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ABSTRACT

International organizations and biodiversity scientists recognize three levels of biodiversity: genetic,
species, and ecosystem. However, most studies with the goal of assessing biodiversity collect data
at only a single level – that of the species. Even when multiple levels of biodiversity are considered,
usually only ecosystem diversity is also evaluated. Genetic diversity is virtually never considered.
Yet, genetic diversity is essential for the maintenance of populations and species over ecological and
evolutionary time periods. Moreover, because components of genetic diversity are independent of
either species or ecosystem diversity, genetic diversity can provide a unique measure by which to
assess the value of regions for conservation. Regions can be valuable for conservation of their genetic
resources regardless of their levels of species or ecosystem uniqueness or diversity. In general, the
same methods and statistical programs that are used to answer questions about population genetics
and phylogenetics are applicable to conservation genetics. Thus, numerous genetic techniques,
laboratory methods, and statistical programs are available for assessing regional levels of genetic
diversity for conservation considerations. Here, we provide the rationale, techniques available, field
and laboratory protocols, and statistical programs that can be used to estimate the magnitude and type
of genetic diversity in regions. We also provide information on how to obtain commonly utilized
statistical programs and the type of analyses that they include. The guide that we present here can
be used to conduct investigations of the genetic diversity of regions under consideration for conservation
of their natural resources.
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RESUMO

Metodologias para avaliação da conservação da biodiversidade genética de
macroorganismos aquáticos

Organizações internacionais e pesquisadores da biodiversidade reconhecem três níveis de biodiver-
sidade: da genética, de espécies e de ecossistemas. Entretanto, muitos estudos desenvolvidos com
o objetivo de estimar a biodiversidade coletam dados somente em um único nível – o de espécies – e,
mesmo quando diferentes níveis da biodiversidade são considerados, usualmente apenas a diversidade
de ecossistema é avaliada, sendo que a diversidade genética raramente é avaliada. No entanto, o
conhecimento da diversidade genética é essencial para a manutenção das populações e das espécies
em períodos ecológicos e evolutivos. Além disso, como seus componentes são independentes de outras
espécies ou da diversidade de ecossistemas, a diversidade genética pode fornecer uma medida pela
qual pode-se estimar o valor das regiões para conservação. As regiões podem ser valiosas para a
conservação de seus recursos genéticos independente de seus níveis de espécies, ecossistema ou
diversidade. Em geral, o método e o programa estatístico utilizados para responder questões sobre
genética de populações e sobre filogenética são aplicáveis para conservação genética. Assim, numerosas
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técnicas genéticas, métodos laboratoriais e programas estatísticos estão disponíveis para estimar os
níveis regionais da diversidade genética para conservação. Neste trabalho são apresentadas as razões,
as técnicas disponíveis, os protocolos de campo e laboratório e os programas estatísticos que podem
ser empregados para estimar a magnitude e o tipo de diversidade genética nas regiões. Também são
dadas informações sobre como obter os programas estatísticos comumente utilizados e as formas de
análises que eles incluem. O roteiro apresentado pode ser utilizado para conduzir investigações da
diversidade genética de regiões em estudo visando à conservação de seus recursos naturais.

Palavras-chave: aquática, biodiversidade, conservação, peixe, genética, filogenética, população.

INTRODUCTION

The conservation of genetic diversity is of
paramount importance for long-term species
survival because the maintenance of gene pools
with sufficient variability is necessary for species
to adapt to changing environments (Lande, 1995;
Ayala, 1997; Meffe & Carroll, 1997). Recognizing
this, international organizations (e.g., Convention
on Biological Diversity [CBD] and DIVERSITAS)
and scientists who study biodiversity (e.g., Gaston,
2000) identify three levels of biodiversity: genetic,
species, and ecosystem. The Convention on
Biological Diversity recommended the inclusion
of genetic diversity, together with species diversity
and ecosystem diversity, in assessments of the
conservation value of a region (see www.biodiv.
org). Rapid-assessment evaluations of biological
diversity are ongoing worldwide, at both internati-
onal (e.g., the Rapid Assessment Program, Aquatic
Rapid Assessment Program [see the websites of
Conservation International, www.conservation.org,
or The Field Museum, www.fieldmuseum.org]),
and national/regional levels (e.g., the Biodiver-
sity Virtual Institute Program supported by the State
of São Paulo Research Foundation (FAPESP) wi-
thin the BIOTA/FAPESP [see www.biotasp.
org.br]), and they are gaining in importance.
Unfortunately, genetic diversity is rarely included
as an integral component in these types of studies.

Multiple, independent measures of a region’s
biotic systems provide greater insight into its
history and processes and a better basis for
predicting future biodiversity than do unilateral
measures (McKinney et al., 1998). Most im-
portantly for preservation of regions for the
conservation of their biodiversity, genetic diversity
can be used as a measure of biodiversity that is
independent from either species or ecosystem

biodiversity. Areas may be of critical importance
for the preservation of genetic diversity but be
unremarkable in their species number or ecosystem
uniqueness. Thus, areas that otherwise may be
excluded from conservation efforts using other
measures of biodiversity can be conserved based
on their genetic diversity.

Genetic analysis provides a unique assessment
of the conservation value of a region because it
facilitates the identification of areas that harbor
unusually high levels of genetic diversity, that act
as havens for ancient or novel genetic lineages,
or that possess habitats conducive to speciation.
Areas of unusually high genetic diversity in many
lineages serve as potential sources of evolutionary
importance because they are essentially genetic
“banks”. Areas can have any level of genetic
diversity and yet be of importance because they
are genetic repositories for ancestral or derived
genotypes. Areas of high genetic diversity in
particular lineages may be characterized by
numerous faunal or floral hybrid zones, where
coadapted gene complexes from different taxono-
mic lineages are recombining in novel ways.
Locations of hybrid zones as well as regions
possessing representatives of species-rich clades
are thought to be sites of ongoing evolution and
speciation (Harrison, 1990; Erwin, 1991). Those
areas make exceptionally important contributions
to the world’s pool of evolutionary diversity (Vane-
Wright et al., 1994) and they are important for the
generation of future biodiversity (Avise, 1996).

In addition, the pattern and type of genetic
diversity in an area can be an indicator that the
area constitutes an important ecological zone. For
example, the co-occurrence of multiple hybrid
zones in an area can be a strong indicator of the
presence of an ecotone because hybrid zones both
tend to be generated and to collect in ecotones
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(Barton, 1985; Moore & Price, 1993). Because
they are ecological transition zones, ecotones tend
to harbor high numbers of species as well as
unusual genetic representatives of those species.
Such areas are sources of evolutionarily novel
genetic combinations and are important to preserve
for future biodiversity (Smith et al., 1997).

Genetic analyses using standard population
genetics and evolutionary genetics laboratory
protocols and analytical procedures yield excellent
information for evaluating an area for its genetic
conservation potential. At both macrogeographic
and microgeographic levels, these types of analyses
provide information on not only the magnitude, type,
and distribution of genetic variation sequestered
within and between species but also on population
subdivision and movement and mating patterns of
individuals within species (see, e.g., Bowen et al.,
1992). Levels of gene flow, migration rates of
individuals between populations, and effective
population sizes (the theoretically based number
of breeders in a population [Wright, 1969; Slatkin,
1985; Beerli & Felsenstein, 2001]) can be estimated.
The evolutionary relationships among populations
and species, populations harboring ancient or
speciose lineages, and areas of hybridization can
be identified. In addition, the genetic population
structure of some species can serve as a model for
other species with similar life histories, distributions,
and dispersal characteristics. Thorough surveys of
the population genetics of key species can provide
information on the potential of numerous species
for recolonization if those species are eliminated
from a local area or a broad region.

Particularly for aquatic groups, the existing
morphologically based taxonomy for a group may
not reflect the underlying genetic diversity (Moritz,
1994), in part because many groups are poorly
known. Thus, as well as providing unique
information on the level of genetic importance of
an area, biodiversity studies based on phylogenetic
and population genetic methods can also be
blended with morphological analyses to identify
new species, lineages, and areas of hybridization.
Moreover, because it is physically or logistically
impossible to tag and track the many small species
of fish and invertebrates that inhabit tropical and
subtropical river systems, genetic analysis can
provide the only window into the movement
patterns and populational relationships of many

of these species. In addition, genetic analysis for
conservation studies is invaluable because the
samples are frequently collected and the analyses
conducted when the aquatic system is relatively
pristine and most species are at natural population
levels. Genetic analyses can thereby provide critical
baseline information on natural levels of genetic
diversity and population structure of numerous
species. Thus, these types of genetics studies are
important from the perspectives of evolutionary
biology, population ecology, and fisheries biology,
as well as conservation biology.

