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ABSTRACT.--We used starch-gel electrophoresis to investigate genetic variability at 23 loci 
in 107 individuals from seven populations of the Spotted Owl (Strix occidentalis). These 
populations sample all three currently recognized subspecies. No genetic variation was found 
in six populations from Oregon and California. Average heterozygosity in owls from New 
Mexico was 0.022. The low level of genetic variability will make it more difficult to monitor 
the genetics of this threatened species; the paucity of variation is possibly due to a small 
overall effective population size or bottlenecks in the past. At one locus there was a major 
allelic frequency difference between the Pacific Coast populations (S. o. caurina and S. 0. 
occidentalis) and the allopatric taxon (S. o. lucida) found in New Mexico; our estimate of FsT 
is 0.55. We believe the two allopatric populations have long been isolated, and it is probable 
that they represent two species. The data do not help elucidate the subspecific status of S. 0. 
caurina. Received 11 December 1989, accepted 11 May 1990. 

OVER the last two decades, evolutionary and 
systematic biologists have devoted a major ef- 
fort to assessing the extent of genetic variation 
within, and differentiation among, populations 
(Lewontin 1985, 1986). This has been true of 
many disciplines, including ornithology (for 
recent reviews, see Arise and Aquadro 1982, 
Avise 1983, Barrowclough 1983, Corbin 1983, 
Barrowclough et al. 1985, Barrowclough and 
Johnson 1988). These results have allowed bi- 
ologists to make inferences about the evolu- 
tionary history of a species and, perhaps, to gen- 
eralize about evolutionary processes (e.g. 
Lewontin 1974). In addition, these studies pro- 
vide systematists with data, independent of 
classical morphology and phenotypes, to assess 
biogeographic and taxonomic patterns (e.g. Bar- 
rowclough 1985). 

Conservation biologists now realize that such 
data permit monitoring threatened populations 
for evidence of genetic deterioration (Lande and 
Barrowclough 1987) as well as identifying evo- 
lutionary and taxonomic units for conservation 
(e.g. Ryder 1986a, b). The recent report on ge- 
netic variation in the endangered New Zealand 
Kakapo (Strigops habroptilus; Triggs et al. 1989) 
is an example. One North American species that 
is the subject of much concern among conser- 
vationists, foresters, and wildlife biologists is 
the Spotted Owl, Strix occidentalis (e.g. Gutierrez 
and Carey 1985, Dawson et al. 1987, U.S. Dep. 
Agric. For. Serv. 1988). 

We report on an electrophoretic examination 
of genetic variation within and among popu- 
lations of the Spotted Owl over much of its 
range. This study adds to the small, but grow- 
ing, body of reports on the extent of genetic 
variation and differentiation in natural popu- 
lations of birds; it also provides a survey of the 
population genetics of a species of particular 
environmental concern. 

METHODS 

Study areas and populations.--We sampled Spotted 
Owls from eight populations representing all three 
currently recognized subspecies (AOU 1957) (Fig. 1; 
Table 1). Populations differed greatly in their habitat 
characteristics and their population size. The Oregon 
and northwest California populations were large, 
continuous populations within a mix of old growth 
and younger age conifer forests. The Sierra Nevada 
and New Mexico populations were large and contin- 
uous. The habitat was characterized by a mixture of 
old growth, mixed age, and young forests. The south- 
ern California owls existed in small isolated popu- 
lations located primarily in mixed age conifer stands. 

We probably sampled <5% of the birds from the 
large continuous populations. Because we sampled 
only two birds from the Black Range, we combined 
the New Mexico samples for the purpose of analysis. 
We sampled approximately 20% of the San Bernardino 
range population. The two smallest populations were 
sampled most intensively: approximately 90% of the 
San Jacinto mountain population and approximately 
50% of the Palomar Mountain birds. All estimates of 
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Fig. 1. Approximate distribution of the Spotted OwL Localities from which genetic samples were obtained 
are indicated. 

the proportion of the population sampled were de- 
rived from extensive census and banding studies 
(Franklin et al. 1990). 

