
APPENDIX 1Genetic markers for
conservation purposes

A range of genetic markers and characters is used in conservation genetics from
DNA markers and allozymes to morphological, chromosomal, and fitness traits

Genetic diversity has been measured for many different traits, including proteins,
nuclear DNA, mitochondrial DNA (mtDNA), chloroplast DNA (cpDNA), deleterious
alleles, continuously varying (quantitative) characters (especially fitness), and chromo-
somes (Frankham et al. 2010). Most new data are now being generated for variation at
the DNA level, including whole genomes, as methods have improved and costs
decreased markedly (Allendorf et al. 2013).
Box A1 describes the most prominent techniques available for directly or indirectly

measuring DNA base sequence variation. DNA sequencing is routinely conducted,
initially for taxonomic purposes, but increasingly for measuring genetic diversity at
individual and population levels. Microsatellites (variable number short tandem
repeats) have been the marker of choice for population studies, but are rapidly being
replaced by single nucleotide polymorphisms (SNPs) in DNA. Microsatellites have
advantages over allozymes (the previously favored method) for measuring DNA vari-
ation as they are highly variable, individual DNA genotypes can be directly observed,
and individuals can be identified following non-invasive sampling of DNA from hair or
other shed cells/tissues. However, they have several disadvantages. First, primers must
generally be developed anew for each locus in each species (unless they have been
developed in a closely related species) and the conditions for polymerase chain reaction
(PCR) amplification of DNA optimized. Second, microsatellites yield multiple bands in
homozygotes due to slippage in replications and thus can occasionally be difficult to
score (Fig. A1). Third, artifactual null alleles (leading to missing bands) may be gener-
ated, especially with poor quality DNA, and when primers are developed in another
species. Fourth, there are problems in comparing microsatellite genetic diversity across
species, because the choice of loci by different workers may bias comparisons, and loci
developed in another species typically yield lower genetic diversity than for loci devel-
oped within the target species (ascertainment bias: Primmer et al. 2005).
By contrast, SNPs can be screened with generic DNA sequencing technology suitable

for all species, scoring can be more automated than for microsatellites, and a wider more
comprehensive sampling of genomic diversity can be obtained (often many thousands of
SNPs), providing much enhanced statistical power. The cost of SNP genotyping is rapidly
declining and their use typically represents better value than microsatellite assays. SNPs
may be separated into those in non-coding versus coding regions, and putative functional
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versus neutral ones, where the species genome has been sequenced and annotated.
Further, with appropriate technologies it is possible to infer haplotype sequences for
chromosomal segments, thereby allowing direct assessment of non-random associations
among alleles at different loci and producing sequences suitable for coalescent analyses.

Box A1 Molecular techniques for measuring genetic diversity
(Leberg 1996; Avise 2004; Schlötterer 2004; Behura 2006; Frankham et al. 2010;

Allendorf et al. 2013)

SNPs: single nucleotide polymorphisms

If there are two or more alternative bases occurring at appreciable frequency
(> 1%) at a position in the DNA of a species, it is referred to as a single nucleotide
polymorphism. These can be detected by a wide variety of techniques including
sequencing, allele specific PCR, or using DNAmicroarray chips (many short single
stranded DNA sequences attached to a slide) (Black & Vontas 2007; Kim & Misra
2007). For example, Hoffman et al. (2014) used RAD sequencing (see next section)
in old-field mice (Peromyscus polionotus) to identify SNPs and showed that
heterozygosity for > 13,000 SNPs was strongly negatively associated with the
pedigree inbreeding coefficient (as predicted). SNPs can be generated from
sequencing a proportion of the species’ genome, but they have most power for
the broadest range of applications when the full genome has been sequenced,
assembled, and annotated. SNPs can be generated from any species.

DNA sequencing

The most direct means for measuring genetic diversity is to determine the
sequence of bases using DNA sequencing machines. Until recently, this was
primarily used for taxonomic purposes, where mtDNA and/or nuclear loci were
sequenced for a small number of individuals. However, technical improvements
have markedly reduced the cost and time taken to sequence DNA. Entire genomes
have now been sequenced for many species and genome-wide analyses provide
powerful new methods for understanding species’ histories and biology. Methods
have advanced from Sanger sequencing (Sanger et al. 1977), to next generation
sequencing with short reads (~ 100–200 bases) (Shendure & Ji 2008), to methods
that read longer segments (easier to assemble into whole chromosome sequences)
(Quail et al. 2012; Gordon et al. 2016). Sequencing is now usually done by sending
DNA samples to commercial companies, or specialist sequencing groups. Just the
coding region (transcriptome) may be sequenced, or both coding and non-coding
regions. Exon capture encompasses the coding sequences, while RAD (restriction
site associated DNA) sequencing provides information on random sequences.

