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MOLECULAR CONTRIBUTIONS TO CONSERVATION
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Abstract. Recent advances in molecular technology have opened a new chapter in
species conservation efforts, as well as population biology. DNA sequencing, MHC (major
histocompatibility complex), minisatellite, microsatellite, and RAPD (random amplified
polymorphic DNA) procedures allow for identification of parentage, more distant relatives,
founders to new populations, unidentified individuals, population structure, effective pop-
ulation size, population-specific markers, etc. PCR (polymerase chain reaction) amplifi-
cation of mitochondrial DNA, nuclear DNA, ribosomal DNA, chloroplast DNA, and other
systems provide for more sophisticated analyses of metapopulation structure, hybridization
events, and delineation of species, subspecies, and races, all of which aid in setting species
recovery priorities. Each technique can be powerful in its own right but is most credible
when used in conjunction with other molecular techniques and, most importantly, with
ecological and demographic data collected from the field. Surprisingly few taxa of concern
have been assayed with any molecular technique. Thus, rather than showcasing exhaustive
details from a few well-known examples, this paper attempts to present a broad range of
cases in which molecular techniques have been used to provide insight into conservation
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efforts.
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INTRODUCTION

In recent years, genetic issues have gone from rel-
ative obscurity to a significant emphasis in conserva-
tion research as modern molecular techniques revolu-
tionize our ability to delineate relationships among in-
dividuals, populations, and species. However, some re-
searchers have questioned the relative importance of
genetic information, stating that ecological or demo-
graphic issues may be more pressing (e.g., Lande 1988,
Schemske et al. 1994). As with any new field, the pen-
dulum has swung widely as genetic techniques become
part of arepertoire of tools needed to address our ever-
increasing loss of biodiversity.

We have come to recognize that overlapping sto-
chastic and deterministic demographic, environmental,
and genetic factors contribute to population or species
viability. Maintaining adequate levels of genetic di-
versity within and among populations is one critical
aspect to consider, yet in some cases it may be futile
to be concerned with long-term goals when habitat is
being destroyed at a rate such that even short-term
population survival cannot be assured. In these extreme
situations, managing for high levels of genetic diversity
may take a back seat to other concerns. However, mo-
lecular tools can be valuable as a means to plan for
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long-term genetic diversity and for clarifying demo-
graphic and ecological issues early in speciesrecovery.
For example, clarification of taxonomy can call greater
or lesser attention to a particular taxon, resulting in
reprioritization of conservation efforts. Defining the
extent of hybridization can have a similar result. Un-
derstanding relative levels of within- and among-pop-
ulation differentiation can help focus efforts on specific
populations in need of recovery. Finally, defining the
structure of a population (e.g., founder relationships,
rates of effective dispersal among subpopulations, and
effective population size [N leads to more accurate
population management from the beginning of recov-
ery efforts when options may be the most flexible.
Thus, this paper will illustrate how molecular tools
have contributed to resolving these issues in the past
and the potential they hold for the future.
Historically, the field of conservation genetics has
been portrayed through illustration of a few classic
examples (e.g., felids, canids, and salmonids; see Avise
and Hamrick 1995). These excellent studies provide a
starting point for further studies of lesser known taxa
and issues. In this paper, with full recognition of these
pioneering efforts, | will illustrate work on some lesser
known taxa in an effort to broaden our perspective on
the contribution molecular genetics can make to a di-
versity of conservation issues. Further, | will show how
molecular work is more meaningful when carried out
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in conjunction with ecological and demographic stud-
ies.

Use oF MOLECULAR MARKERS IN DEFINING
SPECIES AND SUBSPECIES

Taxonomic definition

The U.S. Endangered Species Act and other endan-
gered species programs around the world (e.g., I[UCN
[International Union for the Conservation of Nature
and Natural Resources]) identify and protect endan-
gered and threatened species, subspecies, and popu-
lations. While these designations can be controversial
from an evolutionary perspective, they can ‘‘make or
break’ recovery of specific species or groups because
resources allocated for their recovery often are prior-
itized based on their taxonomic status (e.g., Ryder
1986, O'Brien and Mayr 1991, Ball and Avise 1992).
Conversely, recognition that a species, subspecies, or
population is not distinct from nonthreatened, closely
related taxa can free resources that could otherwise be
spent on more critical needs. With new advances in
molecular techniques, these assessments are now fairly
straightforward and inexpensive and are often the only
means of resolving taxonomic issues.

One case in point is determination of species status
for the endangered Kemp's Ridley sea turtle (Lepido-
chelys kempi) and olive Ridley seaturtle (L. olivacea).
Prior to mitochondrial DNA (mtDNA) analyses, hy-
potheses were put forth that either lumped the two as
one species, split them into two species, made Kemp’s
Ridley a subspecies of olive Ridley, or classified
Kemp's Ridley as a hybrid between loggerhead sea
turtles (Caretta caretta) and either the hawksbill (Er-
etmochelys imbricata) or green turtle (Chelonia my-
das). MtDNA analyses indicated that the two forms
were distinct from populations of other sea turtles and
the mtDNA separation was great enough for the two
forms to be considered for separate protection under
the U.S. Endangered Species Act (Bowen et al. 1991).

