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ABSTRACT

Nonindigenous species can bring about a form of extinction of native flora and
fauna by hybridization and introgression either through purposeful introduction
by humans or through habitat modification, bringing previously isolated species
into contact. These phenomena can be especially problematic for rare species
coming into contact with more abundant ones. Increased use of molecular tech-
nigues focuses attention on the extent of this underappreciated problem that is not
always apparent from morphological observations alone. Some degree of gene
flow is a normal, evolutionarily constructive process, and all constellations of
genes and genotypes cannot be preserved. However, hybridization with or with-
out introgression may, nevertheless, threaten a rare species’ existence.

INTRODUCTION

Most attention to species extinction has focused on the “evil quartet” (45):
overkill, habitat destruction, impact of introduced species, and chains of ex-
tinction. Introduced species, in turn, are seen as competing with or preying on
native species or destroying their habitat (e.g. 19).

Introduced species (or subspecies), however, can generate another kind of
extinction, a genetic extinction by hybridization and introgression with native
flora and fauna. Habitat modification can also break down reproductive isola-
tion between native species, with subsequent mixing of gene pools and potential
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loss of genotypically distinct populations. These phenomena can be especially
problematic for rare species contacting more abundant ones. Conservation ge-
neticists have largely focused not on the loss of distinct gene pools by mixing
but on the potential decreasing fitness of individuals in small populations who
suffer inbreeding depression and on the possible difficulty of evolution in small
populations that have lost alleles to genetic drift (129).

We define “hybridization” as interbreeding of individuals from what are be-
lieved to be genetically distinct populations, regardless of the taxonomic status
of such populations (cf 127). “Hybridization” most commonly refers to mating
by heterospecific individuals but has been applied to mating by individuals of
different subspecies and even of populations that, though not taxonomically dis-
tinguished, differ genetically. Arnold et al (18) suggest restricting “hybrid” to
matings between species and using “intergrade” for matings between subspecies
and “cross” or “interbreed” for matings between individuals of geographically
distinct populations. Although such distinctions might clarify future discus-
sions, all these terms seem so widely used in the literature for matings at every
taxonomic level that they are unlikely to be restricted. Instead one must depend
on accurate taxonomic description of the entities between which mating occurs.

Introgression is gene flow between populations whose individuals hybridize,
achieved when hybrids backcross to one or both parental populations. Beyond
F1 hybrids, the point at which an individual is no longer viewed as a hybrid but
rather as a member of one of the parental populations that has undergone in-
trogression is arbitrary (9, 141). A hybrid swarm is a population of individuals
in which introgression has occurred to various degrees by varying numbers of
generations of backcrossing to one or both parental taxa, in addition to mating
among the hybrid individuals themselves. Hybridization need not be accom-
panied by introgression; for example, offspring of hybrid matings might all be
sterile. Introgression can be unidirectional, with backcrossing to one parental
population only. But hybridization can pose a threat to small populations even
if gene pools do not mix.

Botanists have paid more attention than zoologists to the evolutionary conse-
guences of hybridization and introgression, apparently because these are much
more common phenomena in plants than in animals, at least at the interspecific
level (cf 72). Further, botanists have more frequently addressed the creative role
of hybridization, although they have also pointed to such outcomes of poten-
tial conservation consequence as the role of introgressive hybridization in the
evolution of aggressive weeds (e.g. 71). Zoologists, on the other hand, have
generally been more exercised about the loss of distinct gene pools than about
hybridization as a creative force. We show in our examples that the same sorts
of conservation problems arise in both plants and animals.
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It is often difficult to identify hybrids on morphological grounds alone, par-
ticularly after several generations of backcrossing. Morphological observations
may suggest that hybridization or introgression has occurred, but introgression
is not always reflected morphologically. Often individuals not previously iden-
tified as products of introgression can be shown by molecular techniques to be
introgressed (115). With the advent of molecular genetic analyses, one can now
often document not only the extent of hybridization and introgression between
populations but also the gender of hybridizing individuals from each popula-
tion. In this review, we primarily discuss studies for which some molecular
analyses have been done.

With few exceptions, mitochondrial DNA (mtDNA) is maternally inherited
(20). Thus a first approach to a study of hybridization in animals is to iden-
tify population-specific mtDNA haplotypes of the parental populations and to
screen suspected hybrid individuals for those haplotypes. In studies of plant
hybridization, chloroplast DNA (cpDNA) is more often used; it is maternally
transmitted in most plants (20). These data reveal the direction of hybridiza-
tion: Does it consist only of males of one population mating with females of
the other, or does the reciprocal cross also occur? However, mtDNA or cpDNA
alone allows an incomplete picture of the extent of hybridization and introgres-
sion (39). In order to identify unequivocally all hybrid individuals, one must
also analyze biparentally inherited nuclear markers such as those revealed by
studies of allozymes, microsatellite DNA, random amplified polymorphic DNA
(RAPDSs), and single-copy nuclear DNA. First generation (F1) hybrids will be
heterozygous at all loci with population-specific alleles. Backcross individuals
from crosses between hybrids and the parental populations will have various
combinations of genotypes depending on the cross and the results of Mendelian
segregation.

MODIFICATION OF GENE POOLS

Mixing Through Introductions

Mixing of gene pools of formerly distinct taxa by introgression has been called
“genetic assimilation” (38, 52, 116), “contamination” (4), “infection” (48), “ge-
netic deterioration” (B Heredia, in 144), “genetic swamping” (74, 80), “genetic
pollution” (35), “genetic takeover” (68), and “genetic aggression” (71). The
latter seven terms have pejorative connotations. They imply either that hybrids
are less fit than the parentals, which need not be the case, or that there is an
inherent value in “pure” gene pools. “Genetic assimilation” need have no such
connotation, but this term is widely applied to an entirely different phenomenon
(143). “Mixing” need not be value-laden, and we use it here to denote mixing
of gene pools whether or not associated with a decline in fitness.
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A well-known example of genetic mixing through introductions involves
mallard ducks (Anas platyrhynchesvhich have a holarctic breeding range.
They have hybridized with several closely related, more narrowly distributed
endemic species, with subsequent introgression. Hybridization has been facil-
itated by introductions of mallards into various localities (e.g. New Zealand,
Hawaii, Australia, south Florida, eastern USA). For instance, hybridization with
introduced mallards has been implicated in population declines of the New
Zealand grey ducld. superciliosa superciliosél15), and mtDNA evidence
suggests that loss of this indigenous species through introgressive hybridiza-
tion is a real possibility (115). Many populations are increasingly mallard-like
in appearance (153). Hybridization with introduced mallards has contributed
to the decline of the endangered, endemic Hawaiian déckvgvilliana) and
has hampered attempts to reintroduce this species to Oahu and Hawaii (63).
Domesticated nonmigratory mallards that escaped or were released for hunt-
ing breed with the endemic Florida mottled duék fulvigula fulvigulg, and
the resultant introgression threatens the existence of the latter subspecies (98).
Introgression also occurs between domesticated introduced mallards and the
native Australian (Pacific) black duch, superciliosa rogerH92).

