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ABSTRACT

We analyzed a range-wide allozyme variation in 66 populations from three subspecies of Pinus contorta Dougl.:
20 in P. contorta spp. contorta, 35 in P. contorta spp. latifolia and 11 in P. contorta spp. murrayana. Our
objectives were (i) to assess geographic variation in effective population size (N) and rare alleles (<0.05) and
(i) to characterize the extent and patterns of gene flow among populations in each subspecies. There was
substantial variation in the estimate of total allele numbers and N among subspecies and among populations
within subspecies. The number of private alleles (occurred only in one population) in each population ranged
between O and 4, averaging 0.6, 0.7 and 1.0 for subspecies latifolia, contorta and murrayana, respectively. The

number of rare alleles shared with other populations [a(s)] and per-locus average heterozygosity (k) also varied
considerably across populations. Linear correlation estimates of N and a(s) with latitude of populations were
significant in subspecies latifolia and murrayana, not in spp. contorta. In contrast, h correlated significantly

with latitude only in spp. contorta. The number of migrants exchanged between populations was > 1 in each
subspecies, large enough to obscure the among-population genetic differentiation from theoretical expectation,
Significant pattern of "isolation by distance" was evident only in ssp. contorta. Biogeographical analysis
suggested the existence of a 'centre of diversity' for spp. latifolia in north-central British Columbia.
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INTRODUCTION

Pinus contorta Dougl. is one of the most widely distrib-
uted and variable species in North America. As an
aggressive pioneer in a variety of edaphic and climatic
conditions, it has evolved as an extremely variable
species with respect to morphological and biochemical
traits (e.g., CRITCHFIELD 1957, 1980; FORREST 1980;
WHEELER & GURIES 1982a; YING et al. 1985; YANG &
YEH 1993). Single-locus (WHEELER & GURIES 1982a)
and multilocus diversity studies (YANG & YEH 1993)
have shown that the majority of genetic variation
resides within populations and little among-population
differentiation at allozyme loci. This observed popula-
tion structure has been thought to be due to extensive
gene flow and large effective population size (EPPER-
SON & ALLARD 1989) since P. contorta Dougl. is
capable of producing abundant pollen and small, light-
weighted seeds, thereby allowing for rapid and long-
distance dispersals (CRITCHFIELD 1980).

WRIGHT (1931) showed that, for selectively neutral
alleles, genetic variation within populations is propor-
tional to 4Nu and genetic variation among populations
is proportional to 4Nm, where N is the effective popula-
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tion size, p is the mutation rate and m is the migration
rate. He further showed that selection of strength, s, can
overpower the effects of gene flow and random genetic
drift if 4Ns > 4Nm and 4Ns > 1, respectively (WRIGHT
1931). Despite the importance of gene flow, random
genetic drift, selection, effective population size and
mutation, empirical study to assess their influence on
genetic variation and population differentiation is
lacking for Pinus contorta Dougl.. While most conifers
have shown to exhibit extensive gene flow (GOVIN-
DARAJU 1988), little information is available on the
patterns of gene flow among populations. In a continu-
ous distributed species such as P.contorta Dougl., for
example, it remains unclear whether the extent of gene
flow between populations depends on their geographic
distances, i.e., “isolation by distance”, as originally
proposed by WRIGHT (1943).

Recently, SCHOEN and BROWN (1991) estimated N
of many plants, including three conifers. These authors
found a substantial amount of variation in N among
populations. For P. contorta Dougl. which is wide-
spread, it is important to know whether the among-
population variation in N is associated with geographic
variation since N effective sizes of marginal populations
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in spp. latifolia were hypothesized to be smaller than
those of central populations due to effects of random
drift, increased inbreeding and/or selection (YEH &
LAYTON 1979; YEH et. al. 1985).

We conducted a range-wide allozyme survey of 66
populations in three subspecies of P. contorta Dougl.
and the multilocus genetic structure has been reported
(YANG & YEH 1993). This study assesses the patterns of
gene flow and geographic structure in effective popula-
tion size for this conifer. Our objectives were (1) to
determine whether the among-population variations in
N and rare alleles were associated with the geography
of the population in each subspecies and (2) to investi-
gate the relationship between gene flow and geographic
distance for pairs of populations in each subspecies,
thereby identifying possible patterns of isolation by
distance.