Here, we describe various types of procedures
that can be used to conduct a rapid assessment of
the genetic diversity of an aquatic region. Studies
of genetic variation, population genetic structuring,
and phylogenetics of species can be conducted on
any group of living organisms collected in the field.
We refer principally to fish species because this
class of organisms has been the focus of our studies.
However, the methods presented here can be
generally applied to most aquatic macro-organisms
with little modification.

FIELD METHODS

Rapid qualitative assessments to assess the
importance and potential of a particular geographic
region for the conservation of species’ genetic
diversity can be made by scientists knowledgeable
in population genetics, evolutionary genetics, or
conservation genetics. In addition to the obvious
need to collect tissue samples for genetic analysis,
the geneticist must have the opportunity to make
detailed, first-hand observations of the habitat
structure and hydrographic regime of the region
being considered for conservation and also the
species composition of the collections being made.
Some knowledge of the population biology and
reproductive strategy of as many of the species
being collected as possible is also helpful. More
detailed, quantitative assessments require a
laboratory with sufficient equipment to conduct
extensive genetic analyses and a full-time
researcher for at least 6 months to perform the
laboratory work.

Sampling for conservation assessments,
particularly rapid assessments, is frequently
multidisciplinary; involves people from several
institutions, organizations, or museums; and has
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several different objectives for both the sampling
and the samples. Therefore, we describe the collec-
tion of samples for surveys of genetic diversity
in the context of using those samples for multiple
purposes and coordinating the collection of those
samples with the collection of samples to be used
for other purposes.

Prior to the field trip, considerable prepa-
rations should be made. Obtain as much knowledge
as possible concerning the geography and aquatic
community structure of the area to be sampled.
Search in the published scientific literature for
population genetics studies of species from the
general region. Work with people knowledgeable
about the flora and fauna of the region to identify
locations that are potentially important for
conserving genetic resources. Combine this
information with other information provided by
the scientists conducting other components of sam-
pling to determine the specific sites to be sampled.
Determine the distribution of the samples among
the participating institutions and, if necessary,
obtain the necessary permits to export samples from
the host country and to import samples to the
country at which the laboratory analyses will be
conducted. Both the location of adequate facilities
for the storage and maintenance of the samples
and the priority rights of the host country should
be considered when discussing the distribution of
samples.

Typically, live fish and invertebrates collected
for species-diversity counts are preserved directly
in buffered formalin. Molecular genetics research
is best performed on tissues that are maintained
without preservatives or that are preserved without
formalin. Thus, special considerations for pre-
serving tissues without formalin (for example,
preservation in alcohol or a Tris-salt buffer con-
taining DMSO [dimethyl sulfoxide], freezing, or
drying) should be made prior to the field trip. If
possible, more than one method of preservation
should be used and duplicate samples of each
individual should be taken when sufficient tissue
is available. This will increase the probability that
at least one sample from each individual will
successfully arrive at the institution where the
laboratory analyses will be conducted. In addition,
these samples can be archived in museums or tissue
libraries for future use in not only genetic analyses,
but also heavy metal or pesticide detection, deter-

minations of physiological properties, or other types
of analyses that require specially preserved sam-
ples. These types of samples are invaluable because
they can provide, for many disciplines of science,
baseline data for regions where development and
environmental alteration may be imminent but have
not yet impacted the biota.

To ensure the broadest representation of
species and intraspecific populations, collections
should be made from as many different habitats
as possible (e.g., in as many habitat types as possi-
ble in lakes, streams, rapids, flooded areas, river
banks, main channels, estuaries, and in the ocean,
nearshore and in open water). Careful notes on the
ecology of each collecting site and a characte-
rization of the habitat should always be made. If
possible, photographs should be taken of each
habitat, of individuals representative of each spe-
cies, and of all unique or unusual morphotypes.
These are also the goals of the scientists who collect
specimens to estimate species diversity. Thus, the
sampling strategies for collecting samples at these
two levels of biodiversity should be compatible
and the collection of organisms for genetic analysis
can be done in conjunction with the collections
obtained for assessing species diversity.

Tissue collections from species that can be
readily or eventually taxonomically identified
should be made at two levels. (1) At least one
representative of as many morphologically distin-
guishable species as can be obtained should be
sampled. These samples are useful for phyloge-
netically based analyses and, together with their
formalin-preserved morphological counterparts,
serve as valuable archived museum specimens. (2)
Numerous individuals (optimally, 25-75) of species
that are abundant in a field collection should be
sampled. If possible, these population-level collec-
tions should contain individuals of different age
groups within species. Usually this can be
accomplished by collecting individuals over a
broad size range. If this is possible, the estimated
or measured size or the age class of each individual
should be recorded. These samples serve as
representatives of local populations in genetic
analyses conducted to define intraspecific popu-
lation genetic structure, gene flow, migration rates,
and species- or population-level genetic variation.
Different species may be common in different
habitats. Thus, it is possible that by the end of the
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field trip, only a single population-level sample
has been obtained for some species. Nevertheless,
these samples should be collected whenever
possible and saved so that they can be compared
to other population-level samples of the same
species that may be collected during field trips to
other locations.

We use a three-level approach for tissue
collection and laboratory analysis in our studies
of the genetic component of biodiversity. The
equipment that we take in the field to obtain these
collections is listed in Table 1.

(1) From each fish, we attempt to obtain a
tissue sample of somatic muscle (and liver if the
fish is large and gonad if the fish is reproductively
mature) for freezing in liquid nitrogen or on dry
ice or for preserving in alcohol, DMSO buffer, or

(for tissues destined for DNA analysis), a lysis
buffer containing proteinase K. The frozen tissues
are versatile; they can be used for allozyme electro-
phoresis and other procedures that require tissues
that have not been exposed to preservatives. Frozen
tissues also are easier to use than preserved tissues
for more sophisticated DNA analyses. However,
the logistics associated with collecting, transporting,
and maintaining frozen tissues are substantial. Thus,
this method may not be logistically possible.

Tissue biopsies such as blood samples, needle
biopsies, fin clips, small tissue plugs, skin
scrapings, or appendage components can usually
be taken non-destructively from individuals of
sufficient size. This type of tissue collection is
particularly important for endangered, threatened,
or rare and endemic species.

Task Equipment 

Dissecting the tissues Waterproof paper; pencils or rapidographs and India ink for 
labeling samples  
2-3 Pairs of surgical-quality scissors; scalpels; small scalpel blades  
(size 11), large scalpel blades (size 22) 
Forceps, toothed and blunt-tipped 
Tray for dissecting; plastic gloves (e.g., surgical gloves)  
Cloth towels; paper towels  
(Optional) Bunsen burner with fuel tank for sterilizing dissecting 
utensils 

Freezing the tissues1 Large cryogenic (liquid nitrogen) flask containing liquid nitrogen 
or styrofoam coolers filled with dry ice  
String; women's stockings; labeling tape (for storing samples in 
the cryogenic container)  
Dry cryogenic shippers (shippers that can be cooled by filling with 
liquid nitrogen, which is then poured out for transport of samples 
via airplane)  
Clear plastic wrap (we prefer Handiwrap®); heavy-grade 
aluminum foil 

Preserving voucher 
specimens  

Screw-cap plastic vials (5 ml-10 ml), or larger, as needed 
70% Ethanol, isopropanol, or DMSO (the long-term utility of 
DMSO for tissue preservation has not yet been proven) 
Gallon-sized Nalgene plastic jars for storing vials containing the 
preserved tissues  
Wire for wiring labels to fish; wire cutters; Ziploc plastic bags for 
storage of voucher specimens; permanent markers  
Alcohol and formalin for preservation  
Airtight containers for storage and shipping 

TABLE 1

Standard field equipment for obtaining tissue samples of aquatic macroorganisms
for conservation genetics analysis.

