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Abstract: The Hawaiian monk seal (Monachus schauinslandi) is a critically endangered species that has
failed to recoverfrom human exploitation despite decades of protection and ongoing management efforts de-
signed to increase population growth. The seals breed at five principal locations in the northwestern Hawai-
ian islands, and inter-island migration is limited. Genetic variation in this species is expected to be low due to
a recent population bottleneck and probable inbreeding within small subpopulations. To test the hypothesis
that small population size and strong site fidelity has led to low within-island genetic variability and signifi-
cant between-island differentiation, we used two independent approaches to quantify genetic variation both
within and among theprincipal subpopulations. Mitochondrial control region and tRNAgene sequences (359
base pairs) were obtainedfrom 50 seals and revealed very low genetic diversity (0.6% variable sites), with no
evidence of subpopulation differentiation. Multilocus DNA fingerprints from 22 individuals also indicated
low genetic variation in at least some subpopulations (band-sharing values for "unrelated" seals from the
same island ranged from 49 to 73%). This method alsoprovided preliminary evidence of population subdivi-
sion (F'st estimates of 0.20 and 0.13 for two adjacent island pairs). Translocations of seals among islands
may therefore have the potential to relieve local inbreeding and possibly to reduce the total amount of varia-
tion preserved in the population. Genetic variation is only one of many factors that determine the ability of
an endangered speciesto recover.Maintenance of existinggenetic diversity,however, remains an important prior-
ity for conservation programs because of thepossibility of increased disease resistance in more variablepopula-
tions and the chance that inbreeding depressionmay only be manifest under adverse environmental conditions.

Baja Variabilidad Genetica en la Foca Hawaiana

Resumen: Lafoca hawaiana es una especie en peligro de extincion cuya poblacion nunca se ha restablecido
completamente de su explotacion humana a pesar de decadas de proteccion y los sucesivos programas de
gestion disenados para aumentar el crecimiento de lapoblacion. La crianza de lasfocas occure en cinco islas
del archipielago hawaiano, y la migracion entre las islas es limitada. Se esperaba que la variacion en esta es-
pecie fuera baja debido a un reciente cuello de botella y al entrecruzamiento probable entre las subpobla-
ciones pequenas. Para probar la hipotesis de que el tamano pequeno de lapoblacion y elfuerte arraigo a su
lugar natal ha ocasionado baja variabilidad gent3ticadentro de las islas,y una diferenciacion significativa
entre las islas, usamos dos metodos independientes para medir la variabilidad genetica dentro de y entre las
subpoblaciones principales. Se obtuvieron secuencias de la region de control del ADN mitocondrial (359
pares de bases) de 50 foeas, las cuales revelaron una diversidad genetica muy baja (0.6% posiciones vari-
ables), sin evidencia de una diferenciacion subpoblacional. "Huellasdigitales" de ADN de 22 individuos tam-
bien mostraron baja variabilidad genetica, por 10menos en ciertas subpoblaciones (la proporcion de frag-
mentos compartidos por foeas "sin parentesco" de la misma isla vario entre el 49 y el 73%), Este metodo
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tambifin mostr6 evidencia preliminar de la subdivision poblacional (estimaciones del F' 5t de 0.20 y 0.13 para
dos pares de islas adyacentes). Por lo tanto, intercambios de focas entre Lasislas podrian tener la capacidad
de aliviar el entrecruzamiento local, 0 posiblemente tambien de disminuir la variabilidad total que se man-
tiene en lapoblaci6n. La variabilidad genetica es un solofactor entre Losmuchos que determinan Lahabilidad de
recuperaci6n de una especie en peligro de extinci6n. Sin embargo, el mantenimiento de Ladiversidad genetica ex-
istente deberia seguir siendo prioritario en Losprogramas de conservaci6n, debido a laposibilidad de una mayor
resistencia a erifermedades en pobLaciones geneticamente mas variables, y a Laposibilidad de que Losefectos neg-
ativos del entrecruzamiento quizas solo se manifiesten en condiciones ambientales adversas.

The importance of genetic variation for predicting the
vulnerability of an endangered species to extinction is a
controversial issue in conservation biology (e.g., Lande
1988; Caro & Laurenson 1994; Merola 1994; O'Brien
1994). Inbreeding and the resulting loss of genetic vari-
ability are often inevitable consequences of the severe
reductions in population size experienced by endan-
gered species, but the extent to which this results in in-
breeding depression is likely to vary tremendously
among species and is difficult to document in wild pop-
ulations. Even more difficult to assess is the importance
of the loss of genetic variation for the "adaptive poten-
tial" and long-term prospects of populations. Neverthe-
less, a primary goal of conservation efforts has been to
preserve a maximum amount of genetic variation ~n
each species under consideration, based on the per-
ceived link between a lack of genetic variation and an in-
creased extinction risk for small populations (e.g.,
Beardmore 1983; Gilpin & Soule 1986; Vrijenhoek 1994;
Frankham 1995).

