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ABSTRACT How likely is it that a population escapes extinction through adaptive evolution? The answer to this question is of great
relevance in conservation biology, where we aim at species’ rescue and the maintenance of biodiversity, and in agriculture and
medicine, where we seek to hamper the emergence of pesticide or drug resistance. By reshuffling the genome, recombination has
two antagonistic effects on the probability of evolutionary rescue: it generates and it breaks up favorable gene combinations. Which of
the two effects prevails depends on the fitness effects of mutations and on the impact of stochasticity on the allele frequencies. In this
article, we analyze a mathematical model for rescue after a sudden environmental change when adaptation is contingent on mutations
at two loci. The analysis reveals a complex nonlinear dependence of population survival on recombination. We moreover find that,
counterintuitively, a fast eradication of the wild type can promote rescue in the presence of recombination. The model also shows that
two-step rescue is not unlikely to happen and can even be more likely than single-step rescue (where adaptation relies on a single
mutation), depending on the circumstances.
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POPULATIONS facing severe environmental change need
to adapt rapidly to the new conditions, or they will go

extinct. Themost prominent examples for evolutionary rescue
in natural populations are provided by failed eradication of
pathogens or pests that develop resistance against drugs or
pesticides. Understandingwhich factors drive the evolution of
resistance has been a concern since the application of drugs
andpesticides. In recentyears, the topicof evolutionary rescue
has attracted increasing interest of evolutionary biologists at a
broader front. Both theoretical models and laboratory exper-
iments have been used to investigate the influence of many
genetic or environmental factors on the survival probability of
an endangered population, e.g., the importance of standing
genetic variation, sexual reproduction, the history of stress,
the severity and speed of environmental deterioration,
or population structure (Bell and Collins 2008; Orr and
Unckless 2008, 2014; Bell and Gonzalez 2009, 2011; Agashe
et al. 2011; Lachapelle and Bell 2012; Gonzalez and Bell

2013; Uecker et al. 2014; see also the reviews by Alexander
et al. 2014 andCarlson et al. 2014). Despite significant progress,
a largely open area in research on rescue concerns the influence
of recombination on the probability of population survival.

Recombination has two fundamental effects on adaptation
that work against each other: it brings favorable gene com-
binations together but it also breaks them up. Recombination
hence has the potential both to promote rescue and to impede
it. In classical population genetics (assuming a constant pop-
ulation size), the interplay of the two opposing effects of
recombination has been an intensively studied problem for
decades (e.g., reviewed in Barton and Charlesworth 1998;
Otto 2009; Hartfield and Keightley 2012). Fundamentally,
recombination acts to reduce the linkage disequilibriumbetween
alleles. For two loci with two alleles each, recombination in-
creases the number of double mutants if the linkage disequilib-
rium (LD) between the mutant alleles is negative; it decreases
them when LD is positive; and it has no effect if the loci are in
linkage equilibrium. A major source of linkage disequilibria is
epistasis, with negative epistasis leading to negative LD and pos-
itive epistasis leading to positive LD (Felsenstein 1965; Kouyos
et al. 2009). For evolutionary rescue, the shift of the environ-
ment fromoriginal to perturbed conditionsmay lead to a change
in epistasis during the course of evolution, which adds new
aspects to the problem of how recombination affects adaptation.
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Combination drug therapy (as well as the use of herbicide
mixtures in agriculture) seeks to limit the evolution of re-
sistance by increasing the number of mutations that are re-
quired to restore fitness above one. In the absence of drugs,
resistant types often suffer a selective disadvantage; upon
treatment, the fitness landscape changes. Experimental stud-
ies show that depending on the drug combination, mutants
resistant to one of the drugs can display a lower or a higher
fitness than the fully sensitive strain (e.g., Chait et al. 2007);
i.e., a whole range of fitness landscapes and epistatic interac-
tions before and after the start of treatment are displayed by
pathogens. Understanding under which conditions recombi-
nation can undermine the strategy of combination therapy is
of great relevance to plan a successful treatment. Conse-
quently, the effect of recombination on the evolution of drug
resistance has attracted considerable attention from epidemi-
ologists, in particular with respect to resistance in the human
immunodeficiency virus (HIV) (Bretscher et al. 2004; Fraser
2005; Carvajal-Rodríguez et al. 2007; Kouyos et al. 2009).
However, most epidemiological models are deterministic and
focus on the time to resistance rather than on the probability
of resistance (Bretscher et al. 2004; Fraser 2005). An excep-
tion is the simulation study by Kouyos et al. (2009), which
incorporates stochasticity and allows populations to go ex-
tinct. Their study demonstrates how the population dynamics
affect the emergence of linkage disequilibria and hence the
influence of recombination on the probability of and time to
resistance, finding that recombination usually slows down
the evolution of resistance. However, the model is specific
to the complex epidemiological dynamics of HIV and cannot
be used to draw general conclusions about the role of recom-
bination in evolutionary rescue.

In a general evolutionary context, theoretical models of
rescue where population genetics and population dynamics
are intertwined havemainly followed two routes. In one class
of models, adaptation relies on changes at just a single locus,
and recombination consequently does not appear (Gomulkiewicz
and Holt 1995; Iwasa et al. 2003, 2004; Bell and Collins
2008; Orr and Unckless 2008, 2014; Martin et al. 2013;
Uecker et al. 2014). The second class of models, motivated
by conservation biology, is based on a quantitative genetics
approach where (infinitely) many loci of small effect deter-
mine the fitness of an organism (Pease et al. 1989; Lynch et al.
1991; Bürger and Lynch 1995; Lande and Shannon 1996;
Polechová et al. 2009; Duputié et al. 2012). These models
usually do not incorporate an explicit genetic architecture
that would allow for the investigation of the effect of recom-
bination or assume linkage equilibrium. In their review,
Carlson et al. (2014) refer to a single study—Schiffers et al.
(2013)—for the effect of linkage on the probability of rescue.
In their simulation study of an explicit multilocus model,
Schiffers et al. (2013) compare rescue probabilities for the
two extreme cases of complete linkage and free recombina-
tion. In contrast to Kouyos et al. (2009), they find that linkage
significantly decreases the probability of rescue; the related
follow-up study by Bourne et al. (2014) that allows for in-

termediate linkage comes to the same conclusion. However,
both models are tailored to consider a highly specific ecolog-
ical situation of climate change in a spatially structured en-
vironment. Just as in the study by Kouyos et al. (2009), they
are not designed to serve as a baseline model.

In this article, we set up and analyze a generic two-locus
model for the role of recombination in evolutionary rescue.
A population experiences a sudden severe environmental
change; adaptation relies on two mutations and can happen
either from the standing genetic variation or from de novo
mutations. There are hence two phases—the time before and
the time after the environmental change—during which re-
combination acts to increase or decrease the chances of pop-
ulation survival, depending on the fitness scheme and the
strength of drift. We provide an accurate analytical frame-
work based on branching process theory, complemented by
computer simulations, to obtain an intuitive understanding
of the principles underlying rescue under these conditions.
We conclude with two notable observations that might con-
tradict spontaneous intuition and that could be of practical
relevance.

The Model

Consider a panmictic population of variable sizeN ¼ NðtÞ that
faces the risk of extinction after a sudden environmental
change. Individuals are haploid during their selective phase.
Their fitness before and after the change depends on two loci
with two alleles each such that there are four genotypes: the
wild-type ab; single-mutant types Ab and aB; and the double-
mutant rescue type AB: Each generation, each individual pro-
duces a large number X of gametes. Mutations happen with
probability u at each locus and in both directions. Gametes
form diploid zygotes, which produce haploid offspring. The
recombination probability between the two loci is r. Thereaf-
ter, selection takes place. By nab; nAb; naB; and nAB;we denote
the number of the respective genotypes in the population;
hence N ¼ nab þ nAb þ naB þ nAB: We obtain for the number
of haploids after reproduction but before selection

nabX :¼ �
n̂ab2 rD̂N

�
X;

nAbX :¼ �
n̂Ab þ rD̂N

�
X;

naBX :¼ �
n̂aB þ rD̂N

�
X;

nABX :¼ �
n̂AB 2 rD̂N

�
X (1)

with the proportion of each genotype after mutation but
before recombination

n̂ ab :¼ ð12uÞ2nab þ ð12 uÞunAb þ ð12 uÞunaB þ u2nAB;
n̂Ab :¼ uð12 uÞnab þ ð12uÞ2nAb þ u2naB þ ð12 uÞunAB;
n̂aB :¼ uð12 uÞnab þ ð12uÞ2naB þ u2nAb þ ð12 uÞunAB;
n̂AB :¼ u2nab þ ð12 uÞunAb þ ð12 uÞunaB þ ð12uÞ2nAB

(2)

and the linkage disequilibrium (after mutation)
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D̂ ¼ 1
N2 ðn̂abn̂AB 2 n̂Abn̂aBÞ: (3)

Before the environmental change, the population is well
adapted to itsenvironmentand thepopulation size is constant,
NðtÞ ¼ N0: The numbers of the respective genotypes in the
new generation are determined by multinomial sampling of
N0 individuals, where the probability to sample an individual
of type i (i 2 fab;Ab; aB;ABg) is given by

ð1þ siÞniP
ið1þ siÞni: (4)

The selection coefficients si quantify selection before the en-
vironmental change. We set sab ¼ 0 and assume that all mu-
tants are deleterious relative to the wild type, sAb; saB;

sAB , 0: After the switch in the environment, the population
size is variable andwill usually initially decline. Individuals of
type i survive with probability ð1þ siÞ=X such that their num-
ber after selection is Poisson distributed with parameter

nið1þ siÞ: (5)

The si parameterize the expected growth (for si . 0) or de-
cline (si ,0) of a type-i population after the environmental
change. Usually, we assume that only the rescue type can
grow under these conditions (sAB . 0), and sab; sAb; and saB
are all ,   0: Epistasis before and after the environmental
change is measured as the deviation of fitnesses from multi-
plicativity; i.e.,

E1 :¼ ð1þ sabÞð1þ sABÞ2 ð1þ sAbÞð1þ saBÞ
¼ sAB2 ðsAb þ saB þ sAbsaBÞ;

E2 :¼ ð1þ sabÞð1þ sABÞ2 ð1þ sAbÞð1þ saBÞ;
(6)

respectively (see Kouyos et al. 2009 for the definition of epis-
tasis in discrete-time vs. continuous-time models). If the total
number of individuals after selection is .   N0; it is reduced to
N0: Density regulation hence occurs via a hard carrying ca-
pacity, and there is no density dependence for N#N0:

The simulations follow this scheme. We start with a popu-
lationthat isentirelycomposedofwild-type individualsandlet it
evolve for a large number of generations such that mutation–
selection balance is reached before the environment changes
(increasing the number of generations did not influence the
results). We follow the population dynamics after the environ-
mental change either until the population has gone extinct or
until the number of AB mutants has grown to 90% carrying
capacity and the population can be considered as rescued (in a
few cases, we modify the criterion for “rescue” to reduce the
simulation time; this is then explicitly stated). The simulation
code is written in the C programming language, making use of
the GNU Scientific Library (Galassi et al. 2009).

Analysis and Results

Our analytical approach to estimate the rescue probability
combines deterministic and stochastic aspects. We focus on

populations that are initially large and (mostly) describe the
dynamics of the wild type and the single mutants determin-
istically. Even if the initial population size is large, however,
the number of rescue type individuals (AB double mutants) is
potentially small and subject to strong stochasticity. These
stochastic dynamics depend on all genotype frequencies in
the population, which typically change over time in response
to environmental change and selection. We address the sto-
chasticity in the number of AB mutants by means of branch-
ing process theory. The basic mathematical ingredients used
are summarized in Supporting Information, File S1; File S2
and File S3 contain the derivations of our main results. In File
S4, we briefly test the limits of our approximations. Since
selection is potentially strong, details of the life cycle need
to be taken into account to arrive at quantitatively accurate
analytical predictions. We take care of these details in the
supporting information but neglect them in the main text
below, where we summarize our main results.

The probability of evolutionary rescue depends on two
factors: the number of rescue types that are generated and
their establishment probability in the population after the
environmental change. Both quantities are affected by re-
combination. Mutant genotypes can either be present in the
population prior to the switch in the environment or newly
ariseduringpopulationdecline.Doublemutants, inparticular,
can be generated either bymutation from singlemutants with
a constant probability per individual or by recombination of
two single mutants with a probability that depends on the
(time-dependent) genotype composition in the population.
Which route of rescue is most relevant depends on the model
parameters for mutation, selection, recombination, and drift.
In this section, we progressively describe all routes to rescue.
We startwith a scenariowhere singlemutants are lethal in the
newenvironment. In this case, rescue entirely relies ondouble
mutants from the standing genetic variation (we assume
throughout the analysis that the mutation probability is so
small that a direct transition from the wild type to the double
mutant can be neglected). Next, we assume that one of the
single mutants is sufficiently viable in the new environment
that it can still generate the rescue type by mutation after the
environmental change. In both of these scenarios, recombi-
nation can be beneficial or detrimental in the old environment
due to its effect on the number of rescue genotypes in the
standing genetic variation; its effect after the change in the
environment is, however, always detrimental (recombination
with thewild type reduces theestablishmentprobability of the
rescue type). This is different if both singlemutants are viable
under the new conditions; in that case, recombination in-
creases the rate atwhich the rescue type is generated after the
environmental change, and—depending on the fitness
scheme—this can outweigh the negative effect of recombina-
tion. Finally, if single mutants have a fitness larger than one,
formation of the double mutant is not required for rescue.We
briefly discuss when it is appropriate to neglect its generation
in this case. The fitness schemes used in the following four
sections are summarized in Table 1.
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Scheme 1: Single mutants are lethal in the
new environment

Within our first scheme, we assume that single mutants are
lethal in the new environment (sAb ¼ saB ¼ 21). This means
that de novo generation of the rescue type is prevented after
the change in the environment and rescue—if it happens—
happens from double mutants in the standing genetic
variation.