The North American ruddy duclOxyura jamaicensissimilarly threatens
Europe’s rarest duck, the white-headed duck (O. leucocephala) (14, 144). For-
merly widespread inthe Mediterranean region, the white-headed duck in Europe
was reduced by habitat destruction and hunting to 22 individuals in southern
Spain. Rigorous protection and captive breeding have resulted in growth of
this Spanish population to nearly 800 birds. The ruddy duck was first bred
in captivity in England in 1949 but quickly escaped; it now numbers some
3500 individuals (109, 144). They invaded the adjacent Continent and recently
reached Spain, where at least ten fertile hybrids have hatched (144); the extent
of backcrossing has not yet been determined. It is not inconceivable that the
ruddy duck could expand its range to contact the only other white-headed duck
population, in Kazakhstan.

Among birds, such problems are hardly restricted to ducks. The Seychelles
turtle dove Gtreptopelia picturata rostrajahas so massively hybridized with
S. p. picturataintroduced from Madagascar, that a hybrid swarm now inhabits
the Seychelles, and the average phenotype resembles that of the invader (38).
In South Africa, the endemic red-eyed do%e semitorguata australisyhose
populations had waned because of deforestation, has hybridized with introduced
S. s. semitorguatitom Mozambique with introgression to the extent that there
is now a hybrid swarm (32). Even the most publicized threatened species of
the United States, the northern spotted o8tk occidentalis caurina), may
be at risk from this process. Although destruction of its old growth habitat
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has been the main cause of its decline (137), the recent invasion of the Pacific
Northwest by the barred ow$( varia) is ominous. Itis gradually expanding its
range and numbers (13), and nest observations already show that it hybridizes
and produces fertile offspring with the spotted owl and that there has been
productive backcrossing in one direction (67).

There are several well-documented mammalian examples as well. Feral
housecats (Felis catughreaten the existence of the wildcd Gilvestrig
through hybridization (77). Remote areas of northern and western Scotland
were believed to harbor among the purest wildcats in Europe, but 80% of in-
dividuals studied by a number of genetic analyses had domestic cat traits. An
identical problem is occurring even in remote areas of southern Africa as feral
housecats breed with the African wildcBtlibyca (133).

The attempt to reintroduce the red wdlfgnis rufus) into the eastern United
States (146) may already be doomed. mtDNA analysis of individuals from
much of its current and historical range indicate that all of them have either
gray wolf (C. lupus) or coyote. latrang haplotypes, suggesting the red wolf
may be a species of hybrid origin (148). Red wolves have also hybridized with
coyotes as the latter increased in density and range in the East in this century.
The continued increase in Eastern coyote populations bodes ill for the red wolf,
as the coyote will ultimately be far more numerous wherever captive-reared red
wolves can be released. Hybridization between coyotes and red wolves or gray
wolves has probably also affected coyote genotypes in the East (89). Whether
the red wolf has a hybrid origin remains controversial (47,106, 111, 147), butre-
cent microsatellite DNA analysis (122) supports this hypothesis. Either way, it
is difficult to be optimistic that genes of individuals released now will not mix ex-
tensively with those of coyotes. Such a hybridization between anintroduced red
wolf and a coyote was recently reported (R Wayne, personal communication).

In Europe, what had been considered pure wolf (C. lupus) populations have
turned out to be largely hybrids between wolves and domestic and feral dogs
(Canis familiaris), leading to the formation of a “Wolf Federation” to protect
wolves from “genetic pollution” from dogs (35). By contrast, the identical
hybridization in the United States has led to recent calls to protect humans from
the hybrids (76) and also to delist the wolf because it no longer satisfies the
criteria of the Endangered Species Act (ESA) (75).

In Britain, the European polecati(istela putorius) had declined nearly to
extinction because of predator control to enhance gamebird shooting (30). As
this pressure is easing, the polecat is recovering, but there is widespread concern
(30, 94) for its genetic integrity because of hybridization with domesticated,
escaped, and feral ferrefgl(furo). The ferret is itself a domesticated form of
M. putorius, M. eversmanngr both.
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Simienjackals (Canis simensis) in Ethiopiawere so greatly reduced by habitat
destruction and hunting that they are now restricted to habitat fragments (105)
and are outnumbered by domestic dogs by about 10:1 (60). Introgression occurs
through matings between male dogs and female jackals (60), as demonstrated
by mtDNA and microsatellites. As in the red wolf example, the great disparity
in the population sizes of the two parental taxa puts the genome of the rare one
at risk far more than that of the common species.

In Scotland, sika deer (Cervus nippon nippon) introduced from Japan about
80 years ago hybridize with native red de€r. €laphus), and allozyme, mi-
crosatellite DNA, and mtDNA analyses show extensive introgression (1). A
broad, non-equilibrium hybrid zone is moving, and the genetic integrity of
Scaottish red deer is threatened (1).

A unique genetic threat has recently been described among amphibians.
The hybridogenetic hybrid froBana esculentand its two parental speci&s
lessonaeandR. ridibundahave been introduced to sites in central Spain (15).
There is a substantial threat thHat esculentawill outcompete the nativéR.
pereziwhich has a restricted distribution, and there is also conceriiRthadi-
bundawill hybridize with R. perezi.This cross has occurred in nature in north-
ern Spain and produced a hybridogenetic taxon whose presence has affected
the genetic structure of the locBl perezipopulations and whose individuals
may be expected to be more vigorous than those of the latter species (15).