1. Optional, but freezing is necessary for protein electrophoresis.
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(2) From each fish, we also attempt to obtain
a tissue sample for preservation (in ethanol,
isopropyl alcohol, or DMSO-buffer). These tissue
samples can be used for almost any type of DNA
analysis other than allozyme electrophoresis (e.g.,
DNA sequencing, restriction fragment length poly-
morphism [RFLP] analysis, random amplified
polymorphic DNA [RAPD] analysis, denatured
gradient gel electrophoresis [DGGE] analysis,
microsatellite DNA analysis). They are easy to
preserve, transport, and store; and they remain viable
as usable samples for very long periods of time.

(3) After obtaining our tissues for genetic
analyses, we preserve the remainder of each fish
in buffered formalin if we have obtained tissue
samples for both freezing and alcohol preservation,
or we preserve the fish remains in an alcohol if
we have obtained a tissue sample only for freezing,
or if the fish is very small. We use these fish bodies
as voucher specimens for later positive taxonomic
identification because some fish cannot be
unambiguously identified in the field. Therefore,
body components critical for morphological species
identification should be left intact.

Correctly and unambiguously labeling all
samples from each individual is very important.
Thus, before embarking on the expedition, a
labeling system should be set up to expedite the
process of tagging the frozen or solution-preserved
tissues and the voucher samples from which the
tissues were taken. A method of wrapping the
samples to be frozen should be devised. If samples
will be frozen, arrangements should be made in
advance to procure liquid nitrogen or dry ice. If
liquid nitrogen is to be used, the cryogenic flask
and dry shippers should be shipped to the staging
location ahead of time and, if possible, chilled with
liquid nitrogen prior to the field trip; the other
equipment should also be shipped in advance, if
possible. A source of liquid nitrogen should be
located prior to the departure date for the fieldwork
and the cryogenic flask should be partially filled
with liquid nitrogen just prior to departure for the
field. If a method for freezing tissues is not
available, all tissues can be preserved in alcohol,
but this will eliminate allozyme electrophoresis
as a candidate for genetic analysis.

Contamination of the sample in the field is
a problem; it is particularly easy for small or loose
pieces of tissue or body parts (e.g., skin flakes,
hair, fish scales) or body fluids (e.g., blood,

mucous) to be transferred from one sample to
another. Considerable care should be taken to clean
the surface of the dissecting tray and the dissecting
utensils after each dissection. A Bunsen burner
can be used to sterilize the dissecting equipment
after each dissection (optional). Storage limitations
typically necessitate that small samples (approxi-
mately 1 sq. cm) are taken for freezing and for fluid
preservation and that only one type of sample is
collected from some individuals. If the specimens
are very small and only one type of sample can
be taken, we take only samples for freezing if
possible. To obtain high quality frozen tissues, the
individuals should be kept alive or cold (e.g., on
ice) until dissection. (Tissue dissection is easier
if the specimens have been cooled.) The tissues
should be dissected as soon as possible and the
tissues should be frozen within a few minutes after
dissection. Long-term storage for frozen samples
should be at –20oC to –80oC, until they are used
in a laboratory analysis (–80oC is essential for
tissues designated for allozyme electrophoresis).
The limitations on the storage capacity of the
cryogenic containers in the field should also be
considered when deciding how to prioritize samples
for freezing versus other methods of preservation.

Each individual should be assigned a unique
sample number; the tissue samples and the voucher
specimen of each individual should be labeled with
that number using waterproof paper or other method
of permanent marking. We wrap our fish to be frozen
first in a 7 cm x 7 cm square of plastic wrap (we
prefer Handiwrap®) and then in an aluminum foil
square of comparable size, and we place the sample
label (labeled waterproof paper) between the two
wrapping materials. We also wire the sample number
to the fish’s jaw whenever the fish is of sufficient
size to keep as a voucher specimen.

Evaporation of the liquid nitrogen or dry ice
is a serious problem in the field. Therefore, if possi-
ble, cool the samples on ice prior to placing them
in the container used for freezing the tissues. Several
samples can be held on ice and put collectively into
the storage container. Because retrieving and sorting
samples placed loosely in a large cryogenic container
is problematic, we put the samples into women’s
stockings that have been connected to the handles
of the flask via a labeled string.

For long-term storage, the alcohol- or
DMSO-preserved samples in small vials filled with
the preservative can be placed into large plastic
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(e.g., Nalgene®) jars; the jars can then be filled
with the same preservative. Frozen tissues should
be stored at –80oC in a freezer with an independent
battery-operated alarm system. Formalin-preserved
individuals should be changed into alcohol as soon
as possible. All samples should be cross-referenced
with the collection from which they came.

LABORATORY ANALYSES

Techniques
Many molecular genetics techniques appro-

priate for studies of genetic diversity exist. These
include techniques involving the differential
migration of DNA through a gel based on length
of DNA fragment (e.g., RFLP or amplified fragment
length polymorphism [AFLP] analysis, RAPD
analysis, microsatellite DNA analysis) or on
molecular configuration, charge, or exact nucleotide
sequence of DNA (e.g., DGGE, ASO [allele-specific
oligonucleotide] probing); sequencing of DNA
(performed on mitochondrial DNA [mtDNA] or
various components of nuclear DNA); and analysis
of DNA products (e.g., amino acid sequencing,
protein [= allozyme] electrophoresis). Excellent
descriptions of these and other techniques used for
conservation genetics and some applications are
provided in Smith & Wayne (1996) and Bert et al.
(2002) and references therein. Regardless of the
methods used, both nuclear and mitochondrial DNA
should be surveyed if possible.

Although starch gel allozyme electrophoresis
is the oldest and crudest of all DNA-based
techniques (the technique was first applied to
population genetics by Lewontin & Hubby [1966]),
it is still among the cheapest, fastest, and easiest
of all DNA-based population genetics techniques,
and it requires the least money and very little
specialized equipment to set up a laboratory and
execute the protocol. A plethora of data is available
from the scientific literature on the genetic variation
and population genetic structure of numerous
organisms as determined by the analysis of
allozyme alleles. In addition, a large array of
statistical analytical methods directed at deter-
mining population-level genetic variation, popu-
lation genetic structure within species, effective
population size, gene flow between populations,
and phylogenetic relationships among species are
compatible with allozyme data.

However, there are several notable limitations
to allozyme electrophoresis. (1) Probably most
importantly, the direct link between the expression
of allozyme banding patterns on gels and the genes
coding for those patterns has been established for
only relatively few loci coding for allozymes and
for only a limited number of species. Thus, for most
loci for most organisms, the researcher must make
the assumption that the output from electrophoresis
(essentially colored bands on a gel) corresponds
directly to genetic alleles at a single locus. Ideally,
the bands can be interpreted as the direct products
of single genes with codominant alleles that are
expressed as genotypes that conform to Hardy-
Weinberg genotype equilibrium expectations. Thus,
homozygotes are seen as single bands and hetero-
zygotes as multiple bands (e.g., two, three or five
bands for monomeric, dimeric, or tetrameric loci,
respectively). (2) Considerable divergence in allo-
zyme (allele) frequencies at assayed loci must have
occurred in order to detect genetic differences
between populations by a statistical test. The genes
that code for the proteins assayed by this technique
typically do not mutate rapidly, not all genetic
mutations result in a change in protein structure,
and not all differences in protein structure result
in differences in electrophoretic mobility. There-
fore, some significant differences in allele frequen-
cies that occur between populations may not be
detected. Consequently, some subdivisions in
population structure that exist may not be detected.
(3) Fresh-frozen tissues are required for the analysis.
The logistics of obtaining those tissues on some field
trips can be formidable. (4) Typically the proteins
with the most variation (alleles) are those found in
the internal organs (e.g., liver, gonads). Thus, in
most cases, the individuals must be sacrificed to
obtain the tissue samples. (5) The bands on a gel
require interpretation. The banding patterns for some
loci can be complicated. They can be blurred or
otherwise different from the banding patterns that
are expected (e.g., “null alleles”, alleles that are not
seen as bands, can be present). In addition, a
multitude of nongenetic causes (e.g., post-
translational modification, unidentified protocol
errors) can complicate or obscure the banding
patterns or make them ambiguous.

Despite these problems, it is the consistently
high level of conformation of most allozyme “loci”
to Hardy-Weinberg genotype expectations and
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straightforward interpretation of the banding
patterns that has given researchers faith that the
banding patterns that they are viewing on a gel are
in fact the direct products of codominant alleles
belonging to single genes. Allozymes can provide
information on the levels and partitioning of genetic
diversity that is valuable for resource conservation,
particularly at the level of distinguishing species
and detecting interspecific hybridization. Moreover,
that information can be obtained within the time-
frames imposed by rapid conservation assessments
and the analysis can be performed even in
laboratories with limited equipment, budgets, and
personnel.