Similarly, resolution of potential species status of
Hawaiian Honeycreepers has helped clarify and con-
centrate conservation efforts. DNA-DNA hybridiza-
tion studies concluded that the ancestral form was the
first passerine to inhabit the Hawaiian islands (Sibley
and Ahlquist 1982). Subsequent mtDNA analyses of
four members of the Amakihi complex (subspecies of
Hemignathus virens) and two outgroup comparisons
indicated that full species status should be granted to
H. v. chloris and H. v. stejnegeri (Tarr and Fleischer
1993). This separation helped lend greater credence to
current conservation efforts for these taxa.

In some situations, species clarification can result in
lumping previously separate groups. On the South Is-
land of New Zealand, two groups of rare, flightless,
chafer beetles have been traditionally considered dif-
ferent species (Prodontria modesta and P. bicolorata)
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based on a color dimorphism (Emerson and Wallis
1994). Allozyme and morphological analysesindicated
that strong geographic structuring occurred at the pop-
ulation level, but there was no evidence for speciation.
While lumping these two groups into one species could
potentially take away from conservation focus on each,
threats from agricultural development to the single spe-
cies remain critical; hence, efforts will continue as be-
fore.

A very practical use of species-specific markers is
inidentification of forensic material. Baker et al. (1996)
used mtDNA and a portable laboratory to identify
whale and dolphin species collected from markets and
restaurantsin Korea and Japan. They were ableto iden-
tify 18 species of Odontates, a number of regional pop-
ulations or subspecies of baleen whales, and a previ-
ously unrecognized subspecies of Bryde's whale (Ba-
laenoptera edeni). These results have obvious law en-
forcement benefits as well as taxonomic implications.

Finally, while traditional phylogenetic analyses are
helpful in understanding relationships among species
or higher level comparisons, little moreisusually made
of the results. Krajewski (1994), however, proposed
comparing levels of biodiversity among different
groups using phylogenetic measures that weight spe-
cies according to their contribution to overall genetic
diversity of a clade. For example, using results from
DNA-DNA hybridization for crane speciesin the fam-
ily Gruidae, he determined that the greatest single con-
tributor to family diversity was the Crowned Crane
(Balearica pavonina) and the smallest contributor was
the Common Crane (Grus grus). He concluded that
these weightings should be taken into account when
species are prioritized for conservation efforts.

Hybridization

Introgressive hybridization among closely related
taxa can have serious conservation, political, and eco-
nomic implications because it can have both positive
(e.g., increased genetic diversity, fitness, and adapta-
bility) and negative (e.g., loss of genetic diversity, ge-
netic assimilation, outbreeding depression) conse-
quences for population viability. However, develop-
ment of new molecular techniques provides an increas-
ingly accurate assessment of taxonomic relationships
and the history of gene flow. Most noteworthy are is-
sues associated with hybridization within salmonids
(reviewed by Allendorf and Waples 1995, Ryman et al.
1995). In these species, there is extensive hybridization
among closely related native and non-native species,
subspecies, and races. There are also problems related
to management of captive stock used to bolster wild
populations. The conservation goal is to sort out this
genetic mixing to maintain distinctness of specieswhile
assuring viable populations for the future. Management
of salmonid populations influences human populations
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as well. For example, the economy of local and native
fishermen depends on these species, while industries
such as power and timber companies feel the impacts
of conservation policies. One species at the heart of
the debate is the cutthroat trout (Salmo clarki). Allo-
zyme and mtDNA data indicate that hybridization be-
tween native Cutthroat Trout and non-native speciesis
one of the most critical factors contributing to loss of
cutthroat populations. Genetically mongrelized popu-
lations leave remaining native populations isolated
from each other, increasing the risk of extinction. Cur-
rent conservation efforts focus on removing some in-
trogressed populations so that native populations may
interbreed and prosper (Allendorf and Leary 1988, Ry-
man et al. 1995).

Hybridization has become a critical issue for canids
as well (reviewed in Wayne 1995). In North America,
debate stirred for years regarding the status of the red
wolf (Canis rufus). The issue is whether the red wolf
iS a separate species or the result of hybridization be-
tween gray wolves (C. lupus) and coyotes (C. latrans).
Red wolves went extinct in the wild in 1975 and ever
since a tremendous effort has been placed in conser-
vation efforts to restore wild populations. Both mtDNA
and microsatellite data showed that red wolves are the
result of extensive hybridization between coyotes and
gray wolves (Wayne and Jenks 1991, Roy et al. 1994).
Other instances of hybridization between these two
species are detailed by Lehman et al. (1991), Wayne
et a. (1992), and Garcia-Moreno et al. (1996). A sim-
ilar situation exists for the simien jackal (C. simensis),
the world’s most endangered canid. MtDNA and mi-
crosatellites were used to determine that this Ethiopian
wolf is adistinct species but that hybridization occurs
with domestic dogs (Gottelli et al. 1994). Molecular
markers have also been used to document additional
cases of extensive canid hybridization in swift and kit
foxes (Vulpes velox and V. macrotis; Mercure et al.
1993). In each of these cases, once hybridization is
defined, difficult and controversial decisions must be
made regarding whether hybrids should receive further
attention and protection.

