
Patterns  of  Geographic  Variation

in  Allozymes  of  the  Olympic  Salamander,

Rhyacotriton  olympicus  (Caudata:  Dicamptodontidae)

Abstract

The  salamander  genus  Rhyacotriton  is  a  phy-
logenetically isolated, monotypic genus confined to
the  Pacific  Northwest  of  the  United  States.  An
electrophoretic  survey  of  29  allozyme  loci  in  29
populations collected throughout the range of the
species revealed great geographic differentiation,
with Nei's genetic distances between populations
approaching  1.2.  Three  distinct  geographic  units
are apparent: (1) the Coast Ranges from the Olym-
pic Peninsula of Washington to northwestern Or-
egon (North Coastal);  (2)  the Coast  Ranges from
northwestern Oregon to Mendocino County,  Cal-
ifornia (South Coastal); and (3) the Cascade Moun-
tains  of  south-central  Washington  and  northern
Oregon (Cascade). Nine to 20 fixed allozymic dif-
ferences  exist  between populations  in  the  South
Coastal and North Coastal groups; nine to 1 8 be-
tween Cascade and North Coastal populations; and
nine  to  19  between  Cascade  and  South  Coastal
populations. These levels of genetic differentiation
are those expected among congeneric species of
salamanders, but because no contact areas or zones
of  sympatry  have  been  found  as  yet,  we  recom-
mend  no  taxonomic  changes.  The  level  of  mor-
phological  differentiation  is  not  concordant  with
the  genetic  patterns  observed.  The  genus  is  ap-
parently  an  old  one  which  displays  considerable
heterogeneity in rates of genie and morphological
differentiation.

Introduction

Rhyacotriton  olympicus,  the  Olympic  salaman-
der,  is  the  sole  member  of  the  dicamptodontid
subfamily Rhyacotritoninae (Edwards, 1976; Frost,

1 985). It is distributed along the Pacific coast from
the  northern  end  of  the  Olympic  Peninsula  of
Washington to Mendocino County, California, and
in the Cascade Mountains from the Cowlitz  River
between Mts. Rainier and St. Helens, Washington,
to  Douglas  County  in  south-central  Oregon.  The
species is absent from the Willamette and Cowlitz -
Puget  Sound  lowlands  and  may  exist  in  two  or
more isolated units (fig. 1).

Geographic variation in the species was first dis-
cussed by Stebbins and Lowe (1951),  who recog-
nized  two  subspecies  of  Rhyacotriton  olympicus
based  on  color  pattern  variation.  The  northern
subspecies R. o. olympicus is distributed through-
out  the  Coast  Ranges  of  Washington  and  north-
western Oregon. Dorsally, it is dark brown, speck-
led with white guanophores; the ventral surface is
yellow with either no or a few scattered large dark
blotches. The subspecies R. o. variegatus, distrib-
uted southward from central Oregon, is dull gray-
ish  olive  above,  with  fewer  guanophores  and  a
yellow  venter  well  supplied  with  scattered  dark
spots and blotches. Between these two subspecies,
Stebbins  and  Lowe  envisioned  a  broad  area  of
intergradation  which  included  all  populations  in
the Cascades and several in central coastal Oregon,
indicating that geographically the subspecies were
not sharply distinct units.

Wake  (1981)  reported  geographic  variation  in
development of nasal bones during late ontogeny
in  Rhyacotriton.  Olympic  Mountain  and  Cascade
populations lack nasals at any life stage, while the
bones develop during metamorphosis  in  at  least
some  populations  from  California  and  southern
Oregon. This lack of nasals is unique among trans-
forming urodeles.  Nussbaum and Tait  (1977)  ex-
amined life history features of coastal and Cascade
populations of Oregon Rhyacotriton and found that
Cascade populations take at least a full year longer
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Table 1. Localities of Rhyacotriton olympicus populations surveyed. Voucher specimens are listed in parentheses.

North  Coastal  Populations
Nl.  0.5  mi  N Lake Mills,  Clallam Co.,  Wash.  (N =  10:  mvz  197375,  197377-385)
N2. 4.2 mi E Hwy. 101 on Rd. to Hoh Rainforest, Jefferson Co., Wash. (N = 10: mvz 197332-341)
N3. 7.5 mi W Hwy. 101 on Dosewallips Rd., Jefferson Co., Wash. (N = 9: mvz 197323-331)
N4. Merriman Creek, upstream from Lake Quinault, Gray's Harbor Co., Wash. (N = 10: mvz 197386-395)
N5. N slope N fork Skokomish River, between upper and lower Cushman lakes, ca. 3 mi W Hoodsport, Mason

Co., Wash. (N = 6: mvz 173345-350)
N6. Fish hatchery, 0.3 mi S Mohrweis at headwaters Weaver Creek, Mason Co., Wash. (N = 10: mvz 173351-

