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Following severe environmental change that reduces mean population fitness
below replacement, populations must adapt to avoid eventual extinction,
a process called evolutionary rescue. Models of evolutionary rescue
demonstrate that initial size, genetic variation and degree of maladaptation
influence population fates. However, many models feature populations
that grow without negative density dependence or with constant genetic
diversity despite precipitous population decline, assumptions likely to be
violated in conservation settings. We examined the simultaneous influences
of density-dependent growth and erosion of genetic diversity on populations
adapting to novel environmental change using stochastic, individual-based
simulations. Density dependence decreased the probability of rescue and
increased the probability of extinction, especially in large and initially well-
adapted populations that previously have been predicted to be at low
risk. Increased extinction occurred shortly following environmental change,
as populations under density dependence experienced more rapid decline
and reached smaller sizes. Populations that experienced evolutionary rescue
lost genetic diversity through drift and adaptation, particularly under
density dependence. Populations that declined to extinction entered an
extinction vortex, where small size increased drift, loss of genetic diversity
and the fixation of maladaptive alleles, hindered adaptation and kept
populations at small densities where they were vulnerable to extinction via
demographic stochasticity.

1. Introduction

Adaptation to novel environments can be necessary for populations to persist in
this current era of large-scale anthropogenic change and habitat alteration. Novel
or sudden environmental change can abruptly render a population poorly
adapted to its habitat. When the environmental change is so severe that mean
population fitness falls below the replacement rate, the population will go extinct
if it does not adapt. This process of populations adapting to severe environmental
change sufficiently to avoid extinction is called evolutionary rescue [1,2].
Gomulkiewicz & Holt [1] formalized the idea of evolutionary rescue under
sudden and severe environmental shifts, highlighting the ‘U’-shaped demo-
graphic trajectory where populations initially decline owing to maladaptation
to novel environmental conditions, followed by adaptation that allows popu-
lations to avoid extinction and return to their original size. They found that
evolutionary rescue was most likely to occur in large populations with high
genetic diversity and a relatively low degree of maladaptation to their
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environment (i.e. population mean phenotype close to that
favoured by the novel environment) at the time of the
environmental change. Subsequent work in controlled exper-
iments has confirmed the importance of these factors [3-5] to
evolutionary rescue. However, these models and laboratory
results often do not include features of population regulation
or adaptive processes present in wild populations, hindering
their predictive ability in conservation settings [2,6].

Models examining rescue often rely on assumptions of
density-independent growth [7], potentially making the
findings less applicable to many conservation targets. For
example, Gomulkiewicz & Holt's model [1] assumes that popu-
lation growth is density independent and that populations
can grow without constraint. This assumption will often be vio-
lated in conservation settings where habitat loss, degradation or
other environmental change limits resource availability and
increases intraspecific competition. For example, a recent analy-
sis of 73 populations of rare plant species revealed that negative
density dependence was statistically detectable in a majority
of them, emphasizing the importance of considering it in
population projection models [8].

Additionally, models often assume that genetic variance
in the population remains constant. This is present in several
models (e.g. [1,9]) relying on the quantitative genetics frame-
work of Lande [10], which assumes constant genetic variance.
However, threatened populations experiencing rapid decline
are likely to experience erosion of genetic diversity [11-13]
which may decrease their ability to adapt to novel conditions
[14], possibly hindering rescue. Furthermore, independently
of drift or other sources of stochasticity, populations experien-
cing directional or stabilizing selection due to environmental
change will lose genetic variation as they adapt [15]. This
loss of variation reduces the ‘variance load’, which can be
defined as reduced population growth due to the mean dis-
tance of individual phenotypes from the optimum [16].
Thus, reductions in genetic variance will be the norm in
small populations experiencing novel selection pressures
and can be associated with either decreases in fitness due
to drift load or increases in fitness due to adaptation and
reduced variance load, limiting or improving the potential
for evolutionary rescue, respectively.

Simultaneously incorporating realistic demographic and
genetic processes such as negative density dependence
and genetic erosion will improve the accuracy of predictions
from models of evolutionary rescue for populations and
species of conservation concern. Negative density dependence
that is caused by intraspecific competition could constrain
evolutionary rescue by accelerating population declines and
slowing population recovery from reduced size [9]. Some
models of rescue and environmental tracking have included
constrained population size by including a ceiling-type
carrying capacity (e.g. [17-20]), but growth below carrying
capacity in these models was density independent, failing
to capture how intraspecific competition or other density-
dependent processes depress population growth or influence
genetic diversity in declining and recovery phases of rescue.
Orr & Unckless [21] briefly analysed a density-dependent
model of adaptation with a single locus trait, finding that
density dependence impedes rescue by reducing the survival
of novel beneficial mutants. However, they did not investigate
effects of density dependence on adaptation from standing
genetic variation. This ignores the influence of drift, which at
rediiced poniilation cize can catiee the loce of favolired allelec

(but see [22] for possible increase in frequency). Chevin & n

Lande [9] found that density dependence impedes rescue by
accelerating population decline. However, their model held
genetic diversity constant, ignoring drift and potentially over-
estimating the rate at which populations adapt and return to
their pre-change density. A population’s additive genetic var-
iance for a trait influences the trait’s rate of adaptation under
directional selection [10,14]. Loss of this genetic diversity as
populations decline in response to environmental change
should slow rates of adaptation, increasing the time until
rescue or making eventual rescue less likely. While some
analytical models incorporate effects of drift due to finite popu-
lation size, they do so in a manner that only produces variance
around the mean rate of adaptation (e.g. [18]), still holding
genetic and phenotypic variance constant and leaving the
expected rate of adaptation unaffected. Some rescue models
allow genetic diversity to change over time, finding that drift
could potentially slow adaptation [23,24]. But, these models
do not include interactions of changing genetic diversity with
competition that constrains population growth.

Modelling these demographic and genetic processes sim-
ultaneously is important, as they can interact and reinforce
each other, creating a positive feedback loop of demographic
and genetic decline. In the conservation biology literature,
this positive feedback loop is called an ‘extinction vortex’
[25]. If populations in the process of evolutionary rescue
are drawn into such loops, adaptation and rescue will be
impeded. In an extinction vortex (figure 1), small populations
experience drift and inbreeding, reducing fitness directly
via increased genetic load and indirectly by erosion of genetic
variation and reduced rates of future adaptation [11], keeping
populations small or causing them to decline further to
a smaller size. This in turn leads to further genetic erosion
or increased genetic load, reduced fitness, and further
declines in population size until inevitably the population
is highly vulnerable to extinction via stochasticity in births
and deaths, demographic heterogeneity and sampling vari-
ation in sex ratios [26]. This feedback loop potentially
opposes or resists the evolutionary rescue process, where
adaptation increases fitness, increasing population growth
rates to the point where population size stabilizes then even-
tually returns to prechange levels. Negative density
dependence has the potential to disrupt evolutionary rescue
and draw populations back towards the vortex by accelerat-
ing reductions in, or slowing increases in, population
growth rate, fitness, and genetic diversity (figure 1). The
original conceptualization of an extinction vortex does not
necessarily assume a degraded or altered habitat where
adaptation is necessary for persistence [25]. Perhaps for this
reason, to our knowledge the extinction vortex has not been
explicitly studied in the context of evolutionary rescue and
adaptation to environmental shifts. Yet, these interactive, com-
bined effects of small population size could be of particular
importance in evolutionary rescue, as by definition popu-
lations undergoing rescue initially decline to smaller sizes,
which could initiate entry into an extinction vortex. The extinc-
tion vortex also necessitates understanding how density
dependence and genetic erosion interact with other important
determinants of the success of rescue, e.g. the initial conditions
with respect to population size, genetic diversity and degree of
maladaptation [1,3,4]. For example, large populations adapt-
ing to sudden environmental change might rarely approach
the evHncHion vortexy 11mder dencitv-indenendent orowth biit
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Figure 1. Event sequence diagram of evolutionary rescue (ovals, blue lines) and two connected extinction vortices (squares, red lines) that populations may face
following harmful environmental change. The effects of negative density dependence, potentially impeding rescue and drawing populations into a vortex, are

indicated in purple.

might more often enter the vortex under density dependence.
Ultimately, under realistic conditions in natural settings, evol-
utionary rescue might often involve a population escaping
from an extinction vortex.