The case of the Florida panther (Felis concolor) is
an unusual example in which molecular techniques
helped point out that the potential to hybridize might
result in increased population viability. Molecular anal-
yses (alozymes, mtDNA, and minisatellites) suggest
that Florida panthers have lower genetic variability
than other pumas (Roelke et al. 1993) and have suffered
from severe negative effects of inbreeding (O’Brien
1994). This has resulted in highly malformed sperm
(95%) and adramatically increasing incidence of crypt-
orchidism, a heritable defect causing undescended tes-
ticles in males (Barone et al. 1994). Since the current
gene pool is clearly depauperate, plans are underway
to introduce a Texas subspecies, F. c. stanleyana, to
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Florida in the hope that hybrids will be viable. This
subspecies most likely interbred with Florida panthers
in the 19th century (O’Brien 1994). While controver-
sial, this plan would not only increase the gene pool
but would contribute to improved demographic struc-
ture of the population by increasing reproduction.

Hybridization is common among avian species
(Grant and Grant 1992), but few hybrid taxa have sur-
faced as significant conservation issues (although, see
Avise and Nelson 1989, Zink and Kale 1995). Perhaps
the most extensive example of avian hybridization oc-
curs among Mallard-like ducks in the genus Anas.
Here, allozyme and/or mtDNA results suggest exten-
sive hybridization between Mallard Ducks (A. platy-
rhynchos) and Black Ducks (A. rubripes; Ankney et al.
1986, Avise et al. 1990), Hawaiian Ducks (A. wyvil-
liana; Browne et al. 1993) and New Zealand Grey
Ducks (A. superciliosa superciliosa; Gillespie 1985,
Rhymer et al. 1994). Swamping of the non-Mallard
gene pool has occurred, in part, due to loss of habitat
and behavioral dominance of male Mallards. In each
case, the result has placed the integrity of the non-
Mallard species in question.

One other recent avian example lies with the recent
discovery of hybridization between Northern Spotted
Owls (Strix occidentalis) and Barred Owls (S. varia)
in the North American Pacific Northwest (Hamer et al.
1994). The situation leading to this hybridization is
proposed to be the result of loss of old-growth habitat
used by Spotted Owls and encroachment of Barred
Owls into suboptimal Spotted Owl habitat. Currently,
RAPD (random amplified polymorphic DNA) and mi-
crosatellite analyses are being used to assess the extent
of this hybridization (S. M. Haig and T. D. Mullins,
unpublished manuscript).

Outside of the vertebrates, hybridization is rarely
identified as a conservation issue. It is likely that more
examples will arise as the use of molecular techniques
becomes more common and as other taxa are taken
more seriously in conservation assessments. In plants,
there are a few examples where genetic analyses have
been carried out to resolve conservation issues (re-
viewed in Rieseberg 1991). For example, introduction
of domestic herbivores on Santa Catalina Island, Cal-
ifornia, caused significant decline in the Catalina ma-
hogony (Cercocarpustraskiae), California'srarest tree.
The population, which has declined from 40 to <7
individuals, is now also threatened with genetic assim-
ilation via hybridization with more common species:
C. betuloides Nutt. ex T. and G. var. blancheae (C. K.
Schneid) Little. Allozymes indicated low genetic di-
versity in C. traskiae and extensive hybridization (Rie-
seberg et al. 1989). Current conservation efforts in-
clude destruction of hybrids, establishment of pure C.
traskiaein several locations, and removal of non-native
herbivores.
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Use oF MoLECULAR MARKERS IN DEFINING
PopuLATION VIABILITY

Within- and among-population genetic diversity

The partitioning of genetic diversity within and
among populations is a major contribution that con-
servation geneticists can make towards eval uating pop-
ulation viability. Evaluation of gene flow, or lack there-
of, provides an assessment of populations that are most
genetically depauperate, most fragmented, and closest
or most distant to others. This translates into identifi-
cation of populations in need of new individuals, pop-
ulations that could safely donate individuals to more
vulnerable populations, or populations in need of fur-
ther demographic or environmental consideration.
These factors are used administratively in assessment
of recovery needs, progress towards recovery, and al-
location of funds relative to other species or popula-
tions. Further, while combining genetic results with
extensive field data is the best way to evaluate popu-
lation viability, at times field data collection may be
too expensive or time-consuming within adefined time-
frame. In this situation, molecular analyses can provide
at least arough evaluation of some of theissues at hand
in atimely fashion.

There have been numerous conservation efforts re-
quiring quantification of gene flow (Avise et al. 1995),
with some of the most complete work carried out on
endangered desert fishes of the southwest United States
(Vrijenhoek 1995), sea turtles (Bowen and Avise
1995), and whales (Baker and Palumbi 1995). Much
of the work has dealt with species that, until the de-
velopment of molecular techniques, were untrackable
in the wild. Efforts are now focused on surveying ad-
ditional species or taxa and on using several molecular
techniques to provide a more comprehensive picture of
their population biology and status.

In recent studies of vulnerable plant species, allo-
zymes have been used most often in describing pop-
ulation structure (e.g., Godt et al. 1996, Hall et al. 1996,
Sun 1996, Young and Brown 1996). For example, with-
in- and among-population genetic diversity was low
for 19 populations of the threatened wetland herb, He-
lonias bullata (He = 0.05 for the species; Hy, = 0.03
within populations; Godt et al. 1995). Ironically, some
of the smallest populations had the highest genetic di-
versity. This result was attributed to their status as re-
lictual populations. However, since the overall result
was low genetic diversity and habitat was limited and
isolated, habitat conservation measures are now being
taken to preserve the species. Similarly, a rare Ha-
waiian fern (Adenophorus periens), known only from
one population on the island of Hawaii, had extremely
high levels of allozyme diversity relative to two more
widespread congeneric species (Ranker 1994). In this
case, more pressing concerns such as adverse effects
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from volcanic emissions were considered proximate
threats to the species, regardless of their genetic status.
Plans are now underway to transplant some individuals
away from danger.

