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Abstract: We assessed the genetic structure of two subspecies of endangered Clapper Rails (Rallus longirostris)
in Southern California using DNA fingerprinting to uncover variation in minisatellite DNA. Minisatellite
DNA variation in the Salton Sea population of the R. |. yumanensis subspecies was at a level typical of outbred
avian species (average proportion of fragments shared, or S, was 0.33). Variation was extremely low (S from
0.63 to 0.77), bowever, within four coastal, salt-marsh populations of the subspecies R. 1. levipes located along
a transect extending about 260 km northwest from the Mexican border. Between-population similarity (S;)
was also bigh for the four levipes populations, although individuals of the small, isolated population at Mugu
Lagoon consistently clustered separately in pbenograms constructed using neighborjoining or other algo-
ritbms. Individuals of yamanensis always clustered as a sister group to all levipes individuals. The minisatel-
lite data were contrasted with the extremely low mtDNA and RAPD variation we found in both subspecies.
We propose that variation in these less-mutable markers was lost in a bottleneck that occurred at least 1000
years ago, thus allowing sufficient time for recovery of variation in the rapidly mutating (u ~ 0.001/gamete/
generation) minisatellites (t = 1/u, or 1000 generations). A second, more-recent bottleneck, or series of bottle-
necks within a metapopulation structure, likely resulted in the depauparate variation seen in levipes today.
We suggest that translocations from large to small levipes populations could restore important genetic varia-
tion to the small populations and would not compromise genetic boundaries.

Estructura genética de las poblaciones de Rallus longirostris en peligro de extincién en el sur de California

Resumen: En el presente estudio evaluamos la estructura genética de dos subespecies de Rallus longirostris en
peligro de extincion en el sur de California usando buellas digitales de ADN para revelar la variacion del
ADN de minisatélites. La variacion del ADN de minisatélites en la poblacion del mar de Salton de la sube-
specie R. 1. yumanensis estuvo a un nivel tipico de especies de aves exogdmicas (la proporcion promedio de los
fragmentos compartidos, o S, fue de 0.33). Sin embargo, la variacion fue extremadamente baja (de 0.63 a
0.77) dentro de cuatro poblaciones de marismas costeras de la subespecie R. 1. levipes localizada a lo largo de
un transecto que se extendia unos 260 km al noroeste de la frontera Mexicana. La similaridad entre pobla-
ciones (Sij) también fue alta para las cuatro poblaciones de levipes. Sin embargo, los individuos de la pe-
queria poblacion aislada de la Albufera Mugu se agruparon consistentemente en forma separada en los feno-
gramas construidos usando el algoritmo de union de vecinos u otros algoritmos. Los individuos de
yumanensis se agruparon siempre como un grupo bermano al de todos los individuos de levipes. Los datos de
minisatélites fueron contrastados con la variacion en mtDNA y RAPD que encontramos para ambas especies
y que es extremadamente baja. Proponemos que la variacion en estos marcadores menos mutables, fue per-
dida en un cuello de botella que ocurrié bace por lo menos 1000 afios atras, lo que daria un periodo de
tiempo suficiente como para recuperar la variacién de los minisatélites que poseen una alta tasa de mu-
tacion (u ~ 0.001/gameta/generacion, es decir t = 1/u o 1000 generaciones). Un segundo cuello de botella
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mds reciente, o bién una serie de cuellos de botella dentro de una estructura metapoblacional, dié probable-
mente como resultado la empobrecida variacion que boy en dia se observa en levipes. Sugerimos que la
traslocacion de individuos de levipes de poblaciones grandes a poblaciones pequerias podria devolver la im-
portante variacion genética a las pequefias poblaciones y no comprometeria las fronteras genéticas.

Introduction

Population decline and range fragmentation can signifi-
cantly modify the levels and patterns of genetic variation
in natural populations. Heterozygosity and allelic diver-
sity can be lost from generation to generation via in-
creased consanguineous mating and genetic drift
(Wright 1931; Nei et al. 1975; Maruyama & Fuerst 1985;
Allendorf 1986), and these stochastic changes in allele
frequencies can cause isolated or semi-isolated popula-
tions to diverge genetically, resulting in greater spatial
genetic heterogeneity than prior to fragmentation
(Wright 1931; Wright 1943; Gilpin 1987; Wade & Mc-
Cauley 1988; Templeton et al. 1990). The monitoring of
such genetic changes in response to population change
is considered a major goal of both population genetics
and conservation biology (Soulé 1980; Lande & Barrow-
clough 1987; Hedrick & Miller 1992; O’Brien 1994). In
addition to the direct merit of assessing levels of genetic
variation and inbreeding in endangered taxa, informa-
tion about the distribution of genetic variation within
and among populations often allows inference about im-
portant demographic variables, such as dispersal rates
and patterns and trends in long-term population sizes
(Fleischer et al. 1994; Moritz 1994). These variables may
otherwise be difficult to estimate accurately without
many years of intensive, expensive fieldwork.