Alternative nuclear gene markers that are
proving effective for discerning population
structure are the nuclear DNA from introns
(Palumbi & Baker, 1994; Friesen et al., 1997;
Chow & Takeyama, 2000; Huang & Bernardi,
2001), anonymous nuclear DNA (Karl, 1996;
Bageley et al., 1997), anonymous mtDNA markers
(Seyoum et al., in preparation), and microsatellite
nuclear DNA (Bentzen et al., 1996; McConnel et
al., 1995; O’Connell et al., 1998). The genetic
function of the anonymous markers is sometimes
not known (i.e., they could be in coding or non-
coding regions of DNA), but justifications for their
status as non-coding are usually fairly convincing.
Both introns and microsatellite DNA are thought
to be in non-coding regions of nuclear DNA, and
they both can be highly variable. Of all genetic
markers, microsatellite DNA is generally consi-
dered to be the most sensitive (Goldstein & Pollack,
1997). Typically, the nucleotide sequence is
obtained for introns and a length-based analysis
is used for microsatellite DNA.

Alternatively, specific segments of nuclear
DNA can be examined by the by the point-
mutation-based RAPD analysis or by the
conformation-based DGGE analysis. Both the
RAPD and DGGE methods have limitations. The
homology and repeatability of the banding patterns
generated by RAPDs can be difficult to establish
and many problems can arise in the interpretation
and analysis of RAPD data.  This technique is best
suited for the analysis of pedigrees.  For DGGE,
if the technique has not been adequately refined
for the specific species being analyzed, some
single-nucleotide substitutions may not be detected.
Thus genetic diversity would be underestimated.

The direct analysis of nuclear DNA is
expensive and requires an extensive laboratory
setup and, ideally, access to an automated DNA
sequencer. In the case of microsatellite DNA
analysis, an extensive, species-specific “library”
of nuclear DNA fragments must be developed and
assayed for microsatellites with sufficient levels
of length variation before populations can be
surveyed. However, all of the types of analysis that
can be accomplished using allozyme loci can also
be done using microsatellite DNA, and micro-
satellite DNA has a number of advantages over
allozyme loci. Most importantly, it is the direct
analysis of DNA rather than DNA products. In
addition, presumably, microsatellites are neither
used in nor related to the DNA coding process (but
see, e.g., Streelman et al., 1998) and therefore they
are presumed to be free from the influences of
selection. Similarly to allozyme loci, population-
level microsatellite DNA genotype frequencies
generally conform to Hardy-Weinberg expectations
and thus, they can be used to assess genetic
variation, population structure and subdivision,
gene flow, and interspecific hybridization. They
can serve as markers to detect selection against
particular populational components (e.g., hybrid
individuals), and several hypervariable loci can
be used together to determine pedigrees.

The mitochondrial genome has been used
extensively in conservation studies based on
population genetics and systematics. MtDNA
haplotype data can be used to determine genetic
variation, population subdivision, gene flow, and
phylogenetic relationships. From these data,
information on the history of species or populations
over ecological or evolutionary time periods can
be inferred, as well as breeding structure and
movement patterns.

Some of the properties of mtDNA that make
it especially useful for genetic analyses are that
it is non-recombinant (Hayashi et al., 1985), has
a faster rate of evolution than nuclear DNA (Brown
et al., 1982), and is easy to isolate and manipulate
(Dowling et al., 1990). Because it is effectively
haploid and usually only maternally inherited
(Wilson et al., 1985; Meyer, 1993), the effective
population size is reduced and, thereby, sensitivity
to genetic drift is increased (Birky et al., 1989).
Since in most taxa the mitochondrial data obtained
pertain to maternal lineages, both maternal and
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biparental components of gene flow can be
distinguished when data from an mtDNA analysis
is used in combination with data from a nuclear
DNA analysis, allowing for the identification of
sex-specific migration behaviors (e.g., Bowen et
al., 1992; Karl et al., 1992; Palumbi & Baker,
1994).

Another advantage to using mtDNA is that
the genome is well characterized for fish and other
aquatic and marine organisms, and primer sequences
for the PCR amplification (a technique that uses
the polymerase chain reaction [Innis et al., 1990]
to make many copies of the specific DNA segment
to be analyzed) and analysis of many of the mito-
chondrial genes are readily available. A limitation
of the analysis of mtDNA is that the entire mito-
chondrial genome is considered to be a single locus,
whereas nuclear DNA can provide multiple loci.

For population-level analyses, a portion of
the D-loop (control region), a rapidly mutating and
therefore usually the most variable (Brown, 1985)
portion of the mtDNA genome, can be evaluated
by sequencing or some type of sensitive analysis
capable of detecting single nucleotide differences
between individuals. The D-loop has been exten-
sively used to study equilibrium between gene flow
and genetic drift (Avise, 1994), historical events
such as population bottlenecks (Toline & Baker,
1995), and present day population structure (e.g.,
Stepien, 1995; Seyoum et al., 2000). For analysis
of higher level taxa, portions of more conserved
mitochondrial genes (e.g., those coding for cyto-
chrome oxidase, NADH dehydrogenase, or ribo-
somal RNA) should be chosen. Mitochondrial
DNA can be analyzed by sequencing, RFLP, or
DGGE.

Protocols
The first analyses conducted should be on

the samples for which population-level numbers
have been collected. For allozyme and micro-
satellite analyses, as many loci as can be resolved
should be assayed in as many individuals are
available, to enhance the probability of detecting
rare alleles and to provide adequate statistical
power for analyses of genetic population structure
and comparisons of measures of genetic variability
for known species. The second priority should be
to clarify the taxonomic status of cryptic or
confusing morphological taxon groups and verify
any suspected hybridization. Third, as the number

of collections from different regions accumulates,
any combination of samples can be processed in
the laboratory for phylogenetic analyses. However,
evaluations based on phylogenetic inferences are
incomplete until samples from a large number of
species within the phylogenetic group(s) of interest
and species that can serve as appropriate outgroups
have been collected. The ability to assess the value
of a region from both population genetics and
evolutionary perspectives will increase as the
number of collections from different areas within
the region increases, thus allowing the cumulative
data bases to be integrated or compared.

Using allozyme electrophoresis and having
unrestricted access to a fully equipped laboratory,
a single researcher can develop the protocols and
assay approximately 1,000 individuals in six
months; another 1-2 months would be needed for
data entry and analysis. For DNA analysis, access
to a PCR machine is necessary because nearly all
techniques require amplification of one or more
segments of DNA. To establish the protocols for
most DNA analyses, a researcher typically needs
approximately 2-6 months. The amount of time
needed depends on the techniques chosen and the
amount of information on directly applicable
techniques and (for PCR) primers that has been
previously published or is otherwise available.
After the specific analytical procedures have been
developed, an additional 4-6 months is usually
needed to manually sequence (without an auto-
mated sequencer) an approximately 400-base-pair
region of mtDNA for 200 individuals, and to analy-
ze the data. For ease in reading sequences
generated by hand, use a “block sequencing”
method (on a given gel for a given species, run
all adenosines together, all cytosines together etc.).
Sequencing DNA with an automated sequencer is
easier, faster, and usually less expensive. In our
laboratory, a researcher can process DNA segments
of approximately 450 nucleotides from raw tissue
through editing the DNA sequence for appro-
ximately 400 individuals per month using an ABI
Prism 310 Genetic Analyzer®. Thus, with the
advantage provided by even a small, tabletop
automated DNA sequencer, more than 2,000
individuals could be analyzed for a DNA segment
of the length typically used for conservation
genetics in a six-month time period.