360)
N7. 3.2 mi E Hwy. 107 on road along S side of Chehalis River, Gray's Harbor Co., Wash. (N = 10: mvz 197347-

356)
N8.  Dixon Rd.,  1.2 mi W Hwy. 101,  Pacific  Co.,  Wash.  (N = 10:  mvz 197250-259)
N9. 8.6 mi Ejct. Hwy. 409 at Cathlamet on Hwy. 4, Wahkiakum Co., Wash. (N= 10: mvz 197363-367, 197369-

370, 197372-374)
N10. Jet. Hwy. 26 and Luukinen Rd. (at bridge over Nehalim River), Clatsop Co., Ore. (N = 10: mvz 197300-

305, 197307-310)
Nil.  5.3 mi from Kilchis River Rd. on S side of Kilchis River,  Tillamook Co.,  Ore. (N = 10: mvz 197433-437,

197439, 197442-443, 197446)
N12. 2.9 mi E Hwy. 101 on Little Nestucca River Rd., Tillamook Co., Ore. (N = 10: mvz 197447-449, 19745 1-

452, 197454-458)

South Coastal Populations
51. 5.4 mi NE (by Fall Creek Fish Hatchery Rd.) jet. Hwy. 134, Benton Co., Ore. (N = 20: mvz 173304-318,

173320-324)
52. 1.5 mi up Mary's Peak Rd., SW Philomath, Benton Co., Ore. (N = 4: mvz 158832-835)
53. Thompson Rd., 1.2 mi NW Hwy. 36 at Rainrock, Lane Co., Ore. (N = 10; mvz 197418-427)
54. 2.7 mi S Hwy. 38 on County Rd. 3 (to Loon Lake), Douglas Co., Ore. (N = 10: mvz 197261-270)
55. Elk River Rd., 0.5 mi E road to MacGribble Campground, Curry Co., Ore. (N = 10: mvz 19731 1-320)
56. 0.0-0.9 mi N on Windy Creek Rd., Douglas Co., Ore. (N = 4: mvz 173476-479)
57. South Fork Rd., N of Steven Memorial Bridge, Del Norte Co., Calif. (N = 10: mvz 191678-680, 194087,

194344-349)
58.  2 mi N Ti  Creek on Hwy.  96,  Siskiyou Co.,  Calif.  (N = 6:  mvz 185813-815,  185876-878)
59. Ca. 3.5 mi E Blue Lake on Hwy. 299, then N 0.7 mi, Humboldt Co., Calif. (N = 10: mvz 197408-417)

S10. Dark Gulch, 1 mi N Albion on Hwy. 1, Mendocino Co., Calif. (N = 7: mvz 145074, 158826-831)

Cascade Populations
CI.  0.3  mi  S  jet.  Hwy.  25  on  Hwy.  26,  N  of  Mt.  St.  Helens,  Lewis  Co.,  Wash.  (N  =  10:  mvz  197396-403,

197405-406)
C2. 9.3 mi E Cunningham Rd. jet. at Rose Valley on Coweeman River Rd., Cowlitz Co., Wash. (N = 10: mvz

197275-277, 197279, 197281-283, 197285, 197287-288)
C3. Smith-Cripe Rd., at Sneider-Barks Rd., 1 mi N Hwy. 14, ca. 2.5 mi W Skamania, Skamania Co., Wash.

(N = 9: mvz 173361-369)
C4. Mt. Defiance Trail, near Cabin and Warren creeks, ca. 0.5-1.0 mi W Starvation Creek State Park, Hood

River Co., Ore. (N = 20: mvz 173325-343)
C5. 4.8 mi SE jet. Fish Creek Rd. on Clackamas River Rd., Clackamas Co., Ore. (N = 10: mvz 197289-298)
C6. Hammond Camp, 0.4 mi from jet. Snowpack Rd., S side Crabtree Creek, Linn Co., Ore. (N = 16: mvz

158836-851)
C7. 1.9 mi N of N end of Blue River Lake on Forest Service Rd. 15, Lane Co., Ore. (N = 5: mvz 197428-432)

to achieve metamorphosis than do South Coastal
ones  (4.5  years  as  compared  to  3-3.5).  Wake  in-
terpreted the absence of nasal bones in Cascade
populations  to  be  the  result  of  neotenic  (Gould,
1977) evolution resulting from the reduced rate of
development involved in this delayed maturation.
Life history parameters (still unknown) for north-
ern  populations  were  assumed  to  be  similar  to
those for Cascade populations because of shared
environmental  conditions  (e.g.,  colder,  shorter

growing seasons). These similarities were hypoth-
esized  to  explain  the  lack  of  nasals  in  northern
populations.