The Hawaiian monk seal (Monachus schauinslandi)
is an endangered species that currently numbers ap-
proximately 1300 individuals (W.G. Gilmartin, unpub-
lished data). This species was hunted to near extinction
in the nineteenth century (Kenyon & Rice 1959), but
the size and duration of the population bottleneck are
not well documented. Following partial recovery, an ad-
ditional decline of about 50% (from approximately 3000
to 1500 individuals; Kenyon 1972; Johnson et al. 1982;
Ragen 1993) occurred between the late 1950s and the
1970s, which has been at least partly attributed to hu-
man disturbance at breeding rookeries (Kenyon 1972;
Gerrodette & Gilmartin 1990). The seals breed at five
main locations in the northwestern Hawaiian Islands
(Fig. 1), and they show a high degree of site fidelity
(Johnson & Kridler 1983). Although about 10% of adult
monk seals have been sighted at a location other than
their natal island (Ragen 1993), the degree to which
these migrants may contribute to the local gene pool
(i.e., their reproductive success) is unknown. Given
their history of small population size and relatively iso-
lated subpopulations, monk seals are expected to be rel-
atively low in genetic variability due to the effects of ran-
dom genetic drift and inbreeding.

The combination of small subpopulations and low in-
ter-island migration rates is also likely to lead to signifi-
cant genetic differentiation among subpopulations,
thereby preserving more genetic variation overall than
would exist in a panmictic population (Allendorf 1983;
Varvio et al. 1986; Lacy 1987). The importance of a low
migration rate among subpopulations in order to ensure
the preservation of alleles has been emphasized in rec-
ommendations for endangered species management be-
cause heterozygosity can be reconstituted by artificially
increasing gene flow if inbreeding depression is a seri-
ous concern (e.g., Allendorf 1983; Lacy 1987). Recently,
however, monk seal population managers have effec-
tively raised migration rates by translocating seals among
islands, primarily in order to relocate starving juveniles
from French Frigate Shoals to locations where food avail-
ability may be greater and survival better (Gerrodette &
Gilmartin 1990; Gilmartin & Eberhardt, 1995). Although
these relocations have increased reproductive potential
for the population (Gilmartin & Eberhardt 1995), the ag-
gregate potential effects of these management actions
cannot be properly evaluated in the absence of data on
the genetic structure of the monk seal population.

/Kure Atoll
,~.'-~,~Midway Atoll
,. ',0 ,. ':;:".\_Pearl and Hermes Reef
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Figure 1. Map of the northwestern Hawaiian islands;
arrows indicate islands inhabited by monk seals. Sam-
pling was conducted at the five sites currently used for
breeding (French Frigate Shoals, Laysan, Lisianski,
Pearl and Hermes Reef, and Kure Atoll). Dotted lines
around islands represent the 100{a isobath. Adapted
from Ragen (1993) with permission.
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To test the hypothesis that small population size and
strong site fidelity has led to low within-island genetic
variability and significant between-island differentiation
in the Hawaiian monk seal, we used two independent
approaches to quantify genetic variation both within
and among the principal monk seal subpopulations.
Both techniques involve selectively neutral genetic
markers; we assume that these provide an index of ge-
nome-wide variation, with possible significance for the
survival potential of the population. We examined the
sequence of the non-eoding mitochondrial DNA (mtDNA)
control region, the fastest evolving portion of the mito-
chondrial genome and often a sensitive gauge of intraspe-
cific genetic variation (e.g., Kocher et al. 1989; Meyer
1994). Because many other studies involve sequencing
the same segment of DNA, these data also provide a
"universal metric," thereby facilitating the interpretation
of monk seal genetic variability in the context of what is.
known about other similar species. Such a comparative
approach, including species which have never been
threatened with extinction, and those which are recov-
ering to varying degrees, may shed some light on the im-
portance of genetic variation in the conservation of en-
dangered species.

Several authors (e.g., Cronin 1993; Moritz 1994) have
stressed the importance of using nuclear DNA markers
in conjunction with mtDNA analysis in conservation ap-
plications because of the varying modes of inheritance
and population dynamics of the two types of genetic ma-
terial. Maternally-inherited mtDNA is more prone to ge-
netic drift (and therefore more sensitive to population
bottlenecks) than are nuclear loci due to an effective pop-
ulation size one-quarter that of nuclear DNA (Birky et al.
1989). Accordingly, we used a multilocus DNA finger-
printing approach, which is based on tandemly repeated
nuclear DNA sequences known as minisatellites. Most
minisatellites are highly polymorphic due to variation in
copy number of the repeat unit, and a single probe based
on a shared "core" sequence can detect many variable
loci simultaneously (Jeffreys et al. 1985). Although this
approach provides a level of resolution often best suited
to identify individuals and close relatives, in some spe-
cies with relatively low genetic variability DNA finger-
printing has been used successfully to examine relation-
ships among subpopulations (Gilbert et al. 1990; Triggs
et al. 1992).

Tissue samples were collected from the rear flippers of
seals during tagging operations at the five principal
breeding sites of the Hawaiian monk seal (French Frigate
Shoals, Laysan Island, Lisianski Island, Pearl and Hermes
Reef, and Kure Atoll; see Fig. 1) and were frozen as soon
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as possible, although sample preservation was not en-
tirely successful at these remote field sites. Almost all
samples were from pups of the year; the exceptions
were two juveniles (from Lisianski, Pearl and Hermes)
and one adult male (from Laysan). We assumed these
samples were representative of the island at which they
were collected because no pups born to known immi-
grant mothers were included, and very few juveniles are
sighted at non-natal locations (Ragen 1993). We also as-
sumed these samples were from unrelated animals, al-
though the breeding system in this species is unknown,
and if the degree of polygyny is high, some of the pups
could be half-siblings. Nevertheless, because monk seal
mating occurs in the water, the opportunity for individ-
ual males to monopolize access to females is limited, and
the degree of polygyny is likely to be much lower than
in the closely related terrestrial-breeding elephant seals
(Boness et al. 1993). The probability of sampling related
animals was also minimized by sampling individuals
from different locations within each island (although the
extent of geographic separation varies greatly among
sites due to island topography).

