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Uniting Community Ecology and
Evolutionary Rescue Theory:
Community-Wide Rescue Leads to a
Rapid Loss of Rare Species
Timo J. B. van Eldijk*†, Karen Bisschop† and Rampal S. Etienne†

Groningen Institute for Evolutionary Life Sciences, Faculty of Science and Engineering, University of Groningen, Groningen,
Netherlands

Most ecological communities are facing changing environments, particularly due to
global change. When migration is impossible, adaptation to these altered environments
is necessary to survive. Yet, we have little theoretical understanding how ecological
communities respond both ecologically and evolutionarily to such environmental
change. Here we introduce a simple eco-evolutionary model, the Community-Wide
Rescue (CWR) model, in which a community faces environmental deterioration and
each species within the community is forced to undergo adaptation or become extinct.
We assume that all species in the community are equivalent except for their initial
abundance. This individual based simulation model thus combines community ecology
and evolutionary rescue theory. We show that under Community-Wide Rescue a rapid
loss of rare species occurs. This loss occurs due to competition and a limited supply
of beneficial mutations. The rapid loss of rare species provides a testable prediction
regarding the impact of Community-Wide Rescue on species abundance distributions
in ecological communities.

Keywords: neutral theory of biodiversity, community rescue, evolutionary rescue, adaptation to environmental
change, species abundance distributions, antibiotic resistance, microbial community evolution, extinction of rare
species

INTRODUCTION

Many ecosystems face abrupt human-induced environmental change and evolutionary adaptation
might be the only way to avoid extinction when migration is difficult (Vitousek et al., 1997;
IPCC, 2014). Understanding precisely how ecological communities respond to abruptly changing
environments is therefore paramount. This calls for models that predict how an ecological
community composed of many different species adapts to such a deteriorated environment
(Hoffmann and Sgrò, 2011). Such models of community-wide adaptation are not only relevant
from the perspective of global change, but they are also important to understand the response of
any community to environmental change, such as the microbiome of a medical patient undergoing
a prolonged treatment with antibiotics. In this case, not just a single pathogenic bacterium faces
a changed environment, but a complex community consisting of many thousands of species
(Arumugam et al., 2011; Cho and Blaser, 2012), must adapt to avoid extinction. Whilst many
models exist that study how a population of a single species, or a community composed of two
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species, adapts to environmental change (Hoffmann and Sgrò,
2011; Martin et al., 2013; Northfield and Ives, 2013; Osmond
and De Mazancourt, 2013; Cortez and Yamamichi, 2019), fewer
models exist that describe the response of an entire community
composed of multiple species to an altered environment,
although there are some examples (De Mazancourt et al.,
2008; Bell, 2017; Lasky, 2019). Furthermore, empirical results,
describing community wide adaptation, such as those presented
by Bell and Gonzalez (2011), Low-Décarie et al. (2015), Bell
et al. (2019), and Roodgar et al. (2019), are clearly calling
for such models.

Evolutionary rescue theory models situations in which a
population can only escape extinction if it adapts. In a
classical evolutionary rescue scenario, where the environment
in which a population resides deteriorates, the population starts
declining as a result. Extinction can then only be averted if a
mutant establishes that has a positive growth rate in the new
environment; i.e., the population is rescued. This process results
in the well-known U-shaped curve of population size over time
(Gomulkiewicz and Holt, 1995; Gonzalez et al., 2012; Orr and
Unckless, 2014). Most models of evolutionary rescue focus on
deriving the probability of the occurrence of such a rescue event
given a certain initial population size, a rate of population decline,
and a mutation rate. Evolutionary rescue theory could even be
a useful tool to predict the emergence of antibiotic resistance
(Martin et al., 2013; Alexander et al., 2014).

Here, we explore a new scenario in which not a single
population, but a whole community composed of many different
species faces a deteriorated environment, causing the populations
of each species to decline. Only those species in which a rescue
mutant with a positive growth rate establishes, remain in the
community. In other words, evolutionary rescue occurs on a
community-wide basis. We examine the effect of this process on
species abundance distributions.

