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eterozygosity is the most widely used estima-
H tor of genetic diversity. The enduring appeal
of heterozygosity may stem from a widely held
belief that a correlation between heterozygosity and
fitness reflects genomewide benefits of genetic diver-
sity (reviewed by Dewoody & Dewoody, 2005).
Heterozygosity can be thought of as the prob-
ability that an individual will have more than
one allele at a particular genetic locus and is
usually reported as expected heterozygosity, Hg
(Box 13.1). Lasting popularity of Hg with con-
servation biologists is rather surprising because it
has long been known that this estimator is rela-
tively insensitive to population bottlenecks of short
duration (Hedgecock & Sly, 1990). Other mea-
sures of within-population genetic diversity include
individual multilocus heterozygosity, proportion of
polymorphic loci, squared size difference between
two alleles at a locus, and the effective number of
alleles per locus (Box 13.1).

In addition to estimating genetic diversity within
populations, conservation biologists are often inter-
ested in estimating the proportion of the total
genetic diversity that is partitioned among geo-
graphically separated populations. This is useful
when deciding where to locate protected areas and
whether to translocate individuals between popu-
lations. The most popular method of estimating
population structure is with Wright’s hierarchical
F statistics (Wright, 1965), which are derived from
Wright’s inbreeding coefficient (Box 13.1) and can
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be calculated from the deficiency of heterozygotes at
nuclear molecular markers. His most famous statis-
tic, the fixation index Fgr, is the genetic variation
within subpopulations relative to that within the
total population. At equilibrium, Fgp is inversely
related to the product of the migration rate among
the subpopulations and their effective population
size. Another statistic that is useful, especially
when the pedigree is unknown, is Wright’s within-
individual inbreeding coefficient Fig, which parti-
tions the amount of heterozygosity in individuals
relative to that within the subpopulation. His final
statistic, Fyr, partitions the amount of heterozy-
gosity in individuals relative to that within the
total population. Excoffier and colleagues (1992)
describe a computer program (Arlequin) that com-
putes Fig, Fs, and Fy1 from molecular markers and
can test for structure among predefined groupings of
the subpopulations.

Inbreeding depression has been broadly defined
as a decline in fitness that arises from decreas-
ing heterozygosity (or increasing homozygosity)
across the genome (Reed, this volume). An increase
in homozygosity caused by small population size
can decrease population viability through three
mechanisms. First, matings between close rela-
tives becomes more common. This is problematic
because close relatives are likely to have inherited
the same recessive deleterious allele at a given locus,
which increases the frequency of expression in the
population. This is inbreeding in the strict sense,
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Box 13.1 Introduction to Neutral Molecular Markers for Ecologists

Routine nonlethal collection of small tissue samples for later genotyping with molecular
markers is becoming an increasingly common component of ecological studies. Small tissue
samples can be preserved for later extraction drying them, or by putting small pieces in
95% ethanol or commercial salt solutions. Commercial kits are now available that can
reliably extract DNA from tissue, hair, blood, fin clips, or feces. Most molecular markers
in common use today (Box Table 13.1) require only small amounts of crude DNA extract
because they use PCR to amplify the target DNA region exponentially until there is enough
to genotype. After PCR, one of three genotyping steps usually takes place: (1) the PCR
fragment is sent to be sequenced by a local automated DNA sequencing facility, (2) the
PCR fragment is subjected to electrophoresis in a capillary tube filled with acrylamide gel
to determine its size, or (3) a PCR fragment containing an SNP is labeled with allele-specific
primers or probes, which are genotyped automatically in a specialized machine.

Neutral Molecular Markers Glossary

allozymes Different alleles at an enzyme locus produce proteins that differ
in net charge, which affects their relative migration rate on a
starch gel.

effective number of The number of alleles it would take to obtain a given level of

alleles per locus, Ag the expected heterozygosity if all alleles were equally frequent.
A = 1/(1 - Hg)

expected Often called genetic diversity, D. For a single locus it is estimated

heterozygosity, Hg using the formula Hg =1 - % piz, where p; is the frequency of
the ith allele.

expressed sequence tag ~ Complementary DNA (cDNA) libraries are created when mes-

(EST) markers senger RNAs (mRNAs) are harvested from a particular tissue

and converted to DNA using the enzyme reverse transcriptase
before being cloned into a plasmid vector. These “complemen-
tary” or cDNA libraries are meant to have a complete copy
of every mRNA in that tissue. cDNA libraries contain differ-
ent alleles for a particular gene either because the organism
was heterozygous at that locus or because the library was made
from multiple individuals. The forward or reverse sequences of
each clone in a ¢DNA library are often publicly available in
EST databases and can be used by ecologists to discover SNPs
or microsatellites that are within or immediately adjacent to a
particular protein-coding region.

Frg Wright’s (1965) within-individual inbreeding coefficient. This
measures the amount of nonrandom mating within subpopu-
lations that results in excessive homozygosity at the individual
level.

Fgr Wright’s (1965) fixation index. The average number of pair-
wise differences among subpopulations relative to the average
number within populations. This is the most used of Wright’s
F statistics that estimate the hierarchical partitioning of genetic
variance within and among populations.

continued
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inbreeding coefficient

individual multilocus
heterozygosity
microsatellites

neutral molecular
marker

nonsynonymous
substitution

observed
heterozygosity, Ho
PCR

proportion of
polymorphic loci
single nucleotide
polymorphism (SNP)

squared size difference
between two alleles at
a locus

synonymous
substitutions

The probability that two alleles for a particular gene are identical
by descent as determined from a known pedigree containing a
shared ancestor.

The proportion of heterozygous loci within an individual
(Coltman & Slate, 2003)

A genetic locus with alleles that consist of a variable number of
copies (usually 10-30) of simple tandem repeat (STRs) of 2 to 4
bp of DNA sequence. Different alleles have different PCR frag-
ment sizes and can be distinguished by their relative migration
rates on an acrylamide gel.

A base pair substitution, insertion, or deletion in a DNA region
that is close to neutral with respect to the fitness of the organism
in that it does not change its viability or fertility. For example,
third codon positions in protein-coding genes are synonymous
substitutions.

A single base pair substitution in a protein-coding DNA region
that does result in an amino acid substitution and therefore could
experience a different selection coefficient.

Number of individuals that are heterozygous at a locus over the
total number sampled.

Polymerase chain reaction. This is a modern method of making
millions of copies of a DNA sequence of 100 to 5,000 bp pairs
that is surrounded at each end by a known “primer” sequence
of 20 to 30 base pairs. This is done by putting some dilute DNA
extract, the forward primer (usually labeled with a fluorescent
dye), the reverse primer, extra bases of all four types, and heat-
resistant DNA polymerase, into an eppendorf tube and then
using a thermocycler machine to cycle the reaction between three
temperatures that are typically: 95°C, 50°C, and 72°C. This
has largely replaced molecular cloning as a method of obtain-
ing sufficient quantities of a particular gene fragment to allow
genotyping in conservation genetics laboratories.

Proportion of the loci that have more than one allele that has a
frequency greater than 5%.

DNA sequence variation at a single base pair in a nuclear
or mtDNA fragment. The differences in sequence were tra-
ditionally detected by DNA sequencing, but high-throughput
genotyping methods that use hybridization to oligonucleotide
chips or primer extension reactions with labeled nucleotides are
becoming more common.

This is a useful measure of genetic diversity at a microsatellite
locus where the absolute size differences among alleles is known
precisely.

A single base pair substitution in a protein-coding DNA region
that does not change the amino acid.