DNAwas extracted from tissue samples from 10 individ-
uals from each of the five islands, following standard
protocols (Maniatiset al. 1982). Amplifications via the poly-
merase chain reaction and generation of single-stranded
product for direct sequencing (Sequenase, USBiochemi-
cal) were carried out using the mtDNA control region
primers described in Kocher et al. (1989; L15915) and
Meyer et al. (1990; HI6498). Negative controls for con-
tamination were included with each set of samples. A se-
quence of 359 base pairs was obtained from all 50 seals,
including 56 base pairs of the Proline tRNA gene and
303 base pairs of the control region, including all of the
"hypervariable" region preceding the "conserved central
block" (Slade et al. 1994). An additional 96 base pairs of
sequence, for a total length of 455 base pairs, was ob-
tained from some individuals for which both strands
were sequenced and/or the sequence was exceptionally
clear.

Unlike the mitochondrial sequencing approach, DNA
fingerprinting is dependent upon obtaining high quality,
non-degraded DNA (see Bruford et al. 1992). Sample
quality was examined by running out a small aliquot of
DNA on an agarose gel stained with ethidium bromide
and visualiZing under UV light. Only 22 samples were
found to contain sufficient high molecular weight DNA
suitable for fingerprinting; these included 4-7 individu-
als from four of the five main subpopulations. These
samples were digested with Hae III and run on agarose
gels at 19 mAmps for 48 hours. Samples from two differ-
ent islands were run on each gel, with a lane of molecu-
lar weight marker ("Genetic Analysis" ladder, Promega)
adjacent to each sample lane. Following transfer of DNA



fragments from gel to nylon membrane, hybridization
was accomplished using chemiluminescent alkaline
phosphatase-labeled 33.6 probe (Cellmark) and "Ge-
netic Analysis" marker probe (Promega), according to
the method of Ruth and Fain (1993).

Fragments sized between 2 and 23 kb were scored using
an automatic scanner (Scanmaster 3+, Howtek) and Bio-
Image computer software, and band sizes were deter-
mined by reference to the marker lanes adjacent to each
sample lane. The similarity index was defined as the
number of fragments shared by individuals x and y, di-
vided by the number of fragments detected in both indi-
viduals (Lynch 1990). The computer program SIM (ver-
sion 1.01; Zimmerman 1993) was used to generate
within and between island similarity indices for individu-
als run on the same gel, using a match window of 3 SD
(derived from the variation in migration distance for
fragments of known size) around each band (see Gal-
braith et al. 1991). The SIM program provides variance
estimates corrected for the non-independence of data
points in multiple pairwise comparisons, as described
by Lynch (1990), and estimates the extent of population
subdivision according to Lynch (1991):

f'st = (1 - sb)/(2 - Sw - Sb),

where sb is the average between-subpopulation similar-
ity (corrected for within-subpopulation similarity) and
Sw is the average within-subpopulation similarity. This
provides a downwardly-biased, conservative estimate of
population subdivision (Lynch 1991).

Monk seal control region sequence variation was very
low; of the 359 sites surveyed for all 50 seals, only 2
were variable. No additional variation was detected
among the seals for which longer sequences were ob-
tained. The 2 variable sites defined three haplotypes (Ta-
ble 1), one of which (III) was found in a single individual

Table 1. Distribution of monk seal mtDNAcontrol region
haplotypes by location.

Island'

Haplotype FFS LAY LIS PHR KUR Total

I 9 7 9 8 10 43
II 1 2 1 2 0 6
III 0 1 0 0 0 1

Total 10 10 10 10 10 50

*FFS,French Frigate Shoals; LA1', Laysan Island; LIS, Lisianski Is-
land; PHR, Peart and Hermes Reef; KUR, Kure Atoll (see Fig. 1).

(the adult male from Laysan). The sequence for haplo-
type I is available in GenBank (accession number U59753);
haplotypes II and III were distinguished from I by transi-
tions at positions 58 (in Pro tRNA gene) and 176 (in the
control region) respectively. The most common haplotype
(I) was found in 43 of 50 individuals, and the remaining
haplotype (II) was found in 6 individuals, representing
four of the five principal breeding sites (Table 1). There-
fore, the control region sequence data provide no evi-
dence for genetic differentiation among monk seal sub-
populations.

The combination ofthe restriction enzyme Hae III and
alkaline phosphatase-labeled 33.6 probe yielded com-
plex monk seal DNA fingerprints, with 15-31 scorable
bands per individual (Fig. 2). Comparisons were limited
to two pairs of adjacent islands run on the same gel: Lay-
san versus Lisianski and Pearl and Hermes versus Kure.
Mean within-island similarity estimates ranged from 0.49
to 0.73, and (with one exception) the similarity values
for individuals from different islands were lower than
the within-island values (Table 2). Although the distribu-
tions of band-sharing values within and between islands
overlapped, and similarity values between sites were
quite high, the differences between these distributions
were large enough to yield significant (p < 0.01) esti-
mates of population subdivision in both comparisons,
with estimated f'st values of 0.20 and 0.13 (Table 2).

