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One in four species are at risk of extinction
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1  | INTRODUC TION

The extinction vortex describes a theoretical scenario in which en-
vironmental, genetic and demographic forces interact through time 
to push a population towards extinction (Gilpin & Soulé, 1986). 
Importantly, the vortex occurs because these fundamental biotic 
and abiotic forces amplify one another, driving a reinforcing feed-
back loop which leads to a progressive loss of population viability 
(Figure 1). The extinction vortex has proven to be an informative 
model for conceptualizing the interacting forces behind the dy-
namics of biodiversity loss and lineage extinction (Brook, Sodhi, & 
Bradshaw, 2008; Fagan & Holmes, 2006; Höglund, 2009; Stephens, 
Sutherland, & Freckleton, 1999). The heart of a classic extinction 
vortex is driven by synergistic impacts of environmental stresses, 
reduced genetic diversity and smaller population size, with poten-
tial damage from stochastic catastrophic events also contributing 
as the population moves towards extinction. With the comprehen-
sive Intergovernmental Science-Policy Platform on Biodiversity and 
Ecosystem Services report (IPBES, 2019) recently estimating that 
one million species are currently suffering accelerating rates of ex-
tinction, many populations are now facing the extinction vortex.

A range of observational, comparative and experimental studies 
under both field and laboratory conditions have used aspects of the 
extinction vortex for understanding population viability, with ample 
evidence across a range of systems showing that individual or com-
bined effects of environmental stress and genetics lead to reduced 
population size or even extinction (e.g. Brook et al., 2008; Fagan & 
Holmes, 2006; Frankham, Ballou, & Briscoe, 2002; IPBES, 2019). 
However, explicit experimental tests of the extinction vortex model 
to examine how a combination of environmental, demographic and 
genetic stresses impact on population viability across multiple gen-
erations have been lacking. Here, we apply such an approach by 
experimentally exposing small replicate populations of a model in-
sect to multiple cycles of environmental, genetic and demographic 

stress (Figure 2), and then measuring the consequences for popu-
lation viability. We applied three conditions known to stress both 
natural populations and our experimental model, and which have 
topical relevance to conservation ecology and the extinction vortex. 
First, we restricted access to essential food resources by limiting 
dietary protein to a level which constrains adult reproduction and 
slows offspring development in our model system (Godwin, 2016). 
Second, we exposed reproducing adults to environmental warming 
through a 5 day heatwave, which we know reduces reproduction 
and survival (Sales, 2019; Sales et al., 2018). Third, we drove each 
population through a genetic bottleneck to increase the risks of in-
breeding and fitness depression (Frankham et al., 2002; Keller & 
Waller, 2002; Lumley et al., 2015). At each generation, following 
exposure to one of these stressors, we measured the specific con-
sequences for population fitness as the vortex progressed for 15 
generations, scoring the number of offspring reproduced through 
each replicate experimental population, until five cycles of the 
three stressors (15 generations) down the vortex had completed 
(Figure 2).

On top of these explicit measures of population dynamics across 
replicated extinction vortices, we also investigated how mating pattern 
and opportunities for sexual selection influence vulnerability to the ex-
tinction vortex. Mating patterns show enormous variability across spe-
cies and populations (Taylor, Price, & Wedell, 2014), with the adaptive 
significance of widespread polyandry (when females mate with multi-
ple males and promote male–male competition and opportunities for 
choice and sexual selection) receiving considerable debate and remain-
ing poorly understood (Slatyer, Mautz, Backwell, & Jennions, 2012). 
Sexual selection, when opportunities for competition and choice can 
generate more variance between individuals in reproductive success 
(Anderson, 1994; Darwin, 1874), could have profound consequence 
for populations facing stress and the extinction vortex, depending on 
(a) whether natural selection is reinforced and strengthened by sex-
ual selection, or whether (b) there is evolutionary or ecological conflict 

F I G U R E  1   The extinction vortex. A feedback cycle through time that results in progressive loss of population viability and increased 
vulnerability to extinction. Environmental, genetic and demographic drivers (often with anthropogenic causes) interact synergistically 
to alter the structure and fitness of populations and increase vulnerability to future stochastic events. Width of block arrows from the 
anthropogenic drivers indicates the relative impact of each following IPBES (2019). Adapted from Gilpin and Soulé (1986) and Frankham 
et al. (2002)
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Population structurePopulation size

Genetic drift Inbreeding Hybridization

Loss of genetic diversity Local adaptation 

Loss of adaptive variation Inbreeding depression

Migration rates

Demographic vital rates

Outbreeding depression

Genotype-by-environment
interactions

Population growth or viability

Adaptation
Heritable changes in genotype 
or phenotype that result in 
increased fitness.

Hybridization
Interbreeding of individuals 
from genetically distinct 
populations, regardless  
of the taxonomic status of  
the populations.

Outbreeding depression
Reduced fitness of F1 or F2 
individuals after a cross 
between two species or 
populations. It can result from 
genetic incompatibility or 
reduced adaptation to local 
environmental conditions.

Effective population size
The size of the ideal population 
that would experience the 
same amount of genetic drift 
as the observed population.

Outlier locus
A genome location (or marker 
or base pair) that shows 
behaviour or a pattern of 
variation that is extremely 
divergent from the rest of the 
genome (locus-specific effects), 
as revealed by simulations or 
statistical tests.

precision and overconfidence in subsequent inferences. 
Fortunately, the problem is likely to be minor unless loci 
are tightly linked33. Failure to consider linkage could also 
have other effects; for example, human loci in regions 
of lower recombination tend to have greater FST, appar-
ently because of the greater probability of being associ-
ated with selected loci in chromosomal regions with less 
recombination34.

Description of kin relationships and pedigrees. 
Examining hundreds of loci will vastly increase the 
precision and accuracy of kinship estimates. For exam-
ple, Santure et al.35 showed that the average pair-wise 
relatedness estimated from 771 SNPs closely brackets 
known pedigree relationships for a pedigree population 
of zebra finch. This suggests that assessments of correla-
tions between phenotypes and genetic relatedness and 
thus estimation of heritability will be feasible in natural 
populations. Nevertheless, the accuracy of estimating 
individual levels of inbreeding is somewhat limited, and 
the variances for relatedness between individuals remain 
substantial even with 771 SNPs36.

Pedigree reconstruction will become feasible in some 
wild populations with hundreds of loci33,37. This will 
improve estimates of effects of inbreeding and outbreed-
ing on fitness and the detection of paternities or pol-
len flow between populations and over long distances, 
if most individuals can be sampled over many years. 
Santure et al.35 suggested that using marker information 
to reconstruct the pedigree, and then calculating relat-
edness from the pedigree, is likely to give more accurate 
relatedness estimates than using marker-based estimators 

directly. Skare et al.26 conducted simulation power analy-
ses and showed that relatively distant relationships (for 
example, cousins) can be inferred using 500,000 SNPs 
and likelihood-based relationship estimators.

Nonetheless, pedigrees often will not have sufficient 
depth or completeness because it is difficult to sample 
most individuals in a population over many years. In 
such cases, genotyping thousands of loci could poten-
tially give more reliable estimates of relationships and 
individual heterozygosity (inbreeding) than pedigrees26,38 
or at least greatly improve pedigree reconstruction37. 
Future research is needed to quantify the trade-off point 
between using pedigree inference versus thousands of 
genetic markers to estimate individual inbreeding.

Individual-based population genetics. Individual-based 
approaches can yield less biased delineation of popula-
tions than traditional population-based approaches that 
require somewhat subjective grouping of individuals39 
(for example, based on morphology or geographic  
origin). For population delineation, an empirical study 
of 377 microsatellites in humans has shown that using 
greater numbers of loci can increase statistical power to 
resolve between closely related ethnic groups (FST < 0.05) 
and infer the proportion of admixture40,41.

Individual-based approaches can give less biased 
estimation of contemporary migration rates without 
assumptions such as mutation–migration–drift equilib-
rium42. However, the power to estimate contemporary 
migration rates is low unless FST is relatively high (for 
example, FST > 0.10) when using only 10–20 microsatel-
lite loci43. Little is known about power when genotyp-
ing hundreds of loci, although Rannala and Mountain44 
reported that an assignment test method using 50–100 
loci gave reasonable power to identify individuals with 
grandparents from different countries, although the 
differentiation of allele frequencies among populations 
was low. Individual-based approaches are crucial for 
fine-scale spatial genetic analyses to localize genetic dis-
continuities (for example, barriers or secondary contact 
zones) on a landscape. Individual-based approaches in 
landscape genetics45 also allow assessment of the influ-
ence of landscape features on dispersal and gene flow 
across spatial scales.

Inbreeding depression
Genomic approaches can potentially address basic ques-
tions about the molecular basis and genetic architecture 
of inbreeding depression46. For instance, is inbreeding 
depression caused by a few loci with major effects or by 
many loci with small effects? How much of inbreeding 
depression results from dominance (or partial domi-
nance) versus overdominace (heterozygous advan-
tage)? What is the contribution of epistasis to inbreeding 
depression? Understanding the number of loci involved 
in inbreeding depression and the mechanism of their 
effects would allow prediction of the potential efficacy 
of purging.