From Hartl and Clark (2007).

continued
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Genetic Diversity, Adaptive Potential, and Population Viability in Changing Environments

which has been defined as the proportion of alleles
identical by descent (Brook, this volume). Sec-
ond, genetic drift results in fixation of deleterious
and slightly deleterious alleles. Accumulation of
mutations through drift can cause extinction by
mutation meltdown (Reed, this volume). Third,
strong genetic drift causes rare alleles to be lost
and thus reduces a population’s ability to adapt to
new environments. I will show that reduction in
evolutionary potential (Soulé, 1987) can also cause
extinction.

Most morphological, behavioral, and life his-
tory traits are quantitative and thus show contin-
uous variation that cannot easily be separated into
discrete phenotypic classes (Falconer & MacKay,
1996). Estimating the genetic diversity of quanti-
tative, or complex, traits is challenging, because
phenotypes in this case are determined by mul-
tiple genetic loci and environment. Furthermore,
unlike single-locus Mendelian traits such as eye
color, loci responsible for complex traits are only
now being identified (Hill, 2005). The most com-
mon within-population measure of genetic diversity
used for complex traits is still narrow-sense heri-
tability (Charmantier & Garant, 2005), which is
defined as the proportion of the phenotypic variance
that is directly heritable (Box 13.1). There is also
a between-population measure of genetic diversity
for quantitative traits, Qg (Merild & Crnokrak,
2001), which is analogous to Fgr.

NEUTRAL VERSUS NONNEUTRAL
MARKERS

Neutral theory (Kimura, 1968; Kimura & Ohta,
1971) proposed that the majority of base substitu-
tions that become fixed in populations are nearly
neutral with respect to selection. Theory also pre-
dicts that fixation rate of neutral substitutions v
is equivalent the mutation rate per gene per suc-
cessful gamete. Neutral theory has been supported
by empirical population genetics studies, beginning
in the 1960s with allozyme protein electrophoresis
(Avise, this volume). Allozymes are variants for a
particular enzyme that have an amino acid substi-
tution that affects protein net electrical charge and
enables alleles to be distinguished using their rel-
ative migration on starch gels (Avise, 2004a). It is
now recognized that although substitution of alleles
segregating at most allozyme loci are neutral with
no detectable effect on fitness, substitutions at other
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loci are not. Correlation between the frequency of
particular allozyme alleles and particular environ-
ments have been observed and are likely the result
of habitat-dependent selection (see, for example,
Johannesson & Tatarenkov, 1997). As discussed
later, modern PCR-based markers can also be nearly
neutral or nonneutral, depending on linkage to
other genes under differential selection in different
environments.

IS GENETIC DIVERSITY RELEVANT
IN A CONSERVATION CONTEXT?

One paradigm of modern conservation biology is
that management of small populations entails esti-
mates of molecular genetic diversity (Avise, 2004a).
It is unclear, however, whether molecular markers
yield an accurate estimate of population viability.
Lynch (1996) reviewed the usefulness of molecu-
lar markers in conservation biology and questioned
whether they provided much insight into (1) the
loss of potential to adapt to future environmental
change, (2) accumulation of deleterious mutations,
and (3) the fate of individuals translocated from a
large and genetically diverse population to a small
and inbred one. In contrast, O’Brien and colleagues
(1996) described two examples in which reduced
variation at molecular markers in populations of
large cats was correlated with elevated sperm abnor-
malities and reduced testosterone levels. Thus, some
evidence suggests that reduced variation at molecu-
lar markers can signal a severe loss of mean popu-
lation fitness. The question remains, however: Are
molecular markers useful for estimating the poten-
tial of a population to adapt to future environmental
change?

Stockwell and colleagues (2003) argue that con-
servation biologists thus far have been mostly con-
cerned with maximizing genetic diversity rather
than considering trade-offs arising from contem-
porary (or rapid) evolution. For example, they
point out that strong selection for adaptation to
current environments erodes genetic variation that
might be needed to adapt to future environmental
change. As a second example they remind us that
translocation into an inbred population will reduce
the level of inbreeding but will decrease its local
adaptation.

In this chapter I discuss the effect of genetic diver-
sity on the adaptive potential and viability of small
populations experiencing environmental change.
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I review the most widely used types of molecu-
lar markers and discuss methods of using such
markers to estimate Ne. I specifically investigate
(1) the extent to which genetic diversity at neu-
tral molecular markers predicts population viabil-
ity, (2) nascent technical and statistical solutions
that address the problem of estimating evolution-
ary potential, and (3) the strength of the relationship
between heritability and the adaptive potential of a
complex trait in a series of populations connected
by migration.

VARIATION AT MOLECULAR
MARKERS

“Neutral” Loci
Heterozygosity and Ne

The level of inbreeding per generation and the
loss of alleles from genetic drift both increase when
the effective population size, Ne, is small (Brook,
this volume). Indeed, if we ignore mutation and
migration, then the rate of loss of heterozygosity
for a single locus, at generation t + 1 as a function
of the heterozygosity at generation t, is

1
Hepr =He (1 - m)

where Ne is the effective population size (Freeman &
Herron, 2006). The decline in heterozygosity with
Ne is somewhat more complex to model for a
quantitative trait because the phenotype is deter-
mined by a few to hundreds of loci that combine
additively, by epistasis, by dominance, and by the
maternal and rearing environments (Falconer &
Mackay, 1996). A past meta-analysis of 19 studies
by Reed and Frankham (2001) found no correla-
tion between heritabilities and genetic diversity at
molecular markers. However, Reed (this volume)
now argues that levels of genetic variation, whether
measured as heritabilities, allelic diversity, or het-
erozygosities, correlate well with theoretical and
empirical evolutionary potential.

(13.1)

Commonly Used “Neutral”
Molecular Markers

Allozyme electrophoresis has been almost
entirely replaced in conservation genetics by other

Evolutionary Responses to Environmental Change

molecular markers that use PCR to amplify spe-
cific DNA fragments (Avise, this volume). The
main advantages of PCR-based DNA markers are
that they (1) allow genotyping of very small tis-
sue samples, (2) can amplify DNA fragments from
impure genomic DNA extracts from ethanol or salt-
preserved tissues, (3) can use noninvasively obtained
tissues such as hair or fecal samples, and (4) vary in
their rates of molecular evolution, allowing the most
appropriate one to be chosen. This has made possi-
ble studies that were never possible before. Tissues
used for allozyme electrophoresis had to be fresh
or stored at temperatures less than —80°C to avoid
denaturation of the enzyme because it was needed
to catalyze the reaction that stained the gel (Avise,
2004a).

Currently, the two most commonly used markers
in conservation genetics studies of animal popula-
tions are SNPs, both in mitochondrial and single-
copy nuclear genes, and length polymorphisms
in microsatellites (Box Table 13.1, Box 13.1).
Microsatellites, which are also known as simple
tandem repeats (STRs) or simple sequence repeats
(SSRs), are particularly useful for paternity analy-
sis because they typically have a large number of
alleles per locus. Both SNPs and microsatellites are
popular because they are PCR-based and because,
with care and automation, the genotyping results
are reproducible among different laboratories (Box
Table 13.1). However, several new methods of
genotyping a large number of SNP loci for a large
number of individuals have been developed that use
multiplexing of allele-specific extension primers or
probes (Morin et al., 2004). These allele-specific
methods emit distinctive fluorescent signals that are
interpreted by automated allele-scoring software
and need only a little human correction. There-
fore, studies using SNP markers are usually lower
in cost and higher in throughput than microsatel-
lite markers, even after the lower polymorphism of
SNP markers is taken into account. Also, large num-
bers of SNP loci are becoming available for many
model organisms because of the availability of short
DNA sequences of expressed sequence tags (ESTs)
in public databases (Box 13.1) and because of new,
more efficient methods of resequencing previously
published genomes (Morin et al., 2004). If a large
number of markers is needed for a nonmodel organ-
ism, then AFLP is still widely used, even though
heterozygotes usually cannot be distinguished from
homozygotes and reproducibility is only moderate
(Box Table 13.1).
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Variation at “‘Adaptive” Molecular
Markers