Microsatellites (simple sequence repeats [SSR], or short
tandem repeats [STR])

Microsatellite loci are tandem repeats of short DNA sequences, typically 1–5 bases
in length. For example, microsatellites with 6 and 8 repeats of the DNA base
sequence CA (alleles A1 and A2) are shown below. Such CA repeats are found in
many species. The number of microsatellite repeats is highly variable due to
“slippage” during DNA replication. The double stranded DNA sequence of three
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genotypes, two different homozygotes and a heterozygote, are illustrated below
along with their banding patterns following electrophoresis on a sequencing gel.
X and Y are invariant (conserved) DNA sequences (where PCR primers attach)
flanking the microsatellite repeat.

A1A1 A1A2 A2A2

XCACACACACACAY XCACACACACACAY XCACACACACACACACAY
XGTGTGTGTGTGTY XGTGTGTGTGTGTY XGTGTGTGTGTGTGTGTY

XCACACACACACAY XCACACACACACACACAY XCACACACACACACACAY
XGTGTGTGTGTGTY XGTGTGTGTGTGTGTGTY XGTGTGTGTGTGTGTGTY

Fragment sizes on a gel (the sample is loaded at top, migration is down the page,
with smaller fragments coded for by the A1 allele migrating furthest)

A2 _____ _____
A1 ______ _____

Microsatellite diversity can be detected by amplifying DNA using PCR, often using
fluorescently labeled primers. The resulting DNA fragments are separated accord-
ing to size, using electrophoresis on acrylamide gels, or by running the PCR
products on a DNA sequencing machine. If a diploid individual is heterozygous
for two microsatellite alleles with different numbers of repeats, then two different
sized bands will be detected, as shown above. Fig. A1 illustrates densitometry for
different microsatellite genotypes, including the minor stutter bands.
Microsatellites typically measure genetic variation for loci that are neutral

(not exposed to selection), since the tandem repeats are usually located in non-
coding segments of the DNA.

93 99

99 103

103

103

Fig. A1 Genetic diversity at a microsatellite locus in Galápagos tortoises, based on
the densitometry from a DNA sequencer (Frankham et al. 2010, p. 41). Note the
multiple bands (major plus minor stutter bands), even in the 103/103 homozygote.
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Mitochondrial DNA (mtDNA)

Mitochondria are membrane-bound organelles within the cell cytoplasm of eukaryotes
that contain circular DNA molecules coding for several enzymes involved in energy
metabolism. They are maternally inherited and non-recombining in most animal
species and a majority of plant species (Petit et al. 2005).

Other DNA techniques

Other DNA techniques, including AFLP (amplified fragment length polymorph-
ism), RFLP (restriction fragment length polymorphism), RAPD (randomly amp-
lified polymorphic DNA), DNA fingerprints, and SSCP (single stranded
conformational polymorphism) have been used, but most have been superseded.
These are described in Frankham et al. (2010, Chapter 3).

Allozymes

Before the advent of DNA based methods, genetic diversity was measured in
proteins using allozyme electrophoresis. They are included here as a large body
of useful information was obtained that is still referred to today.
The sequence of amino acids in a protein is determined by the bases in the DNA

coding for the protein. As five of the 20 naturally occurring amino acids are
electrically charged (lysine, arginine, and histidine [+], glutamic acid and aspartic
acid [�]), about 30% of DNA base substitutions in the protein coding region result
in electrical charge changes for the resultant protein. These changes, as well as
differences in the physical size of the protein caused by amino acid substitutions,
can be detected by separating the proteins using electrophoresis and subsequently
visualizing them using a locus-specific histochemical stain. For example, if the
alleles at a locus have the following DNA sequences (with the first C in the third
codon being replaced by a T [bolded]), they will have the corresponding amino acid
sequences. The protein on the right will migrate more slowly towards the anode in
an electrical potential gradient, as a consequence of the substitution of positively
charged lysine (lys) amino acid for negatively charged glutamic acid (glu). Homo-
zygotes at a locus will exhibit single bands, but different homozygotes will have
bands in different positions, and heterozygotes will exhibit multiple bands.