Wake's  (1981)  hypothesis  relates  neoteny  in  a
simple and direct way to ecological  factors influ-
encing  individual  populations  of  Rhyacotriton.  It
is possible, however, that an underlying historical
explanation,  perhaps  including  the  presence  of
cryptic  species,  is  involved.  Alternatively,  further
study might disclose less regularity in the pattern
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Fig. 1 . Distribution of Rhyacotriton olympicus in California, Oregon, and Washington. The North Coastal, South
Coastal, and Cascade groups identified in this study are indicated by shading. Localities of the populations sampled
(see table 1 ) are numbered for each group.
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Table 2. Distribution of variants among North Coastal populations for the 29 proteins sampled in Rhyacotriton
olympicus. The following proteins are monomorphic in these populations for the variant in parentheses: lap (a), pt
(a), sod (a), icdh-1 (a), mdh-2 (a), acp (a), and est-1 (a). Sample sizes are listed in Table 1.

Protein Fixed populations Polymorphic populations
pgm  a  (N  1-9,  11-12)
6-pgd  a(N2-3,6-8,  10-12)

ldh-1  a  (N2,  8,  10-1  1),  b  (N4-6)

N10(a = .90, d = .10)
Nl (a = .95, b = .05), N4 (a = .95, b = .05), N5 (a =

.92, b = .08), N9 (a = .85, c = .15)
Nl (a = .85, b = .15), N3 (a = .06, b = .88, c = .06), N7

(a = .95, d = .05), N9 (a = .45, b = .55), N12 (a = .90,
e = .10)

N9 (a = .60, b = .40)

N4 (a = .95, b = .05)
Nl (a = .95, b = .05), N2 (a = .75, c = .25), N9 (a =

.17, d = .83), N10 (a = .22, d = .78), Nl 1 (a = .28,
d = .72)

N12(a = .90, c = .10)
N2 (a = .95, b = .05), N12 (a = .06, f = .72, g = .22)
N4 (a = .80, b = .20), N12 (a = .72, d = .06, e = .22)
N2 (a = .75, b = .25)
N2 (a = .70, b = .30)
N2 (a = .45, b = .55)

Nl (a = .25, b = .10, i = .65), N2 (a = .94, b = .06),
N3 (a = .79, b = .21), N5 (a = .67, b = .33), N7 (a
.94, b = .06), N8 (a = .85, b = .15), N9 (a = .55, b
.05, c = .10, d = .05,e = .25)

N7 (c = .95, d = .05), N10 (c = .85, e = .15), N12 (c -
.95, e = .05)

Nl (a = .85, b = .15), N2 (a = .90, b = .10), N3 (a =
.63, b = .37), N4 (a = .95, b = .05), N9 (a = .50, b
.06, c = .44)

N2 (a = .65, b = .35)
N4 (a = .95, b = .05)
N4 (a = .95, b = .05), N9 (a = .20, c = .80)

of nasal development than was apparent to Wake.
In order to address the first of these hypotheses,
we studied  allozyme variation  in  Rhyacotriton  to
quantify geographic variation and to help establish
a framework on which a large-scale morphological
study should be based. We here present the results
of  this  electrophoretic  survey.  Our  genie  results
demonstrate an unexpectedly high degree of vari-
ation in a species considered until now to be rel-
atively  uniform,  with  only  weakly  differentiated,
broadly intergrading northern and southern races
(Stebbins & Lowe, 1951).

Materials  and  Methods

Electrophoretic samples were collected from 29
localities, each listed in Table 1 and illustrated in
Figure 1 . Preserved voucher specimens are housed
in the Museum of Vertebrate Zoology, University
of  California,  Berkeley  (MVZ).

Tissues  used  for  electrophoresis  included  liver
and  intestine  dissected  from  freshly  killed  larval
and  adult  specimens  (N  =  4-20)  collected  in  the
field. Both larvae and adults were collected from
almost  all  populations,  and  no  ontogenetic  vari-
ation was observed in allozyme patterns. Samples
were frozen and maintained at — 76° C until used.
Tissues from each animal were combined and ho-
mogenized, then subjected to horizontal starch-gel
electrophoresis using standard techniques (Selan-
der  et  al.,  1971;  Harris  &  Hopkinson,  1978).

We were able to score consistently the 29 pre-
sumptive  allomorphic  loci,  using  the  buffer  sys-
tems  listed  below.  For  clarity  in  scoring  certain
loci, multiple buffer systems were used.

Tris-Citrate  II  (pH  8.0)—  Isocitrate  dehydro-
genase (icdh, 2 loci, L-iditol dehydrogenase (iddh),
malate dehydrogenase (mdh, 2 loci), malic enzyme
(me).

Tris-Citrate  III  (pH  7.0)—  Phosphoglucomu-

FIELDIANA:  ZOOLOGY



Table 3. Distribution of variants among South Coastal populations for the 29 proteins sampled in Rhyacotriton
olympicus. The following proteins are monomorphic in these populations for the variant in parentheses: lap (a), pt
(a), sod (b), 6-PGD (a), acp (b), est-3 (a), and ck (c). Sample sizes are listed in Table 1.