Evidence for Low Genetic Variability Within Subpopulations

Data from both mtDNA sequencing and multilocus DNA
fingerprinting support the hypothesis that monk seal ge-
netic variability is extremely low. Even the cheetah,
shown to be depauperate in genetic variation at a variety
of nuclear coding loci, exhibited "moderate levels of ge-
netic diversity" in both DNA fingerprint profiles and mi-
tochondrial DNA restriction fragment analysis of the
whole genome (Menotti-Raymond & O'Brien 1993). In
contrast, even within the most variable region of the mi-
tochondrial genome, we found only three control region
haplotypes among 50 individuals representing the entire
range of the species, and a very low percentage (0.6) of
variable sites in this "hypervariable" region (Table 3).

Monk seal control region sequence variation can be di-
rectly compared to homologous sequence data obtained
from other pinniped species that have been similarly
surveyed (Table 3). This analysis shows that the north-
ern elephant seal is the only other species with a similar
paucity of genetic variation in this region (both in terms
of haplotypic and nucleotide diversity). The northern el-
ephant seal is a close relative of the monk seal, and has a
similar history of human exploitation leading to a well-
documented population bottleneck. It has been shown
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Figure 2. Example of a DNAfingerprint for Hawaiian
monk seals from Pearl and Hermes Reef The darker
lanes contain molecular weight marker. Fragment
sizes are shown at left. DNA was cut with Hae III and
hybridized with alkaline phosphatase-labeled Jeffreys
probe 33.6

to be depauperate in genetic variation using several ap-
proaches (allozyme electrophoresis, Bonnell & Selander
1974; DNA fingerprinting, Lehman et al. 1993; and
mtDNA sequencing, Hoelzel et al. 1993).

The fingerprint data must be considered preliminary
due to the small number of samples that proved to con-
tain suitable high quality DNA. Nevertheless, for carni-
vore populations similarly assessed with Jeffrey's mul-
tilocus fingerprint probes, band-sharing values above
70% for "unrelated" individuals have been reported only
within populations that are small and isolated and/or
higWy inbred (e.g., Channel Island fox, Gilbert et al.
1990; Isle Royale wolf, Wayne et al. 1991; northern ele-
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Table 2. Summary of DNAfingerprint results* for Hawaiian monk
seals from four islands.

Result Pearland
component* Laysan Lisianski Hermes Kure

N 7 4 6 5
Mean n 18 16 27 24
Meansw 0.65 0.49 0.71 0.73
Meansb 0.51 0.64
J'st 0.13 0.20
c.L. 0.07 0.02

*N, number of individuals; n, number of bands scored; Sw and Sb'

similarity indices for individuals within and between islands, re-
spectively. The f'" and G.L. (99% confidence limits on f',,) were cal-
culated based on Lynch (/991).

phant seal, Lehman et al. 1993). In contrast, outbred
mammalian populations typically show similarity values
between 20%and 60% (e.g., Ruth & Fain 1993). DNAfin-
gerprint similarity values are well correlated with known
inbreeding coefficients in domestic poultry (Kuhnlein et
aI. 1990), and inbred populations of both laboratory mice
(Jeffreys et al. 1987) and humans (Bellamy et al. 1991)
show high band-sharing values relative to out bred con-
trols. The similarity estimates obtained in this study are
therefore consistent with local inbreeding within at least
some monk seal subpopulations.

Interpretation of our DNA fingerprint results in the con-
text of other studies is somewhat problematic. Band-
sharing estimates for the same individuals may vary sig-
nificantly depending on the particular enzyme/probe
combination used (e.g., Georges et al. 1988; Hanotte et
al. 1992) and, because there is no standard method for
scoring fingerprints, varying match windows may sub-
stantially alter band-sharing values. In addition, samples
of poor quality are likely to yield misleading results. De-
graded DNA will be missing the high molecular weight
fragments which tend to show the highest variability
(Fig. 2), thereby biasing similarity values upwards. By
limiting our analyses to the subset of samples with little
or no DNAdegradation, we avoided this pitfall.

Inbreeding as a Threat to the Population

In contrast to the monk seal, the northern elephant seal
demonstrates ongoing rapid population growth and is
now estimated to number over 150,000 individuals (see
Stewart et al. 1994), from a post-bottleneck population
that probably numbered fewer than 100 (see Hoelzel et
al. 1993). These seal species share low genetic variabil-
ity but have responded very differently following a se-
vere reduction in numbers. Therefore, it might be ar-



Species

Hawaiianmonk seal
Northern elephant seala
Southern elephant seala
Harbor sealb
Californiasea Honc

Stellersea Hond

aHoelzel et al. (1993).
b Stanley et al. (1996).
cMaldonado et al. (1995).
dBickham et al. (1996).

No. of haplotypes/no. of individuals
(no. of "populations")

3/50 (5)
2/40 (1)

26/48 (2)
34/227 (24)
11/40 (4)
52/224 (6)

gued that the two differ markedly in their sensitivity to
inbreeding, or, alternatively, that genetic variation per se
is not a good predictor of the ability of an endangered
species to recover. Inbreeding costs are known to vary
widely among mammals (Ralls et al. 1979; 1988), but the
extent to which the monk seal may suffer from the delete-
rious effects of inbreeding is unclear. Inbreeding depres-
sion is often manifested as reduced fertility and/or poor
juvenile survival in other mammals (Ralls et al. 1979;
Brewer et al. 1990; Laikre & Ryman 1991). While female
monk seal fecundity is quite low compared to that of
other seals (Johanos et al. 1994), juvenile survival in this
species can be quite high: 80-90% in the ftrst year and 85-
98%for young seals over age one (Gilmartin et al. 1993).