Here, we relax the assumptions of density independence
and constant genetic diversity to examine their simultaneous
effects on evolutionary rescue and the extinction vortex,
establishing a connection between these two major concepts
in conservation biology. We do this by combining stochastic
Ricker population growth and a genetic framework with a
finite-locus quantitative trait in the same individual-based
model. We simulate both rapid (15 generations) and longer
(50 generations) timescales. We address two main objectives.
First, we assess how negative density dependence interacts
with initial conditions with respect to population size, addi-
tive genetic variance and degree of genetic maladaptation
in the novel environment to influence trajectories of popu-
lation size, probabilities of extinction and rescue, additive
genetic variance and fitness over time. Second, we test for
the presence of an extinction vortex and evaluate how
negative density dependence influences this vortex.

2. Methods
(@) Model description

We explored evolutionary rescue and extinction using stochastic
simulations. This approach allowed us to incorporate several sto-

rhache doamaoranhic and cenatie nracocaone that are imnartant for

rescue or extinction [2,26]. We derive a discrete-time individual-
based model with diploid genetic inheritance that has general
features of the semelparous life-history strategy common to
many sexually reproducing organisms. We use non-overlapping
generations for comparison with other models of adaptation and
evolutionary rescue for semelparous organisms (e.g. [1,9,23]).
Our genetic submodel is a finite quantitative locus model with
random and independent segregation of alleles, similar to that
of Boulding & Hay [23]. Our demographic submodel is based
on an expanded stochastic Ricker model [26,27], which models
density dependence.

Each individual has an intrinsic fitness determined by gen-
etic and environmental components. The genetic component is
determined by each of m biallelic diploid loci. Each allele-copy
contributes a positive (1/ (2\/m)) or negative (—1/(2\/m))
amount to the genotype of individual i, g;, which is the sum of
allele-copies across all loci. From these allele frequencies, we
estimate the additive genetic variance in the population, o2, fol-
lowing [28], as shown in electronic supplementary material,
SA). We do not model mutations, since populations are small
and timespans are short in our simulation experiment (see
below), such that at realistic mutation rates mutation would be
rare in our simulations. An individual’s phenotype, z; is the gen-
otype, g, plus a deviation due to environmental variation drawn
from a normal distribution with mean 0 and variance o2. Intrin-
sic fitness, W;, the expected fitness of an individual in the absence
of density effects, is determined by Gaussian selection [10] such
that W; = Wpax exp(—(z; — 6)2 /2w?), where 8 is the optimal phe-
notype, w” is the variance (w is the width) of the fitness
landscape and is inversely proportional to selection strength,
and Wy« is the maximum intrinsic fitness (i.e. intrinsic fitness
of an individiial with the orntimal nhenotvrnel A chaneoe in
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6 models a change in the environment. The expected number of
offspring of an individual, R; is determined according to a
Ricker function that reduces fitness due to density dependence
such that R; = Wie=N, where a is the strength of density depen-
dence and N is the population size [27]. Every generation, each
female mates with one male chosen uniformly at random from
the population. Each female produces a Poisson-distributed
number of offspring with mean 2R;, with parental alleles segre-
gated independently and at random to offspring. Sex is assigned
to each individual upon birth with equal probability. Generations
are not overlapping, i.e. only one generation is present in each time
step. As such, if all females have zero offspring, or if all individ-
uals in the population are of the same sex, then extinction is
guaranteed in the next time step.

While extinction is straightforward to identify, the classical
criterion of evolutionary rescue (population growth rate above
replacement) is more difficult to operationalize for individual
populations because rescued populations may transiently decline
in size or growth rate owing to demographic or genetic stochas-
ticity and revert to an ‘unrescued’ state. We operationalize rescue
using two separate criteria: (i) expected number of offspring per
individual (R;, as defined below) greater than 1 for three
consecutive generations (hereafter ‘fitness-based rescue’) and
(ii) populations exceeding their initial size for three consecutive
generations (hereafter ‘size-based rescue’).

Parameter values are given in electronic supplementary
material, table SB1, justified in electronic supplementary
material, SC, and are realistic for natural populations [29,30].
We simulated populations with m = 25 loci and an environmental
change that moved the phenotypic optimum from its prior state
of 0 to 8=2.8. Because 8> 0, the environment in our simulations
favours a shift toward positive alleles. Populations were founded
with positive and negative alleles assigned to each individual’s
loci with equal probability such that across simulation trials the
expected population mean genotype was 0, although owing
to sampling there was variation in initial population mean geno-
type across trials. Thus, to reach the new phenotypic optimum 6 =
2.8, a typical population needed to change from 25 positive allele-
copies (out of 50) per individual to 39 allele-copies per individual
(see electronic supplementary material, SD). All simulations were
run with maximum intrinsic fitness Wiax = 2, non-genetic pheno-
typic variance o2 = 0.5 and w?”=3.5 as the variance of the fitness
landscape. With these parameter values, mean intrinsic fitness in
the typical population immediately following the environmental
change was approximately 0.65, such that populations were suffi-
ciently challenged to the point that both rescue and extinction were
possible on rapid timescales.

To evaluate the effects of negative density dependence on
evolutionary rescue and its potential interactions with initial
population size and genetic diversity, we conducted a multi-
factorial simulation experiment (2 x2 x 2, i.e. eight treatments).
Populations were simulated with the following parameter
values: negative density dependence absent (a¢=0) or present
(@=0.0035, carrying capacity approx. 165, see electronic
supplementary material, SC), hereafter referred to as ‘density-
independent populations” or ‘density-dependent populations’;
initial size Ny =100 or Ny =20, hereafter referred to as ‘large” or
‘small” populations in reference to their initial state rather than
their eventual size; initial genetic diversity high (o2 ~ 0.5, herit-
ability approx. 0.5) or low (crg = 0.25, heritability approx. 0.33
[28]), hereafter ‘high diversity’ or ‘low diversity” populations,
again in reference to their initial state rather than their eventual
level of diversity. These initial heritabilities match the range
of heritabilities in life-history traits in wild populations [31].