Major Histocompatability Complex
Markers

Neutral molecular markers may not resolve fine-
scale population structure nor be able to assign indi-
viduals to closely spaced populations. This problem
has encouraged a number of laboratories to develop
“selected” or “adaptive” molecular markers. If local
adaptation causes some alleles to become substan-
tially more common at some sites than others, then
that will enable the assignment of individuals to
particular populations. For example, major histo-
compatibility complex (MHC) loci are currently a
popular type of “selected” molecular marker for
jawed vertebrates and have been used successfully to
look at the genetic diversity of bottlenecked popula-
tions in the Felidae (Yuhki & O’Brien, 1990). Major
histocompatibility complex genes are part of the
immune response to foreign antigens, and their high
mutation and recombination rates are thought to be
an adaptive strategy for rapid evolution in response
to disease pathogens.The antigen recognition site
part of the protein is unusual in showing more non-
synonymous substitutions among individuals than
synonymous substitutions (Box 13.1), suggesting
positive selection is taking place (Hughes & Nei,
1988, 1989). This positive Darwinian selection
is hypothesized to promote higher charge profile
diversity in the antigen-binding cleft of class  MHC
molecules and thus high substitution rates (Hughes
etal., 1990). Major histocompatibility complex loci
were useful for fine-scale population differentiation
in Sacramento River chinook salmon (Kim et al.,
1999). They were also found to give higher Fgr
values than microsatellite markers, allowing finer
scale detection of among-population differentiation
in sockeye salmon (Miller et al., 2001).

Markers that are Linked to Loci
Under Selection

A low percentage of the loci for any type of
molecular marker can be classified as “selected” or
“adaptive” molecular markers because it is tightly
linked physically to QTL that experience selection
for different optima in different habitats. For exam-
ple, 5% of the 306 AFLP loci genotyped in a
marine snail population showed different frequen-
cies in the upper and lower shore ecotypes that were

207

divergent in morphological and life history charac-
teristics (Wilding et al., 2001). An average of 2% to
3% of the AFLP loci showed different frequencies
for normal and dwarf ecotypes of whitefish living in
the same lake (Campbell & Bernatchez, 2004). In
both these cases, the neutral AFLP loci showed lit-
tle or no significant genetic differentiation between
the two ecotypes, likely because gene flow between
them was too high. A promising new type of marker
to use to study adaptive genetic divergence is SNPs
in ESTs. Vasemigi and colleagues (2005) found cor-
relations between 5 of 75 EST-associated SNPs, and
the salinity and latitude of the habitat of Atlantic
salmon populations.

ADAPTIVE POTENTIAL

The importance of maintaining the evolutionary
potential of a population was first mentioned by
Soulé (1987). Franklin (1980) used mutation rates
for neutral quantitative traits in Drosophila to pro-
pose that populations had to have an effective size,
N, of at least 50 in the short term to avoid inbreed-
ing and of 500 in the long term to maintain their
evolutionary potential. Lynch and Lande (1998) do
not agree that Ne = 500 is large enough to maintain
the evolutionary potential, and argue that effective
population sizes of 1,000 to 5,000 are needed, espe-
cially for single-locus traits because of their lower
mutation rates. This is a concern because popula-
tions targeted for conservation are likely to have
effective population sizes much smaller than 5,000.

Complex Traits Determined by
Quantitative Trait Loci

There has been considerable effort recently to locate
the QTLs that determine complex morphological,
life history, and behavior traits that are of most
interest to conservation biologists. Only 10 to 100
neutral molecular markers are typically available
for most nonmodel organisms. However, fine-scale
genetic linkage maps with thousands of markers
now exist for model organisms used in agricul-
ture, and these can allow identification of the
actual DNA sequence that comprises the QTL (Hill,
2005).

Detection of QTLs is often achieved by geno-
typing backcrosses or Fy crosses between divergent
populations with neutral molecular markers and
looking for statistical associations with phenotypic
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traits. With family sizes of 300, only QTLs that
contribute 5% or more to the additive genetic vari-
ance can typically be detected (see, for example,
Tao & Boulding, 2003). Two lines of corn that
had been divergently selected for 100 generations
were used to discover 440 SNP markers that enabled
detection of QTLs that contributed less than 1%
to the genetic variance for oil content (Hill, 20035).
The results from the corn QTL analysis and results
from a recent QTL analysis on body size in a line
of poultry support the hypothesis that many quan-
titative traits are determined by many segregating
genes (about 50 in corn and 13 in poultry), each
with small effects that combine additively (Hill,
2005). However, in many other lines of poultry,
body size is determined by mostly a few segregating
loci, each with a large effect (Hill, 2005), perhaps
because other loci that could potentially contribute
have become homozygous. The number of segregat-
ing loci cannot be determined by just observing at
the phenotypic distribution of the trait. Even only
two loci may give a continuous phenotypic distri-
bution after epistasis, dominance, maternal, and
environmental effects are included (Lynch & Walsh,
1998).

Variation at Quantitative Trait Loci
Currently “Neutral” and Ne

The amount of allelic variation at a neutral QTL
in an isolated population depends on the equilib-
rium between mutation and genetic drift (Lynch &
Walsh, 1998). The magnitude of mutation rate
depends on the DNA region (Hartl & Clark,
2007) whereas the amount of genetic drift depends
inversely on N, as shown in Eq. 13.1. The situation
for a quantitative trait like body size is more com-
plex than for a single-locus Mendelian trait because
if the effects at different loci are additive, then they
can cancel each other out. Imagine that each locus
has only two possible alleles, one “plus” allele that
increases body size and a second “minus” allele that
decreases body size. Then at some QTLs, the plus
allele will drift toward a higher frequency and at
others it will drift toward a lower frequency so that
small changes in allelic frequencies will cancel out,
to some extent, and body size will remain constant.
Evolution of quantitative traits is often modeled
using the infinitesimal model, which assumes that
the phenotype, z, depends on an infinitely large
number of genes, each having an infinitely small

Evolutionary Responses to Environmental Change

additive effect (Bulmer, 1985). The large num-
ber of loci means that that the allelic frequencies
at each QTL and the additive genetic variance at
linkage equilibrium remain approximately constant
over time and that the breeding values (Box 13.2)
of each individual in the population are normally
distributed (Bulmer, 1985).

Variation at Quantitative Trait Loci
Currently under Measurable Selection

The amount of allelic variation at a QTL in
an isolated population depends on the equilib-
rium between mutation, selection, and genetic
drift (Lynch & Walsh, 1998). Strong selection
for a prolonged period will reduce the additive
genetic variances, and therefore the heritabilities for
traits important in local adaptation will decrease
(Falconer & MacKay, 1996). If directional selec-
tion is strong, as when there are human-induced
effects on a population, then the breeding values
will no longer be normally distributed and the loci
may show positive gametic phase disequilibrium
(Box 13.2) and may deviate from the traditional
infinitesimal model.

After the population mean has reached a new
optimum and is under pure stabilizing selec-
tion, then excessive genetic variance will actually
decrease the short-term fitness of the population.
Lande and Shannon (1996) point out that conser-
vation biologists often assume that a higher additive
genetic variance is always better, but that this is
not true if the optimum is fixed, because the envi-
ronment is constant. They argue that when there
is strong stabilizing section toward a fixed opti-
mum, a larger genetic variance increases the average
distance of the individual’s phenotype from the opti-
mum and reduces the mean fitness of the population.
In contrast, as I discuss later, higher heritabilities
are beneficial if discrete or continuous environ-
mental change is occurring (Lande & Shannon,
1996).