Recent work indicates that the intensity of inbreed-
ing depression can differ greatly depending on which 
specific individuals are founders47,48. This suggests that 

Figure 1 | Schematic	diagram	of	interacting	factors	in	conservation	of	natural	
populations. Traditional conservation genetics, using neutral markers, provides direct 
estimates of some interacting	factors (blue). Conservation genomics can address a wider 
range of factors (red). It also promises more precise estimates of neutral processes (blue) 
and understanding of the specific genetic basis of all of these factors. For example, 
traditional conservation genetics can estimate overall migration rates or inbreeding 
coefficients, whereas genomic tools can assess gene flow rates that are specific to 
adaptive loci or founder-specific inbreeding coefficients.
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What is population demography?

Effective population sizes back in 
time (expansions, bottlenecks, 
etc.)


Population structure (split times) 
and migration rates over time

Demographic history of populations

Past demographic events:
� Population split
� Migration events
� Changes in effective 

population sizes (expansions 
or bottlenecks)

� Temporal changes in 
migration rates and effective 
sizes

Population tree

Slide adapted from Vitor Sousa



Why model demographic history?

- Understand population history


- Neutral background for tests of selection 

- Conservation: present vs. historical levels of genetic diversity



Many methods for demographic inference
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Figure 4
Decision tree to determine which demographic inference methods are appropriate for a given biological question and data. The choice
of method depends on the time period the researcher is interested in (e.g., recent events occurring within the last ∼100–1,000
generations of the population; ancient events happening in deeper time), the type of sequence data, and the sample size. Note that
sample sizes are rough recommendations and not hard cutoffs. Abbreviations: ABC, approximate Bayesian computational inference
methods; G-PhoCS, generalized phylogenetic coalescent sampler; IBD, identity by descent methods; IBS, identity by state methods;
MAGIC, minimal assumption genomic inference of coalescence; P/MSMC, pairwise/multiple sequentially Markovian coalescent
methods; RAD-Seq, restriction site associated DNA sequencing; SFS, site frequency spectrum–based inference methods; SMC++, a
sequentially Markovian coalescent method that also uses the site frequency spectrum.

of demographic models. However, while these are informative approaches to visualizing the data,
they do not provide estimates of population demography and are sensitive to different models
that can give rise to similar patterns in a PCA, STRUCTURE, or Admixture plot (DeGiorgio &
Rosenberg 2013, Kalinowski 2011, Lawson et al. 2017, McVean 2009).

We summarize our guidelines for choosing methods of demographic inference in the decision
tree shown in Figure 4. The tree first asks the researcher to consider what timeframe of events they
are interested in, either recent events within the last several hundred generations of a population
(such as human-driven bottlenecks that are often the focus of conservation geneticists) or more
ancient history (such as ancient speciation or domestication events, response to climactic events,
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Reconstructing demographic history from genomic 
data
Reconstructing the demographic history 
from genomic data

• Demography is expected to affect the 
entire genome

• Natural selection acts on specific
functional regions

Genome

tim
e

Because of recombination, different regions of the 
genome can have different gene trees

All gene trees are consistent with the 
population tree. Independent gene
trees can be seen as independent
replicates of the same population tree.

Slide adapted from Vitor Sousa



Demography influences coalescent genealogies & 
the site frequency spectrum (SFS)

SMC’
A modification to the 
sequential Markov coalescent 
(SMC) that allows for hidden 
recombination events that do 
not change the local genealogy.

When the sequences under consideration may have 
experienced one or more recombination events, it 
becomes necessary to average over the possible recom-
bination histories that may have shaped the observed 
haplotypes. Inspired by the work of Wiuf and Hein67, 
who showed how to model the coalescent with recom-
bination as a stochastic process along a DNA sequence, 
McVean and Cardin74 introduced the sequentially 
Markov coalescent (SMC) to make calculations with 
recombination simpler. In brief, the SMC approximates 
the full coalescent with recombination by assuming 
that, when a recombination event occurs, the geneal-
ogy at the site to the right of the recombination event 
depends only on the genealogy at the site to the left of 
the recombination event. This assumption eliminates 
long-range correlations in genealogies that generally 
have very little effect on the data. A modified SMC, 
called the SMC’ (REF. 75), increases the accuracy of the 
approximation substantially; most current inference 
strategies make use of the SMC’.

Using the SMC’ approximation, Harris and Nielsen76 
developed a method similar to DoRIS that fits the dis-
tribution of IBS lengths to infer demographic history. 
In contrast to inference based on IBD segments, IBS 
tracts are, in principle, directly observable in the data. 
However, sequencing errors and missing data can make 
calling IBS tracts more difficult than naively expected. 
Nevertheless, this method has been used to analyse data 
from a diverse range of species, including humans and 
polar bears77.

Li and Durbin78 introduced one of the most popular 
methods that leverage the SMC to perform demographic 
inference, which is called pairwise SMC (PSMC). PSMC 
is directly applicable to whole-genome data from a sin-
gle diploid individual without the need for phasing. 
Moreover, this method is capable of averaging over 
missing data, which helps it deal with the fact that many 
regions of the genome present difficulties for read map-
ping owing to repetitive elements and structural varia-
tion. PSMC is a HMM that moves along the sequence, 
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Figure 3  | The effect of demographic perturbations on gene 
genealogies and the SFS.  Four simple population demographic models 
are shown: constant model, bottleneck model, expansion model and 
structured population model. Below each model schematic, we show 
average gene genealogies from five sampled lineages obtained  
by coalescent simulations and stylized site frequency spectrum  
(SFS; plotted on a logarithmic scale) generated from each model.  

The SFS from the constant­sized population model is shown in red on 
each subsequent plot  to  facilitate comparison among models. 
Demographic events  influence the shape and structure of  the 
genealogies, which in turn influence patterns of genetic variation, 
such as the SFS. Many popular methods leverage the SFS for inferring 
population demographic history. The double­ended arrow indicates 
bidirectional migration.
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Inferring the demographic
history from the SFS

• The likelihood is easily computed
based on the expected SFS under
a given model

• There are different ways to 
obtain the expected SFS

• Diffusion (forward in time)

• Coalescent (backward in time)

Observed SFS

Expected SFS

Genomic Data

Likelihood

Excoffier et al. (2013) PloS Genetics

Model

Parameters:

- Time of split

- Migration rates

- Effective sizes

Inferring demographic history from the SFS

Compute likelihood of data 
based on the expected SFS 
under a given model.


Different ways of obtaining the 
expected SFS:

- Diffusion (forward in time)

- Coalescent (backward in time)

Slide adapted from Vitor Sousa



Pairwise Sequentially Markovian Coalescent
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Inference of human population history from
individual whole-genome sequences
Heng Li1,2 & Richard Durbin1

The history of human population size is important for understand-
ing human evolution. Various studies1–5 have found evidence for a
founder event (bottleneck) in East Asian and European popula-
tions, associated with the human dispersal out-of-Africa event
around 60 thousand years (kyr) ago. However, these studies have
had to assume simplified demographicmodelswith fewparameters,
and they do not provide a precise date for the start and stop times of
the bottleneck. Here, with fewer assumptions on population size
changes, we present a more detailed history of human population
sizes between approximately ten thousand and a million years ago,
using the pairwise sequentiallyMarkovian coalescentmodel applied
to the complete diploid genome sequences of a Chinese male (YH)6,
a Korean male (SJK)7, three European individuals (J. C. Venter8,
NA12891 and NA12878 (ref. 9)) and two Yoruba males (NA18507
(ref. 10) andNA19239).We infer that European andChinese popu-
lations had very similar population-size histories before 10–20 kyr
ago. Both populations experienced a severe bottleneck 10–60 kyr
ago, whereas African populations experienced a milder bottleneck
from which they recovered earlier. All three populations have an
elevated effective population size between 60 and 250kyr ago, pos-
sibly due to population substructure11. We also infer that the dif-
ferentiationof geneticallymodernhumansmayhave started as early
as 100–120 kyr ago12, but considerable genetic exchanges may still
have occurred until 20–40 kyr ago.
The distribution of the time since themost recent common ancestor

(TMRCA) between two alleles in an individual provides information
about the history of change in population size over time. Existing
methods for reconstructing the detailed TMRCA distribution have
analysed large samples of individuals at non-recombining loci like
mitochondrial DNA13. However, the statistical resolution of inferences
fromany one locus is poor, and power fades rapidly uponmoving back
in time because there are few independent lineages probing deep time
depths (in humans, no information is available from mitochondrial
DNA beyond about 200 kyr ago, when all humans share a common
maternal ancestor11). In contrast, a diploid genome sequence contains
hundreds of thousands of independent loci, eachwith its ownTMRCA
between the two alleles carried by an individual. In principle, it should
be possible to reconstruct the TMRCA distribution across the auto-
somes and the X chromosome by studying how the local density of
heterozygous sites changes across the genome, reflecting segments of
constant TMRCA separated by historical recombination events. To
explore whether we could use this idea to learn about the detailed
TMRCA distribution from a diploid whole-genome sequence, we pro-
posed the pairwise sequentially Markovian coalescent (PSMC) model,
which is a specialization to the case of two chromosomes of the sequen-
tially Markovian coalescent model14 (Fig. 1a). The free parameters of
this model include the scaled mutation rate, the recombination rate
and piecewise constant ancestral population sizes (see Methods). We
scaled results to real time, assuming 25 years per generation and a
neutral mutation rate of 2.53 1028 per generation15. The con-
sequences of uncertainty in the two scaling parameters will be dis-
cussed later in the text.