DNA DNA with base substitution

Coding strand . . . .TAC GAA CTC CAA . . . . . . . .TAC GAA TTC CAA . . . .

mRNA . . . .AUG CUU GAG GUU . . . . . . . .AUG CUU AAG GUU . . . .

Amino acid
sequence

. . . .met – leu – glu - val . . . . . . . .met – leu – lys - val . . . .
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Their genetic diversity is usually determined by DNA sequencing part of or the entire
molecule. They are used predominantly for taxonomic purposes and phylogeography,
because they do not provide reliable measures of within-population variation, as they
represent a single non-recombining unit. In most animals, mtDNA has a higher
mutation rate than nuclear DNA, but this is not typical of plants (Frankham 2012).
Their use as the sole marker for taxonomic delineations is not recommended
(Chapter 9).

Chloroplast DNA (cpDNA)

Chloroplasts are membrane-bound organelles within the cell cytoplasm of plants that
are typically maternally inherited in angiosperms and paternally inherited in gymno-
sperms (Petit et al. 2005). They contain circular DNA molecules that code for several
enzymes involved in photosynthesis. Typically part or the entire molecule is sequenced.
Their use has been mainly for taxonomic purposes. However, their use as the sole
marker for taxonomic delineations is not recommended (Chapter 9).

References

Allendorf, F.W., Luikart, G., Aitken, S.N., 2013. Conservation and the Genetics of
Populations, 2nd edn. Wiley-Blackwell, Oxford, UK.

Avise, J.C., 2004. Molecular Markers, Natural History, and Evolution, 2nd edn. Sinauer,
Sunderland, MA.

Behura, S.K., 2006. Molecular marker systems in insects: current trends and future
avenues. Molecular Ecology 15, 3087–3113.

Black, W.C.I., Vontas, J.G., 2007. Affordable assays for genotyping single nucleotide
polymorphism in insects. Insect Molecular Biology 16, 377–387.

Frankham, R., Ballou, J.D., Briscoe, D.A., 2010. Introduction to Conservation Genetics,
2nd edn. Cambridge University Press, Cambridge, UK.

Gordon, D., Huddleston, J., Chaisson, M.J.P., et al., 2016. Long-read sequence assembly
of the gorilla genome. Science 352 (6281):aae0344.

Hoffman, J.I., Simpson, F., David, P., et al., 2014. High-throughput sequencing reveals
inbreeding depression in a natural population. Proceedings of the National Academy
of Sciences 111, 3775–3780.

Kim, S., Misra, A., 2007. SNP genotyping: technologies and biomedical applications.
Annual Review of Biomedical Engineering 9, 289–320.

Leberg, P.L., 1996. Applications of allozyme electrophoresis in conservation biology. In:
Molecular Genetic Approaches in Conservation, eds T.B. Smith, R.K. Wayne,
pp. 87–103. Oxford University Press, New York.

Petit, R.J., Duminil, J., Fineschi, S., et al., 2005. Comparative organization of chloroplast,
mitochondrial and nuclear diversity in plant populations. Molecular Ecology 14,
689–701.

OUP CORRECTED PROOF – FINAL, 21/6/2017, SPi

Appendix 1

A5



Primmer, C.R., Painter, J.N., Koskinen, M.T., et al., 2005. Factors affecting avian cross-
species microsatellite amplification. Journal of Avian Biology 36, 348–360.

Quail, M.A., Smith, M., Coupland, P., et al., 2012. A tale of three next generation
sequencing platforms: comparison of Ion Torrent, Pacific Biosciences and Illumina
MiSeq sequencers. BMC Genomics 13, 341.

Sanger, F., Nicklen, S., Coulson, A.R., 1977. DNA sequencing with chain-terminating
inhibitors. Proceedings of the National Academy of Sciences 74, 5463–5467.

Schlötterer, C., 2004. The evolution of molecular markers—just a matter of fashion?
Nature Reviews Genetics 5, 63–69.

