: microbial model systems in
ecology. Trends Ecol. Evol. 19, 189-197 (2004).

52. Cadotte, M. W, Drake, J. A. & Fukami, T. Constructing nature: laboratory
models as necessary tools for investigating complex ecological communities.
Popul. Dyn. Lab. Ecol. 37, 333-353 (2005).

53. Anderson, R. M. & May, R. M. Vaccination and herd immunity to infectious
diseases. Nature 318, 323-329 (1985).

54. May, R. M. & Nowak, M. A. Superinfection, metapopulation dynamics, and the
evolution of diversity. J. Theor. Biol. 170, 95-114 (1994).

55. Venalil, P. et al. Diversity and productivity peak at intermediate dispersal rate in
evolving metacommunities. Nature 452, 210-214 (2008).

56. Bell, G. & Gonzalez, A. Adaptation and evolutionary rescue in metapopulations
experiencing environmental deterioration. Science 332, 1327-1330 (2011).

57. Jansen, V. & Mulder, G. Evolving biodiversity. Ecol. Lett. 2, 379-386 (1999).

58. Gosset, W. S. [Student] ‘The Application of the 'Law of Error’ to the Work
of the Brewery’. Laboratory Report, Vol. 8, 3-6 (Arthur Guinness & Son,
Ltd., 1904).

59. Poisot, T., Lepennetier, G., Martinez, E., Ramsayer, J. & Hochberg, M. E.
Resource availability affects the structure of a natural bacteria—bacteriophage
community. Biol. Lett. 7, 201-204 (2011).

60. Oksanen, | et al. (2011vegan: Community Ecology Package. R package version
2.0-1http://CRAN.R-project.org/package=vegan.

Acknowledgements

We thank Timothee Poisot for providing soil Pseudomonas strains and Yuexin Jiang for
assistance with dilution calculations. Margaret Kosmala, Dominque Gravel, Jacob
Malcolm and Kayoko Fukamori provided helpful comments on the manuscript. G.L. was
supported by a Chateaubriand Fellowship from the Embassy of France and a U.S. NSF
Graduate Research Fellowship, and received tuition support from the Integrative Biology
Program at the University of Texas-Austin. N.M., M.M., M.C. and C.B. were supported
by the CNRS and grant ANR-BACH-09-JCJC-0110-01. M.A.L. was supported by
NSE-DEB0717370.

Author contributions

G.L, M.M,, V.C, M.A.L. and N.M. conceived the experiment. G.L., M.M., C.B. and M.C.
implemented the experiment. V.C. conceived the model. G.L., M.M. and V.C. performed
the analysis. G.L, M.M,, V.C,, M.C,, M.A.L. and N.M. prepared the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Livingston G. et al. Competition-colonization dynamics in
experimental bacterial metacommunities. Nat. Commun. 3:1234 doi: 10.1038/
ncomms2239 (2012).

NATURE COMMUNICATIONS | 3:1234 | DOI: 10.1038/ncomms2239 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.


http://CRAN.R-project.org/package=vegan
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications

	title_link
	Results
	Experimental system
	Coexistence and patch occupancy
	Metacommunity productivity

	Figure™1Implementing competition-colonization trade-offs.The experiment consisted of six basic steps: (1) set up an initial metacommunity with equal proportions of both strains in all wells (48 wells at random occupied by each strain); (2) build a new ’co
	Increasing patch isolation

	Figure™2Cobweb plot for the patch occupancy model.Patch occupancies after one transfer (P1 for strain 1 and P2 for strain 2 at t +1) are functions of their current values through the probability of successful colonization following dispersal (f1 and f2). 
	Figure™3Coexistence predictions.These predictions take into account the colonization rates (that is, dilution rates) of strong competitor (competitor) and poor competitor (colonizer) strains. Numbers indicate the treatment corresponding to each combinatio
	Figure™4Time series for all replicates from select treatments.Treatments T1, T4, T7, T10 and T14 are included. Panels a-e show observed occupancies (points) and model predictions for each strain (thick lines). Each treatment included three replicates and 
	Figure™5Effect of trade-off strength on equilibrium patch occupancy by strain.Each point indicates the average proportion of occupied patches by each strain in each replicate (averages of transfers eight to ten in our experiment). The ’competitor dilution
	Figure™6Total metacommunity productivity and Shannon diversity.Points are averages from each replicate in the 14 main experimental treatments over transfers 8-10. Circle sizes are proportional to the mean patch occupancy of each strain (see scale in the f
	Discussion
	Figure™7Time series for all replicates from all treatments in the habitat isolation experiment.Panels a-f show observed occupancies (points) and model predictions for each strain (thick lines). Each treatment included three replicates and was run for a ma
	Methods
	A model for CC dynamics in microplate metacommunities
	Bacterial strains
	Model parameterization
	Basic experimental design
	Stock cultures and experimental duration
	Statistical analysis

	LevinsR.CulverD.Regional coexistence of species and competition between rare speciesPNAS68124612481971HastingsA.Disturbance, coexistence, history, and competition for spaceTheor. Popul. Biol.183633731980TilmanD.Competition and biodiversity in spatially st
	We thank Timothee Poisot for providing soil Pseudomonas strains and Yuexin Jiang for assistance with dilution calculations. Margaret Kosmala, Dominque Gravel, Jacob Malcolm and Kayoko Fukamori provided helpful comments on the manuscript. G.L. was supporte
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