Nate that laroe noaniilabiane Ao nat nacecearilv harhoiir moroe

genetic diversity than small populations independently of n

the genetic diversity treatment. To simulate populations with
initially low diversity, at the beginning of each simulation six
loci were set to fixation for the positive (adaptive) allele and
six were set to fixation for the negative (maladaptive) allele,
leaving only 13 loci (approx. half of the genome) available for
selection to act upon while leaving the expected mean population
genotype unchanged compared with the high-diversity
treatments.

To assess adaptation and extinction on short timescales, we
ran 4000 simulations lasting 15 generations for each treatment.
All simulations were performed in R, version 4.1.2 [32]. In each
simulation, for each generation we recorded population size
(Ny), mean genotype (g,) and phenotype (z;), mean intrinsic fit-
ness (W), additive genetic variance ((¢?),) and the proportion
of loci at fixation within the population for either allele. Through-
out our analysis, we will use an overbar to represent a mean
across individuals within one population in one time step. We
define adaptation as an increase in W;. Because fitness is opti-
mized at a positive genotypic value (i.e. #>0) and fitness is a
monotonic function of maladaptive genetic load, adaptation
can be equivalently defined as an increase in g, or a reduction
in genetic load, (6 — g,).

As a first evaluation of how density dependence, population
size, and genetic diversity influence rescue and extinction over 15
generations, we visualized mean population size over time for
each treatment. This visualization shows whether the "U’-
shaped population trajectory characteristic of rescue [1] occurs,
and if so, how it differs by treatment. All mean population
sizes were estimated including extinct populations as size 0,
thus incorporating the possibility of extinction into expected
population size in each time step. To assess the effects of genetic
erosion on population size and extinction, we compared mean
population size from each simulated treatment with numerically
estimated population size predicted by Gomulkiewicz & Holt's
model [1] (in which phenotypic variance and rate of adaptation
are held constant), modified to include a Ricker-density
dependence term:

2
[ w — (k. 6)” /2(wP+ 0P ,+07) ,—aN;
Ni1 = NiW, S —— wp " Te)pT AN 2.1
t+1 t ¥¥max w2+0_(21’0+0% ( )

where k; is the rate of phenotypic change (as described in [1]) in
the first time step, averaged across all simulation trials within a
genetic diversity treatment. We also estimated and visualized
the following response variables, averaged over the ensemble
of all populations within a treatment: mean population genotype,
(§,), mean intrinsic fitness, (W;), mean additive genetic var-
iance, {(02),) and number of loci at fixation for positive and
negative alleles across all populations in each generation. To
differentiate ensemble means from population means for a
single trial, we use angle brackets ((}) to denote means of popu-
lation-level means across an ensemble of simulations. Because
these variables are undefined for extinct populations (which
have no mean genotype, fitness or additive genetic variance),
estimating unconditional expectations for each generation
was impossible, and thus we estimated these means conditioned
on survival or extinction at the end of the simulation and
interpret plots with caution (see electronic supplementary
material, SE).

To assess the probabilities of extinction and rescue on longer
timescales, we ran 1000 simulations per treatment lasting 50 gen-
erations. Owing to the computational intensity of simulating
large populations, we stopped a trial upon population size
exceeding 10 000. Because of this censoring, we did not analyse
trajectories of demographic or genetic state variables in these
longer simulations, instead focusing only on the probabilities of

ovhneHon and reerie Wae avaliiated evincHan i each canaraton
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in two ways: (i) instantaneous probability of extinction (the prob-
ability of extinction in generation ¢ conditioned on surviving to t)
and (ii) cumulative probability of extinction over time (the prob-
ability of extinction in or prior to t). We also used two separate
criteria of rescue (defined above): (i) fitness-based rescue and
(ii) size-based rescue. We also estimated time to rescue across
treatments, defining time to rescue as the first of the three gener-
ations where the criterion was met (e.g. a population exceeding
original size in generations 10-12 would be considered rescued
in generation 10).

We estimated treatment effect sizes on the probabilities of
extinction and rescue in the 50-generation trials using Bayesian
generalized linear models (GLMs) in the R package rstanarm,
2.21.1 [33]. We fitted separate models for estimating probabilities
of extinction and both types of rescue, treating each simulated
population as a Bernoulli response and each of our three treat-
ments (density dependence, initial size, genetic diversity) as
categorical variables in each model. Additionally, we estimated
effects of initial degree of maladaptation, an important determi-
nant of extinction risk [1,24], by including the mean population
genetic load in the initial generation (6 —g,, henceforth, ‘mal-
adaptation”) as a continuous explanatory variable. This was
possible for our stochastic model because sampling variation in
the founding of populations produced random among-trial vari-
ation in mean initial genotype. We estimated effects of negative
density dependence and its interactions with other variables by
fitting a model with a four-way interaction and examining
effect sizes, estimated as described in electronic supplementary
material, SF. The uncertainty around these estimates was suffi-
ciently low and could be arbitrarily improved by running more
simulations. An effect size for a categorical variable (for example,
initial population size) gives the effect of changing that variable’s
parameter on the log odds of extinction (or rescue) while holding
all other parameters constant, while an effect size for maladapta-
tion gives the change in the log odds of extinction (rescue)
associated with switching five alleles from the positive allele to
the negative allele in all individuals.

To test for the presence of an extinction vortex, we first
reversed and re-centred time for each extinct population to give
7, the time until extinction, such that populations had a
common origin (r=0) with consistent meaning across popu-
lations [34]. We define 7 such that z=0 is the first time step
where the population is extinct (i.e. population size of 0 or 1),
7=1 is the last time step in which the population size is above
0 or 1, etc. The extinction vortex is characterized by accelerating
declines in population size, genetic variation and/or rate of
adaptation as 7 approaches 0 [25,34]. Specifically, we calculated
the rate of population growth (r,=In(N./N.)), the pro-
portional loss of genetic diversity (v, =1 — ((¢2),/(03),,)), and
the rate of adaptation (1 — k). k; is defined as in [1] such that
k. =(0-3)/(8-2. ) as (§.—g.,,) approaches 0 (i.e. as the
rate of genotypic change approaches 0), k, approaches 1 and
1 —k, approaches 0. If adaptation proceeds at a constant rate,
then k; will be constant over time. We used these normalized
rates of change instead of non-normalized state variables (e.g.
r, instead of N.) to facilitate comparisons across treatments
and to remove potential biases due to time until extinction. We
estimated the ensemble means (r;), (v,) and 1 - (k;) for all
extinct populations in each treatment using the 15-generation
simulations, where all state variables were tracked for each
population. Following [34], we considered decreasing (r,) (accel-
erating decline in population size), increasing (v,) (accelerating
loss of genetic diversity) or decreasing (1 — (k;)) (slowing rate
of adaptation) in the lead up to extinction (i.e. as 7 approaches
0) to be evidence of an extinction vortex. Likewise, we assessed
how the shape of the extinction vortex varies between density-
dependent and density-independent populations qualitatively
by noting differences in the mean trajectories of the respective

experimental treatments. We did not estimate rates at 7=0 n

because r = —co for a population at size 0 and because additive
genetic variance and mean genotype are undefined for extinct
populations.