No allozyme diversity was found in the rare north-
west North American aquatic plant Howellia aquaticus
(Campanulaceae; Lesicaet al. 1988) or in Lactoris fer-
nandeziana Phil., a plant found on the Juan Fernandez
Islands of Chile and the only member of the family
Lactoridaceae (Crawford et al. 1994). A more geneti-
cally comprehensive study of the endangered, endemic
Santa Cruz Island bush mallow [Malacothamnus fas-
ciculatus (Nutt.) Greene var. nesioticus| utilized allo-
zymes, RAPDs, and ribosomal DNA to evaluate its
status relative to other varieties within the species
(Swensen et al. 1995). The two populations had unique
RAPD and allozyme alleles, rendering them different
from the other varieties. Further, the only genetic di-
versity within either population was detected by rDNA
analyses. Based on this low genetic diversity and eco-
logical threats to their limited habitat, plans are now
proceeding to protect the variety by fencing individuals
and implementing controlled burns to allow resprout-
ing from root stocks.

A similar approach involving RAPDs has been used
to evaluate translocation strategies for Corrigan grev-
illea (Grevillea scapigera A. S. George), a woody pe-
rennial from western Australia (Rossetto et al. 1995).
Pushed to the brink of extinction due to massive habitat
loss, the species has been reduced to four populations
with a total of 27 plants. RAPD data indicated little
difference among populations, thus it was concluded
that translocations would not result in negative genetic
effects. RAPD data were also used to identify variable
individuals to be used for recovery efforts.

Minisatellite DNA, RAPDs and allozymes have also
been used to evaluate translocation options for the en-
dangered Red-cockaded Woodpecker (Picoides bo-
realis), a species suffering from habitat fragmentation
of old-growth pine in the southeastern United States
Minisatellites were used to identify population struc-
ture in a small South Carolina population in need of
translocation so that a subsequent population viability
analysis could estimate the number of individual s need-
ed to maintain a stable population (Haig et al. 19933,
b). Choosing potential donor populations was carried
out using RAPDs and allozymes. Results from both
techniques, sampling similar populations throughout
the species range, did not detect significant differen-
tiation among local populations (Stangel et al. 1992,
Haig et al. 1994a). However, significant population dif-
ferentiation was apparent (high Fg;) when distant pop-
ulations were compared (Haig et al. 1996). Thus, it was
recommended that birds could be moved among local
populations if donor populations could withstand the
loss and habitat conditions were similar between the
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two populations. M ovements between regionswere dis-
couraged due to greater genetic differences among dis-
tant populations.

The threatened black rat snake (Elaphe o. obsoleta)
and eastern Massasauga rattlesnake (Sstrurus c. ca-
tenatus) have both suffered extreme population frag-
mentation in Canadain recent years due to habitat loss.
However, estimates of nucleotide diversity within pop-
ulations and sequence divergence between populations
were derived from RAPD data and suggested that pop-
ulations were not genetically differentiated in either
species (Gibbs et al. 1994). Since population fragmen-
tation has been recent, genetic factors may not be im-
portant to address at this time and future efforts can
focus on other factors affecting species viability.

Similarly, amphibian populations are suffering de-
clinein many parts of the world (Blaustein et al. 1994).
Concern over the status of isolated northern leopard
frog (Rana pipiens) populations in Utah and Arizona
led Kimberling et al. (1996) to investigate genetic dis-
tance among populations using RAPDs. They found
significant population differentiation and reduced ge-
netic diversity in several of these populations. These
populations are now under consideration for better pro-
tection.

Mitochondrial DNA (mtDNA) variation has also
been used as a means of quantifying within- and
among-population diversity. The utility of these mark-
ers is somewhat controversial due to maternal inheri-
tance and other factors (reviewed in Moritz 1994, Avise
1995), yet mtDNA appears suitable in situations where
there is distinct philopatry along matrilineal lines or
where populations are somewhat sedentary. One help-
ful exampleisthe case of the endangered eastern barred
bandicoot (Perameles gunnii), a species confined to
Tasmania and a city park in Hamilton, Australia. No
genetic diversity was resolved within or among these
populations using allozymes (Sherwin et al. 1991).
RFLP (restriction fragment length polymorphism)
analyses of mtDNA indicated high variability within
the Hamilton population and none in the Tasmanian
population (Robinson 1995). RFL Ps also distinguished
animals from east and west Hamilton, as well as north
and south Tasmania. MtDNA sequence divergence be-
tween the Tasmanian and Hamilton populations was
high (8.21%). Thus, recommendations for recovery of
the Hamilton population did not include introduction
of Tasmanian animals and strategies were designed to
reduce inbreeding.

The future in defining population structure clearly
lies in further development and use of microsatellites
(see Parker et al. 1998). One of the first microsatellite
studies to address interpopulation differences was car-
ried out on black bears (Ursus americanus) at three
national parks in Canada (Paetkau and Strobek 1994).
While allozyme studies of black bears had concluded
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that there was low genetic diversity and effective pop-
ulation size (Wathen et al. 1985), two of the three pop-
ulations sampled with microsatellites had heterozy-
gosity values that were an order of magnitude higher
than the highest values reported from allozyme work.
A similar approach was used for population studies of
polar bears (U. maritimus). Use of microsatellites re-
vealed differentiation among populations as well as
populations with limited gene flow (Paetkau et al.
1995). In both cases, the increased number of variable
loci found in microsatellites greatly increased the detail
with which populations could be described and differ-
entiated, thus providing better resolution for identify-
ing genetically depauperate populations.