Shendure, J., Ji, H., 2008. Next-generation DNA sequencing. Nature Biotechnology 26,
1135–1145.

OUP CORRECTED PROOF – FINAL, 21/6/2017, SPi

Appendix 1

A6



APPENDIX 2VORTEX simulation software for
population viability analysis

Individual-based population viability analysis models such as VORTEX can be used
to assess the impacts of fragmentation on genetic diversity, inbreeding, and popu-
lation viability, and the benefits of different levels of genetic management

Population viability analysis (PVA) is a systems modeling approach for predicting the fate
of a population (including risk of extinction) due to the combined effects of all its
systematic and stochastic threats (Shaffer 1981; Beissinger &McCullough 2002; Frankham
et al. 2014). Typically, population size, means and standard deviation of birth and death
rates, density feedbacks, plus risks and severity of catastrophes, inbreeding depression, etc.
are entered into a software package and many replicates projected over multiple gener-
ations using stochastic computer simulation. It is used as a management and research tool
in conservation biology (Lindenmayer et al. 1993; Menges 2000; Ralls et al. 2002; Traill
et al. 2007; Frankham et al. 2010; Pierson et al. 2015). PVA may be done with purpose
written software, or generic software packages, such as VORTEX or the RAMAS family of
software (Akçakaya 1994; Lacy & Pollak 2014). The software relevant to our concerns here
are individual-based packages with genetic factors incorporated, such as VORTEX.
VORTEX (Lacy et al. 2015) is often used to model demographic and genetic dynamics

of populations, especially by the Conservation Breeding Specialist Group of the Species
Survival Commission of the IUCN. It can be used to model fragmented populations and
estimate population genetic structure. VORTEX is an individual-based simulation of the
effects of demographic, environmental, and genetic stochastic events on wildlife popula-
tions. VORTEX models population dynamics as discrete, sequential events that occur
according to probabilities that are entered by the user. It simulates a population by
stepping through a series of events that describe an annual cycle of a typical sexually
reproducing, diploid organism: mate selection, reproduction, mortality, increment of age
by one year, dispersal among populations, removals, and supplementation. The popula-
tion simulation is iterated many times and over many years to generate the distribution of
fates that the population might experience. Demographic (N) and genetic (H, F) metrics
are tracked. Multiple sub-populations can be modeled based on the historical events of
those sub-populations, and users can evaluate the effects of different gene flow strategies
between sub-populations for use in developing genetic management recommendations.
The VORTEX program runs on computers running the MS Windows operating

system and is available as freeware at www.vortex10.org/Vortex10.aspx. Below is an
example of VORTEX input data for a simple case of a metapopulation with dispersal
between the two fragments, with output graphs showing the trajectories of population
size and gene diversity. (This example is a minor modification of the sample scenario
that is created by VORTEX as default case when a new project is created.)
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Input
VORTEX 10.2.1.0—simulation of population dynamics
Project: New Project
Scenario: TestScenario
2 populations simulated for 100 years for 100 iterations

Sequence of events in each time cycle:

EV
Breed
Mortality
Age
Disperse
Harvest
Supplement
rCalc
Ktruncation
UpdateVars
Census

Extinction defined as no males or no females.
Inbreeding depression with a genetic load consisting of

6.29 total lethal equivalents per individual, of which
50% are due to recessive lethals, and the remainder are lethal equivalents not

subjected to removal by selection.

Correlation of EV among populations = 0.5

Both sexes disperse, from age 1 to age 5
Survival during dispersal: 50

Dispersal rates (as percents), from source (row) to destination (column):

Fragment1 Fragment2
Fragment1 10
Fragment2 5

Reproductive system:

Polygyny, with new selection of mates each year
Females breed from age 2 to age 10
Males breed from age 2 to age 10
Maximum age of survival: 10
Sex ratio (percent males) at birth: 50

Correlation of EV between reproduction and survival = 0.5

Population specific rates for Fragment1

Percent of adult females breeding each year: 50, with EV(SD): 10
Percent of adult males in the pool of breeders: 100
Normal distribution of brood size with mean: 2.5 with SD: 1
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Female annual mortality rates (as percents):

Age 0 to 1: 50 with EV(SD): 10
Age 1 to 2: 10 with EV(SD): 3
After age 2: 10 with EV(SD): 3