Before the change in the environment, single mutants
segregate in the population at mutation–selection balance,
which we approximate deterministically as constant in
time, nAb � 2uN0=sAb; naB � 2uN0=saB (ignoring the in-
fluence of recombination on the frequency of single mu-
tants). Double mutants are generated from single mutants
by either recombination or mutation, at a total rate of
� uðnAb þ naBÞ þ rðnAbnaB=N0Þ: In the presence of wild-type
individuals, the double mutant suffers from recombina-
tion with the wild type and gets broken up at rate
� ðnab=N0Þr � r; leading to an “effective fitness” of
� 1þ sAB 2 r, 1: Using this, we can describe the number
of AB mutants in the standing genetic variation, nAB by a
subcritical branching process with immigration (see File S1,
section S1.2).

The establishment probability of the rescue type after the
environmental change depends on the dynamics of the wild
type. If the wild type is lethal (sab ¼ 2 1), ABmutants are not
broken up by recombination and establish with probability
pðABÞest � 2sAB (Haldane 1927). If the wild type disappears
slowly, with expected extinction time much larger than the
typical establishment time of a rescue type, the growth
parameter of a rare rescue type is �  sAB 2 r and we can ap-
proximate pðABÞest � 2max½ðsAB 2 rÞ; 0�: In an intermediate pa-
rameter range, where the establishment time of the rescue
type and the extinction time of the wild type cannot be sep-
arated, we need a more refined approximation (see File S1,
Equation S1.29): we derive this approximation by treating
the wild-type extinction time as a stochastic variable, whose
distribution can be estimated. Conditioned on this extinc-
tion time, the establishment probability of the rescue type
follows from a time-dependent branching process (Uecker
and Hermisson 2011). Finally, for a given nAB at the time of
environmental change, the probability of evolutionary rescue
follows as

PrescueðnABÞ � 12 e2nABp
ðABÞ
est ; (7)

which needs to be averaged over the distribution of nAB:
Figure 1 shows the probability of evolutionary rescue for

the three possible fitness schemes prior to the environmental
change: no epistasis, negative epistasis, and positive epista-
sis. After the environmental change, epistasis is positive (or
zero) since single mutants are lethal. Figure 1, A–C, shows
the behavior for a very large population size (N0 ¼ 108),
where all genotype frequencies prior to the environmental
change are close to deterministic; in Figure 1, D–F, the pop-

ulation size is two orders of magnitude smaller (N0 ¼ 106),
and stochasticity in the number of double mutants becomes
important (see below).

If the wild type is lethal in the new environment (Figure 1,
solid circles), recombination affects the probability of rescue
only via its effect on the standing genetic variation, and it is
instructive to consider this case first. In terms of drug therapy,
a lethal wild type constitutes an extreme form of the “hit
hard” strategy; i.e., drug dosage is chosen high to achieve a
fast decline of the pathogen population. In File S3, section
S3.1, we derive an approximation for rescue if we can treat all
genotype frequencies in the standing genetic variation deter-
ministically (see File S3, Equation S3.4); with sAb ¼ saB ¼ s

and sAB ¼ ðsAb þ saB þ sAbsaBÞ þ E1; and assuming that all
selection coefficients are small, we obtain

Pdetrescue � 12 e22sAB
u2N0
s2

r22s
r22s2E1 : (8)

From this, we can read that for E1 ¼ 0 (no epistasis,
Figure 1A), the rescue probability is independent of recom-
bination; for E1 ,0 (negative epistasis, Figure 1B), it in-
creases with r; and for E1 . 0 (positive epistasis, Figure
1C), it decreases with r. For r ¼ 0; the rescue probability

depends strongly on epistasis
�
Pdetrescue � 12 e22sAB

u2N0
s2

2s
2sþE1

�
;

while for r � max½j2sj; j2s þ E1j�; the rescue probability

becomes independent of epistasis
�
Pdetrescue � 12 e22sAB

u2N0
s2

�

This is expected from deterministic theory: without epistasis,
the population is in linkage equilibrium and recombination
has no effect. Negative epistasis leads to negative linkage
LD and recombination is favorable since it increases the num-
ber of AB mutants. Vice versa, positive epistasis leads to pos-
itive linkage disequilibrium and recombination is deleterious
since it decreases the number of AB mutants (Felsenstein
1965). For sufficiently strong recombination, the population
approaches linkage equilibrium irrespective of epistasis.

In Figure 1, D–F, population size is smaller by two orders
of magnitude. The growth rate of the rescue genotype is two
orders of magnitude larger such that sABN0 is the same as in
Figure 1, A–C. The deterministic prediction for the rescue
probability (Equation 8) is hence unchanged. However, al-
though the population size before the decline contains 106

individuals, stochastic fluctuations in the number of double
mutants nAB become important in this regime. Symmetric
fluctuations in nAB do not have symmetric effects on rescue,

Table 1 Fitness schemes used in Analysis and Results

Genotype Scheme 1 Scheme 2 Scheme 3 Scheme 4

Scenario 1 Scenario 2

ab sab ,0 sab ,0 Lethal s# sab ,0 Lethal
Ab Lethal sAb ,0 sAb ¼ s,0 sAb ¼ s,0 sAb ¼ s.0
aB Lethal Lethal saB ¼ s,0 saB ¼ s, 0 saB ¼ s.0
AB sAB .0 sAB .0 sAB .0 sAB .0 sAB . s
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since the rescue probability (Equation 7) is a concave func-
tion of nAB (it does not help getting rescued twice). Negative
fluctuations thus have a stronger effect on Prescue than posi-
tive fluctuations and drift reduces the probability of evolu-
tionary rescue. This effect is most pronounced for tight
linkage, but is attenuated by recombination (e.g., Figure
1D). Since recombination pulls genotype frequencies closer
to linkage equilibrium, it overall dampens fluctuations in LD
and along with it fluctuations in nAB: For positive epistasis
prior to the environmental change (Figure 1F), this results in
a nonmonotonic dependence of Prescue on recombination. For
small r (r≲ 2jsj; see Equation 8), recombination is deleteri-
ous since it breaks up the positive LD built up by epistasis; for
larger r, the positive effect of recombination (attenuating
drift) dominates. Figure S3.1 in File S3 disentangles the ef-
fects of epistasis and drift.

If the wild type is not lethal in the new environment
(Figure 1, open symbols), recombination is deleterious after
the environmental change. Note that even a slight increase
of the wild-type fitness above lethality drastically influences
the outcome for recombination, r≳ sAB (Figure 1, open tri-
angles). The presence of the wild type during the first few
generations after the environmental change is sufficient to
break up double mutants and to hamper their establishment
probability significantly. If the wild type is quite fit (Figure 1,
open circles) and recombination strong (r≳ sAB), rescue
becomes impossible. This corresponds to observations in
populations of constant size where the crossing of fitness
valleys is prevented by strong recombination (Crow and
Kimura 1965; Jain 2010; Weissman et al. 2010).

For a slowly decaying wild type, the results are robust to
deviations of the fitness of singlemutants from strict lethality;

however, for a lethal wild type, chances of rescue increase
considerablywhensinglemutantshaveafitness slightly larger
than zero (see File S3, section S3.1 and Figure S3.2; see
below for the scenario sAb ¼ saB ¼ s and sab ¼ 21).

Scheme 2: One single mutant is viable and the other
is lethal

Viability of one of the single mutants, say Ab; opens up new
pathways to rescue since new double mutants can be gener-
ated by mutation after the switch in the environment. Rescue
can occur via (a) double mutants from the standing genetic
variation as in the previous paragraph, (b) mutation of single
mutants from the standing genetic variation after the envi-
ronmental change, and—if the wild type is viable in the new
environment—(c) two-step mutation after the environmen-
tal change (i.e., generation of single mutants and subse-
quently double mutants, both by de novo mutation). Our
aim in this section is to study the relative importance of stand-
ing variation vs. newmutation in two-locus rescue. In File S3,
section S3.2, we treat both the Ab single mutants and the AB
doublemutants stochastically, using a two-type branching pro-
cess, to derive the rescue probability (cf. Uecker et al. 2015).
This is necessary for a quantitatively precise approximation.
For a qualitative assessment of the relative importance of res-
cue pathways, it is sufficient to stick to a simple deterministic
treatment of all single-mutant dynamics.

If the wild type either is lethal or disappears sufficiently
slowly, each singlemutanthas approximately the samechance
to generate a permanent lineage of AB mutants, indepen-
dently of whether it is already present at the time of environ-
mental change or arises later. To compare the relative
importance of pathways b and c, it is hence sufficient to

Figure 1 Probability of evolution-
ary rescue as a function of recom-
bination when single mutants
are lethal in the new environ-
ment. Solid circles correspond to
an instantaneous elimination of
the wild type (sab ¼ 21), triangles
to an extremely fast decay of
the wild-type population size
(sab ¼ 20:99), and open circles
to a slow decay of the wild-type
population size (sab ¼ 20:005).
Before the switch in the environ-
ment, selection against the single
mutants is sAb ¼ saB ¼ 20:01;
and epistasis is absent (A and D:
sAB ¼ 20:0199; i.e., E1 ¼ 0),
negative (B and E: sAB ¼ 20:1;
i.e., E1 � 20:08), and positive
(C and F: sAB ¼ 2 0:0001; i.e.,
E1 � 0:02). The other parameter
values are u ¼ 1025; sAB ¼ 0:0015;
andN0 ¼ 108 (A–C) and sAB ¼ 0:15
and N0 ¼ 106 (D–F). The theoret-
ical curves are based on File S3,

Equation S3.1 (for sab ¼ 21), Equation S3.10 (for sab ¼ 20:005), and Equation S3.12 (for sab ¼ 2 0:99). Symbols denote simulation results. Each
simulation point is the average of 105 replicates.
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compare the number of Ab mutants in the standing genetic
variation � ð2uN0=sAbÞ with the number of Ab mutants that
get newly generated during population decline,� ð2uN0=sabÞ
[assuming nab � N0ð1þ sabÞt]. Accordingly, the contribution
from pathway c is larger than that from b if sab .sAb: To
compare pathways a and b, we compare the exponent of
Equation 8, assuming sAb ¼ saB;with the number of success-
ful AB mutants issued from Ab mutants in the standing ge-
netic variation. If we assume a deterministic decay of the Ab
mutants in the new environment, nAbðtÞ � nAbð1þ sAbÞt; the
latter is given by pðABÞest

PN
t¼0unAbðtÞ ¼ pðABÞest

�
u2N0=sAbsAb

�
;

where pðABÞest � 2sAB if the wild type is lethal and
pðABÞest � 2max½ðsAB 2 rÞ; 0� if the wild type disappears slowly.
With E1 ¼ 0 or r large, this contribution is larger than rescue
via pathway a if sAb .sAb; i.e., if the growth parameter of
single mutants is larger in the new than in the old environ-
ment; for r/0; it is larger if sAb .sAb þ E1=2 � ð1=2ÞsAB:

Overall, we obtain for rescue via pathway b or c

Pde-novorescue � 12 e2
u2N0
sAbsAb

pðABÞest 2 u2N0
sabsAb

pðABÞest ; (9)

where the first summand in the exponent accounts for path-
way b and the second summand for pathway c, using that
every single mutant leaves on average2u=sAb double-mutant
offspring.

If the wild type is lethal (Figure 2A), the contribution of
route b to rescue is independent of recombination, and re-
combination has an influence on rescue only via its effect on
the number of double mutants in the standing genetic varia-
tion (compare Figure 2A with Figure 1D). If the wild type is
viable (Figure 2B), recombination is deleterious after the
environmental change (cf. Figure 1).

Themore precise analysis in section S3.2 of File S3 extends
to sAb . 0: Then, rescue does not require the generation of the
double mutant. We discuss in File S3, section S3.2, when
focusing on establishment of type Ab is sufficient under these
conditions.

Scheme 3: Both single mutants are viable in the
new environment

In our third scheme, we turn to scenarios in which single mu-
tants have absolute fitness 0,1þ sAb; 1þ saB , 1 in the new
environment such that the last pathway to rescue opens up:
in addition to the previous routes, the rescue mutant can now
be generated by recombination after the environmental
change. As in the phase prior to the environmental switch,
the net role of recombination after the environmental change
depends on the linkage disequilibrium among types: with
negative LD, the net effect of recombination is to generate
rescue mutants; with positive LD, it instead breaks them
up. The expected LD, in turn, depends on the growth rates
(fitnesses) of the four types: positive/negative epistasis
entails positive/negative LD. With a switch in the selection
regime at the time of environmental degradation, we can
thus distinguish four basic scenarios, combining positive or
negative epistasis before the switch with either positive or

negative epistasis after the change, keeping or reversing the
role of recombination.

For our analysis, we consider two cases for the fitness
schemeafter the environmental change: (1)negative epistasis
with sAb ¼ saB ¼ s and sab ¼ 21 (i.e., the wild type is lethal)
and (2) positive epistasis with sab $ sAb ¼ saB ¼ s: Epistasis in
the original environment is positive or negative. For simplic-
ity, we assume equal single-mutant fitnesses, sAb ¼ saB ¼ s:

Note that, with this choice, we have nAbðtÞ ¼ naBðtÞ for all
times, as long as drift can be ignored.