A more detailed microsatellite study involves iden-
tifying genetic diversity following a severe bottleneck
in koalas (Phascolarctos cinereus) in Australia (Houl d-
en et a. 1996). Some populations had much lower ge-
netic diversity than others. These animals have been
translocated to a number of sites since the 1920s when
the bottleneck occurred, but often the new populations
were founded by only a few individuals. This has re-
sulted in some populations having low genetic diver-
sity. Management strategies will have to be altered to
reduce this trend.

Finally, one avenue of research that has not been
well explored is the idea proposed by Avise (1992)
regarding ecosystem-level analyses of the effect of hab-
itat fragmentation on a number of populations for a
number of species and taxa. His work in the south-
eastern United States has illustrated how patterns of
habitat fragmentation can have similar effects on pop-
ulations from widely varied taxa. Current effortsin the
Pacific Northwest to address similar questions raised
by President Clinton’s Northwest Forest Management
Plan are underway, starting with amphibians and birds
(S. M. Haig, R. S. Wagner, and T. D. Mullins, unpub-
lished data). In the Northwest, this approach represents
not only an implementation of the Southeastern model
but also an attempt to characterize many species of
concern listed in the Northwest Forest Plan. Because
traditional field work yieldslittleinformation regarding
population structure and status for many of the more
cryptic, aquatic, or subterranean species, they would
most likely go unrecognized without some genetic sam-
pling to address these issues.

Population and race-specific markers

One often overlooked contribution molecular tech-
niques can make in conservation effortsisthe potential
to identify population- or race-specific markers. While
these markers do not confer information directly re-
garding population status or viability, the ability to
track movements of genes or individuals over great
geographic distances and throughout the annual cycle
can be critical for understanding migration patterns and
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habitat needs, dispersal patterns, metapopulation struc-
ture, and regulatory issues such as illegal harvesting.
Some of the best examples to date are from marine
species where data on annual migration patterns have
allowed more comprehensive habitat protection mea-
sures to be implemented.

The humpback whale (Megaptera novaeangliae) has
a worldwide distribution but has plummeting popula-
tions due to overharvesting. Each year, individuals
from six subpopulations or stocks migrate over 10 000
km round-trip from summer feeding areas in high lat-
itudes to winter breeding and calving grounds in low-
latitude waters (Baker et al. 1994, Baker and Palumbi
1995). Variation in mtDNA restriction types among
these subpopulations was used to identify distinct sub-
populations, migration movements, and mixing of ge-
netically distinct subpopulations in feeding areas (Ba-
ker et al. 1990). This potential subpopulation mixing
contributes to our understanding of gene flow and ef-
fective population size for the species, as well as strat-
egies for habitat conservation.

The green turtle is another endangered marine spe-
cies whose movements were unknown until molecular
markers shed some light on population structure and
dispersal (reviewed in Bowen and Avise 1995). Their
long life span, long time to sexual maturation, long
migration distance, and the difficulty of monitoring in-
dividuals left biologists in a quandary over population
structure and status. Further, green turtles, like other
marine turtles, use nesting beaches that are often
thousands of kilometers from their feeding areas, mak-
ing it difficult to determine their breeding distributions.
MtDNA genotypes have recently been shown to be
population specific when populations are defined by
their breeding beaches (Norman et al. 1994). These
markers were not individual specific, but were specific
enough to natal populations to provide an understand-
ing of the genetic origins of individuals at feeding sites
in the nonbreeding season.

Identification of run-specific markers in chinook
salmon (Oncorhynchus tshawytscha) from the Sacra-
mento—San Joaquin River Basin in the Central Valley
of California presents an interesting conservation di-
lemma (Nielsen et al. 1994): fish in winter runs are
protected as endangered species, but some of the races
in the spawning runs are not. MtDNA markers were
established for the spawning runs to facilitate identi-
fication of fish from winter runs. Now that markers are
available and winter population structure can be as-
sessed, further spawning runs may be protected. Recent
analyses of single-locus minisatellite markers have fur-
ther distinguished among chinook populations in Brit-
ish Columbia (Heath et al. 1995). These markers may
be applicable to other chinook populations, as well.

Migratory birds present a problem similar to marine
species with regard to understanding annual move-
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ments and population mixing. Most avian conservation
efforts focus on protection of breeding sites, but rec-
ognition that birds may spend up to 80% of their time
at migration and winter sites has|ed to renewed interest
in identifying and protecting nonbreeding areas. For
endangered species, identification of specific winter
sites for specific breeding populations can further focus
conservation efforts for specific breeding populations.
For example, monitoring movements of the endangered
Peregrine Falcon (Falco peregrinus) has been critical
to planning conservation efforts. Decline of the species
was largely attributed to exposure to DDT (dichloro
diphenyltrichloroethane) and other hazardous chemi-
cals, and understanding popul ation-specific movements
aided in determining where toxins were picked up. Ini-
tially, a tandem repeat was cloned from Merlin (F.
columbarius) genomic DNA that resulted in highly
polymorphic restriction patterns in Peregrines. This
lead to devel opment of popul ation-specific markersthat
differentiated Greenland and Argentina populations
(Longmire et al. 1988). Then the minisatellite probe
M13 was used to identify fragments only present in
female Peregrines. One of the sex-linked fragments
also proved to separate individuals from F. p. tundrius
(breedsin Alaska) and F. p. anatum (breedsin northern
Mexico) when the subpecies mixed on migration
(Longmire et al. 1991). Further work on these markers
will provide a more complete picture of falcon move-
ments.