We present a parsimonious model of this Community-Wide
Rescue (CWR) process. It describes the change in species
abundances, during and after community-wide evolutionary
rescue. We assume that all species are equivalent; they all
start with the same negative growth rate and all have the
same fixed mutation rate toward a phenotype with a positive
growth rate. These assumptions are inspired by those made in
the neutral model of biodiversity (Hubbell, 1997). The neutral
model has been shown to be able to explain various patterns
of species abundances, and has become a baseline model for
community diversity patterns when species differences or species
asymmetries are ignored (Alonso et al., 2006; Rosindell et al.,
2011; Wennekes et al., 2012; Scheffer et al., 2018). However,
because we include an explicit mutational process that introduces
a different growth rate, our Community-Wide Rescue model is
not strictly neutral. We compare our results with those of two
null models: neutral models in which the community dynamics
are solely governed by ecological drift. The first null model has
a constant community size, whilst the second null model mimics
the decrease in community size that occurs during Community-
Wide Rescue.

The aim of this paper is to construct and explore a simple
model for the CWR process, and to examine how under this

model CWR affects the patterns of species abundances within a
community. We quantify these patterns using Rank Abundance
Curves (RAC, also known as rank abundance diagrams or
distributions, RAD, McGill et al., 2007). It is well known that
many different mechanisms can generate similar RACs, and
hence RACs should be interpreted with caution (Chave et al.,
2002). We aim to see if this general pattern also holds for our
CWR model, or if perhaps RACs are informative about the (past)
occurrence of CWR. We show that CWR causes a loss of rare
species from the community, due to a limited supply of beneficial
mutations and competition. In rare species, their low abundance
limits their supply of beneficial mutations that can rescue
them from extinction, whilst they face increased competition
with more common species that have already undergone such
beneficial mutations. However, RACs produced by the CWR
process could equally well have been produced by a neutral
model. In addition, as RACs proved uninformative, we also
examined the rate at which CWR changes the relative species
abundances (i.e., alters the RAC) and compare this to the rate at
which ecological drift alters species abundance patterns. We show
that CWR causes an extremely rapid loss of rare species. Such
insights are crucial to understand the effects of environmental
change on ecological communities.

MATERIALS AND METHODS

Our model of the CWR process is a continuous-time individual-
based stochastic model, where birth, death, and mutation events
are simulated using the Doob-Gillespie algorithm (Gillespie,
1976). We assume that all species are equivalent except for
their initial densities. This assumption is unlikely to hold in a
natural community, but its simplicity allows us to focus on the
key ingredients of the CWR process. Furthermore, we consider
a single closed community, i.e., there is no immigration. It
is worth noting that this implies that the observed dynamics
are transient in nature, when time goes to infinity all species
will eventually go extinct due ecological drift. This assumption
of no migration allows us to more clearly see the effect of
CWR in a single (local) community. In the CWR model, the
community consists of several species, each with an initial
abundance that is drawn using the sampling formula for standard
neutral communities (Etienne, 2005). Initially, all individuals of
each species have the same negative growth rate. We call an
individual with this negative growth rate a “resident.” The initial
community thus represents a community immediately after a
drastic environmental change, in which the populations of all
species are declining and unless adaptation occurs extinction is
inevitable for all species. However, each resident individual can
undergo a mutation to become a mutant individual, this occurs
with a rate µ (note that this process implicitly assumes asexual
inheritance). Again, the value for µ is the same, regardless of
the species to which an individual belongs. All mutants have
the same positive growth rate. Hence, we assume the simplest
possible model of evolutionary rescue, as posited by Orr and
Unckless (2008) and Martin et al. (2013): only a single mutational
step is required to achieve a positive growth rate and this
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mutation has a constant fitness effect. µ could for example
represent the mutation rate toward antibiotic resistance, see also
Martin et al. (2013).