Genetic mixing occurs among fish species because of the prevalence of in-
troductions for sport or commercial fishing, biological control, or through acci-
dental introductions of bait species. Smallmouth b&&isrppterus dolomieyi
introduced into the Guadaloupe River system in central Texas have hybridized
with endemic Guadaloupe bass (M. treguiireatening the continued survival
of the latter species (50); allozyme analysis confirms backcrossing (151).

Extensive, multiple introductions of rainbow tro@ricorhynchus mykiys
and cutthroat trout@. clarki) in western US watersheds have resulted in loss of
diversity of native species because of massive introgression (2, 46, 90). Rain-
bow trout hybridize extensively with threatened Apache tr@Qutgpachgand
endangered Gila trout). gilae) in the southwestern United States (46). Of
Apache trout populations, 65% contain individuals with rainbow trout alleles,
and one native population is now completely composed of rainbow trout. Sim-
ilar molecular studies in northern Italy show that stocking of domestic forms of
brown trout Salmo trutta) has resulted in introgression of domestic strains with
unique native forms§. fario, S. marmoratugndS. carpio) (59). In Poland,
hybridization and introgression of the introdudgdregonus peledith the na-
tive C. lavaretuds so extensive that only hybrids occur in about 70% of lakes;
pure forms are difficult to find (156).
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The arctic char (Salvelinus alpinus) in Sweden hybridizes with the introduced
American lake trout$. namaycush) (28), a cross that occurs with introgression
confirmed by allozyme and mtDNA analysis in Canada, where the two species’s
native ranges overlap (69, 154). Similarly, arctic char have been shown by
allozyme electrophoresis to hybridize with brook tro8t ontinalis) where
their native ranges overlap in Labrador, raising concern that char gene pools
will be modified in numerous parts of its range where brook trout have been
introduced (70).

Casual release of bait fish by sport fishermen, even without a stocking
program with tens or hundreds of thousands of fishes, sufficed to generate
a hybrid swarm through introgression between introduced sheepshead min-
nows Cyprinodon variegatys a bait fish, and the endemic Pecos pupfish (
pecosensis) in less than five years. This occurred over a 430-km stretch of
the Pecos River in Texas, about one half of the original geographic range of
pecosensigl9). Massive introgression was demonstrated by allozyme analysis.

Interspecific gene flow is a major problem in plant conservation because
SO0 many plant species, occasionally even heterogeneric ones, can hybridize
(52, 62). For example, many endangered sunflowali@nthus) species are
threatened by hybridization with the weeHy annuusas the latter has spread
with human sowing and disturbance (121). A measure of the problem can be
gleaned from the fact that more than 90% of all threatened and endangered plants
in California occur sympatrically or parapatrically with at least one congener
(12). Considerthe Catalina Island mountain mahog@ey¢ocarpus traskige
now consisting of 11 adult trees and some 75 seedlings. Allozyme and RAPD
analyses show five of the adults and some of the seedlings to be of hybrid origin
with the more widely distributed and much more comn@rbetuloides/ar.
blanchead117).

The Role of Habitat Change

Several kinds of habitat change can increase the probability and rate of hy-
bridization. First, local habitat modification can lead to the mixing of pre-
viously distinct gene pools, and this mixing can occur between two native
populations as well as between a native and an introduced one. Wiegand (152)
and later authors have noted that local anthropogenic habitat disturbance pro-
motes introgressive hybridization in plants (references in 118). Anderson (7)
refers to “hybridization of the habitat” by disturbance as the means by which
interfertile taxa, formerly reproductively isolated by different habitat require-
ments, achieve close enough spatial proximity for hybridization to occur. For
example, in the Ozark Mountains, zigzag spiderwdralescantia subaspera
typically grows in rich lime soil at the bases of bluffs, while another native spi-
derwort (T. canaliculatg grows in rocky soil on exposed cliff edges. Hybrids
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in nature are very rare, but when bottomlands are cleared, leaf cover erodes
and the sunlight increases; hybridization then becomes common, and a hybrid
swarm can replace both parental species (9, 104). Hybridization and subse-
guent introgression betwedétis fulva andl. hexagonan Louisiana have been
similarly facilitated by human disturbance (16).

Local habitat change has similarly broken down reproductive isolation be-
tween the Chatham Islands subspecies of the yellow-crowned par@yei-(
oramphus auriceps forbgsand the red-fronted parakeet (C. novaezelandiae
chathamensjsalthough the exact habitat features that formerly separated these
taxa are not well understood (38). Further, the general change in the habitat has
been in favor of the red-fronted parakeet, and the growing disparity in numbers
must exacerbate the probability that individual yellow-crowned parakeets will
hybridize. A hunting effort has been mounted against hybrids and red-fronted
birds (38). The yellow-crowned parakeet is similarly threatened on other is-
lands, a situation exacerbated by release of hybrids reared in captivity (138).

Construction of artificial ponds and the disturbed nature of their surroundings
have fostered hybridization between the native tree fitga cinereaandH.
gratiosain Alabama (88, 125). The latter species calls while floating or partially
submerged near pond banks. In undisturbed areas, the former species calls from
an elevated position on shrubbery near pond edges or from emergent vegetation.
In disturbed areas, such emergent vegetation is absentaadithereacalls
from the banks or occasionally from trees overhanging the water. In these
positions , most hybridization takes place witerereamales interceggratiosa
females. Backcrossing occurs, generating introgression, although hybrids and
backcrosses may have somewhat reduced fitness. Hybridization is not observed
in undisturbed habitat.

A second form of habitat modification that can lead to hybridization is re-
gional habitat change that allows geographic range expansion of one taxon into
the range of another. The blue-winged (Vermivora pirausl golden-winged
(V. chrysopterawarblers were allopatric in North America before European
settlement but have long been sympatric over wide areas because of the aban-
donment of old fields and reforestation in the northeastern United States (38,
56). Both birds use shrubby stages of old field succession. Hybridization has
been frequent wherevpmus,which is expanding its range northward, encoun-
terschrysopteraand the latter species has declined greatly (38, 51, 56, 57). The
hybrids are fertile, and backcrossing and introgression have occurred (41, 58).
The extent to which thehrysopteralecline is due to direct competition with the
blue-winged warbler, habitat change favoring the latter species, hybridization,
or a combination of these factors is unknown (41).
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In North America, range extensions of mallards with habitat changes wrought
by agriculture have facilitated high levels of hybridization and introgression
with Mexican ducks A. platyrhynchos dia}iin the Southwest (78). The
Mexican duck in the United States was delisted as an endangered species,
and the American Ornithologists’ Union declared it to be conspecific with the
mallard in 1983, because introgression was so extensive throughout northern
Mexico and the southwestern United States (5). Similarly, habitat change as-
sociated with agriculture and urbanization has greatly increased the possibility
of introgression between mallards and American black duaksubripes) in
the Northeast (11, 74, 81). This potential has also increased because of massive
releases of game-farm mallards for hunting on the Eastern Shore of Maryland
(over one million birds in recent years—J Serie, personal communication).

