
Abstract Benchmarks were established for genetic di-
versity inherent in natural mature populations, and genet-
ic diversity impacts of forest fires, clearcut harvesting
and alternative natural and artificial silvicultural regener-
ation practices were determined in black spruce (Picea
mariana). Allozymes of 32 loci were used to determine
and compare genetic diversity and genetic relationships
of adjacent or nearby four stand types: post-fire natural
mature (FNM), post-fire natural young (FNR), post-har-
vest natural young (HNR) and post-harvest plantation
(PLT), of black spruce at each of the four study sites lo-
cated in two ecoregions in Manitoba: Ecoregion 90-Lac
Seul Upland (Eastern) and Ecoregion 158 - Mid-Boreal
Lowland (Northern). Both allelic- and genotypic-based
genetic diversity parameters, as well as latent genetic po-
tential, were determined. Black spruce populations
showed typical moderate to high levels of allozyme ge-
netic diversity. The mean genetic diversity parameters
over the 16 black spruce populations sampled were as
follows: percent loci polymorphic – 67%, mean number
of alleles per locus – 2.52, effective number of alleles per
locus – 1.70, observed heterozygosity – 0.222, expected
heterozygosity – 0.308, mean number of observed geno-
types per locus – 3.65, mean number of expected geno-
types per locus – 5.03, genotype additivity (observed) –
116.8, genotype additivity (expected) – 161, genotype

multiplicity (observed) – 6.16 ¥ 1015, genotype multiplic-
ity (expected) – 2.06 ¥ 1019 and latent genetic potential –
26.12. The four stand types (FNM, FNR, HNR and PLT)
had comparable and statistically similar genetic diversity
levels at each of the four study sites as well as overall. No
significant differences in black spruce genetic diversity
levels were observed between the two ecoregions in Man-
itoba, as well as between the post-fire and post-harvest
regenerated stands. No particular order of genetic related-
ness among the four stand types was observed. Black
spruce populations showed some sort of site-related dif-
ferentiation in their genetic constitution. Allelic heteroge-
neity and genetic distances among populations within
stand types and among four stand types suggest that the
genetic diversity was maintained at the landscape level in
black spruce. The results of our study demonstrate that
forest fires and currently used clearcut harvesting, and al-
ternative natural and artificial silvicultural regeneration
practices, do not adversely affect genetic diversity in
black spruce, and that the genetic diversity effects of
clearcut harvesting are not significantly different from
those due to forest fires in black spruce.

Keywords Forest management practices · Conservation
of forest genetic resources · Genetic biodiversity · 
Genotypic diversity · Silviculture · Natural regeneration ·
Plantations

Introduction

Genetic diversity provides the raw material for adapta-
tion, evolution and survival of species and individuals,
especially under changed environment and disease con-
ditions. Since trees are normally the keystone species of
the forest ecosystems, their genetic diversity has a spe-
cial significance. Reductions in genetic diversity can
predispose forests to the environment-related decline in
health and productivity (e.g., Bergmann et al. 1990;
Oleksyn et al. 1994; Raddi et al. 1994). Genetic variabil-
ity is also the basis for tree improvement. Thus, genetic
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diversity can be viewed as the foundation for forest su-
stainability and ecosystem stability. The Canadian Stan-
dards Association has identified genetic diversity as one
of the criteria/indicators for registration, certification and
audit of the sustainable forest management system (CSA
1996a, b). Benchmarking genetic diversity in natural
pristine forest tree populations and determining the ge-
netic impacts of forest management practices and natural
disturbance on forest tree genetic diversity, and subse-
quent monitoring, can provide resource managers with
an indicator of long-term forest sustainability and eco-
system health (Mosseler and Rajora 1998; Rajora 1999a;
Rajora and Mosseler 2001a, b).

Forest management practices based on partial or clear-
cut forest harvesting and natural and/or artificial regener-
ation systems can significantly impact genetic variability
in residual or regenerated forest populations (Buchert et
al. 1997; Rajora 1999b; Rajora et al. 2000). Natural dis-
turbances, such as forest fires, may also affect genetic di-
versity. However, genetic implications of forest manage-
ment practices and natural disturbances are largely un-
known for most Canadian species. It has been generally
speculated that forest fires can have a significant effect
on gene frequencies and genetic drift (e.g., Teich 1970;
Perry and Lotan 1979; Chapman and Crow 1981). How-
ever, there is little or no information on the genetic ef-
fects of natural or prescribed forest fires. Also, it was not
known whether the genetic effects of forest fires compare
to that due to harvesting practices. Forest fires have been
an integral part of the boreal forest ecosystems. It is often
proposed that the ecosystem-based natural disturbance re-
gime should be used as a basis for forest management in
Canada. However, genetic data either to support or con-
tradict this proposition is generally lacking. Allozymes
and a number of DNA markers can assist in determining
the genetic diversity and structure of populations, esti-
mating evolutionary genetic processes that maintain ge-
netic diversity, determining genetic impacts of forest
management practices and assisting the development of
genetically sustainable forest management practices 
(Rajora 1999a; Rajora and Mosseler 2001a, b).