Rescue from double mutants in the standing genetic var-
iation can be evaluated as above (scheme 1)with pðABÞest � 2sAB
for scenario 1 and pðABÞest � 2max½ðsAB 2 rÞ; 0� for scenario 2. To
determine the total probability of evolutionary rescue, we
need to add rescue from double mutants that originate after
the environmental change. These are generated at a time-

dependent rate
�
r
nAbðtÞnaBðtÞ

NðtÞ þ uðnAbðtÞ þ naBðtÞÞ
�
. In sce-

nario 1, with nAbðtÞ ¼ naBðtÞ and NðtÞ ¼ nAbðtÞ þ naBðtÞ
(which holds as long as the AB mutant is rare), this sim-
plifies to ðr=2þ 2uÞnAbðtÞ: The rate of decline of single mu-
tants is considerably enhanced by recombination in this
scenario, since half of all recombination events occur among
Ab and aB types. Each such recombination event breaks
up both single mutants. The single-mutant types hence
decay at rate js2 r=22 2uj; generating approximately
PN

t¼0

�
r
2
þ 2u

�
nAbðtÞ ¼ r=2þ 2u

r=22 sþ 2u
nAb double mutants on

their way to extinction. Each of these double mutants estab-
lishes a permanent lineage with probability 2sAB: The com-
bination of these two rescue pathways—generation of the
rescue type by mutation or recombination after the environ-
mental change—is hence given by

Pde-novorescue ¼ 12 e22sAB
r=2þ2u

r=2þ2u2s�
uN0
2s ; (10)

which increases with r. If epistasis is negative prior to the en-
vironmental change, recombination is hence advantageous
in both phases and Prescue increases with r (Figure 3A). If,
on the other hand, epistasis is positive in the old environ-
ment, the effect of recombination changes from negative to
positive between the two phases. The negative effect in the
old environment and the positive effect in the new environ-
ment act on different recombination scales: the negative ef-
fect levels off for r � 2jsj (see Equation 8). As can be seen
from Equation 10, the positive effect of recombination levels
off once r � 2 s: In Figure 3B, selection is stronger in the
new environment ðjsj � jsjÞ: Moreover, Pde-novorescue is small for
weak recombination, since the single mutants decay rapidly
after the environmental change. Therefore, the negative ef-
fect of recombination dominates for small r; the positive ef-
fect takes over as recombination increases.

Scenario 2, used in Figure 3, C andD, ismore complex. The
proportion of single mutants changes during population de-
cline (even for sab ¼ s; since new single mutants arise during
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population decline). The rate at which single mutants recom-
bine to generate double mutants is hence not constant and
the approximation for the total number of double mutants
that get newly generated after the environmental change
does not take a simple form. However, it is still possible to
calculate it analytically; see Equations S3.37 and S3.43 in
File S3. Due to the presence of the wild type, the rate is
much smaller than 1/2. Moreover, recombination reduces
the establishment probability of the rescue mutant to
pðABÞest � 2max½ðsAB 2 rÞ; 0�; rendering rescue impossible for
strong recombination. If epistasis is negative prior to the en-
vironmental change such that AB mutants are underrepre-
sented in the standing genetic variation without the aid of
recombination, we find that PrescueðrÞ displays an intermedi-
ate maximum (Figure 3C and File S3, Figure S3.3). If epista-
sis is positive both in the old and in the new environment,
deterministic theory predicts that recombination is always
harmful. However, in finite populations with a small number
of double mutants, recombination has a positive effect by
attenuating the effect of drift (as described for scheme 1,
Figure 1). As a consequence, Prescue displays a minimum
and a maximum in Figure 3D.

Scheme 4: Both single mutants have fitness greater
than one

If single mutants have fitness greater than one, formation of
the double mutant is not required for rescue, but can still
increase the rate of rescue if the doublemutant is considerably
fitter than the single mutants. However, formation of the
doublemutant comes at the cost of losing two singlemutants.
Keeping the single mutants intact can therefore be better for
rescue than generating the double mutant if the latter is only
slightly fitter than the single mutants.

For simplicity, we consider scenario 1 from the previous
section with lethal wild type after the change but allow
sAb ¼ saB ¼ s to be greater than zero. Under these conditions,
recombination cannot break the double mutant after the
change in the environment. The role of recombination simply
is to convert the different rescue types into each other, more
precisely to turn two single mutants (that are now also rescue
genotypes) into one double mutant. One individual of type
AB establishes a permanent lineage with probability � 2sAB

while one individual of type Ab (or aB) establishes a perma-
nent lineage of single mutants with probability 2s: Intuitively,
conversion of two single mutants into one double mutant
therefore pays off if sAB � 2s and is deleterious for rescue if
sAB � 2s: Recombination hence increases the rate of rescue if
sAB � 2s and decreases the rate of rescue if sAB � 2s; it has
little effect if sAB � 2s (see Figure 4). We formalize this argu-
ment in File S3, section S3.4.

Notable observations

To conclude, we point out two effects of recombination on
rescue probabilities that might contradict spontaneous intu-
ition. First, with recombination, a high frequency of wild-type
individuals after the environmental change is a potent force to
inhibit rescue by double mutants. Consequently, a slower
decay of the wild-type population often reduces, rather than
promotes, the chances for population survival.While a slower
decay leads to a higher rate of new single mutants, the latter
are less likely to meet and recombine in the presence of a
dominatingwild type. Also, if a doublemutant is generated, it
is likely to be broken up by recombination. Depending on the
strength of recombination, the rate of rescue decreases or
increases or displays an intermediate minimum as a function
of the wild-type fitness (see Figure 5A; cf. also File S3, Figure
S3.3). Indeed, we obtain a clear decrease in Prescue for almost
the entire range of wild-type fitness sab; unless recombination
is extremely weak. Only for very high wild-type fitness,
approaching viability (sab ¼ 0), Prescue steeply increases again
(cf. Figure 5A). Note that the transition from recombination
being beneficial to being harmful occurs for E1 . 0; this is
likely due to the concavity of Prescue in combination with sto-
chasticity, similarly to the effect of drift on rescue from the
standing genetic variation.

Second,with recombination, single-mutant types canactas
an important buffer to environmental change, even if they are
not able to rescue a population on their own. As a conse-
quence, two-step rescue does not need to be less likely than
single-step rescue with a single locus and direct generation of
the rescue type from the wild type by a single mutation (see
Figure 5B). Imagine a situation where the wild type is lethal
in the new environment. Single-step rescue now relies en-
tirely on the rescue type individuals that are present at the

Figure 2 Probability of evolutionary rescue as a
function of recombination when one single
mutant is lethal and the other one viable. In
A, the wild type is lethal; in B, it is only mildly
deleterious. Solid line (with simulation sym-
bols), total probability of evolutionary rescue;
long-dashed line, rescue only via double mu-
tants from the standing genetic variation;
short-dashed line, rescue via single mutants
from the standing genetic variation (which sub-
sequently mutate); dotted line (only B), rescue
from two-step de novo mutation. Parameter
values: sAb ¼ saB ¼ 2 0:01; sAB ¼ 20:0199

(i.e., no epistasis before the environmental change), sAb ¼ 20:005; saB ¼ 21; sAB ¼ 0:15; u ¼ 1025; N0 ¼ 106: The theoretical curves are based
on File S3, Equation S3.14 (A) and Equation S3.20 (B). Each simulation point is the average of 105 replicates.
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time of environmental change. In two-step rescue, single mu-
tants might still be present in the new environment and can
generate the rescue mutant by mutation or recombination at
a high rate. Even the number of double mutants in the stand-
ing genetic variation can be higher for two-step than for
single-step rescue if the mutation rate is high or epistasis
strongly positive (see File S3, section S3.5 for more details).

Discussion

Following severe environmental change, populations might
find themselvesmaladapted to the new conditions, and a race
between population decline and adaptive evolution begins. In
conservation biology, the desired outcome of this race is
persistence of the population; in medicine, in contrast, one
aims at eradication of the pathogen from the human body.
Adaptation to the new environmental conditions is often
contingent on allelic changes at more than one locus. This
holds, in particular, for resistance to multiple drugs in com-
bination drug therapy or pesticide mixtures in agriculture.
Complex rescue, requiring adaptation at multiple loci, is
expected to lead to severely reduced probabilities of rescue
(or resistance). However, the prediction of these probabilities
can be surprisingly complicated if there is recombination
among the target loci.

In this article, we have analyzed a generic two-locusmodel
to clarify the role of recombination in evolutionary rescue.We
find that depending on the fitness scheme of mutations, re-
combination can make two-step rescue even more likely to
happen than single-step rescue but it can also prevent rescue
entirely (see Figure 3, C and D, and Figure 5B). Recombina-
tion acts to reduce positive or negative LD that is built up by

epistasis and it weakens fluctuations in LD caused by genetic
drift. Since there are two phases of selection—before and
after the environmental change—and drift, recombination
acts threefold, where the effects can go in different directions
(increasing or decreasing the rate of rescue) and show at
different scales. As a consequence, dependence of rescue on
recombination can be nonmonotonic with multiple ups and
downs (see, e.g., Figure 3D). Also the dependence of rescue
on the wild-type dynamics is nontrivial, with a slow decline of
the wild type not always being better for population survival
than a fast eradication (see Figure 5A).

The role of epistasis

As is well known from classical population genetics, whether
recombination speeds up or slows down adaptation strongly
depends on the sign of epistasis (Felsenstein 1965). In sce-
narios of evolutionary rescue, there are two phases of selec-
tion with potentially epistatic interactions between loci,
before and after the change in the environment, and the role
of recombination is affected by epistasis in both phases. Ex-
perimentally, the strength and sign of epistasis have been
measured across a variety of systems (Bonhoeffer et al.
2004; Kouyos et al. 2007; Trindade et al. 2009; Silva et al.
2011), reporting all forms of epistasis. Moreover, several
studies have investigated the influence of the environment
on the epistatic interactions between mutations, finding that
both the strength and the sign of epistasis can change as the
environment changes (Remold and Lenski 2004; Lalic and
Elena 2012; De Vos et al. 2013; Flynn et al. 2013). This shows
that for a comprehensive picture of the role of epistasis on
adaptation upon environmental change, all possible fitness
schemes in both environments need to be studied.

Figure 3 Probability of evolutionary rescue as a
function of recombination for different patterns
of epistasis before and after the environmental
change. Solid line, total probability of rescue;
dashed line, probability of rescue from the
standing genetic variation (i.e., without new
mutations after the environmental
change). In A and B, both lines coincide. The
analytical predictions in A and B are based on
File S3, Equation S3.32 and its components; the
analytical predictions in C and D are based on
File S3, Equation S3.38 and its components.
Parameter values: N0 ¼ 108; u ¼ 231026;

and sAb ¼ saB ¼ 20:01; first row (A and B),
sA b ¼ saB ¼ 20:5; sab ¼ 21; sAB ¼ 0:002;
and sAB ¼ 2 0:1 ( i . e . , E1 � 20:08; A) ,
sAB ¼ 20:0001 (i.e., E1 � 0:02; B); second
row (C and D), sab ¼ sAb ¼ saB ¼ 2 0:03;
sAB ¼ 0:08; and sAB ¼ 20:1 (i.e., E1 � 20:08;
C), sAB ¼ 20:0001 (i.e., E1 � 0:02; D). Sym-
bols denote simulation results. Each simulation
point is the average of 105 replicates.
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Epistasis leads to linkage disequilibrium, which is broken
up by recombination. Recombination thus counteracts selec-
tion. The scale at which recombination is effective is deter-
mined by the strength of epistatic selection. Since the strength
of selection can be different before and after the environmen-
tal change, the relevant recombination scales can bedifferent,
too, and if the sign of epistasis changes with the environment,
the probability of evolutionary rescue depends nonmonotoni-
cally on recombination.

We can compare our results with classical models for
the crossing of fitness valleys in populations of constant size.
In these models, a small but nonzero recombination
rateminimizes the time toget fromonefitnesspeak toanother,
while strong recombination hampers or even prevents the
crossing of valleys in large populations (Jain 2010;Weissman
et al. 2010; Altland et al. 2011). Epistasis is positive in this
scenario. However, since double mutants are initially absent,
LD is negative during a first transient phase. As the frequency
of double mutants increases (supported by recombination),
LD turns positive and recombination counteracts any further
increase of double mutants. The valley-crossing scenario thus
compares to a rescue situation with negative epistasis in the
old and positive epistasis in the new environment. Indeed,
we obtain analogous results under these conditions (see
Figure 3C).

The role of drift

We find that genetic drift has a strong influence on rescue
probabilities, even in very large populations (see, e.g., File S2,
Figure S2.1 with N0 ¼ 108). This may seem surprising, but
can be understood because the decisive quantity for rescue is
the number of double mutants, which is potentially small
even if the total population size is large. Importantly,

stochastic fluctuations in the number of rescue types not only
entail a stochastic outcome (extinction or survival), but also
have a directional (negative) effect on the rescue probability.
This is because for any given population, the probability of
evolutionary rescue is a concave function of the number of
rescuemutants in the standing genetic variation or generated
de novo. Consequently, the decrease in the rescue probability
due to negative fluctuations in the number of rescue types is
larger than the corresponding increase due to positive fluc-
tuations. This effect is strong if the number of doublemutants
is small and their establishment probability large.

The effect is most prominent for two-step adaptation at a
single locus, i.e., in the absence of recombination. Previous
theory for two-step rescue for that case has described all ge-
notype frequencies in the standing genetic variation deter-
ministically (Iwasa et al. 2003, 2004). While this is
appropriate when the number of double mutants is large
and their establishment probability small, the approach
strongly overestimates the probability of evolutionary rescue
if these conditions are not met (see File S2 and Figure S2.1 in
File S2).

Recombination attenuates this effect of drift by pulling the
number of double mutants closer to its expected value and
thus increases the probability of rescue. We find that the
decrease of fluctuations in LD (and in the number of double
mutants) affects rescue equally or sometimes even more
strongly than the reduction of directional LD (increasing or
decreasing themeannumberofdoublemutants) thathasbeen
builtupbyepistasis.Wefinallynote that the interactionofdrift
and recombination described here is different from the effect
of recombination in the presence of Hill–Robertson interfer-
ence in finite populations that has been described previously
(Barton and Otto 2005; Roze 2014). This latter mechanism
works through a small bias toward negative LD on average
because selection acts asymmetrically on symmetric fluctua-
tions in LD. This is negligible in our model, while fluctuations
in LD turn out to be very prominent.

