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Rescue vs Doom

r > 0
(births > deaths)

r < 0
(births < deaths)

!"#$ = (1 + ))!"+noise



Can the Doomed be Rescued by Evolution?
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“Measuring the probability of rescue is not that straightforward. First, one 
must choose the time period over which populations can be said to be either 
doomed or rescued.”(2013)
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The probability of evolutionary
rescue: towards a quantitative
comparison between theory and
evolution experiments
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and Ophélie Ronce1,2
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34095 Montpellier Cedex 05, France

Evolutionary rescue occurs when a population genetically adapts to a
new stressful environment that would otherwise cause its extinction. Forecast-
ing the probability of persistence under stress, including emergence of drug
resistance as a special case of interest, requires experimentally validated quan-
titative predictions. Here, we propose general analytical predictions, based
on diffusion approximations, for the probability of evolutionary rescue. We
assume a narrow genetic basis for adaptation to stress, as is often the case
for drug resistance. First, we extend the rescue model of Orr & Unckless
(Am. Nat. 2008 172, 160–169) to a broader demographic and genetic context,
allowing the model to apply to empirical systems with variation among
mutation effects on demography, overlapping generations and bottlenecks,
all common features of microbial populations. Second, we confront our
predictions of rescue probability with two datasets from experiments with
Saccharomyces cerevisiae (yeast) and Pseudomonas fluorescens (bacterium). The
tests show the qualitative agreement between the model and observed
patterns, and illustrate how biologically relevant quantities, such as the
per capita rate of rescue, can be estimated from fits of empirical data. Finally,
we use the results of the model to suggest further, more quantitative, tests of
evolutionary rescue theory.

1. Introduction
Forecasts of future rates of species extinction are three to four orders of magni-
tude higher than known background rates of extinction in the fossil record [1].
Such forecasts of biodiversity loss have been criticized for not taking into
account the capacity of organisms to adapt to their changing environment
[2]. Evolutionary rescue describes the process by which a population, initially
confronted with an environment causing its decline, is saved from extinction
through genetic changes that recover growth. Emergence of resistance to
chemotherapy (antibiotics, antivirals, pesticides, etc.) is also an important
example of evolutionary rescue, well studied both empirically (reviewed in
MacLean et al. [3]) and theoretically [4]. Several theoretical models have
addressed the joint evolutionary and demographic processes leading to
evolutionary rescue when the environment deteriorates gradually [5,6] or
abruptly [6–8]. The very same process has also been modelled in more epidemi-
ologically oriented models [4]. Rescue or demise depends on a race between
population decline and adaptation: genotypes that adapt the population to
the new environment must reach a substantial frequency before the population
becomes extinct. These models predict that the probability of evolutionary
rescue decreases with stress intensity and increases with initial population
size or with the abundance of genetic variation available to fuel adaptation
to the new conditions (reviewed in Bell [7]).

& 2012 The Author(s) Published by the Royal Society. All rights reserved.
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Time to Doom 
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Questions

1. What is the distribution of time to extinction for evolving 
populations?

2. How does this distribution depend on genetic diversity and 
abundances?

3. How does adaptive evolution affect the longevity of 
populations headed to extinction?
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Adaptive Evolution & Time to Extinction
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Basic Model of Demography & Evolution

I G clones

I Xi (t) � 0 is density of clone i at time t (i = 1, . . .G )

I Each Xi an independent continuous branching di↵usion

I Genotype i characterized by intrinsic growth rate ri &
reproductive variance vi

I Genotype dynamics described by stochastic di↵erential
equation and initial condition

dXi = riXidt +
p

viXidWi

Xi (0) = xi
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Genetically Uniform Populations

I Population monomorphic for genotype with growth & variance
parameters g = (r , v)

I Dynamics: dX = rXdt +
p
vXdW

I Initial density X (0) = x

I P(extinct at time t) = [f (t; g)]x

I Genotypic Risk Function:

ln f (t; g) =

(
�2r/ [v (1� e�rt)] if r 6= 0

�2/(vt) if r = 0.