Specific information on the effects of forest fires and
forest management practices on genetic diversity and bi-
ological processes affecting genetic diversity is rudimen-
tary, particularly for Canadian forest trees. Rajora and
his collaborators have examined and benchmarked ge-
netic diversity inherent in natural populations and deter-
mined impacts of silvicultural practices on genetic diver-
sity in white spruce (Picea glauca) in Saskatchewan
managed under artificial and natural regeneration sys-
tems (Rajora 1999b), and in eastern white pine (Pinus
strobus) managed under shelterwood and seed-tree natu-
ral regeneration systems in Ontario (Buchert et al. 1997;
Rajora et al. 2000; Rajora et al., in preparation). Artifi-
cial regeneration of white spruce and post-harvest resid-
ual stands of eastern white pine showed significant 
reduction in genetic diversity relative to pristine old-
growth stands (Buchert et al. 1997; Rajora 1999b; Rajora
et al. 2000). However, genetic diversity was maintained

in post-harvest natural regeneration in white spruce 
(Rajora 1999b).

Black spruce (Picea mariana (Mill.) B.S.P.) is a wide-
spread transcontinental and important tree species of the
Boreal forest and is found in almost all forested regions
of Canada with the exception of the Rocky Mountains
and the Pacific coast (Hosie 1979). It is one of the most
important trees in Canada for the production of pulp and
paper and is the most important reforestation species east
of the Rocky Mountains in Canada. Black spruce is 
normally harvested under the clearcut harvesting system
and is regenerated naturally or artificially after harvest.
Forest fires are natural in the Boreal forest, and black
spruce regenerates well after forest fires (Sirois and 
Payette 1989; St Pierre et al. 1992). A tree improvement
program is also in place for this species. For the develop-
ment of effective strategies for sustainable and ecosys-
tem-based management and conservation of black spruce
genetic resources, it is essential to determine and bench-
mark the amount and pattern of inherent genetic diversity
of component populations, and to determine the 
comparative effects of natural disturbance (forest fires),
forest harvesting and different reforestation practices on
genetic diversity in black spruce. Genetic diversity of
black spruce has been examined for populations from
Newfoundland (Yeh et al. 1986), New Brunswick (Boyle
and Morgenstern 1987), Quebec (Desponts and Simon
1987) and Ontario (O’Reilly et al. 1985). However, there
is no reported information on the genetic diversity of
black spruce from Manitoba, as well as on genetic 
effects of forest fires and alternative harvesting and 
reforestation practices in this species. Although, no sig-
nificant allelic heterogeneity was reported among mature
and young naturally regenerated and young planted black
spruce from Ontario (Knowles 1985), this study was
based on such a small number of allozyme loci (five) that
may not allow making any meaningful conclusions.

The objectives of the present study were: (1) to deter-
mine genetic diversity inherent in post-fire natural ma-
ture, post-fire natural young, post-harvest natural young
and post-harvest planted stands of black spruce in Mani-
toba, and (2) to determine and compare the effects of
forest fires, forest management practices of clear-cut 
<harvesting and natural or artificial regeneration on ge-
netic diversity in black spruce. We used 32 allozyme loci
coding for 15 enzymes to determine and compare genetic
diversity and genetic relationships among pristine post-
fire natural mature, post-fire natural young, post-harvest
natural young and post-harvest planted stands of black
spruce from two different eco-regions and four different
locations from Manitoba in Canada.