To validate our model, we simulated one-hundred 30-megabase
(Mb) sequences with a sharp out-of-Africa bottleneck followed by a
population expansion, and inferred population-size history with
PSMC (Fig. 2a). PSMC was able to recover the parameters used in
the simulation and the variance of the estimate was small between
20 kyr ago and 3Myr ago. More recently than 20 kyr ago or more
anciently than 3Myr ago, few recombination events are left in the
present sequence, which reduces the power of PSMC. Therefore, the
estimated effective population size (Ne) in these time intervals was not
as accurate and had large variance. To test the robustness of themodel,
we introduced variable mutation rates and recombination hotspots in
the simulation (Supplementary Information). The inference was still
close to the true history (Fig. 2b) and a uniform rate of single nucleo-
tide polymorphism (SNP) ascertainment errors did not change our
qualitative results either (Supplementary Fig. 2). The simulations did,
however, reveal a limitation of PSMC in recovering sudden changes in
effectivepopulation size. For example, the instantaneous reduction from
12,000 to 1,200 at 100 kyr ago in the simulation was spread over several
preceding tens of thousands of years in the PSMC reconstruction.

1The Wellcome Trust Sanger Institute, Hinxton, Cambridge CB10 1SA, UK. 2Broad Institute of Harvard and MIT, Cambridge, Massachusetts 02142, USA.
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Figure 1 | Illustration of the PSMC model and its application to simulated
data. a, The PSMC infers the local time to the most recent common ancestor
(TMRCA) on the basis of the local density of heterozygotes, using a hidden
Markovmodel in which the observation is a diploid sequence, the hidden states
are discretized TMRCA and the transitions represent ancestral recombination
events. b, We used the ms software to simulate the TMRCA relating the two
alleles of an individual across a 200-kb region (the thick red line), and inferred
the local TMRCA at each locus using the PSMC (the heat map). The inference
usually includes the correct time, with the greatest errors at transition points.

2 8 J U LY 2 0 1 1 | V O L 4 7 5 | N A T U R E | 4 9 3

Macmillan Publishers Limited. All rights reserved©2011

Li & Durbin 2011



Pairwise Sequentially Markovian Coalescent

LETTER
doi:10.1038/nature10231

Inference of human population history from
individual whole-genome sequences
Heng Li1,2 & Richard Durbin1

The history of human population size is important for understand-
ing human evolution. Various studies1–5 have found evidence for a
founder event (bottleneck) in East Asian and European popula-
tions, associated with the human dispersal out-of-Africa event
around 60 thousand years (kyr) ago. However, these studies have
had to assume simplified demographicmodelswith fewparameters,
and they do not provide a precise date for the start and stop times of
the bottleneck. Here, with fewer assumptions on population size
changes, we present a more detailed history of human population
sizes between approximately ten thousand and a million years ago,
using the pairwise sequentiallyMarkovian coalescentmodel applied
to the complete diploid genome sequences of a Chinese male (YH)6,
a Korean male (SJK)7, three European individuals (J. C. Venter8,
NA12891 and NA12878 (ref. 9)) and two Yoruba males (NA18507
(ref. 10) andNA19239).We infer that European andChinese popu-
lations had very similar population-size histories before 10–20 kyr
ago. Both populations experienced a severe bottleneck 10–60 kyr
ago, whereas African populations experienced a milder bottleneck
from which they recovered earlier. All three populations have an
elevated effective population size between 60 and 250kyr ago, pos-
sibly due to population substructure11. We also infer that the dif-
ferentiationof geneticallymodernhumansmayhave started as early
as 100–120 kyr ago12, but considerable genetic exchanges may still
have occurred until 20–40 kyr ago.
The distribution of the time since themost recent common ancestor

(TMRCA) between two alleles in an individual provides information
about the history of change in population size over time. Existing
methods for reconstructing the detailed TMRCA distribution have
analysed large samples of individuals at non-recombining loci like
mitochondrial DNA13. However, the statistical resolution of inferences
fromany one locus is poor, and power fades rapidly uponmoving back
in time because there are few independent lineages probing deep time
depths (in humans, no information is available from mitochondrial
DNA beyond about 200 kyr ago, when all humans share a common
maternal ancestor11). In contrast, a diploid genome sequence contains
hundreds of thousands of independent loci, eachwith its ownTMRCA
between the two alleles carried by an individual. In principle, it should
be possible to reconstruct the TMRCA distribution across the auto-
somes and the X chromosome by studying how the local density of
heterozygous sites changes across the genome, reflecting segments of
constant TMRCA separated by historical recombination events. To
explore whether we could use this idea to learn about the detailed
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which is a specialization to the case of two chromosomes of the sequen-
tially Markovian coalescent model14 (Fig. 1a). The free parameters of
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and piecewise constant ancestral population sizes (see Methods). We
scaled results to real time, assuming 25 years per generation and a
neutral mutation rate of 2.53 1028 per generation15. The con-
sequences of uncertainty in the two scaling parameters will be dis-
cussed later in the text.

To validate our model, we simulated one-hundred 30-megabase
(Mb) sequences with a sharp out-of-Africa bottleneck followed by a
population expansion, and inferred population-size history with
PSMC (Fig. 2a). PSMC was able to recover the parameters used in
the simulation and the variance of the estimate was small between
20 kyr ago and 3Myr ago. More recently than 20 kyr ago or more
anciently than 3Myr ago, few recombination events are left in the
present sequence, which reduces the power of PSMC. Therefore, the
estimated effective population size (Ne) in these time intervals was not
as accurate and had large variance. To test the robustness of themodel,
we introduced variable mutation rates and recombination hotspots in
the simulation (Supplementary Information). The inference was still
close to the true history (Fig. 2b) and a uniform rate of single nucleo-
tide polymorphism (SNP) ascertainment errors did not change our
qualitative results either (Supplementary Fig. 2). The simulations did,
however, reveal a limitation of PSMC in recovering sudden changes in
effectivepopulation size. For example, the instantaneous reduction from
12,000 to 1,200 at 100 kyr ago in the simulation was spread over several
preceding tens of thousands of years in the PSMC reconstruction.

1The Wellcome Trust Sanger Institute, Hinxton, Cambridge CB10 1SA, UK. 2Broad Institute of Harvard and MIT, Cambridge, Massachusetts 02142, USA.

0  20  40  60  80  100  120  140  160  180  200
Coordinate (kb)

0

 50

 100

 150

 200

TM
R

C
A

 (×
1,

00
0 

ge
ne

ra
tio

ns
)

D
is

cr
et

iz
ed

 T
M

R
C

A
 (h

id
de

n 
st

at
es

) 

Diploid sequence (observation)

Ancestral recombinations 
(changes of hidden states) 

... emissions ...

Heterozygote Homozygote

Past

... emissions ...

Inferred segmental TMRCA 
(a HMM path)

a

b

Figure 1 | Illustration of the PSMC model and its application to simulated
data. a, The PSMC infers the local time to the most recent common ancestor
(TMRCA) on the basis of the local density of heterozygotes, using a hidden
Markovmodel in which the observation is a diploid sequence, the hidden states
are discretized TMRCA and the transitions represent ancestral recombination
events. b, We used the ms software to simulate the TMRCA relating the two
alleles of an individual across a 200-kb region (the thick red line), and inferred
the local TMRCA at each locus using the PSMC (the heat map). The inference
usually includes the correct time, with the greatest errors at transition points.
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Ancestral recombination graph (ARG)

The ARG describes 
how individual 
sequences in a 
population are related, 
and provides the 
combined history of 
recombination, 
mutation, and 
coalescence.

Hubisz & Siepel 2020



chromosome ends) regions, then ran PSMC independently on
each partition (Figure 4B). High-diversity distal regions yielded
larger inferred historical population sizes, but population de-
clines over the last 105 years remained evident across all trajec-
tories in all three species.

DISCUSSION

Enabled by a highly contiguous genome assembly, our analyses
reveal the historic demographic and evolutionary forces that
shaped the genome of the California condor. In some respects,
its genome is typical for an avian species: total length, number
of chromosomes, synteny, repeat burden, and nucleotide (GC)
content are similar to those of previously sequenced bird ge-
nomes, even those of distant relatives. With our chromosome-
length assembly, we were able to detect large ROH indicative of
recent inbreeding in California condors, aswell as spatial patterns
of recombination rate implicating the role of linked selection in
shaping genome-wide diversity. For a species that was briefly
extinct in the wild, the California condor has unexpectedly high
genome-wide diversity (>1 het./kb). Our demographic inference

A

B

Figure 4. Historical effective population
sizes inferred with PSMC
To scale the axes, we used a mutation rate of

1.4 3 10!8/site/generation and a generation time

of 10 years.

(A) Trajectories inferred from full genomes. Thinner

semi-transparent lines show 100 bootstrap repli-

cates.

(B) Trajectories for regions partitioned by distance

from chromosome ends. Solid colored lines

represent distal regions (%10 Mb from ends),

dashed colored lines represent proximal regions

(>10 Mb from ends), and solid black lines show

trajectories inferred from the full genome, as

shown in (A).