Protein Fixed populations Polymorphic populations
SI (a = .48, b = .48, e = .04), S2 (a = .63, b = .37), S3 (a = .60, b = .40),

S6(a = .13,b = .87), S9 (a = .90, f = .10)
SI (b = .90, f = .10), S2 (b = .63, f = .13, g = .24), S3 (b = .60, f = .40),

S4(b  =  .75,  f-  .25)
S3 (a = .80, f = .20), S6 (a = .50, g = .25, h = .25), S7 (a = .50, g =

.25, h = .25), S8 (g = .70, h = .30), S9 (g = .95, h = .05)
S3 (b = .95, d = .05), S4 (b = .85, d = .15), S7 (d = .06, e = .94), S9 (d =

.15,e = .85)

S6 (d = .88, e = .12), S9 (d = .95, e = .05)
SI (d = .12, g = .88), S2 (d = .38, g = .62), S3 (g = .50, h = .45, i = .05),

S7 (g = .95, i = .05)
S3 (a = .95, d = .05), S4 (a = .90, e = .10), S7 (a = .85, d = .05, f = .10)
S3 (a = .95, b = .05), S4 (a = .85, b = .15)

S3 (a = .56, e = .44), S4 (a = .65, e = .35)
SI (a = .92, d = .08), S7 (a = .65, e = .35)
SI (c = .92, d = .08), S3 (c = .95, d = .05), S4 (c = .80, d = .20), S5 (c =

.40, d = .60), S7 (c = .55, d = .45), S9 (c = .65, d = .35)
S5 (c = .95, e = .05), S6 (c = .75, e = .25), S7 (e = .70, f = .30)

S3(c = .85, d = .15)
SI (a = .75, b = .15, e = .10), S2 (a = .88, e = .12), S3 (a = .45, b =

.25, e = .30), S5 (f = .90, g = .10), S6 (b = .25, f = .75), S7 (a =

.25, b = .60, f = .15), S8 (b = .92, f = .08), S9 (a = .95, b - .05)
SI (c = .03, e = .93, f = .04), S9 (e = .65, g = .35)
S3 (a = .80, f = .20), S4 (a = .95, f = .05), S7 (g = .25, h = .75)
53 (b = .95, c = .05), S4 (b = .90, c - .10), S5 (b = .45, c = .55)
54 (a = .95, b = .05), S7 (a = .65, f = .35)
SI (a = .85, d = .15), S2 (a = .25, d = .75), S4 (a = .79, e = .21)

Table 4. Distribution of variants among Cascade populations for the 29 proteins sampled in Rhyacotriton
olympicus. The following proteins are monomorphic in these populations for the variant in parentheses: lap (a), pt
(a), mdh- 1 (b), mdh-2 (a), acp (b), adh-2 (c), est- 1 (a), est-3 (b), and hk (b). Sample sizes are listed in Table 1 .

Protein Fixed populations Polymorphic populations

C4 (a = .55, b = .45)

C6 (a = .69, d = .09, e = .22)
C4 (b = .98, c = .02), C6 (b = .97, c = .03)

C2 (a = .10, c = .90), C5 (a = .05, c = .95)
C3 (e = .22, f = .78), C5 (e = .05, f = .95), C6 (e

C4 (a = .25, c = .75)
C3 (a = .78, c = .22)
C3 (8 - .17, c - .83), C4 (c = .95, d = .05), C6 (c

C3 (a = .89, b = .1 1), C5 (a = .80, b = .20), C7 (a

C4 (c = .75, e = .25)

C2 (c = .75, d = .25)
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Table 5. Ranges in numbers of fixed variant differ-
ences within and between populations in the South
Coastal and Cascade population groups and the Olympic
and sub-Chehalis subgroups of the North Coastal group.

North Coastal South  Cas-

tase (pgm), 6-phosphogluconate dehydrogenase (6-
pgd),  L-lactate  dehydrogenase  (ldh,  2  loci),  glu-
cose phosphate isomerase (gpi), icdh (2 loci), acid
phosphatase (acp), aconitate hydratase (acon), al-
cohol  dehydrogenase  (adh,  2  loci),  aminopepti-
dase, leucine substrate (lap).

LiOH  (pH  8.2)—  Superoxide  dismutase  (sod),

aminopeptidase, L-leucyl-L-alanine substrate (la),
aminopeptidase,  L-leucylglycyl-L-glycine  sub-
strate  (lgg),  aspartate  aminotransferase  (aat,  2
loci),  aminopeptidase,  L-phenylalanyl-L-proline
substrate (pap).

Poulik  (pH  8.7)—  Esterase  (est,  3  loci),  aat  (2
loci), mannose-6-phosphate isomerase (mpi), cre-
atine  kinase  (ck),  hexokinase  (hk),  aminopepti-
dase, pap, unidentified protein (pt).