Conditional Mean Time to Extinction: No Evolution
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Genotypic Risk Functions, f(t;g)
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“Maladaptive” Landscapes
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Genotypic Risks over Time
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Polymorphic Populations

I Genotypes: gi = (ri , vi )

I Initial densities: Xi (0) = xi
I Genotypic risk functions:

ln f (t; gi ) =

(
�2ri/ [vi (1� e�ri t)] if ri 6= 0

�2/(vi t) if ri = 0.

I P(extinct at time t) =
QG

i=1 [f (t; gi )]
xi



Three Types of Change

Polymorphic analysis key result: abundance, genetic diversity, vital 
rates have distinct effects

1. Genetic Diversity
– change diversity without changing total abundance or individual vital rates
– e.g., mutation

2. Vital Rates
– changes in environment that enhance or impair survival & reproduction

3. Abundance
– supplementation
– removal
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lowest extinction rate for populations that received combined
demographic and genetic rescue.

Population Size. Following introduction into the challenging novel
environment, population sizes initially increased (due to carry-
over effects from the high-quality natal environment) and then
dropped dramatically (Fig. 2 A and B). By the last generation,
the extant populations that had grown above the initial founding
size were almost entirely those populations that received genetic
rescue (Fig. S1 and Tables S3 and S4). Variability in final pop-
ulation sizes was comparable across all four treatments in small
populations. In contrast, large populations receiving genetic
rescue either alone or in combination with demographic rescue
were the least variable, and demographic rescue reduced varia-
tion in population size relative to no immigrants (Fig. S2). There
was more variation in population size among small populations
than among large populations, except for large populations in
the evolutionary rescue treatment. Large populations in the
evolutionary rescue treatment were small, on average, and varied
considerably in size (Figs. S1 and S2).

Intrinsic Fitness. The course of changes in intrinsic fitness following
rescue shows the difference in importance of different types of
migrants through time. Immediately following rescue (generation
3), intrinsic fitness was below 1; populations were declining.
However, demographic rescue slowed that decline (Fig. 3A;
change in deviance = 12.3, P = 0.002, Table S5). Our estimate of
intrinsic fitness is based on the growth rate from the rescued
population size to the subsequent census size, so higher fitness is
not a direct consequence of the increase in size but rather a re-
duction in positive density dependence (e.g., Allee effects) leading
to a slower decline. In generation 3, genetic rescue was already
more potent than demographic rescue (Fig. 3A; change in de-
viance = 73.0, P = 0.002, Table S5) and populations that received
genetic rescue grew. An interaction between demographic and
genetic rescue (Fig. 3B; change in deviance = 4.1, P = 0.05, Table
S6), shows that in generation 4, the combination of genetic and
demographic rescue reduced intrinsic fitness relative to genetic
rescue alone. In generation 5, this pattern persisted but the in-
fluence of demographic rescue began to lessen as fitness in ge-
netic rescue treatments continued to increase. Populations that

had not received genetic rescue continued to decline or only to
increase slightly (Fig. 3C; change in deviance = 67.0, P = 0.002,
Table S7). In the sixth and final generation, intrinsic fitness of
the extant populations was above 1 for all treatments (Fig. 3D
and Fig. S3), indicating that populations were sufficiently
adapted to the novel environment to persist. Populations that re-
ceived genetic rescue had the highest intrinsic fitness (change in
deviance = 44.3, P = 0.002, Table S8). Demographic rescue in-
creased fitness of large, but not small, populations when alone, but
not when combined with genetic rescue (Fig. 3D; weak three-way
interaction between size, demographic rescue, and genetic rescue;
change in deviance = 3.19, P = 0.06, Table S8).

Discussion
Recent research shows clearly that evolutionary processes affect
ecological dynamics even over the course of a single generation
(30–32). Our results for the effect of immigration on the dy-
namics of small populations support these findings and their
application to rescuing vulnerable populations from extinction.
We found that in both small and large populations, any immi-
gration reduced extinction rates and a combination of multiple
individuals (demographic rescue) with genetically distinct ones
(genetic rescue) reduced extinction the most. Genetic rescue
both alone and in combination with demographic rescue im-
proved the outlook for long-term survival similarly in small and
large populations. We discuss the mechanisms at play for each
rescue type and population size combination below.