For all combinations of size and genetic diversity, in each
generation density-dependent populations were smaller
on average than corresponding density-independent popula-
tions (compare black and purple lines, figure 2). The
minimum average size (bottom of the ‘U’) reached by
density-dependent populations was smaller than that of
density-independent populations across treatments, with
larger effects in large populations (two-thirds reductions in
minimum size) than small populations (one-third reduction).
Density-dependent populations were also smaller on average
at the end of 15 generations; populations with low diversity
had slightly larger reductions in final size (92-95% reduction)
than populations with high diversity (85-90% reduction).
Regardless of starting population size, density-dependent
populations declined for longer and took longer to recover
their original size (dotted lines, figure 2), if at all. These
results are robust to the parameter values we use; electronic
supplementary material, SG shows qualitatively similar pat-
terns with different parameter values and functional forms
of density dependence.

We observed an interaction between density dependence
and changing genetic diversity on population size over time.
Under density dependence, simulated populations (with
changing additive genetic variance) were smaller compared
with a model with constant additive genetic variance by
the end of simulations (compare thick and thin purple
lines, figure 2). However, the opposite result was observed
for density-independent populations: populations with chan-
ging genetic variance were larger than with constant genetic
variance (compare thick and thin black lines, figure 2). These
effects of changing genetic variance emerged for density-
independent populations after populations reached their
minimum size but took longer to emerge in density-depen-
dent populations. The combined effect was that the effect of
density dependence on mean size after 15 generations was
larger with genetic erosion than with constant genetic
diversity.

These differences in population size and growth rates over 15
generations translated into more frequent extinctions for
populations with density-dependent growth over the course
of the 50-generation simulations (figure 3). For both density-
dependent and density-independent populations, most
extinctions occurred in the first 20 generations (figure 3a,b).
Density dependence increased extinction probabilities primar-
ily in large populations (electronic supplementary material,
table SH1): among large populations, density dependence
increased the cumulative odds of extinction 5.0-fold for high-
diversity populations and 3.6-fold for low-diversity popu-
lations (figure 3ciji, exponentiated effect sizes, electronic
supplementary material, table SH1). Among small popu-
lations, density dependence increased the cumulative odds
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Figure 2. Thick lines show mean population size in each generation for simulated populations (n = 4000 per treatment) with changing genetic diversity (extinct
populations are incduded as zeros). Thin lines show expected population size with constant genetic diversity (analytical model, equation (2.1)). Shaded areas for the
simulations are twice the standard error on each side of the mean (the error is often too small to be visible on this plot).

of extinction 1.5-fold and 2.0-fold for high- and low-diversity
populations, respectively (figure 3ciii,iv; electronic sup-
plementary material, table SH1). These patterns were also
observed for simulations at different parameter values
(electronic supplementary material, SG). Greater initial mala-
daptation (i.e. a mean initial genotype further from 6) was
associated with increased extinction risk across all treatments
(figure 3d; electronic supplementary material, table SH1). The
effect of maladaptation on extinction was stronger for large
populations than small populations (electronic supplementary
material, table SH1); in large populations with high diversity,
only the most strongly maladapted populations had consider-
able extinction risk (figure 3di). Density dependence increased
extinction risk for all genotypes and only marginally affected
the relationship between genotype and maladaptation
(i.e. raised the intercept while slightly lowering the slope;
figure 3d; electronic supplementary material, table SH1). The
combined result was that in large populations with density-
independent growth, only populations that were highly
maladapted were at risk of going extinct, but under density-
dependent growth all populations had substantial extinction
risk (figure 3d).

The results for probability of rescue were qualitatively
identical to those for probability of extinction but with direc-
tions switched (table 1; electronic supplementary material,
table SH2 and figure SH1). Likewise, the results were quali-
tatively similar regardless of the type of rescue (i.e. fitness-
based rescue or size-based rescue). For both types, the prob-
ability of rescue declined with density dependence and
density dependence had stronger effects in large populations
than small ones. Density dependence increased mean rescue
time only slightly (less than 1.5 generations) for all popu-
lation treatments except for large populations, for which
density dependence increased the time to return to initial
size by 9-10 generations (electronic supplementary material,
figure SH2). Notably, many small populations were rescued
instantaneously, i.e. they achieved three generations either
exceeding initial size or R >1 (or both) either instantly or
after one time step (table 1 and figure 3a). These ‘instan-
taneous rescues’ happened primarily in small populations,
comprising up to 16% of successful rescues observed in
small-population treatments. Both the overall frequency and
the proportion of total rescues composing these instan-
taneous rescues decreased with low genetic diversity and
with dencitv dependence Considered across all povulations

with large initial size, only four populations achieved instan-
taneous rescue of either type, composing less than 1% of
rescue episodes for all large treatments. Extinctions occurred
after both fitness- and size-based rescue (table 1). Extinction
after rescue was more common for small populations than
large ones, for low-diversity populations than high-diversity
ones, and under density dependence than density
independence for both size- and fitness-based rescue.

Over the first 15 generations, mean additive genetic variance,
((02),), declined for all treatments (figure 4). Surviving
density-dependent populations lost more genetic diversity
than density-independent populations (figure 4, solid black
versus solid purple lines); this effect was greater in large popu-
lations. Across treatments and throughout time, populations
that went extinct had lower mean genetic variance than popu-
lations that survived (figure 4, solid versus dashed lines). This
loss of genetic variation was associated with fixation for both
positive (adaptive) and negative (maladaptive) alleles (elec-
tronic supplementary material, figure SI1). Populations that
went extinct typically had on average more loci at fixation
for either allele than surviving populations, although in
large populations this difference did not appear until the
fifth generation, when populations approached minimum
size (electronic supplementary material, figure SI1). Differ-
ences in the trajectories over time of genotype and intrinsic
fitness between density-dependent and density-independent
populations conditioned on survival or extinction were
slight (electronic supplementary material, figures SI2 and SI3).

Extinct populations in all treatments within the 15-generation
simulations had negative mean population growth rate ((r,),
figure 52) and non-zero mean loss of genetic diversity ({v.),
figure 5b) in each time step. Declines in population growth
rates and rate of loss of genetic diversity accelerated, as
expected for an extinction vortex [25,34] in the three gener-
ations prior to extinction (r < 3), with populations losing an
average of 17% of their standing additive genetic variance
in the final generation preceding extinction. By contrast, the
rate of adaptation (1 — {k;)) decreased steadily over time in
all treatments rather than accelerating immediately prior to
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Figure 3. Population size and extinction characteristics of 1000 simulations per treatment, run for up to 50 generations. (a) Population size of 25 randomly selected
trials for each treatment. Dashed lines are extinct populations. Simulations were truncated for populations surpassing size 10 000. () Instantaneous probability of
extinction in each generation, conditioned on survival until that generation. Ribbons show twice the standard error on both sides of the estimate. () Cumulative
probability of extinction over time. Areas under the curve are shaded to highlight the difference between density-dependent and density-independent populations.
(d) Two hundred posterior samples per treatment of extinction probability as a function of initial degree of maladaptation, from a Bayesian generalized linear model.
Marks on x-axis indicate the distribution of initial mean population genotypes for those treatments.

extinction, trends in density-dependent and density-indepen-
dent populations were similar. Four or more generations
prior to extinction (z>3), large density-dependent popu-
lations had faster population decline (i.e. more negative
{r:)), but recovering growth rate compared to large density-
independent populations, for which the rate of population
decline was constant over time (figure 5a). By contrast, den-
sity-dependent and density-independent populations had
similar rates of loss of genetic diversity (all differences in
(v;) between density-dependent and density-independent
treatments within 0.02, figure 5b). In the generation prior to
extinction, populations in all treatments had a mean
adaptation rate of approximately 0 (ie. (k._;)~1 and
(8—1) = (8,—»))- Non-normalized state variables conditioned
on generation of extinction revealed qualitatively similar
reciilie (electronic ctiipplementarvy matrerial QI

4. Discussion

We found that evolutionary rescue can be constrained by
the combined effects of negative density dependence and
loss of genetic variation. For all treatments, negative density
dependence decreased population growth rates, causing
populations to decline more quickly, reach lower densities
and stay at low densities for longer. These effects fell dispro-
portionately on large populations, which previous theory
predicted to be at low extinction risk under changing
environments. As populations declined, they lost additive
genetic variance and faced slowing rates of adaptation. How-
ever, declining genetic variance had contrasting effects on
density-independent versus density-dependent populations,
increasing growth rates under density-independent growth
and decreasing them under density dependence, respectively.