High DNA fingerprint band-sharing values between
mated pairs of Puerto Rican Parrots (Brock & White
1992) and Great Reed Warblers (Bensch et al. 1994)
were associated with reproductive failure. A similar ef-
fect is therefore a plausible explanation for the low re-
productive rate of the Hawaiian monk seal. Patenaude et
al. (1994) recently concluded that inbreeding depres-
sion could be a factor in the failure of an endangered
beluga whale population to recover, based on high
band-sharing values relative to a healthy reference popu-
lation of the same species. Inbreeding depression has
also been invoked as an explanation for poor reproduc-
tive performance in captive cheetah populations (O'Brien
et al. 1985), but other studies indicate that non-genetic
factors account for most cheetah mortality in the wild
(earo & Laurenson 1994; Laurenson et al. 1995). Similarly,
ecological factors such as lack of suitable habitat and a
decline in food resources (Polovina et al. 1994) may
pose a more important threat to the monk seal popula-
tion than do genetic factors.

Although a lack of genetic diversity may not always be
of foremost concern in conservation efforts, the poten-
tial importance of low genetic variability for increasing
the vulnerability of a species to infectious disease is of-
ten cited (e.g., Bonnell & Selander 1974; O'Brien & Ever-
mann 1988). This effect may be especially important in
small populations. Marine mammal epizootics are not

No. of variable sites/
total no. sequenced

Variable sites
(%)

2/359
3/300

26/300
40/453
29/315
291238

0.6
1.0
8.7
8.8
9.2

12.2

uncommon; a phocine distemper virus killed nearly
18,000 common seals in Europe in 1988 (Harwood &
Hall 1990). A similar outbreak among Hawaiian monk
seals could potentially drive the species to extinction.
Furthermore, recent work by Keller et al. (1994) demon-
strated a clear survival bias against inbred individuals fol-
lowing a song sparrow population crash, and Jimenez et
al. (1994) reported that inbreeding had a more detrimen-
tal effect on mice introduced into a natural habitat than
on those maintained in the laboratory. Thus it appears
that previously undetected inbreeding depression may
be manifested in the face of an environmental challenge.
Even an apparently highly successful species like the
northern elephant seal might therefore become vulnera-
ble, due to depressed levels of genetic variation, should
environmental conditions change markedly.

Evidence for Population Subdivision

The two genetic marker systems used in this study pro-
vide conflicting evidence regarding population subdivi-
sion. Our extensive mitochondrial control region se-
quence data set does not indicate genetic differentiation
among subpopulations. Indeed, the presence of a rela-
tively rare haplotype on four of five islands (see Table 1)
supports the idea that the monk seal population is pan-
mictic. In contrast, the preliminary results of the finger-
printing study indicate that individuals from the same is-
land are genetically more similar than are individuals
from adjacent islands. This suggests that some degree of
monk seal subpopulation differentiation exists, and that
gene flow among the islands has been limited.

Population genetic structure (and local inbreeding) in
other species has been inferred from non-overlapping
within- and between-subpopulation similarity values
(e.g., Hoelzel & Dover 1991; Triggs et al. 1992). Al-
though the ranges of similarity values between monk
seal subpopulations overlapped those within subpopula-
tions, the distributions were different enough to allow
detection of signiftcant genetic structure in the popula-
tion as a whole. We concluded that two adjacent pairs of
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islands (Kure vs. Pearl and Hermes Reef, and Lisianski
vs. Laysan; Fig. 1) were genetically distinguishable from
one another, with J' 5t values of 0.20 and 0.13, respec-
tively (Table 2). These are probably minimum estimates
of the proportion of genetic diversity distributed among
subpopulations, because more distant islands in the chain
are likely to differ even more.

Implications for Conservation

The genetic data presented here have several possible
implications for the management practice of translocat-
ing seals among islands. Movements of individuals
among subpopulations is often opposed due to the risk
of disease transmission (e.g., Wilson et al. 1994; Brower
et al. 1995). This may be an issue of particular impor-
tance for the monk seal, in light of the paucity of genetic
variation observed in this species. Also, if monk seal sub-
populations are indeed genetically distinct, then increas-
ing the effective migration rate among islands may have
the potential to reduce genetic variation retained in the
population as a whole. However, the genetic differentia-
tion revealed by DNA fingerprinting was not supported
by the mtDNA sequence data and may not reflect biolog-
ically meaningful differentiation among islands, because
differences in coding DNA will recover much more
slowly following a population bottleneck.

The results presented here for the monk seal contrast
markedly with the DNA fmgerprinting results reported
for an endangered Hawaiian bird, in which two subpop-
ulations were each genetically quite diverse but not at
all differentiated from one another; in this case pro-
posed translocations from the larger to the smaller sub-
population were clearly favored by the genetic data
(Fleischer et al. 1994). For the monk seal the survival
benefits associated with moving animals to a location
where food resources are more plentiful and the possi-
ble advantages of relieving local inbreeding argue in fa-
vor of the translocation program. Although inbreeding
depression has not been conclusively demonstrated in
this species, the evidence for low genetic variability and
local inbreeding is strong. The monk seal's low fecun-
dity represents a real threat to its recovery, and a genetic
basis for this poor reproductive performance is certainly
possible.