Geographic Variation at Quantitative
Traits and Qst

The geographic distribution of a species at risk is
often more fragmented than it was historically, and
managers must often decide whether to translocate
individuals among locations. Although transloca-
tion will reduce inbreeding, it might cause the pop-
ulation to be maladapted if, for example, species in
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Box 13.2 Basic Quantitative Genetics for Ecologists

Quantitative genetics is the study of the underlying genetics of continuous traits, meristic
(or discrete) traits, and threshold traits, which includes most traits of interest to ecologists.
Such complex traits are usually determined by multiple genetic loci and by the maternal
and external environments. The theory of quantitative genetics was developed by animal
and plant breeders who traditionally used parametric statistics to compare the phenotypic
values of related to unrelated individuals for a particular trait. This allowed estimation
of the heritability that, when multiplied by the intensity of artificial selection, success-
fully predicted the evolution of the phenotypic mean in the next generation (Falconer &
Mackay, 1996). Modern applied quantitative genetics still relies on statistical analysis of
the phenotypic measurements of a pedigreed population of animals rather than knowledge
of what is occurring at the molecular level (Falconer & Mackay, 1996). Indeed it is only
recently that quantitative trait lociQTLs that contribute to such complex traits have actu-
ally been identified (Hill, 2005). However, location of QTLs has been achieved by creating
crosses that result in gametic phase disequilibrium between molecular markers and QTLs
(Lynch & Walsh, 1998). Higher values of a particular trait will be statistically associated
with a particular allele at a molecular marker locus (Lynch & Walsh, 1998). If the genome
is saturated with enough molecular markers, then it is possible to clone and sequence the
DNA region that contributes to the trait. This is being attempted for the California condor
to locate the mutation for chondrodystrophy (Zoological Society of San Diego, 2008) so
that likely carriers of this disease can be identified.

Quantitative Genetics Glossary

additive Va, proportion of phenotypic variance that is directly heritable and
genetic results from the sum of the allelic effects at all the loci that affect a
variance particular trait.

animal model

breeding values

A maximum likelihood method of estimating heritabilities and genetic
correlations that is particularly precise when there are measurements
of traits for a population over several generations, a an estimate of the
pedigree from observation or paternity analysis with molecular markers.
The heritable genetic value of an individual as judged by the average
value of a particular trait in its offspring. When mated at random, its
breeding value will be twice the average deviation of its progeny from
the population mean.

dominance V4, variance in the phenotype caused by inheritance of alleles at a partic-
genetic ular heterozygous quantitative locus that cause a single copy of the plus
variance allele to contribute to the phenotype as if the locus was homozygous for
the plus allele.

environmental Vg, variance in the phenotype caused by variation in the environment.
variance

epistatic V;, variance in the phenotype caused by nonadditive interactions
variance between particular alleles at different loci that contribute to a quan-

gametic phase

titative trait.
A nonrandom association of alleles at multiple loci created by physical

disequilibrium  linkage, nonrandom mating, or mixing of two populations under dif-
(or linkage ferent selection regimes. Positive gametic phase disequilibrium occurs
disequilibrium)  when particular gametes have more plus alleles at the multiple loci that

contribute to a trait than would be expected given the average frequency
of plus alleles in the population.

continued
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Box 13.2 Basic Quantitative Genetics for Ecologists (cont.)

genetic correlation

genetic variance

genetic
variance/covariance
matrix

heritability

linear selection
differential

maternal effects

multivariate linear
selection gradient

nonadditive genetic
variance

phenotype

phenotypic correlation
phenotypic variance

Qst

response to directional
linear selection

Degree to which two traits respond to selection independently;
can be caused by two genes being determined by some of the
same genetic loci or by gametic phase disequilibrium.

The sum of the additive genetic variance, the dominance vari-
ance, and the epistatic variance.

Matrix with additive genetic variances on main diagonal and
genetic covariances on the subdiagonals.

h?% or H2, proportion of phenotypic variance that is heritable.
Narrow-sense heritability (h?) is ratio of additive variance to
phenotypic variance. Broad-sense heritability (H?) is ratio of
total genetic variance to phenotypic variance. Both are estimated
by a breeding design that compares similarity of a trait in rela-
tives and nonrelatives that is due only to their genes. The most
common way to estimate narrow-sense heritability is from a
pedigree that includes half siblings.

S = s — 1, where p is the original population mean and ps is
the mean of those that survive to breed. S measures direct and
indirect selection caused by selection on traits that are highly
phenotypically correlated with the trait of interest. S is equiv-
alent and can be converted to B, the univariate linear selection
gradient (Freeman & Herron, 2006).

Variance in the phenotype caused by genetic and environmental
variation in the maternal environment. Offspring are more sim-
ilar to their mother than expected from the additive effect of the
genes that they have inherited from her.

Statistical methodology that separates direct selection on a trait
from indirect selection on the trait; traditionally obtained by
using the standardized trait values as the independent vari-
ables in a multiple linear regression with relative fitness as the
dependent variable (Lande & Arnold, 1983).

The sum of the dominance variance and the epistatic variance.

The value of the traits that you observe on the organism.
Pearson’s correlation between two different traits.

Vp, sample variance of trait from actual measurements on the
organism.

Amount of among heritable population variation in a quanti-
tative trait relative to the amount of additive genetic variation
within populations.

R = p/ — p, where p is the original population mean and |’
is the mean of the next generation. The response is the change
in the mean value of the trait in the next generation relative to
their parent’s generation.

From Falconer and Mackay (1996).
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different populations are locally adapted to different
climate optima along a latitudinal gradient. One
way to assess whether maladaptation of translo-
cated individuals will be a problem is to compare
the amount of genetic differentiation among pop-
ulations shown by neutral molecular markers with
that shown by quantitative traits.

Spitze (1993) defined Qgr to be the among-
population variation in a quantitative trait relative
to the within-population variance. He pointed out
that if Qg was larger than the Fgr value, then
the among-population variance in the trait (in his
case, body size in the water flea Daphnia) must be
the result of local adaptation rather than neutral
phenotypic evolution.

Palo and colleagues (2003) compared Qg from
a maternal half-sib design with Fgp from eight
microsatellite loci for six frog populations along a
latitudinal gradient and found that Qg exceeded
Fg for all three life history traits, suggesting consid-
erable local adaptation. However, they also found
there was no correlation between pairwise estimates
of Qgr and Fgr for any populations. This lack of
correlation supports the hypothesis that knowledge
of Fgr from neutral molecular markers is not help-
ful in predicting geographic differentiation in the
quantitative traits under strong selection (Stockwell
et al., 2003), and therefore other methods such as
estimation of Qg must be used.

Linkage between Neutral Molecular
Markers and Quantitative Trait Loci

Estimation of Qg1 may be difficult or impossible
for small populations of a species at risk because
precise estimates require at least five families in a
controlled breeding design per population and at
least 20 populations (O’Hara & Merild, 2005). One
possible alternative is to use the = 2% to 5% of
neutral molecular markers that are tightly and phys-
ically linked to QTLs and to calculate Fgy instead
of Qgr. Calculation of Fgp from only those molecu-
lar markers showing exceptionally high values was
done for the marine snail (Wilding et al., 2001), the
whitefish (Campbell & Bernatchez, 2004), and the
salmon populations (Vasemigi & Primmer, 2005)
discussed earlier. Thus, we may be able to estimate
geographic differentiation at QTLs by looking at the
FgT values of physically linked molecular markers.
It would be optimal to use high-throughput markers
such as SNPs so that a large number of markers for

a large number of individuals from each population
could be genotyped.