MATERIALS AND METHODS
Allozyme data

The 66 populations from three subspecies represent
geographically and ecologically distinct regions of
Pinus contorta Dougl.'s range (CRITCHFIELD 1980;
WHEELER & CRITCHFIELD 1985): 20 in P. contorta spp.
contorta, 35 in P. contorta spp. latifolia and 11 in P.
contorta spp. murrayana, were sampled from the
species' natural range in western North America (Fig. 1
and Table 1). Each population was represented by a
random sample of 15 to 35 cone-bearing trees with a
minimum of 46 m apart. A bulked sample of 75
megagametophytes (haploid maternal tissues) per
population were electrophoretically assayed for varia-
tion in 14 enzymes. Tissue preparation, electrophoretic
conditions, and enzymes scored were previously de-
scribed (YANG & YEH 1993). Of 21 loci scored, two
(Pep—1 and Pep-2) were monomorphic in all popula-
tion, The remaining 19 loci (Aat—1, Aat—2, Aco, Adh,
Aph, Dia-2, Dia-3, Gdh, G6p, Idh, Mdh—1, Mdh-2,
Mdh-3, Mdh—4, Me, Pgi, Pgm, 6Pg—1, 6Pg-2) were
polymorphic in at least some populations and were used
in subsequent analyses.

Estimating rare alleles and effective population size

We recorded the number of alleles (k) observed in a
sample of n;, genes at the ith locus from the jth popula-
tion(i=1,2,..1,j=1,2,..,J). Thus, the total num-
ber of alleles observed in a population (a ) was a, =
E?_lku. Note that the index (j) for the population was

omitted from a; for simpler notation. Using estimated
allele frequencies, we divided the total observed num-
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ber of alleles into those which were common (= 0.05)
and those which were rare (< 0.05). For our purpose, we
further divided rare alleles into those which occurred
only in one sampled population ['private' alleles, a(l)]
and those which were shared only by subsets of popula-
tions [shared alleles, a(s)]. Populations sharing rare
alleles are more likely to have a recent coancestry either
because of mutations in recent history, or because more
distantly related populations lost such alleles following
divergence and isolation (WHEELER & GURIES 1982a).
On the other hand, average frequency of private alleles
across populations is a sensitive predictor of gene flow
(SLATKIN 1985; BARTON & SLATKIN 1986). However,
when identifying patterns of gene flow (see below), we
employed a measure of gene flow based on WRIGHT s
(1943) Fy; because Fy; uses all of the gene-frequency
data and thus is less prone to errors in misidentifying
alleles than the private alleles method (SLATKIN &
BARTON 1989).

The effective population size (N) was estimated
following CHAKRABORTY and NEEL (1989). This
method extended EWENS' (1972) sampling theory for
neutral alleles into multiple loci and populations. With
I loci and I populations, I mutation rates (u,, ..., u ) and
J effective population sizes (N,, ..., N |) need to be
estimated. If each population is at steady state under
mutation-drift balance (neutral hypothesis), EWENS
(1972) has shown that k; is a sufficient statistic for
estimating the above parameters. We carried out the
Ewens-Watterson test for neutrality at allozyme loci
(MANLY 1985) and results indicated that all 19 poly-
morphic loci were selectively neutral. A different test
based on the comparison of observed variance of
heterozygosity with its expectation under neutrality
(YEH & LAYTON 1979) also suggested neutrality at 23
polymorphic loci in spp. latifolia. Using the total
number of alleles (a;) of polymorphic loci in at least
one of the J populations, we obtained the maximum
likelihood estimates (MLEs) of N

N ap, -1

N. =
J

4 1
> 4 (1 -P)lY(n, +8,) — (1 +6,)] )
i=1

where P, = Q. /(1 — Q) with Q, being the probability
that all J populations were monomorphic at the ith
locus, 0, = 4N;y; and (.) was the di-Gamma function
with Y(e) = [In I'(e)]' = T'(«)/T'(et ) and

T(a) = [jx“ e ™dx. Because n and N appeared
only in product form (8; = 4N,u,), it was necessary to
assume an average mutation rate (L) in order to obtain
MLEs of N,.
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Figure 1 Natural range for Pinus contorta Dougl. Delimited by dash lines ( - — — -) and location of 66 sampled populations (@)
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Table 1 Latitudes (°N), longitudes (°W) and altitudes (m) and estimates of total allele number (a;), private allele [a(l)] and
shared rare alleles [a(s)], mean heterozygosity ( /), effective population size (N) (+ standard error SE) for 66 populations
of Pinus contorta Dougl.