Genetic distance measures were calculated using
the  methods  of  Nei  (1978)  and  Rogers  (1972).
Rogers's  distance,  which  is  bounded  between
and 1 , meets the requirements of a metric and is
therefore  superior  for  certain  types  of  clustering
analyses.  Nei's  distance,  although it  has  the  dis-
advantage of not being a metric, is useful in that
it is more directly comparable to measures which
are not bounded, such as time or geographic dis-
tances. Various clustering methods, both phenetic
and phylogenetic, were employed to examine pat-
terns  of  variation  among  Rhyacotriton  popula-
tions.  Rogers's  and  Nei's  genetic  distance  mea-

Table 6. Nei's (1978) (above diagonal) and Rogers's (1972) (below diagonal) distances measured among popu-
lations of Rhyacotriton olympicus.
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sures  were  used  in  generating  UPGMA  (Sokal  &
Michener,  1958)  and  Fitch-Margoliash  (Fitch  &
Margoliash,  1967)  dendrograms.  The  PAUP  ver-
sion of the Wagner presence/absence phylogenetic
method (Kluge & Farris, 1 969) was performed with
raw allele presence scores using proteins as char-
acters and variant combinations as character states
(Buth, 1984).

Estimates  of  genetic  heterozygosity  were  cal-
culated using the equation

k
H  =  1  -  2  *<  2

i=l
averaged over  all  proteins  (x,  is  the frequency of
the /th allele,  and k is  the number of  alleles at  a
particular locus). Estimates of genetic subdivision
of the species were calculated using the F ST statistic
of  Wright  (1965).  Nei's  and  Rogers's  distances,
UPGMA  phenograms,  heterozygosity,  and  F  ST
values were all calculated using the BIOSYS com-
puter  program;  Fitch-Margoliash  dendrograms
were  obtained  using  EVOLVE.

Results

Of the 29 proteins scored in this survey, two (pt
and lap) were monomorphic in all 29 populations.
Some degree of variation was seen in the other 27
proteins  (tables  2-4),  all  of  which,  except  6-pgd,
showed  major  shifts  in  variant  frequencies  and
fixed differences between pairs of populations. A
total of 139 variants was recorded among the 29
populations  sampled,  averaging  4.8  per  protein
and  ranging  from  one  (pt  and  lap)  to  nine  (lgg
and iddh).

The  presence  of  large  amounts  of  variation
among  populations  in  the  29  proteins  surveyed
suggests  significant  genetic  subdivision  within
Rhyacotriton  olympicus.  Further,  the  distribution
of  protein  variants  among  populations  demon-
strates the existence of at least three strongly dif-
ferentiated groups of populations, referred to here
as the North Coastal, South Coastal, and Cascade
groups (table 1). All populations in each group are
differentiated from populations in the other groups

Table 6. Continued.
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by at least nine fixed protein variant differences,
and by as many as 20 in some populations (table
5).  The North Coastal  populations,  distributed in
the Coast  Ranges from the Olympic  Peninsula  of
Washington south to northwestern Oregon (fig. 1 ),
are characterized by the presence of three unique
protein variants (iDDH-a, ME-a, and ACP-a); three
other  variants  are fixed or  almost  fixed in  North
Coastal populations but relatively rare elsewhere
(iCDH-l-a,  also  in  population  CI;  iDDH-d,  also  in
populations  SI  and  S2;  LA-a,  also  in  populations
CI  and  C3).  The  South  Coastal  populations,  dis-
tributed from northwestern Oregon through the
Coast  Ranges  south  to  Mendocino  County,  Cali-
fornia, are characterized by seven unique variants,
or combinations of variants (icdh- 1 -c, d; icdh-2-
d, e, f; iDDH-g; est-2-c), and one found elsewhere
only  in  population N12 (me-i).  The Cascade pop-
ulations,  in  the  Cascade  Mountains  of  Oregon,
share 1 2 unique variants or combinations (icdh-
1-b;  iddh-c  f;  MDH-l-b;  me-c,  d,  e;  AAT-2-d,  e;
mpi-c, d; EST-3-b).

Among  the  North  Coastal  populations,  further
differentiation  is  apparent  between  the  Olympic
Peninsula  populations  (N1-N6)  and  those  from
south  of  the  Chehalis  River  (N7-N12,  referred  to
here as the sub-Chehalis populations). The Olym-
pic  Peninsula  populations  share  six  unique  vari-
ants or combinations (ADH-2-a, b; GPi-a; AAT-l-a,
b;  HK-a).  Variants  CK-a  and  EST-2-a,  common  to
all Olympic Peninsula populations, are seen else-
where  only  in  population  CI.  Populations  N7-
N 1 2 share no unique variants. A total of 69 protein
variants were observed among the North Coastal
populations,  averaging  2.4  per  protein.  Among
South  Coastal  populations,  73  variants  (2.5  per
protein)  were  seen.  In  the  Cascade  population
group, the total was 53 (1.9 per protein).