The growth rates of the residents and mutants are
implemented as follows. The death rates for the residents
and the mutants are equal and given by d. We assume that
the birth rate for both mutants and residents depends on
total community size (i.e., total number of individuals in the
community of all species combined),

b = b0(1−
Ntot

K
) (1)

where b0 is the rate of birth in a pristine community (no other
individuals present). This parameter b0 is different between
residents and mutants (hence, we have b0,res and b0,mut). We
assume that b0,res < d so that the resident always has a negative
growth rate and b0,mut > d, so that the mutants always have a
positive growth rate. Parameter K is the number of individuals
at which the birth rate is equal to 0, and Ntot is the total number
of individuals (summed across species, including both residents
and mutants) in the community. It is important to note that
K is not the sole parameter controlling the carrying capacity
of the community; this is determined by the interplay of b0,
d, and K and is given by K (1- d/b0). Our model deviates
from standard neutral models in that we do not impose a zero-
sum constraint (otherwise the community cannot decline), and
that instead we have community-wide density-dependent birth.
Haegeman and Etienne (2008) showed that community-level
density-dependence in immigration and birth does not affect the
predictions on the species abundance distributions, so we do not
strongly deviate from a standard neutral model in this sense.
The default parameter set for simulating the CWR model was
b0,res = 0.05, b0,mut = 0.6, d = 0.1, K = 16000, and µ = 0.0005.
The initial species abundances for all simulations were generated
with the sampling formula for standard neutral communities
as derived by Etienne (2005) using a community size of 16000,
a fundamental biodiversity number, θ, of 200 and a migration
parameter, I, of 40. In this neutral model, the fundamental
biodiversity number controls the species abundance distribution
in the regional species pool, whilst the migration parameter
governs the frequency of migration from the regional species pool
to the local species pool. For a more complete description the
reader is referred to Etienne and Olff (2004) and Etienne (2005).
Here this model is simply used to generate a reasonable initial
species abundance distribution. The exact same initial species
abundance distribution was used for all simulations, unless stated
otherwise. All simulations, plots and analysis were performed
using R version 3.5.1 (R Core Team, 2014). All new simulation
code is provided in the CWERNI R-package that is available at:
https://github.com/DeadParrot69/CWERNI.

To answer the question whether an endpoint RAC from a
CWR community can be distinguished from a RAC generated
by a neutral community, we used a simulation, fitting, and re-
simulation approach. First, we simulated a community using
CWR, with the default parameters. Subsequently, we fitted a
neutral model to the RAC using the SADISA-package (Haegeman
and Etienne, 2017). From this fit we obtain a log-likelihood,

which in essence is a measure of the goodness of fit of the
neutral model on the RAC generated using CWR. To generate
a distribution of log-likelihoods with which to compare the
log-likelihood of the neutral model fit on the CWR RAC, the
parameters obtained from the neutral model fit were used to
perform 500 neutral model simulations (Etienne, 2005). Then,
the SADISA-package (Haegeman and Etienne, 2017) was used
on each of these neutral simulations to fit a neutral model.
This created a distribution of log-likelihoods for these neutral
model simulations. Subsequently we determined whether the
log-likelihood obtained from the neutral model fit on the
CWR RAC falls outside or inside the distribution of the log-
likelihoods obtained through neutral model fits on neutral model
simulations. Instead of the log-likelihood we also looked at
the distribution of two different diversity indices, the Shannon
entropy (Rényi entropy, α = 1) and the collision entropy (Rényi
entropy, α = 2) of the simulated communities. This process
was repeated ten times each time with a newly drawn neutral
starting community. We note that the model underlying the
SADISA estimates is subtly different from that used to perform
the re-simulations. The SADISA estimator makes an independent
species assumption, whilst the code used for the simulations
instead assumes a zero-sum assumption, but it has been shown
that the RACs that these model produce are indistinguishable
(Haegeman and Etienne, 2008, 2017).

In order to place the rate of rare species loss due to CWR into
context, we compared it to the rate of rare species loss in a local
community due to ecological drift in two truly neutral models.
The first is a simple neutral model (SN) without a CWR process,
where the birth and death rates are equal to those of the mutant in
the CWR model. This model is thus a neutral model of the local
community without immigration or speciation; it only describes
the loss of species through ecological drift.