Analysis of microsatellites could take
substantially longer because of the extensive time



Braz. J. Biol., 62(3): 387-408, 2002

396 BERT, T. M., SEYOUM, S., TRINGALI, M. D. and McMILLEN-JACKSON, A.

required to develop the DNA fragment library
mentioned above. Developing a battery of 5-15
microsatellite loci to use for a single taxon or
closely related taxa can take up to 6 months.
Fortunately, for many aquatic macroorganisms,
microsatellite loci have been developed and the
time needed to develop a taxon-specific protocol
is rapidly diminishing because, frequently, publi-
shed protocols can be adapted for the taxa to be
analyzed. If an automated sequencer is used, the
sequencing can proceed very rapidly. In our
laboratory, a single researcher can analyze
approximately 100 individuals for 10 loci per
month, without multiplexing loci (i.e. running
several loci simultaneously in the DNA sequencer).
By multiplexing loci, the number of individuals
analyzed per month can be doubled, tripled, or
multiplied by an even greater amount. Thus, after
the laboratory procedures are established, the entire
laboratory analysis of a few hundred individuals
for numerous microsatellite DNA loci could take
only a few months.

For a single rapid-assessment, conservation-
oriented expedition, the sample size for genetic
assessment probably will not exceed 400-600
individuals. (Various field-associated limitations
usually determine the maximum number of indivi-
duals that can be sampled.) If all individuals are
used for allozyme analysis, and half, or less, are
used also for more sophisticated DNA techniques,
one researcher devoted to this analysis could
complete the assessment within six to twelve
months. Obviously, any type of analysis other than
allozyme electrophoresis can be accomplished far
more rapidly through the use of a DNA sequencing
machine. More individuals could be surveyed, and
both mtDNA and nuclear genes could be assayed.

Laboratory procedures for conducting the
laboratory analyses described here can be found
in any publication describing research in which these
techniques were used and in the references within
those publications. Standard procedures for setting
up a laboratory or conducting allozyme electro-
phoresis are described in Shaw & Prasad (1970),
Selander et al. (1971), Harris & Hopkinson (1976),
Richardson et al. (1986), Murphy et al. (1990), Hillis
et al. (1996). Standard procedures for setting up
a laboratory or conducting DNA RFLP analysis or
DNA sequencing are described in Sambrook et al.
(1989), Erlich (1992), and Hillis et al. (1996). PCR

techniques, procedures and applications are
described in Innis et al. (1990) and Erlich (1992).
Techniques for conducting DGGE and RAPD
analysis can be found in Myers et al. (1986) and
Williams et al. (1990) respectively, and references
therein, and by searching published papers in which
those techniques are described. However, the most
efficient way to learn any of these techniques is to
serve as an apprentice in an established laboratory.

STATISTICAL METHODS

Although traditionally, phylogenetic methods
have been used to determine relationships among
species and higher taxonomic categories, these
methods have been commonly applied to popu-
lations within species for all types of studies in
which the relationships and interactions among
populations and identification of lineages under-
going rapid speciation and ancestral lineages is
needed. A common method for identifying cryptic
species is through phylogenetic analysis. Thus,
species richness can be increased above that
detected by morphological identification or other
means. Alternatively, phenotypically distinct indi-
viduals or groups that are genetically similar or
identical can be identified. Morphologically diffe-
rentiated individuals or groups may belong to
single, highly polymorphic species with habitat-
specific phenotypic variation. In this case, the
preservation of those habitats may be important
for the maintenance of the gene pool of the
polymorphic species. In these ways, phylogenetic
analysis can directly link genetic diversity to both
species diversity and ecosystem diversity.

Population genetics analyses can also be
integrated with biodiversity at the species and
ecosystem levels. These types of analyses provide
information on the interactions among populations
and allow identification of populations that harbor
unique genetic variation. Estimates of levels of
interbreeding between populations and movement
of individuals among populations can be obtained,
as well as information on breeding structure and
differences between sexes in breeding strategies.
If sufficient genetic variation is present and the
DNA techniques can be established, even parentage
can be determined in some cases. Thus, species
that have highly subdivided populations can be
identified and critical populations preserved.
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Habitats that are used as breeding grounds or
corridors for the exchange of individuals among
populations can be protected.

At least preliminary population-level as-
sessments can be made for many species for which
there are multiple, temporally or spatially separated
samples of five individuals or more. Of course,
the larger the sample sizes, the greater the level
of statistical resolution and therefore the greater
the ability to detect population subdivision when
it is present. The statistics performed to assess
population structure and genetic variability can
also elucidate cryptic species or hybridization.
Those computer programs with components that
evaluate the relationships of population samples
or species samples to each other can be used not
only to understand the relative connection or
isolation among populations but also for
phylogenetic analysis.

To integrate the genetics work with other
components when determining the conservation
significance of a region, the known geographic
ranges of the species collected should be considered
in all phases of the genetics studies, and marginal
areas of species ranges should be sampled if
possible. Species experiencing declines in numbers
may still be distributed throughout their former
ranges, including peripheral areas (Channell &
Lomolino, 2000). Compared to the usually much
larger core population more centrally located within
the species range, these areas can harbor populations
with unique allele frequencies at loci undergoing
selection for the species’ marginal habitat conditions.
These peripheral populations are adapted for the
extreme environmental conditions within the species’
tolerance ranges and may be important from a
conservation perspective (Lesica & Allendorf,
1995). The loss of locally adapted populations within
species and of their genetic material reduces the
resilience of species to environmental change.

For both phylogenetic and population genetic
applications, any of the genetic markers described
above can be used. In the past, we have used
allozymes and mtDNA (see, e.g., Bert, 1986;
Tringali & Bert, 1996; Seyoum et al., 2000;
McMillen-Jackson et al., in review). Microsatellite
loci are typically too variable for use in interspe-
cific phylogenetic analysis other than that of closely
related species, but they are highly utilitarian for
intraspecific analyses such as determining genetic

relationships among populations, conducting pedi-
gree analysis, and tracking specific genetically
unique individuals or populations.

For data obtained from nearly all types of
genetic analysis, large arrays of statistical methods
are available for determining population-level
genetic variation, intraspecific population genetic
structure, effective population size, gene flow
between populations, relative age of lineages,
evolutionary relationships among species, and a
number of other populational and species charac-
teristics. Many of the commonly used statistics for
the types of data that are derived from allozyme
or microsatellite analysis, restriction fragment
analysis, or DNA sequencing are described in Table
2. In addition, Appendix 1 provides, for a variety
of these data types, data management programs
and statistical programs that each include some
or most of these statistics, the general types of
applications of these programs, citations for the
sources of these programs (when known), and their
procurement sources (usually websites). Nearly
all of these programs are free. The website listings
and email addresses to obtain these programs are
current as of the date of publication of this article.
Websites that are good sources of phylogenetic and
population genetic analytical programs are also listed
in Appendix 1.

For DNA nucleotide sequence data, computer
software packages have been developed to provide
information analogous to that used for allozymes.
Many of the statistics used for allozymes are also
used for microsatellite DNA data. Similarly, a
number of computer software programs have been
developed to analyze RFLP data. A general
description of the types of analyses that we ty-
pically perform and the programs that we use
follow. Both Arlequin and MEGA can be used to
generate nucleotide base composition, counts of
transitions and transversions, number of base
substitutions, haplotype frequencies, and genetic
distances between haplotypes and between
populations using various methods.  For phenetic
and phylogenetic analyses, MEGA has more
clustering methods than does Arlequin, which has
only the minimum spanning tree method. The
programs ESEE or CLUSTAL can be used to align
DNA sequences; ESEE is limited to manual
alignment of sequences in pairs whereas CLUSTAL
is an auto-alignment program that can align multi-
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ple sequences simultaneously. Methods for
calculating haplotype diversity and nucleotide
sequence diversity (measures of within-population
genetic variability) are available in Arlequin, DnaSP
(this program considers only two populations at a
time), MEGA, and REAP. Phenetic cluster analyses
can be performed using MEGA, NJTREE, PAUP,
or PHYLIP. Cladistic grouping methods (which are
phylogenetically based) are available in PHYLIP
and PAUP. Standard errors for the branch lengths
of UPGMA phenograms based on haplotypes can
be calculated using NJTREE; thus their statistical
significance can be assessed. MEGA, PAUP, and
PHYLIP estimate statistical significance of clus-
tering methods using bootstrap and other types of
analyses such as jackknifing, permutation tests,
or interior branch tests.