Male annual mortality rates (as percents):

Age 0 to 1: 50 with EV(SD): 10
Age 1 to 2: 10 with EV(SD): 3
After age 2: 10 with EV(SD): 3

Catastrophe 1: Catastrophe1

Local impact
Frequency (%): 1
Reproduction reduced by severity multiplier: 0.5
Survival reduced by severity multiplier: 0.9

Initial population size:

Age 0 1 2 3 4 5 6 7 8 9 10 Total
Females 0 5 5 3 3 3 1 2 1 1 1 25
Males 0 5 5 3 3 3 1 2 1 1 1 25

Carrying capacity: 100
with EV(SD): 0

Population specific rates for Fragment2

Percent of adult females breeding each year: 50, with EV(SD): 10
Percent of adult males in the pool of breeders: 100
Normal distribution of brood size with mean: 2.5 with SD: 1

Female annual mortality rates (as percents):

Age 0 to 1: 50 with EV(SD): 10
Age 1 to 2: 10 with EV(SD): 3
After age 2: 10 with EV(SD): 3

Male annual mortality rates (as percents):

Age 0 to 1: 50 with EV(SD): 10
Age 1 to 2: 10 with EV(SD): 3
After age 2: 10 with EV(SD): 3

Catastrophe 1: Catastrophe1

Local impact
Frequency (%): 1
Reproduction reduced by severity multiplier: 0.5
Survival reduced by severity multiplier: 0.8
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Initial population size:
Age 0 1 2 3 4 5 6 7 8 9 10 Total
Females 0 5 5 3 3 3 1 2 1 1 1 25
Males 0 5 5 3 3 3 1 2 1 1 1 25

Carrying capacity: 100
with EV(SD): 0

Genetics options:

Genetic management for population: Fragment1
Pairs restricted to those with inbreeding of F < 0.12
Maximum number of times to try to find a mate = 10

Results
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APPENDIX 3 How should a taxonomic
re-evaluation be conducted

if required?

The objective of a taxonomic re-evaluation for conservation purpose, is to delineate species
in a manner that maximizes the probability of species and population persistence, and
generally to complete the delineation in amanner that is thorough and scientifically credible.
Given the resources that may be devoted to conservation of a threatened species, it is

imperative that species delineations for species of conservation concern be of a high
quality (“gold standard”) so that investments are not wasted due to subsequent changes
in the species’ taxonomy, or that inappropriate augmentations of gene flow are made, as
in the case of the seaside sparrow (Avise & Nelson 1989). This is especially important for
species with allopatric distributions.
The main problems we identified with taxonomy in Chapter 9 were:

1. No standardized sampling regimes, list of characters to use, or analyses to perform
2. Widespread use of diverse methods
3. Instability of delineations to technological change, especially with some species

concepts
4. Poor repeatability of delineations, especially those done using different

approaches
5. Many disparate definitions of species that often lead to different delineations
6. Over-lumping is common (especially in older delineations)
7. Over-splitting is common currently and worsening
8. Widespread use of markers (e.g. mtDNA) that have little statistical robustness
9. Delineations using neutral molecular markers that fail to detect recent adaptive

differentiation, which has resulted in partial reproductive isolation
10. Defining morphologically similar plant populations with different chromosome

numbers (ploidy levels) as conspecific, despite crosses between them resulting in
sterility

11. Failure to check chromosomes in many delineations, meaning that
chromosomally caused reproductive isolation may be overlooked (e.g. those due
to differences in ploidy, translocations, inversions, and centric fusions)

12. Morphological differences relevant to taxonomy must reflect heritable
differences, but this is rarely evaluated in common garden experiments.

We briefly address means to minimize these problems.
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Species concepts

We recommend use of species concepts based on reproductive isolation between
species, as used in the Differential Fitness, and Biological Species Concepts or exchange-
ability delineations (Frankham et al. 2012). The species concept used for delineations
must always be specified.
This addresses issues 3–5 and minimizes 6 and 7.

Sampling regime

This should involve representative sampling across the distribution of the species as far as
possible, e.g. transects in a north–south direction, and in an east–west direction, as well as
sampling from habitats that might result in differential adaptations. This addresses one of
the issues within item 1. We recognize that with rare species, samples are typically limited
and increased sampling is impossible if most populations are extinct. This issue can be
partly addressed by increasing the number of genetic loci studied, and by using museum
and herbarium specimens to genotype extinct populations.