Several bird subspecies on the Great Plains may disappear as distinct en-
tities because of regional habitat modification (87, 124). The allopatry that
resulted from forests spreading westward through grasslands and retracting
during warmer interglacials left specifically and subspecifically distinct pop-
ulations on either side of the prairie. Fire control and planted trees on the
Great Plains have formed stepping stones and movement corridors exploited
by at least six eastern taxa with subsequent hybridization: eastern and western
races of the rufous-sided towhee (Pipilo erythrophthalnyellow shafted
(Colaptes auratus auratyisand red-shafted (C.a. cajeflickers, Baltimore
(Icterus galbula galbulaand Bullock’s (I.g. bullocKiorioles (cf 75), blueC.
cristata) and Steller's@. stelleri) jays, indigo (Passerina cyaneand lazuli
(P. amoenabuntings, and rose-breasted (Pheucticus ludovicieang black-
headed (P. melanocephalus palpagoosbeaks. For the flickers and orioles,
at least, morphological analysis suggests introgression (6, 102). The spread
of the barred owl across North America, noted above, might well have been
facilitated by the same tree plantings on the Great Plains plus opening and frag-
mentation of old growth forest in the Pacific Northwest (R Gutierrez, personal
communication).

A third kind of habitat change that can engender hybridization is simply the
construction of a permanent corridor allowing the continual movement of a
taxon into the range of another. For example, several fish species native to
the Sumjin River in Korea were introduced to the Dongjin River when two
power plants were constructed on the Dongjin, diverting water from the Sumijin
(86). One of these species, the lo&dtbitis tainia striata hybridized with the
endemic subspeci€xt. lutheri. High levels of hybridization and introgression
have occurred over a 20-km length of the Dongjin River, an area comprising
half the historic range of the endemic subspecies.
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Outbreeding Depression and the Loss of Locally
Adapted Genotypes

Our examples to this point have not discussed whether the new, mixed genotypes
are inferior in any way to the original native ones. Sometimes they are not. For
example, experimental evidence suggests that hybrid and backcross individuals
resulting from hybridization between mallards and North American black ducks
and between mallards and New Zealand grey ducks are as fertile and viable as
pure parental individuals (65, 110). Also, the formation of a hybrid swarm
(e.g. the Pecos pupfish example) suggests that hybrids are not at a substantial
disadvantage, particularly when pure parentals disappear and are replaced by
hybrids.

Some authors (e.g. 92) would view genetic mixing as a tragedy even if
the new genotype were better adapted than the original one to the ambient
environment. However, there is every reason to think that hybridization some-
times leads, at least initially, to a population less well-adapted to the local
environment. Outbreeding depression is lowered fitness in offspring, or later
generations, of crosses between genetically different sources (135). Occasion-
ally the decline in adaptation to the local environment is dramatic, as when
the Tatra mountain ibexQapra ibex ibex population in Czechoslovakia was
eliminated through interbreeding with introduced ibexes of different subspecies
(135, 136).

Anadromous salmonid fishes have numerous genetically determined adapta-
tions to local environments, including orientation behavior of newly emerged
fry and timing of spawning (3). Because of the migratory life cycles of these
fishes, these adaptations are crucial to survival and reproduction. Widespread
transfers of artificially propagated salmon within the native ranges of these
species may cause outbreeding depression through both loss of local adapta-
tion and breakdown of coadapted gene complexes (3).

In another example, widespread introductions of two clam speiese-
naria mercenarieandM. campechiensimto one another’s ranges, of cultured
hybrids into pure single-species populations, and of both species together into
previously uncolonized locations have provided many opportunities for hy-
bridization (29). Hybridization between these two species in a Florida coastal
lagoon has contributed to a chronic, epizootic incidence of gonadal neoplasia
there. Hybrids are more susceptible to the disease, resulting in reduced hybrid
fitness through increased mortality and reduced reproduction.

Outbreeding depression is known in several other animals (references in 135)
and many plants (references in 52), and observed decreases in fithess are often
substantial. However, because the demographic data required to establish a
decline in fithess are so scarce, it is likely that other examples, such as some of
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those cited in the section Mixing through Introductions as instances of simple
mixing, also entail a loss of fithess. However, as we discuss in the section
Introgressive Hybridization as an Evolutionary Constructive Process, hybrid
vigor or heterosis, with exactly the opposite outcome as outbreeding depression,
has been far more frequently documented.

Implications of Mixing for Translocation, Reintroduction, and
Stock Enhancement Programs

The fact that genetic mixing can occur suggests that certain conservation pro-
grams, though promising to solve one problem, may generate others. As is
clear from the ibex example, a well-meaning reintroduction project, aiming to
reestablish a species now locally extinct or to prevent inbreeding depression in
a small isolated population, can produce catastrophic results even if the hybrids
are fertile. The salmon example suggests that stock enhancement programs can
be similarly disastrous. The threat posed to marine turtles by recently detected
hybridization is not known, but it is possible that well-meaning captive-rearing
and transplantation activities are the cause (85). In the section Conservation
Implications of Hybrid Sterility and Unidirectional Introgression, we give an
example of ungulate hybridization, but one in which the hybrids are sterile
and nevertheless the hybridization threatens the parental populations. Hybrid
sterility in that instance is caused by segregational difficulties during meiosis,
in part owing to differences between the parental species in diploid number
of chromosomes. Geographic chromosomal variation may not even correlate
with variation in phenotypes within some species of mammals and should be
taken into account in translocations of animals among populations, lest wasted
reproductive effort doom an entire project (119).