Population Prov./State [ Latitude | Longitude | Altitude ar a(l) a(s) i N = SE
latifolia

1 Lime BC 51.06 121.40 1814 41 0 8 0.207 6391 + 1399
2 Oie BC 52.00 121.12 991 48 2 13 0.205 8419 + 1850
3 Chilco BC 51.59 123.45 1059 43 0 10 0.176 6886 + 1647
4 Telkwa BC 54.39 127.03 518 36 0 4 0.192 4911 1117
5 Udy BC 53.01 123.14 983 43 1 12 0.212 6987 + 1509
6 Hudson BC 56.02 122.05 725 37 0 5 0.171 5156 £ 1249
7 Pink BC 57.00 122.24 1113 40 0 5 0.198 6079 + 1363
8 Tetsa BC 58.40 124.10 762 41 1 5 0.227 6446 + 1338
9 Lower BC 59.59 128.33 640 39 2 8 0.183 5755 £ 1346
10 Frances UT 61.10 129.20 884 41 1 8 0.207 6393 £ 1397
11 Carmacks UT 62.14 136.18 671 39 0 6 0.199 5793 + 1293
12 Ethel UT 63.18 136.28 876 37 0 6 0.187 5189 = 1198
13 Takhini uT 60.41 136.11 747 41 1 8 0.183 6330 = 1481
14 Atlin BC 59.48 133.47 789 37 1 35 0.172 5156 £ 1249
15 Kinaskan BC 57.29 130.13 815 44 3 6 0.230 7336 + 1510
16 Bisson BC 50.02 118,34 1137 41 0 9 0.201 6376 £ 1418
17 Cartwright BC 50.49 116.26 1173 41 0 7 0.194 63359 + 1440
18 Sawdust BC 49.34 116.04 1661 43 1 9 0.207 6975 £ 1522
19 Telkwa High BC 54.38 127.26 1005 41 1 10 0.188 6343 + 1462
20 Inonosklin BC 49,54 118.12 579 42 0 8 0.188 6633 £ 1526
21 Mt Iemoray BC 55.33 122.33 732 35 0 2 0.177 4593 = 1095
22 Purden BC 53.52 121.48 838 39 2 5 0.179 5747 + 1359
23 Stone BC 58.39 124.46 1137 37 0 5 0.184 5182 + 1208
24 Hinton AB 53.16 117.09 1204 39 0 5 0.202 5799 + 1286
25 Kananaskis AB 51.01 115.02 1501 42 0 7 0.208 6687 + 1456
26 Carbondale AB 49.26 114.25 1379 42 0 7 0.200 6665 + 1483
27 Flyhills BC 50.43 119.27 1524 38 1 5 0.184 5469 + 1276
28 Larch Hills BC 50.42 119.11 777 41 1 8 0.189 6346 x 1458
29 Manning L. BC 49.04 120.46 1128 39 0 8 0.187 5764 + 1333
30 Manning H. BC 49.04 120.55 1539 40 0 5 0.197 6076 + 1367
31 Stevens Pa. WA 47.47 120.56 762 38 1 7 0.166 5431 £ 1338
32 Trout WA 46.04 121.27 1219 45 i 9 0.224 7607 + 1593
33 Yellowstone ~ MT 45.30 110.45 2134 41 0 11 0.191 6350 £ 1452
34 Lewis MT 46.45 110.30 2134 43 1 12 0.184 6908 = 1613
36 Bonners F. ID 48.45 116.30 1219 41 0 9 0.206 6390 + 1401
Mean 40.4 0.6 7.3 0.194 6198 + 803
murrayana

36 Zig Zag OR 45.23 121.50 549 43 1 8 0.187 6916 + 1600
37 Mt. Hood OR 45.18 121.45 1280 43 2 10 0.192 6931 + 1579
38 Broken Top OR 44.08 121.38 1707 44 2 8 0.221 7307 + 1539
39 Chemule OR 43,19 121.39 1676 44 2 7 0.234 7347 + 1499
40 Mcleod CA 41.16 121.55 1219 38 1 2 0.193 5489 + 1248
41 Cumboot CA 41.13 122.30 2134 38 0 8 0.181 5463 + 1286
42 Patterson CA 41.11 120.10 2179 33 0 2 0.168 4006 £ 980
43 Bucks CA 39.53 121.07 1646 37 2 4 0.185 5183 1206
44 Huntington CA 37.10 119.12 2256 37 1 4 0.199 5214 + 1164
45 Camp CA 36.06 118.32 2164 41 0 5 0.216 6416 + 1371
46 Big Bear CA 34.13 116.59 2316 32 0 3 0.177 3732 + 890
Mean 391 1.0 5.5 0.196 5819 + 1265
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Table 1 (continued)

Population Prov./State | Latitude | Longitude | Altitude ar a(l) a(s) h N = SE
contorta