We also analyzed protein differentiation among
populations, using the genetic distance measures
of  Rogers  (1972)  and  Nei  (1978)  (table  6).  North
Coastal,  South  Coastal,  and  Cascade  population
groups  are  recognizable,  with  the  North  Coastal
group being further subdivided into two less dis-
tinct but still well-differentiated subgroups. Nei's
distance measures within the three major groups
of populations range from 0.000 to 0.455 among
North Coastal populations, 0.014 to 0.461 among
South  Coastal  populations,  and  0.000  to  0.268
among Cascade populations. In contrast, distances
between pairs of populations across groups range
from 0.508 to 1 .079 between the North and South
Coastal groups, 0.566 to 1 . 167 between the North
Coastal  and  Cascade  groups,  and  0.435  to  0.966

between the South Coastal and Cascade groups.
Nei's distance measures as high as 0.455 among
North  Coastal  populations  suggest  the  relatively
strong subdivision of that group. Among Olympic
Peninsula populations, distances vary from 0.003
to  0.137.  Among  the  sub-Chehalis  North  Coastal
populations,  distances  vary  from  0.000  to  0.183.
Between pairs of populations bridging the gap be-
tween these two North Coastal  subdivisions,  dis-
tances  range  from  0.250  and  0.455.  Within  the
Cascade and South Coastal groups of populations
and  within  each  of  the  two  subdivisions  of  the
North Coastal group, matrices of genetic distance
do  not  vary  significantly  from  matrices  of  geo-
graphic distance (Mantel's test; Mantel, 1967), in-
dicating that isolation by distance might be suffi-
cient to explain the patterns observed.

While Nei's genetic distances between members
of the major population groups range to 1.079 or
more (corresponding to 1 9 fixed differences out of
29 proteins), large distances are characteristic be-
tween populations separated by a great geographic
distance  (in  this  case,  populations  N2  and  S10).
Genetic distances between populations in different
major  groups  that  are  geographically  closer  are
somewhat smaller, though still very much greater
than those between populations within groups at
similar geographic distances. For example, the ge-
netic distance between the adjacent North Coastal
and  South  Coastal  populations  (N12  and  SI)  is
0.546, while the genetic distance from N12 to the
geographically  nearest  North  Coastal  population
(Nil,  at  approximately  the  same  distance  from
Nl  2  as  SI,  fig.  1)  is  only  0.030.  The  genetic  dis-
tance between the geographically  nearest  North
Coastal  and  Cascade  populations  (N9  and  C2)  is
0.832 (although the genetic distance between N9
and CI is less, 0.580); between the nearest South
Coastal  and  Cascade  populations  (SI  and  C6),  it
is 0.555.

The  dramatic  genetic  differentiation  between
major population groups is exemplified in Figure
2, which illustrates geographic distance and Nei's
genetic distance values between pairs of popula-
tions,  selected  so  that  they  lie  in  a  more-or-less
straight line from north to south along the Coast
Ranges.  Among  populations  in  the  Olympic  (Nl-
N2,  and  N4)  and  sub-Chehalis  (N7-N12)  popu-
lation subgroups, genetic distances are invariably
less than 0. 1 0, often much less. Among the South
Coastal  populations  (S1-S5,  S7,  S9-S10),  genetic
distances  are  sometimes  somewhat  higher,  al-
though the higher values are correlated with larger
geographic distances between populations and do
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Fig. 2. The relation of genetic distance to geographic distance on a north to south transect along the Pacific coasta
region. The straight line distance between adjacent populations is marked on the horizontal axis, the genetic distance
(D N ), on the vertical axis. The histograms indicate the amount of genetic change between adjacent populations. Foi
population abbreviations, see Table 1; for genetic distances, see Table 6. Locations of potential major river barrier!
are indicated.

not exceed 0.20 units. In contrast, two genetic dis-
tance  peaks  stand  out  clearly  in  the  figure.  The
most dramatic is that between the North Coastal
and South Coastal population groups, populations
N12 and SI,  with  a  genetic  distance almost  eight
times  that  between  either  populations  Nil  and
N12  or  populations  SI  and  S2.  This  large  genetic
distance  results  from  the  fact  that  nine  proteins
(sod,  ldh-1,  icdh-1,  icdh-2,  acp,  la,  est-2,  est-3,
and  ck)  show fixed  alternative  variants  on  either
side of the gap between populations N12 and SI.
The genetic distance (D N ) between populations N4
and N7 is  also surprisingly large (0.277) and cor-
responds  to  the  boundary  between  the  Olympic
and sub-Chehalis subgroups.