The population dynamics

As long as the rescue type is rare, the population dynamics are
shaped by the dynamics of the wild type and the single
mutants. Dependence of rescue on the dynamics of single
mutants is as expected: the slower the decay, the higher the
chance of rescue. The dependence on the dynamics of the
wild-type population size is more complex and shaped by two
opposing effects. By mutation of wild-type individuals, single
mutants arise, which can subsequently mutate or recombine
to generate the rescue type.On theother hand, recombination
withwild-type individuals breaks up the rescue type. Presence
of the wild type hence increases the rate at which the rescue
mutant is generated but decreases its establishment proba-
bility. As a consequence, dependence of rescue on the rate of
decline of the wild-type population is nontrivial. We find that
the rate of rescue decreases withwild-type fitness over a large
parameter range but it can also increase and be overall non-
monotonic as a function of wild-type fitness (see Figure 5A).

Figure 4 Probability of evolutionary rescue as a function of recombi-
nation. For sAB � 2s; Prescue increases with recombination; for sAB ¼ 2s;
recombination has no effect on rescue; for sAB � 2s; Prescue de-
creases with recombination. Parameter values: N0 ¼ 107; u ¼ 231026;

sAb ¼ saB ¼ 20:01; sAB ¼ 20:0199; sab ¼ 21; and sAb ¼ saB ¼ 1024;
open circles, sAB ¼ 531024 � 2s; solid circles, sAB ¼ 231024 ¼ 2s;
and squares, sAB ¼ 0:1131024 � 2s: The theoretical predictions
are based on File S3, Equation S3.45 combined with Equation S3.1.
Symbols denote simulation results. For the simulations, we consider
the population as rescued if the total number of mutant genotypes
has reached 20% carrying capacity. Each simulation point is the average
of 105 replicates.
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For strong recombination, a high frequency of wild-type in-
dividuals prevents rescue entirely. Importantly, dependence
of rescue on the presence or absence of the wild type can be
very sensitive such that even a slight increase of the wild-type
fitness above lethality can significantly reduce the probability
of population survival (see Figure 1).

Violations of the simple rule for drug therapy to hit hard
(the faster the wild-type population disappears, the lower the
risk of resistance) have been found before as a consequence of
competitive release: if the fitness of the rescue type is density
dependent, a fast eradication of thewild type enhances rescue
by freeing up resources (Torella et al. 2010; Read et al. 2011;
Peña-Miller et al. 2013; Uecker et al. 2014). Note that here
we find that the rule is violated also in a model without
competition for resources and with density-independent fit-
ness. Our results imply that to prevent resistance, it is of vital
importance to suppress the single mutants efficiently while it
can be preferable to remove the wild type slowly. Otherwise
the single mutants can act as a reservoir for mutations from
which the rescue type can be generated even if the single
mutants are not long-term viable themselves and even if they
have a very low fitness (see File S3, Figure S3.2). As a con-
sequence, two-step rescue can be even more likely than
single-step rescue (see Figure 5B).

Normally,we expect that in the presence of several drugs, a
mutant that is resistant to one of the drugs has a higher fitness
than thewild-type strain. For example, Chait et al. (2007)find
this behavior when they expose wild-type and doxycycline-
resistant Escherichia coli bacteria to a drug combination of
doxycycline and erythomycin. The two drugs act synergisti-
cally, i.e., the wild type has a lower fitness in the presence of
both drugs than expected from the single-drug effects. In a
combination of doxycycline and ciprofloxacin, however,
Chait et al. (2007) show that the doxycycline-resistant mu-
tant is even less fit than the wild type at certain drug concen-
trations [we apply such a fitness scheme in the limit of a
lethal single mutant(s) in Figure 1 and in Figure 2B]. At these
concentrations, the two drugs display “suppression interac-
tion”; i.e., the wildtype has a higher fitness in the presence of
both drugs than in the presence of just one drug, which is an

extreme form of antagonistic drug interactions (one drug
attenuates the effect of the other). Based on these findings,
Torella et al. (2010) developed a mathematical model for the
evolution of multidrug resistance under synergistic and an-
tagonistic drug interactions (implementing no form of recom-
bination). Themodel shows that resistance evolves less easily
under antagonistic interactions but again only if competition
among cells is high (for experiments, see Hegreness et al.
2008). Our results suggest that even without competition,
antagonistic drug interactions (with a relatively fit wild type
but unfit single mutants) can strongly hamper the evolution
of resistance for infections with pathogens that readily
recombine in vivo, such as HIV.

Likewise, our finding that two-step rescue can be more
likely than single-step rescue canbe importantwhenassessing
the risk of drug resistance in combination-drug vs. single-drug
therapy. To avoid excessive toxicity, each single drug might
need to be given in a lower dose in combination drug treat-
ment. While the wild type, which is sensitive to all drugs, gets
successfully eliminated, mutants that are resistant to one of
the drugs might then not get fully suppressed by the second
drug. A situation similar to that shown in Figure 5B arises; for
high recombination between the loci conferring resistance to
either drug, the risk of drug resistance is higher in the drug
combination scheme than if a single drug were applied at a
high dose.

Limitations and extensions

Our analysis gives a comprehensive overview of the role of
recombination in the two-locusmodel for evolutionary rescue.
However, quantitatively accurate analytical results are possi-
ble only in parts of the parameter range. Most importantly, if
both single-mutant types are viable and can recombine, we
need to describe their frequencies deterministically. This
requires a sufficiently large population size. We illustrate
the limits of this approach in File S4.

Our model describes the most basic situation both on the
genetic and on the ecological side (two loci, two alleles per
locus, panmictic population, and sudden environmental
shift). On the genetic side, the incorporation of more loci

Figure 5 Probability of evolutionary rescue. (A)
Probability of evolutionary rescue as a function
of wild-type fitness for various values of r. Solid
curves constitute analytical predictions and are
based on File S2, Equation S2.2 (r ¼ 0) and File
S3, Equation S3.38 with Equation S3.43
(r.0). Dotted lines connect simulation points
and are included to guide the eye. Parameter
values: sAb ¼ saB ¼ 20:01; sAB ¼ 20:0199;
sAb ¼ saB ¼ 20:05; u ¼ 1025; N0 ¼ 106; and
sAB ¼ 0:1: (B) Probability of evolutionary rescue
when the rescue mutant is one or two muta-
tional steps away. The analytical predictions are

based on File S3, Equation S3.32 (for two-step rescue) and Equation S3.49 (for single-step rescue). Parameter values: u ¼ 231026; N0 ¼ 107;
sAb ¼ saB ¼ 20:01; sAB ¼ 20:1; sab ¼ 21; sAb ¼ saB ¼ 20:5; and sAB ¼ 0:002: Symbols denote simulation results. For A, we consider a population
as rescued when the number of double mutants has reached 20% carrying capacity (increasing the threshold to 30% did not change the results). Each
simulation point is the average of 105 replicates.
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and the consideration of more complex fitness landscapes
constitute a logical next step.On the ecological side, a variety
of extensions would help to gain a more comprehensive
understanding of two-step rescue with recombination. A
gradual instead of sudden deterioration of the environment
influences the population dynamics, which, as discussed
above, play a relevant role in rescue. Likewise, population
structure with parts of the habitat deteriorating later than
others changes the rate of disappearance of the wild type
(Uecker et al. 2014).

Our “minimal model” approach means, of course, that the
results cannot be directly applied to concrete cases of resis-
tance evolution. While we expect that the basic principles
observed in this study should hold under general conditions,
further factors need to be included for specific cases. For
example, recombination in HIV is density dependent since
multiple infection of a cell is required for recombination to
occur. Also, phenotypic mixing does not allow for a simple
correspondence between phenotype and genotype and long-
lived cells lead to specific population dynamics. Likewise, all
three forms of bacterial recombination—conjugation, trans-
duction, and transformation—differ significantly from the
simple recombination scheme applied in this study, requiring
two mating types, the action of bacteriophages or the release
and uptake of DNA molecules into/from the environment.

We focused entirely on the probability of evolutionary
rescue, leaving other aspects of rescue unexplored. It would
be interesting to find out how recombination affects the time
to rescue and the shape of population decline and recovery
given that rescue occurs (cf. Orr and Unckless 2014 for a
study on these aspects in a one-locus model). The minimum
population size of the U-shaped rescue curve is predictive
for the amount of standing genetic variation that is pre-
served over the course of adaptation. The latter in turn af-
fects how well a population can respond to subsequent
environmental change.

To summarize, we have analyzed a generic model of two-
step rescue with recombination. We find that the role of
recombination in rescue is complex and ambivalent, ranging
from highly beneficial to highly detrimental. Since recom-
bination of rescue mutants with wild-type individuals de-
stroys the rescue type, a fast eradication of the wild type can
counterintuitively promote rescue even in the absence of
competition for resources. A high fitness of single mutants
always fosters rescue even if they cannot persist in the long-
term in the environment themselves. Recombination of sin-
gle mutants that provide a buffer to environmental change
can render two-step rescue even more likely than one-step
rescue.

Acknowledgments

The authors thank Nick Barton, Sally Otto, Denis Roze, Jitka
Polechová, and two anonymous referees for helpful discus-
sions and/or comments on the manuscript. This work was

made possible by a “For Women in Science” fellowship
(L’Oréal Österreich in cooperation with the Austrian Com-
mission for the United Nations Educational, Scientific, and
Cultural Organization and the Austrian Academy of Sciences
with financial support from the Federal Ministry for Science
and Research Austria) and European Research Council grant
250152 (to Nick Barton).

Literature Cited

Agashe, D., J. J. Falk, and D. I. Bolnick, 2011 Effects of founding
genetic variation on adaptation to a novel resource. Evolution
65(9): 2481–2491.

Alexander, H. K., G. Martin, O. Y. Martin, and S. Bonhoeffer,
2014 Evolutionary rescue: linking theory for conservation
and medicine. Evol. Appl. 7(10): 1161–1179.

Altland, A., A. Fisher, J. Krug, and I. G. Szendro, 2011 Rare events
in population genetics: stochastic tunneling in a two-locus
model with recombination. Phys. Rev. Lett. 106: 088101.

Barton, N. H., and B. Charlesworth, 1998 Why sex and recombi-
nation? Science 281(5385): 1986–1990.

Barton, N. H., and S. P. Otto, 2005 Evolution of recombination
due to random drift. Genetics 169(4): 2353–2370.

Bell, G., and S. Collins, 2008 Adaptation, extinction and global
change. Evol. Appl. 1(1): 3–16.

Bell, G., and A. Gonzalez, 2009 Evolutionary rescue can prevent
extinction following environmental change. Ecol. Lett. 12(9):
942–948.

Bell, G., and A. Gonzalez, 2011 Adaptation and evolutionary res-
cue in metapopulations experiencing environmental deteriora-
tion. Science 332(6035): 1327–1330.

Bonhoeffer, S., C. Chappey, N. T. Parkin, J. M. Whitcomb, and C. J.
Petropoulos, 2004 Evidence for positive epistasis in HIV-1. Sci-
ence 306(5701): 1547–1550.

Bourne, E. C., G. Bocedi, J. M. J. Travis, R. J. Pakeman, R. W.
Brooker et al., 2014 Between migration load and evolutionary
rescue: dispersal, adaptation and the response of spatially struc-
tured populations to environmental change. Proc. Biol. Sci. 281
(1778): 20132795.

Bretscher, M. T., C. L. Althaus, V. Müller, and S. Bonhoeffer,
2004 Recombination in HIV and the evolution of drug resis-
tance: For better or for worse? BioEssays 26(2): 180–188.

Bürger, R., and M. Lynch, 1995 Evolution and extinction in a
changing environment: A quantitative- genetic analysis. Evolu-
tion 49(1): 151–163.

Carlson, S. M., C. J. Cunningham, and P. A. H. Westley,
2014 Evolutionary rescue in a changing world. Trends Ecol.
Evol. 29(9): 521–530.

Carvajal-Rodríguez, A., K. A. Crandall, and D. Posada,
2007 Recombination favors the evolution of drug resistance
in HIV-1 during antiretroviral therapy. Infect. Genet. Evol. 7(4):
476–483.

Chait, R., A. Craney, and R. Kishony, 2007 Antibiotic interactions
that select against resistance. Nature 446: 668–671.

Crow, J. F., and M. Kimura, 1965 Evolution in sexual and asexual
populations. Am. Nat. 99(909): 439–450.

de Vos, M. G. J., F. J. Poelwijk, N. Battich, J. D. T. Ndika, and S. J.
Tans, 2013 Environmental dependence of genetic constraint.
PLoS Genet. 9(6): e1003580.

Duputié, A., F. Massol, I. Chuine, M. Kirkpatrick, and O. Ronce,
2012 How do genetic correlations affect species range shifts
in a changing environment? Ecol. Lett. 15: 251–259.

Felsenstein, J., 1965 The effect of linkage on directional selection.
Genetics 52(2): 349–363.

Recombination in Evolutionary Rescue 731



Flynn, K. M., T. F. Cooper, F. B.-G. Moore, and V. S. Cooper,
2013 The environment affects epistatic interactions to alter
the topology of an empirical fitness landscape. PLoS Genet. 9
(4): e1003426.

Fraser, C., 2005 HIV recombination: what is the impact on anti-
retrovial therapy? J. R. Soc. Interface 2(5): 489–503.

Galassi, M., J. Davies, J. Theiler, B. Gough, G. Jungman et al.,
2009 GNU Scientific Library Reference Manual, Ed. 3. Network
Theory Ltd., Bristol, UK.

Gomulkiewicz, R., and R. D. Holt, 1995 When does evolution
by natural selection prevent extinction? Evolution 49(1): 201–
207.