We expected the CWR model to show a decrease in total
community size before recovery (due to the negative growth rate
of the residents). Such a decrease in local community size, can
accelerate the rate of rare species loss through ecological drift.
Therefore, we also constructed a neutral model similar to SN, but
where the basic birth rate for all species is set to a value less than
the death rate for a predetermined time interval. This induces
a steady decrease in total community size from the start of the
simulation until the end of the interval. We chose the length of
the interval, such that the community size decrease is similar to
that observed during CWR. We call this model the variable-birth
neutral model (VBN).

We simulated the three models (CWR, SN, and VBN) for
100 units of time. This was a sufficient number for all residents
to go extinct in the CWR model, see also Supplementary
Figure 6. When there are no more residents in the community the
evolutionary rescue process is considered complete as all species
have either undergone adaptation or gone extinct; hence we chose
to simulate for 100 units of time. Each model was simulated 500
times. The SN model was simulated using the parameters b0 = 0.6,
d = 0.1, and K = 16000 (i.e., the same parameters as the mutants
in the CWR model). For the VBN model we set the basic birth
rate of all the species in the community (b0) equal to b0, res,
during the first twenty units of time. After this time interval,
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which was tuned so as to create a decrease in total community
size similar or perhaps even slightly larger in nature than that in
the CWR community, we set the basic birth rate equal to b0,mut .
The other parameters were the same as in the SN model. To study
the RAC of a community at different stages of CWR, we plotted
the resulting RACs at different points in time: t = 15, t = 30, t = 50,
t = 75, and t = 100.

In models examining evolutionary rescue, the mutation rate
and the establishment probability of the mutant are known to
determine the probability of evolutionary rescue (Martin et al.,
2013). Therefore, to gain more insight into our CWR model, we
wanted to examine the effect of the mutation rate (µ) and mutant
birth rate (b0,mut), on the CWR process. by respectively varying
the mutation rates (µ = 0.00005, 0.0005, 0.005, 0.05) and the
mutant birth rate (b0,mut = 0.2, 0.4, 0.6, 0.8), and leaving all other
parameters the same as in the default parameter set. Again, we
ran 500 independent simulations for each set of parameters.

In our CWR model we assumed that b0,res < d so that the
resident always has a negative growth rate. If this condition is
not satisfied, one is no longer modeling evolutionary rescue.
However, one can imagine a scenario in which b0,res > d, for
example when a bacterial community is confronted with sub-
inhibitory concentrations of antibiotics. In such a community the
species are not doomed to go extinct, but residents are simply
replaced by fitter mutants, in essence a community-wide selective
sweep. Such situations might be much more common than strict
evolutionary rescue scenarios, so examining this situation could
extend the applicability of our model. Therefore, we also studied
a selective sweep model, derived from our CWR model, in
which the only difference is that b0,res > d, resulting in both a
resident and a mutant with a positive net growth rate, whilst the
mutant still has a higher net growth rate than the resident. We
performed 500 simulations of this model using the parameter set
b0,res = 0.3 and all other parameters the same as in the default
CWR model parameter set.

RESULTS

The loss of rare species in the CWR community (Figures 1A,B) is
much faster than in the neutral (SN) community (Figures 1C,D).
In other words, the CWR process causes a very rapid loss of rare
species, when compared to the rate of rare species loss from a
local community due to ecological drift. Furthermore, the rate
of rare species loss in the CWR model is also much larger than
in the VBN model (Figures 1E,F). Because the VBN model has
a variable carrying capacity tuned to create a decrease in total
community size similar to the one observed in the CWR model,
we can conclude that the rapid loss of rare species in the CWR
model is not just due to ecological drift being accelerated by
a decrease in total community size. In addition, the observed
rapid loss of rare species occurs consistently in a relatively wide
range of community sizes (between K = 1000 and K = 16000, see
Supplementary Figures 12–14).

The same pattern is evident if one examines the figures
showing the RACs at different time points for each of the
three models (Figure 2 and Supplementary Figures 7, 8).