We are grateful to B. Rice and M. Soule, who provided
laboratory facilities and helpful discussion throughout
the course of this study, to P. Ritchie, who provided as-
sistance with the peR and DNA sequencing protocols,
and to numerous colleagues at the National Marine Fish-
eries Service who conducted the field sampling. The
manuscript was improved by suggestions from A. Dizon,

Conservation Biology
Volume II, No.2, April 1997

G. Amato, S. Safiudo-Wilhelmy, and an anonymous re-
viewer. This work was partially supported by a Univer-
sity of California Seed Fund Grant to DPC and MBK, and
by NSF grants (DEB-8918027, BSR-9107838 and BSR-
9119867) to AM. Computer analysis of DNA fingerprints
was performed at the USFish and Wildlife Forensics Lab-
oratory in AsWand, OR.

Allendorf, F. W. 1983. Isolation, gene flow and genetic differentiation
among populations. Pages 51-65 in C. M. Schonewald-Cox, S. M.
Chambers, B. MacBryde and W. L. Thomas, editors. Genetics and
conservation: a reference for managing wild animal and plant pop-
ulations. Benjamin/Cummings, Menlo Park, California.

Beardmore, ]. A. 1983. Extinction, survival, and genetic variation.
Pages 125-151 in C. M. Schonewald-Cox, S. M. Chambers, B.
MacBryde and W. L. Thomas, editors. Genetics and conservation: a
reference for managing wild animal and plant populations. Ben-
jamin/Cummings, Menlo Park, California.

Bellamy, R.]., C. F. Inglehearn, 1.K. Jalili, A.]. Jeffreys, and S. S. Bhatta-
charya. 1991. Increased band sharing in DNA fingerprints of an in-
bred human population. Human Genetics: 341-347.

Bensch, S., D. Hasselquist, and T. von Schantz. 1994. Genetic similarity
between parents predicts hatching failure: nonincestuous inbreed-
ing in the great reed warbler? Evolution 48:317-326.

Bickham,]. W.,]. C. Patton, and T. R. Loughlin. 1996. High variability
for control-region sequences in a marine mammal: implications for
conservation and biogeography of Steller sea lions (Eumetopias ju-
batus). Journal of Mammalogy 77:95-108.

Birky, C. W., P. Fuerst, and T. Maruyama. 1989. Organelle gene diver-
sity under migration, mutation and drift: equilibrium expectations,
approach to equilibrium, effects of heteroplasmic cells, and com-
parison to nuclear genes. Genetics 121:613-627.

Boness, D. J., W. D. Bowen, and]. M. Francis. 1993. Implications of
DNA fingerprinting for mating systems and reproductive strategies
of pinnipeds. Symposium of the Zoological Society of London 66:
61-93.

Bonnell, M. L., and R. K. Selander. 1974. Elephant seals: genetic varia-
tion and near extinction. Science 184:908-909.

Brewer, B. A., R. C. Lacy, M. L. Foster, and G. A1aks. 1990. Inbreeding
depression in insular and central populations of Peromyscus mice.
Journal of Heredity 81:257-266.

Brock, M. K., and B. N. White. 1992. Application of DNA fingerprinting
to the recovery program of the endangered Puerto Rican parrot. Pro-
ceedings ofthe National Academy of Sciences 89:11121-11125.

Brower, L. P., et al. 1995. On the dangers of inter populational transfers
of monarch butterflies. BioScience 45:540-544.

Bruford, M. W., O. Hanotte,]. F. Y. Brookfield, and T. Burke. 1992. Sin-
gle-locus and multilocus DNA fingerprinting. Pages 225-269 in A. R.
Hoelzel, editor. Molecular genetic analysis of populations: a practical
approach. Oxford University Press, Oxford, United Kingdom.

Caro, T. M., and M. K. Laurenson. 1994. Ecological and genetic factors
in conservation: a cautionary tale. Science 263:485-486.

Cronin, M. A. 1993. Mitochondrial DNA in wildlife taxonomy and con-
servation biology: cautionary notes. Wildlife Society Bulletin 21:
339-348.

Fleischer, R. c., C. L. Tarr, and T. K. Pratt. 1994. Genetic structure and
mating system in the palila, an endangered Hawaiian honey-
creeper, as assessed by DNA fingerprinting. Molecular Ecology 3:
383-392.

Frankham, R. 1995. Inbreeding and extinction: a threshold effect. Con-
servation Biology 9:792-799.

Galbraith, D. A., P. T. Boag, H. L. Gibbs, and B. N. White. 1991. Sizing



bands on autoradiograms: a study of precision for scoring DNA fin-
gerprints. Electrophoresis 12:210-220.

Georges, M., A.-S. Lequarre, M. Castelli, R. Hanset, and G. Vassart.
1988. DNA fingerprinting in domestic animals using four different
minisatellite probes. Cytogenetics and Cell Genetics 47:127-131.

Gerrodette, T, and W. G. Gilmartin. 1990. Demographic conse-
quences of changed pupping and hauling sites of the Hawaiian
monk seal. Conservation Biology 4:423-430.

Gilbert, D. A., N. Lehman, S. J. O'Brien, and R K. Wayne. 1990. Ge-
netic fingerprinting reflects population differentiation in the Cali-
fornia Channel Island fox. Nature 344:764-767.