Gonzalez, A., and G. Bell, 2013 Evolutionary rescue and adapta-
tion to abrupt environmental change depends upon the history
of stress. Philos. Trans. R. Soc. Lond. B Biol. Sci. 368(1610):
20120079.

Haldane, J. B. S., 1927 A mathematical theory of natural and
artificial selection, Part V: Selection and mutation. Proc. Camb.
Philos. Soc. 23(7): 838–844.

Hartfield, M., and P. D. Keightley, 2012 Current hypotheses for the
evolution of sex and recombination. Integr. Zool. 7(2): 192–209.

Hegreness, M., N. Shoresh, D. Damian, D. Hartl, and R. Kishony,
2008 Accelerated evolution of resistance in multidrug environ-
ments. Proc. Natl. Acad. Sci. USA 105(37): 13977–13981.

Iwasa, Y., F. Michor, and M. A. Nowak, 2003 Evolutionary dynam-
ics of escape from biomedical intervention. Proc. Biol. Sci. 270
(1533): 2573–2578.

Iwasa, Y., F. Michor, and M. A. Nowak, 2004 Evolutionary dynam-
ics of invasion and escape. J. Theor. Biol. 226(2): 205–214.

Jain, K., 2010 Time to fixation in the presence of recombination.
Theor. Popul. Biol. 77(1): 23–31.

Kouyos, R. D., O. K. Silander, and S. Bonhoeffer, 2007 Epistasis
between deleterious mutations and the evolution of recombina-
tion. Trends Ecol. Evol. 22(6): 308–315.

Kouyos, R. D., D. Fouchet, and S. Bonhoeffer, 2009 Recombination
and drug resistance in HIV: population dynamics and stochastic-
ity. Epidemics 1(1): 58–69.

Lachapelle, J., and G. Bell, 2012 Evolutionary rescue of sexual
and asexual populations in a deteriorating environment. Evolu-
tion 66(11): 3508–3518.
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File S1: General notes on the analysis

Major parts of the analysis are based on branching process approximations. We model the

number of double mutants (and occasionally also the number of single mutants) in the standing

genetic variation by a subcritical branching process with immigration, where “immigration”

happens through mutation or recombination. For the establishment probability of a type AB

individual, we apply results from the theory of time-homogeneous or time-inhomogeneous single-

type branching processes. In order to determine the probability that a type Ab individual gives

rise to a permanent lineage of AB individuals by mutation, we use a two-type branching process.

Although the model is formulated in discrete time, we resort to branching processes in continuous

time for the mathematical analysis. In the following, we first state some general mathematical

results from branching process theory. We thereafter apply them to derive some building blocks

that we use repeatedly in the subsequent analysis in File S2 and File S3.

S1.1 Mathematical results from branching process theory

Probability generating function for the number of individuals in a subcritical single-type

branching process with immigration. Following Sewastjanow (1974, p. 163), we can calcu-

late the probability generating function (p.g.f.) for the number of individuals in a subcritical

branching process with immigration. Individuals reproduce at rate λ and die at rate µ. Immi-

gration happens at rate m. We define the two infinitesimal generating functions

f (y) = µ− (λ+ µ)y + λy 2, (S1.1a)

g(y) = −m +my. (S1.1b)

Let Pk be the probability to have k individuals in the limit t →∞ and

F (y) =

∞
∑

k=0

Pky
k (S1.2)
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It then holds

F (y) = exp





1
∫

y

g(x)

f (x)
dx





=

(

λ− µ

yλ− µ

)
m
λ

.

(S1.3)

For λ = 1
2
+ σ
2
and µ = 1

2
− σ
2
, this gives

F (y) =

(

2σ

y + yσ + σ − 1

)
2m
1+σ

. (S1.4)

From the p.g.f., the stationary distribution of the number of individuals can be obtained as

Pk =
1

k!

d

dy
F (y)|y=0 =

1

k!

(

2σ

σ − 1

)
2m
σ+1
+k

·

k
∏

i=1

2m + (i − 1)(1 + σ)

(−2σ)
(S1.5)

for k > 0 and P0 = F (0).

Establishment probability of a reducible two-type branching process. Consider a branching

process with two types. Type i reproduces at rate λi and dies at rate µi . Type 2 turns into type

1 at rate ueff.

The survival probability of a process founded by one individual of type 1 is given by (Allen, 2011,

p. 253)

p
(1)
est =

{

λ1−µ1
λ1

if λ1 > µ1,

0 else.
(S1.6)

The establishment probability of a process founded by a single individual of type 2 can be

obtained by solving the equation

1− p
(2)
est =

µ2
λ2 + µ2 + ueff

+
ueff

λ2 + µ2 + ueff
(1− p

(1)
est ) +

λ2
λ2 + µ2 + ueff

(1− p
(2)
est )

2, (S1.7)

where the smaller root has to be taken (Uecker et al., 2015):

p
(2)
est = 1−

λ2 + µ2 + ueff −

√

(λ2 + µ2 + ueff)2 − 4(ueff(1− p
(1)
est ) + µ2)λ2

2λ2

= 1−
λ2 + µ2 + ueff −

√

(λ2 − µ2 − ueff)2 + 4λ2ueffp
(1)
est

2λ2
.

(S1.8)

With λ2 =
1
2
+ s
2
and µ2 =

1
2
− s
2
, this yields:

p
(2)
est = 1−

1 + ueff −

√

(s − ueff)2 + 2(1 + s)ueffp
(1)
est

1 + s
. (S1.9)
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Establishment probability of an inhomogeneous single-type branching process. The es-

tablishment probability of a single allele with time-dependent birth rate λ(t), death rate µ(t),

and growth parameter λ(t) − µ(t) = seff(t) that arises at time T in a population is given by

(Kendall, 1948; Uecker and Hermisson, 2011)

pest(T ) =
2

1 +
∞
∫

T

(λ(t) + µ(t))e
−
t
∫

T

seff(τ)dτ

dt

. (S1.10)

The extinction time of a single-type branching process. Consider a subcritical branching

process with an initial number of n0 individuals. Individuals reproduce at rate λ and die at rate

µ. From the probability that the process has gone extinct by time t, P0(n0, t), (see Uecker and

Hermisson, 2011), we immediately obtain the distribution of the extinction time Text:

P (Text ≤ t) = P0(n0, t) =

(

µ(1− e−(λ−µ)t)

λ− µ+ µ(1− e−(λ−µ)t)

)n0

. (S1.11)

We denote by

p(ext)(t) =
d

dt
P (Text ≤ t) (S1.12)

the corresponding probability density.

S1.2 Essential building blocks

In order to match the results from the continuous-time approximation to the discrete-time

model, we need to make sure that the growth behavior and the amount of drift are the same

(Uecker et al., 2014). First, in order to guarantee that the long-term growth behavior is the

same, we replace the growth parameter σ from the discrete-time model by ln (1 + σ) in the

continuous-time approximation whenever long-term growth is essential. In order to generate

the same amount of drift, birth and death rates of individuals must sum up to 1 (at least in the

diffusion limit). In a model with selection, this can be achieved in various ways, by distributing

the effect of the effective growth parameter σ (or ln (1 + σ)) on the birth and death rates. If

not stated otherwise, we usually do this symmetrically, i.e., λ = 1
2
+ σ
2
and its death rate as

µ = 1
2
− σ
2
. This is appropriate as long as selection is not too strong. For very large (positive

or negative) σ, one of the rates can turn negative. In that case, we switch to a different

parametrization (and explicitly state this).

Throughout the analysis, we ignore back mutation. We furthermore assume that the mutation

rate is small enough that we can neglect direct generation of the double mutant from the

wildtype.

H. Uecker and J. Hermisson 3 SI



The number of single mutants in the standing genetic variation. We assume that mutants

are rare in relative frequency in the population, i.e., they only interact with wildtype individuals.

This has several implications: (1) birth and death rates are constant (since mean fitness is ≈ 1),

(2) a constant influx of new mutations (since nab ≈ N0), (3) recombination has no effect on

single mutants (since mutants only recombine with wildtype individuals), (4) interactions with

double mutants can be ignored.

Then, from Eq. (S1.4) with m = uN0(1+σAb) and λ =
1
2
+ σAb

2
and µ = 1

2
− σAb

2
, we obtain the

probability generating function FAb for the number of Ab mutants in the population; analogous,

we obtain FaB:

FAb(y) =

(

2σAb
y + yσAb + σAb − 1

)2uN0

, (S1.13a)

FaB(y) =

(

2σaB
y + yσaB + σaB − 1

)2uN0

. (S1.13b)

The mean number of Ab and aB mutants is given by

n̄Ab = 〈nAb〉 = F
′
Ab(1) = −

uN0
σAb
(1 + σAb), (S1.14a)

n̄aB = 〈naB〉 = F
′
aB(1) = −

uN0
σaB
(1 + σaB). (S1.14b)

The number of double mutants in the standing genetic variation. In a large population,

in which single mutants are frequent in absolute but rare in relative numbers, their number can

be well approximated by their mean value as given by Eq. (S1.14).

However, the number of double mutants is subject to strong stochasticity. Before the time of

environmental change, their distribution can be modeled by a subcritical branching process with

immigration. Immigration happens at rate

mAB =

(

r
n̄Abn̄aB
N0

)

(1 + σAB) + u(n̄Ab + n̄aB)(1 + σAB)(1− r). (S1.15)

As the effective selection coefficient of AB individuals, we use

σeffAB = (1 + σAB)(1− r)− 1. (S1.16)

Individuals of type AB reproduce at rate 1
2
+ 1
2
σeffAB and die at rate

1
2
− 1
2
σeffAB.

With Eq. (S1.4), we obtain the probability generating function FAB(s) for the number of double

mutants in the standing genetic variation:

FAB(y) =

(

2σeffAB
y + yσeffAB + σ

eff
AB − 1

)

2mAB

1+σeff
AB

. (S1.17)

4 SI H. Uecker and J. Hermisson



The mean number of double mutants is given by

〈nAB〉 = F
′
AB(1) = −

mAB

σeffAB

= −
u2N0
σAbσaB

(1 + σAB)
r(1 + σAb + σaB + σAbσaB)− (1− r)(σAb + σaB + 2σAbσaB)

σAB − r(1 + σAB)

= −
u2N0
σ2
(1 + σAB)(1 + σ)

r(1 + σ)− 2σ(1− r)

σAB − r(1 + σAB)
,

(S1.18)

where the last line holds for σAb = σaB = σ.

With σAB = E1 + (σAb + σaB + σAbσaB) = E1 + σ(2 + σ) and |σAb|, |σaB|, and |σAB| small, we

can further approximate:

〈nAB〉 ≈
u2N0
σAbσaB

r − (σAb + σaB)

r − E1 − (σAb + σaB)

=
u2N0
σ2

r − 2σ

r − E1 − 2σ
.

(S1.19)

We see that for E1 = 0 (no epistasis), 〈nAB〉 is independent of r ; for E1 < 0 (negative epistasis),

〈nAB〉 increases with r ; for E1 > 0 (positive epistasis), 〈nAB〉 decreases with r . For r = 0, the

mean number of double mutants is given by u
2N0
σ2

2σ
E1+2σ

, hence strongly dependent on the degree

of epistasis. For r ≫ |σAb + σaB| and r ≫ |σAB|, it converges to
u2N0
σAbσaB

, independently of

epistasis.

Establishment probabilities in the absence of the wildtype. In the absence of the wildtype,

the double mutant is (effectively) not broken up by recombination. With Eq. (S1.6) and λ1 =
1
2
+ 1
2
ln (1 + sAB) and µ1 =

1
2
− 1
2
ln (1 + sAB) (assuming ln (1 + sAB) ≤ 1, which is always the

case in our examples), we obtain for the survival probability of a process which is founded by a

single individual of type AB:

p
(AB)
est =

2 ln (1 + sAB)

1 + ln (1 + sAB)
≈ 2sAB, (S1.20)

where the approximation holds for sAB small.

We also derive an approximation for the survival probability of a process founded by one individual

of type Ab (or aB), when type AB can only be generated by mutation (either because r = 0

or because the other single mutant type is absent). The problem can then be assessed by

means of a two-type branching process. Type Ab has birth rate 1
2
+ ŝAb

2
and death rate 1

2
− ŝAb

2

with ŝAb = ln (1 + sAb) (assuming −1 ≤ ln (1 + sAb) ≤ 1, which is again always fulfilled in our

H. Uecker and J. Hermisson 5 SI



examples). It turns into type AB at rate u(1 + sAB) (analogously for type aB). With (S1.9)

and Q1 = 1− p
(AB)
est , we obtain the establishment probability:

p
(Ab)
est = 1−

1 + u(1 + sAB)−

√

(ŝAb − u(1 + sAB))2 + 2u(1 + sAB)(1 + ŝAb)p
(AB)
est

1 + ŝAb

≈ 1−
1 + u −

√

(sAb − u)2 + 4usAB(1 + sAb)

1 + sAb

≈ 1− (1 + u − sAb −
√

(sAb − u)2 + 4usAB)

= sAb − u +
√

(sAb − u)2 + 4usAB

≈
2usAB
−sAb

.

(S1.21)

The last approximation holds for sAb < 0 and s
2
Ab ≫ usAB. It can be easily interpreted:

1
−sAb
is

the mean number of descendants of a single Ab individual. Each of these descendants mutates

with probability u, leading to a permanently establishing lineage of AB individuals with probability

2sAB.

Establishment probabilities in the presence of the wildtype. If the wildtype dominates over

the single mutants at all times, the double mutant virtually always recombines with the wildtype

(until it becomes frequent and rescue has occurred). Under these conditions, the effective

growth parameter of the rescue type can be approximated as

seff(t) =

{

(1 + sAB)(1− r)− 1 as long as the wildtype exists,

sAB as soon as the wildype has died out.
(S1.22)

If the wildtype decays very slowly and if we can furthermore assume that no double mutants

get generated once the wildtype has gone extinct, this yields for the establishment probability

of the double mutant:

p
(AB)
est =

{

2 ln [(1+sAB)(1−r)]
1+ln [(1+sAB)(1−r)]

if ln [(1 + sAB)(1− r)] > 0,

0 else.