Heritability and Fisher’'s Equation

The breeder’s equation states that the rate of evo-
lution in response to new selective pressures is
proportional to the heritability (Etterson, this vol-
ume; Falconer & Mackay, 1986):

R = h%S (13.2)
where b2 is the narrow-sense heritability and S is
the selection differential (Box 13.2). Therefore, to
maintain the future ability to adapt to changes in
the environment, managers of populations must
maximize or at least maintain heritability. Unfor-
tunately, narrow-sense heritabilities are difficult to
assess quickly for animals because their estimation
usually involves rearing offspring to adulthood in
a paternal half-sib design to avoid maternal effects
(see, for example, Boulding & Hay, 1993). Rearing
the offspring in several environments is also impor-
tant because the heritability of traits not closely
tied to fitness, such as morphometric traits, has
been shown to increase when environmental con-
ditions are favorable (reviewed by Charmantier &
Garant, 2005). Furthermore, estimation of heri-
tabilities involves estimating variance components
and, because of this, heritabilities typically have
very large 95% confidence limits unless more than
500 half-sib families are used (Falconer & MacKay,
1996; Lynch & Walsh, 1998). This makes it difficult
to detect whether a prolonged population bottle-
neck has resulted in a significant reduction in the
additive genetic variance. For these reasons, the
best method of determining whether a prolonged
population bottleneck has resulted in a small effec-
tive population size might be with neutral molecular
markers, because such markers are quicker and less
invasive.

Genetic Variance/Covariance and
Lande’s Multivariate Equation

In many cases, local adaptation of populations
along a gradient can involve several traits that are
correlated phenotypically with one another (see, for
example, Palo et al., 2003). If estimates of the
multivariate linear selection gradient and genetic
variance/covariance matrix are both available, then
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one can predict the change in the mean of each trait
using Lande’s 1979 matrix equation for multitrait
evolution:

Az =GB (13.3)
where Az is a vector of the response to selection, G
is the genetic variance/covariance matrix estimated
by measuring traits on related and unrelated indi-
viduals, and B is a vector of multivariate linear
selection gradient coefficients (Etterson, this vol-
ume; Lande & Arnold, 1983) (Box 13.2). This
matrix equation was a major step forward because
it incorporates both the direct and the correlated
response to selection that previously had to be cal-
culated separately (Falconer & Mackay, 1986).
The effect on evolutionary potential of genetic con-
straints caused by genetic correlations among multi-
ple traits has rarely been considered by conservation
gneeticists (Etterson, this volume; Etterson & Shaw,
2001) but could further increase the minimum
population size required to maintain evolutionary
potential.

POPULATION VIABILITY

Do Neutral Molecular Markers
Estimate Population Viability?

Viability after a recent and prolonged
population bottleneck

Lynch (1996) reviewed the literature on the
relative mutation rates for molecular markers
(1078 — 10 per locus per year) and quantitative
traits (1073 — 1072 per trait per generation) and
concluded that the latter would recover their lev-
els of additive genetic variance after a population
bottleneck more quickly because they have higher
mutation rates. However, this difference in muta-
tion rates is not relevant when only very recent
population bottlenecks are of interest, as is typi-
cally the case for endangered populations. If the
bottleneck was recent, then not enough time will
have passed for mutation to regenerate the genetic
variance at either QTLs or the marker loci. Fur-
thermore, many modern molecular markers, such
as adenosine and cystine dinucleotide microsatellite
markers have per-gamete mutation rates averaging
10~* to 1073 per year, depending on their length
(Whittaker et al., 2003). This rate is more similar

Evolutionary Responses to Environmental Change

to the mutation rates that Lynch (1996) cited for
quantitative traits.

Equation 13.1 showed that the rate of loss
of heterozygosity at neutral molecular markers
was inversely related to effective population size.
Equation 13.4 shows that the same is true for the
rate of loss of variation at neutral quantitative traits.
At equilibrium between mutation and genetic drift,
the broad-sense heritability h% for a neutral trait is
(Falconer & Mackay, 1996, p. 351)

2 2NeVin

= —-—-———-------r 1 .4
b ™ INeVm + Vg (13.4)

where Vi, is all the mutational genetic variance and
VE is the environmental variance. If Viy = 10_3VE,
which has been estimated from mutation rates for
neutral characters in Drosophila, then at mutation—
drift equilibrium the equation predicts that if
Ne =100 then h* =0.17 and if Ne = 10,000 then
b2 =0.95 (Falconer & Mackay, 1996, p. 351).
However, most heritabilities for large populations
are considerably lower than 0.95, suggesting that
natural selection must be important in reducing
them. Unfortunately, the effects of selection on
additive genetic variance are only understood for
major components of fitness in which most muta-
tions are deleterious (Falconer & Mackay, 1996).

If there is no selection on a trait and the nonad-
ditive genetic variance is assumed to be zero, then
the reduction of heritability after t generations of
inbreeding is

h?  (1-F
hZ = he,d —Fo (13.5)
1—h2 |F

where h is the heritability of the population and F;
is the inbreeding coefficient (Box 13.1) at time t, and
htzi1 is the heritability at time t — 1 (after Eq. 15.1
in Falconer & Mackay, 1986). The increase in
the inbreeding coefficient per generation is a func-
tion of the effective population size, Ne (Eq. 3.6 in
Falconer & Mackay, 1986):

1 1
Fr=-— +(1-—)F._ 13.
t 2Ne+< 2Ne>tl (13.6)

If we assume that in the base population at time
t—1 that F;_1 = 0, then the second term in Eq. 13.6
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disappears. Substituting the simplified version of
Eq. 13.6 into Eq. 13.5 gives us the reduction in the
heritability of the population after one generation
at a small effective size:

h2 (1 — L )
2 t—1 2Ne

t—12Ne

However, such a reduction would be impossible
to detect after only one generation. For example, if
we assume that Ne = 5 and that initially #% = 0.50,
then Eq. 13.7 says that after one generation, the
heritability will have been reduced to 0.43, which
is 86% of its initial value. Similarly Eq. 13.1 shows
that after one generation at Ne = 5 the heterozygos-
ity at a single neutral molecular marker locus will
be reduced to 90% of its initial value. It would be
impossible to detect statistically such a small reduc-
tion in the heritability using the methodology typical
for wild animal populations. It would also be impos-
sible to detect the reduction in heterozygosity at any
known molecular marker locus after one genera-
tion if the census population size was also only five
animals.

Estimation of Ne with Molecular
Markers

Considerable recent effort has been expended
toward using molecular markers to estimate Ne,
and two methods are currently popular. The first
method uses the observation that populations that
have recently experienced a very small effective pop-
ulation size often show a reduction in the number
of alleles before they show a reduction in their
observed heterozygosity, because rare alleles are
lost first (see, for example, Hedgecock & Sly,
1990). Cornuet & Lucas (1996) devised a method
using allelic frequencies from nuclear genes to deter-
mine whether a significant number of loci exhibit a
larger heterozygosity than that expected from the
observed number of alleles when it is assumed that
the locus is at mutation—drift equilibrium (their pro-
gram, BOTTLENECK 1.2.02, is freeware available
at http://www.montpellier.inra.fr/URLB/bottleneck/
bottleneck.html). Luikart and Cornuet (1998) took
this approach with 56 allozyme and 37 microsatel-
lite data sets from real populations, and under the
assumptions of the stepwise mutation model, found
a significant heterozygote excess in the bottlenecked
populations about half the time. Beebee & Rowe
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(2001) likewise used BOTTLENECK on data com-
prising eight microsatellite loci genotyped for 20
to 40 tadpoles from each of 50 endangered toad
populations to confirm that they could identify pop-
ulations for which the census data documented a
severe population bottleneck (down to tens of toads)
within the past 20 to 30 years. Luikart and Cornuet
(1998) postulate that such bottlenecks should be
detectable for 0.2 to4 N generations after the bot-
tleneck, where their Ne is the bottleneck population
size.