87TLET0T 06T § 205 Y 20id  qdsi/jeuinol/bio buiysigndfiaiosiesol H



Downloaded from https://royalsocietypublishing.org/ on 26 November 2023

== density independent

== density dependent

- - extinct — surviving

| large, high diversity ||

large, low diversity

| | small, high diversity | | small, low diversity

05 -
0.4 - N
03-
02-
0.1-

genetic variance, {(0}),)

0-
0 5 10 15 0 5 10

Figure 4. Mean additive genetic variance in surviving and extinct populations. Shaded areas show twice the standard error on each side of the mean (the error is
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Table 1. Summary of rescue probabilities, proportion of rescue events occurring instantly, times to rescue (in generations) and extinction probabilities after

15 0 5 10 15 0 5 10 15

generation

rescue in the 50-generation simulations for both types of rescue. DI, density independent; NDD, negative density dependent.

propn (number) instant

size, diversity DI DI

fitness-based rescue

large, high 0.92 0.71 0.00 (3)
Iarge, o e om . 000(0) .
small, high 04 036 0.16 (68)

small, low 0.24 0.16 0.04 (11)
size-based rescue

large, high 0.89 0.62 0.00 (1)

large, low 0.62 0.26 0.00 (0)
Csmall, high 037 029 0.16 (61)

small, low 0.19 0.12 0.13 (24)

mean time to
rescue

prob. extinct after
rescue

0.00 (0) 51 6.7 0.04 0.12
0.00.(0.) w0 om
0.06.(2.3).. e w o
0.01 (2) 57 7.0 0.31 0.39
0.00 (0) 1.2 20.3 0.00 0.00
0.00 (0) 174 27.7 0.00 0.00
0.05.(1.5).. g e we o
0.08 (9) 79 8.6 0.12 0.17

Proportion instant rescue is the proportion of rescued populations in the treatment where rescue occurred in 0 or 1 generations; the number is the total
number of observed populations (out of 1000) in the treatment experiencing instantaneous rescue.

These demographic and genetic processes often reinforced
each other to produce an extinction vortex, precluding
evolutionary rescue. Here, we discuss the effects of negative
density dependence, loss of genetic variation and the
extinction vortex on evolutionary rescue.

(a) Interactive effects of density dependence and

genetic erosion
We found an important interaction between size and
density dependence not noted in previous models of rescue.
Theory [1] and empirical studies [3-5] predict that in density-
independent settings, initial population size confers an advan-
tage to populations experiencing environmental change;
our model agrees with this finding (figure 3 and table 1). How-
ever, we found that density-dependent growth considerably
reduced the advantage that initial size conferred (figure 3;
electronic supplementary material, table SH1). Upon environ-
mental change, density-dependent populations at or near the
carrying capacity will experience more rapid decline and
roarh lower dencitiee than dencitv-indenendent modele

predict. Natural populations and conservation targets may be
below carrying capacity owing to pressures such as predation
[35] or inbreeding depression [36]. While populations consider-
ably below carrying capacity are at a disadvantage owing to
increased demographic stochasticity, their growth rates will
be less affected by density dependence. Thus, populations con-
sidered at low risk by classic, density-independent models may
face a non-trivial threat of extinction from environmental
change under more realistic density-dependent population
growth.

Adaptation to environmental change was accompanied
by a loss of genetic diversity and potential for adaptation
not captured in most models (but see [23,24]). Quantitative
genetic models often assume populations are large for
analytical tractability [10]. Under this assumption, fixation
and loss of alleles are rare as there is only marginal sampling
variation and thus minimal drift. However, population
decline is by definition part of the rescue process. Our
model demonstrates that additive genetic variance is lost
even in populations that survive the environmental change
(Fotire 4) Thic loce of cenetic divercity wae acenciated with
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slowing rates of adaptation, contributing to prolonged time
until rescue. This loss was partly driven by fixation of both
adaptive and maladaptive alleles, typically occurring when
populations were at their smallest size (electronic supple-
mentary material, figure SI1), and thus is likely due to
both selection following environmental change and genetic
drift, which could also occur to a lesser extent in the absence
of environmental change. This matches theoretical results
[23] as well as empirical results in a seed beetle adapting
to a novel host plant [37]. Likewise, laboratory studies
with another beetle, Tribolium castaneum, adapting to novel
conditions found that accumulating genetic load likely
slows the rate of adaptation [38] and that more genetic
diversity likely assists population recovery through higher
rates of recombination [4]. We therefore recommend that
evolutionary rescue models include genetic erosion where
appropriate, as environmental stress [39] and inbreeding
due to bottleneck events [11] are known to erode standing
genetic variation [12].

Our simulation results also showed a surprising inter-
action between density dependence and genetic erosion.
Under density dependence, the effects of genetic erosion
were negative, although small, and did not emerge until
nearly the end of simulations (figure 2). Conversely, under
density independence, populations that experienced genetic
erosion had higher growth rates than populations with genetic
diversity held constant. In total, this meant that the effect of
density dependence on final population size was considerably
larger under genetic erosion than in the analytical model,
where cenetic divercitv wae held conetant While theorv

primarily focuses on the effects of genetic and phenotypic
diversity on the rate of adaptation, there is a second effect evi-
dent in equation (2.1) that is often ignored in analysis of rescue:
a “variance load” [16,40] where mean population fitness is
decreased by the increased mean phenotypic distance from
the optimum. Our results can be explained by noting that
adaptation in response to selection reduces phenotypic var-
iance and thus reduces variance load. In populations
reaching low densities owing to density dependence, the posi-
tive effect of reduced variance load on population growth is
counteracted by drift (including the fixation of maladaptive
alleles; electronic supplementary material, figure SI1B) and
increased extinctions (figure 3), such that genetic erosion has
a net negative effect on expected population size. However,
under density independence, populations are less likely to
reach low densities and experience drift, meaning the net
effect of reduced phenotypic variance is positive, as it is associ-
ated with adaptation. This further highlights the need to
simultaneously include negative density dependence and
effects of stochasticity at small densities in models of rescue.