See also Figure S4.

shows that this is a legacy of the species’
prehistoric abundance (effective popula-
tion sizes on the order of 10–100 thousand
individuals, depending on mutation rate).
Our results suggest California condors
were more abundant than either Andean
condors or turkey vultures for much of
the Pleistocene. Excluding ROH, the Cali-
fornia condor has the highest diversity
among these species, in stark contrast to
the fact that only"500 California condors
exist today, while Andean condors num-
ber in the thousands30 and turkey vultures
are prevalent throughout the Americas.
Compared to published estimates of

genome-wide heterozygosity in other
birds,31,32 California condors have low di-
versity relative to species with shorter life-
spans and higher reproductive rates, such
as passerines, but similar diversity
compared to long-lived species, such as

the white-tailed eagle (Haliaeetus albicilla), cinereous vulture (Ae-
gypius monachus), barn owl (Tyto alba), and American crow
(Corvus brachyrhynchos), all of which are relatively abundant.
Genome-wide diversity in California condors is higher than in
bald eagles (Haliaeetus leucocephalus),31,32 which also came
perilously close to extinction in the 20th century but have since re-
bounded. Overall genome-wide diversity in the California condor
is more consistent with its life history (large body size, long life-
span, low fecundity) than with its Critically Endangered status.
Key to understanding these results is that genome-wide het-

erozygosity levels (excluding ROH caused by recent inbreeding)
reflect long-term population size on coalescent timescales but
are largely uninformative about recent history. However, the
presence of large ROH in the genomes of both California con-
dors points to inbreeding in the wild prior to captive breeding,
and accords with our finding that the population declined to
very low levels leading into the Holocene. California condors
once ranged as far as the Atlantic coast, but had disappeared
from much of their former territory by the early 1900s.4,33 By
then, only a relict population along the Pacific coast remained,
sustained by the carcasses of large marine mammals.34,35
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Phenotypes are determined by genetic 
and environmental factors

P = G + E



Phenotypes are determined by genetic 
and environmental factors

P = G + E
Many traits are polygenic, or controlled by multiple 
genes.



Phenotypic variation among individuals

VP = VG + VE

Phenotypic variance VP is composed of genetic variance 
VG & environmental variance VE

We can further partition VG

VG = VA + VD + VI 

Where VA = additive genetic variance 
Where VD = dominance variance

Where VI = epistatic variance



Heritability is the genetic contribution to 
phenotypic variance

h2 = VA / VP

Narrow sense heritability

Heritability underlies the predicted response to selection 
and is a population-specific measure



Many traits have h2 between 0.1 & 0.9

Applications
The parameter of heritability is so enduring and useful 
because it allows the meaningful comparison of traits 
within and across populations, it enables predictions 
about the response to both artificial and natural selec-
tion, it determines the efficiency of gene-mapping stud-
ies and it is a key parameter in determining the efficiency 
of prediction of the genetic risk of disease. Heritability 
is a simple dimensionless measure of the importance of 
genetic factors in explaining the differences between 
individuals, and it allows an immediate comparison of 
the same trait across populations and of different traits 
within a population. Such comparisons can lead to 
insights into the biology of the phenotype, or can have 
practical consequences for plant and animal breeding 
programmes. For example, the heritability of body size 
(or stature) is generally high across a wide range of spe-
cies (FIG. 1), signifying developmental processes that 
seem to be robust to environmental insults.

In medicine and human genetics, estimates of her-
itability can be compared across diseases to gauge the 
relative influence of genetic and environmental factors. 
Because disease is usually measured on an all-or-none 
scale, allowance has to be made for the incidence of 
disease when making comparisons. Heritability for 
such categorical traits can be defined on the observed 
discontinuous scale or on an unobserved continuous 
‘liability’ scale16. The continuous scale is more general 
because it is independent of the incidence of each cat-
egory (see BOX 5). For example, consider the psychiatric 
disorders schizophrenia and major depression, which 

differ considerably in the relative risks to first-degree 
relatives of affected individuals: 9 for schizophrenia17 
but only 3 for major depression18. However, the lower 
incidence of schizophrenia of 1%17 compared with 
3%18 for major depression results in similar estimates 
of heritability on the observed scale of 0.16 and 0.12, 
respectively. Conversely, heritabilities that are estimated 
on the underlying liability scale19 are quite different at 
0.81 and 0.37, respectively. For risk prediction that is 
based on family history or measured genotypes, it is the 
heritability on the observed 0–1 risk scale, however, that 
is most important20.

In artificial-selection programmes, heritability has 
a crucial role because it determines the precision with 
which the genetic value can be predicted from pheno-
typic information, and therefore determines the design 
of breeding schemes. The correlation between the 
observed phenotype and unobserved breeding value is 
h, the square root of the heritability3. Therefore, for a 
trait with a high heritability, the phenotype of an indi-
vidual is highly informative for its breeding value. So 
for traits that are easy to measure and have a high herit-
ability (for example, growth or weight traits (FIG. 1)) an 
easy and effective breeding scheme is to choose the best 
individuals for further breeding on the basis of their phe-
notypes. For traits with a low heritability (for example, 
litter size) information from many relatives is needed to 
predict breeding values accurately, but the accuracy of 
prediction of breeding values remains a function of the 
heritability. Hence, heritability is central in predicting 
the response to selection.

Nature Reviews | Genetics

Heritability

Drosophila — morphological traits (REF. 107)

Daphnia — body size (REF. 108)

Atlantic salmon — freshwater-stage weight (REF. 109)

Birds — tarsus length (REF. 110)

Birds — tarsus length (REF. 110)

Animal species in the wild — morphological (REF. 111)

Cattle — yearling weight (REF. 112)

Human — height Finland born 1947–57 (REF. 113)

Human — height Finland born <1929 (REF. 113)

Drosophila — life-history traits (REF. 107)

Daphnia — clutch size (REF. 108)

Rainbow Trout — alevin survival (REF. 114)

Cattle — calving success (REF. 112)

Cattle — bull fertility (REF. 112)

Pigs — number of piglets born alive (REF. 115)

Animal species in the wild — life-history traits (REF. 111)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Only one environment reported

Better environment

Poorer environmentAltantic salmon — marine-stage weight (REF. 109)

Morphological traits

Fitness traits

Figure 1 | Examples of estimates of heritabilities of morphological and fitness traits. Where possible, the 
estimates of heritability were taken from Reviews, and are the mean across a number of studies. The examples show 
that, on average, heritability estimates are larger for morphological traits than for fitness-related traits, and that 
heritability tends to be larger in better environments when compared with poorer environments.
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Genome-wide association study

Tam et al. 2019

diabetes mellitus (T2DM)17, coronary artery dis-
ease18, schizophrenia19, inflammatory bowel disease20, 
insomnia21, body mass index (BMI)22 and educational 
attainment23, among others. This surge of replicable 
associations is in stark contrast to the pre- GWAS era, 

in which only a handful of robustly associated loci were 
identified24.

Initial excitement was somewhat tempered by 
the realization that GWAS loci typically have small 
effect sizes and explain only a modest proportion of trait 
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GWAS test for associations 
between allele frequency at 
each marker and trait value
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Genetic architecture of trait determines 
power of detection

Manolio et al. 2009

family studies, and can be expected to vary across environments.
Narrow-sense heritability estimates in humans can be inflated if
family resemblance is influenced by non-additive genetic effects
(dominance and epistasis, or gene–gene interaction), shared familial
environments, and by correlations or interactions among genotypes
and environment36,37. However, heritabilities estimated from pedi-
gree studies in animals agree well with heritability estimated from
response to artificial selection, suggesting that estimates from family
studies are not necessarily inflated.

Teasing apart the contributions to heritability of environmental
factors shared among relatives will soon be possible because the
availability of genome-wide markers now provides empirical esti-
mates of identity-by-descent (IBD) allele sharing between pairs of rela-
tives. For example, full sibs share on average half their genetic com-
plement, but this proportion can vary—in one large study it ranged
from 0.37 to 0.62 (ref. 38). By relating phenotypic differences to the
observed IBD sharing fraction among sib pairs, marker data were used
to generate a heritability estimate of 0.8 for height38. This is remarkably
consistent with estimates using traditional methods but free of their
assumptions, suggesting that for height at least, heritability is not over-
estimated. Applying such estimation to distantly related or ‘unrelated’
individuals is now feasible using dense genomic scans39; given the num-
berof peoplewithdensegenotypingdata,heritability estimates couldbe
generated for a wide variety of traits free of potential confounding by
unmeasured shared environment.

Improving estimates of all contributors to heritability will facilitate
determination of the proportion of genetic variance that has been
explained. Despite imprecision in current estimates, it may still be
possible to know that ‘all the heritability’ has been explained by pre-
dicting phenotypes in a new set of individuals from trait-associated
markers, and correlating the predicted phenotypes with the actual
values. If the markers truly explain all the additive genetic variance,
the squared correlation between predicted and actual phenotype will
be equal to the heritability40. Population-based heritability estimates
thus provide a valuable metric for completeness of available genetic
risk information, but individualized disease prevention and treatment
will ultimately require identifying the variants accounting for risk in a
given individual rather than on a population basis.