A second method for precisely estimating Ne
uses temporal changes in the allelic frequencies at
molecular marker loci and assumes that selection,
mutation, and migration can be ignored (Waples,
1989; Williamson & Slatkin, 1999). Anderson
(2005) describes an efficient Monte Carlo method
for estimating N from temporally spaced sam-
ples using a coalescent-based likelihood and even
provides a computer program to do the calcula-
tions. Wang and Whitlock (2003) describe a new
methodology for estimating effective population
size (Ne) and migration rates (m) simultaneously
from changes in the allelic frequencies of neutral
molecular markers between two or more samples
that are separated by periods of time that are short
enough so that mutation can be ignored, but they
do not provide a computer program.

It is reassuring that molecular markers such as
microsatellites can detect a recent population bottle-
neck if the population has been recently reduced to a
few tens of individuals, but the question is whether
a decline of that magnitude will result in a reduction
in the additive genetic variance.

It would seem likely that prolonged bottlenecks
less than Ne = 50 would be detectable in wild popu-
lations using molecular markers. If bottlenecks are
detected, then heritabilities could be estimated using
modern statistical methods to determine whether
they had declined (Falconer & Mackay, 1986;
Lynch & Walsh, 1998). However, not everyone
agrees that even severe bottlenecks can be detected.
After their meta-analysis, Coltman and Slate (2003)
conclude that, because of the low correlation
between multilocus heterozygosity and phenotypic
variability, at least 600 individuals might have
to be genotyped for microsatellite markers before
there is sufficient statistical power to detect inbreed-
ing depression. Their conclusions might have dif-
fered, however, if they had analyzed correlations
between multilocus heterozygosity and the addi-
tive genetic variance instead of correlations between
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multilocus heterozygosity and the phenotypic
variance.

Does Evolutionary Potential
Decrease after Bottlenecks?

There is some evidence that reduced varia-
tion at molecular markers is correlated with a
reduced response to selection, at least over the
long term. Unfortunately, most available data are
from founder—flush experiments where the bottle-
neck typically only lasts for one generation and
is followed by exponential population growth up
to a large carrying capacity. Briggs and Goldman
(2004) found that genetic variation in AFLP mark-
ers and long-term selection response was reduced
in laboratory plant populations (Brassica rapa) that
had experienced a recent bottleneck of two indi-
viduals relative to control populations. In contrast,
they found that heritability and short-term selection
response actually increased for two of the three bot-
tlenecked replicates for the first three generations
after the bottleneck. They used the CoNe software
(Anderson, 2005) to estimate N from the AFLP
markers and got underestimates (Ne = 9—19) of the
true Ne, which was known from the experimental
design to be 25.

Founder—flush Dbottleneck experiments using
laboratory populations of houseflies have also
found that genetic variation at molecular markers
declined, but heritabilities can actually increase after
a single population bottleneck. Flies that had expe-
rienced a single population bottleneck of 1, 4, or
16 mated pairs were compared with a larger control
population (Bryantetal., 1986). For five of the eight
traits, the highest heritability was for four pairs, and
this was interpreted as conversion of some of the
nonadditive genetic variance into additive genetic
variation (Bryant et al., 1986). The average rate of
fixation of several allozyme loci for these lines were
7%, 13%, and 38%, respectively, and the viabil-
ity of the one- or four-pair lines was significantly
lower than that of the 16-pair lines (Bryant et al.,
1986). Allozyme analysis of these bottlenecked pop-
ulations documented that only 39.1%, 75.6%, and
80.1% of the alleles remained for the one-, four-,
and 16-pair treatments, respectively, after five sepa-
rate bottleneck founder—flush episodes. In a second
experiment the additive genetic variance increased
in the one-pair treatment after the first bottleneck
but returned to the same level as the control after
the fifth bottleneck, suggesting that by that point all
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the nonadditive genetic variance had been converted
to additive genetic variance (Bryant & Meffert,
1995).

A recent meta-analysis suggests that severe
inbreeding may cause a linear decrease in the lev-
els of genetic variation, as predicted in Eq. 13.5,
for quantitative traits that are not closely associ-
ated with fitness. Van Buskirk and Willi (2006)
reviewed 22 published studies, mostly on insects, in
which they compared the level of genetic variation
in experimentally inbred populations (measured by
Vj or b?%) with that in outbred control popula-
tions. They found the expected linear decrease in
variation with inbreeding coefficient (Eq. 13.5) only
for morphological or behavioral traits such as bris-
tle number, wing length, and mating speed. For
life history traits, the heritability actually increased
after a bottleneck up to an inbreeding coefficient
of 0.4, because of increases in the dominance and
epistatic variance (Box 13.2). Despite this observa-
tion, they questioned whether bottleneck-induced
variation actually increased the viability of the pop-
ulations because of the inbreeding depression that
often accompanies it.

Gilligan and colleagues (2005) estimated genetic
variation for two neutral traits—abdominal and
sternopleural bristle numbers—and allozyme het-
erozygosity in 23 populations of Drosophila
melanogaster that they had maintained at effec-
tive population sizes of 25, 50, 100, 250, or 500
for 50 generations. They found that quantitative
genetic variation was being lost at a similar rate
to variation at molecular markers. However, both
rates were significantly slower than those predicted
by neutral theory. They attributed their success
at detecting this significant relationship to a large
range of inbreeding values present in the different
treatments of their experiment.

Reed and associates (2003a) compared the num-
ber of offspring produced by outbred and by fully
inbred population of D. melanogaster maintained in
either single-stress, variable-stress, or benign condi-
tions for seven generations before being transferred
to an environment with novel stresses for seven gen-
erations. They used the addition of either copper
sulfate or methanol to the food medium as the sin-
gle or variable stress and then used the absence of
sugar in the medium as the novel stress. They found
that outbred populations adapted to the absence of
sugar significantly better than inbred populations,
and that populations that had been maintained in
a stressful environment were better at adapting to
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a novel stressful environment. They attributed the
slower adaptation by flies from a benign environ-
ment where selection was relaxed to two possible
factors: the loss of costly stress-resistant traits or
mutation accumulation.