Such assessments of genetic population structure can,
however, be hampered by a lack of resolving power of
the available genetic markers (Fleischer 1983; Fleischer
et al. 1991). The ability to examine minisatellite and mic-
rosatellite DNA has been a major breakthrough because
their exceptionally high mutation rates produce a level
of variation that allows detection of variability and struc-
ture that often cannot be identified with less-variable ge-
netic systems such as allozymes, RAPDs, or mitochon-
drial DNA (Gilbert et al. 1990; Degnan 1993; Ellegren et
al. 1993; Haig et al. 1993; Parker & Whiteman 1993;
Fleischer et al. 1994; Rave et al. 1994; Scribner et al.
1994). In addition, minisatellite DNA analysis can some-
times be used to resolve relationships among individuals
and populations. This is especially true for populations
containing somewhat limited variability (those that are
not “saturated” by mutation; Gilbert et al. 1990; Triggs et
al. 1992; Harding et al. 1993; Menotti-Raymond &
O’Brien 1993). Many recent empirical studies have es-
tablished calibrations between DNA fingerprint similar-
ity and relatedness or inbreeding (Kuhnlein et al. 1990;

Gilbert et al. 1991; Lehman et al. 1992; Piper & Ra-
benold 1992; Reeve et al. 1992; Haig et al. 1993; Haig et
al., 1994; Rave et al. 1994), supporting theory that indi-
cated such correlations were likely (Lynch 1988). Addi-
tional theoretical studies have supported use of DNA fin-
gerprint data for population genetic analyses under
certain assumptions likely to be met, such as Mendelian
inheritance of fragments and linkage equilibrium (Lynch
1990, 1991; Shriver et al. 1993; Jin & Chakraborty 1994).

Three endangered subspecies of Clapper Rail, Rallus
longirostris, occur in California. Two coastal subspe-
cies, R. I levipes and R I obsoletus, occur in salt
marshes in southern California and northern coastal Baja
California (Fig. 1), and northern California (mostly the
San Francisco Bay area), respectively (Ripley 1977). Both
coastal subspecies are similar morphologically (Ripley
1977; R. Fleischer, personal observation) and presently
have very small and fragmented populations (Zembal
1993). Another more differentiated subspecies, R. L
yumanensis, occurs inland in California along the lower
reaches of the Colorado River to northwestern Mexico
and the Salton Sea (Eddleman 1989). This subspecies has
a somewhat less fragmented range and overall larger
population size than the coastal forms (Conway et al.
1993) and has populations of unknown number extend-
ing south along the Mexican Gulf of California coast to
about Nayarit, San Blas (Ripley 1977). Analyses of mito-
chondrial DNA control-region sequences thus far have
not resolved any differences among these three subspe-
cies (Fleischer et al., in preparation).

Clapper Rail populations in coastal southern California
(R. L levipes) are currently very small (1992 census of
275 pairs), with individual populations ranging from as
low as a single pair in some marshes to consistently over
100 pairs at Newport Bay (Fig. 2; Zembal 1993). During
the past 15 years of censuses, the four marshes sampled
in this study (Fig. 1) contained from 64% to 89% of the
entire California levipes breeding population. The re-
maining birds reside in from 4 to 14 (depending upon
the year) small populations in other marshes. Most
smaller marshes, and even some intermediate-sized
ones, have shown extreme fluctuations in numbers of
rails (Fig. 2; Zembal 1993), including apparent local ex-
tirpations sometimes followed by recolonizations.
Coastal populations have suffered largely from human-
caused habitat destruction (an estimated 75% of south-
ern California marshes have been destroyed since 1900;
Speth 1971), but also from predation (especially by in-
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troduced and feral predators; U.S. Fish and Wildlife Ser-
vice 1990), severe winter storms that deposit large loads
of silt on the marshes, organophosphate and heavy
metal pollution (Goodbred et al., unpublished data), and
possibly from inbreeding depression or other genetic
problems. Egg hatchability and fertility are exceedingly
low in some of the northern coastal populations (Ledig
1990), characteristics commonly associated with in-
breeding depression (Rave 1994).