Rare variants and unexplained heritability
Much of the speculation about missing heritability from GWAS has
focused on the possible contribution of variants of low minor allele
frequency (MAF), defined here as roughly 0.5%,MAF, 5%, or of
rare variants (MAF, 0.5%). Such variants are not sufficiently fre-
quent to be captured by current GWA genotyping arrays14,41, nor do
they carry sufficiently large effect sizes to be detected by classical
linkage analysis in family studies (Fig. 1). Once MAF falls below
0.5%, detection of associations becomes unlikely unless effect sizes
are very large, as in monogenic conditions. For modest effect sizes,
association testingmay require composite tests of overall ‘mutational
load’, comparing frequencies of mutations of potentially similar
functional effect in cases and controls.

Low frequency variants could have substantial effect sizes (increas-
ing disease risk two- to threefold) without demonstrating clear
Mendelian segregation, and could contribute substantially to missing
heritability42. For example, 20 variants with risk allele frequency of 1%
and allelic odds ratio (or probability of an event occurring divided by
the probability of it not occurring, compared in people with versus
without the risk allele) of three would account for most familial
aggregation of type 2 diabetes. There are relatively few examples of
such variants contributing to complex traits, possibly owing to insuf-
ficiently large sample sizes or insufficiently comprehensive arrays.

The primary technology for the detection of rare SNPs is sequen-
cing, which may target regions of interest, or may examine the whole
genome. ‘Next-generation’ sequencing technologies, which process
millions of sequence reads in parallel, provide monumental increases
in speed and volume of generated data free of the cloning biases and

arduous sample preparation characteristic of capillary sequencing43.
Detection of associations with low frequency and rare variants will be
facilitated by the comprehensive catalogue of variants with
MAF$ 1% being generated by the 1,000 Genomes Project (http://
www.1000genomes.org/page.php), which will also identify many
variants at lower allele frequencies. The pilot effort of that program
has already identifiedmore than 11million new SNPs in initially low-
depth coverage of 172 individuals44.

Current mechanisms for using sequencing to identify rare variants
underlying or co-located with GWA-defined associations include
sequencing in genomic regions defined by strong and repeatedly repli-
cated associations with common variants, and sequencing a larger frac-
tion of the genome in people with extreme phenotypes. In the absence
of GWA-defined signals, sequencing candidate genes in subjects at the
extremes of a quantitative trait (such as lipid levels or the age at onset),
can identify other associated variants, both common and rare45,46. An
important finding from these studies is thatmuch of the information is
providedbypeople at the extremesof trait distributions,who seemtobe
more likely to carry loss-of-function alleles47.

Sample sizes used for the initial identification of DNA sequence
variants have generally been modest, and sample size requirements
increase essentially linearly with 1/MAF. Much larger samples are
needed for the identification of associations with variants than those
needed for the detection of the variants themselves. They also scale
roughly linearly with 1/MAF given a fixed odds ratio and fixed degree
of linkage disequilibrium with genotyped markers. Sample size for
association detection also scales approximately quadratically with
1/j(OR2 1)j, and thus increases sharply as the odds ratio (OR)
declines. Sample size is even more strongly affected by small odds
ratios than by small MAF, so low frequency and rare variants will
need to have higher odds ratios to be detected.

Complicating matters further, numerous rare variants may be
detected in a gene or region but they may have disparate effects on
phenotype. Common variants have typically been analysed individu-
ally23,48, but with one or two carriers of each rare variant, pooling
them using specific criteria becomes attractive47,49,50. Pooling variants
of similar class increases the effectiveMAFof the class and reduces the
number of tests performed, but raises several other questions (Box 1).

Determining which of the multitude of variants carried by an
individual are responsible for a given phenotype represents a massive
task, especially if the causal alleles are relatively anonymous in terms
of known functional consequences. Because only a small proportion
will have obvious functional consequences for the resultant protein,
lesser evidence of association may suffice to implicate variants of this
sort. The best approaches for combining functional credibility and
statistical support in the evaluation of such variants remain to be
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Figure 1 | Feasibility of identifying genetic variants by risk allele frequency
and strength of genetic effect (odds ratio). Most emphasis and interest lies
in identifying associations with characteristics shownwithin diagonal dotted
lines. Adapted from ref. 42.
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Heritability of cancer-related traits in 
Tasmanian devils

Margres et al. 2018; photo: Shane Lin, iNaturalistthese genes had putative functions, but none were implicated in

immune and/or tumour function. For age at first infection, we identi-

fied nine genes within 100 kb of a top SNP (Supporting Information

Table S5), and seven of these genes had putative functions. Four of

these genes were implicated in immune/tumour function.

The top 1% of SNPs (and corresponding genes and statistics)

from the nine GEMMA analyses and three ANGSD analyses are provided

in Supporting Information Table S5; the top SNPs for the West Pen-

cil Pine‐specific survival estimate are not included.

4 | DISCUSSION

We identified the genetic basis underlying key cancer‐resistant/toler-
ant phenotypes in Tasmanian devils and found that few loci of large

effect explained a large proportion of the phenotypic variance for

female survival. Female case–control was associated with more SNPs

of smaller effect, although relatively few loci (56 rather than thou-

sands of variants) still accounted for a substantial amount of the

total variance (23%; all genotypes accounted for 61.4%). Given the

recent discovery of DFTD and subsequent evidence for a rapid evo-

lutionary response in devils (approximately 4–6 generations; Epstein

et al., 2016), we might expect that selection acted on standing

genetic variation in the form of a few, large‐effect loci. First‐step
(i.e., initial) mutations are often of large effect and confer a large fit-

ness advantage because these mutations outcompete other, less

beneficial mutations in the population (Rokyta, Joyce, Caudle, &

Wichman, 2005), especially when the population is far from the phe-

notypic optimum as would be expected when selection is imposed

by a novel disease. Novel beneficial mutations are unlikely to arise

over short timescales, but large‐effect variants can be segregating in

the population neutrally prior to the onset of novel selective pres-

sures (i.e., prior to DFTD arrival). Our results, at least for female sur-

vival, were consistent with these expectations. In contrast, PVE

TABLE 2 GEMMA association results and genetic architecture statistics

Sex Phenotype
Mean variance explained
by all genotypes (%)

Median variance
explained by
all genotypes (%)

Number
large‐effect SNPs

Mean variance
explained by
large‐effect SNPs (%)

Both Age at infection 7.1 (0.3–21.6) 5.7 50.0 (0–270) 39.1 (0–96.2)

Both Case–control 26.3 (8.8–50.2) 25.1 63.3 (0–269) 37.2 (0–96.1)

Both Survival after infection 70.9 (27.6–99.9) 73.3 7.0 (1–34) 60.6 (26.2–97.3)

Female Age at infection 16.1 (0.9–47.1) 13.1 38.1 (0–203) 36.5 (0–95.5)

Female Case–control 61.4 (21.4–98.4) 61.3 56.1 (0–261) 38.3 (0–95.6)

Female Survival after infection 80.1 (46.7–99.9) 82.4 4.8 (1–14) 76.5 (43.3–98.6)

Male Age at infection 13.3 (0.4–42.5) 10.2 44.1 (0–246) 42.0 (0–96.4)

Male Case–control 23.0 (1.4–64.9) 19.4 52.7 (0–261) 39.6 (0–96.3)

Male Survival after infection 44.8 (1.1–99.6) 39.2 37.0 (0–196) 43.4 (0–96.6)

Notes. The mean variance explained by all genotypes represents the mean of the posterior distribution of the proportion of phenotypic variance
explained. The mean variance explained by large‐effect SNPs represents the percentage of the total variance explained by only large‐effect SNPs (e.g.,
large‐effect SNPs associated with female age at first infection explained 36.5% of the 16.1% total variance explained by all SNPs, or approximately
5.9% of the total variance). Parentheses present 95% posterior credible intervals from the posterior distributions.

F IGURE 2 The proportion of the phenotypic variance explained by all sequenced genotypes for three disease‐related traits. We plotted the
GEMMA posterior distribution of the proportion of phenotypic variance explained by all SNPs (y‐axis) for each phenotype (x‐axis) for females
(pink) and males (blue) independently. Points indicate the mean of the distribution, and bars represent 95% posterior credible intervals
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Gene flow can rescue populations

Demographic rescue: a decrease in population extinction 
probability owing to the simple addition of immigrants.


Genetic rescue: an increase in population fitness (growth) 
owing to the influx of genetic variation from immigrants.

chosen for GR will originate from other wild populations
that experience environmental conditions that are best
matched to the recipient environment.

The mechanisms underlying GR and outbreeding de-
pression may have different implications for the ultimate
long-term effects of gene flow on population fitness. Al-
though teasing apart the mechanisms is difficult and often
not possible in management scenarios, heterosis and adap-
tive evolution operate dynamically on different time
frames. Heterosis is maximized in the F1 generation,

whereas adaptive evolution typically requires from several
to many generations. This reinforces the need to test for
effects of GR over multiple generations. An initial increase
in fitness of early-generation hybrids may not persist over
multiple generations if co-adapted gene complexes are
broken apart through recombination. Additionally, ini-
tially maladapted immigrants could reduce population
fitness or introduce deleterious alleles that rise to high
frequency [2]. In these situations, the optimal outcome is
for selection and recombination to facilitate GR over time

Box 3. Multilevel ‘eco–evo’ processes via genetic rescue

Successful genetic rescue inevitably increases genetic diversity,
should generally increase effective population size (Ne) and, by our
definition, also increases population size (N). Ideally, simultaneous
changes in genetic and demographic trajectories following genetic
rescue bolster the chances for imperiled populations to persist
(Figure IA). Yet another potential outcome of successful GR is the
maintenance of community processes, also through genetic and
demographic factors (Figure IB). The increase in genetic variation
attributed to GR can provide or restore individual variation in traits,
such as resource use, behavior, or morphology, that contribute to the
functional role of that species within its community. Furthermore,
demographic patterns of coexisting species are known to co-vary,
most famously through predator–prey dynamics. By increasing the
abundance of potentially key players in such dynamics, genetic
rescue could diminish the risk of trophic collapse [67].