Materials and methods

Forest harvesting and reforestation practices, and black spruce
stands/populations sampled

Black spruce (Pinus mariana (Mill.) B.S.P.) is primarily managed
under clear cut harvesting followed by natural or artificial regener-
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ation systems. We included both of these alternative forest refores-
tation practices in our present study. The study sites were selected
in two ecoregions in Manitoba: Ecoregion 90-Lac Seul Upland
(Eastern) and Ecoregion 158 - Mid-Boreal Lowland (Northern). In
each ecoregion, two separate study sites/areas were selected. At
each study site, neighbouring or nearest (within a few km) four
stand types (post-fire natural mature, post-fire natural immature,
post-harvest natural young and post-harvest planted) were located
and sampled (Table 1). The Pine Falls (E1) and Bissett (E2) study
sites in the Eastern region are located in the Boreal Shield ecozone
in the Manitoba Forest Section 31, a part of the Lake Winnipeg
East Forest Management Unit. The Pas (N1) study site (Northern
region) is located in the Boreal Plain ecozone in the Forest 
Management Section 56 of the Saskatchewan River Forest Man-
agement Unit. The Snow Lake (N2) study site (Northern region) is
located in the Boreal Shield ecozone in the Forest Management
Section 61 of the Highrock Forest Management Unit.

The post-fire natural young stands at the Pine Falls and Bissett
sites originated following the 1983 forest fires. The post-harvest
natural stand at the Pine Falls site originated after the forest har-
vesting of this area in 1983–1985. The post-harvest natural stand
at the Bissett study site originated after the forest harvesting of
this area in 1985. The studied post-harvest planted stand at the
Pine Falls site originated from the 1985 plantation, whereas the
planted stand at the Bissett site originated from the 1984 planta-
tion. The post-fire natural young stand at the Pas site originated
after the 1988 forest fire, whereas the post-fire natural young stand
at the Snow Lake study site originated after the 1987 forest fire.
The post-harvest natural stand at the Pas site regenerated naturally
after the forest harvesting in 1985, whereas the planted stand at
this site originated from the 1983 plantation. No information was
available on the year of fire or plantation for the stands studied at
the Snow Lake site.

In each stand at each site, 35 individual trees were sampled
randomly and data on height, diameter and age of the sampled
trees were recorded. The foliage was collected from each individ-
ual sampled tree. The planted stands also had a very small number
of naturally regenerated black spruce. Since these black spruce in-
dividuals also constituted the gene pool of the post-harvest planted
stands, no distinction was made between the planted and natural
black spruce individuals for sampling in the plantations.

Enzyme electrophoresis and genotyping

Needle tissues were used for enzyme electrophoresis. Enzymes
were extracted by manual grinding of needles in the extraction
buffer (Rajora and Dancik 2000) with sterile sand, using a mortar
and pestle. The enzyme extracts were adsorbed on to wicks made
from Whatmann filter paper. The soaked wicks were stored at
–70 °C until used for enzyme electrophoresis.

Horizontal starch-gel electrophoresis was used to resolve allo-
zymes for 15 enzyme systems: acid phosphatase (ACP, EC
3.1.3.2), adenylate kinase (AK, EC 2.7.4.3), aspartate aminotrans-
ferase (AAT, EC 2.6.1.1), catalase (CAT, EC 1.11.1.6), colorimet-
ric esterase (CE, EC 3.1.1.1), diaphorase (DIA, EC 1.6.4.3), glu-
cose-6-phosphodehydrogenase (G6PDH, EC 1.1.1.49), glutamate
dehydrogenase (GDH, EC 1.4.1.2), isocitrate dehydrogenase
(IDH, EC 1.1.1.42), malate dehydrogenase (MDH, EC 1.1.1.37),
peroxidase (PER 1.11.1.7), 6-phosphogluconate dehydrogenase
(6-PGD, EC 1.1.1.44), phosphoglucose isomerase (PGI, EC
5.3.1.9), phosphoglucomutase (PGM, EC 2.7.5.1) and shikimate
dehydrogenase (SKDH, EC 1.1.1.25). Genotypes of individual
trees were inferred from allelic constitution and banding pattern in
each individual. For enzymes encoded by multiple loci, the loci
were numbered from the anodal to cathodal direction. Multiple al-
leles within a locus were also numbered in this fashion. A total of
32 allozyme loci was scored coding for 15 enzymes as follows:
AAT (3), AK (2), ACP (2), CAT (2), CE (3), DIA (3), G6PDH (2),
GDH (1) IDH (2), MDH (2), PER (3), PGI (2), PGM (2), 6-PGD
(2) and SKDH (1).