47 Mayer L. BC 53.39 132.04 23 43 1 12 0.187 6918 + 1598
48 Masset Rd. BC 53.49 132.08 23 41 0 9 0.177 6315 £ 1506
49 Bentinck BC 52.03 126.43 152 33 0 6 0.145 3970 = 1051
50 Cracroft BC 50.31 126.36 15 39 0 6 0.162 5707 £ 1427
51 Terrace BC 54.27 128.35 198 35 0 6 0.162 4566 + 1141
52 Lulu BC 49.09 123.06 6 43 1 12 0.191 6930 + 1581
53 Malahat BC 48.34 123.34 350 44 1 12 0.190 7215 £ 1651
54 Kitimat BC 54.04 128.41 76 28 0 0 0.170 2577 = 627
55 Queets WA 47.38 124.18 30 36 1 6 0.170 4867 + 1184
56 LongBeach WA 46.26 124.03 15 36 0 4 0.188 4902 + 1130
57 Manzanita OR 45.43 123.56 15 36 2 6 0.168 4862 £ 1192
58 Pacific C. OR 45.13 123.57 15 36 0 6 0.169 4865 £ 1188
59 Newport OR 44,34 124.04 15 39 0 6 0.175 5738 £1373
60 Carter OR 43.50 124.09 15 42 0 8 0.211 6695 + 1447
61 Rauser D. OR 43.30 124.14 15 43 0 11 0.213 6991 + 1504
62 Port Oxford OR 42.46 124.31 15 42 2 11 0.171 6588 + 1596
63 Pistol OR 42.15 124.24 15 35 0 3 0.201 4638 + 1031
64 Coon Mts. CA 41.50 123,53 1097 41 4 6 0.196 6364 + 1433
65 Samoa CA 40.47 124.13 15 31 0 3 0.176 3443 + 824
66 Port Orch. WA 47.25 122.40 76 42 1 11 0.187 6630 + 1531
Mean 38.3 0.7 7.2 0.181 5540 £ 1316

Following SCHOEN and BROWN (1991), we used p1 =
10°°. Further, we estimated the expected heterozygosity
under mutation-drift balance [8; = h/(1 - h)), h; being
the average per-locus heterozygosity in the jth popula-
tion] and this estimate of 0, was employed to give initial
values of p; and N; (CHAKRABORTY & NEEL 1989). In
our study, n; was the number of haploid megagameto-
phytes assayed for the ith locus and the jth population
(ny =75 for all populations), J = 20 in spp. contorta, J
=35 in spp. latifolia and J = 11 in spp. murrayana, and
I =19 in all 66 populations.

Identifying patterns of gene flow

We estimated SLATKIN (1993)'s index of 'genetic
similarity' (M) from the relationship, Fgy = 1/(4M + 1),
to identify the pattern of gene dispersal among popula-
tions in each subspecies. Then, we plotted M against
geographic distance in kilometres (d) on a log-log
graph. If there was a pattern of isolation by distance,
SLATKIN (1993) predicted a linear relationship between

loglo(M) and log,,(d):

log(M) = a + blog(d) [2]
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Equation [2] is approximately true under a variety of
population structure models simulated by SLATKIN
(1993). In estimating M, Fs; was a measure of genetic

divergence between a pair of sampled populations
(WEIR 1990, p.167). We chose to employ WEIR and

COCKERHAM'S (1984) Obecause it is an unbiased
estimator of Fg; and has a relatively low bias when used
as an estimator of M in Wright's island model (COCKER-
HAM & WEIR 1993),

Our use of Min characterizing patterns of gene
flow in P. contorta Dougl. is different from the ap-
proach based on the relationship between NEI's (1972)
genetic distance (D) and geographic distance (e.g., LI &
ADAMS 1989; XIE et al. 1992). In contrast to D that is
dependent on mutation rates, Mis a direct measure of
gene exchange among populations and is independent
of mutation rates (SLATKIN 1993). Consequently,
SLATKIN (1993) has suggested that D is more appropri-
ate for estimating divergence times between different
species whereas M is more appropriate for characteriz-
ing the extent and pattern of gene dispersal between
populations within a single species.

M and d were computed for all possible pairs of
populations in each subspecies; 595 (35%34/2) pairs in
spp. latifolia, 55 (11*10/2) in spp. murrayana and 190
(20%19/2) in spp. contorta. Consequently, we estimated
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Table 2 Correlations between geographic and genetic variables in three subspecies of P. contorta Dougl

Geographic variable a(s) i N
latifolia (n = 35)

Latitude (°N) -0.421* -0.049 -0.372%

Longitude ("W) -0.298 -0.073 -0.287

Altitude (m) 0.384* 0.162 0.306

murrayana (n = 11)

Latitude (°N) 0.652* 0.181 0.673*

Longitude ("W) 0.512 0.125 0.541

Altitude (m) -0.408 -0.065 -0.564
contorta (n = 20)