In a broader sense, RAPD markers are being used
to track movements of shorebird (Order: Charadri-
iformes, Family: Charadriidae) populations throughout
the annual cycle (Haig et al. 1997). Because conven-
tional bind-banding has limited applicability when so
few birds are resighted, development of molecular
markers could be afar more effective means of tracking
populations throughout the annual cycle. In a survey
of nine species, population-specific RAPD markers
were found in Dunlin (Calidris alpina), Hudsonian
Godwit (Limosa haemastica), and Semipal mated Sand-
pipers (C. semipalmatus). Markers identified for Hud-
sonian Godwits strongly suggested either a new pop-
ulation or migration route. Given the tenuous status of
this species, these results are now being investigated
by field workers. Of additional interest, however, was
calculation of a relative probability of assignment of
individual birds to population sampled. These proba-
bilities were most helpful in assigning population or-
igin in Hudsonian Godwits, Semipalmated Plovers
(Charadrius semipalmatus), Pectoral Sandpipers (Cal-
idris melanotos), and Dunlin. They were least infor-
mative in Red-necked Phalaropes (Phalaropus loba-
tus). Not surprisingly, these results mirrored levels of
population differentiation and dispersal tendencies.
This work is now being carried out on the endangered
Piping Plover (Charadrius melodus), for which some
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breeding populations continue to decline in areas that
should be stable. However, because many winter sites
are declining or of poor quality, it may not be a breed-
ing site problem. Thus, if markers can identify the
breeding origin of winter birds, their success in winter
can be traced to breeding population status and vice
versa. This might change the focus of habitat protection
activities to include winter sites.

Identification of population structure

Over 20 yr ago, we became aware of the potential
role molecular markers could play in assessing popu-
lation structure (i.e., genetic diversity, effective size,
inbreeding, etc.) and status when Bonnell and Selander
(1974) used allozymes to examine genetic diversity in
breeding colonies of northern elephant seals (Mirounga
angustirostris). In their landmark paper, they reported
no polymorphisms were found in the 24 loci examined
(reconfirmed by Hoezel et al. 1993) and concluded that
this lack of heterozygosity might be attributed to pop-
ulation reduction due to years of hunting in the 1800s.
Little attention was paid to these issues until 5 yr later
when Ralls et al. (1979) began investigating the po-
tential detrimental effects of inbreeding in small pop-
ulations of captive ungulates. Subsequently, O’Brien
et al.’s (1983) use of molecular markers pointed to lack
of genetic diversity and subsequent decline in the chee-
tah (Acinonyx jubatus). From this point on, conser-
vation biologists have been quick to recognize the util-
ity of molecular techniques in quantifying and evalu-
ating the interrelated factors that may affect population
viability.

Traditionally, allozymes have been used to assess
population structure (conservation applications re-
viewed in Avise et al. 1995). While these techniques
are straightforward, often little variability is detected
(particularly in birds—Barrowclough 1983). For some
organisms, however, allozymes can still render critical
information in asimple fashion, especially when linked
with ecological or demographic information. In Wyo-
ming, for example, bighorn sheep (Ovis canadensis)
have declined from over 150000 individuals to <7000
in 70 yr. Allozyme sampling of this population indi-
cated that horn growth was significantly higher (up to
13%) in more heterozygous adult rams than in less
heterozygous adult rams (FitzSimmons et al. 1995).
Since hunting these sheep involves selective removal
of large-horned rams, status of the population may be
further threatened if these animals continue to be re-
moved.

Several recent papers have illustrated that interpre-
tation of heterozygosity and allelic diversity resulting
from allozyme studies needs further attention (Leberg
1992). In cotton-top tamarins (Saguinus oedipus), an
endangered primate from Colombia, asurvey of 21 loci
in 106 captive individuals resulted in average hetero-
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zygosity of 1% (Cheverud et al. 1994). However, body
mass was found to be significantly heritable (h? =
35%). Thus, low levels of genetic diversity based on
molecular markers did not correspond to alack of quan-
titative genetic variation in this important character. It
is likely that most important life history traits associ-
ated with fitness are also polygenic, quantitative traits
(Storfer 1996). For these tamarins, results suggest there
might be sufficient genetic variation that would provide
for adaptation to wild conditions when areintroduction
program is initiated despite their low protein poly-
morphism. Additional molecular studies using micro-
satellites may provide greater insight into this issue.