Data analysis

Allele frequencies were calculated for each locus in each popula-
tion. Chi-square goodness-of-fit tests, with and without Levene’s
(1949) corrections and exact probabilities, were performed to
measure deviations from Hardy Weinberg equilibrium. Both allel-
ic-based conventional and genotypic-based unconventional genet-
ic diversity parameters were determined for each population. The
conventional genetic-diversity parameters included the following:
the percentage of loci polymorphic (P; 95% and 99% criteria), the
average number of alleles per locus (A), the average number of ef-
fective alleles per locus (Ae), the unbiased estimate of heterozy-
gosity expected under Hardy Weinberg equilibrium (He) (Nei
1978) and the observed heterozygosity (Ho). The number of 
private alleles in each sampled black spruce population was deter-
mined. The latent genetic potential, LGP, which is the difference

1205

Table 1 Black spruce populations surveyed and their physical and geographical parameters

Region Site Stand type Poulation Longitude Latitude Altitude Mean Mean  Mean
ID W N (m) age height DBH

(years) (m) (cm)

Eastern Pine Falls (E1) Post-fire natural mature E1-FNM 95°54.2¢ 50°41.0¢ 274 69 12.6 16.5
Post-fire natural young regeneration E1-FNR 95°53.5¢ 50°40.9¢ 274 11 2.4 2.0
Post-harvest natural regeneration E1-HNR 95°54.2¢ 50°41.0¢ 274 13 2.9 2.3
Plantation E1-PLT 95°54.5¢ 50°39.9¢ 290 12 3.9 6.1

Bissett (E2) Post-fire natural mature E2-FNM 95°16.8¢ 50°46.7¢ 320 65 13.3 14.7
Post-fire natural young regeneration E2-FNR 95°17.2¢ 50°47.0¢ 320 12 1.7 1.0
Post-harvest natural regeneration E2-HNR 95°16.8¢ 50°46.7¢ 320 10 1.5 0.8
Plantation E2-PLT 95°19.0¢ 50°49.9¢ 305 11 2.3 1.5

Northern The Pas (N1) Post-fire natural mature N1-FNM 101°23.4¢ 54°17.5¢ 294 69 14.5 18.3
Post-fire natural regeneration N1-FNR 101°22.8¢ 54°15.9¢ 294 5 1.3 0.9
Post-harvest natural regeneration N1-HNR 101°28.9¢ 54°17.7¢ 290 12 2.8 3.3
Plantation N1-PLT 101°26.6¢ 54°17.6¢ 290 10 3.5 3.2

Snow Lake (N2) Post-fire natural mature N2-FNM 99°45.5¢ 54°54.0¢ 290 72 12.3 14.8
Post-fire natural young regeneration N2-FNR 99°58.6¢ 54°43.3¢ 274 5 0.5 –
Post-harvest natural regeneration N2-HNR 99°45.5¢ 54°54.0¢ 290 8 1.4 0.9
Plantation N2-PLT 99°45.5¢ 54°54.0¢ 290 8 1.1 0.4



between the total number of alleles and the effective number of al-
leles summed over all loci (Bergmann et al. 1990), was calculated.
The following genotypic diversity parameters were determined for
each population: G, the mean number of genotypes (actually ob-
served and that expected under Hardy Weinberg equilibrium) per
locus; genotype additivity, GA which is the sum of the number of
single-locus genotypes actually observed or expected under Hardy
Weinberg equilibrium over all loci (Rajora 1996; Rajora et al.
2000); and genotype multiplicity (GM), the multiplication product
of all genotype combinations actually observed or expected across
all loci (Bergmann et al. 1990).

The effects of forest fires, clearcut harvesting and alternative
reforestation practices on genetic diversity in black spruce were
determined by comparing the genetic diversity of the post-fire nat-
ural young, post-harvest natural and post-harvest planted stands,
with the genetic diversity of the post-fire natural mature stands.
The significance of differences in genetic diversity levels among
the four stand types, between two regions and among four study
locations, was tested by the Analysis of Variance and Duncan’s
Multiple Range Test, using SAS (Windows version 8.2; SAS
2001). Correlations were determined between genetic diversity 
parameters and age, height and diameter of the sampled individu-
als and populations.

Genetic differentiation among all 16 black spruce populations,
among four stand types and among populations within the same
stand types, was determined by calculating allele frequency het-
erogeneity, genetic distances (Nei 1978) and hierarchical F-statis-
tics (Wright 1978). Heterogeneity of allelic frequencies over all 16
populations and among four stand types at each location was 

examined using a contingency chi-square test (Workman and 
Niswander 1970). The unbiased estimates of genetic identities and
distances among all populations, and among populations within
and between stand types, were determined (Nei 1978). A cluster
analysis of all 16 populations, as well as of four populations at
each study site, was done based on the matrix of Nei’s (1978) 
unbiased estimates of genetic identities, using the unweighted
pair-group method with arithmetic averages (UPGMA).