Latitude (°N) 0.068 -0.468* -0.130

Longitude ("W) -0.010 -0.271 -0.104

Altitude (1) -0.018 0.140 0.152

* siginificant at P < 0.05

the regression coefficient (b) using equation [2]. A
significant regression (b < 0) would indicate the pres-
ence of isolation by distance. However, there was no
parametric test for significance of the b because values

of I from different population pairs were not independ-
ent. For this reason, we obtained an empirical distribu-
tion of b by bootstrapping (EFRON 1982; WEIR 1990).
Each bootstrap sample was drawn from the data by
sampling (with replacement) n times from the n pairs of
log ,,(M) and log ,,(d), where n = 595 for spp. latifolia,
n = 55 for spp. murrayana and n = 190 for spp.
contorta. The estimate of b was computed directly from
the data and from each of 1000 bootstrap samples. A
95% confidence interval for b was constructed as the
interval between the 26th to the 975th of 1000 ordered
bootstrap estimates of b. We applied the same resamp-
ling procedure to obtain a 95% confidence interval for
a, the intercept in equation [2].

RESULTS
Allele distribution and effective population size

The total number of alleles varied considerably among
populations, from a; = 28 for population 54 to a; = 48
for population 2 (Table 1). The average per locus
ranged between 1.5 and 2.5 alleles over 19 polymorphic
loci. On average, spp. murrayana had 0.8 more alleles
per population than spp. contorta while spp. latifolia
had 1.3 and 2.1 more alleles per population than spp.
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murrayana and contorta, respectively. Estimates of
mean heterozygosity (/) ranged from 0.162 (popula-
tions 50 and 51) to 0.230 (population 15). While spp.
latifolia had more alleles than spp. murrayana, they had
similar mean heterozygosities. However, both subspe-
cies had higher mean heterozygosity than spp. contorta.
The effective number of alleles per locus was computed
as (1 — )" and ranged between 1.19 (Populations 50
and 51) and 1.3 (Population 15). They were less than
the observed number of alleles (1.50 —2.50), suggesting
the occurrence of rare alleles.

The number of private alleles per population ranged
between zero and four across 66 populations (Table 1).
The portion of populations having zero, one, two, three
and four private alleles were 19/35, 12/35, 3/35, 1/35
and 0/35 in spp. latifolia; 4/11, 3/11 and 4/11, 0/11 and
/11 in spp. murrayana; and 12/20, 5/20 and 2/20, 0/20
and 1/20 in spp. contorta. Each population shared
varying number of rare alleles with one or more other
populations, from two (population 21) to 13 (population
13) in spp. latifolia, two (populations 40 and 42) to 10
(population 37) in spp. murrayana and zero (population
54) to 12 (populations 47, 52 and 53) in spp. contorta.
Population 54 had no private alleles nor shared rare
alleles with any other population because its allele
frequencies were greater than 0.05 across all 19 poly-
morphic loci.



FOREST GENETICS 2(2):65-75, 1995

Table 3 Mean and range of pairwise geographic distances (d) and indices of genetic similarity (M ) in three subspecies of

P. contorta Dougl.

Mean Range
latifilia (n = 595)
d 826.4 7 - 2565
M 6.2 1.7-36.0
murrayana (n =55)
d 523.8 7-1303
M 4.0 0.9-19.7
contorta (n = 190)
d 638.6 11 - 1566
M 3.7 05-174

Table 4 Estimates of intercept (a) and slope (b) from the regression of genetic similarity ( M) on geographic distance (d)

on a log-log scale in three subspecies of Pinus contorta Dougl.

Subspecies a L, U, b L, U,

latifolia 0.833 0.716 0.954 -0.032 -0.074 0.010
contorta 0.924 0.674 1.203 -0.169 -0.274 -0.077
murrayana 1.129 0.409 1.588 ~0.238 -0.409 0.028

There was a substantialt of variation in the esti-
mates of N across populations, from 2577 + 627 for
population 54 to 8419 + 1850 for population 2 (Table
1). The mean values of N for the three subspecies
showed the following ranking: latifolia (N = 6198) >
murrayana (N = 5819) > contorta (N = 5539), The
ranges of N for latifolia, murrayana and contorta were
4593 to 8419, 3732 to 7347 and 2577 to 7215, respec-
tively. The coefficients of variation (CV) in N ranked as
follows: latifolia (CV = 13%) < murrayana (CV =
22%) < contorta (CV = 24%).