Capture methods.--Spotted Owls were located by 
imitating their calls to elicit a response (Forsman 1983, 
Franklin et al. 1990). Responding birds were captured 
with noose poles, mist nets, or pan traps (Forsman 
1983, Bull 1987). Blood was taken from a brachial vein 
with a 23-ga needle and 1-cc syringe washed with 
EDTA as an anticoagulant. Each blood sample was 
immediately transferred to a cryogenic vial and fro- 
zen in liquid nitrogen within one hour of extraction. 

A few (< 6) blood samples were not frozen for several 
hours because the sampling location was remote. 
Samples were maintained in liquid nitrogen, dry ice, 
and ultracold freezers until used for electrophoresis. 

With a few exceptions (accounted for in the anal- 
yses), only unrelated individuals were sampled. Al- 
though we did not know the exact lineage of each 
bird, we inferred from previous banding and popu- 
lation studies that most of the birds were probably 
not closely related. However, the small isolated pop- 
ulations must have a substantial background level of 
relatedness. 
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TABI•E 1. Taxa, localities, sample sizes, and estimates of genetic heterozygosity in 
dentalis) samples. 

Spotted 

739 

Owl (Strix occi- 

Population n • /•b Subspecies 
Oregon; Cascade & Coast ranges; Douglas County 20 0.0 S.o. caurina 
California; Coast Ranges; Humboldt & Mendocino counties 19 0.0 S.o. caurina 
California; Sierra Nevada; Placer & El Dorado counties 11 0.0 S.o. occidentalis 
California; San Bernardino Mtns.; San Bernardino County 20 0.0 S.o. occidentalis 
California; San Jacinto Mtns.; Riverside County 19 0.0 S.o. occidentalis 
California; Mt. Palomar; San Diego County 9 0.0 S.o. occidentalis 
New Mexico; Sacramento & Black ranges; Grant & Lincoln counties 9 0.022 S.o. lucida 

Number of individuals sampled from population. 
Averaged over 23 genetic loci. 

Analysis.--Thawed blood was diluted with deion- 
ized water to lyse cells, then centrifuged at 6,000 rpm 
for 20 min. The supernatant was used for standard 
starch-gel electrophoresis. The electrophoretic con- 
ditions, buffer systems, and staining methods have 
been described previously (Harris and Hopkinson 
1976, Barrowclough and Corbin 1978, Richardson et 
al. 1986). Nomenclature of enzymes, multiple iso- 
zymes, and alleles follows standard conventions. 

Genotypic and allelic frequencies were computed 
from the starch-gel results. These data were analyzed 
using Hardy-Weinberg tests (Crow and Kimura 1970), 
contingency Chi-square tests (Workman and Niswan- 
der 1970), Slatkin's (1985) rare allele procedure, Ro- 
gers' (1972) genetic distance, Wright's (1978) FsT sta- 
tistics, and Nei's (1978) standard genetic distance and 
heterozygosity. The latter three statistics all included 
corrections for sampling error due to finite numbers 
of individuals. 

RESULTS 

We scored 23 loci that yielded consistently 
strong staining patterns. Additional enzymes 
that are typically scored using liver and skeletal 
muscle in birds were found to be weak, incon- 

sistent, or absent in these red cell lysates. 
Genetic variation.--Of the 23 loci examined, 22 

were monomorphic in all populations (EC num- 
bers in parentheses): ACP (3.1.3.2), ADA (3.5.4.4), 
CK (2.7.3.2), EST-2 (3.1.1.1), G6PDH (1.1.1.49), 
GPT (2.6.1.2), HGB (hemoglobin), IDH (1.1.1.42), 
LDH-! and LDH-2 (1.1.1.27), MDH-! and 
MDH-2 (1.1.1.37), NP (2.4.2.1), PEP-A, PEP-B, 
and PEP-C (3.4.11), 6PGDH (1.1.1.44), PGI 
(5.3.1.9), PGM (2.7.5.1), PT-! and PT-2 (plasma 
proteins), and SOD (1.15.1.1). One locus, EST-D 
(3.1.1.1; by the methylumbelliferyl fluores- 
cent method), was variable in the New Mexico 
sample. It was, however, monomorphic in all 
the Pacific Coast populations. The allele fixed 
in the coastal populations had a frequency of 

0.389 in the New Mexico sample; a single al- 
ternate allele in that population had a frequen- 
cy of 0.611. 