Monitoring community-level responses to the implementation of
genetic rescue could add to the argument for its use as an effective
management tool or, alternatively, highlight cases where genetic
rescue increases fitness for the target species but disrupts the
community in other ways. Unfortunately, even when population
and community dynamics are well studied, the use of GR as a
management tool may be rejected. This appears to be the case in the
recent management decision not to augment the isolated and inbred
Isle Royale wolf population even though moose herds have increased
in size as wolf abundance has declined, and wolf inbreeding
coefficients and bone deformities have increased [11,12,68]. This
may well turn out to be a missed opportunity to save this imperiled
population from extinction.
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Figure I. The benefits of genetic rescue include an increase in genetic diversity and an increase in abundance of individuals. Positive effects of genetic rescue on
population persistence (A) can propagate to influence community processes (B).

Box 4. Elegant experiments

Experimental studies have tested GR for multiple generations under
controlled conditions. The ability to follow the effects of immigration
over multiple generations for many replicate populations is high-
lighted by a study of a rare perennial plant Rutidosis leptorrhynch-
oides (Asteraceae) by Pickup and Field [30]. They performed
2455 experimental crosses between 12 population pairs (only
15 populations of this species remain) and reared F1, F2, F3, and
backcrosses in a greenhouse. Populations were <1–600 km apart
along a north–south gradient. Inbreeding, genetic diversity, and size
of the source population best predicted heterosis across fitness
components. Furthermore, heterosis was greater when the donor
populations were large with high genetic diversity and low inbreed-
ing and the recipient population was small and inbred. Interestingly,
there was no evidence of outbreeding depression. Geographic
distance among sites was not an important predictor of fitness.
However, this study did not explicitly take into account genetic or
adaptive divergence between crossed populations.

In another experimental study of immigration, Hwang et al. [23]
examined controlled crosses (F1–F3) and long term (15 months or
approximately 20 generations) freely mating experimental hybrid
populations of the copepod (Tigriopus californicus). Earlier work for
this species demonstrated high F1 hybrid fitness followed by

outbreeding depression in the F2, possibly because of drift-induced
high genetic load (accumulation of deleterious recessive alleles) and
epistatic load (accumulation of maladaptive allele combinations). A
series of controlled crosses matched a pattern of outbreeding
depression in the F2 followed by recovery in the F3. Of experimental
hybrid populations (50:50 or 80:20) surviving to 15 months (N = 6),
half had at least a 12-fold greater abundance compared with
surviving midparent treatments. The surviving freely mating and
highly introgressed experimental populations showed fitness de-
clines at 3 months followed by recovery and higher fitness than
midparents by 15 months (20 generations), because of selection on
recombinant genotypes. These results suggest that, given large
enough population sizes, recombination and selection within hybrid
populations can allow recovery from early outbreeding depression.
A companion study [35] showed decreased fitness following
experimental mixing of two more genetically divergent populations,
demonstrating the need to take into account genetic divergence of
the recipient and donor sources. Interestingly, this work suggests
that morphological and fitness outcomes of crosses are difficult to
predict in crosses where genetic drift has a large role (compared with
more repeatable/predictable results from crosses in large effective
populations [45]).
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chosen for GR will originate from other wild populations
that experience environmental conditions that are best
matched to the recipient environment.

The mechanisms underlying GR and outbreeding de-
pression may have different implications for the ultimate
long-term effects of gene flow on population fitness. Al-
though teasing apart the mechanisms is difficult and often
not possible in management scenarios, heterosis and adap-
tive evolution operate dynamically on different time
frames. Heterosis is maximized in the F1 generation,

whereas adaptive evolution typically requires from several
to many generations. This reinforces the need to test for
effects of GR over multiple generations. An initial increase
in fitness of early-generation hybrids may not persist over
multiple generations if co-adapted gene complexes are
broken apart through recombination. Additionally, ini-
tially maladapted immigrants could reduce population
fitness or introduce deleterious alleles that rise to high
frequency [2]. In these situations, the optimal outcome is
for selection and recombination to facilitate GR over time

Box 3. Multilevel ‘eco–evo’ processes via genetic rescue

Successful genetic rescue inevitably increases genetic diversity,
should generally increase effective population size (Ne) and, by our
definition, also increases population size (N). Ideally, simultaneous
changes in genetic and demographic trajectories following genetic
rescue bolster the chances for imperiled populations to persist
(Figure IA). Yet another potential outcome of successful GR is the
maintenance of community processes, also through genetic and
demographic factors (Figure IB). The increase in genetic variation
attributed to GR can provide or restore individual variation in traits,
such as resource use, behavior, or morphology, that contribute to the
functional role of that species within its community. Furthermore,
demographic patterns of coexisting species are known to co-vary,
most famously through predator–prey dynamics. By increasing the
abundance of potentially key players in such dynamics, genetic
rescue could diminish the risk of trophic collapse [67].

Monitoring community-level responses to the implementation of
genetic rescue could add to the argument for its use as an effective
management tool or, alternatively, highlight cases where genetic
rescue increases fitness for the target species but disrupts the
community in other ways. Unfortunately, even when population
and community dynamics are well studied, the use of GR as a
management tool may be rejected. This appears to be the case in the
recent management decision not to augment the isolated and inbred
Isle Royale wolf population even though moose herds have increased
in size as wolf abundance has declined, and wolf inbreeding
coefficients and bone deformities have increased [11,12,68]. This
may well turn out to be a missed opportunity to save this imperiled
population from extinction.
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Figure I. The benefits of genetic rescue include an increase in genetic diversity and an increase in abundance of individuals. Positive effects of genetic rescue on
population persistence (A) can propagate to influence community processes (B).

Box 4. Elegant experiments

Experimental studies have tested GR for multiple generations under
controlled conditions. The ability to follow the effects of immigration
over multiple generations for many replicate populations is high-
lighted by a study of a rare perennial plant Rutidosis leptorrhynch-
oides (Asteraceae) by Pickup and Field [30]. They performed
2455 experimental crosses between 12 population pairs (only
15 populations of this species remain) and reared F1, F2, F3, and
backcrosses in a greenhouse. Populations were <1–600 km apart
along a north–south gradient. Inbreeding, genetic diversity, and size
of the source population best predicted heterosis across fitness
components. Furthermore, heterosis was greater when the donor
populations were large with high genetic diversity and low inbreed-
ing and the recipient population was small and inbred. Interestingly,
there was no evidence of outbreeding depression. Geographic
distance among sites was not an important predictor of fitness.
However, this study did not explicitly take into account genetic or
adaptive divergence between crossed populations.

In another experimental study of immigration, Hwang et al. [23]
examined controlled crosses (F1–F3) and long term (15 months or
approximately 20 generations) freely mating experimental hybrid
populations of the copepod (Tigriopus californicus). Earlier work for
this species demonstrated high F1 hybrid fitness followed by

outbreeding depression in the F2, possibly because of drift-induced
high genetic load (accumulation of deleterious recessive alleles) and
epistatic load (accumulation of maladaptive allele combinations). A
series of controlled crosses matched a pattern of outbreeding
depression in the F2 followed by recovery in the F3. Of experimental
hybrid populations (50:50 or 80:20) surviving to 15 months (N = 6),
half had at least a 12-fold greater abundance compared with
surviving midparent treatments. The surviving freely mating and
highly introgressed experimental populations showed fitness de-
clines at 3 months followed by recovery and higher fitness than
midparents by 15 months (20 generations), because of selection on
recombinant genotypes. These results suggest that, given large
enough population sizes, recombination and selection within hybrid
populations can allow recovery from early outbreeding depression.
A companion study [35] showed decreased fitness following
experimental mixing of two more genetically divergent populations,
demonstrating the need to take into account genetic divergence of
the recipient and donor sources. Interestingly, this work suggests
that morphological and fitness outcomes of crosses are difficult to
predict in crosses where genetic drift has a large role (compared with
more repeatable/predictable results from crosses in large effective
populations [45]).
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chosen for GR will originate from other wild populations
that experience environmental conditions that are best
matched to the recipient environment.