Estimates of correlation between geographic
(latitude, longtude and altitude) and genetic [N, a(s) and
h] variables are in Table 2. Longitude did not correlate
significantly with genetic variables while altitude
correlated significantly only with a(s), in spp. latifolia.
However, latitude exhibited different patterns of associ-
ation with genetic variables in the three subspecies.
Estimates for N and a(s) with latitude were significantly
negative in latifolia, significantly positive in murrayana
but insignificant in contorta. On the other hand, correla-
tion between /and latitude was significant only in
contorta.
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Patterns of gene dispersal among populations

Figures 2a, 2b and 2c are plots of all pairwise M values
against their geographic distance (d) in a logarithmic
scale for subspecies, latifolia, murrayana and contorta,
respectively. Genetic similarity (M) and geographic
distance (d) varied considerably among population pairs
within each subspecies (Table 3). The dashed line (M
= 1) in each figure represents Wright's (1943) criterion
to indicate the relative strengths of gene flow and
random drift. According to WRIGHT (1943), random
drift would result in substantial local differentiation if

M< 1, but not if M> 1. There was no population pair in
spp. latifolia and only one (populations 42 and 46, M
=0.894, d = 835 km) in spp. murrayana for which M<
1. However, eight population pairs in spp. contorta
showed M< 1. Of these, seven involved population 49
with populations 51 (M = 0.834, d = 280), 54 (M =
0.727, d = 260), 55 (M = 0.917, d = 542), 56 (M =
0.736, d = 665), 57 (M = 0.536, d = 763), 60 (M =
0.839 This corresponded to the ran-king of mean values
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Figure 2 Log (M) plotted against log ,, (distance in km) for
three subspecies of Pinus contorta Dougl.: (a) latifolia, (b)
murrayana, (c) contorta. A slight but significant pattern of
isolation by distance was detected in ssp. contorta.

remaining pair was between populations 54 and 58 (M
= 0.881, d = 1050). This corresponded to the ranking of
mean values of M: latifolia (M =624)> murrayanda
(M = 4.04) > contorta (M = 3.69).

Estimates of regression of loglO(M) on log,(d) [b
in equation (2)] for the three subspecies were all nega-
tive and small (Table 4). Judging from the confidence
intervals for b generated by bootstrapping, the value of
b was significantly different from zero in spp. contorta,
not in latifolia and murrayana. Thus, there was a
significant pattern of isolation by distance only in spp.
contorta. To dismiss the possibility that such pattern in
spp. contorta was due primarily to population 49 as it
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had low rates of gene flow with many other populations,
we excluded population 49 from the analysis. The
recomputed regression coefficient (b = ~0.152) and its
95% confidence interval (-0.254, —-0.041) again sug-
gested the existence of isolation by distance in spp.
contorta.

DISCUSSIONS

Our range-wide electrophoretic survey of P. contorta
Dougl. attempted to sample as many populations as
possible to cover each subspecies' geographic range
delimited by CRITCHFIELD (1957) and others. We
sampled 66 populations, 15 —~ 35 trees per population
and 75 megagametophytes per bulk seed collection.
Thus, considering that gametes were random in sampled
populations, the "effective” sample size per population
(MORRIS & SPIETH 1978; LI & ADAMS 1989) for
estimating allele frequencies and other genetic parame-
ters ranged from 22 [= 1/ (757" +30 )] t0 37 [= 1/
(757" + 70 7Y]. This range is comparable with those
given in other range-wide allozyme surveys [e.g., range
14-39 for Pseudotsuga menziesii (L1 & ADAMS 1989)].

Since there is a nearly perfect relationship between

the total allele number (a; = Zlekij) and effective

population size (N), a direct consequence of our choice
of constant mutation rate fi= 107 (cf. equation [1]),
geographic variation in N also reflects that in a;. It may
be argued that estimates of the absolute values of N are
dependent on the choice of f1. However, our primary
interest was in revealing patterns of geographic varia-
tion in N. SCHOEN & BROWN (1991) used the same
procedure to analyze variation in N in inbreeding versus
outbreeding plants.

Estimates of effective population size (N) were
over 2,000 in all 66 P. contorta Dougl. populations
(Table 1). By estimating the neighbourhood area (A)
based on CRAWFORD'S (1984) method, EPPERSON and
ALLARD (1989) inferred that N might have been at least
1000 trees historically and perhaps several times larger
in the two spp. latifolia populations from Washington.
Large estimates of N in P contorta are probably
expected because this conifer is capable of producing a
large amount of sound seeds (0.2 — 3.2 million /acre) in
open or closed (serotinous) cones (CRITCHFIELD 1980).
SCHOEN and BROWN (1991, Fig. 2) used CHAKRABOTY
and NEEL's (1989) procedure to estimate effective
population sizes for three other conifers: Pseudotsuga
menziesii (N = 2,000 - 5,000), Picea abies (N = 9,000
- 16,000) and Pinus sylvestris (N = 8,000 — 10,000).
Thus, many conifers, including P. contorta Dougl.,
have large effective population sizes.