Sample sizes and estimates of overall hetero- 
zygosity are in Table 1. Esterase-D is dimeric 
(Harris and Hopkinson 1976); the heterozy- 
gotes for this locus all had the characteristic 
three-banded pattern of such proteins. The ob- 
served three genotypic frequencies do not differ 
from Hardy-Weinberg proportions (X 2 = 0.255, 
df = 1, P > 0.05) in the New Mexico sample. 

Genetic differentiation.--At the Esterase-D lo- 
cus, the differences in allelic frequencies among 
the populations are statistically significant (X 2 
= 1273.4, df = 6, P < 0.005; Workman and Nis- 
wander 1970). For this single locus, the estimate 
of FsT among the seven populations is 0.55. Of 
course, this is actually an estimate of FsT be- 
tween the New Mexico population and those 
of California and Oregon. Similarly, our esti- 
mate of Nei's distance between New Mexico 

and the west coast is 0.016; for Rogers' distance, 
the estimate is 0.027. 

Slatkin (1985) provided a method of estimat- 
ing the extent of gene flow among populations 
from the frequency of private polymorphisms. 
The Esterase-D allele found segregating in the 
New Mexico population is an example of such 
a situation. From Slatkin's formula, we obtain 

an estimate of Nm = 0.021. This is equivalent 
to an average of one individual exchanged 
among populations every 50 generations. 

DISCUSSION 

Genetic variation.--This is the first published 
report on genetic variability in a natural pop- 
ulation of owls. The estimated level of genetic 
variation (heterozygosity) in the samples of S. 
o. occidentalis and S. o. caurina (0.0) is remarkably 
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Fig. 2. Distribution of reports of genetic hetero- 
zygosity in birds based on 20 or more loci and 10 or 
more individuals. (Based on summaries of Barrow- 
clough et al. 1985, Corbin 1987; and additional reports 
of Braun and Robbins 1986, Baker and Moeed 1987, 
Haig and Oring 1988, Seutin and Simon 1988). 

low. This is one of very few cases of an apparent 
lack of detected variation in a population of 
birds for which a relatively large number of 
individuals and loci have been examined. For 

example, in recent reviews of genetic hetero- 
zygosity in birds (Barrowclough 1983; Corbin 
1983, 1987; and Barrowclough et al. 1985), only 
one species with such an estimate is tabulated. 
This is the Lesser Prairie-Chicken (Tympanuchus 
pallidicinctus), based on 13 individuals and 23 
loci (Gutierrez et al. 1983). There are other nom- 
inal estimates of H of 0.0 (e.g. Patton and Avise 
1986), but these are based on samples of one or 
a few individuals. We summarized (Fig. 2) es- 
timates of H reported for birds calculated from 
at least 20 loci and 10 individuals. The west 

coast Spotted Owl populations lie at the ex- 
treme of the distribution. Outside of birds, es- 
timates of H of zero are not common, but are 

known from a variety of taxa (e.g. see Nevo 
1978). 

The population of S. o. lucida has an estimate 
of H more typical of birds. It may seem odd that 
within the same species there should be pop- 
ulations with such disparate values, but the 
variability in S. o. lucida is the result of one 
polymorphic locus, and we will argue that these 
taxa probably have been isolated from each oth- 
er for a long time. 

We emphasize that these results do not mean 
that there is no genetic variability in the coastal 
populations of Spotted Owls. They indicate only 
that at some of the loci routinely screened by 
electrophoresis, the birds are invariant. Other 
structural genetic or regulatory loci, or the loci 
coding for quantitative traits, may be variable. 

There are several possible reasons for the lack 
of genetic variability reported for the Pacific 
coast populations. First, the 23 loci we examined 
may be a particularly poor choice in that they 

are relatively monomorphic compared with 
"average" loci. This is equivalent to arguing 
that some genetic loci show more variability 
than others, across all taxa, and that members 
of the subset we examined are relatively invari- 
ant. Consequently, examination of another-- 
complementary--set of loci may reveal sub- 
stantial variation. We believe this is not a likely 
explanation. Some of the loci we examined (e.g. 
ADA, EST, NP, PEP, 6PGDH, and PGM) are 
among the most variable in birds (Evans 1987). 