Characters

The most fundamental evidence required for species delineations for conservation
purposes comes from crosses between populations carried out in the wild and taken
to the F3 generation. We recognize that such evidence is rarely available or feasible to
obtain for allopatric populations. Populations with sympatric or parapatric distributions
carry out the experiment naturally.
When crossing data cannot be obtained for populations with allopatric distributions,

we recommend the use of integrative taxonomy, the use of multiple lines of evidence in
species delineations, especially evidence that predicts reproductive isolation (adaptive
differentiation and fixed chromosomal differences; Frankham et al. 2011). Integrative
taxonomy represents a welcome move to improve matters in relation to the choice of
characters (Dayrat 2005; Schlick-Steiner et al. 2010; Fujita et al. 2012). It does not make
sense to us to ignore relevant information when it exists or is practical to obtain.
The multiple lines of evidence we envisage being used in integrative taxonomy include:

• Multiple independent genetic loci
• Morphology for multiple characters
• Chromosomes (essential), preferentially banded karyotypes to detect all relevant

types of chromosomal change
• Life history and behavior
• Ecology (habitat characteristics)

The genetic loci used should include both near neutral and adaptive ones. For example,
if SNPs are used, then they could be separated into groups of likely neutral versus
potentially adaptive sites. Sole reliance on mtDNA data is unacceptable.
This addresses issues 1, 9, 10, and 11, and helps with 4.
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Comparing populations for morphological traits

Morphological characters used in taxonomic delineations must indicate heritable differ-
ences, if they are to be taxonomically informative. The gold standard for this is a common
garden comparison, i.e. comparing individuals from the populations being studied under
the same environmental conditions, ideally for two generations. If this is not possible, then
the use of characters that are relatively invariant to environmental conditions should be
used. For example, shape measurements and skeletal characteristics are likely to fulfil
these requirements in animals. Flower characteristics, such as symmetry or position of
floral organs relative to one another in flowering plants, are widely used and may meet
this requirement. Conversely, size measures are highly susceptible to food supply in
animals and growing conditions in plants, and should be avoided, unless based on
common garden evaluations, or for populations found in similar environments.
This addresses point 12.

Statistical analyses

Analyses of data from multiple genetic loci should use methods that adequately com-
bine information, such as coalescent analyses (Fujita et al. 2012; Domingos et al. 2014).
Analyses of morphological data should use multivariate clustering statistics, such as
those devised for numerical taxonomy. Combined analyses of genetic loci and morph-
ology on georeferenced data are possible with GENELAND software and merit inves-
tigation (Guillot et al. 2012).
This addresses components of issues 1 and 4.

Sample sizes

Sample sizes should be sufficiently large to yield analyses with high statistical power to
detect differences among populations if they truly exist. We recognize that sample sizes
may be restricted, especially for critically endangered species, but note that such
limitations may be assisted by using non-invasive sampling to obtain DNA for genetic
analyses, and/or by using correspondingly larger numbers of loci (Nei 1978; Maddison
& Knowles 2006; Willing et al. 2012) and use of larger numbers of morphological traits.
This addresses point 4 and a component of point 1. Further, model selection

approaches should be used to minimize statistical power issues (Anderson 2008).

How should different types of information
be combined?

Some recommend use of consensus among different lines of evidence to delineate
species. However, our aim is to delineate species on the basis of reproductive isola-
tion/outbreeding depression. Consequently, we recommend most heavily weighting
characters that indicate adverse consequences of crossing populations, namely fixed
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chromosomal differences and/or adaptation to different environments. Thus, allopatric
populations with fixed chromosomal differences for ploidy, translocations, inversions,
and centric fusions should be delineated as different species (as for the rock-wallabies
described in Box 9.2). If the chromosomes have no fixed differences then evidence for
important adaptive differences between distinct populations with inhibited gene flow is
indicative of different species (e.g. genotypic differences likely to reflect differential
adaptation, inhabit different environments, have different flowering times, different life
histories or behaviors, or ecologies, or different morphologies likely to represent differ-
ent adaptations) (Domingos et al. 2014; Pavlova et al. 2014).
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