The mechanisms underlying GR and outbreeding de-
pression may have different implications for the ultimate
long-term effects of gene flow on population fitness. Al-
though teasing apart the mechanisms is difficult and often
not possible in management scenarios, heterosis and adap-
tive evolution operate dynamically on different time
frames. Heterosis is maximized in the F1 generation,

whereas adaptive evolution typically requires from several
to many generations. This reinforces the need to test for
effects of GR over multiple generations. An initial increase
in fitness of early-generation hybrids may not persist over
multiple generations if co-adapted gene complexes are
broken apart through recombination. Additionally, ini-
tially maladapted immigrants could reduce population
fitness or introduce deleterious alleles that rise to high
frequency [2]. In these situations, the optimal outcome is
for selection and recombination to facilitate GR over time

Box 3. Multilevel ‘eco–evo’ processes via genetic rescue

Successful genetic rescue inevitably increases genetic diversity,
should generally increase effective population size (Ne) and, by our
definition, also increases population size (N). Ideally, simultaneous
changes in genetic and demographic trajectories following genetic
rescue bolster the chances for imperiled populations to persist
(Figure IA). Yet another potential outcome of successful GR is the
maintenance of community processes, also through genetic and
demographic factors (Figure IB). The increase in genetic variation
attributed to GR can provide or restore individual variation in traits,
such as resource use, behavior, or morphology, that contribute to the
functional role of that species within its community. Furthermore,
demographic patterns of coexisting species are known to co-vary,
most famously through predator–prey dynamics. By increasing the
abundance of potentially key players in such dynamics, genetic
rescue could diminish the risk of trophic collapse [67].

Monitoring community-level responses to the implementation of
genetic rescue could add to the argument for its use as an effective
management tool or, alternatively, highlight cases where genetic
rescue increases fitness for the target species but disrupts the
community in other ways. Unfortunately, even when population
and community dynamics are well studied, the use of GR as a
management tool may be rejected. This appears to be the case in the
recent management decision not to augment the isolated and inbred
Isle Royale wolf population even though moose herds have increased
in size as wolf abundance has declined, and wolf inbreeding
coefficients and bone deformities have increased [11,12,68]. This
may well turn out to be a missed opportunity to save this imperiled
population from extinction.
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Figure I. The benefits of genetic rescue include an increase in genetic diversity and an increase in abundance of individuals. Positive effects of genetic rescue on
population persistence (A) can propagate to influence community processes (B).

Box 4. Elegant experiments

Experimental studies have tested GR for multiple generations under
controlled conditions. The ability to follow the effects of immigration
over multiple generations for many replicate populations is high-
lighted by a study of a rare perennial plant Rutidosis leptorrhynch-
oides (Asteraceae) by Pickup and Field [30]. They performed
2455 experimental crosses between 12 population pairs (only
15 populations of this species remain) and reared F1, F2, F3, and
backcrosses in a greenhouse. Populations were <1–600 km apart
along a north–south gradient. Inbreeding, genetic diversity, and size
of the source population best predicted heterosis across fitness
components. Furthermore, heterosis was greater when the donor
populations were large with high genetic diversity and low inbreed-
ing and the recipient population was small and inbred. Interestingly,
there was no evidence of outbreeding depression. Geographic
distance among sites was not an important predictor of fitness.
However, this study did not explicitly take into account genetic or
adaptive divergence between crossed populations.

In another experimental study of immigration, Hwang et al. [23]
examined controlled crosses (F1–F3) and long term (15 months or
approximately 20 generations) freely mating experimental hybrid
populations of the copepod (Tigriopus californicus). Earlier work for
this species demonstrated high F1 hybrid fitness followed by

outbreeding depression in the F2, possibly because of drift-induced
high genetic load (accumulation of deleterious recessive alleles) and
epistatic load (accumulation of maladaptive allele combinations). A
series of controlled crosses matched a pattern of outbreeding
depression in the F2 followed by recovery in the F3. Of experimental
hybrid populations (50:50 or 80:20) surviving to 15 months (N = 6),
half had at least a 12-fold greater abundance compared with
surviving midparent treatments. The surviving freely mating and
highly introgressed experimental populations showed fitness de-
clines at 3 months followed by recovery and higher fitness than
midparents by 15 months (20 generations), because of selection on
recombinant genotypes. These results suggest that, given large
enough population sizes, recombination and selection within hybrid
populations can allow recovery from early outbreeding depression.
A companion study [35] showed decreased fitness following
experimental mixing of two more genetically divergent populations,
demonstrating the need to take into account genetic divergence of
the recipient and donor sources. Interestingly, this work suggests
that morphological and fitness outcomes of crosses are difficult to
predict in crosses where genetic drift has a large role (compared with
more repeatable/predictable results from crosses in large effective
populations [45]).
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Genetic rescue of the Florida Panther
Florida panthers (Puma concolor coryi): ~80 individuals left, 
listed as Federally Endangered in 1967


Many individuals with morphological/physiological defects: 
kinked tail, cowlick, sperm defects, heart defects (evidence of 
inbreeding depression)

Gross 2005; Monica R.



Genetic rescue of the Florida Panther
Introduction of 8 females from 
Texas in 1995 led to: 


- increased abundance


- increased heterozygosity


- higher survival of hybrid 
individuals


- reduced prevalence of 
phenotypic characters 
associated with inbreeding 
depression

spite of improvements, ongoing density-dependent
factors (related to limited and decreasing habitat
availability) and stochastic events will continue
to regulate population growth, requiring con-
tinued commitments to identify and maintain
additional quality habitat to preserve Florida
panther evolutionary potential for the long term.
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Fig. 3. (A) Minimum annual sub-
adult and adult panther population
size and inferred genetic heritage
from 1986 to 2007. CFPs are yellow,
EVGs pink, TXs red, CFPxTX-F1s and
EVGxTX-F1s orange, TX-BCs andother
AdmFPs shades of orange, and ge-
netically uncharacterized individuals
(Unk) gray (13). The black line is an
independent minimum-count esti-
mate from surveys of tracks, spoor,
andother field evidence(2). (B)Mean
yearly adultmultilocusheterozygosity.
(C) Yearly mean age of adults. (D)
Projected survivorship (probability of
surviving to an age) curves for female
Florida panthers of different genetic
heritageswith standarderrorbars (13).
Male trends are similar (table S4).

Table 1. Estimates of molecular genetic variation and prevalence of physiological and morphologic traits in Florida panthers of different genetic
heritages (13) (see table S3). NA, not available.

Crytorchidism** Prevalence of**

Heritage
group No. Average*

heterozygosity
Avg. no. of
descended
testicles

Prevalence in
males

Normal sperm (%)
Ejaculate (EJ)

Gamete rescue (GR)
(No. of males)

Atrial septal
defects Kinked tails Cowlick on

thorax

Percent of**
individuals with
≥1 abnormal

trait
CFP EJ 5.4 T 0.7C (15)

116 0.167 T 0.005A 1.3 T 0.07A 0.66 T 0.06A GR 10.1 T 1.9N (13) 0.17 T 0.05A 0.90 T 0.03A 0.81 T 0.04A 70.3 T 2.5A

EVG 17 0.282 T 0.022B,D 2.0 T 0B 0B 9.5 T 0.6B (5) 0A 0.31 T 0.12B 0.29 T 0.11B 22.5 T 7.1B

TX 5 0.318 T 0.02B,D 2.0 T 0B§ 0B§ 14.0 T 3.5A,B§ (9) 0A 0B 0B 0B

All AdmFP 143 0.244 T 0.006B 1.9 T 0.0B 0.10 T 0.035B (See below) 0.08 T 0.030A 0.25 T 0.037B 0.27 T 0.039B 19.5 T 2.1B

AdmFP groups
TX-F1 10 0.336 T 0.01B, 2.0 T 0 0B EJ 20.5 T 4.5A (2) 0A 0B 0.38 T 0.18B 14.6 T 7.3B

TX-BC 18 0.273 T 0.016B,D 2.0 T 0B 0B NA 0.14 T 0.14A 0B 0.06 T 0.06B 3.2 T 2.2B

Other AdmFP 52 0.251 T 0.008C,D1.94 T 0.04B 0.06 T 0.042B EJ 7.0 T 6.0 (2) 0.065 T 0.045A 0.160 T 0.05B 0.22 T 0.0B 14.4 T 3.2B

GR 16.6 T 3.2P (10)
Non–TX-BC 63 0.216 T 0.008C 1.8 T 0.06B 0.17 T 0.06B NA 0.08 T 0.04A 0.43 T 0.070B 0.36 T 0.07B 29.4 T 3.3B

*t test and **Fisher’s exact test: Column values (mean T SE) with different superscript letters (A to D; except GR sperm, which is N and P) are significantly different (P < 0.05).
§From (7).
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Temporary rescue of Isle Royale wolves

This successful reproduction of M93 resulted in a rapid
increase in the proportion of genetic ancestry from him and
a ‘genomic sweep’ where the proportion of all genes in the
population that can be traced back to him increased quickly
to an expected value of 59.4% of the population in 2008
(Hedrick et al., 2014). From 2005 on, all the ancestry in the
Isle Royale population has been descended from only three
individuals; the male immigrant M93, F99, and F67, another
female population resident. In other words, genetic rescue
had a strong beneficial influence for about a decade (about
2.5 wolf generations) after the arrival of M93, followed by a
return of genetic problems attributable this time to the reduc-
tion of diversity in the gene pool due to the elimination of
ancestry from other individuals except his initial mate and
one other female.