Results

Allele frequencies and allelic differentiation

Two (Cat2 and Pgm2) of the 32 allozyme loci were in-
variant in all 16 black spruce populations. Two to five al-
leles were detected at a polymorphic locus, with a total
of 129 alleles detected in all 16 populations at the 30
polymorphic loci (data not shown). Most of the alleles
were well spread over the populations; a few of them
were found only in one population (Table 2). The num-
ber of private alleles detected within the regions, study
sites and stand types were as follows: Eastern region –
13, Northern region – 15; Pine Falls – 5, Bissett – 5, the
Pas – 8, Snow Lake – 4; post-fire natural mature stands – 5,
post-fire natural young stands – 4, post-harvest natural
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Table 2 Genetic diversity parameters (SE) for individual black
spruce stands/populations and means for different stand types,
sites and regions. FNM, post-fire natural mature; FNR, post-fire
young natural regeneration; HNR, post-harvest natural regenera-

tion; PLT, post-harvest plantation. Means for each genetic diversi-
ty parameter for the stand types, regions or sites followed by the
same letter are not significantly different at P < 0.05 according to
Duncan’s multiple range test

Population Percent loci Total no. Mean no. Effective no. Private Observed Expected 
polymorphic alleles alleles/locus alleles/locus no. alleles heterozygosity heterozygosity

95% 99%

E1-FNM 65.6 81.3 83 2.59 (0.18) 1.65 2 0.215 (0.037) 0.296 (0.045)
E1-FNR 62.5 75.0 74 2.31 (0.18) 1.61 1 0.176 (0.033) 0.265 (0.045)
E1-HNR 62.5 75.0 81 2.53 (0.20) 1.67 1 0.222 (0.040) 0.293 (0.047)
E1-PLT 65.6 71.9 81 2.53 (0.22) 1.62 1 0.198 (0.037) 0.279 (0.045)
E2-FNM 75.0 81.3 83 2.59 (0.19) 1.67 0 0.223 (0.035) 0.317 (0.042)
E2-FNR 75.0 81.3 86 2.69 (0.20) 1.72 1 0.263 (0.041) 0.335 (0.042)
E2-HNR 59.4 78.1 80 2.50 (0.19) 1.79 1 0.267 (0.047) 0.322 (0.05)
E2-PLT 71.9 75.0 85 2.66 (0.21) 1.75 2 0.240 (0.039) 0.328 (0.045)
N1-FNM 59.4 71.9 75 2.34 (0.19) 1.60 1 0.201 (0.044) 0.272 (0.046)
N1-FNR 62.5 71.9 75 2.34 (0.19) 1.65 2 0.193 (0.042) 0.280 (0.046)
N1-HNR 71.9 78.1 82 2.56 (0.20) 1.77 5 0.219 (0.043) 0.335 (0.045)
N1-PLT 59.4 65.6 69 2.16 (0.18) 1.63 0 0.203 (0.041) 0.291 (0.045)
N2-FNM 68.8 68.8 84 2.63 (0.22) 1.84 2 0.242 (0.045) 0.341 (0.048)
N2-FNR 68.8 71.9 79 2.47 (0.19) 1.59 0 0.169 (0.030) 0.279 (0.043)
N2-HNR 71.9 78.1 85 2.66 (0.19) 1.78 1 0.239 (0.044) 0.328 (0.047)
N2-PLT 68.8 78.1 86 2.69 (0.20) 1.86 1 0.279 (0.048) 0.362 (0.047)
Mean – Overall 66.8 75.2 80.5 2.52 1.70 1.31 0.222 0.308
Mean – Stand Type
FNM 67.2 A 75.8 A 81.3 A 2.54 A 1.69 A 1.25 A 0.220 A 0.307 A
FNR 67.2 A 75.0 A 78.5 A 2.45 A 1.64 A 1.00 A 0.200 A 0.290 A
HNR 66.4 A 77.3 A 82.0 A 2.56 A 1.75 A 2.00 A 0.237 A 0.320 A
PLT 66.4 A 72.7 A 80.3 A 2.51 A 1.72 A 1.00 A 0.230 A 0.315 A
Mean – Region
Eastern 67.2 A 77.4 A 81.6 A 2.55 A 1.69 A 1.13 A 0.226 A 0.304 A
Northern 66.4 A 73.1 A 79.4 A 2.48 A 1.72 A 1.50 A 0.218 A 0.311 A
Mean – Site
Pine Falls 64.1 A 75.8 A 79.8 AB 2.49 AB 1.64 B 1.25 A 0.203 A 0.283 B
Bissett 70.3 A 78.9 AB 83.5 A 2.61 A 1.73 AB 1.00 A 0.248 A 0.326 A
The Pas 63.3 A 71.9 B 75.3 B 2.35 B 1.66 AB 2.00 A 0.204 A 0.295 AB
Snow Lake 69.6 A 74.2 AB 83.5 A 2.61 A 1.77 A 1.00 A 0.232 A 0.328 A