Furthermore, by closely examining Figure 2 one can see exactly
at which point during the CWR process the loss of rare species
occurs. During the first stage of CWR a community-wide
decline occurs that does not greatly alter the shape of the RAC
(Figure 2A). It is only as the first mutants begin to invade and the
total community size starts to rebound (Figure 2F) that the shape
of the RAC begins to change and that the loss of rare species starts
to occur (Figure 2B). The loss of rare species continues after the
community size has stabilized (Figures 2C,D). Once the residents
have disappeared from the population, the shape of the RAC is
fairly stable (Figures 2D–F).

The mutation rate has a strong influence on the results
(Figure 3). If the mutation rate is very high, rescue becomes so
likely that all species undergo rescue and there is no loss of rare
species beyond the effects of normal ecological drift in a neutral
community without speciation/immigration (Figures 3A,B). By
contrast, if the mutation rate is very low, almost none of the
species in the community undergo rescue (Figure 3E) and in
some cases not a single rescue mutant manages to establish itself
in the community (Figure 3F). Therefore, intermediate mutation
rates seem to be required for CWR to impact the RAC and create a
loss of rare species greater than that produced by ecological drift
alone. In other words, the rate of rare species loss during CWR
depends on the mutation rate.

Increasing b0,mut i.e., increasing the fitness advantage of the
mutant, does not seem to influence the loss of rare species, as
the RAC’s obtained after the CWR process, for different values
of b0,mut are indistinguishable (Figure 4). However, increasing
b0,mut does seem to increase the speed of the rescue process. In
particular, if b0,mut is higher, the recovery phase of the rescue
process proceeds much faster, due to the higher maximal growth
rate of the mutant. It should be noted that increasing b0,mut also
increases the net carrying capacity of the rescued population,
because despite a constant K, the net carrying capacity, given by
K (1- d/b0), is the density where the net birth rate is equal to the
death rate. Despite this increased carrying capacity, the recovery
phase is still much faster in the simulations with a high b0,mut .

In the selective sweep model, the residents have a positive net
growth rate, i.e., instead of CWR, the resident with a positive
growth rate is replaced by a mutant with an even higher growth
rate. As can be seen in Figure 5B, there is only a very minor
decrease in the total community size during this replacement
process. However as can be seen in Figure 5A, the rate of rare
species loss in the selective sweep model is much higher than in
the neutral SN and VBN models. In other words, when compared
to ecological drift, community wide adaptation can cause a very
rapid loss of rare species, just like CWR.

The fitting and re-simulation approach using the log-
likelihoods of neutral model fits showed that the log-likelihood
of a neutral model fit on the CWR model results consistently fell
within the distribution of log-likelihoods obtained from neutral
model simulations (Supplementary Figure 9A). A similar result
was obtained when instead of log-likelihoods, the values of
the Shannon entropy and the Rényi entropy of the RACs
were used; the values of the Shannon entropy and the Rényi
entropy estimated from the CWR RAC consistently fell inside
those estimated on neutral model simulations simulated using
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FIGURE 1 | Rank Abundance Curves and total community size under the CWR, SN, and VBN models. (A,C,E) Show the RACs produced after 100 units of time by
the CWR model, the SN model and the VBN model, where the median is shown in black, the 25th and the 75th percentile are shown in blue and the 5th and the
95th percentile are shown in gray, the initial community is plotted in red. (B,D,F) Show the accompanying trajectories of total community size for each simulation
over time. All plots are based on 500 simulations. Parameters for (A,B): b0,res = 0.05, b0,mut = 0.6, d = 0.1, K = 16000, and µ = 0.0005, for (C,D): b0 = 0.6, d = 0.1
and K = 16000, for (E,F): b0 = 0.05 for t between 0 and 20, b0 = 0.6 for t between 20 and 100, d = 0.1, and K = 16000.
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FIGURE 2 | Time trajectory of the RAC under the CWR model. Plots based on 500 CWR simulations using the (default) parameters b0,res = 0.05, b0,mut = 0.6,
d = 0.1, K = 16000 and µ = 0.0005. (A–E) Show the RAC of the community at t = 15, t = 30, t = 50, t = 75, and t = 100 respectively, were the median is shown in
black, the 25th and the 75th percentile are shown in blue and the 5th and the 95th percentile are shown in gray, and the input community is plotted in red. (F) Shows
the trajectories of the total community size (black), the total number of residents in the communities (green) and the total number of mutants in the community (blue).
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FIGURE 3 | RACs (A,C,E) and total community size trajectories (B,D,F) under the CWR process, for different mutation probabilities (µ), for each different mutation
rate 500 simulations were performed. In the RAC plots the median is shown in black, the 25th and the 75th percentile are shown in blue, the 5th and the 95th
percentile are shown in gray and the initial community is plotted in red. Simulations were performed using the parameters b0,res = 0.05, b0,mut = 0.6, d = 0.1, and
K = 16000. For (A,B) µ = 0.05, in (C,D) µ = 0.005, and in (E,F) µ = 0.000005. The total community size trajectories were plotted for of each of the 500 simulations,
hence the separation of these trajectories at low mutation rates (F).