Also apparent from Table 1 is a substantial varia-
tion in N among and within subspecies. The among-
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subspecies variation may be in part explained by the
subspecies' life-history and ecological attributes be-
cause the subspecies also represent geographically and
ecologically distinct regions (CRITCHFIELD 1980;
WHEELER & CRITCHFIELD 1985). Much of spp. latifolia
forests is thought to be of fire origin. Serotinous cones
are present in many stands and they contain a large seed
reserve released following fire (CRITCHFIELD 1980;
WHEELER & CRITCHFIELD 1985). This leads to the rapid
establishment of large and even-aged stands with dense
stocking. On the other hand, cone serotiny is absent or
infrequent in subspecies murrayana and contorta. Thus,
their seeds in open (non-serotinous) cones can be
released at any time after maturity. Seeds released in
this way may often meet with unfavorable site and
climatic conditions for seed germination and seedling
establishment. For example, in the Sierra Nevada, the
timing and extent of seed germination and seedling
establishment of spp. murrayana depend critically on
meadow variation in topography, water availability, and
microclimates (HELMS & RATLIFF 1987). Consequently,
spp. murrayana and contorta stands are probably
smaller and less even-aged than spp. latifolia stands.
Furthermore, since spp. contorta is linearly and uni-
formly distributed along the Pacific Coast (CRITCHFIELD
1957, 1980), the effective population size is expected to
be even smaller and the opportunity for local non-
adaptive differentiation is greater (WRIGHT 1943). The
ranking of averages of N for three subspecies [latifolia
(N =6,198) > murrayana (N = 5,819) > contorta (N =
5,539)] appears to support these expectations.

Geographic patterns in effective population size
differed from one subspecies to another (Table 2).
There was a trend towards reduced N in northern
populations in spp. latifolia (r = -0.372, P < 0.05) and
the opposite trend was true in spp. murrayana (r =
0.673, P < 0.05). However, such latitudinal affinity was
not apparent in spp. contorta. This is in accordance
with CRITCHFIELD's (1957) original demarcation of
these subspecies. Being separated from around the
Columbia River in Oregon, spp. latifolia extended
northwards up to the interior Yukon and spp. murra-
yana extended southwards up to the high mountains of
southern California and northern Baja California
(CRITCHFIELD 1957). In marginal habitats, population
density is likely lower and levels of inbreeding may be
higher because there often is lack of suitable micro-sites
and competitive exclusion by other, more adapted
species (YEH & LAYTON 1979). Lack of latitudinal
affinity in spp. contorta may reflect that all populations
in this Coastal subspecies have experienced the extreme
edaphic and climatic conditions (CRITCHFIELD 1980) so
that among-population fluctuation in N is not associated
with the geographic location of the populations.
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The among-population variations in /and a; (Table

1) deserve special mentioning. Value of Ais dependent
on allele numbers and frequencies which represent
allele “richness” and “evenness”, the two complemen-
tary components of genetic diversity (BROWN and WEIR
1983). It is of interest to inquire how much of the
variation in kis attributable to the variation in ar. We
computed coefficients of determination (r*) for three
subspecies: 1* = 0.348 for spp. latifolia, 0.550 for spp.
murrayana and 0.292 for spp. contorta.Thus, about

30% to 55% of the variation in Acan be explained by
that in a;. Accordingly, reduction in the number of
alleles leads to decreased heterozygosity. For example,

the estimates of Ain this study were higher than those in
YANG and YEH (1993) because the estimates in YANG
and YEH (1993) were based on two alleles, the most
frequent and a "synthetic" allele consisting of all other
observed alleles combined.

There was generally extensive gene flow (M > 1)
among populations in each subspecies of P. contorta
Dougl. (Fig. 2). The number of private alleles per
population was very low, averaging 0.6, 1.0 and 0.7 for
subspecies latifolia, murrayana and contorta, respec-
tively (Table 1). In fact, more than half of the popula-
tions did not have private alleles, suggesting extensive
gene flow among populations (SLATKIN 1985). Further-
more, gene exchange between pairs of populations
appeared to be independent of their geographic dis-
tances. Judging from confidence intervals for the
regression of genetic similarity on geographic distance
by bootstrapping, this is certainly true for subspecies
latifolia and murrayana (Table 4). EPPERSON and
ALLARD (1989) also noted that two population of spp.
latifolia separated by only 11 kilometers differed at
some allozyme loci in allele frequencies for as much as
populations at different ends of the vast geographic
range of the subspecies (YEH & LAYTON 1979; WHEE-
LER & GURIES 1982a). Thus, WRIGHT's (1943) island
model may be invoked to explain the observed patterns
of gene flow in subspecies latifolia and murrayana.
Extensive gene flow coupled with large effective
population size leads to the scenario that “very little
nonadaptive differentiation is to be expected and only
rather strong differences in the action of selection avoid
swamping” (WRIGHT 1943, p. 135).