Gilmartin, W. G., T C. Johanos, and L. L. Eberhardt. 1993. Survival
rates for the Hawaiian monk seal (Monachus schauinslandl). Ma-
rine Mammal Science 9:407-420.

Gilmartin, W. G., and L. L. Eberhardt. 1995. Status of the Hawaiian
monk seal (Monachus schauinslandl) population. Canadian Jour-
nal of Zoology 73:1185-1190.

Gilpin, M. E., and M. E. Soule. 1986. Minimum viable populations: pro-
cesses of species extinction. Pages 19-34 in M.E. SouIe, editor.
Conservation biology: the science of scarcity and diversity. Sinauer
Associates, Sunderland, Massachusetts.

Hanotte, 0., M. W. Bruford, and T. Burke. 1992. Multilocus DNA fin-
gerprints in gallinaceous birds: general approach and problems.
Heredity 66:191-195.

Harwood, J., and A. Hall. 1990. Mass mortality in marine mammals: its
implications for population dynamics and genetics. Trends in Ecol-
ogy and Evolution 8:254-257.

Hoelzel, A. R., and G. A. Dover. 1991. Genetic differentiation between
sympatric killer whale populations. Heredity 66: 191-195.

Hoelzel, A. R, J. Halley, S.J. O'Brien, C. Campagna, T Amborn, B. J. Le
Boeuf, K. Ralls, and G. A. Dover. 1993. Elephant seal genetic varia-
tion and the use of simulation models to investigate historical pop-
ulation bottlenecks. Journal of Heredity 84:443-449.

Jeffreys, A. J., V. Wilson, and S. L. Thein. 1985. Hypervariable 'minisat-
ellite' regions in human DNA. Nature 314:67-73.

Jeffreys, A. J., V. Wilson, R. Kelly, B. A. Taylor, and G. Bulfield. 1987.
Mouse DNA 'fingerprints:' analysis of chromosome localization and
germ-line stability of hypervariable loci in recombinant inbred
strains. Nucleic Acids Research 15:2823-2836.

Jimenez, J. A., K. A. Hughes, G. Alaks, L. Graham, and R. C. Lacy. 1994.
An experimental study of inbreeding depression in a natural habi-
tat. Science 266:271-273.

Johanos, T. c., B. L. Becker, and T J. Ragen. 1994. Annual reproduc-
tive cycle of the female Hawaiian monk seal (Monachus schauin-
slandl). Marine Mammal Science 10:13-30.

Johnson, A. M., R. 1. DeLong, C. H. Fiscus, and K. Kenyon. 1982. Popu-
lation status of the Hawaiian monk seal (Monachus schauinslandl)

1978. Journal of Mammalogy 63:415-421.
Johnson, A. M., and E. Kridler. 1983. Interisland movement of Hawai-

ian monk seals. Elepaio 44:43-45.
Keller, L. F., P. Arcese, J. N. M. Smith, W. M. Hochachka, and S. C.

Stearns. 1994. Selection against inbred song sparrows during a nat-
ural population bottleneck. Nature 372:356-357.

Kenyon, K. W. 1972. Man versus the monk seal. Journal of Mammalogy
53:687-696.

Kenyon, K. W., and D. W. Rice. 1959. Life history of the Hawaiian
monk seal. Pacific Science 13:215-252.

Kocher, T. D., W. K. Thomas, A. Meyer, S. V. Edwards, S. Paabo, F. X.
Villablanca, and A. C. Wilson. 1989. Dynamics of mitochondrial
DNA evolution in animals: amplification and sequenCing with con-
served primers. Proceedings of the National Academy of Sciences
86:6196-6200.

Kuhnlein, D., D. Zadworny, Y. Dawe, R. W. Fairfull, and J. S. Gavora.
1990. Assessment of inbreeding by DNA fingerprinting: develop-
ment of a calibration curve using defined strains of chickens. Ge-
netics 125:161-165.

Lacy, R. C. 1987. Loss of genetic diversity from managed populations:

interacting effects of drift, immigration, selection, and population
subdivision. Conservation Biology 1:143-158.

Laikre, L., and N. Ryman. 1991. Inbreeding depression in a captive
wolf (Canis lupus) population. Conservation Biology 5:33-40.

Lande, R. 1988. Genetics and demography in biological conservation.
Science 241: 1455-1460.

Laurenson, M. K., T M. Caro, P. Gros, and N. Wielebnowski. 1995.
Controversial cheetahs? Nature 377:392.

Lehman, N., R. K. Wayne, and B. S. Stewart. 1993. Comparative levels
of genetic variability in harbour seals and northern elephant seals
as determined by genetic fingerprinting. Symposium of the Zoolog-
ical Society of London 66:49-60.

Lynch, M. 1990. The similarity index and DNA fingerprinting. Molecu-
lar Biology and Evolution 7:478-484.

Lynch, M. 1991. Analysis of population genetic structure by DNA fin-
gerprinting. Pages 113-126 in T Burke, G. Dolf, A. J. Jeffreys, and
R. Wolff, editors. DNA fmgerprinting: approaches and applications.
Birkhauser Verlag, Basel, Switzerland.

Maldonado, J. E., F. Orta Davila, B. S. Stewart, E. Geffen, and R. K.
Wayne. 1995. Intraspecific genetic differentiation in California sea
lions (Zalophus calijornianus) from southern California and the
Gulf of California. Marine Mammal Science 11:46-58.