stands – 8 and post-harvest planted stands – 4. Most of
the loci conformed to the Hardy Weinberg equilibrium in
most of the populations. However, significant (P < 0.05)
departures from the Hardy Weinberg equilibrium were
observed in some cases, which were primarily due to a
deficiency of heterozygotes. Nevertheless all of the poly-
morphic loci conformed to Hardy Weinberg equilibrium
in at least one population.

Genetic diversity and effects of forest fires, harvesting
and alternative reforestation practices

The sampled black spruce populations/stands showed
typical moderate to high levels of allozyme genetic di-
versity as measured by conventional genetic diversity
parameters (Table 2). Observed heterozygosity was con-
sistently lower than the expected heterozygosity in all
populations, suggesting an excess of homozygotes. 
Genetic diversity parameters of the four stand types
(post-fire natural mature, post-fire natural young, post-
harvest natural young and post-harvest planted) were
comparable at each study site as well as over the four
study sites (Table 2). No significant differences were 

observed due to stand types (P = 0.06–0.79) or regions
(P = 0.06–0.79) in the percent loci polymorphic, the total
number of alleles (AT), the mean number of alleles per
locus (A), the effective number of alleles per locus (Ae),
the number of private alleles (Ap), the observed hetero-
zygostiy (Ho) and the expected heterozygosity (He) 
(Table 2). However, significant differences (P = 0.03–
0.05) due to study sites were observed for AT, A, Ae and
He. On average, the black spruce populations from the
Pas (N1) study site generally showed the lowest genetic
diversity (Table 2) except that Ae and He, on average,
were the lowest in black spruce populations from the
Pine Falls (E1) site (Table 2). The Pas black spruce pop-
ulations on average had significantly lower AT and A,
whereas the Pine Fall black spruce populations had sig-
nificantly lower Ae and He. No significant differences
were observed between the post-fire and post-harvest 
regenerated stands for any of the genetic diversity pa-
rameters.

The latent genetic potential (LGP) and various geno-
typic genetic diversity parameters for individual popula-
tions and means over stand types, regions and study sites
are given in Table 3. As observed for the conventional
genetic diversity parameters (Table 2), the latent genetic
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Table 3 Latent genetic potential, and genotypic diversity parame-
ters for individual black spruce stands/populations and means for
different stand types, sites and regions. FNM, post-fire natural ma-
ture; FNR, post-fire natural young regeneration; HNR, post-har-

vest natural regeneration; PLT, post-harvest plantation. Means for
each genetic diversity parameter for the stand types, regions or
sites followed by the same letter are not significantly different at 
P < 0.05 according to Duncan’s multiple range test

Population Latent Mean no. genotypes per locus Genotype additivity Genotype multiplicity
genetic potential