(b) How an extinction vortex impedes evolutionary
rescue

Challenging environments can draw populations into an
extinction vortex [25]. Although previous analyses have
hypothesized that reduced genetic diversity associated with
declining population size may reduce adaptive potential
[18,21], to our knowledge our analysis is the first to demon-

ctrate the thenretcal evictenre nf pocitive feedhack loone
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connecting declining genetic diversity, reduced rates of adap-
tation and reduced population growth that characterize this
vortex ([25], figures 1 and 5 in the present study) in the
context of evolutionary rescue. Gilpin & Soulé’s original
conception of the extinction vortex [25] did not assume a
population is severely maladapted to its environment, only
that small density increases susceptibility to drift, inbreeding,
and demographic stochasticity. By contrast, evolutionary
rescue is defined by populations facing severe maladaptation
that pushes mean fitness below the rate of replacement. Thus,
rather than an extinction vortex arising by a population
slowly becoming less fit owing to drift, a population experi-
encing environmental change immediately becomes less fit
and also faces an extinction vortex via drift and stochasticity
that further reduces its ability to sufficiently adapt to the new
environment (figure 5b,c). Negative density dependence,
rather than changing the demographic and genetic dynamics
in the generations immediately preceding extinction, ‘widens’
the opening to the vortex as populations are more likely
to quickly decline to small size several generations before
extinction (figure 5a). For managers of small, at-risk popu-
lations that are susceptible to sudden environmental change
and extinction, intervention strategies such as translocation
may be needed to pull populations out of the self-reinforcing
demographic and genetic processes of the vortex [5,41].

(c) Rapid rescue in small populations

Upon environmental change, some small populations already
had a large proportion of phenotypes adapted to the environ-
mental change owing to sampling variation, allowing them to
be rescued very quickly (figure 3d and table 1). By contrast,
large populations were rarely rescued immediately (table 1)
because the average initial phenotype was less variable
across populations (figure 3d). These ‘rapid rescues” appear
to be a polygenic analogue of the phenomenon demonstrated
in a haploid single-locus model [22], where small populations
may, under certain conditions, have an over-representation of
individuals with genotypes adapted to the novel environ-
ment. In our quantitative trait model where adaptive and
maladaptive alleles have equal effect on the genotype, small
populations are just as likely to have an over-representation
of especially maladapted genotypes as they are to have an
over-representation of favoured genotypes (figure 3d).
Another interpretation of this result is the fact that a sizeable
proportion of small populations were rescued instantly
owing to a ‘lucky’ initial genetic state (table 1) and under-
scores the difficulties that small populations without this
‘Tuck’ have in adapting to novel environments.

(d) Operational use of current rescue definitions

Current definitions of rescue are difficult to operationalize in
stochastic settings. Rescued is often understood to mean ‘not
extinct/, but this definition is lacking, as our analysis shows
that even on relatively short timescales (50 generations in our
simulations), populations can show sensible indications of
‘rescue’ and still go extinct (table 1). Likewise, in conservation
or management settings, quantifying fitness to determine
when mean fitness (intrinsic or realized) exceeds unity may
not be feasible [6]. Genetic or demographic stochasticity (to
say nothing of environmental stochasticity or other sources of
variation) complicates this further, as some natural benchmarks

c11ch ae nantilabtinn increace mMav eacilvy he 11ndone calicino

populations to revert to an ‘unrescued’ state. We defined m

rescue with two heuristic criteria that provided qualitatively
similar (although not identical) results (table 1), but they were
not guaranteed to be simultaneously met in the same popu-
lation. Having more readily operationalizable definitions of
rescue could prove to be important both for empiricists testing
theoretical predictions and for managers and conservation
practitioners seeking to use the theory. For example, rescue cri-
teria can involve surpassing pre-registered quasi-extinction
thresholds from population viability analyses [42], although
additional work would be necessary to demonstrate sufficient
genetic adaptation to the novel conditions.

(e) Caveats and limitations

Our model makes several assumptions for simplicity and
tractability that would be fruitful to explore in future work.
First, our model shows that density dependence hinders
adaptation through genetic erosion, but our model treats den-
sity dependence as independent of trait values and fitness. If,
alternatively, density dependence acts differently on different
trait values, then rates of adaptation will be affected by den-
sity dependence [43,44]. For example, competition for scarce
resources where more-fit individuals exclude less-fit individ-
uals can hasten the rate of adaptation [45], facilitating rescue
[43]. Conversely, such fitness-dependent competition can
increase the strength of inbreeding depression [46], which
in the case of weak purging can decrease population
growth rates [47], possibly hindering rescue. Second, our
analysis disregards mutations because we primarily model
populations that are small, such that the (re-)introduction
of beneficial alleles is relatively rare [48], and the effects
of such introductions may be small relative to the effects of
other evolutionary processes that happen at small population
density, such as drift. Analysis focusing on dynamics at larger
population sizes would be improved by including mutations.
Third, our model does not consider plasticity, which in the
context of evolutionary rescue and environmental tracking
is well studied [9,16]. For example, in a model where popu-
lations have constant genetic variation in plasticity over
time, Chevin & Lande [9] found that the evolution of plas-
ticity can further facilitate rescue [9]. However, our results
suggest that effects of genetic erosion (non-constant genetic
variation) as populations shrink could reduce the evolution-
ary potential for plasticity. Finally, our analysis focuses
exclusively on the case of a single environmental shift, fol-
lowed by a constant environment. This is just one of several
possible scenarios for environmental change [18], including
gradually changing environments and different regimes of
temporal environmental variation [16,49]. A natural next
step would be to examine the simultaneous dynamics of
density dependence and genetic erosion in other regimes of
environmental change.

(f) Implications for conservation and management

Qur simulations were on short timescales relevant to immedi-
ate or near-term conservation concern. However, we note that
the reductions in population size or genetic diversity may be
important on longer timescales, even after populations have
been rescued. An effective population size on the order of
hundreds is needed to reduce longer-term extinction risk
due to accumulation of deleterious alleles [50-52]. Popu-
1atione need o erend lono dAiiratione af laroe cize o nffeot
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even brief episodes of drift and genetic erosion [51], like those
that might be seen during the ‘trough’ or low point in popu-
lation size following environmental change. Under density
dependence, not only are recovered populations held at car-
rying capacity, potentially precluding this re-establishment
of variation, but they also spend more time at smaller den-
sities before being rescued (figures 2 and 3a), leading to
greater genetic erosion (figure 4). Indeed, our simulations
showed that up to 40% of populations in a treatment that
were ‘rescued’ under our criteria go extinct within 50 gener-
ations, with more extinctions in populations with initially low
genetic diversity (table 1). Furthermore, population size and
remaining standing genetic variation are important for per-
sisting through future environmental changes. The erosion
of genetic variation is similar to a genetic bottleneck that
would hinder a population’s ability to adapt to additional
environmental changes [11,53]. In our simulations, we
observed fixation of the positive allele in surviving popu-
lations (electronic supplementary material, figure SI1A); in
the event of future environmental change favouring another
allele, its loss following the first environmental change
event would hinder subsequent adaptation [2,20].