Concern over interpretation of allozyme data as it
relates to population structure, particularly in conser-
vation situations, led Hartl and Pucek (1994) to more
closely examine the relationship between heterozygos-
ity (H) and percentage of polymorphic loci (P) in their
study of a severely bottlenecked population of Euro-
pean bison (Bison bonasus bonasus) in Poland’s Bi-
alowieza Primeval Forest. They examined these two
factors in their population and for similarly bottle-
necked Artiodactyla species or populations. Their allo-
zyme survey of 69 presumptive bison loci not only
indicated low average heterozygosity (H = 1.2%), but
this value was three times lower than results from a
previous survey of 20 loci (H = 3.5%), which had
concluded their status was not of concern (Gebczynski
and Tomaszewska-Guszkiewicz 1987). Datafrom other
Artiodactyla indicated that the percentage of polymor-
phic loci was the only factor that appeared significantly
reduced in genetically bottlenecked species/popula-
tions. Further, heterozygosity was only useful as an
indicator of overall genetic variability in nonbottle-
necked species/populations. These results led them to
suggest that genetic depletion should be considered by
examining the ratio of H:P and variance of H among
a number of loci.

Recent isolation of hypervariable DNA loci, such as
microsatellites or minisatellites, has revolutionized our
ability to identify population structure. For example,
DNA fingerprints can be helpful indicators of changes
in genetic diversity over short periods of time. In Guam
Rails (Rallus owsoni), flightless birds formerly endem-
ic to the Pacific island of Guam, DNA fingerprints,
allozymes, and pedigree analyses were used to examine
potential loss of genetic diversity after the birds had
been extirpated from the wild and were maintained in
captivity (Haig and Ballou 1995). Using the pedigree
as a guide, fingerprinting indicated a 6% increase in
DNA similarity (i.e., decrease in diversity) between the
21 founders of the captive population and the captive
population 4 yr later (n = 105). Interestingly, allozyme
data also indicated a 6% loss of heterozygosity in a
similar comparison. Further, DNA similarity was high
for the founders (S = 0.62) and subsequent population
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(S= 0.64), while allozyme heterozygosity was average
(0.03) relative to other avian species. Thus, both tech-
niques measured similar levels of change between sub-
sequent generations but differed in levels of variability
measured. Population managers interpreted these re-
sultsto indicate the captive population structure needed
to be carefully managed so as not to lose further di-
versity.

Estimating levels of DNA similarity in highly social
alpine marmots (Marmota marmota) led to discovery
of apast population bottleneck (Rassmann et al. 1994).
Low levels of DNA fingerprint polymorphisms were
detected in the Bavarian Alp population at Berchtes-
gaden National Park. Subsequent analyses did not in-
dicate abnormally low mutation rates. Further, popu-
lation estimates were fairly high and dispersal wide-
spread. An explanation for these results was finally
proposed when heterozygosity and effective population
size were estimated from population and DNA finger-
print data. Effective population size was at least an
order of magnitude lower than what was predicted from
other populations. After considering the possibility of
a social system leading to inbreeding, Rassman et al.
(1994) concluded that, rather, the population had un-
dergone adrastic reduction in number of breeding pairs
in the past. This reduction was attributed to significant
losses during harsh winters.

More specific assessments of effective population
size can be made once the mating system is identified.
In the endangered and cooperatively breeding Red-
cockaded Woodpecker, DNA profiles were used to
identify parents in several populations (Haig et al.
1993a, 1994c). Lack of evidence for extra-pair fertil-
izations (suspected from helpers) led to reassessment
of effective population size estimates and progress to-
wards achieving recovery goals based on N, Thus,
helpers could not be counted in estimates of breeding
birds (as had been done previously). These results were
a significant contribution to a subsequent population
viability analysis that evaluated various options for
augmenting population growth in a small woodpecker
population in South Carolina (Haig et al. 1993b). They
are also being used in re-evaluation of the species re-
covery objective.

Population analyses using microsatellites arein their
infancy, but the technique holds great potential for
more accurate assessment of population structure. One
excellent example of its potential use in conservation
genetics is Taylor et al.’s (1994) work on the decline
of the northern hairy-nosed wombat (Lasi or hinus kr eff-
tii), a species on the brink of extinction in Australia.
Of three known colonies for this species, two went
extinct about 1910 as a result of human activities. The
third colony, discovered in 1939, may have numbered
several thousand individualsin pre-European times, but
only 20-30 individuals were found. Initially, both
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mtDNA and minisatellite DNA techniques were used
to evaluate population structure in the remaining col-
ony, in sometissue recovered from the extinct colonies,
and in the closely related southern hairy-nosed wombat
(L. latifrons). Neither technique yielded much variation
among colonies. However, microsatellite variability in-
dicated the extant colony retained 41% heterozygosity
and 36% allelic diversity relative to the southern hairy-
nosed wombat. These values correspond with an ef-
fective population size of <10 individuals over the past
120 yr. While these values are startlingly low, the pop-
ulation persists, giving hope for improved viability in
the future.

Perhaps the newest genetic system to be evaluated
for its relevance to population structure and conser-
vation geneticsisthe major histocompatibility complex
(MHC; Hedrick 1994). MHC gene products, used to
identify potentially harmful foreign antigens, are ex-
tremely polymorphic. Studiesto elicit population struc-
ture using MHC are just beginning (Schreiber and Ti-
chy 1992). They have been used to describe genetic
variability in populations of Swedish moose (Alces al-
ces; Ellegren et al. 1996) and beluga whales (Delphi-
napterus leucas; Murray et al. 1995). Asthistechnique
is further developed, there are suggestions that captive
or small populations should be designed to focus on
alelic diversity in MHC genes (Hughes 1991). This
controversial idea has been hotly debated as the func-
tion of specific genes is not known, hence managing
for these genes would have unknown consequences
(e.g., Gilpin and Wills 1991, Miller and Hedrick 1991,
Vrijenhoek and Leberg 1991, Hedrick and Miller
1996). Most likely we will need some concrete ex-
amples from known populations prior to rendering
judgment on this hypothesis. In the meantime, MHC
polymorphisms may prove to be useful in evaluating
specific population problems such as their susceptibil-
ity to disease.