We report on analyses of minisatellite DNA variation
in four coastal populations from R. . levipes and one in-
land population from R. . yumanensis (Fig. 1). We used
multilocus DNA fingerprinting to assess the levels of
minisatellite DNA variation within each of these popula-
tions and the patterns of variation and relationships
among the populations and subspecies. We found re-
markably low levels of minisatellite DNA variation
within the coastal levipes populations in comparison to
more typical levels in the yumanensis population. In ad-
dition, only minor differences in minisatellite frequen-
cies exist among the four levipes populations, whereas
much larger differences occur between levipes and
YUMAnensis.

Methods

Field Sampling and Laboratory Methods

Rails were caught in drop-door traps or dip nets from
kayaks during high tides (Eddleman 1989). All 48 cap-
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tured birds were banded with U. S. Fish and Wildlife Ser-
vice bands, and some were fixed with radio-transmitters
for another study. Every attempt was made to obtain a
random sample from each population, or at least one
consisting of unrelated individuals, by sampling several
areas in each marsh. Up to 600 pl of blood was drawn
into heparinized capillary tubes from the brachial vein.
The blood samples were kept on ice in the field, fresh
frozen, and then shipped on dry ice to the laboratory.
Blood samples were kept frozen in the laboratory until
DNA was extracted for genetic analyses.

Forty eight Clapper Rails were sampled from five pop-
ulations in Southern California (Fig. 1, Table 1) during
the breeding season of 1989. Four of these samples (Ti-
juana Marsh, San Diego County, Newport Bay and Seal
Beach, Orange County, and Mugu Lagoon, Ventura
County) were from salt-marsh populations located along
a transect of about 260 km of the California coast and
were within the range of the described subspecies R. /.
levipes. The fifth sample was from the subspecies R. /.
yumanensis. Samples were collected from the rail pop-
ulation at the Wister Unit within the Salton Sea National
Wildlife Refuge, Imperial County.

DNA was isolated using standard methods of protein-
ase K digestion, phenol-chloroform extraction, and etha-
nol-salt precipitation (Fleischer et al. 1994; Rave et al.
1994). About 5 pg of clean, genomic DNA was digested
with an excess (about 10 units per pg) of Haelll restric-
tion endonuclease and electrophoresed in a 1% agarose
gel for about 40 hours. The digested genomic DNA was
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Figure 2. Census results for the four Light-footed Clap-
per Rail (R. I. levipes) populations sampled in this
study. The Newport Bay population is significantly
correlated to year in the 13-year census period (r =
0.83, p < 0.001), indicating a stable rise in census
size. Data are summarized from Zembal (1993).

acid-depurinated, alkali-denatured, and transferred by
vacuum to a nylon filter (MSI-Magnagraph). Jeffreys
33.15 and 33.6 probes (Jeffreys et al. 1985) were radiola-
beled using the random priming method to specific ac-
tivities above 5 X 108 CPM/pg and hybridized to the ny-
lon filters following the protocols of Westneat et al.
(1988) and Fleischer et al. (1994). Autoradiograph expo-
sures varied from overnight to several days with intensi-
fying screens at —70°C.

Data Analyses

Two types of gels were run: (1) three “mixed” gels that
had 3-4 individuals from each locality so that interpopu-
lation comparisons could be made and (2) three gels
that contained all the individuals sampled from a locality
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in adjacent lanes so that intrapopulation variability could
be assessed using all individuals of a locality sample.
Each of the mixed gels included different individuals
from a locality, such that all individuals were run on at
least one gel, although three yumanensis individuals
were run on two different gels.

All fragments above about 2 kb in size were scored for
all individuals run on a gel; no comparisons were made
between gels because gelto-gel variation in fragment
mobility curves is likely. Fragments of different sizes
were numbered sequentially, beginning with the largest.
Fragments of the same mobility in different lanes (indi-
viduals) were given the same number. Coefficients of
band sharing or similarity (§ of Lynch 1988, 1991) were
calculated from the matrix of individuals-by-fragments
for all pairwise comparisons. These pairwise values of S
were averaged for each locality sample from the single-
sample gels. For the mixed gels, S was averaged over in-
dividuals within and between localities. Mantel’s test
(Schnell et al. 1985; Rohlf 1990) was used to determine
whether significant differences existed in band-sharing
distributions, and thus variability, among samples at dif-
ferent localities. Mantel’s test controls for the lack of in-
dependence among cells of a matrix.