Here, we introduce a biologically realistic model for a more
complete and applicable understanding of population rescue
after environmental change, providing better prediction of
potential outcomes and guidance for conservation and
management as well as providing testable predictions for
empirical validation. We demonstrate that negative density
dependence impedes persistence in a novel environment, and
that large and well-adapted populations previously predicted
to be at minimal extinction risk [1,3,24] do, in fact, face non-
trivial risk of extinction under density dependence. For
managers overseeing threatened populations, one possible
strategy is to increase habitat carrying capacities, for example,
by increasing resource availability, which will alleviate
reductions in growth rates as populations recover from
environmental change. Although our simulated experimental
design only featured density dependence as a binary treat-
ment, in natural settings it is a continuous variable that
managers may be able to influence. Because expected time to
extinction increases exponentially with carrying capacity [17],
decreasing strength or degree of competition could drastically

improve long-term population fates, particularly for large
populations previously perceived as having low extinction
risk. A corollary is that, in addition to other predictors of extinc-
tion risk under rescue [3,7], the carrying capacity or degree of
intraspecific competition should be considered when assessing
risks to populations subject to novel habitat alteration, degra-
dation or reduction. Considering how competition and
population size may interact to influence adaptation under
environmental change could more effectively achieve a man-
agement goal of maximizing evolutionary potential [53].
These predictions highlight the effects of density dependence
and loss of genetic diversity on populations exposed to
severe environmental change, which is crucial in an age of
global anthropogenic changes that put populations at
unprecedented risk of extinction.
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subject or animal welfare committee.

All data (simulation output), simulation code, and
analysis code are provided in Dryad Digital Repository and at
https:/ / github.com/melbourne-lab/evo_rescue ndd_erosion [54].
Additional model details, analysis methods, and simulation results
are provided in the electronic supplementary material [55].

We have not used Al-assisted technologies in
creating this article.
S.W.N.: formal analysis, investigation, visualiza-
tion, writing—original draft, writing—review and editing; R.A.H.:
conceptualization, funding acquisition, investigation, project
administration, supervision, writing—review and editing; L.O.:
writing—review and editing; L.E.D.: writing—review and editing;
B.A.M.: conceptualization, funding acquisition, investigation, project
administration, supervision, writing—review and editing.
All authors gave final approval for publication and agreed to be
held accountable for the work performed herein.
We declare we have no competing interests.
This work was supported by NSF award (grant no. 1930222)
to B.A.M. and (grant no. 1930650) to R.A.-H. SSW.N. was also sup-
ported by NSF IGERT award (grant no. 114807) while working on
this project and L.F.D. was also supported by NSF Graduate Research
Fellowship number 006784.

The authors would like to thank Robert Holt for
helpful suggestions following an early presentation on work from
this project, and Ophélie Ronce and two anonymous reviewers for
comments that improved the manuscript.

Gomulkiewicz R, Holt RD. 1995 When does
evolution by natural selection prevent extinction?
Evolution 49, 201-207. (doi:10.2307/2410305)
Carlson SM, Cunningham O, Westley PAH. 2014
Evolutionary rescue in a changing world. Trends Ecol.
Fvol. 29, 521-530. (doi:10.1016/j.tree.2014.06.005)
Bell G, Gonzalez A. 2009 Evolutionary rescue can
prevent extinction following environmental change.
Feol. Lett. 12, 942-948. (doi:10.1111/j.1461-0248.
2009.01350.x)

Agashe D, Falk JJ, Bolnick DI. 2011 Effects of
founding genetic variation on adaptation to a novel
resource. Evolution 65, 2481-2491. (doi:10.1111/j.
1558-5646.2011.01307.x)

Hufbauer RA, Szlics M, Kayson E, Youngberg C,
Koontz MJ, Richards C, Tuff T, Melbourne BA. 2015

Three types of rescue can avert extinction in a
changing environment. Proc. Natl Acad. Sci. USA
112, 10 557-10 562. (doi:10.1073/pnas.
1504732112)

Gomulkiewicz R, Shaw RG. 2013 Evolutionary rescue
beyond the models. Phil. Trans. R. Soc. B 368,
20120093. (doi:10.1098/rsth.2012.0093)

Kopp M, Matuszewski S. 2014 Rapid evolution of
quantitative traits: theoretical perspectives. Fvol.
Appl. 7, 169-191. (doi:10.1111/eva.12127)

Scholl JP, Urbina-Casanova R, ller AM. 2022 The
importance of negative density dependence for rare
species persistence. Biol. Conserv. 274, 109729.
(doi:10.1016/j.biocon.2022.109729)

Chevin L-M, Lande R. 2010 When do plasticity and
genetic evolution prevent extinction of a density-

10.

n

12.

13.

regulated population? Evolution 64, 1143—1150.
(doi:10.1111/}.1558-5646.2009.00875.%)

Lande R. 1976 Natural selection and random
genetic drift in phenotypic evolution. Evolution 30,
314-334. (doi:10.2307/2407703)

Frankham R, Lees K, Montgomery ME, England PR,
Lowe EH, Briscoe DA. 1999 Do population size
bottlenecks reduce evolutionary potential? Anim.
Conserv. 2, 255-260. (doi:10.1111/}.1469-1795.
1999.tb00071.x)

Bijlsma R, Loeschcke V. 2012 Genetic erosion
impedes adaptive responses to stressful
environments. Evol. Appl. 5, 117-129. (doi:10.1111/
j.1752-4571.2011.00214.x)

Pauls SU, Nowak C, Bélint M, Pfenninger M. 2013
The impact of global climate change on genetic



Downloaded from https://royalsocietypublishing.org/ on 26 November 2023

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

diversity within populations and species. Mol. Ecol.
22, 925-946. (doi:10.1111/mec.12152)

Houle D. 1992 Comparing evolvability and
variability of quantitative traits. Genetics 130,
195-204. (doi:10.1093/genetics/130.1.195)

Barton NH, Turelli M. 1989 Evolutionary quantitative
genetics: how little do we know? Annu. Rev. Genet.
23, 337-370. (doi:10.1146/annurev.ge.23.120189.
002005)

Ashander J, Chevin L-M, Baskett ML. 2016
Predicting evolutionary rescue via evolving plasticity
in stochastic environments. Proc. R. Soc. B 283,
20161690. (doi:10.1098/rspb.2016.1690)

Lande R. 1993 Risks of population extinction from
demographic and environmental stochasticity and
random catastrophes. Am. Nat. 142, 911-927.
(doi:10.1086/285580)

Biirger R, Lynch M. 1995 Evolution and extinction in
a changing environment: a quantitative-genetic
analysis. Evolution 49, 151-163. (doi:10.1111/.
1558-5646.1995.th05967.x)

Orr HA, Unckless RL. 2014 The population genetics
of evolutionary rescue. PloS Genet. 10, e1004551.
(doi:10.1371/journal.pgen.1004551)

Lyberger KP, Osmond MM, Schreiber SJ). 2021 Is
evolution in response to extreme events good for
population persistence? Am. Nat. 198, 44-52.
(doi:10.1086/714419)

Orr HA, Unckless RL. 2008 Population extinction and
the genetics of adaptation. Am. Nat. 172, 160-169.
(doi:10.1086/589460)

Tanaka MM, Wahl LM. 2022 Surviving
environmental change: when increasing population
size can increase extinction risk. Proc. R. Soc. B 289,
20220439. (doi:10.1098/rspb.2022.0439)

Boulding EG, Hay T. 2001 Genetic and demographic
parameters determining population persistence
after a discrete change in the environment. Heredity
(Edinb.) 86, 313—324. (doi:10.1046/j.1365-2540.
2001.00829.x)

Barfield M, Holt RD. 2016 Evolutionary rescue in
novel environments: towards improving
predictability. Lvol. Ecol. Res. 17, 771-786.