A major factor causing the very high proportion of M93
ancestry was the result of him, after his first mate F99 died,
mating with his daughter F58. This father–daughter mating
produced 21 progeny total in five litters from 2003 to 2007.
Ordinarily only 50% of the ancestry in progeny would be
from one parent of a pair but in this case, any progeny from
the father–daughter mating would be expected to have 75%
of their ancestry from M93. In 2008, 9 of 24 individuals
were progeny from the father–daughter mating, resulting in
the particularly high M93 ancestry that year.

After the immigration of M93, the level of inbreeding
plummeted (Fig. 2a of Adams et al., 2011) and then rose
quickly from 2003 to 2012 (Fig. 3 of Hedrick et al., 2014).
This was mainly due to inbreeding from M93 and again
from the large number of progeny from the mating of M93
with his daughter F58 that resulted in identity-by-descent

from M93 but not from female F99. For example, in 2009,
76% of the inbreeding in the population was from M93 (see
Fig. 3 in Hedrick et al., 2014).

After this, the most striking change was that by 2012
none of the 21 descendants of the father–daughter mating
were alive and none of them had any surviving descendants.
As a result, both the ancestry and inbreeding from M93
greatly declined. Presumably, this change was the result of
lower fitness of these descendants because they were
homozygous due to inbreeding for detrimental variation orig-
inally brought into the population by M93. The loss of these
21 individuals also greatly reduced the population size.

Much of the decline in overall inbreeding level from
0.230 in 2009 to 0.140 in 2013 is explained by the death of
nine wolves with an inbreeding coefficient of 0.375, the
result of two consecutive generations of close (first-degree)
inbreeding (Hedrick et al., 2014). All of these wolves had
short lifespans (mean of 2.33 years compared to about
6 years for other unexploited wolf populations as indicated
by the data in Fuller, Mech & Cochrane, 2003) and all of
them had died by 2011. Specifically, of the wolves recruited
into the pedigree between 2009 and 2011, there is a twofold
difference in inbreeding between the seven alive in 2012
(0.152) and the six not alive in 2012 (0.292). None of these
highly inbred wolves reproduced.

In the last few years, the population numbers of Isle Roy-
ale wolves have declined dramatically and there are only
two wolves remaining, a male (M183) and a female (F193),
in early 2018. These two adults are very closely related and
are both father and daughter and half siblings because they
have the same mother F160. They are in fact the most

Figure 2 Pedigree showing the remaining two wolves, M183 and F193, as shaded and their known ancestors, M93, F99 and F67, in the Isle

Royale population. Double lines indicate matings between relatives, squares indicate males, and circles indicate females. Notice that F160 is

the mother of M183 and F193 and that M183 is also the father of F193. Diamonds indicate multiple progeny, for example, the diamond on

the left indicates 18 of the progeny from M93 and his daughter F58.

Animal Conservation 22 (2019) 302–309 ª 2019 The Zoological Society of London 305
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Potential problems with genetic rescue

Outbreeding depression: reduced fitness of hybrids due to 
maladaptation to local environmental conditions or genetic 
incompatibilities.

- More of a concern if populations are very divergent (greater 

chance of local adaptation)




Potential problems with genetic rescue

Outbreeding depression: reduced fitness of hybrids due to 
maladaptation to local environmental conditions or genetic 
incompatibilities.

- More of a concern if populations are very divergent (greater 

chance of local adaptation)


Genetic swamping: Loss of evolutionary lineages / locally 
adapted alleles due to gene flow.

- Gene flow increases genetic similarity of populations 

(genetic homogenization), which can reduce species-level 
genetic diversity



Conservation genetics & genomics

- Inferring population demography


- Identifying adaptive genetic variation 

- Informing genetic rescue efforts
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Population structurePopulation size

Genetic drift Inbreeding Hybridization

Loss of genetic diversity Local adaptation 

Loss of adaptive variation Inbreeding depression

Migration rates

Demographic vital rates

Outbreeding depression

Genotype-by-environment
interactions

Population growth or viability

Adaptation
Heritable changes in genotype 
or phenotype that result in 
increased fitness.

Hybridization
Interbreeding of individuals 
from genetically distinct 
populations, regardless  
of the taxonomic status of  
the populations.

Outbreeding depression
Reduced fitness of F1 or F2 
individuals after a cross 
between two species or 
populations. It can result from 
genetic incompatibility or 
reduced adaptation to local 
environmental conditions.

Effective population size
The size of the ideal population 
that would experience the 
same amount of genetic drift 
as the observed population.

Outlier locus
A genome location (or marker 
or base pair) that shows 
behaviour or a pattern of 
variation that is extremely 
divergent from the rest of the 
genome (locus-specific effects), 
as revealed by simulations or 
statistical tests.

precision and overconfidence in subsequent inferences. 
Fortunately, the problem is likely to be minor unless loci 
are tightly linked33. Failure to consider linkage could also 
have other effects; for example, human loci in regions 
of lower recombination tend to have greater FST, appar-
ently because of the greater probability of being associ-
ated with selected loci in chromosomal regions with less 
recombination34.

Description of kin relationships and pedigrees. 
Examining hundreds of loci will vastly increase the 
precision and accuracy of kinship estimates. For exam-
ple, Santure et al.35 showed that the average pair-wise 
relatedness estimated from 771 SNPs closely brackets 
known pedigree relationships for a pedigree population 
of zebra finch. This suggests that assessments of correla-
tions between phenotypes and genetic relatedness and 
thus estimation of heritability will be feasible in natural 
populations. Nevertheless, the accuracy of estimating 
individual levels of inbreeding is somewhat limited, and 
the variances for relatedness between individuals remain 
substantial even with 771 SNPs36.

Pedigree reconstruction will become feasible in some 
wild populations with hundreds of loci33,37. This will 
improve estimates of effects of inbreeding and outbreed-
ing on fitness and the detection of paternities or pol-
len flow between populations and over long distances, 
if most individuals can be sampled over many years. 
Santure et al.35 suggested that using marker information 
to reconstruct the pedigree, and then calculating relat-
edness from the pedigree, is likely to give more accurate 
relatedness estimates than using marker-based estimators 

directly. Skare et al.26 conducted simulation power analy-
ses and showed that relatively distant relationships (for 
example, cousins) can be inferred using 500,000 SNPs 
and likelihood-based relationship estimators.

Nonetheless, pedigrees often will not have sufficient 
depth or completeness because it is difficult to sample 
most individuals in a population over many years. In 
such cases, genotyping thousands of loci could poten-
tially give more reliable estimates of relationships and 
individual heterozygosity (inbreeding) than pedigrees26,38 
or at least greatly improve pedigree reconstruction37. 
Future research is needed to quantify the trade-off point 
between using pedigree inference versus thousands of 
genetic markers to estimate individual inbreeding.

Individual-based population genetics. Individual-based 
approaches can yield less biased delineation of popula-
tions than traditional population-based approaches that 
require somewhat subjective grouping of individuals39 
(for example, based on morphology or geographic  
origin). For population delineation, an empirical study 
of 377 microsatellites in humans has shown that using 
greater numbers of loci can increase statistical power to 
resolve between closely related ethnic groups (FST < 0.05) 
and infer the proportion of admixture40,41.

Individual-based approaches can give less biased 
estimation of contemporary migration rates without 
assumptions such as mutation–migration–drift equilib-
rium42. However, the power to estimate contemporary 
migration rates is low unless FST is relatively high (for 
example, FST > 0.10) when using only 10–20 microsatel-
lite loci43. Little is known about power when genotyp-
ing hundreds of loci, although Rannala and Mountain44 
reported that an assignment test method using 50–100 
loci gave reasonable power to identify individuals with 
grandparents from different countries, although the 
differentiation of allele frequencies among populations 
was low. Individual-based approaches are crucial for 
fine-scale spatial genetic analyses to localize genetic dis-
continuities (for example, barriers or secondary contact 
zones) on a landscape. Individual-based approaches in 
landscape genetics45 also allow assessment of the influ-
ence of landscape features on dispersal and gene flow 
across spatial scales.

Inbreeding depression
Genomic approaches can potentially address basic ques-
tions about the molecular basis and genetic architecture 
of inbreeding depression46. For instance, is inbreeding 
depression caused by a few loci with major effects or by 
many loci with small effects? How much of inbreeding 
depression results from dominance (or partial domi-
nance) versus overdominace (heterozygous advan-
tage)? What is the contribution of epistasis to inbreeding 
depression? Understanding the number of loci involved 
in inbreeding depression and the mechanism of their 
effects would allow prediction of the potential efficacy 
of purging.

Recent work indicates that the intensity of inbreed-
ing depression can differ greatly depending on which 
specific individuals are founders47,48. This suggests that 

Figure 1 | Schematic	diagram	of	interacting	factors	in	conservation	of	natural	
populations. Traditional conservation genetics, using neutral markers, provides direct 
estimates of some interacting	factors (blue). Conservation genomics can address a wider 
range of factors (red). It also promises more precise estimates of neutral processes (blue) 
and understanding of the specific genetic basis of all of these factors. For example, 
traditional conservation genetics can estimate overall migration rates or inbreeding 
coefficients, whereas genomic tools can assess gene flow rates that are specific to 
adaptive loci or founder-specific inbreeding coefficients.

REVIEWS

NATURE REVIEWS | GENETICS	  VOLUME 11 | OCTOBER 2010 | 699

© 20  Macmillan Publishers Limited. All rights reserved10

Allendorf et al. 2010