Included in Figure 2 are the geographic locations
of  the  six  rivers  which  bisect  the  Coast  Ranges,
and therefore might be expected to present poten-
tial  barriers  to  gene  flow  (Rhyacotriton  occurs
mainly  in  seeps  and  small  creeks).  The  only  one
of these six that corresponds to a jump in genetic

distance is the Chehalis River, between the Olym
pic  and  sub-Chehalis  subgroups  of  the  NortI
Coastal population group. None of the other riven
seems to have any effect on population divergence
in Rhyacotriton.

A  representation  of  overall  genie  similarity
among populations, based on Nei's D, is providec
in the UPGMA diagram in Figure 3, the data froir
which  are  superimposed on a  map of  the  distri-
bution of collection sites in Figure 4. Again, three
major groups of populations can be seen, with the
North Coastal group divided into two parts. Some
subdivision  of  the  South  Coastal  and  Cascade
groups is also suggested, but it is relatively weak
and is  not  supported by  the  presence of  unique
protein variant suites, as are the groups discussed
above.

Two methods  were  used to  examine variation
among  Rhyacotriton  populations  from  a  phylo-
genetic  perspective.  Rogers's  (1972)  genetic  dis-
tance was analyzed by using the method of Fitch
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Fig. 3. UPGMA dendrogram based on matrix of Nei's genetic distances shown in Table 6. Cophenetic correlation
coefficient = 0.94.

and  Margoliash  (1967)  and  protein  variant  pres-
ence/absence among populations by using the un-
rooted Wagner method (no outgroup to Rhyaco-
triton  is  available;  neither  Dicamptodon  nor
Ambystoma  is  similar  enough  in  its  allozymes
to make comparison with Rhyacotriton feasible).
These analyses (figs. 5-6) separate populations into
major groups matching those discussed above, ex-
cept that in the Wagner analysis population N9 is
grouped with the Olympic Peninsula populations
instead  of  with  the  sub-Chehalis  North  Coastal
populations. This is due entirely to the sharing of
a  single  variant  (LDH-l-b)  by  population  N9  and
most  Olympic  Peninsula  populations.  However,

assuming that the South Coastal and/or Cascade
populations  are  outgroups  to  the  North  Coastal
group,  it  becomes  apparent  that  LDH-l-b  is  the
ancestral ldh- 1 variant for that group and should
not  be  taken  to  indicate  a  relationship  of  popu-
lation  N9  with  the  Olympic  populations.

All of the above analyses which produce rooted
trees agree on grouping the South Coastal and Cas-
cade groups together to the exclusion of the North
Coastal  group.  Despite  these  groups  being  phe-
netically more similar to each other than either is
to  the  North  Coastal  populations,  little  phyloge-
netic  significance  should  be  placed  on  this  fact
without outgroup comparison.
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The standardized variance of gene frequencies
(F ST ; Wright, 1965; Nei, 1973) is used to quantify
the level of genetic subdivision within species. In
this  analysis,  higher  values  imply  greater  subdi-
vision into isolated populations than lower values.
When calculated for Rhyacotriton olympicus as a
whole, F ST was 0.880, exceeding values reported
for other salamander species (Larson et al., 1984),
most  of  which average much higher  than values
for  almost  any  other  organism  (Wright,  1978).
When  calculated  for  the  South  Coastal  and  Cas-
cade groups of populations separately, F ST values
were more in line with those for other groups of
salamanders, though still high (0.689 for the South
Coastal  group  and  0.643  for  the  Cascades).  The
North  Coastal  group  as  a  whole  showed  an  ex-
tremely high F ST of 0.828. When the Olympic and
sub-Chehalis groups of populations were separat-
ed, their values were 0.588 and 0.676, respective-
ly.

Average  heterozygosities  in  the  Rhyacotriton
populations surveyed varied from to 0. 1 45 (table
7).

Table 7. Estimates of the average number of vari-
ants per protein and heterozygosity values for popula-
tions of Rhyacotriton olympicus.

Population Alleles Heterozygosity

Fig. 4. Map of localities of populations sampled (se<
fig. 1), illustrating isophenes of genetic distance, base(
on a UPGMA treatment (fig. 3) of the matrix of Nei'
genetic distances shown in Table 6. Interval betweei
levels is D N = 0. 1 .

Discussion

The hypothesis of Wake (1981) concerning the
effect of environment on development in Rhyaco-
triton depends on the species having relatively low
intraspecific genetic differentiation, so as to elim-
inate the possibility  that  the osteological  patterr
had  a  longer  term  historical  explanation.  While
low genetic  differentiation  was  a  reasonable  ex-
pectation, following from low variability in exter-
nal morphology, Rhyacotriton populations in fad
show differentiation in allozymes at a level as greal
as or greater than that seen among species in man)
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%S.D.  =9.63 Fig.  5.  A  Fitch-Margoliash  tree  of
Rogers's genetic distances, from Table 6.

other salamander genera (Larson, 1984). Thus, the
possibility that the differential nasal development
observed by Wake was due to genetic and perhaps
species-level differences rather than to a more di-
rect environmental effect cannot be ruled out. Wake
examined material from only four populations; in
view  of  our  present  results,  further  populations
should be studied.