In general, the geographic distribution of,
and significant differences between, haplotypes
in a tree are often used as evidence of population
structure. Distances between populations can be
used in cluster analyses, but to our knowledge, only
the NJTREE program assesses the statistical
significance of a population-based tree, and that
is only for the UPGMA tree. Geographic parti-
tioning of haplotype distributions can be identified
using χ2, log-likelihood tests (G-tests), or the exact
test of population differentiation (in Arlequin). To
minimize the effect of large numbers of empty cells
typical of population-level sequence data, Monte
Carlo randomization tests should be used (e.g.,
the MONTE program in REAP). The V-test may
be used to examine geographic partitioning in the
percentage occurrence of specific haplotypes. The
partitioning of molecular variance (ϕ) within and
between user-defined hierarchical levels can also
be examined using the AMOVA procedure in the
AMOVA and Arlequin programs. The ϕ statistics
(analogous to F-statistics) incorporate pairwise
genetic distances between haplotypes. The
significance of ϕ can be determined by using the
randomization program in AMOVA or Arlequin.
The effective number of migrants per generation
(overall gene flow) w can be calculated from the
ϕ statistics by using the classical F

ST
 equation. If

mtDNA is used, N
ef
m (female gene flow) can be

estimated. To assess the relationship between gene-
tic distance and geographic distance, use the Mantel
test in Arlequin.

The analytical procedures for RFLP data are
similar to those for sequence data; however,

different computer programs are sometimes used.
Within-population haplotype diversity and
nucleotide diversity and between-haplotype and
between-population divergences can be estimated
using REAP or RESTSITE. Phenetic cluster
analysis of the pairwise matrices of haplotype
divergences or interpopulational sequence
divergences can be performed using PHYLIP,
MEGA, or NJTREE. Testing for geographic
variation in haplotype frequencies and the
hierarchical analysis of molecular variance can be
accomplished using the methods and programs
described for analysis of sequence data. F-statistics
can also be calculated for RFLP data (e.g., see Gold
et al., 1993).

All analyses that are performed as multiple
tests of a single hypothesis should be corrected
for that problem by appropriately adjusting
significance levels. We use the sequential
Bonferroni correction.

DISCUSSION

Estuaries, swamps and floodplains, seagrass/
algae flats, and wetlands are by far the most
valuable environments in terms of natural capital
and provision of ecosystem services (Costanza et
al., 1997). In the freshwater components of these
aquatic environments and riverine systems, the loss
of biodiversity is far worse than in forests,
grasslands, or coastal ecosystems (Johnson et al.,
2001). Genetic diversity necessarily accompanies
species diversity. Thus, when species diversity is
lost in these habitats, genetic diversity is lost also.
However, as high as they are, the losses of species
understate the magnitude of the loss of genetic
diversity (Vitousek et al., 1997). Moreover, losses
of genetic diversity can be expected to continually
increase because the normal increasingly wide
range of conditions that ecosystems experience over
time (Chapin et al., 1997) is presently exacerbated
by anthropogenically related land usage. Humans
have the highest level of population growth in
regions of exceptionally high biodiversity
(biodiversity hotspots, as measured principally by
species counts; Myers et al., 2000), and a
disproportionately high percentage of the world’s
human population lives in these biodiversity
hotspots (Cincotta et al., 2000). Particularly in
developing countries, in regions where the roads
are the rivers, streams, or coastal waters, the impact
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of this increasing population is most pronounced
in the aquatic environment. Unless drastic measures
are enacted, the rate of environmental change will
continue to accelerate as the human population
increases. Unless environmental usage patterns
change, we can expect unprecedented and conti-
nually accelerating losses in the world’s “seedbank”
of aquatic genetic diversity.

The maintenance of genetic diversity is
essential to facilitate species’ adaptations to this
environmental change in order to increase the
probability of long-term sustainability of ecosystem
structure. It has long been well established,
principally through studies of the effects of
inbreeding and small population size on fitness
components on commercially valuable aquatic
species, that decreases in population genetic diversity
can render the population less genetically fit in many
ways, including those of importance for survival
of the population over ecological or evolutionary
time (e.g., reproductive capability and survival rate).
Thus, preserving the genetic diversity of species
can enhance species’ ability to adapt to new
environmental conditions and thus influence their
survival over these time frames (Levin, 1995).

Yet only a few biodiversity assessments have
included even rudimentary studies of genetic
diversity (e.g., Bert, 1999). Nearly all biodiversity
studies have been limited to species counts
(Knowlton, 2001) because morphologically diffe-
rentiated forms (which usually constitute different
species) are easily recognized and the evolutionary
significance of species is understood by a broad
spectrum of humans (Gaston, 2000). On a global
basis, the numerous biodiversity and taxonomic
studies that have been conducted in a wide variety
of ecosystems form a strong database for
comparing new species counts with those
previously published over the past century. This
substantial database provides a framework of
reference for studies of species diversity and
enables global comparisons to be made.

For genetic diversity studies based on
molecular population genetic and phylogenetic
methods, the database itself is sparser and more
diverse because molecular population genetics and
evolutionary genetics are new fields compared to
traditional, morphologically based taxonomy and
because multiple genetic techniques are available
to perform these studies. Nevertheless, there is a

framework for understanding genetic variation and
genetic population structure in aquatic systems.
Numerous allozyme studies have been conducted
in all types of aquatic environments; the database
of genetic diversity using mtDNA RFLP data is
large and still growing; microsatellite DNA studies
are becoming the standard for investigating
population genetics using nuclear DNA; and the
database for DNA sequence data is expanding
exponentially. From a global conservation
perspective, some of these databases are not
standardized (e.g., allozymes), but nevertheless,
they are of value for comparisons, particularly when
spatial or temporal evaluations of intraspecific
genetic diversity among populations is needed.

Because regions of overall importance
genetically are not necessarily those regions of
highest species diversity and because genetically
based assessments yield estimates of biodiversity
with components that are independent of the
estimates determined using species counts or species/
area relationships, areas for which genetic diversity
assessments have been made may be designated as
worthy of conservation efforts regardless of their
absolute species diversity. Genetic assessments can
be used to evaluate the potential contribution of these
areas to the maintenance of regional, continental,
or worldwide gene pools. Areas in which many of
the resident species harbor high levels of genetic
variation are repositories of regional genetic diversity
essential for adaptation to global change. Areas with
relatively high percentages of ancestral lineages or
relic species are strongholds of ancestral genes for
evolving lineages. Areas with high concentrations
of recently evolved species or hybridizing species
may represent regions where evolutions is occurring
particularly rapidly or uniquely and where the
potential for increasing overall levels of genetic
diversity is high.

Because genetic variation is the raw material
of natural selection (Fisher, 1930), biodiversity
ultimately is genetic diversity (Avise, 1996). Popu-
lations are natural entities that should be preserved
for their own sakes and because they are essential
components of ecosystems that provide goods, basic
life-support systems, and enjoyment for humans; their
long-term production and usefulness ultimately
depend on preserving genetic variation both among
and within species (Burger & Lynch, 1995; Currens
& Busack, 1995; Lande & Shannon, 1996).
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TABLE 2

Utility of some population genetic and evolutionary genetic statistics for studies of the conservation of genetic
diversity. For further explanation of these measures and additional measures, see a basic population genetics or

systematics textbook (e.g., Hartl & Clark, 1997; Hillis et al., 1996), biological statistics book (e.g., Sokal & Rohlf,
1995), comprehensive conservation genetics book (e.g., Smith & Wayne, 1996), or the explanations and references in

the computer programs listed in Appendix 1. Numbers in the computer programs columns refer to the programs
described in Appendix 1. Randomly amplified polymorphic DNA (RAPD) data has not been included in the

“Applicable data type” category because that data must be converted before using in any of the statistical programs
listed here (see Appendix 1, number 16 for further explanation). RFLP = restriction fragment length polymorphisms.