≈ 2max [(sAB − r), 0].

(S1.23)

Following the same derivation as in Eq. (S1.21), the probability that a single Ab individual will

eventually give rise to a successful lineage of AB individuals is

p
(Ab)
est = 1−

1 + u(1 + sAB)(1− r)−

√

(ŝAb − u(1 + sAB)(1− r))2 + 2u(1 + sAB)(1− r)(1 + ŝAb)p
(AB)
est

1 + ŝAb

≈ sAb − u(1− r) +
√

(sAb − u(1− r))2 + 4u(1− r)max [2(sAB − r), 0]

≈
2u(1− r)max [(sAB − r), 0]

−sAb
.

(S1.24)
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The simple approximation p
(AB)
est , Eq. (S1.23), fails when the wildtype population size decays

quickly. In case of a fast (but not instantaneous) eradication of the wildtype, we need to apply

a more refined approximation for the establishment probability of type AB. The extinction time

of the wildtype is a stochastic variable. If we ignore mutation and recombination, the dynamics

of the wildtype is given by a subcritical branching process with initial size nab(0) ≈ N0, and we

can calculate the distribution of the extinction time Text with the help of Eq. (S1.11). Since

ln (1 + sab) is considerably smaller than −1 if sab is strongly negative, we deviate from our default

approximation for λ and µ here and choose λ = 1/2 and µ = 1/2− ln (1 + sab) to keep selection

at the right level and avoid negative birth rates. With this, we obtain

P (Text ≤ t) =

(

1− e−sabt

2sab
1−sab

+ 1− e−sabt

)N0

(S1.25)

and from this the probability density p(ext)(Text).

For a given Text, we can calculate the establishment probability of a single double mutant based

on a time-inhomogeneous branching process with death rate 1
2
− ŝeff(t)

2
and birth rate 1

2
+ ŝeff(t)

2

with ŝeff(t) defined by

ŝeff(t) =

{

ln ((1 + sAB)(1− r)) t ≤ Text,

ln (1 + sAB) t > Text
(S1.26)

(see Eq. (S1.10)). This gives for t < Text:

p
(AB)
est (t|Text) =

2

1 + I(t, Text)
(S1.27)

with

I(t, Text) =

∞
∫

t

e
−
T
∫

t

ŝeff(τ)dτ
dT

=
1

s1
−

(

1

s1
−
1

s2

)

e−s1(Text−t),

(S1.28)

where s1 and s2 are given by ŝeff before and after extinction of the wildtype respectively. For

t ≥ Text, the establishment probability is given by Eq. (S1.20).

Over all possible extinction times, we get

p
(AB)
est (t) =

∞
∫

t

p(Text)
2

1 + I(t, Text)
dText +

t
∫

0

p(Text)
2 ln (1 + sAB)

1 + ln (1 + sAB)
dText. (S1.29)

The numerical evaluation of integrals is done in Mathematica (Wolfram Research, Champaign,

USA).
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File S2: No recombination

For complete linkage, approximations have been derived in Iwasa et al. (2003, 2004). These

approximations model all allele frequencies in the standing genetic variation deterministically.

We extend these results by a stochastic treatment of the number of double mutants in the

standing genetic variation.

The distribution of genotypes in the standing genetic variation. In principle, the number of

single and double mutants in the population can be modeled as a two-type branching process with

immigration. However, analytical solutions for the p.g.f. are not easily derived. We therefore

propose two simpler approximations to estimate the contribution of the standing genetic variation

for rescue. (1) If the population size is small, double mutants in the standing genetic variation

can often be neglected; the number of single mutants is subject to stochasticity. The probability

generating functions FAb and FaB are given by Eq. (S1.13). (2) If the population size is large,

the number of single mutant types is well approximated by their expected value (Eq. (S1.14)).

The probability generating function for the number of double mutants FAB is then given by

Eq. (S1.17).

Establishment probability of the rescue mutant. After the change in the environment, a lin-

eage initiated by one individual of type AB survives with probability p
(AB)
est as given by Eq. (S1.20).

A lineage that is founded by a single individual of type Ab (or aB) survives with probability p
(Ab)
est

as given by Eq. (S1.21). These results do not depend on the dynamics of the wildtype when

r = 0 because of our assumption of a hard carrying capacity (no density dependence until

N ≥ N0).

The probability of evolutionary rescue. We first consider the case that the number of double

mutants before the change in the environment can be ignored. Rescue can now either pass via

single mutants from the standing genetic variation or via newly generated single mutants. The

number of successful offspring of a single type Ab individual is Poisson distributed with parameter

(1 + sAb)p
(Ab)
est . If nAb individuals of type Ab are present at the time of environmental change,

they hence do not establish a permanent lineage with probability exp [−nAb(1 + sAb)p
(Ab)
est ]. It

remains to average over the distribution of nAb, for which one can conveniently use the p.g.f.

FAb, Eq. (S1.13) (analogous for type aB). In order to determine the number of single mutants

that get generated after the environmental change, we assume that the decay of the wildtype

population size can be well described deterministically by nab(t) ≈ N0(1 + sab)
t (cf. Orr and

Unckless, 2008; Uecker et al., 2014). The number of de-novo generated single mutants is then

given by
∞
∑

t=0

unab(t)(1 + sAb) ≈
uN0
−sab
(1 + sAb). With this, we obtain:

Prescue = 1− FAb(e
−(1+sAb)p

(Ab)
est )FaB(e

−(1+saB)p
(aB)
est )e

−
uN0
−sab
(1+sAb)p

(Ab)
est −

uN0
−sab
(1+saB)p

(aB)
est . (S2.1)
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Fig. S2.1: Probability of evolutionary rescue as a function of σσσAAABBB. The theoretical pre-

dictions are based on Eq. (S2.2) (solid line), Iwasa et al. (2003, 2004) (long-dashed line), and

Eq. (S2.3) (short-dashed line). Parameter values: σAb = σaB = −0.01, sAb = saB = sab = −0.5,

sAB = 0.15, u = 10
−5, N0 = 10

6. Symbols denote simulation results. Each simulation point is

the average of 105 replicates.

If single mutants are frequent and we describe double mutants stochastically, using the expected

values n̄Ab and n̄aB, we have:

Prescue = 1− FAB(e
−(1+sAB)p

(AB)
est )e−u(n̄Ab+n̄aB)(1+sAB)p

(AB)
est e−n̄Ab(1+sAb)p

(Ab)
est −n̄aB(1+saB)p

(aB)
est

×e
−
uN0
−sab
(1+sAb)p

(Ab)
est −

uN0
−sab
(1+saB)p

(aB)
est .

(S2.2)

If we can treat the number of double mutants deterministically, we obtain:

Prescue = 1− e
−(1+sAB)n̄ABp

(AB)
est e−u(n̄Ab+n̄aB)(1+sAB)p

(AB)
est e−n̄Ab(1+sAb)p

(Ab)
est −n̄aB(1+saB)p

(aB)
est

×e
−
uN0
−sab
(1+sAb)p

(Ab)
est −

uN0
−sab
(1+saB)p

(aB)
est

(S2.3)

with

n̄AB =
u(n̄Ab + n̄aB)

−σAB
(1 + σAB). (S2.4)

Comparison to Iwasa et al. (2003, 2004). We can compare our approximations to the

approximation derived in Iwasa et al. (2003, p. 2574) and Iwasa et al. (2004, Eq. 9), who

describe all allele frequencies prior to the environmental change deterministically (derived as the

stationary solution of a system of differential equations). Consequently, as can be seen from

Fig. S2.1, the approximation is in good agreement with Eq. (S2.3) (up to minor deviations due

to details in the model and the analysis). Both strongly overestimate the real rescue probability

in Fig. S2.1. The reason is that the number of double mutants in the standing genetic variation

H. Uecker and J. Hermisson 9 SI



– from which rescue mainly occurs in the parameter regime shown in the figure – is subject

to strong fluctuations. This matters mainly for weakly deleterious double mutants: Then, the

average number of double mutants is high enough to provide a population with a decent chance

to survive, and the deterministic approximation assumes that each replicate population contains

this average number of double mutants. Stochastically, however, some replicate populations

have a very high chance to survive (but a single population can only get rescued once; the very

high number of double mutants is hence redundant), while most of them contain no double

mutants at all and go extinct.

10 SI H. Uecker and J. Hermisson



File S3: The role of recombination

From now on, we assume that the population is large enough that we can approximate the

number of Ab and aB mutants in the standing genetic variation by their expected number,

Eq. (S1.14). For the number of double mutants prior to the environmental change, we use

FAB, Eq. (S1.17). In order to keep the equations simple, we usually assume σAb = σaB = σ.

Generalization to unequal selection coefficients for single mutants before the environmental

change is straightforward.

S3.1 Single mutants are lethal in the new environment

The wildtype is lethal too. In the absence of any other types, a single rescue type indi-

vidual establishes a permanent lineage with probability p
(AB)
est , Eq. (S1.20). In the first gen-

eration after the switch, with our choice of the life cycle (mutation and recombination be-

fore selection), the wildtype and the single mutants are, however, still present in the pop-

ulation (leading to the generation and deletion of AB mutants). A single rescue type in-

dividual present at the time of environmental change will hence not establish a permanent

lineage with probability exp [−p
(AB)
est (1 + sAB)(1− r)], and the probability that no new suc-

cessful lineage is generated by recombination or mutation in this first generation is given by

exp
[

−
(

r n̄Abn̄aB
N
(1 + sAB) + u(n̄Ab + n̄aB)(1 + sAB)(1− r)

)

p
(AB)
est

]

. With this, the probability of

evolutionary rescue is given by

Prescue = 1− FAB(e
−(1+sAB)(1−r)p

(AB)
est )× e

−
(

r
n̄Abn̄aB
N0

(1+sAB)+u(n̄Ab+n̄aB)(1+sAB)(1−r)
)

p
(AB)
est . (S3.1)

With p
(AB)
est ≈ 2sAB and σAb = σaB = σ, we can approximate

F (e−(1+sAB)(1−r)p
(AB)
est ) ≈ F (1− 2sAB(1− r))

=

(

1 +
2sAB(1 + σAB)(1− r)

2

2(1− r)(1 + σAB)− 2sAB(1− r)2(1 + σAB)− 2

)

2(1+σAB)

[

r
u2N0
σ2

(1+σ)2+
u2N0
−σ (1+σ)(1−r)

]

(1+σAB)(1−r)

=

(

1 +
sAB(1− r)

2

−sAB(1− r)2 + (1− r)σAB − 1

)−
2u2N0
σ2
[2σ− r

1−r ]

≈

(

r − (2σ + E1)(1− r)

sAB(1− r)2 + r − (2σ + E1)(1− r)

)−
2u2N0
σ2
[2σ− r

1−r ]

≈

(

r − 2σ − E1
sAB(1− r)2 + r − 2σ − E1

)−
2u2N0
σ2
[2σ− r

1−r ]
,

(S3.2)
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where the first approximation is a series expansion of the exponential function up to first order

in the exponent and the second approximation is based on dropping higher order terms in σAB
and σ in the enumerator, the denominator, and the exponent. The approximation in the last

line consists in approximating r − (1 − r)(2σ + E1) ≈ r − 2σ − E1 since the second term only

matters when r is small, i.e. when 1− r ≈ 1. If we furthermore ignore new mutations after the

switch in the environment, we obtain:

Prescue ≈ 1−

(

r − 2σ − E1
sAB(1− r)2 + r − 2σ − E1

)−
2u2N0
σ2
[2σ− r

1−r ]
e−2sABr

u2N0
σ2 . (S3.3)

If we do not take stochasticity in the number of double mutants in the standing genetic variation

into account, we get

P detrescue = 1− e
−〈nAB〉(1+sAB)(1−r)p

(AB)
est × e−(r

n̄Abn̄aB
N
(1+sAB)+u(n̄Ab+n̄aB)(1+sAB)(1−r))p(AB)est

≈ 1− e
−2

u2N0
σ2
sAB

[

1−
(1−r)(2−2σ−E1)

r−2σ−E1

]

≈ 1− e
−2sAB

u2N0
σ2

r−2σ
r−2σ−E1 ,

(S3.4)

where the first approximation makes use of the approximation for 〈nAB〉 (Eq. S1.19) and fur-

thermore uses p
(AB)
est ≈ 2sAB and 1 + sAB ≈ 1 and ignores new mutations from generation 0 to

1.

With this, we can compare the probability of evolutionary rescue (1) without epistasis and

without drift (Eq. S3.4 with E1 = 0), (2) without epistasis but with drift (Eq. S3.1 with

E1 = 0), (3) with epistasis but without drift (Eq. S3.4 with E1 6= 0), and (4) with epistasis and

with drift (Eq. S3.1 with E1 6= 0). Fig. S3.1 shows all four cases. Note that the establishment

of the rescue type after the environmental change is in any case subject to strong stochasticity.

Last, we want to estimate the influence of drift on the rescue probability

d =
Prescue − P

det
rescue

P detrescue
. (S3.5)

For this, we approximate by a Taylor expansion up to leading order in sAB (and similar approxi-

mations as in Eq. S3.4):

Prescue − P
det
rescue ≈

(

e−2sAB〈nAB〉(1−r) − 〈e−2sABnAB(1−r)〉
)

e
−2sABr

n̄Abn̄aB
N0

≈ −2s2AB(1− r)
2Var[nAB] +O

(

s3AB
)

.
(S3.6)
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This leaves us with

d ≈ −
sAB(1− r)

2Var[nAB]

(1− r)〈nAB〉+ r
n̄Abn̄aB
N0

+O
(

s2AB
)

= −
−sAB(1− r)

2 Var[nAB]
〈nAB〉

(1− r) + r n̄Abn̄aB
N0〈nAB〉

+O
(

s2AB
)

≈
Var[nAB]

〈nAB〉
·
−sAB(1− r)

2

1 + r E1
r−2σ

+O
(

s2AB
)

.