Data matrices were also used to calculate values of
heterozygosity (Gilbert et al. 1991; Jin & Chakraborty
1993) and average allele frequency (Jeffreys et al. 1985).
Mean S for each population was used to estimate effec-
tive population size, N,, under the assumption that the
populations under study are in a state of mutation-drift
equilibrium (Lynch 1991) and the mutation follows an
infinite-alleles model (Harding et al. 1993). The calcula-
tions requiré€ an estimate of mutation rate (), so we de-
termined the range of minisatellite mutation values from
the literature (10™% to 10~? mutations/gamete/genera-
tion; Jeffreys et al. 1988, 1991; Westneat 1990; Fleischer
et al. 1994; Scribner et al. 1994). Two estimates of N,
were made using a midpoint for p. = 0.001, one that ap-
parently underestimates N, (equation 10 of Lynch 1991)
and one that apparently overestimates it (equation 5 of

Table 1. Population designations, sample sizes, and mean band-sharing coefficients (S) for Jeffreys 33.15 and 33.6 minisatellite probes for

Clapper Rails (Rallus longirostris) from Southern California.

Mean S* * Standard Deviation

Taxon and

Population Individuals Dyads 33.15 33.6 Combined
R. . yumanensis

Salton Sea 9 36 0.35 £ 0.12 0.32 *£0.12 0.33 £ 0.10
R. I levipes

Tijuana Marsh 10 45 0.68 = 0.09 0.71 £ 0.12 0.70 * 0.09

Newport Bay 9 36 0.68 = 0.09 0.68 * 0.12 0.68 = 0.08

Seal Beach 10 45 0.60 * 0.09 0.66 * 0.09 0.63 = 0.08

Mugu Lagoon 10 45 0.77 * 0.06 0.77 %= 0.09 0.77 = 0.06

Total 48 207

*These within-population comparisons of S were calculated from data scored from gels on which the entire sample from a population was run.

Conservation Biology
Volume 9, No. 5, October 1995



1238 Genetic Variation in the Clapper Rail

Lynch 1991), and these were averaged for subsequent
calculations.

Allele frequencies were compared among populations
by calculating the corrected between-population similar-
ity, S,-j (equation 16, Lynch 1991), for all pair-wise com-
parisons of populations. In addition, the inbreeding co-
efficient of interdemic differentiation, F,, (equation 17,
Lynch 1991), was calculated over all populations and
among all /evipes populations. These values of F,, were
used, along with the average N, values calculated above,
in an island model of genetic structure to estimate 7z,
the long-term rate of gene flow among populations and
subspecies (Hartl & Clark 1989). Distance matrices (1 —
S) of all pairwise comparisons were constructed for
each mixed gel using the combined data for both
probes. These matrices were analyzed in the program
MEGA (Kumar et al. 1993) to construct UPGMA and
neighbor-joining phenograms indicating relationships
among individuals and populations. Phylogenetic or par-
simony trees for each gel were also constructed from
matrices of fragment profiles using the heuristic algo-
rithm of the computer program PAUP 3.1.1 (Swofford
1993).

Results

Intrapopulation Variation

All 48 individuals sampled were fingerprinted at least
twice, once on a mixed gel and once on a population
sample gel. The sizes for each population sample are

Sauon

Figure 3. Examples of DNA fingerprints of yamanensis
(Salton Sea) and levipes (Mugu Lagoon) individuals.
The gels were probed using the Jeffreys 33.15 minisat-
ellite. Approximate sizes of marker fragments are
noted on the Mugu gel in kilobases. The fragment
range shown for the Salton gel is approximately the
same as for the Mugu gel.
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presented in Table 1. Examples of DNA fingerprints for
Salton Sea and Mugu Lagoon are shown in Fig. 3. The
mean number of fragments * standard deviation for
both Jeffreys 33.15 and Jeffreys 33.6 probes combined
was 39.1 £ 10.6.

Intrapopulation variation, assessed by S for each
probe separately and combined, is presented in Table 1.
Fragment similarity was very high for the coastal levipes
populations (S ranged from 0.63 to 0.77 for both probes
combined), especially in comparison to the inland
yumanensis population (S = 0.33 for combined). Mean
values of § were similar for each probe, and similarity
was especially high for the sample from Mugu Lagoon
(mean § = 0.77), which was the smallest population
sampled (Fig. 2). Mantel’s tests were performed for each
pairwise comparison of populations (Table 2), and eight
of the ten comparisons yielded a significant difference in
the distribution of band-sharing coefficients between
populations. The most significant differences ( p < 0.001)
in § occurred between each levipes sample and the
yumanensis sample. Thus, yumanesis exhibited signifi-
cantly more minisatellite variability than levipes. In addi-
tion, samples from within Mugu Lagoon had signifi-
cantly higher band-sharing coefficients than the other
three levipes samples (Table 2). Estimates of heterozy-
gosity and average allele frequency parallel mean S (Ta-
ble 3). The Mugu Lagoon population apparently con-
tains only about one-third the heterozygosity of the
Salton Sea population.