Category Use Statistics  Applicable 
data type 

Computer 
programs 

Tests of genetic diversity    

Basic measures of genetic 
variation 

Comparisons among populations in 
levels of genetic variation 
(peripheral and founder populations 
can have decreases in these 
measures compared to other 
populations and populations with 
exceptionally high levels of genetic 
variation are valuable sources of 
genetic variation for the species) 

P (percentage of 
polymorphic loci), H 
(average percentage of 
individuals heterozygous per 
locus), na (average number of 
alleles per locus  

Allozyme, 
microsatellite 
DNA 

2, 8 

 

  h ( haplotype diversity), ��

(nucleotide diversity) 
DNA sequence, 
RFLP 

2, 6, 12, 17, 18 

Allele/genotype/haplotype 
frequencies 

Comparisons among populations 
(localities, regions) (significant 
differences indicate population 
structuring); identification of 
peripheral or founder populations 
(these may have significantly 
different allele or haplotype 
frequencies or may be missing rare 
alleles or haplotypes compared to 
mainstream populations); 
investigations of clinal variation (i.e., 
geographically structured changes in 
allele frequencies, suggesting some 
type of selection, restricted gene flow, 
or hybridization; Endler, 1977) 

Percentages 

 

 

 

 

Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP 

2, 8, 17 

     

Conformation to Hardy-
Weinberg genotype 
expectations 

 

  

 

  

Indicators of straightforward genetic 
basis (single gene, codominant 
alleles, devoid of selection); 
nonconformance is an indicator of 
selection (e.g., at a single locus) or 
hybridization (e.g., at multiple loci) 
that is accompanied by selection 
(usually against hybrids, as indicated 
by a deficit of heterozygotes) or 
nonrandom breeding.  

χ2, G-test (Sokal & Rohlf, 
1995), V-test (DeSalle et al., 
1987) 

Allozyme, DNA 
sequence 
(nuclear DNA 
only) 

2, 8 

Tests of relationships among individuals, collections, or taxa    

 Measurement of 
hierarchical levels of 
genetic variation 

Estimation of genetic similarity 
among individuals within 
populations, among individuals 
within species, among populations 
within species, or among species; 
location of source of genetic 
differences among groups 

F-statistics and analogues 
(see Gold et al., 1993) 

 

 

Allozyme, DNA 
sequence, 
microsatellite 
DNA, RFLP 

1, 2, 8, 19 

 

 

  AMOVA Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP 

1, 2 
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Measurements of genetic 
distance 

Provide information on evolutionary 
relationships among lineages, 
populations, or taxonomic groups; 
essential calculation for analysis of 
phylogenetic relationships. 

Inter-individual, inter-
populational, and inter-
haplotype distances (many 
measures [e.g., Nei’s D, P, 
FST, RST]; see Hillis et al., 
1996) 

Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP 

2, 3, 5, 6,  8, 12, 
14, 15, 17, 18 

 

Phylogenetic cluster 
analysis 

Generation of “trees” or networks 
that illustrate an estimation of 
evolutionary relationships among 
genotypes or haplotypes, 
populations, or species; 
identification of ancient or recently 
derived lineages, or lineages 
undergoing rapid speciation 

UPGMA, 
neighbor-joining, parsimony, 
maximum likelihood, 
minimum spanning (all are 
algorithms); minimum 
evolution 

Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP 

 

2, 5, 12, 13, 14, 
15, 18 

Gene flow analyses 

 

Estimation of effective number of 
migrants among populations per 
generation (Nem), can be subsetted by 
sex (Nef m); determination of degree 
of isolation of populations  

 

Private alleles method  
 

 

FST method (Slatkin, 1985)  
 

 

Likelihood analysis (Beerli & 
Felsenstein, 2001)  

Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP 
Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP  
DNA sequence 

Slatkin, 1985  
 

 

2, 8, 19 
 

 

10 

Independence of location 
and allele frequencies 

Detailed evaluation of population 
genetic structure, performed locus by 
locus; supportive evidence for genetic 
isolation among populations or for 
selection 

Exact test, G-test (Sokal & 
Rohlf, 1995), V-test (used 
when numerous cells in allele 
frequency matrix equal zero; 
DeSalle et al., 1987) 

Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP  

2, 8 (R X C exact 
test only) 

Supportive Statistics    

Selective neutrality Determination of presence or 
absence of selection operating on 
genetic markers used for other 
analyses. 

D (Tajima, 1989; mtDNA 
only), FS (Fu, 1997), and 
others 

DNA sequence  2, 6, 12 

Statistical reliability Determination of statistical 
confidence in a result, e.g., a 
grouping, tree, or network derived 
from a cluster analysis.  

Bootstrap, confidence 
interval, Monte Carlo 
(minimizes the effect of a 
large number of empty cells in 
a data matrix), randomization, 
jackknife  

Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP 

2, 12, 14, 15,17 

Linkage disequilibrium 
(Weir, 1996) 

 Determination that two distinct gene 
pools are mistakenly considered as a 
single gene pool; identification of the 
existence of hybridization.  

Single locus, multiple loci Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP 

2, 6, 8  

Physical factor-
population genetic 
relationships 

Detection of geographically arrayed 
selection (e.g., allele frequencies vs. 
longitude or latitude, from small 
streams to large rivers, or over 
salinity or temperature gradients)  

Mantel test, correlation 
analysis, isolation by 
distance (Slatkin, 1993) 

Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP 

2 (Mantel test 
only), BIOM* 
(or, for correla-
tions, any good 
standard 
statistics 
program) 

Post-hoc tests    

Grouping tests Location of significant differences in 
allele frequencies between 
populations 

Simultaneous Test Procedure 
(STP) 

Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP 

BIOM* 

Repeated tests statistical 
correction 

Correction for multiple tests of a 
single hypothesis (it is necessary 
tests to clearly formulate the 
hypothesis to determine the exact 
level of correction needed) 

Sequential Bonferroni 
correction  

Allozyme, 
microsatellite 
DNA, DNA 
sequence, RFLP 

Rice, 1989 

*BIOMstat: Statistical Software for Biologists, version 3.3; available from Exeter Software (www.exetersoftware.com/cat/biomstat.html) 
for $300 US ($230 US for educational and governmental institutions).   

TABLE 2 (Continued)
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Therefore, it is essential to consider
investigations of genetic diversity as integral
components of studies for the conservation of
biodiversity, particularly in the highly threatened
aquatic environment.

 APPENDIX 1

Some population genetic and phylogenetic
analytical packages useful for assessing the genetic
component of biodiversity for conservation asses-
sments. Both analytical and data management
programs are listed. The numbers assigned to the
programs are cross-referenced in Table 2, which
describes the statistics that can be found in those
programs. The statistics that are generally used for
the analysis of biological data can be found in standard
biological statistics programs (e.g., BIOM [StatSoft,
Inc., 1999], SAS ® [available from SAS Institute, Inc.,
Cary, North Carolina; http://www.sas.com], Statistica®

[StatSoft, Inc., 1999]; all of these programs must be
purchased). Programs that we have used are noted
by asterisks. Further information on most programs
can be found on their websites. Additional websites
with extensive lists of various kind of relevant software
are ftp://ftp.ebi.ac.uk/pub/software/dos/ and http://
genamics.com/software/index.htm. A web service that
links to biodiversity, evolution, systematics, and several
free software packages is http://darwin.eeb.uconn.edu/
molecular-evolution.html# software. A comprehensive
list of phylogenetic software is in Hillis et al. (1996)
and in http://evolution. genetics. washington.edu/phylip/
software.html.

1. *AMOVA (Excoffier et al., 1992): http://
lgb.unige.ch/software/win/amova/

The Analysis of Molecular Variance program
performs an analysis of population genetic structure
at the molecular level. It can be used to partition
molecular variance at different, user-defined, hierar-
chical levels. AMOVA is similar to other hierarchical
procedures for compartmentalizing variance among
groups in gene frequencies (e.g., F-statistics) except
that it incorporates inter-haplotype nucleotide subs-
titution data. Tests for statistical differences among
frequencies are conducted within the program by non-
parametric permutation procedures.

Note added in press: AMOVA is no longer
supported and there will be no future releases of

this program. It is currently replaced by the more
powerful and versatile software program Arlequin.

2. *Arlequin (Schneider et al., 2000): http://
lgb.unige.ch/arlequin/

Arlequin is a multifaceted population genetics
software package that may be used for the analysis
of population genetic structure at the molecular level.
Data can be in the form of allelic or genotypic
frequencies (e.g., allozymes or microsatellites), or
haplotypes (e.g., RFLPs or DNA sequences). Arlequin
is one of the few programs that analyses population
demographic features and computes parameters and
confidence intervals under an expansion model. The
program includes routines for the following analyses:
AMOVA; haplotype, allele, and population frequency
testing; linkage disequilibrium; Hardy-Weinberg
genotype frequency equilibrium; selective neutrality;
population assignment for genotypes, and the Mantel
test for the correlation of matrices. An important
advantage of this program is its capacity to
accommodate large data sets.