neutral model parameters estimated from the CWR RACs
(Supplementary Figures 9B,C). Both of these results imply that
there is no information in an endpoint RAC alone that would
allow one to determine whether that RAC had been created by
a neutral process or a CWR process.

DISCUSSION

We have shown that a single endpoint RAC does not allow one
to determine whether that RAC had been created by a neutral
process or a CWR process. This conclusion is in accordance with
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FIGURE 4 | The RAC under CWR processes with different mutant birth probabilities (b0,mut ). All simulations were performed using the parameters b0,res = 0.05,
d = 0.1, K = 16000, and µ = 0.0005. In (A,B) b0,mut = 0.2, for (C,D) b0,mut = 0.4 and in (E,F) b0,mut = 0.8. Panels (A,C,E) show the RAC’s after 100 units of time,
where the median is shown in black, the 25th and the 75th percentile are shown in blue and the 5th and the 95th percentile are shown in gray, with the input
community plotted in red. (B,D,F) Display the trajectories of total community size over time. All plots are based on 500 simulations.
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FIGURE 5 | The RAC (A) and the total community size (B) for simulations of the CWR model where the strict conditions of CWR are relaxed and reflect a scenario
where the net growth rate of the residents is positive, yet still lower than that of the mutants. This causes a selective sweep during which the residents are replaced
by the mutants, because the mutants have a higher fitness. In the RAC plot the median is shown in black, the 25th and the 75th percentile are shown in blue and the
5th and the 95th percentile are shown in gray, and the input community is plotted in red. These plots are based on 500 simulations. The parameters used were
b0,res = 0.3, b0,mut = 0.6, d = 0.1, K = 16000 and µ = 0.0005.

the general pattern in the literature; whilst some non-neutral
processes, such as trait based environmental filtering (Jabot,
2010), can be detected by examining species abundances, many
different non-neutral processes can generate surprisingly similar
RACs (Chave et al., 2002).

The most striking outcome of our modeling effort is that
CWR (Figures 1A,B) causes a very rapid loss of rare species,
when compared to ecological drift (Figures 1C,D). This holds
even if one accounts for the increase in ecological drift due
to a decrease in total community size as in the VBN model
(Figures 1E,F). Furthermore, this result is shown for a wide
range of community sizes (between K = 1000 and K = 16000,
see Supplementary Figures 12–14). In a neutral model governed
by ecological drift, rare species are more likely to go extinct
simply due to their lower abundance. However, in the CWR
model rare species have a higher probability of going extinct,
because their low abundance also means that they will have a
lower probability of producing a beneficial mutant before going
extinct. In other words, for rare species the supply of beneficial
mutations is limited by their low abundance. This dependence
of the probability of rescue on the initial population density is
well characterized in standard models of evolutionary rescue and
has also been demonstrated empirically (Holt, 1990; Bell and
Gonzalez, 2009; Martin et al., 2013). Low abundance causes a low
probability of a beneficial mutant occurring, because mutation
occurs on a per-capita basis, i.e., the probability of a beneficial
mutation arising during a certain time interval depends on the
product of µ and the population size of the species, so during the
same time interval a mutation is less likely to occur in a species
with a small population size. Furthermore, the time to extinction
for rare species is lower, so there is less time for a mutant to arise
before the rare species goes extinct.