Values of effective population size for the levipes pop-
ulations, as expected, were relatively small in compari-
son to the estimates for Salton Sea and yumanensis (Ta-
ble 3). Estimates based on p. = 0.001 ranged from about
75 to 420 individuals for the levipes populations; when
. = 0.01, the values ranged an order of magnitude
lower (7 to 42). It should be emphasized here that these
estimates of N, are obviously sensitive to mutation rate,
for which we have no information for Clapper Rails.
Analysis of fingerprints from a number of Clapper Rail

Table 2. Results of Mantel’s tests comparing distributions of
band-sharing coefficients (§) among all pairwise comparisons of
populations of Clapper Rails.”

Salton  Tijuana  Newport Seal  Mugu
Salton — 3.90 3.96 421>  397°
Tijuana —_ 0.69 2.46°  2.77¢
Newport —_ 1.85 289!
Seal —  371°

Mugu N

“Values of t (tested with infinite degrees of freedom) are above the
diagonal. A significant t means that the distributions of S differed
significantly between the two populations. See Table 1 for the
means of the distributions that are being compared.

bp <0.001.

‘p <0.05.

p <o0.01
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Table 3. Predicted heterozygosities (H ), average allele frequency
(9), and estimated effective population sizes (V,) for each of the
populations of Clapper Rails using both probes in a combined
analysis.

Taxon and

Population H* q°

N, (range)®

R. I yumanensis

Salton Sea 0.715 0.181 824 (507-1140)
R. I levipes

Tijuana Marsh 0.348 0.452 223 (107-339)

Newport Bay 0.394 0.434 239 (118-360)

Seal Beach 0.421 0.392 283 (147-419)

Mugu Lagoon 0.247 0.520 174 (75-274)

“ Heterozygosity calculated by the method of Gilbert et al. (1991).

b Average allele Jfrequency calculated by the method of Jeffreys et al.
(1985).

CEstimated effective population size calculated by the methods of
Lynch (1991). The calculations of N, assume a u of 0.001; a u of
0.01 would reduce the N.'s by a factor of 0.1 (for example, from
824 to 82.4).

families would allow a direct estimate of p and thus a
more accurate prediction of N,. In addition, if minisatel-
lite sequences are saturated by mutation or mutation
does not conform to an infinite alleles expectation, the
estimates may be biased (Harding et al. 1993; Shriver et
al. 1993). This is especially true for small values of mean
S (and values of H > 0.8), which may result in an under-
estimation of long-term N,

Interpopulation Differentiation

Interpopulation and intersubspecific differentiation was
assessed by calculating the mean of pairwise band-shar-
ing among individuals from different localities (Table 4)
and subspecies. These means were corrected for the
level of within-sample band-sharing (Lynch 1991), and
the corrected values ranged from 0.79 to 0.96 (Table 4).
In general, values for comparisons within levipes (mean
of 0.91 * 0.015) were higher than comparisons be-
tween levipes and yumanensis (0.81 £ 0.009; Mann-
Whitney U = 24.0, x* = 6.5, p = 0.011). The corrected
S;; for the entire levipes sample versus the yumanensis
sample was 0.84.

Table 4. Results of Clapper Rail DNA fingerprints from the mixed
population gels.*

Salton

Salton  0.40 (18) 0.38 (37) 0.35 (37) 0.33 (43) 0.36 (40)
Tijuana 0.83 0.71 (12) 0.62 (30) 0.61 (33) 0.59 (33)

Tijuana Newport  Seal Mugu

Newport 0.81 0.94 0.67 (9) 0.64 (30) 0.63 (30)
Seal 0.79 0.90 0.96 0.69 (12) 0.57 (33)
Mugu  0.81 0.88 0.94 0.87 0.71 (12)

*Means of pairwise Sy are above the boldface diagonal. The num-
ber of comparisons are in parentbeses. Means of pairwise within-
sample S are on the diagonal (bold-faced type). Corrected interpopu-
lational similarities (Lynch 1991) are below the diagonal.
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Corrected §,; values were used to calculate estimates
of Fg; (Lynch 1991) across only levipes populations (Fg; =
0.22) and all populations (Fg = 0.26). Using these Fg
values, a . of 0.001, and the means of the N, values from
above, we calculated an interpopulation migration rate
of 0.0029 among levipes and 0.0003 between levipes
and yumanesis.