Despite extensive gene flow, a slight but significant
pattern of isolation by distance was found in spp.
contorta (Table 4). This observed pattern in spp.
contorta may be best explained by invoking a linear
continuum model (WRIGHT 1943) or one dimensional
stepping stone model (KIMURA & WEISS 1964) of
population structure as this subspecies is linearly
distributed along the Pacific Coast (Fig. 1) and the
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linear distribution predicts the formation of isolation by
distance (WRIGHT 1943). The smaller effective popula-
tion sizes were also observed for the populations in spp.
contorta (Table 1). Nevertheless, spp. contorta occu-
pies a variety of extreme habitats along the coast,
ranging from bogs and muskeg in the far north to cliffs,
sand dunes and rocky sites in the central and southern
portion of its distribution (CRITCHFIELD 1980). Con-
ceivably, the dynamics of migration, divergent selection
and random drift may often reach a steady state in this
subspecies (WRIGHT 1931; SLATKIN 1985). Should this
occur, it would be difficult for subspecies contorta to
develop a strong pattern of isolation by distance.

Our observed patterns of gene dispersal among
populations across the natural range of P. contorta
Dougl. also give insight into the species' biogeography
and natural history. Since the present range of spp.
murrayana is largely in unglaciation areas and might
not have been influenced by the Wisconsin glaciation
(WHEELER & GURIES 1982b), our discussion will focus
on the two northerly subspecies, latifolia and contorta.

Geographically restricted gene dispersal among
populations detected in spp. contorta suggests that the
adjacent populations are genetically more similar than
distant populations. Biogeographically, this pattern is
consistent with the paleobotanists' view that spp.
contorta survived the Pleistocene glaciation south of the
ice and migrated north to its current range following
glacial retreat (e.g., HOPKINS et al. 1981). WHEELER
and GURIES (1982b) argued that should this model be
correct, the genetic constitution of northern populations
could be predicted by (i) a close genetic affinity; (ii) a
reduced frequency and distribution of rare alleles and
(iii) a reduced level of genetic diversity. Since none of
these conditions were observed in their study, these
authors rejected the above model and proposed that
their data were better explained by a multiple north-cost
refugia model. In contrast, we observed a significant
negative correlation between latitude and average
heterozygosity (r = -0.466, P< 0.05; Table 2), suggest-
ing that northern populations were significantly less
variable than southern populations. However, correla-
tion of latitude with the number of shared rare alleles
was not significant and the pattern of isolation by
distance was rather weak. Therefore, our indirect
genetic evidence favoring a single, southern refugium
was suggestive, but inconclusive. In order to obtain the
more conclusive evidence, it is necessary to have more
extensive sampling of trees, particularly within popula-
tions, to allow for accurate assessment of spatial distri-
bution of genetic diversity (EPPERSON & ALLARD
1989).

Lack of isolation by distance in spp. latifolia is
expected if the populations originate from multiple
refugia following Pleistocene glacial retreat. Such
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biogeographical model has been suggested earlier
(WHEELER and GURIES 1982b; WHEELER and CRITCH-
FIELD 1985). We again used WHEELER and GURIES'
(1982b) three predictive conditions to verify this model.
This time, both genetic similarity and mean heterozy-
gosity showed no clinal (latitudinal) pattern but the
number of shared rare alleles did exhibit a latitudinal
cline (r = -0.421, P< 0.05; Table 2). Since our data are
consistent with most of WHEELER and GURIES' (1982b)
criteria, we favor the multiple refugia model.

Three putative migratory pathways following
Pleistocene glacial retreat have been proposed (WHEE-
LER & CRITCHFIELD 1985, Fig. 9) for spp. latifolia.
They included one from the Yukon refugium and two
from the southern refugia, all pointing to north-central
British Columbia. If this proposal is correct, then spp.
latifolia populations in north-central British Columbia
may constitute a 'centre of diversity'. Should such a
centre exist, it would be of great value to improvement,
management and conservation of genetic resources in
spp. latifolia because it presumably would have assem-
bled genetic variants originated from different parts of
the natural range. Accordingly, this centre of diversity
would be the target place for designing in situ sites or
sampling for ex situ conservation (MARSHALL &
BROWN 1975; YANG & YEH 1992). We have calculated
hfor each of three groups, Yukon (populations 10, 11,
12, 13, 14), central (populations 7, 8, 9, 15, 23) and
southern (populations 16, 17, 18, 20, 27, 28, 29, 30, 31,
35). Their ranking, central group (0.204) > southern
group (0.192) > Yukon group (0.189), seems to support
the proposal advanced by WHEELER and CRITCHFIELD
(1985). However, additional sampling of populations,
particularly around Kinaskan (Population 15) where fis
highest (Table 1), would be needed to confirm the
hypothesis of a centre of diversity in north-central
British Columbia.
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