Numerous stock enhancement programs for freshwater fishes such as trout
or salmon release fry produced in hatcheries; generally the fry are not obtained
from broodstock originating from the population to be enhanced (91). This fact
leads to concern that fithess in the local environment will be compromised even
if the genotypes of added individuals adapt them to some other environment,
because coadapted gene complexes may be destroyed (3, 18). Similar questions
have been raised (40) about enhancement programs for sea turtles. Likewise,
marine fish stocks such as those of cod in the north Atlantic and invertebrates
such as shrimp in Italy, Japan, and China are replenished from hatcheries, and
the hatchery strains used for these purposes generally differ genetically from
the target populations; they are often also somewhat domesticated by culture
conditions (91). Frequently, genetic diversity and effective population size of
hatchery stock are low because of inbreeding and/or because relatively few
males are used or certain pairs are more successful (23). Mixing of hatchery
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stock with wild populations may also lead to increased variance in reproductive
success and a decrease in genetic diversity in the wild.

Domesticated stock—individuals selected for survival and reproduction in
culture conditions rather than in the wild—may have characteristics that are
maladaptive in the target environment. Captive propagation may select for
very different traits than nature would (cf 3, 64), and the net result may be
lower average fitness in the target population. Additionally, captive propa-
gation in small populations may increase the frequency of correlated traits
that are not under selection in the stock but could be maladaptive in the
wild.

CONSERVATION IMPLICATIONS OF HYBRID STERILITY
AND UNIDIRECTIONAL INTROGRESSION

The fact that individuals of two different taxa mate (hyridization) does not au-
tomatically mean that introgression occurs. The hybrids might all be sterile.
One might imagine that, if mixing is not an issue, the consequences for con-
servation are nil, but wasted reproductive effort can threaten a population. For
example, the red hartebeest (Alcelaphus buselg@imaksthe blesbolfamalis-

cus dorca¥produce viable hybrid offspring in nature, but the male hybrids are
sterile and the female hybrids are probably sterile (120). Though gene pools
are not mixed in this example, the reproductive effort expended on hybrids is
wasted. This loss is not inconsequential because these species are both de-
clining; they are often found in small, isolated populations. The gestation
period for both species is eight months, and only a single calf is normally born
(105).

The European mink (Mustela lutregl#s threatened and declining almost
throughout its range. A chief cause is its interaction with the introduced and
more numerous American minkystela vison). Where they are sympatric,
the larger American mink males mate with European mink females, which then
do not permit other males to approach them. But the embryos resorb at an early
stage, and the female leaves no offspring for that year, while the American mink
females are productively mated by conspecific males (123).

Introduced brook trout (Salvelinus fontinalis) are displacing resident bull
trout (S. confluentus) in areas of northwestern North America (90). According
to mtDNA analysis, males of each species mate with females of the other, yet
allozyme data indicate that about 97% of detected hybrids are F1 individuals.
The apparent meagre amount of introgression may result from near sterility
of hybrids, their poor mating success, and/or low survival of their progeny.
However, even without substantial mixing, this hybridization can have conser-
vation consequences. The more numerous introduced brook trout may have an
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advantage because a smaller fraction of the reproductive effort is wasted in the
production of hybrids.

Ellstrand (52) describes several examples in plants in which hybrid progeny
are either sterile or have such reduced vigor that mixing of either parental gene
pool is unlikely. However, if either species is rare, the burden of producing
such progeny may threaten its populations with extinction. The fithess costs
associated with hybridization of this sort may be severe enough to select for
the evolution of secondary isolating mechanisms, but a rare species will often
lack the genetic variation necessary for such evolution (52). In any event,
several theoretical considerations argue against selection of isolation by this
means (37).

Even if introgression occurs, it can be limited in various ways. For example,
it can be unidirectional. Either hybrids can fail to mate with individuals of one
parental taxon, or such matings can be sterile. Further, hybridization itself can
be unidirectional (i.e. males of one species breeding with females of the other
species, but not the opposite cross). For example, mtDNA analysis shows that,
in the blue-winged/golden-winged warbler example cited above, blue-winged
genes are moving into golden-winged populations, but not vice versa (58). Sim-
ilarly, in the mixing of native Apache trout genomes with those of introduced
rainbow trout noted above, rainbow genes have moved into Apache popula-
tions, but the reverse introgression has not occurred (46). Even if hybridization
is fertile in both directions, it is possible that such hybridization can produce
fertile offspring of only one sex. Biased introgression of mtDNA indicates a
partial barrier to gene flow, possibly owing to assortative mating or selection
against hybrids of one of the crosses (46). In short, the existence of hybridiza-
tion and even introgression need not mean that there are no barriers to gene
flow.

Reduction of the frequency of alleles from introduced species could be at-
tained by elimination of populations or individuals based on morphological
or allozyme evidence of introgression. In the absence of such data, culling
is presently used to contain hybridization between ruddy and white-headed
ducks (144) and between yellow-crowned and red-fronted parakeet hybrids
(38). However, culling of hybrids may also result in the loss of locally adapted
(nuclear) genetic variation and unique mtDNA haplotypes. If the number of
individuals in a population is so low that it is possible that the population could
disappear entirely from causes other than introgression, culling could eliminate
the very individuals whose genomes might permit the partial “reconstruction”
of the species. Extensive genetic data (including mtDNA analysis) are there-
fore sometimes required to make informed management decisions about the
possible eradication of hybrids.
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ARE HYBRIDIZATION AND INTROGRESSION MAJOR
CAUSES OF EXTINCTION?

What is Important?

If introgression is the perceived threat, there is likely to be disagreement about
how concerned we should be. What should we be worried about the extinction
of? No one would argue that every individual genome should be protected, al-
though almost all individuals carry a certain amount of genetic variability (geno-
typic if not allelic) not found elsewhere. A huge gray area—subspecies, races,
populations—generates controversy. To adherents of the biological species
concept, species are reproductively isolated, although the degree of isolation
required for specific status differs among authors. Given this view of species,
particularly its most extreme interpretation, introgression would, by definition,
be intraspecific. One might then argue that concern over possible outcomes
of genetic mixing by introgression is misguided. Why should we worry about
loss of such infraspecific entities as subspecies, races, and local populations?
On the other hand, often one of the major components of genetic variation in a
species is among populations, and so, to conserve genetic variation in a species,
one should at least aim to save different populations (20).

There should be no such disagreement about cases in which hybridization
without introgression threatens the existence of intersterile taxa (see section
on Conservation Implications of Hybrid Sterility and Unidirectional Introgres-
sion), since these are clearly not infraspecific units.