Evolutionary Rescue. Most experimental research on evolutionary
rescue from standing genetic variation has focused on organisms
that can reproduce asexually (e.g., yeast, bacteria), and much, al-
though not all, has focused on quite large populations (e.g., ≥105
yeast cells) (19, 23). Adaptation from standing genetic variation
(along with additional variation entering via mutation) is common
in such large populations without the input of adaptive variation
from migration (10). Here, we tested whether small populations of
a diploid sexual species were able to adapt from standing genetic
variation. Whereas extinction was highest for populations that
did not receive migrants (20% overall), extant populations
successfully evolved an intrinsic fitness above 1, which is
sufficient for persistence in the challenging novel environment.

Small Populations
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Fig. 2. Population sizes of initially small (A; founding size = 50) or large (B; founding size = 150) populations through time. Due to environmental carryover
effects, populations first increased before declining sharply in the novel environment. One-time rescue treatments were initiated at the beginning of
generation 2 (note the population size increase for treatments receiving demographic inputs). Red lines indicate populations that went extinct, or had only
two individuals in generation 6.
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Three types of rescue can avert extinction in a
changing environment
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Setting aside high-quality large areas of habitat to protect threat-
ened populations is becoming increasingly difficult as humans
fragment and degrade the environment. Biologists and managers
therefore must determine the best way to shepherd small popula-
tions through the dual challenges of reductions in both the number
of individuals and genetic variability. By bringing in additional
individuals, threatened populations can be increased in size (de-
mographic rescue) or provided with variation to facilitate adapta-
tion and reduce inbreeding (genetic rescue). The relative strengths
of demographic and genetic rescue for reducing extinction and
increasing growth of threatened populations are untested, and
which type of rescue is effective may vary with population size.
Using the flour beetle (Tribolium castaneum) in a microcosm ex-
periment, we disentangled the genetic and demographic com-
ponents of rescue, and compared them with adaptation from
standing genetic variation (evolutionary rescue in the strictest
sense) using 244 experimental populations founded at either a
smaller (50 individuals) or larger (150 individuals) size. Both types
of rescue reduced extinction, and those effects were additive. Over
the course of six generations, genetic rescue increased population
sizes and intrinsic fitness substantially. Both large and small pop-
ulations showed evidence of being able to adapt from standing
genetic variation. Our results support the practice of genetic rescue
in facilitating adaptation and reducing inbreeding depression, and
suggest that demographic rescue alone may suffice in larger pop-
ulations even if only moderately inbred individuals are available
for addition.

genetic rescue | extinction | migration | evolutionary rescue | adaptation

Human activities, climate change, and habitat loss are putting
thousands of species at risk for extinction (1). Traditional

conservation approaches that concentrate on improving habitat
quality and size are becoming challenging to implement as hu-
man populations expand and degrade natural resources at an
ever increasing rate. Thus, conservation efforts that are con-
strained by the availability of habitat may instead need to focus
on improving a species’ prospect of survival by maintaining suf-
ficient population sizes and supporting the ability of populations
to adapt to changing conditions. The most successful approaches
are likely to be eco-evolutionary in focus, and thus aim to ma-
nipulate evolutionary processes such as inbreeding and the po-
tential for adaptation, to influence ecological dynamics and,
ultimately, population persistence.
Eco-evolutionary approaches often rely on facilitating movement

of individuals among small, threatened populations (2). Brown and
Kodric-Brown (3) showed theoretically that immigration in natural
systems can save small populations from extinction and referred to
this process as the “rescue effect.” This phenomenon has since been
well documented (4–8), and human-facilitated immigration has
been used to rescue populations threatened by degraded habitat or
inbreeding depression, and to re-establish populations where they
have been locally extirpated.