However, there is another effect, hypothesized by Bell (2017),
which contributes to the loss of rare species: competition. This

represents a crucial difference between our model and standard
models of evolutionary rescue (Martin et al., 2013). In our
model the birth rate of all species is governed by the total
number of individuals in the community (regardless of their
species), all species compete with each other (community-level
density dependence). So, a species that has undergone rescue will
increase the total number of individuals in the community. This
causes the birth-rate of the remaining species to decrease. For
the species that have not yet undergone rescue, this accelerates
their decay, decreasing the time available to find a mutant
before going extinct. In other words, the evolutionary rescue
of one species, promotes the extinction of its competitors (Bell,
2017). Rare species that do manage to produce a mutant will
tend to do so relatively late in the simulation, because their
low abundance gives them a low probability of producing a
mutant per unit of time. On the other hand, species with a
high abundance that manage to produce a mutant will tend to
do so relatively early on in the simulation, thereby promoting
the extinction of the rare species through competition. It is
interesting to contrast these results with those of De Mazancourt
et al. (2008), who showed that on a community level biodiversity
can inhibit adaptation, due to competitive interactions. In our
model, the fact that rare species fail to adapt is also partly
driven by competitive interactions, in that sense reaffirming
the general result that competition can inhibit adaptation.
However, the crucial difference is that in the model of De
Mazancourt et al. (2008) these competitive interactions are driven
by explicit assumptions about the ecology of each species, whilst
in our model species are ecologically equivalent except for their
initial abundance.

In our model, the limited supply of beneficial mutations at
low abundance and competition between the species, together
disproportionally promote the extinction of rare species during
CWR. These two effects are also crucial to understand how
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changing the mutation rate impacts the CWR process (Figure 3).
From standard models of evolutionary rescue it follows that a
high mutation rate results in a high probability of rescue (Martin
et al., 2013). Furthermore, in our model a high mutation rate
implies that mutations occur at very similar times for different
species, limiting the competitive advantage of common species
that rescue early. Therefore, if the mutation rate is too high,
almost all species undergo rescue and very little rare species loss
occurs (Figures 3A,B). For very low mutation rates the opposite
holds true and very few species undergo rescue (Figures 3E,F).
It should be noted that at very low mutation rates, in some cases
not even a single species undergoes rescue. So, in other words,
a lower mutation rate causes a greater loss of rare species, yet
if the mutation rate is too low no rescue occurs and the entire
community goes extinct.

The influence of the mutant birth rate (b0,mut) on the CWR
process (Figure 4) is not as straightforward. Based on standard
models of evolutionary rescue, increasing the mutant birth rate
should increase the fixation probability of the mutant and thereby
increase the probability of rescue. Furthermore, increasing the
mutant birth rate should also increase the competitive advantage
of those species that rescue early. However, contrary to our
expectations, we observed that an increase in the mutant birth
rate does not cause an increase in the loss of rare species. Instead,
an increase in the mutant birth rate only seems to affect the
speed of the CWR process. This is in part due to the fact that
an increase in the mutant birth rate also increases the overall
carrying capacity of the community. This increase could offset the
competitive advantage of the species that rescue early. Because
they grow faster, the equilibrium community size is also larger.
However, this increase in the community size does not influence
the fixation probability of the mutant as derived in classical
models of evolutionary rescue. Therefore, the fact that increasing
the mutant birth rate does not increase the loss of rare species
indicates that competition between early and late rescuing species
is the more dominant mechanism responsible for the loss of
rare species. This emphasizes the added value of our current
modeling approach for understanding evolutionary rescue in a
multi-species context.