Gilpin ME, Soulé ME. 1986 Minimum viable
populations: processes of extinction. In Conservation
biology: the science of scarcity and diversity (ed. ME
Soulé), pp. 19-34. Sunderland, MA: Sinauer
Associates.

Melbourne BA, Hastings A. 2008 Extinction risk
depends strongly on factors contributing to
stochasticity. Nature 454, 100-103. (doi:10.1038/
nature06922)

Ricker WE. 1954 Stock and recruitment. J. Fish Res.
11, 559-623. (doi:10.1139/f54-039)

Lynch M, Walsh B. 1998 Genetics and the analysis of
quantitative traits. Sunderland, MA: Sinauer
Associates.

Hone J, Duncan RP, Forsyth DM. 2010 Estimations of
maximum annual growth rates (r,,) of mammals

30.

3

32

33.

34

35.

36.

37.

38.

39.

40.

41.

42

and their application in wildlife management.

J. Appl. Ecol. 47, 507-514. (doi:10.1111/.1365-
2664.2010.01812.x)

Bonnet T ef al. 2022 Genetic variance in fitness
indicates rapid contemporary adaptive evolution in
wild animals. Science 376, 1012-1016. (doi:10.
1126/science.abk0853)

Wood JLA, Yates MC, Fraser DJ. 2016 Are
heritability and selection related to population size
in nature? A meta-analysis and conservation
implications. Evol. Appl. 9, 640—657. (doi:10.1111/
eva.12375)

R Core Team. 2020 R: a language and environment
for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. See https://
www.R-project.org/.

Goodrich B, Gabry J, Ali I, Brilleman S. 2020
Rstanarm: Bayesian applied regression modeling via
Stan. R package, version 2.21.1. See https://mc-
stan.org/rstanarm.

Fagan WF, Holmes EE. 2006 Quantifying the
extinction vortex. Ecol. Lett. 9, 51-60. (doi:10.1111/
j-1461-0248.2005.00845.x)

Ballard WB, Lutz D, Keegan TW, Carpenter LH, de
Vos JC. 2001 Deer-predator relationships: a review
of recent North American studies with emphasis on
mule and black-tailed deer. Wildl. Soc. Bull. 29,
99-115.

Hedrick PW, Garcia-Dorado A. 2016 Understanding
inbreeding depression, purging, and genetic rescue.
Trends Ecol. Evol. 31, 940-952. (doi:10.1016/].tree.
2016.09.005)

Régo A, Messina FJ, Gompert Z. 2019 Dynamics of
genomic change during evolutionary rescue in the
seed beetle Callosobruchus maculatus. Mol. Ecol. 28,
2136-2154. (doi:10.1111/mec.15085)

Stewart GS, Morris MR, Genis AB, Sziics M,
Melbourne BA, Tavener SJ, Hufbauer RA. 2017 The
power of evolutionary rescue is constrained by
genetic load. Evol. Appl. 10, 731-741. (doi:10.1111/
eva.12489)

Nowak C, Vogt C, Pfenninger M, Schwenk K,
Oehlmann J, Streit B, Qetken M. 2009 Rapid genetic
erosion in pollutant-exposed experimental
chironomid populations. Environ. Pollut. 157,
881-886. (doi:10.1016/j.envpol.2008.11.005)
Lande R, Shannon S. 1996 The role of genetic
variation in adaptation and population persistence
in a changing environment. Evolution 50, 434-437.
(doi:10.2307/2410812)

Bell DA, Robinson ZL, Funk WC, Fitzpatrick SW,
Allendorf FW, Tallmon DA, Whiteley AR. 2019 The
exciting potential and remaining uncertainties of
genetic rescue. Trends Ecol. Evol. 34, 1070-1079.
(doi:10.1016/j.tree.2019.06.006)

Doak DF, Himes Boor GK, Bakker VJ, Morris WF,
Louthan A, Morrison SA, Stanley A, Crowder LB.
2015 Recommendations for improving recovery
criteria under the US Endangered Species Act.

43.

45,

47.

49,

50.

51.

52,

53.

54.

55.

BioScience 65, 189—199. (doi:10.1093/biosci/
hiu215)

Osmond MM, de Mazancourt C. 2013 How
competition affects evolutionary rescue. Phil.

Trans. R. Soc. B 368, 20120085. (doi:10.1098/rstb.
2012.0085)

Vinton AC, Vasseur DA. 2020 Evolutionary tracking is
determined by differential selection on
demographic rates and density dependence. Ecol.
Evol. 10, 5725-5736. (doi:10.1002/ece3.6311)
Schluter D, Price TD, Grant PR. 1985 Character
displacement in Darwin’s finches. Science 227,
1056-1059. (doi:10.1126/science.227.4690.1056)
Yun L, Agrawal AF. 2014 Variation in the strength of
inbreeding depression across environments: effects
of stress and density dependence. Evolution 68,
3599-3606. (doi:10.1111/ev0.12527)

Bozzuto C, Biebach I, Muff S, Ives AR, Keller LF.
2019 Inbreeding reduces long-term growth of
Alpine ibex populations. Nat. Ecol. Evol. 3,
1359-1364. (doi:10.1038/541559-019-0968-1)
Lanfear R, Kokko H, Eyre-Walker A. 2014 Population
size and the rate of evolution. Trends Ecol. Evol. 29,
33-41. (doi:10.1016/j.tree.2013.09.009)

Peniston JH, Barfield M, Gonzalez A, Holt RD. 2020
Environmental fluctuations can promote
evolutionary rescue in high-extinction-risk scenarios.
Proc. R. Soc. B 287, 20201144. (doi:10.1098/rspb.
2020.1144)

Lynch M, Conery J, Biirger R. 1995 Mutational
meltdowns in sexual populations. Evolution 49,
1067—-1080. (doi:10.2307/2410432)

Whitlock MC. 2000 Fixation of new alleles and the
extinction of small populations: drift load, beneficial
alleles, and sexual selection. Evolution 54,
1855-1861. (doi:10.1111/j.0014-3820.2000.
th01232.x)

Frankham R, Bradshaw CJA, Brook BW. 2014
Genetics in conservation management: revised
recommendations for the 50/500 rules, Red List
criteria, and population viability analysis. Biol.
Conserv. 170, 56—63. (doi:10.1016/j.biocon.2013.12.
036)

Forester BR, Beever EA, Darst C, Szymanski J, Funk
WC. 2022 Linking evolutionary potential to
extinction risk: applications and future directions.
Front. Ecol. Evol. 20, 507-515. (doi:10.1002/fee.
2552)

Nordstrom SW, Hufbauer RA, Olazcuaga L, Durkee
LF, Melbourne BA. 2023 Data from: How

density dependence, genetic erosion and the
extinction vortex impact evolutionary rescue
[Dataset]. Dryad Digital Repository. (doi:10.5061/
dryad.zgmsbcgjj)

Nordstrom SW, Hufbauer RA, Olazcuaga L, Durkee
LF, Melbourne BA. 2023 How density dependence,
genetic erosion and the extinction vortex impact
evolutionary rescue. Figshare. (doi:10.6084/m9.
figshare.c.6917182)