Immigration can rescue a population from extinction by either
increasing its size or increasing population fitness (3). The term
“demographic rescue” refers to increases in numbers of in-
dividuals that buffer a population against stochastic fluctuations
and reduce Allee effects, which are processes that small pop-
ulations often face (3, 9, 10). A larger population size may also
have long-term effects on population fitness. For instance, the
increase in numbers may give a declining population time to adapt
to a challenging environment, even if migrants do not immediately
bring about an appreciable genetic change (11). On the other
hand, if migrants are not adapted, they may slow the process of
adaptation via swamping (12–14).
The term “genetic rescue” is defined as an increase in pop-

ulation fitness due to the genetic contributions of immigrants (15)
via reducing inbreeding depression or facilitating adaptation by
enhancing genetic variation (2, 4, 6, 7, 15, 16). Some authors use
genetic rescue to refer only to the reduction in inbreeding de-
pression with outcrossing, excluding adaptive processes (10, 17).
Our definition above follows the broader sense (6, 15).
Both demographic rescue and genetic rescue can be potent,

but their relative strengths and effects are completely unknown.
Moreover, rescue via managed movement of individuals may not
always be needed. In some cases, populations could simply adapt
to the changed environment, leading to increased population
growth rates and population sizes. This process has been called

Significance

Preventing extinction of small populations in rapidly changing
environments is crucial to long-term preservation of diversity,
because the creation of large reserves is often not feasible. An
option immediately available to managers is bringing mi-
grants in to increase size or improve genetic composition of
populations at risk. We experimentally manipulate different
types and combinations of migrants to evaluate which will be
most effective in rescuing populations from extinction. We
find that migration of numerous individuals can reduce the
probability of extinction. However, migration of just a few
genetically distinct individuals both reduces probability of
extinction and dramatically increases fitness and population
size. We suggest managers with limited conservation resources
should prioritize genetic rescue over increasing demographic
size for small populations.
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1. Change Genetic Diversity

• Genetically uniform “ancestral” population
– density x
– growth parameters r and v

• Substitution/Mutation
– replace x* individuals with mutant genotype 

• Hufbauer et al. Tribolium experiments
– ancestral r < 0

– “mutant” r* > 0

– small populations: x* = 1

– large populations: x* = 3

20



Impact of Novel Mutation
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2. Impact of Abrupt Environment Change
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3. Impacts of Abundance Change

• Supplementation: add density yi of genotype with growth parameters 
ri and vi , i = 1,…, G
– Hufbauer et al.: 

• r* > 0
• y* = 1 (small populations)
• y* = 3 (large populations)

– Conservation/management goal: ensure Pr(extinction) no more than f at time t

• Removal: remove density zi of genotype with growth parameters 
ri and vi , i = 1,…, G
– disease management goal: ensure Pr(eradicate) at least f at time t

23
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Deliberate Supplementation or Removal

I Change densities and/or frequencies of genotypes to achieve
management goals

I Conservation: P(extinct before time ⌧)  �
I Pest/Pathogen: P(extinct before time ⌧) � �

I “management gap”: S(�, ⌧, x) = log ��
PG

i=1 xi log f (⌧ ; gi )

I Additions (y1, y2, . . . , yG ) satisfy

GX

i=1

yi log f (⌧ ; gi ) = S(�, ⌧, x) < 0

I Removals (z1, z2, . . . , zG ) satisfy

GX

i=1

zi | log f (⌧ ; gi )| = S(�, ⌧, x) > 0
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Spatially-structured Gene Drives & Parasite “Doom”
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Godfray et al. BMC Biology (2017) 15:81

Drive Endonuclease Genes

• Engineered gene drive eradication effective in well-mixed systems
• Real world has spatial structure
• More opportunities for resistance, but cause for concern?
• Yes, perhaps more than expected
• Model and analysis details: Steve Krone’s Thursday presentation



Summary of General Findings

• Process-based theoretical framework for predicting time to extinction of 
evolving populations
– useful for basic and applied biology (human health, agriculture, conservation)

• Genetic abundances and diversity both affect persistence
– impacts are distinct but cannot be cleanly separated

• Genotypic risk functions define “maladaptive” landscape 
• Prediction: Impact of adaptive evolution on time to extinction is small

– larger in demographically benign than in harsh conditions

• Spatial structure can undermine parasite eradication by gene drive cargo
– use models to explore strategies that mitigate gene drive failure
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