Second, it is possible that Strix owls, or large 
predators in general, because of their elevated 
position on the food chain, inherently have 
lower population sizes than do, for example, 
insectivores and granivores. Hence, they might 
have lower heterozygosity if H scales positively 
with effective population size (Ne), as neutralist 
theory suggests (Barrowclough et al. 1985). This 
possibility cannot be ruled out easily. Unfor- 
tunately there have been few studies of genetic 
variability in raptors. Barrowclough and Coats 
(1985) suggest that the genetic population struc- 
ture of S. occidentalis in the Pacific Northwest 

consists of a series of overlapping demes of ap- 
proximately 220 individuals each. If there are 
ten or so such demes in the range of the owls, 
then the total effective size of the coastal pop- 
ulation might be only a couple of thousand (i.e. 
much smaller than the overall population size 
of taxa such as thrushes, warblers, and spar- 
rows, etc., that include hundreds, if not 
thousands, of interconnected demes in their 
ranges). A way to check this hypothesis would 
be to compute correlations of heterozygosity on 
trophic level. However, this is not a strong test 
and is subject to many difficulties (Schnell and 
Selander 1981). 

Third, the low variability observed could be 
due to extended population bottlenecks or 
founder effects in the past few thousands of 
years. Nei et al. (1975), for example, demon- 
strate that the heterozygosity of a population, 
following a long period of reduced numbers, 
will require 105 to 106 generations to recover to 
equilibrium levels. Likewise, a founder effect 
could also produce low levels of genic variation, 
but only if the founder population remained 
small for a very long period of time. This class 
of explanations can neither be ruled out easily, 
nor tested readily. 

A fourth possibility is that the low hetero- 
zygosity in these owls is the result of habitat 
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destruction caused by timber cutting. This might 
have led to a reduction in the numbers of owls 

and hence to a loss of variability. This is an 
unlikely explanation, and is equivalent to ar- 
guing that the owls are now in a bottleneck 
because of logging. However, Spotted Owls are 
not yet rare (e.g. Gould 1977, Forsman et al. 
1987, Franklin et al. 1990), even though this 
activity probably has reduced the population 
substantially in the past 100 years. It takes tens 
to hundreds of generations of reduced popu- 
lation size to reduce genetic variability (Nei et 
al. 1975). 

Finally, it is possible that genic heterozygos- 
ity is less affected by population processes and 
demography than by internal genetic processes, 
physiology, and the efficacy of DNA repair 
mechanisms. From the point of view of whole 
organism biologists, heterozygosity might be a 
stochastic variable and Spotted Owls just hap- 
pen to have variability of zero for these loci at 
this time. If so, then genetic data are uninform- 
ative about any aspect of the population biology 
of a species. This explanation is basically a null 
hypothesis best adopted as an alternative to spe- 
cific causative models. It is not tested easily. 

Clearly, at present we are unable to discrim- 
inate among the competing explanations of the 
reduced heterozygosity in the Spotted Owl. 
Nevertheless, only three of the possible expla- 
nations are particularly plausible, and these al- 
low us to draw inferences of interest. 

None of the most probable causes for the low 
variability lead to the conclusion that the owls 
are currently at risk because of genetic diffi- 
culties such as inbreeding. This may seem coun- 
terintuitive, but observed variation in an elec- 

trophoretic study has to be viewed simply as a 
genetic marker for monitoring the genetic 
makeup of a population (Lande and Barrow- 
clough 1987). Variation in the loci studied 
should not be interpreted as being critical per 

A second conclusion we can draw is that, un- 

fortunately, it will be difficult to monitor the 
genetics of Pacific Coast populations of these 
owls for conservation purposes. If further test- 
ing of structural genes does not yield easily 
observed variation, then more difficult and ex- 

pensive techniques, such as mtDNA restriction 
mapping or heritability of quantitative traits, 
will have to be used to monitor the genetic 
structure of this species. In the populations of 

o .05 

Fig. 3. Distribution of reports of Wright's FsT in 
birds. (Based on summaries of Barrowclough 1983, 
Barrowclough and Johnson 1988; and additional re- 
ports of Van Wagner and Baker 1986, Baker and Moeed 
1987, Grudzien et al. 1987, Haig and Oring 1988, Seu- 
tin and Simon 1988). 