Estimating Heritabilities in the Field Using
Molecular Pedigrees

To avoid complications arising from estimat-
ing evolutionary potential using molecular mark-
ers, many researchers prefer to estimate heritability
directly. However, heritability estimation for a pop-
ulation of a species at risk is challenging because
the number of individuals that are available is lim-
ited and because breeding is not controlled. Without
controlled breeding it is not possible to apply a tra-
ditional half-sibling breeding design for estimating
genetic parameters (Lynch & Walsh, 1998). One
solution to this is to collect trait measurements over
several generations and to use an animal model
(Box 13.2) to estimate the heritabilities (Kruuk,
2004). Estimation of heritabilities and additive
genetic variances in nonpedigreed wild populations
is becoming more feasible because of the develop-
ment of highly polymorphic molecular markers that
estimate more accurately the relationships among
the individuals on which the quantitative traits
are measured (Garant & Kruuk, 2005; Wilson &
Ferguson, 2002). Microsatellite markers have been
used successfully to estimate genetic parameters in
wild populations of deer (Kruuk et al., 2000) and
trout (Wilson et al., 2003b). However, estimation
of parental genotypes with molecular markers is not
trivial, even if at least five offspring from each full-
sib family are genotyped for 5 to 10 microsatellite
loci (Lemay and Boulding, unpublished data; Smith
et al., 2001). Furthermore, heritabilities estimated
in natural populations, where the breeding design
cannot be controlled, will be inflated if related
individuals share a more similar environment than
unrelated individuals (Lynch & Walsh, 1998). On
the positive side, the environmental variance exhib-
ited in the field will be at a natural high level
rather than at the reduced level typical of a con-
trolled laboratory environment. On the other hand,
laboratory estimates of heritabilities and genetic
correlations allow efficient breeding designs with
known parents and can be improved by rearing off-
spring in more than one environment, which allows
estimation of genotype-by-environment interac-
tions (see, for example, Boulding & Hay, 1993;

215

Mahaney et al., 1999). A multivariate maximum
likelihood analysis of three different cholesterol
subfractions on 942 pedigreed baboons fed one
of two diets found that the genetic correlations
between three subfractions differed between diets
because of epistatic interactions (Mahaney et al.,
1999).

ADAPTATION TO CHANGING
ENVIRONMENTS

After a change in the environment, populations will
be initially maladapted, their fertility and viability
will decrease, and their population growth rates
may become negative (Lynch & Lande, 1993).
Unless the populations evolve fast enough to adapt
to the changing environment, they may go extinct.
Fast rates of evolution are only possible if the
populations are large enough so that they remain
genetically diverse.

Discrete Environmental Change
One Population: r, K, and h?

The question of whether populations with higher
heritabilities are more likely to survive a discrete,
or steplike, change in the environment was first
addressed by Gomulkiewicz and Holt (1995). They
presented an analytical model of the evolution of
a quantitative trait after a discrete change in the
environment caused the population to decline. In
their model, the population did not go extinct if the
trait evolved rapidly enough to adapt to the new
optimum before the population dropped below an
unspecified critical population size. They showed
that heritability reduced the amount of time that
a population spent below this critical, but unde-
fined, population size and concluded that the effect
of heritability was only important for large popu-
lations experiencing small discrete changes in the
environment.

Boulding and Hay (2001) disagreed with this
conclusion and used the results from an individual-
based finite-locus model to argue that heritabil-
ity was important in preventing extinction after
environmental change. They showed that popula-
tions that had higher heritabilities recovered faster
from a discrete environmental change than those
with lower heritabilities, particularly when the ini-
tial population size was large (Fig. 13.1), and
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FIGURE 13.1 (A-C) Effect of heritability (h%) on
the number of generations required for an isolated
population to recover to carrying capacity after a
discrete shift in its optimal phenotype. Initial pop-
ulation size is 50 (A), 500 (B), and 5,000 (C).
The percentage of populations that avoided extinc-
tion was dependent on initial population size when
N; = 50: 16% for h? = 0.5, 65% for h* = 1.0;
when N; = 500: 89% for b2 = 0.5, 100% for
h% = 1.0; when N; = 5,000: 100% for h> = 0.5,
100% for b* = 1.0. Increasing the heritability and
the initial population size increased population via-
bility by increasing the minimum population size
reached before the population began to increase
again. (After Figure 1 in Boulding and Hay [2001].)

were consequently less likely to go extinct. Indeed,
Figure 13.2 shows that for large populations (N
= 10,000), increasing the heritability from almost
zero to one increased the size of the shift in the
optimum that could be tolerated by three pheno-
typic standard deviations (PSDs). They also found
that the size of the shift in the optimum to which
the organisms could adapt increased linearly with
the logyg of the fecundity (#2 = 0.97, Fig. 13.3).
Thus, species with high fecundities should be able
to adapt to larger shifts in the optima than species
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with low fecundities. The results of their model sup-
port the hypothesis that higher heritabilities, larger
population size, and higher population growth
rates increase population viability (Reed, this
volume).

One Population: Migration

Migration is important to population viability
because it can increase the heritability of traits that
are under different local selection pressures in adja-
cent populations. A large difference between the
genotypic means of the immigrants and that of
the local population will generate strong, positive
gametic phase disequilibrium, which will inflate the
additive genetic variance and increase the response
to selection until it is gradually broken down by
recombination during reproduction (Tufto, 2001).
Therefore, if migrants are prevented from reaching a
population because of habitat fragmentation, there
may be a large decrease in the heritability even if the
population is moderately large.

In quantitative genetic models without demog-
raphy, gene flow prevents local adaptation unless
stabilizing selection is strong (Boulding, 1990;
Bulmer, 1985). Similarly, in quantitative genetic
models with demography, recurrent gene flow from
a population adapted to an environment where the
optimum is very different will result in local mal-
adaptation and thereby increases the probability of
extinction (Boulding & Hay, 2001; Tufto, 2001).
In contrast, Holt and Gomulkiewicz (2004) present
a density-dependent, individual-based quantitative
model that shows that a somewhat higher number
of migrants from a source population can facilitate
slow adaptation by a low-density sink population
to a novel environment over long periods of time.
However, they found that migrants were no longer
beneficial after local adaptation had taken place.

Linear Series of Populations
Connected by Migration

The evolutionary potential of a population
affects its ability to adapt to the abiotic and biotic
effects of climate change. Populations at either end
of alinear environmental gradient have an increased
risk of extinction because unbalanced gene flow
from the center of a cline results in poor local adap-
tation to abiotic factors such as temperature. Recent
analytical quantitative genetic models have shown
that gene flow can prevent populations on the
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FIGURE 13.2 Effect of heritability on the maximum shift in the
optimum that 95% of the populations tolerated for different
initial population sizes. Increasing the heritability substantially
increased the amount of discrete environmental change that a
single, isolated population could withstand. (After Figure 2a in
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FIGURE 13.3 Effect of fecundity on the maximum shift in the optimum that
95% of the populations tolerated. The amount of discrete environmental
change that an isolated population could withstand increased linearly with
the logq( of the fecundity. PSD, phenotypic standard deviation. (Data from

Boulding and Hay [2001].)

periphery of a species’ range from adapting to their
local environment (Garcia-Ramos & Kirkpatrick,
1997), causing them to become demographic sinks
(Kirkpatrick & Barton, 1997).

Climate change can also change selection from
the biotic environment. Global warming after the
last ice age resulted in species that were good dis-
persers moving poleward at faster rates than those

that were poor dispersers (Gates, 1993). This sug-
gests that predators may move poleward ahead of
their usual prey species and begin to prey on indige-
nous prey. Subtropical invertebrate predators often
have feeding appendages that are more special-
ized than those of comparable temperate predators
likely because predator—prey coevolution is more
escalated in the tropics (Vermeij, 1977, 1987).
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FIGURE 13.4 Evolutionary response to a discrete change in the optimal phenotype. (A) Before shift in
optimal phenotype (all cline simulations). (B) Population sizes and evolution of the mean phenotype in
the cline three generations after optimum in three southern populations was shifted 3 PSDs. Note that the
populations in three end populations have dropped well below carrying capacity. Selection intensity = 0.1,
heritability = 0.5, migration rate from adjacent uninvaded population = 0.025. (C) Mean phenotype and
population size along the cline 17 generations after the shift in the optimum by 3 PSDs in the southern three
populations. Note that the populations at 49°N and 50°N have completely adapted to the new optimum,
but the population at 51°N still has not. Heritability = 0.5, migration rate from adjacent uninvaded
population = 0.025. PSD, phenotypic standard deviation.
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Range extensions by subtropical predator species
are interesting because they may cause extinction
of temperate prey species, which could otherwise
tolerate the stress of warmer temperatures.