(S3.7)

For the last line, we used Eq. (S1.19) and n̄Ab = n̄aB ≈ −
uN0
σ
. For the ratio of variance to

mean, we obtain:

Var[nAB]

〈nAB〉
=
F ′′AB(1) + F

′
AB(1)− F

′
AB(1)

2

F ′AB(1)

=
1

2

(

1 +
1

r(1 + σAB)− σAB

)

,

(S3.8)

which is a decreasing function of r , i.e., the relative importance of drift decreases with r . Note

that the variance itself depends on epistasis and is not decreasing over the entire parameter

range (it can be increasing, decreasing, or be non-monotonic).

For |σ| and |σAB| small, we can further approximate

d ≈ −
Var[nAB]

〈nAB〉
sAB(1− r)

2 ≈ −
1

2
(1− r)2(1 + r)

sAB
r − σAB

. (S3.9)

Although the approximation deviates from the exact result for small r , we can read off the

qualitative behavior: d is negative and monotonically increasing with r , i.e., the larger r , the

less drift reduces Prescue. We can distinguish two regimes: (1) If |σAB| ≫ sAB, drift does not play

a significant role, irrespective of r . (2) If |σAB| ≪ sAB, drift has a significant influence unless

r ≫ sAB.

The wildtype remains. If the wildtype population size decays slowly after the environmen-

tal change, the establishment probability of a single rescue mutant is well approximated by

Eq. (S1.23). Analogous to before, we again have

Prescue = 1− FAB(e
−(1+sAB)(1−r)p

(AB)
est )× e

−
(

r
n̄Abn̄aB
N0

(1+sAB)+u(n̄Ab+n̄aB)(1+sAB)(1−r)
)

p
(AB)
est . (S3.10)

Actually, e−(1+sAB)(1−r)(1−qAB) = qAB (where qAB is the exact extinction probability of a branching

process with Poisson distributed offspring numbers with mean (1+sAB)(1−r)), and so we could

simply use FAB(1− p
(AB)
est ). Since we use an approximation for qAB (which is our approximation

1− p
(AB)
est ), we prefer the above form for consistency with the previous paragraph.

H. Uecker and J. Hermisson 13 SI



 0

 0.2

 0.4

 0.6

 0.8

 1

 0  0.1  0.2  0.3  0.4  0.5

P
re

s
c
u
e

r

epistasis
neither

drift+epistasis
drift

Fig. S3.1: Probability of evolutionary rescue as a function of recombination (cf. Fig. 1).

The curves are based on Eq. (S3.1) (drift) and Eq. (S3.4) (no drift). Paramater values are:

σAB = −0.0199 (no epistasis) and σAB = −0.0001 (epistasis), σAb = σaB = −0.01, u = 10
−5,

N0 = 10
6, sAB = 0.15, sAb = saB = sab = −1.

As before, we can derive an approximation, ignoring stochasticity in the number of double

mutants

P detrescue = 1− e
−〈nAB〉(1+sAB)(1−r)p

(AB)
est × e−(r

n̄Abn̄aB
N
(1+sAB)+u(n̄Ab+n̄aB)(1+sAB)(1−r)))p(AB)est

≈

{

1− e
−2

u2N0
σ2
(sAB−r)

[

1−
(2−2σ−E1)(1−r)

r−2σ−E1

]

≈ 1− e
−2(sAB−r)

u2N0
σ2

r−2σ
r−2σ−E1 if sAB − r > 0,

0 else,

(S3.11)

where we approximate p
(AB)
est ≈ max [2(sAB − r), 0].

The wildtype is quite unfit. If the wildtype is not very fit, we need to resort to the more

accurate approximation Eq. (S1.29) for the establishment probability of the double mutant. For

the probability of rescue, we obtain as before:

Prescue = 1− FAB(e
−(1+sAB)(1−r)p

(AB)
est (1))× e

−
(

r
n̄Abn̄aB
N0

(1+sAB)+u(nAb+naB)(1+sAB)(1−r)
)

p
(AB)
est (1). (S3.12)

Sensitivity of the approximation. How sensitive are the approximations to the assumption of

lethality of the single mutants? Fig. S3.2 compares the approximations (assuming sAb = saB =

−1) to simulations with sAb = saB = −0.99 (Panel A) and sAb = saB = −0.9 (Panel B). The

fitter the wildtype the less sensitive is the approximation to deviations from strict lethality of

the single mutants. For a lethal wildtype, even a slight increase in the fitness of mutants above

lethality drastically increases Prescue.
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Fig. S3.2: Probability of evolutionary rescue as a function of recombination. The figure is

identical to Fig. 1 except for that we set sAb = saB = −0.99 (Panel A) and sAb = saB = −0.9

(Panel B) in the simulations. The growth parameter of the wildtype is sab = −1 (solid lines,

filled circle), sab = −0.99 (dashed line, triangles), sab = −0.005 (dotted line, empty circles).

Circles and triangles denote simulation results. Each simulation point is the average of 105

replicates.

S3.2 One single mutant is viable, the other lethal

Let us now consider the situation sAb > −1 and saB = −1 after the environmental change.

The wildtype is lethal. The presence of one of the single mutant types after the environmental

change opens up a new rescue pathway: new double mutants can be generated by mutation

after generation 0. Analogous to before, the probability that the population is rescued via this

pathway is given by

1− e−(n̄Ab+uN0)(1+sAb)p
(Ab)
est (S3.13)

with p
(Ab)
est given by Eq. (S1.21). Combination with Eq. (S3.1) yields the total probability of

evolutionary rescue:

Prescue = 1− FAB(e
−(1+sAB)(1−r)p

(AB)
est )× e

−
(

r
n̄Abn̄aB
N0

(1+sAB)+u(n̄Ab+n̄aB)(1+sAB)(1−r)
)

p
(AB)
est

× e−(n̄Ab+uN0)(1+sAb)p
(Ab)
est .

(S3.14)

We can estimate the respective significance of the contributions by a comparison of Eq. (S3.13)

with Eq. (S3.4), assuming σAb = σaB. Approximating n̄Ab ≈
uN0
−σAb

and 1 + sAb ≈ 1 and ignoring

the term that accounts for new mutations (∼ uN0) in Eq. (S3.13) and setting E1 = 0 in

Eq. (S3.4), we arrive at the condition

p
(Ab)
est > 2

usAB
−σAb

(S3.15)
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for the contribution of new rescue mutations after the environmental change being larger than

the contribution by double mutants from the standing genetic variation. With the last approxi-

mation for p
(Ab)
est in Eq. (S1.21), this condition simplifies to

2usAb
−sAb

>
2usAb
−σAb

⇔ −σAb > −sAb. (S3.16)

If sAb > 0, rescue is not contingent on the generation of the double mutant. Depending on the

mutation rate and the fitness effects of mutations, generation of the double mutant might still

help rescue or be negligible. In the latter case, results from single step rescue apply (Orr and

Unckless, 2008; Bell and Collins, 2008; Uecker et al., 2014). Formation of the double mutant

after the environmental change cannot be ignored in Eq. (S3.13) if

2sAb ≪ p
(Ab)
est

⇔ 2sAb ≪ sAb − u +
√

(sAb − u)2 + 4sABu

⇔ sAb + u ≪
√

(sAb − u)2 + 4sABu

sAb≫u
⇔ sAb ≪

√

s2Ab + 4sABu = sAb ·

√

1 +
4sABu

s2Ab

⇔ 4sABu ≫ s
2
Ab.

(S3.17)

Altogether, generation of the double mutant cannot be ignored if

2sAb
uN0
−σ
≪ p

(Ab)
est

uN0
−σ
+ 2sAB

u2N0
σ2

r − 2σ

r − 2σ − E1

⇔ 2sAb ≪ sAb − u +
√

(sAb − u)2 + 4sABu + 2sAB
u2N0
σ2

r − 2σ

r − 2σ − E1

⇔ sAb + u ≪
√

(sAb − u)2 + 4sABu + 2sAB
u2N0
σ2

r − 2σ

r − 2σ − E1

sAb≫u
⇔ sAb ≪ sAb ·

√

1 +
4sABu

s2Ab
+ 2sAB

u2N0
σ2

r − 2σ

r − 2σ − E1

⇔ 4sABu ≫ s
2
Ab or 2sAB

u2N0
σ2

r − 2σ

r − 2σ − E1
≫ sAb.

(S3.18)

The wildtype is at least as fit as the viable single mutant. Viability of the wildtype has two

consequences: (1) The double mutant can be broken up by recombination. (2) The wildtype can

generate new Ab mutants on its course to extinction. Modeling the wildtype deterministically,

we obtain for the probability of rescue by de-novo generated double mutants

1− e−n̄Ab(1+sAb)p
(Ab)
est × e

−
uN0
−sab
(1+sAb)p

(Ab)
est . (S3.19)
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Combination with Eq. (S3.10) yields again the total probability of evolutionary rescue:

Prescue = 1− FAB(e
−(1+sAB)(1−r)p

(AB)
est )× e

−
(

r
n̄Abn̄aB
N0

(1+sAB)+u(n̄Ab+n̄aB)(1+sAB)(1−r)
)

p
(AB)
est

× e
−(n̄Ab+

uN0
−sab
)(1+sAb)p

(Ab)
est .

(S3.20)

As before, we can compare the different pathways to rescue, (a) from double mutants from the

standing genetic variation, (b) mutation of single mutants from the standing genetic variation

after the change in the environment, (c) complete de-novo generation via the wildtype after the

environmental switch. Pathway (c) is more important than pathway (b) if

−sab < −σAb. (S3.21)

Pathway (b) is more important than pathway (a) if

−sAb < −σAb. (S3.22)

If sAb > 0, analogous to the previous paragraph, formation of the double mutant after the

environmental change cannot be ignored if

2sAb ≪ p
(Ab)
est

⇔ 2sAb ≪ sAb − u +
√

(sAb − u)2 + 4max [(sAB − r), 0]u

⇔ sAb + u ≪
√

(sAb − u)2 + 4max [(sAB − r), 0]u

sAb≫u
⇔ sAb ≪

√

s2Ab + 4sABu = sAb ·

√

1 +
4max [(sAB − r), 0]u

s2Ab

⇔ 4max [(sAB − r), 0]u ≫ s
2
Ab.

(S3.23)

Altogether, it cannot be ignored if

2sAb
uN0
−σ
≪ p

(Ab)
est

uN0
−σ
+max [2(sAB − r), 0]

u2N0
σ2

r − 2σ

r − 2σ − E1

⇔ 2sAb ≪ sAb − u +
√

(sAb − u)2 + 4max [(sAB − r), 0]u +max [2(sAB − r), 0]
u2N0
σ2

r − 2σ

r − 2σ − E1

⇔ sAb + u ≪
√

(sAb − u)2 + 4max [(sAB − r), 0]u +max [2(sAB − r), 0]
u2N0
σ2

r − 2σ

r − 2σ − E1

sAb≫u
⇔ sAb ≪ sAb ·

√

1 +
4max [(sAB − r), 0]u

s2Ab
+max [2(sAB − r), 0]

u2N0
σ2

r − 2σ

r − 2σ − E1

⇔ 4max [(sAB − r), 0]u ≫ s
2
Ab or max [2(sAB − r), 0]

u2N0
σ2

r − 2σ

r − 2σ − E1
≫ sAb.

(S3.24)
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S3.3 Both single mutants are viable

Finally, we consider the case sAb = saB = s > −1. With σAb = σaB = σ, deterministically, the

number of Ab mutants and aB mutants is hence equal at any point of time. In the following,

we formulate equations in terms of type Ab.

The wildtype is lethal. Ignoring recombination, from generation 0 to generation 1, the number

of Ab individuals changes to

nAb(1) = (n̄Ab(1− 2u) + uN0) (1 + s). (S3.25)

From then on, it evolves according to the recursive equation

nAb(t + 1) = (1 + s)(1− 2u)

(

nAb(t)− r
nAb(t)naB(t)

nAb(t) + naB(t)

)

= (1 + s)(1− 2u)
(

nAb(t)−
r

2
nAb(t)

)

,

(S3.26)

where the second line holds since nAb(t) = naB(t). With this, we have

nAb(t + 1) = nAb(1)
(

(1 + s)(1− 2u)
(

1−
r

2

))t

. (S3.27)

From generation 1 on, the number of newly generated AB individuals follows a Poisson distri-

bution with parameter
(

u(nAb(t) + naB(t)) +
r

2
nAb(t)

)

(1 + sAB). (S3.28)

Putting all together and using again nAb(t) = naB(t), we obtain for rescue from generation 1

on:

1− e
−
∞
∑

t=0
(2u+ r2)nAb(t+1)(1+sAB)p

(AB)
est
. (S3.29)

With
∞
∑

t=0

nAb(t+1) =

∞
∑

t=0

nAb(1)
(

(1 + s)(1− 2u)
(

1−
r

2

))t

= nAb(1)
1

1− (1 + s)(1− 2u)
(

1− r
2

) ,

(S3.30)

this yields

1− e
−

(

(1+sAB)(2u+ r2)nAb(1)
1−(1+s)(1−2u)(1− r2)

)

p
(AB)
est

≈ 1− e
−2sAB

r
2
uN0(1+s)
−σ

r
2+2u−s . (S3.31)

Combining with Eq. (S3.1), we obtain for the total probability of evolutionary rescue

Prescue = 1− FAB(e
−(1+sAB)(1−r)p

(AB)
est )× e

−
(

r
n̄Abn̄aB
N0

(1+sAB)+u(n̄Ab+n̄aB)(1+sAB)(1−r)
)

p
(AB)
est

× e
−

(

(1+sAB)(2u+ r2)nAb(1)
1−(1+s)(1−2u)(1− r2)

)

p
(AB)
est

.