Observed Expected Observed Expected Observed Expected

E1-FNM 39.15 3.72 5.19 119 166 5.29 ¥ 1015 2.57 ¥ 1019

E1-FNR 22.49 3.25 4.34 104 139 2.03 ¥ 1013 2.98 ¥ 1016

E1-HNR 27.50 3.69 5.06 118 162 9.52 ¥ 1014 2.65 ¥ 1018

E1-PLT 29.23 3.66 5.19 117 166 3.76 ¥ 1014 1.10 ¥ 1018

E2-FNM 29.50 3.75 5.22 120 167 4.37 ¥ 1015 1.98 ¥ 1019

E2-FNR 30.91 3.78 5.59 121 179 5.29 ¥ 1015 9.92 ¥ 1019

E2-HNR 22.66 3.87 4.94 124 158 3.32 ¥ 1015 2.14 ¥ 1018

E2-PLT 28.89 3.84 5.53 123 177 3.41 ¥ 1015 2.65 ¥ 1019

N1-FNM 23.97 3.28 4.50 105 144 3.01 ¥ 1013 3.57 ¥ 1016

N1-FNR 22.33 3.25 4.50 104 144 1.78 ¥ 1013 3.31 ¥ 1016

N1-HNR 25.50 3.63 5.16 116 165 1.72 ¥ 1015 7.14 ¥ 1018

N1-PLT 16.95 3.03 3.91 97 125 2.65 ¥ 1012 3.97 ¥ 1014

N2-FNM 25.22 3.78 5.50 121 176 9.36 ¥ 1014 5.88 ¥ 1018

N2-FNR 28.0 3.78 4.84 121 155 1.08 ¥ 1015 6.35 ¥ 1017

N2-HNR 28.01 4.00 5.44 128 174 2.37 ¥ 1016 5.29 ¥ 1019

N2-PLT 26.47 4.09 5.59 131 179 4.80 ¥ 1016 8.57 ¥ 1019

Mean – Overall 26.12 3.65 5.03 116.8 161 6.16 ¥ 1015 2.06 ¥ 1019

Mean – Stand Type
FNM 27.21 A 3.63 A 5.10 A 116.3 A 163.3 A 2.66 ¥ 1015 A 1.29 ¥ 1019 A
FNR 25.93 A 3.52 A 4.82 A 112.5 A 154.3 A 1.60 ¥ 1015 A 2.50 ¥ 1019 A
HNR 25.94 A 3.80 A 5.15 A 121.5 A 164.8 A 7.42 ¥ 1015 A 1.62 ¥ 1019 A
PLT 25.39 A 3.66 A 5.06 A 117.0 A 161.8 A 1.30 ¥ 1016 A 2.83 ¥ 1019 A
Mean – Region
Eastern 27.67 A 3.70 A 5.13 A 118.3 A 164.3 A 2.88 ¥ 1015 A 2.21 ¥ 1019 A
Northern 24.57 A 3.61 A 4.93 A 115.4 A 157.8 A 9.44 ¥ 1015 A 1.90 ¥ 1019 A
Mean – Site
Pine Falls 27.34 A 3.58 BC 4.95 AB 114.5 BC 158.3 AB 1.66 ¥ 1015 A 7.37 ¥ 1018 A
Bissett 27.99 A 3.81 AB 5.32 A 122.0 AB 170.3 A 4.10 ¥ 1015 A 3.69 ¥ 1019 A
The Pas 22.19 B 3.30 C 4.52 B 105.5 C 144.5 B 4.41 ¥ 1014 A 1.80 ¥ 1018 A
Snow Lake 26.95 AB 3.91 A 5.34 A 125.3 A 171.0 A 1.84 ¥ 1016 A 3.63 ¥ 1019 A



potential and genotypic diversity parameters of the four
stand types were comparable at each study site as well as
over the four study sites (Table 3). ANOVA indicated no
significant differences among stand types (P = 0.6–0.93)
or regions (P = 0.1–0.85) for the latent genetic potential,
the mean number of genotypes per locus, genotype ad-
ditivity and genotype multiplicity. However, significant
differences (P = 0.02–0.04) due to study sites were ob-
served in the mean number of genotypes per locus and
genotype additivity. On average, the black spruce popu-
lations from the Pas (N1) study site had significantly
lower latent genetic potential, genotype numbers and ge-
notypic additivity than the populations from the other
three study sites (Table 3). No significant differences in
genotypic multiplicity parameters due to study sites, re-
gions or stand types, were observed (Table 3). Also,
there were no significant differences between post-fire
and post-harvest regenerated stands for genotypic diver-
sity parameters and latent genetic potential.

No significant correlations between age, height or 
diameter and genetic diversity parameters, either based
on population means or individual trees, were observed.

Genetic differentiation and relationships among popula-
tions, stand types, study sites and regions

Significant (P < 0.05) allele-frequency heterogeneity
was observed at 29 of the 30 polymorphic loci among
the 16 individual black spruce populations. Only Dia3
did not show significant allele-frequency heterogeneity
over the populations. The number and proportion of loci
showing allele-frequency heterogeneity among popula-
tions within individual stand types was higher than that
among different stand types at individual study sites 
(Table 4). The number (and %) of loci showing signifi-
cant allele-frequency heterogeneity among four stand

types at a study site ranged from 20 (69%) at Pine Falls
to 25 (86%) at the Pas (Table 4). The number and per-
cent loci showing significant allele-frequency heteroge-
neity among four populations within the same stand type
ranged from 83.3% for the post-harvest natural young
stands to 92.6% for the post-fire natural young stands.
The hierarchical F-statistics indicated no differentiation
among stand types within the total sample (data not
shown).