Local adaptation to a discrete change in the envi-
ronment, such as one caused by an invasion by a
new predator, will be less likely if there are large
numbers of maladapted immigrants from adjacent
uninvaded populations. Boulding and colleagues
(2007) describe an extension of an individual-based
finite-locus model of the phenotypic evolution of a
quantitative trait (Boulding & Hay, 2001) to a lin-
ear series of populations connected by migration.
Figure 13.4 shows the evolutionary response to a
discrete change in the optimal phenotype that occurs
only in the three most southern populations. In gen-
eration 1 (Fig. 13.4A), the optimum in the three
most southern of 18 populations is shifted by 3
PSDs, but the width of the fitness function is kept
constant at 0.75 PSD. In this run, the population
size three generations after the shift in the opti-
mum declined from the carrying capacity of 1,000
to 12, nine, and five individuals at 49°N, 50°N,
and 51°N latitude, respectively (Fig. 13.4B). The
population at 49°N was buffered from gene flow
from sites where the optimum was unchanged and
recovered up to the carrying capacity by genera-
tion 9. However, the population at 50°N did not
recover until generation 11, and the population at
51°N went temporarily extinct and did not recover
until generation 15. For this run with a migration
rate of m = 0.025 (adjacent populations exchanged
2.5% of their individuals), the three invaded popu-
lations eventually showed complete adaptation to
their new optimum. For a higher migration rate
of 0.25 (adjacent populations exchanged 25% of
their individuals), adaptation was complete in the
populations at 49°N and 50°N, but was not com-
plete in the population at 51°N (91%), which
directly received immigrants from its uninvaded
neighboring population at 52°N.

Figure 13.5 shows that the initial heritability also
had an effect on population viability on the most
southern of the three populations. When the heri-
tability was intermediate (b = 0.5), as shown in
the previous example, the rate of adaptation to the
new optimum was relatively rapid (Fig. 13.5). When
heritability was the maximum value possible (b2 =
1.0), adaptation to the new optimum occurred more
quickly so that the minimum population size was
larger and the population returned to the carrying
capacity sooner (Fig. 13.5). In contrast, when the
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heritability was low (h* = 0.1), the population went
extinct and did not recover within 180 generations
(Fig. 13.5). Thus, higher heritabilities reduce the
chance that a population would go extinct as a result
of a discrete change in the local optimum that occurs
in only part of a species’ geographic range.

Continuous Environmental Change

Heritability and Continuous Linear
Rates of Change

All analytical models published so far demon-
strate that population persistence is more likely
when the heritability of the quantitative trait is
high. Pease and colleagues (1989) considered migra-
tion and adaptation in response to a moving linear
environmental gradient and found that higher heri-
tabilities increased the probability that the species
would persist in the face of continuous environ-
mental change. Lynch and Lande (1993) found that
populations experiencing continuous environmen-
tal change were more likely to maintain positive
rates of population growth if the heritability was
high. They proposed that the critical rate of envi-
ronmental change for a low-fecundity population
that requires 50% of the individuals to survive
and reproduce would be only 1.6 Ne x 1073 PSD
per generation. Biirger and Lynch (1995) present
an analytical model that explicitly includes demog-
raphy, and a simulation model of adaptation to
continuous environmental change as well. They
found that populations in environments with larger
carrying capacities could tolerate higher rates of
environmental change. This was because when Ne
was larger, more additive genetic variance was
maintained in the population at equilibrium. They
concluded that the maximum rate of continuous
environmental change that can be tolerated could
be as little as 0.1 PSD per generation when the car-
rying capacity was K = 32, but increased to 0.7 PSD
per generation when K =512.

Demography versus Genetics

Lande (1988) has argued that demographic pro-
cesses are more important than genetic factors
in small populations; however, genetic processes
become important when there is strong selection
for new optima as a result of climate change.
Brooks (this volume), as well as the new data
from our individual-based model (Boulding et al.
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FIGURE 13.5 Effect of heritability on population dynamics of the popula-
tion at 49°N, which is experiencing directional selection toward a larger
optimum because of a predator invasion in the southern three populations
of the cline. Migration rate from adjacent population = 0.025. Higher
heritabilities increased population viability.

2007), shows that both demographic and genetic
parameters facilitate adaptation by populations to
changes in the environment. Higher heritabilities
increase the likelihood that a population will adapt
to discrete changes in the environments. Given suf-
ficient time for the population to reach equilibrium
between mutation, migration, and drift, the heri-
tability of neutral traits will be larger if the effective
population size is larger (Eq. 13.4), and the effective
population size will be larger if the carrying capac-
ity is larger (Freeman & Heron, 2006). However,
under nonequilibrium conditions, heritability can
vary independently of population size. For discrete
environmental change, a large initial population size
gives the population more time to adapt before it
goes extinct. Furthermore, when stabilizing selec-
tion was strong and the shift in the optimum large,
adaptation in our model often happened within 10
generations, which made the initial heritability more
important than the mutation rate (Boulding & Hay,
2001).

GENERAL CONCLUSIONS

I conclude that neutral molecular markers can often
be used to identify populations that have recently
experienced a prolonged population bottleneck.
Populations with a reduced number of alleles at
neutral molecular markers will be those that have
had a small effective population size for several gen-
erations. The literature suggests that bottlenecked

populations are also likely to have low heritabilities
for quantitative traits at least for those traits that
are closely related to fitness.

I presented new results from a previously
described individual-based model of a single quan-
titative trait (Boulding & Hay, 2001; Boulding
et al. 2007) that demonstrate that the viability of
a population after a discrete change in its environ-
ment depended on its heritability, as well as the
number and source of the migrants from adjacent
populations. The model showed that a decrease
in the heritability resulted in reduced evolutionary
potential of populations along the cline to adapt to
environmental change. Populations that were not
able to adapt to changes in their environment had a
higher probability of going extinct.

FUTURE DIRECTIONS

My review of the literature leads me to conclude
that the most urgent need is for better statistical
methodology for detecting reductions in heritable
genetic variation using neutral molecular markers.
This would be facilitated by more laboratory exper-
iments (see, for example, Gilligan et al., 2005) that
simulate small population size and simultaneously
look at the genetic diversity of neutral molecular
markers and the heritabilities of quantitative traits
that are neutral as well as those closely related to fit-
ness. Because Qg is so difficult to estimate, it would
also be useful to have more population studies that
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estimate Fgp with a large set of selected markers
linked to QTLs, and then compare those values
with the amount of genetic differentiation at neu-
tral markers. Most ecological studies that have been
published so far have compared Fg at less than 10
selected markers with Fg of a much larger number
of neutral markers. This is important because esti-
mation of Fgr with selected markers might be an
alternative to estimation of Qg when less than 20
populations are available. It would also be useful
to have theoretical models of genetics and demog-
raphy for multiple quantitative traits rather than
just for single quantitative traits. These are needed
to assess the role of genetic architecture in con-
straining the potential of populations to adapt to
environmental change. For example, antagonistic
genetic correlations among traits could reduce the
rate at which prairie plants adapt to global warming
(Etterson, this volume; Etterson & Shaw, 2001).

SUGGESTIONS FOR FURTHER
READING

For a gentle but complete introduction to molec-
ular markers, see Avise’s book (2004a). For a
solid understanding of introductory quantitative
genetics, see the classic by Falconer and Mackay
(1996). Hartl and Clark (2007) give a detailed but
clear introduction to population genetics, ecological
quantitative genetics, and even genomics in their

new edition. Holt and Gomulkiewicz (2004) give
a nonmathematical review of quantitative genetic
models that include demography and review their
own work, which emphasizes evolution over long
timescales.
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