Clustering relationships among individuals and popu-
lations were visualized by constructing trees using three
algorithms. All three methods (parsimony, UPGMA clus-
tering, and neighbor joining) gave mostly similar results;
only those of the neighbor-joining analysis are provided
here (Fig. 4). As expected from the corrected similarities
above, individuals of the yumanensis population clus-
tered together, and their cluster was somewhat distant
from the cluster of individuals from the levipes popula-

Mugu 497

Mugu 499
Mugu 498
Newport 602

Seal 620

Seal 619

Seal 621
Seal 622
Newport 496 _
Tijuana 487

Newport 601
Tijuana 486
Tijuana 488
Salton 3

Gel 1:

Salton 1

Salton 15
Salton 2

Tijuana 490
,_l : Tijuana 493
Tijuana 491
Tijuana 492

e et
Seal 625

Seal 623
Newport 606
Newport 605
Newport 607
Mugu500
Mugu 609

Mugu 610
Salton 7

I

Gel 2:

Salton 8

Salton 6
Salton 4

Seal 627

Gel 3: Mugu 615

Seal 628
Seal 626

Newport 608
Tijuana 494
Tijuana 495
Newport 616
Newport 617
Tijuana 498
Mugu 639
Mugu 613
Mugu 614

Salton 7

f S Salton 1
alton 9
— Saiton 4

—

Figure 4. Neighbor-joining trees constructed from ma-
trices of percentage difference (1 — S) between all
pairwise combinations of individual Clapper Rails
within each of three mixed gels. The number following
each locality name indicates the identification num-
ber of the individual bird included on the gel.

Conservation Biology
Volume 9, No. 5, October 1995



1240 Genetic Variation in the Clapper Rail

tions. Structuring of the levipes populations was less ap-
parent, but samples from Mugu Lagoon usually clustered
together (except for Mugu 615 on gel 3 of Fig. 4, which
may be a disperser from a more southern population).
Individuals from Tijuana Marsh, Newport Bay, and Seal
Beach usually showed only weak clustering, if any.

Discussion

Genetic Variation

Clapper Rails in southern California exhibit a contrasting
pattern of genetic variability. The population at the Sal-
ton Sea, of the subspecies yumanesis, exhibits typical
levels of minisatellite variability: The mean value of §
over two probes for yumanensis, 0.33, is similar to
other background, band-sharing estimates for a large
number of avian and other taxa (Burke et a. 1989; West-
neat 1990; Lynch 1991; Rabenold et al. 1991; Oring et al.
1992; Degnan 1993; Fleischer et al. 1994; Bereson et al.
1995). On the other hand, the four populations occupy-
ing coastal salt marshes, of the subspecies levipes,
showed extremely high band-sharing and thus low levels
of genetic variability. The values for the levipes popula-
tions (0.63-0.77) were considerably higher than those
of most examinations to date, matching or nearly match-
ing levels found for highly inbred species such as
chicken strains (Gallus gallus; Kuhnlein et al. 1990),
captive Nene (Branta sandvicensis; Rave et al. 1994)
and Guam Rails (Rallus owstoni; Haig et al. 1994), colo-
nies of naked mole rats (Heterocephalus glaber, Reeve
et al. 1990), and other mammalian and avian species.

The four coastal levipes populations also showed re-
markably high levels of among-population band sharing
(S from 0.57 to 0.64). This is especially remarkable given
the wide geographic range of the sampled populations
(over 260 km, Fig. 1). In a typical outbred population,
such high values would indicate first-order relatedness
of individuals (siblings or parent-offspring). In fact, if we
consider § from the yumanensis sample as the back-
ground level of band sharing for the species, then the
expected value of § between first-order relatives (r =
0.5) is 0.67 (equation 22 of Lynch 1991).