Conservation scientists have agreed that entities that do not qualify as species
can undergo extinction and that we need to worry about them. The exis-
tence of genetically distinct populations, whether or not the differences among
them are adaptive, has fostered widespread concern for the conservation of
infraspecific entities. Even the ESA allows endangered or threatened status
for “subspecies” and “distinct population segments” (75, 140). Such concern
leads directly to unease at the prospect of loss of such entities to introgres-
sion. The National Research Council Committee on Scientific Issues in the
Endangered Species Act (CSIESA) advocates the concept of the “evolutionary
unit,” “a group of organisms that represents a segment of biological diversity
that shares evolutionary lineage and contains the potential for a unique evo-
lutionary future,” to replace “distinct population segment” in a future ESA
(103). A similar concept, the “evolutionarily significant unit,” has been pro-
posed by the National Marine Fisheries Service for managing anadromous
salmonids (145). Neither concept forbids gene flow between the units, although
the latter emphasizes a substantial (but not absolute) degree of reproductive
isolation.
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The ESA does not confer protection on hybrids (53), a fact that led to pro-
posals to delist such taxa as the wolf (75) and the Florida panther (53) on the
grounds that they have undergone introgession. In fact, the Fish and Wildlife
Service (FWS) withdrew its policy that hybrids cannot deserve protection in
1990, but they have not replaced it and are operating on a case-by-case basis
(53, 75, 107). The CSIESA proposes that a modified ESA should protect,
as evolutionary units, taxa that undergo introgression so long as they remain
phenotypically much like the endangered parent taxa, whatever the taxonomic
level of the latter (103).

How Common Are These Phenomena?

Just how common is extinction by hybridization and/or introgression? As noted
in the introduction, these processes are not usually listed among the major
extinction threats. Most general discussions of extinction problems omit any
mention of hybridization and introgression, with afew exceptions (e.g. 95, 104).
However, there are grounds for thinking these phenomena are more important
than is commonly realized. For example, 24 animal species listed under the
ESA are now extinct; of these, at least 11 were in fact extinct before the Act was
passed (99). Of those 24, introgression was thought to be at least a substantial
contributing factor for three taxa, all fishes—the Tecopa pupffp(inodon
nevadensis calidgethe Amista gambusia@ambusia amistaden$jsand the
longjaw cisco Coregonus alpeng€99).

It is also suggestive that many of the most famous “poster children” among
endangered vertebrates are perceived as potentially threatened or irrevocably
“contaminated” by hybridization and introgression. In addition to species
already cited—the gray and red wolves, the European mink, the Hawaiian,
New Zealand, and white-headed ducks, the northern spotted owl, several gen-
era of marine turtles—one can mention the Florida panther (53), Przewalski’s
horse (112), orangutan subspecies (10), both mountain zebra subspecies (31—
33), wisent (54), wood bison (101), black robin (36), and black stilt
(113).

We believe thatthe examples cited are probably the tip of the iceberg. Because
of the complexity and extent of the genetic techniques that are the major tools
for detecting introgression, for most populations, even those where introgres-
sion might be suspected, genetic analysis has been insufficient or non-existent.
There is every reason to think that the great majority of introgression has been
undetected (8, 118), and the advent of molecular tools is just beginning to re-
dress this situation. Detecting effects of hybridization where introgression does
not occur may be equally difficult. For example, assessing the extent to which
American mink mate with European ones (123) is no mean feat, and, of course,
cannot be aided by post facto genetic analyses.
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The only comprehensive massing of literature reports of hybridization and
introgression is of fishes (141). Of 42 interspecific hybridizations suspected on
morphological grounds, all but two were confirmed by molecular techniques,
while backcrossing was demonstrated by molecular techniques in 22 of these
cases. The majority of these examples come from North America. Twenty-four
new cases of hybridization not previously suspected on morphological grounds
were reported as confirmed by molecular techniques, and backcrossing was
demonstrated in 19 of these.

At the intraspecific level, examples are legion. For example, among African
ungulates of conservation concern, habitat fragmentation and deliberate intro-
duction and translocation have caused hybridization among various taxa of
wildebeest, springbok, impala, blesbok, oryx, and zebra (32).

We appealed to Nature Conservancy land stewards in their internal informa-
tional bulletin Stewardship Newslettefor information on suspected threats
from hybridization and introgression. This query elicited numerous examplesin
which introgression was believed to be threatening a vulnerable taxon. Striking
was that most of these were unpublished or “gray literature” reports by experts
in the field working on threatened taxa, with minimal or no laboratory support.

Just among plants, for example, at the Lanphere-Christensen Dunes Pre-
serve (California), a native lupindipinus littoralig is hybridizing with an
aggressive introduced species, yellow bush lupinefboreus, as confirmed
by morphology and pollination experiments, with backcrossing less firmly de-
termined (149). No molecular tests have been conducted. Inthe Roy E. Larsen
Sandyland Sanctuary (Texas), it is feared that the candidate endangered white
firewheel Gaillardia aestivalis(Walt.). Rock varwinkleri, is hybridizing with
Indian blanket (G. pulchell&oug.), widely planted on roadsides by the Texas
Department of Transportation (W Ledbetter, personal communication). No
molecular evidence is available. At the Kern Lake Preserve (California), the
last population of the candidate endangered Bakersfield saltbaspléx tu-
larensig is suspected through morphological evidence of disappearing in an in-
trogressed hybrid swarm with the widespréaderenang55; T Kan, personal
communication). The process is engendered by anthropogenic habitat change.
Along the Sacramento River and its tributaries, the California sycanibae (
tanus racemosgaappears in the process of being lost to introgression with the
London planeR. acerifolig), while the California black walnut (Juglans hind-
sii) may have been hybridized with numerous congeners imported from all over
the world for commercial purposes (FT Griggs, personal communication). In
neither instance is molecular evidence available.

In Oregon, the federally endangered western bogliljym occidentale) is
suspected of hybridizing with the Columbia lilly.columbianum); the federally
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threatened Nelson'’s sidalcegidalcea nelsoniana) is suspected of hybridizing
with the rose checker-mallows( virgatgd; and the candidate endangered pea-
cock larkspur (Delphinium pavonaceum) is suspected of hybridizing with the
Columbia larkspuD. trolliifolium (L Gooch, personal communication). Evi-
dence on introgression is lacking in all three of these cases, and all three may
result from natural or anthropogenic range expansion.