Maniatis, T., E. F. Fritsch, andJ. Sambrook. 1982. Molecular cloning: a
laboratory manual. First edition. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, New York.

Menotti-Raymond, M., and S. J. O'Brien. 1993. Dating the genetic bot-
tleneck of the Mrican cheetah. Proceedings of the National Acad-
emy of Sciences 90:3172-3176.

Merola, M. 1994. A reassessment of homozygosity and the case for in-
breeding depression in the cheetah, Acinonyx jubatus: implica-
tions for conservation. Conervation Biology 8:961-971.

Meyer, A., T D. Kocher, P. Basasibwaki, and A. C. Wilson. 1990. Mono-
phyletic origin of Lake Victoria cichlid fishes suggested by mito-
chondrial DNA sequences. Nature 347:550-553.

Meyer, A. 1994. Shortcomings of the cytochrome b gene as a molecu-
lar marker. Trends in Ecology and Evolution 9:278-280.

MOritz, C. 1994. Applications of mitochondrial DNA analysis in conser-
vation: a critical review. Molecular Ecology 3:401-411.

O'Brien, S.J. 1994. The cheetah's conservation controversy. Conserva-
tion Biology 8:1153-1155.

O'Brien, S. J., and J. F. Evermann. 1988. Interactive influence of infec-
tious disease and genetic diversity in natural populations. Trends in
Ecology and Evolution 3:254-259.

O'Brien, S. ]., M. E. Roelke, L. Marker, A. Newman, C. A. Winkler, D.
Meltzer, L. Colly, J. F. Evermann, M. Bush, and D. E. Wildt. 1985.
Genetic basis for species vulnerability in the cheetah. Science 227:
1428-1434.

Patenaude, N.]., J. S. Quinn, P. Beland, M. Kingsley, and B. N. White.
1994. Genetic variation of the St. Lawrence beluga whale population
assessed by DNA fingerprinting. Molecular Ecology 3:375-381.

Polovina, J. J., G. T Mitchum, N. E. Graham, M. P. Craig, E. E. DeMar-
tini, and E. N. Flint. 1994. Physical and biological consequences of
a climate event in the central North Pacific. Fisheries Oceanogra-
phy 3:15-21.

Ragen, T. J. 1993. Status of the Hawaiian monk seal in 1992. Report
H-93-05. Southwest Fisheries Science Center Honolulu Laboratory,
Honolulu.

Ralls, K., K. Brugger, andJ. Ballou. 1979. Inbreeding and juvenile mor-
tality in small populations of ungulates. Science 206:1101-1103.

Ralls, K., J. D. Ballou, and A. Templeton. 1988. Estimates of lethal
eqUivalents and the cost of inbreeding depression. Conservation Bi-
ology 2:185-193.

Ruth, J. L., and S. R Fain. 1993. The 'individualization' of large North
American mammals. Pages 429-436 in S. D. J. Pena, R. Chak-
raborty, J. T. Epplen, and A. J. Jeffreys, editors. DNA fingerprinting:
state of the science. Birkhauser Verlag, Basel, Switzerland.

Slade, R. W., c. Moritz, and A. Heideman. 1994. Multiple nuclear-gene

Conservation Biology
Volume 11, No.2, April 1997



phylogenies: application to pinnnipeds and comparison with a mi-
tochondrial gene phylogeny. Molecular Biology and Evolution 11:

341-356.
Stanley, H. F., S. Casey, ]. M. Carnahan, S. Goodman,]. Harwood, and

R. K. Wayne. 1996. Worldwide patterns of mitochondrial DNA dif-
ferentiation in the harbor seal (Phoca vitulina). Molecular Biology
and Evolution 13:368-382.

Stewart, B. S., P. K. Yochem, H. R. Huber, R. L. DeLong, R.]. Jameson,
W.]. Sydeman, S. G. Allen, and B.]. Le Boeuf. 1994. Pages 29-48 in
B. ]. Le Boeuf and R. M. Laws, editors. Elephant seals: population
ecology, behavior and physiology. University of California Press,
Berkeley.

Triggs, S.]., M.]. Williams, S.]. Marshall, and G. K. Chambers. 1992.
Genetic structure of blue duck (Hymenolaimus malacorhynchos)
populations revealed by DNA fingerprinting. The Auk 109:80-89.

Varvio, S.-L., R. Chakraborty, and M. Nei. 1986. Genetic variation in
subdivided populations and conservation genetiCS. Heredity 57:
189-198.

Vrijenhoek, R. C. 1994. Genetic diversity and fitness in small popula-
tions. Pages 37-53 in V. Loeschcke,]. Tomiuk, and S. K. Jain, edi-
tors. Conservation genetics. Birkbauser Verlag, Basel, Switzerland.

Wayne, R. K., et al. 1991. Conservation genetics of the endangered Isle
Royale grey wolf. Conservation Biology 5:41-51.

Wilson, M. H., C. B. Kepler, N. F. R. Snyder, S. R. Derrickson, F.]. Dein,
]. W. Wiley, ]. M. Wunderle, Jr., A. E. Lugo, D. L. Graham, and
W. D. Toone. 1994. Puerto Rican parrots and potential limitations
of the metapopulation approach to species conservation. Conser-
vation Biology 8:114-123.

Zimmerman, R. C. 1993. Program SIM, version 1.01. University of Cali-
fornia Regents, Los Angeles.

Conservation Biology
Volume II, No.2, April 1997