If the yumanesis sample does contain the typical level
of genetic variability for the species, then our data
clearly indicate that considerable variation has been lost,
presumably through inbreeding and drift, in each levi-
pes population and, perhaps more interesting, among
populations within the subspecies as a whole. Because
of the relatively high mutation rate of minisatellite loci
(u ~ 0.001/gamete/generation), their genetic diversity
can recover fairly rapidly following a bottleneck (within
1/ or 1000 generations; Nei et al. 1975), especially in
comparison to single-copy nuclear genes or mtDNA (for
example, w for allozymes is ~10~%; Voelker et al. 1980).
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Thus, minisatellite data will usually provide an indica-
tion of events that have occurred over a much shorter
time scale than more slowly evolving mtDNA, allozyme,
or RAPD data. Our concurrent studies of mtDNA (Fleis-
cher et al., in preparation) and RAPD variation (Nusser
et al,, unpublished manuscript) reveal extremely low
variability within and between yumanensis and levipes
populations. A restriction fragment-length polymor-
phism study of whole mtDNA by Avise and Zink (1988)
revealed extremely low intra-population variation in a
Louisiana sample of Clapper Rails, as did a study of allo-
zymes in Clapper Rails of the eastern U.S. by Haig and
Ballou (unpublished).

We suggest then, that a bottleneck in Clapper Rail
populations that occurred over a 1000 years ago was re-
sponsible for loss of variation in mtDNA, allozyme, and
most RAPD loci. The minisatellite variation for yuman-
ensis is relatively high and typical of nonbottlenecked
populations; it either was recovered by mutation follow-
ing the bottleneck, or the bottleneck was not severe
enough to reduce the minisatellite variability in the first
place (although' this seems less likely given the ex-
tremely low mtDNA and RAPD variability). A similar sce-
nario was suggested by Menotti-Raymond and O’Brien
(1993) to explain the discrepancy they found between
very low mtDNA/scnDNA and typical minisatellite DNA
variation in cheetahs (Acinonyx jubatus).

The interesting pattern of variation within levipes
could potentially be explained by two historical scenar-
ios. First, levipes populations recently could have been
severely reduced to a single, small population that re-
mained small long enough to reduce variability, and
then recently expanded into its current range. Alterna-
tively, but not exclusively, levipes could be structured
like a classical metapopulation (Ehrlich 1983; Gilpin
1987), and many continuous cycles of subpopulations
undergoing bottlenecks or extinction followed by gene
flow or recolonization could result in exceedingly low
variability within subpopulations and few differences ac-
cruing among subpopulations. The demographic data
cited above and in Zembal (1993) certainly suggest that
these populations are behaving like a classical metapop-
ulation, with limited dispersal, local extirpations, and re-
colonizations. Even though band-sharing is very high
among all levipes populations, however, genetic dis-
tances are not unity (Table 4), and individuals within the
Mugu Lagoon subpopulation (and to a minor extent the
Tijuana Marsh one) cluster in the mixed gel phenograms
(Fig. 4). This suggests that gene flow is not so high that
it can completely counteract the effects of founder
events and genetic drift in some small populations.

We also found that the Mugu Lagoon sample had sig-
nificantly lower levels of variability than any other popu-
lation. This makes sense because the Mugu population
was the smallest we sampled, averaging only 4.6 = 2.4
pairs of birds over the past 15 years (and 6.5 pairs when
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sampled in 1989), in comparison to 18.8 = 10.0, 109.5 =
19.1, and 26.6 * 18.5 pairs of birds for Seal Beach, New-
port Bay, and Tijuana River, respectively (Fig. 2; Zembal
1993). It is also interesting that Ledig (1990) found that
egg success in eight clutches of eggs at Mugu was only
49%, whereas Massey et al. (1984) found the hatchability
of eggs in 130 clutches at Seal Beach, Newport Bay, and
Tijuana Marsh to be 81%. The difference, however,
could relate to high contaminant levels in Mugu Lagoon
rather than low genetic variation or inbreeding, and ad-
ditional studies are needed to determine the source of
these fitness differences.

Subspecies Differentiation

The two subspecies showed highly significant differ-
ences in variability (Tables 1 and 2), but they also
showed differences in allele frequencies as assessed by
relatively low corrected similarities, high Fg, and the
consistent structuring of the phenograms (Table 4; Fig.
4). These major differences conflict with our mtDNA
control-region sequence data (Fleischer et al., unpub-
lished data), which show virtually no differentiation be-
tween these two subspecies (and for that matter no or
very low differentiation between these two subspecies
and R. I obsoletus of northern California, R. I. crepitans
of the eastern U.S. coastal marshes, and R. I. saturatus of
the Gulf Coast marshes). The divergences are matched
to some extent by our RAPD data (Nusser et al., unpub-
lished manuscript), in which the distance between
yumanensis and levipes is about 2-3 times the distance
among levipes populations, although the overall dis-
tance values are very small. The lack of divergence in
mtDNA suggests that the two subspecies had a common
ancestor sometime within the past 50,000 years (Fleis-
cher et al., unpublished data), but the minisatellite and
RAPD DNA differences suggest that the two subspecies
have not been exchanging many genes recently (m =
0.0003/generation).