(S3.32)
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The wildtype is as fit as the single mutants. As a second scenario, we consider the special

case sab = sAb = saB = s. If we ignore mating between single mutants (note that unlike in the

previous scenario, they are now relatively rare), we obtain for the deterministic dynamics

nab(t + 1) = (1 + s)(nab(t)− 2unab(t)), (S3.33a)

nAb(t + 1) = (1 + s)(nAb(t) + unab(t)), (S3.33b)

naB(t + 1) = (1 + s)(naB(t) + unab(t)) (S3.33c)

with the solutions

nab(t) = n̄ab((1 + s)(1− 2u))
t , (S3.34a)

nAb(t) = naB(t) =
1

2

(

N0(1 + s)
t − n̄ab((1 + s)(1− 2u))

t
)

, (S3.34b)

and n̄ab = N0 − n̄Ab − n̄aB. Type AB is generated at rate

r
nAb(t)naB(t)

N(t)
(1 + sAB) + u(nAb(t) + naB(t))(1 + sAB) (1− r) (S3.35)

and establishes with probability p
(AB)
est as given by Eq. (S1.23). This yields for the probability of

evolutionary rescue via this pathway

1− e
−
∞
∑

t=1

(

r
nAb(t)naB(t)

N(t)
(1+sAB)+u(nAb(t)+naB(t))(1+sAB)(1−r)

)

p
(AB)
est
. (S3.36)

Evaluating the sums yields

∞
∑

t=1

nAb(t)naB(t)

N(t)

= −
N0
4s
−

N0 − n̄Ab − n̄aB
2(1− (1 + s)(1− 2u))

+
(N0 − n̄Ab − n̄aB)

2

4N0

1

1− (1 + s)(1− 2u)2
−
n̄Abn̄aB
N0

,

(S3.37a)

∞
∑

t=1

(nAb(t) + naB(t)) = −
N0
s
−

N0 − n̄Ab − n̄aB
1− (1 + s)(1− 2u)

− n̄Ab − n̄aB. (S3.37b)

Putting it all together, we obtain:

Prescue = 1−F (e
−(1+sAB)(1−r)p

(AB)
est )× e

−
(

r
n̄Abn̄aB
N0

(1+sAB)+u(n̄Ab+n̄aB)(1+sAB)(1−r)
)

p
(AB)
est

× e
−

(

r(1+sAB)
∞
∑

t=1

nAb(t)naB(t)

N(t)
+u(1−r)(1+sAB)

∞
∑

t=1
(nAb(t)+naB(t))

)

p
(AB)
est
.

(S3.38)
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The wildtype is fitter than the single mutants. If sAb = saB = s and sab > s, we can proceed

as in the previous section. The dynamics of the wildtype population are again given by

nab(t) = n̄ab(1 + sab)
t(1− 2u)t . (S3.39)

The dynamics of the single mutants follow

nAb(t + 1) = naB(t + 1) = (1 + s)(nAb(t) + unab(t)), (S3.40)

yielding

nAb(t) =
(uN0(1 + s) + n̄Ab(s − sab)(1− 2u))(1 + s)

t − un̄ab(1 + s)(1 + sab)
t(1− 2u)t

s − sab + 2u(1 + sab)
.

(S3.41)

With the abbreviations

C := s − sab + 2u(1 + sab),

α := un̄ab(1 + s),

β := uN0(1 + s) + n̄Ab(s − sab)(1− 2u),

(S3.42)

and N(t) ≈ nab(t) we obtain

∞
∑

t=1

(nAb(t) + naB(t)) =

β
∞
∑

t=1

(1 + s)t − α
∞
∑

t=1

(1 + sab)
t(1− 2u)t

C
=
β 1+s
−s
− α (1+sab)(1−2u)

1−(1+sab)(1−2u)

C
,

(S3.43a)

∞
∑

t=1

nAb(t)naB(t)

N(t)
=
α2(1 + sab)

2t(1− 2u)2t − 2αβ(1 + sab)
t(1− 2u)t(1 + s)t + β2(1 + s)2t

C2n̄ab(1 + sab)t(1− 2u)t

=
1

C2n̄ab

(

α2
(1 + sab)(1− 2u)

1− (1 + sab)(1− 2u)
− 2αβ

1 + s

−s
+ β2

(1 + s)2

(1 + sab)(1− 2u)− (1 + s)2

)

.

(S3.43b)

Since the wildtype dominates at all times (unless rescue has occurred), we can again approximate

p
(AB)
est = 2max [(sAB − r), 0].

Fig. S3.3 shows Prescue for various values of sab with all other parameter values as in Fig. 3C.

S3.4 Both single mutants have fitness greater than one

We here formalize the special case sab = −1, sAb = saB = s > 0. For this, we consider pairs

consisting out of one Ab and one aB mutant. Such a pair reproduces at rate 1
2
+ ŝ and dies at

rate 1
2
− ŝ with ŝ = ln (1 + s). At rate r

2
(1 + sAB), it turns into an individual of type AB (this
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Fig. S3.3: Probability of evolutionary rescue as a function of recombination for various

values of sssaaabbb. All other parameter values are chosen as in Fig. 3C. Theoretical predictions are

based on Eq. (S3.38) with Eq. (S3.43a). Symbols denote simulation results. Each simulation

point is the average of 5 ·104 replicates. For the simulations with sab = −0.003, we considered a

population as rescued when the number of double mutants reached 0.2N0 (changing the criterion

to 0.3N0 did not alter the results).

ignores mutation). The growth rate of a pair is 2ŝ, since in reality, we are not interested in pairs

but establishment of any type (Ab, aB, AB) is fine, and each single mutant has growth rate s.

However, it is pairs that convert into double mutants, and with this approximation, we assume

that for every single mutant of type Ab, there is a single mutant of type aB to recombine with

and vice versa. A single individual of type AB establishes a permanent lineage with probability

p
(AB)
est ≈ 2sAB. Using Eq. (S1.8), we can calculate the survival probability of a process founded

by exactly one pair:

p
(Ab,aB)
est = 1−

1 + ŝ + r
2
(1 + sAB)−

√

(ŝ − r
2
(1 + sAB)2 + (1 + 2ŝ)r(1 + sAB)p

(AB)
est

1 + 2ŝ

≈ 2s −
r

2
+

√

(

2s −
r

2

)2

+ 2sABr .

(S3.44)

The probability of evolutionary rescue from generation 1 on is given by

1− e−n̄Ab(1+sAb)p
(Ab,aB)
est . (S3.45)

Neglecting the contribution of double mutants from the standing genetic variation to rescue,

the possibility to generate the double mutant has a significant effect if either

p
(Ab,aB)
est ≫ 4s or p

(Ab,aB)
est ≪ 4s. (S3.46)

These conditions simplify in few steps to

sAB ≫ 2s or sAB ≪ 2s. (S3.47)
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S3.5 Two-step rescue vs single-step rescue

We briefly discuss some instances where two-step rescue (as analyzed in this paper) is more

likely to happen than single-step rescue (where there are only two types – the wildtype and the

rescue type – and a single mutational step between them). For easier comparison, we denote

the wildtype by ab and the rescue genotype by AB for single-step rescue as well. Mutation from

wildtype to rescue mutants may happen with probability us . With Eq. (S1.4), the p.g.f. for the

number of rescue mutations in the standing genetic variation is derived to be

F ssrAB(y) =

(

2σAB
y + σABy + σAB − 1

)2usN0

. (S3.48)

The probability of evolutionary rescue for single-step rescue is given by

P ssrrescue = 1− F
ssr
AB(e

−(1+sAB)p
(AB)
est )e

−
usN0
−sab

(1+sAB)p
(AB)
est

= 1− e
−p
(AB)
est (1+sAB)

[

usN0
−σAB

(1+σAB)−
usN0
−sab

]

≈ 1− e
−2sAB

[

usN0
−σAB

−
usN0
−sab

]

.
(S3.49)

where the first summand in the brackets accounts for the contribution of standing genetic

variation and the second one for new mutations after the environmental change (cf. also Orr

and Unckless (2008, 2014); Bell and Collins (2008); Uecker et al. (2014)).

In the following, we focus on scenarios where the wildtype is lethal in the new environment and

approximate single-step rescue by

P sgvrescue ≈ 1− e
−2sAB

usN0
−σAB . (S3.50)

Lethal single mutants. For two-step rescue, we use approximation Eq. (8):

Prescue ≈ 1− e
−2sAB

u2N0
σ2

r−2σ
r−2σ−E1

r large/E1 = 0
≈ 1− e−2sAB

u2N0
σ2 . (S3.51)

Comparing with Eq. (S3.50) shows that two-step rescue is more likely if

u2

σ2
r − 2σ

r − 2σ − E1
>
us
−σAB

. (S3.52)

For large recombination, this reduces to

u2

σ2
>
us
−σAB

. (S3.53)

For E1 = 0 (which implies σAB ≈ 2σ):

u2

−σ
>
us
2
. (S3.54)
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One viable single mutant. Following section S3.2, two-step rescue can be approximated by

1− e
−2sAB

u2N0
σ2

r−2σ
r−2σ−E1 × e

−
uN0
−σ

2sABu

−sAb . (S3.55)

Under these conditions, two-step rescue is more likely than single-step rescue if

u2

σ2
r − 2σ

r − 2σ − E1
+
u2

σsAb
>
us
−σAB

. (S3.56)

Again, for strong recombination:

u2

σ2
+
u2

σsAb
>
us
−σAB

. (S3.57)

And for E1 = 0:
u2

−σ
+
u2

−sAb
>
us
2
. (S3.58)

Viable single mutants. Last, we consider a scenario with both single mutants viable. With

Eq. (10), the probability of evolutionary rescue is given by

1− e
−2sAB

u2N0
σ2

r−2σ
r−2σ−E1 × e

−2sAB
uN0
−σ
(1+sAb)

r
r−2sAb . (S3.59)

This yields for the condition that two-step rescue is more likely than single-step rescue

u2

σ2
r − 2σ

r − 2σ − E1
+ (1 + sAb)

u

−σ

r

r − 2sAb
>
us
−σAB

, (S3.60)

which for strong recombination simplifies to

u

−σ

(

u

−σ
+ (1 + sAb)

r

r − 2sAb

)

>
us
−σAB

. (S3.61)

For E1 = 0:
u2

−σ
+ (1 + sAb)

ur

r − 2sAb
>
us
2
. (S3.62)
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Fig. S4.4: Probability of evolutionary rescue as a function of recombination for various

population sizes NNN000 with NNN000sssAAABBB === 222000000000 kept constant (Panel A), recombination rrr for

various values of sss (Panel B), and the strength of selection against single mutants in

the old environment σσσ (Panel C). The figure varies parameters from Fig. 3A. For all Panels:

u = 2 · 10−6, σAB = −0.1, sab = −1. Panel A: N0sAB = 2000, σ = −0.01, s = −0.01; Panel B:

sAB = 0.002, σ = −0.01, N0 = 10
6; Panel C: sAB = 0.002, r = 0.5, N0 = 10

8. Symbols denote

simulation results. Each simulation point is the average of 5 · 104 replicates.

File S4: Limits of the approximations

Our approximations assume that wildtype individuals and single mutants are sufficiently frequent

to describe their dynamics deterministically. This requires a sufficiently large population size and

a sufficiently high fitness of single mutants prior to the change in the environment. Fig. S4.4

takes Fig. 3A as a starting point and varies several parameters in order to probe the limits of the

approximations. Panel A shows Prescue for various initial population sizes N0 with the product

N0sAB kept constant such that the theoretical predictions virtually coincide. However, as the

population size gets smaller, simulation results greatly deviate from this prediction. Note that

the number of single mutants for N0 = 10
5 is as low as n̄Ab = n̄aB = 20. While in Panel A the

number of single mutants in the standing genetic variation differs for different population sizes,

it is – on average – the same at the right edge of Panel B (N0 = 10
6, σ = −0.01) and the left

edge of Panel C (N0 = 10
8, σ = −1) but stochasticity is higher in Panel B, leading to larger

deviations between the analytical prediction and simulation results.

24 SI H. Uecker and J. Hermisson



References

Allen, L. J. S., 2011 An Introduction to Stochastic Processes with Applications to Biology .

Pearson Education, Inc., New Jersey, second edition.

Bell, G., and S. Collins, 2008 Adaptation, extinction and global change. Evolutionary Applica-

tions 1(1): 3–16.

Iwasa, Y., F. Michor, and M. A. Nowak, 2003 Evolutionary dynamics of escape from biomedical

intervention. Proceedings of the Royal Society B 270: 2573–2578.

Iwasa, Y., F. Michor, and M. A. Nowak, 2004 Evolutionary dynamics of invasion and escape.

Journal of Theoretical Biology 226: 205–214.

Kendall, D. G., 1948 On the generalized ”birth-and-death” process. The Annals of Mathematical

Statistics 19(1): 1–15.

Orr, H. A., and R. L. Unckless, 2008 Population extinction and the genetics of adaptation. The

American Naturalist 172(2): 160 – 169.

Orr, H. A., and R. L. Unckless, 2014 The population genetics of evolutionary rescue. PLoS

Genetics 10(8): e1004551.

Sewastjanow, B. A., 1974 Verzweigungsprozesse. Akademie-Verlag, Berlin.

Uecker, H., and J. Hermisson, 2011 On the fixation process of a beneficial mutation in a variable

environment. Genetics 188: 915–930.

Uecker, H., S. Otto, and J. Hermisson, 2014 Evolutionary rescue in structured populations. The

American Naturalist 183: E17–E35.

Uecker, H., D. Setter, and J. Hermisson, 2015 Adaptive gene introgression after secondary

contact. Journal of Mathematical Biology 70(7): 1523–1580.

H. Uecker and J. Hermisson 25 SI