Identification of unknown individuals

While characterization of general population struc-
ture is an important step in evaluating population vi-
ability, often the relationship among some individuals
in the population is not known. In many cases, this may
not be a problem, but in small and/or captive popula-
tions where each individual’s contribution to past and
future genetic diversity is critical, knowledge of relat-
edness is essential. For example, identification of re-
latedness among founders to a wild, translocated, re-
introduced or captive population will help guide future
population management. In some cases, identification
of parentage alone will provide greater understanding
of population structure. For example, pedigree rela-
tionships were derived for captive Waldrapp |bises
(Geronticus eremita) by comparing DNA fingerprints
from each captive individual with each potential
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mother—father pair (Signer et al. 1994). Using this ap-
proach, parentage was deduced for 29 of 33 birds. At
that point, bird pairings could then be chosen so that
their offspring would represent as diverse a population
as possible.

Deriving more complex relatedness information has
stymied scientists for years. In most cases, allozyme
and mitochondrial data do not provide the detail nec-
essary for such fine-tuned analyses. Minisatellites have
been a great step forward, but analyses can still be
problematic due to overlapping DNA similarity values
for some degrees of relatedness and difficulty in scoring
across autoradiograms. Microsatel lites provide the best
resolution to date, but have not been tested extensively
(but see Blouin et al. 1996). Discussed below are sev-
eral novel approaches that have proved helpful in the
specific situations discussed. In all cases, note that
knowledge of at least a partial pedigree has been the
backbone of the analyses.

It is now becoming fairly well accepted that a sig-
nificant relationship exists between minisatellite DNA
similarity and relatedness values cal culated from most
pedigrees of wild or captive individuals (e.g., Gilbert
et al. 1991, Haig et al. 1993, 1994b, c, 1995, Rave et
al. 1994). The exception may bein pedigreeswith high-
ly inbred animals (Butler et al. 1994). Establishment
of thisrelationship allows further hypotheses to be test-
ed regarding individual relationships. For example, in
Guam Railsand Micronesian Kingfishers (Halcyon cin-
namomina cinnamomina; Haig et al. 1994b, 1995), rel-
ative relatedness among founders to their respective
captive populations was determined by testing, via re-
gression, various hypotheses regarding possible found-
er relationships. In both species, the most helpful hy-
pothesis incorporated use of UPGMA (Unweighted
Pair Group Method Analysis) cluster analyses of in-
dividual similarity values among all founders calibrat-
ed to known relatedness/similarity values from the re-
mainder of the pedigree. Once the population structure
was determined, captive pairings could be made that
minimized mean kinship in captive and newly intro-
duced populations.

Hypothesis testing was also used in deriving relat-
edness among several unknown captive Rothschild’s
Mynahs (Leucopsar rothschildi), an endangered spe-
cies for which population management program was
just beginning. Ashworth and Parkin (1992) used sim-
ple and multiple regression to examine the relationship
(slope) between similarity and relatedness for various
hypotheses potentially explaining the relationship
among unknown birds. A more accurate, but complex
approach was used by Geyer and Thompson (1995) to
estimate founder relatedness among captive California
Condors (Gymnogyps californianus). Their use of max-
imum likelihood estimates appears to make optimal use
of all DNA similarity data, but is computationally com-
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plex and realistically impractical for pedigrees larger
than 20 individuals. Finally, the potential for two pre-
viously unknown wild Speke's gazelles (Gazella spek-
ei) to be considered as additional founders (i.e., un-
related to the remaining population) to the extremely
inbred captive population was evaluated by estimating
relatedness between the new animals and captive foun-
ders using a permutation test on all pairwise DNA sim-
ilarities (Butler et al. 1994). The wild individuals were
determined to be unrelated and they have now added
new, desperately needed genes to the captive popula-
tion.

Analysis of microsatellitesisjust beginning to make
a contribution in individua identification. In long-
finned pilot whales (Globicephala melas), identifica-
tion of pod members via microsatellites revealed that
pod structure is made up of single extended families
often containing >100 individuals (Amos et al. 1993).
That is, offspring of neither sex disperse, yet inbreeding
is not a factor. Matings occur between members of
different pods when pods happen upon each other. This
remarkable social system allows males to help related
females, increasing their inclusive fitness, without in-
troducing inbreeding within the pod. The conservation
implications for this and any other species with a sim-
ilar social organization are daunting. If there is little
or no movement between pods, as many pods as pos-
sible must be conserved to maintain existing genetic
diversity.

CONCLUSIONS

In this paper, recent case studies illustrated how mo-
lecular tools can be used to address specific conser-
vation issues. Studies that used several molecular tech-
niques to address related questions provided a more
definitive assessment of an issue than those that used
only one technique. Molecular techniques also provide
insight into the role of individuals in a population,
relationships among populations, and differences
among species. The greatest understanding of molec-
ular information will come, however, when it is used
in conjunction with ecological, demographic, behav-
ioral, and physiological data collected in the field. In
the future, the rapid evolution of new molecular tech-
niques will enable workers to identify individuals and
population structure with great resolution, and poten-
tially to trace the effects of factors such as disease (via
MHC) on population viability.
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