Itis a common perception that both hybridization and introgression are more
frequentin plants than in animals (72) and among freshwater fishes than among
other vertebrates (3). For both these groups, we have cited numerous examples
of potential conservation consequences. However, it is striking that we found
numerous cases of conservation interest, some noted above, among birds and
mammals, and a few among reptiles and amphibians. We know of far fewer
examples among invertebrates. However, this lacuna may not reflect a smaller
incidence of such problems among invertebrates. It may not be coincidental
that the problem is well known among the higher vertebrates and poorly known
among invertebrates; this disparity exactly mirrors a difference in attention
paid by conservation biologists to the different taxa. In general, much more is
known about threatened mammals and birds—about which species of both are
threatened, and why they are threatened—than about invertebrates (66).

Finally, the key forces conducing to hybridization—anthropogenic species
(and subspecies) introductions and habitat modification—are increasing with
burgeoning human populations and mobility (139, 150). Habitat modification,
in addition to juxtaposing previously disjunct habitats as noted above, leads to
fragmentation and isolation of many populations; this phenomenon has been
a main theme of conservation biology for over a decade (100). Individuals in
small, isolated populations in contact with other taxa are much more likely to
hybridize if only because of the difficulty of finding mates of the same species
(subspecies, variety, etc). This situation even obtains when the different popula-
tionis also small, as in the hybridization of blesbok and red hartebeest discussed
above. Butit is greatly exacerbated when the other population (whether native
orintroduced) is much larger, as for the European mink, Simien jackal, red wolf,
yellow-crowned parakeet, and bull trout. When introgression occurs, barring
specific mechanisms opposing interbreeding, a relatively greater fraction of the
small population will hybridize each generation, leaving an ever-smaller frac-
tion that has undergone no genetic mixing. Thus, the very factors that threaten
extinction by hybridization and introgression—habitat destruction, fragmenta-
tion, and species introductions—are all increasing and often act synergistically.
The problem is especially likely on islands, on which there are frequently dis-
proportionate amounts of habitat destruction and relatively more introduced
species, many of which are more common than the natives (130). Island plants
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are often at still greater risk because they tend more than mainland species to be
reproductively isolated by habitat rather than by genic or chromosomal barriers
(117).

Under what circumstances will introgressive hybridization lead to the genetic
extinction of one or both parental taxa as opposed to simply a stable hybrid zone?
Although some hybrid zones may be maintained in habitat mosaics that include
patches to which hybrids are more suited than parental individuals, broadly
speaking, lack of fitness of F1 hybrids, later generations, or backcrosses is evi-
dentin many stable hybrid zones (72). Thisis a form of outbreeding depression.
The lack of fithess may result from chromosomal differences, the breakdown
of coadapted gene complexes, or both (126). In any event, selection against
the hybrids stabilizes the zone and prevents mixing. In this instance, there is
an inherent weakness in recombinants of the two parental taxa, independent of
the habitat. Hybrid zones also form at boundaries or narrow gradients between
distinct habitats, so that each habitat favors one parental taxon, and hybrids are
selected against in both (7, 72). There is an equilibrium between increasing
dispersal of hybrid individuals away from this “tension zone” and increasing
selection against them (24). However, lack of fithess of hybrids is far from a
universal phenomenon, and many recent studies of particular taxa show vari-
ous hybrid classes to have fitness greater than or equal to that of parentals (17).
It does not appear possible yet to predict which introgressive hybridizations
will lead to stable zones and which to massive introgression and even hybrid
swarms; many more empirical studies, particularly those assessing fitness of
hybrids of various classes, may lead to such generalizations (17).

What Should Conservationists Do?

The less the genetic distinctness, the less concern is merited, and this is inde-
pendent of the fact that some conservation “poster children,” like the Florida
panther and red wolf, that are probably not very distinct genetically may be use-
ful emblems for a larger conservation effort. The amounts of natural gene flow
at low taxonomic levels are probably often simply too great to allow optimism
that we can maintain segments of the gene pool as distinct entities, whatever
ethical considerations might dictate. If natural gene flow is sufficiently great,

it is hard to imagine that it should be an ethical concern at all. To some extent,
subspecific designations are arbitrary, and most systematists stopped naming
subspecies in the 1960s or earlier (18); this tendency was encouraged by the
recognition that different traits often show different patterns of geographic vari-
ation within species (155). Conservationists are loath to abandon a concept that
might be seen as a useful way to save populations, and, as noted above, the ESA
allows protection of subspecies. However, modern systematics and molecular
techniques cast doubt on the validity of such taxonomy.
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Also, it is important for conservationists to choose their fights carefully.
One cannot be exercised over every situation in which new genes are flowing
into a distinctive population, or economic and emotional resources will be
insufficient to win most of these battles. Concern over introgression can lead
to absurd situations (79). The dusky seaside sparfomanfodramus maritimus
nigrescengwas listed as an endangered subspecies by the FWS as its population
declined because of habitat change. Although the Service spent $5 million
to purchase remaining habitat, the decline continued and five of the last six
individuals, all males, were captured (82, 84). A proposal to salvage part of the
gene pool of this subspecies by breeding these males with females of another
subspecies was stymied for two years by the FWS on the grounds that such
hybridization would dilute the dusky seaside sparrow gene pool and would,
in any event, create birds not covered by the ESA because they would not be
duskies (38, 44, 79, 82). In the end, the Service washed its hands of the affair,
allowing the project to proceed with private funds at a Disney World facility
(44, 83), but the Service slashed funding to protect habitat for reintroducing the
fertile hybrids, on the grounds that the hybrids were not duskies (51).

In retrospect, the FWS could have chosen less controversial grounds for
withdrawing from the attempt to salvage the dusky seaside sparrow gene pool.
An mtDNA analysis showed no basis for distinguishing the last dusky seaside
sparrow population as a subspecies distinct from other Atlantic coastal popu-
lations of A. maritimus(22) and indicated that the main concern, in terms of
genetically distinct entities, should be to preserve representatives of Atlantic
coastal populations on the one hand and of Gulf Coast populations on the other
(21). This tempestin a teapot illustrates an important point. What does it mean
to speak of saving the gene pool of a tiny population, whether subspecifically
distinct or not? After all, the population is an evolving entity, and its gene
pool will change even without human intervention, if not by gene flow then by
mutation, selection, drift, etc.