Reexamining the analysis  of  geographic varia-
tion in coloration by Stebbins and Lowe (195 1) in
the  light  of  our  genetic  data  is  instructive.  Color
pattern is  only partly correlated with geographic
variation  in  allozymes.  The  distribution  of  the
subspecies olympicus exactly  matches the distri-
bution of our North Coastal populations. The South
Coastal  populations  coincide  with  the  ranges  of

the subspecies variegatus and the "intergrades" of
Stebbins  and  Lowe,  while  the  Cascade  group  in-
cludes solely "intergrades."

In view of the large genetic distances between
groups of Rhyacotriton populations, the question
of specific status arises. We reserve judgment on
this question for the present, pending further anal-
ysis of potential contact zones. The Cascade pop-
ulations  are  almost  certainly  geographically  iso-
lated  from  coastal  Rhyacotriton  by  the  Puget
Sound-Cowlitz-Willamette  lowlands.  A  test  of
sympatry there is impossible, but Rhyacotriton is
abundant throughout the area in northwestern Or-
egon where the North Coastal and South Coastal
groups approach one another.  An analysis  of  al-
lozymes  from  populations  here  may  supply  the
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Fig. 6. An unrooted dendrogram constructed according to the Wagner phylogenetic method using presence
absence of protein variants (data taken from tables 2-4).

information  necessary  to  resolve  the  taxonomic
status of these groups. Such an analysis is now in
progress.

The  history  of  Rhyacotriton  in  the  Pacific
Northwest,  and  particularly  the  explanation  for
differentiation into such distinct population groups,
is obscure. North Coastal forest of an aspect sim-
ilar to that currently seen in the Pacific Northwest
has been present since at least the Eocene (Axel-
rod, 1977). It is therefore likely that the evolution
of  Rhyacotriton  has  occurred  essentially  in  situ.
The great genetic differentiation in the genus sug-
gests that the populations probably have been di-
verging  for  a  very  long  time.  Since  some  of  the
largest genetic distances involve populations in the
Coast Ranges, it is possible that Rhyacotriton has
been occupying the region since shortly after it rose

out  of  the Pacific  Ocean,  sometime near  the Oli
gocene-Miocene boundary (Nilsen & McKee, 1 979
Cole & Armentrout, 1 979). Genetic differentiatioi
is great throughout the entire range of the species
suggesting  that  Rhyacotriton  spread  rapidb
throughout its present range and has been grad
ually  differentiating  in  relatively  isolated  popula
tions (as suggested by high F ST values) since tha
time.

McKee (1972) set the date for the uplift of mosi
of  the  Coast  Range province  from the  sea  at  1  i
million years ago. The beginning of the Miocene
in  the  analysis  of  Cole  and  Armentrout  (1979)
was 22 million years  ago.  If  we assume that  the
invasion of the Coast Ranges by Rhyacotriton oc-
curred somewhere around 1 5-22 million years ago
and  since  the  maximum  genie  differentiation  i;
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1.167 Nei's genetic distance units, an electropho-
retic clock can be calibrated at somewhere between
1 2.8 and 18.9 million years per Nei's distance unit.
Clocks  calibrated  by  Maxson  and  Maxson  (1979)
and  Sarich  (1977)  using  Nei's  D  suggest  14  and
20 million years, respectively, making this scenar-
io possible.

If  this  calibration  of  the  electrophoretic  clock
for  Rhyacotriton is  roughly correct  and the clock
is  relatively  constant,  the  North  Coastal,  South
Coastal, and Cascade groups of populations have
been genetically isolated from each other for about
6  to  11  million  years  (D  N  =  0.435-0.566).  No
readily  apparent paleogeographic or paleoclima-
tological events would account for a physical iso-
lation of populations at that time (Cole & Armen-
trout, 1979), although such physical isolation still
seems to us more likely than a sympatric or para-
patric  model  of  differentiation (Endler,  1977).  No
paleogeographic explanation exists for the differ-
entiation of  the Olympic  and sub-Chehalis  North
Coastal groups. Here, a Nei's distance measure of
0.320 would suggest a divergence time of between
4 and 6.5 million years.

Far  from  being  a  weakly  differentiated,  geo-
graphically  homogeneous  species,  Rhyacotriton
olympicus harbors enormous amounts of hidden
genie  variability.  Rhyacotriton  probably  includes
three separate species, each of which displays sub-
stantial  intraspecific  differentiation.  This  paper
represents a baseline for conducting further work
on  allozymic  and  osteological  variation  in  this
unique salamander.
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