The consistent topologies of the neighbor-joining trees
in placing yumanensis in a separate cluster from all levi-
pes individuals, and in clustering the Mugu Lagoon pop-
ulation, are reminiscent of trees constructed from minj-
satellite data for Channel Island grey foxes (Urocyon
littoralis; Gilbert et al. 1990) and cheetahs (Menotti-Ray-
mond & O’Brien 1993). These results point out the po-
tential utility of minisatellite data in reconstructing or in-
ferring the similarity and relationships of individuals and
populations. But minisatellite DNA may be less likely to
reveal population structure and relationships if mutation
saturates divergences to high variability and homoplasy.

Implications for Conservation Management

Our findings, in conjunction with those for mtDNA and
RAPDs, allow us to make several recommendations for
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the management of California populations of Clapper
Rails. First, genetic variation for all markers is extremely
low in levipes populations. Although there is not always
a strong link between genetic variation and fitness, there
is a general consensus that high inbreeding and loss of
genetic variability is not good for individual or mean
population fitness or for future adaptive capability (Al-
lendorf & Leary 1986; Ralls et al. 1988; Hedrick & Miller
1992; Lacy et al. 1993; O’Brien 1994).

It is also thought by some workers (Lande & Barrow-
clough 1987) that fitness is affected primarily by varia-
tion at quantitative trait loci. Thus, variation in molecu-
lar or biochemical markers, such as allozymes, scnDNA,
RAPDs, mtDNA, or VNTRs, may not be as relevant to
conservation management as it was hoped they would
be. Quantitative trait loci are thought to mutate at an ef-
fective rate of about 1072 (including effects due to
pleiotropy and epistasis; Lande & Barrowclough 1987).
Thus, like minisatellite variability, quantitative trait varia-
tion may regenerate more rapidly following a bottleneck
and be affected to a lesser degree by a bottleneck than
less-mutable loci. If minisatellite variability is greatly re-
duced, as we found for levipes, this might indicate that
quantitative trait variation is also low and could be limit-
ing fitness. We suggest, therefore, that some action be
taken to increase genetic variability in levipes popula-
tions, especially those that are very small, such as the
Mugu Lagoon population.

Most of the levipes populations (Newport Bay, Seal
Beach, and Tijuana Marsh) are very similar genetically,
which indicates that some natural gene flow has oc-
curred among them recently (estimated at 0.3%/genera-
tion above). Thus, translocation of individuals among
these larger levipes populations would not greatly mod-
ify overall genetic structure and would only add a small
amount of novel variation to each. But translocations,
and their associated additions of V¢, could be important
to some of the smaller populations and would also pro-
vide unrelated individuals as mates to reduce the poten-
tial for inbreeding depression. Translocations would es-
sentially increase the effective population size of these
small populations, perhaps closer to levels that existed
prior to the population declines caused by extreme de-
struction of salt-marsh habitats in southern California.
Perhaps translocations should await confirmation that
inbreeding depression is a significant problem for small
populations of Clapper Rails. We suggest that studies be
initiated to assess the relationship between reproductive
success measures and the DNA fingerprint similarity of
pair-mates and populations (Brock & White 1992; Rave
1994).

The overall high interpopulation similarities indicate
that outbreeding depressions are not likely to occur,
which also supports translocation of individuals among
levipes populations. Finally, an increase in Clapper Rail
population sizes within marshes via translocation would
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have obvious demographic as well as genetic benefits.
Thus, we recommend that pilot translocations be con-
ducted among levipes populations.

Translocation from yumanesis to levipes populations
might also be considered on the grounds that input of
their higher minisatellite variability would greatly in-
crease variation in levipes. The virtual identity in mtDNA
haplotypes (Fleischer et al., in preparation) and similari-
ties in RAPDs suggest that the two subspecies are not
very differentiated and share a recent common ancestor.
They are morphologically differentiated (mostly differ-
ences in coloration), but these differences may not be
genetically based or important to local adaptation or sex-
ual selection. The success of the subspecies at the Salton
Sea, a highly saline inland body of water, suggests that
they would have little or no problem coping with the
sea or the brackish water of salt marshes. But we do not
advise that translocations of yumanensis into levipes
populations be made until pilot studies with captive in-
dividuals are carried out. Such studies would more
clearly determine the roles that the morphological, eco-
logical, or behavioral differences play in the absence of
notable genetic ones.
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