The Florida pantheiHglis concolor coryjiis a subspecies of the cougar listed
as endangered by the FWS. Fewer than 40 individuals are believed to remain in
the wild, all in south Florida, leading to enormous concern about the viability
of this taxon (128). Of the two largest groups, one, in the Everglades, consists
exclusively of hybrids between the Florida panther and individuals of other
subspecies recently introduced from South or Central America (108). The other,
in the Big Cypress swamp, appears to be primarily composed of “pure” Florida
panthers, although several individuals have morphological and/or mtDNA traits
suggesting a hybrid origin with South or Central American cats. Occasional
migration is believed to occur between the two groups. These findings led some
to question as to whether the Florida panther should be delisted (53).
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Ironically, before the introgression with Latin American cats was known, the
prospect of deliberately using other subspecies in a captive breeding program
as part of a recovery plan was denounced because “such miscegenation would
contaminate thé- c. coryibloodlines” (42, p. 9), its status under the ESA
would be jeopardized (27, 42), akdc. coryiis believed to be the subspecies
best adapted for survival in the Florida environment (27). For this reason,
feasibility studies for translocation of Florida panthers into northern Florida
were carried out with sterilized Texas mountain lioRsq stanlevanp(26).

Now the general thinking has turned completely around. Arnold et al (18)
cautiously asserted that it may be a good idea to introduce individuals from
Texas or possibly other subspecies so that hybridization will occur. This stance
was largely rationalized by arguments that 1. hybridization has already occurred
anyway, and the hybrid population appears cursorily to be less plagued than
others with possible indications of inbreeding depression; 2. the numbers of
Florida panthers are so low and signs of possible inbreeding depression so omi-
nous that the subspecies will become extinct without the proposed introduction;
and 3. the Florida panther is not genetically very different from other subspecies
anyway, so that outbreeding depression is unlikely. Thus, eight female Texas
cougars were released into south Florida in 1995, prompting a claim that the
evidence of an important role for inbreeding depression is inconclusive and that
the possibility of outbreeding depression was not sufficiently studied (96).

This case also seems to be a tempest in a teapot; there is so much evidence
of ecological threats to the Florida panther (128) and so little evidence of either
inbreeding or outbreeding depression (96) that it is difficult to believe that
introduction of Texas cougars is crucial one way or the other to the survival of
this population.

INTROGRESSIVE HYBRIDIZATION AS AN
EVOLUTIONARILY CONSTRUCTIVE PROCESS

If one is at pains to conserve the processes of evolution, as well as its prod-
ucts (e.g. 100), it is also important to recall the constructive roles played by
hybridization. Hybridization can allow for rapid evolutionary change by pro-
ducing novel gene combinations (25, 93) even in small, fragmented populations
(84a). Botanists recognize that it may lead to increased genetic variation at both
the genic and genotypic levels, increased fitness, and adaptation to new envi-
ronments in existing taxa (52, 116, 118).

Hybrid vigor, or heterosis, is a well-known phenomenon (e.g. 73) and has
been documented more frequently than outbreeding depression has. Perhaps
the relative importance or likelihood of outbreeding depression and hybrid vigor
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is correlated with the degree of genetic differentiation of the parent taxa. In
any event, sometimes particularly vigorous hybrids thrive in habitats inimical
to both parental taxa, in ways that would normally be construed as benefits to
conservation. The London plane trédgtanusx acerifolia) is a hybrid of the
American sycamoreR occidentaligand oriental planeR, orientalig, both of
which were introduced to England in the seventeenth century, and it is well
known as a majestic tree particularly tolerant of coal dust, smoke, compacted
soils, and other aspects of the urban environment (132). It is found in many
large cities both inside and outside the ranges of both parental species, often
where neither parental species can survive. If a tree grows in Brooklyn, it is
most likely a London plane (34). That it threatens another taxon in California
with introgressive extinction, as noted above, is ironic.

In animals, most of the closely studied examples come from domestic or
laboratory species because of the difficulty of measuring fitness differences in
the field. However, there is every reason to believe the phenomenon is common
in nature. For example, a genetically depauperate sexual topminnow species,
Poeciliopsis monachayith consequent low heterozygosity, was consistently
outcompeted in a stream for many generations by an asexual congener. Labo-
ratory studies showed reduced developmental stability and resistance to anoxic
stress associated with reduced heterozygosity, but the mechanism of competi-
tion in the field was not determined. However, addition of a few pregRant
monachafrom another, genetically variable population led rapidly to a great
increase in genetic diversity and relative frequenciP.ahonachand a great
decrease in relative frequency of the asexual form (142).

In addition, as many as 70% of angiosperm species may have arisen through
the formation of polyploid species by hybridization (97), and introgressive
hybridization can foster speciation in plants even without the production of
polyploids (16). Hybrid speciation may also have played animportantrole inthe
evolution of birds (61, 114), fishes (43, 134), mammals (122), and insects (131).

CONCLUSIONS

Hybridization, with or without introgression, frequently threatens populations

in a wide variety of plant and animal taxa because of various human activities.
Probably cases reported in the literature do not adequately convey the magni-
tude of the problem. Increased use of molecular techniques reveals examples
not manifest from morphological analysis. Further, the increasing pace of three
interacting human activities—habitat modification, fragmentation, and the in-
troduction of exotic species—that contribute to this problem suggests it will
worsen. It is thus surprising that most conservation texts and reviews barely
mention it as a general problem.
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If there is no introgression, but reproductive effort lost to fruitless hybridiza-
tion threatens a species’ existence, management actions may frequently be
warranted. Introgression may also be a concern, but conservationists need not
raise an alarm every time that populations exchange genes. First, some degree
of gene flow is a normal and evolutionarily constructive process. Second, as a
practical matter it is difficult to detect and often costly or impossible to prevent
some gene flow. Third, particularly at the level of local populations, alleles
and genotypes will be lost (and others will arise) even without gene flow; it is
fruitless to have as a goal the long-term preservation of every constellation of
genes and genotypes. However, often introgression between an introduced and
native taxon may lead to less fit populations, perhaps even to a threat of ex-
tinction (as in the anadromous salmonids). Even where there is no evidence of
fithess decline, it is surely worth attempting to prevent deliberate introductions
from causing introgression into a morphologically well-defined, evolutionarily
isolated taxon, such as the New Zealand grey duck.
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