We also created a different model based on the CWR model
where we allowed the residents to have a positive growth rate
(b0,res > d). Relaxing this assumption implies that this model
does not reflect a strict evolutionary rescue scenario, as this
requires a decaying resident population. This model represents
a community-wide selective sweep, during which residents with
a positive growth rate are replaced by mutants with an even
higher growth rate. When comparing this selective sweep model
(Figures 5A,B) to the neutral SN and VBN model it is evident
that the community-wide selective sweep causes a rapid loss of
rare species when compared to ecological drift. However, the rate
of rare species loss is lower than in the CWR model. Hence, one
might conclude that community-wide adaptation in general leads
to a loss of rare species, implying that our findings from the CWR
model are more generally applicable. Furthermore, as there is
no evolutionary rescue process in our selective sweep model, the
only mechanism responsible is the competition between species
that have found the high fitness mutant and those that have not.

Hence the fact that competition alone is enough to cause the rapid
rare species loss in the selective sweep model also indicates that
competition is a more dominant mechanism of rare species loss
in the CWR model.

As emphasized before, our CWR model assumes a simple
model of evolutionary rescue. Most notably, rescue requires only
a single mutation step, with a fixed positive fitness effect. For
some situations these assumptions should provide a reasonable
approximation. For example, the evolution of resistance to
certain antibiotics requires only a single or very few mutations.
In addition, the mechanisms underlying resistance can be quite
similar across different species (Hooper and Jacoby, 2015).
However, obviously these simple assumptions do not hold under
all biological circumstances. So how would a more complex
assumptions regarding mutation affect the outcome of our CWR
model? Allowing multiple mutational steps of varying fitness
effects would serve to make the competition during the rescue
process more asymmetrical. Therefore, this would be expected
to cause an even greater loss of rare species compared to our
current CWR model.

The CWR model presented here assumes that all species
are (initially) equal, differing only in their initial abundances,
an assumption inspired by the neutral theory of biodiversity.
Evidently this assumption is unlikely to strictly hold in
natural communities, yet it allows us to create a relatively
simple model. Furthermore, our model does not consider
immigration and speciation. Future CWR models could
include mutation probabilities, birth probabilities, and death
probabilities that differ across species, and include migration
and speciation. It will be interesting to see whether demographic
rescue, by immigration, will counteract or aid evolutionary
rescue by mutation.

It is striking that the change in the shape of the RAC produced
by the CWR process i.e., one devoid of rare species is a pattern
commonly observed by ecologists in “stressed” or disturbed
communities (Bazzaz, 1975; Halloy and Barratt, 2007; Webb and
Leighton, 2011). Additionally, antibiotic treatment also seems
to cause a similar loss of rare species in the microbiome of
patients, which persists long after the treatment (Sommer and
Dantas, 2011). Interestingly, a study of benthic foraminifera
during the Paleocene–Eocene thermal maximum by Webb et al.
(2009) showed a decrease in richness, an increase in kurtosis,
and a decrease in evenness during the Paleocene–Eocene thermal
maximum, i.e., a change in the shape of the RAC that would also
be consistent with a CWR scenario.

However, it is important to realize that there are countless
other ecological explanations that may account for the loss of
rare species in stressed environments. For example, rare species
tend to be more specialized and are hence more sensitive to
disturbance (Davies et al., 2004). Or the loss of a single keystone
species can in turn lead to the loss of many rare species that
may depend on it (Rapport et al., 1985). Thus, if rapid loss
of rare species is observed, that is much faster than would be
expected due to ecological drift, this does not per se imply an
underlying CWR process.

However, this does not mean that CWR is a hypothetical
process with little relevance, to real ecological communities.
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Experimentalists are examining evolutionary rescue in a
community context. The examples include microbiomes
adapting to antibiotic treatment (Roodgar et al., 2019); soil
microbial communities adapting to herbicides (Low-Décarie
et al., 2015) and lacustrine plankton communities adapting to
acidification (Bell et al., 2019). There are many more situations
in which CWR could be considered as a potential mechanism for
rare species loss, as many ecosystems face irreversible human
induced environmental change on a community-wide level
(Vitousek et al., 1997).

All in all, the current CWR model represents an initial
exploration of CWR and could be considered as a baseline
model regarding the effect of community-wide evolutionary
rescue on species abundances. Yet, this simple model provides
a clear testable prediction regarding the effect of CWR on species
abundances: Community-Wide Rescue causes a very rapid loss
of rare species.
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