S. o. lucida, EST-D is readily available, easy to 
monitor with blood samples, and polymorphic. 

Genetic differentiation.--No variation was ob- 
served in the samples of S. o. occidentalis and S. 
o. caurina. Thus it was not possible to observe 
any differentiation or to estimate its magnitude. 
Therefore, our data were neutral with respect 
to the taxonomy of these two currently recog- 
nized subspecies. Our results cannot be used to 
argue either for or against lumping of the taxa. 
Other molecular or morphological studies will 
be required to address that issue. 

The extent of differentiation observed be- 

tween the New Mexico sample of S. o. lucida and 
the California and Oregon samples is large 
by avian standards (see Fig. 3 for estimates of 
FsT among conspecific populations of birds from 
the literature). The observed value for this spe- 
cies (0.55) is the largest reported to date. Of 
course, this estimate is based on a single locus 
and has an unknown, but probably quite large, 
standard error. 

The estimates of Nei's and Rogers' genetic 
distances are also large in comparison with re- 
ports of the same statistics from other conspe- 
cific avian populations (e.g. see summary in Bar- 
rowclough 1980). The estimate lies in the range 
of overlap between the average differentiation 
among subspecies and that among species. Some 
subspecies with larger genetic distances are 
known (e.g. Baker and Strauch 1988, Capparella 
1988). Likewise, some species show smaller dis- 
tances (e.g. Hackett 1989). 

The geographical extent of the EST-D poly- 
morphism found in the New Mexico birds re- 
quires analysis. We presume the polymorphism 
characterizes the entire S. o. lucida taxon, but 

that should be established through further sam- 
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pling. If the polymorphism is widespread, then 
we find this pattern of variation interesting be- 
cause of its implications for the past evolution- 
ary history and taxonomic status of the owls. 

The most frequent allele (at the EST-D locus) 
in our sample of S. o. lucida was absent in the 
relatively large sample of the Pacific Coast birds, 
which represents six populations including 
those geographically nearest to the range of the 
interior taxon. We suggest that there is cur- 
rently no gene flow between the taxa, nor has 
there been any for an evolutionarily long period of 
time. We draw this inference because the period 
of time required for an allele to go from rare to 
common, or from common to lost (either may 
be the case in this situation because we do not 

know the ancestral state), is on the order of the 
inverse of the effective population size. Cer- 
tainly, in this case, this is more than a thousand 
generations. Barrowclough and Coats (1985) es- 
timated that generation time for Spotted Owls 
is approximately seven years. The private pol- 
ymorphism analysis using Slatkin's technique 
reinforces this conclusion. The magnitude of 
estimated gene flow (one individual per 50 gen- 
erations) is an upper bound that may seriously 
overestimate current gene flow (Larson et al. 1984, 
Rockwell and Barrowclough 1987). 

Species status.--Allopatric populations of birds, 
with their own evolutionary histories and a lack 
of gene flow for thousands of years, present 
taxonomic problems. In the worldview of the 
Biological Species Concept (e.g. Mayr 1970), 
these populations are not in contact. Whether 
they are behaviorally or genetically reproduc- 
tively isolated is unknown. One might suppose, 
given our knowledge of the propensity for hy- 
bridization among birds in general (e.g. Rising 
1983), that they would interbreed if given a 
chance, However, treating the owls as conspe- 
cific based on that line of reasoning does not 
reflect the status quo. It is essentially a predic- 
tion about what the owls might do at some in- 
definite time in the future if environmental 

changes facilitate contact. 
In the framework of the Evolutionary Species 

Concept (sensu Wiley 1978), the populations ap- 
parently have had their own separate evolu- 
tionary histories indicated by the major allelic 
frequency difference. Consequently, they would 
be considered separate species. 

Within the Phylogenetic Species Concept (e.g. 
Cracraft 1983), these owls are not quite diag- 

nosable. The frequency of the EST-D allele in 
the New Mexico sample is such that 90% of 
those birds can be unambiguously distin- 
guished from the S. o. occidentalis and S. o. caurina 
populations. This is a more extreme case of the 
pattern in the Empidonax difficilis complex (John- 
son and Marten 1988), a situation in which the 
biogeography is concordant with that of these 
owls. However, based on our interpretation of 
the available data, we suggest that the past pe- 
riod of isolation has been sufficiently long that 
further examination will reveal fixed differenc- 

es when more genetic loci are assayed. Thus, 
there exists the distinct possibility that these 
are two species of birds. 
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