3. BioEdit (Hall, 1999): http://www.mbio.ncsu.edu/
RNaseP/info/programs/BIOEDIT/bioedit.html

The Biological Editor is a general-purpose
program for manual pair-wise alignment of
sequences or multiple automated alignment of up
to 50 sequences with up to 20,000 nucleotides. It
provides a large number of sequence manipulation
and editing features and several fully automated
links to local and WWW based sites and softwares.
It also has several accessory applications including
maximum likelihood, Fitch-Margoliash, and least-
squares distance methods with or without
evolutionary clock assumptions. It provides an
integrated working environment to view, align, and
analyze with simple point-and-click operations.

4. *CLUSTAL Thompson et al. (1994; DOS
version): ftp://ftp-igbmc.u-strasbg.fr/pub/clustalW/;
Thompson et al. (1997) and Jeanmougin et al. (1998)
(Windows version): ftp-igbmc.u-strasbg.fr/pub/
clustalX/

This program is a general-purpose, multiple-
alignment program for DNA or protein sequence.
It has a window interface that allows the researcher
to see the sequences before and after alignment.
The output file from this program can be converted
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into several different formats using an internal
FORCON program.

5. DAMBE (Xia, 2000): http://web.hku.hk/~xxia/
software/software.htm

The Data Analysis in Molecular Biology and
Evolution program is an integrated software
package for retrieving, converting, manipulating,
aligning, and analyzing molecular sequence data.
For nucleotides and amino acids, the program also
performs phylogenetic reconstruction using distan-
ce, maximum parsimony, and maximum likelihood
methods. One important feature of the program
is that it can reconstruct ancestral states using either
maximum parsimony or maximum likelihood
methods to which discrete- or gamma-distributed
substitution models can be fit.

6. *DnaSP (Rozas & Rozas, 1999): http://
www.bio.ub.es/~julio/DnaSP.html

The DNA Sequence Polymorphism program
is an easy-to-use software package for the analysis
of DNA variation from nucleotide sequence data.
With this program, one can conduct analyses of
nucleotide variation within and between popula-
tions for noncoding, synonymous, or nonsynony-
mous sites, linkage disequilibrium, recombination,
gene flow, gene conversion, and selective neutrality
(e.g., Fu and Li’s; Hudson, Kreitman and Aguadé’s;
McDonald and Kreitman’s; and Tajima’s tests).
DnaSP can also be used to conduct population
dynamic analyses based on mismatch distributions
under constant or population expansion models.

7. *ESEE (Cabot & Beckenbach, 1989): ftp://
ftp.ebi.ac.uk/pub/software/dos

The Eyeball Sequence Editor (ESEE) is a
manual, multi-sequence, editing program for nucleo-
tide and amino acid sequences. It is a convenient
alignment program that can also be used to estimate
percentage of matches between two nucleotide or
amino acid sequences. Several other software
programs are also available through this site.

8. GENEPOP (Raymond & Rousset, 1995)
This Population Genetics program includes

all of the standard tests for performing basic,
population genetics analysis on nuclear genes and
nuclear gene products (e.g., allozymes). It also has
many options available for determining genetic

differentiation among populations, linkage dise-
quilibrium, and the partitioning of genetic variation
among populations.

9. *FORCON (written by J. Raes and Y. Van
de Peer, Department of Biochemistry, University
of Antwerp (UIA), Universiteitsplein 1, B-2610
Antwerpen,Belgium): http://www2.no.embnet.
org/embnet.news/vol6_1/ForCon/

The Format Conversion program can be used
to automatically convert nucleotide or amino acid
sequence “input files” from one format to another
for use in many popular software packages. It
allows one to avoid the tedious reformatting of
data sets via manual editing.

10. *LAMARC (Beerli & Felsenstein, 2001):
http://evolution.genetics.washington.edu/
lamarc.html

The Likelihood Analysis with Metropolis
Algorithm using Random Coalescence software
is a package composed of four programs that can
be used to estimate population genetic parameters
such as effective population size, population growth
rate, and migration rate. It is executable in the
Windows NT/95 and PowerMac systems.

11. *MacClade (Maddison & Maddison, 1992):
http://phylogeny.arizona.edu/macclade/
macclade.html

The Macintosh Cladistic program facilitates
the examination of character evolution and
manipulation of phylogenetic trees constructed
using other software (e.g., PAUP). It is available
for purchase only for Macintosh computers.

12. *MEGA (Kumar et al., 2001): http://
www.megasoftware.net/

The Molecular Evolutionary Genetics Analysis
program is very useful for the analysis of sequence
data. It can be used to estimate evolutionary
distances under various substitution models,
reconstruct phylogenetic trees (including minimum
evolution and maximum parsimony trees), compute
statistical quantities such as bootstrap values and
interior branch lengths for trees, and conduct tests
for selection. It can also be used to compute
nucleotide divergences between populations for input
into other tree-making programs. This program can
accommodate large sample sizes.
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13. NJTREE (Jin & Ferguson, 1990)
This Neighbor-joining Tree and UPGMA tree

program will generate these two types of phenetic
trees from populational genetic distance matrices.
Importantly, standard errors are estimated for the
UPGMA tree branch nodes. Within the program,
TDRAW produces the very basic dendrograms (trees).

14. *PAUP (Swofford, 1998): http://paup.csit.
fsu.edu/

The Phylogenetic Analysis Using Parsimony
program has been released in Macintosh,
PowerMac, Windows, and Unix/nVMS versions.
It is being continually edited and updated (the latest
version is 4.0 beta). This comprehensive maximum
parsimony program is compatible with MacClade.
It also includes non-cladistic methods for
determining relationships among species or
populations, such as minimum evolution, the
method of least squares, Lake’s method of
invariants, and maximum likelihood. It also
performs phenetic analyses such as generating
neighbor-joining and UPGMA trees on distance
matrices and calculates many other indices and
statistics.

15. *PHYLIP (Felsenstein, 1993): http://
evolution.genetics.washington.edu/phylip.html

The Phylogeny Inference Package is widely
used program for inferring phylogenies. It can
analyze data in the form of molecular sequences,
gene frequencies, restriction sites, distance matri-
ces, and discrete characters. Its methodologies
include those for phenetics, clustering, parsimony,
distance matrices, and maximum likelihood. Seve-
ral methods for determining the confidence in these
trees or networks are also included.

16. RAPDistance (Armstrong et al., 1994): http://
life.anu.edu.au/molecular/softward/RAPDistance/
The Randomly Amplified Polymorphic DNA
Distance program is principally an editing program
designed to record and facilitate the analysis of
RAPD data (and also RFLP data, if some care is
taken). The primary data is encoded for the
presence or absence of shared bands. Several op-
tions exist for editing the resulting file. The data
may then be used in other programs to calculate
pairwise distances between the samples, build
phenograms, or perform multivariate analysis. The

analytical programs with which the edited data will
be compatible are listed in the program.

17. *REAP (McElroy et al., 1992): http://
bioweb.wku.edu/faculty/mcelroy

The Restriction Enzyme Analysis Package
is designed to facilitate manipulation and
phylogenetic analysis of restriction fragment or
restriction site data. REAP can be used to create
discrete character data sets for phenetic or cladistic
analysis and to estimate distances among OTUs
from fragment, restriction site, or sequence data.
It is especially good for estimating nucleotide
divergence within and among populations and
evaluating the level of heterogeneity in population
frequency distributions by Monte Carlo simulation.
This option of REAP has now been expanded to
include up to 50 populations having up to 200
haplotypes. The expanded version is available by
request from D. McElroy.

18. *RESTSITE (Nei & Miller, 1990): http://
www.genome.wi.mit.edu/~jmiller/restsite/progs/

The Restriction Site program is useful for
conducting phenetic analyses based specifically
on RFLP (restriction site and restriction fragment)
data. Accounting for the sizes of recognition
sequences of restriction enzymes, this program can
be used to estimate the average number of nucleo-
tide substitutions within and between populations
and to construct neighbor-joining and UPGMA
trees from genetic distance matrices.

19. RSTCALC (Goodman, 1997): http://helios.
bto.ed.ac.uk/evolgen

The R
ST

-Calculation program is a PC-based
software package useful for the analysis of
microsatellite data. It generates estimates of R

ST
,

which is an analogue of F
ST

 that is unbiased with
respect to differences in sample sizes and
differences in variance between loci, to analyze
population structure and genetic differentiation and
to estimate gene flow. Statistical significance can
be assessed using bootstrap and permutation tests.
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