Genetic distances (Nei 1978) among populations
ranged from 0.019 between the post-fire natural mature
and post-harvest planted stands at Pine Falls to 0.189 be-
tween the post-fire natural young stand at Bissett and the
post-harvest natural young stand at the Pas sites (data not
shown), with an average of 0.094 among all 16 stands.
On average, the post-harvest natural stand at Snow Lake
showed the lowest (0.076), and the post-harvest planta-
tion at the Pas the highest (0.116), genetic distances from
other populations. Among the four stand types, the low-
est mean genetic distance was between the post-fire nat-
ural mature and post-harvest natural young stands, and
the highest between the post-fire natural young and
planted stands (Table 5). Within stand types, the lowest
genetic distances were among the four post-fire natural
mature populations and the highest among the four post-
fire natural young populations (Table 5). On average, ge-
netic distances among different stand types (0.091) were
lower than among different populations within the same
stand types (0.105) (Table 5). The mean genetic distance
among populations from the Eastern region was 0.073,
and among populations from the Northern region was
0.084. The mean genetic distance between Eastern and
Northern region populations was 0.108.

A UPGMA cluster analysis based on genetic distanc-
es revealed four major groups among the 16 black spruce
populations corresponding almost to four study sites
(Fig. 1). With the exception of three populations (E2-
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Table 4 Number of allozyme loci showing significant (P < 0.05)
allele frequency heterogeneity (A) among different stand types
(post-fire natural mature, post-fire natural young, post-harvest nat-

ural and planted) at four study sites, (B) among populations within
stand types and (C) among individual populations

Region Location/ No. No. loci c No. and (%) allozyme 
stand type populations polymorphi loci showing allele-

frequency heterogeneity

(A) Among stand types
Eastern Pine Falls 4 29 20 (69.0)

Bissett 4 29 22 (75.9)
Northern The Pas 4 29 25 (86.2)

Snow Lake 4 27 23 (85.2)

(B) Among populations within stands types
Stand type
Post-fire natural mature 4 29 25 (86.2)
Post-fire natural young 4 27 25 (92.6)
Post-harvest natural young 4 30 25 (83.3)
Post-harvest planted 4 27 23 (85.2)

(C) Among individual populations 16 30 29 (96.7)



Post-fire natural mature, N2-Post-fire natural young and
E1-Post-fire natural young), all populations/stands, irre-
spective of their types, from the same study site/area
clustered together. The black spruce stands from the Pas
(N1) area were genetically the most differentiated from
the other stands. A UPGMA cluster analysis based on
genetic distances among four stands from individual
study sites did not reveal any particular clustering order
of the stand types (data not shown).

Discussion

The project results suggest that black spruce populations
sampled in Manitoba have typical moderate to high lev-
els of allozyme genetic diversity. The allozyme genetic
diversity observed in our present study is comparable to
that reported for black spruce from Quebec (P = 80%, 
A = 2.0, Ho = 0.466, He = 0.351; Desponts and Simon
1987), but higher than that reported for black spruce
from Newfoundland (P = 38%, A = 1.44, He = 0.107, 

Ho = 0.120; Yeh et al. 1986), Ontario (P = 47.5/57.3, 
He = 0.21/0.23; O’Reilly et al. 1985) and New Brunswick
(A = 2.17–2.50, He = 0.192–0.253; Boyle and Morgen-
stern 1987). This is the first report of Canadian black
spruce genetic diversity employing over 30 allozyme
loci.

Our data indicate that there are no significant differ-
ences in black spruce genetic diversity levels between the
eastern and northern regions in Manitoba. This suggests
that there are no regional patterns/differences in genetic
diversity levels in black spruce. However, our study dem-
onstrates that the black spruce populations from the Pas
(N1) study site have lower genetic diversity than the oth-
er three study sites. The Pine Falls (E1), Bissett (E2) and
Snow Lake (N2) sites are located in the Boreal Shield ec-
ozone, whereas the Pas sites are located in the Boreal
Plain ecozone. The four black spruce populations from
the Pas site were also genetically differentiated from the
12 black spruce populations from the three other study
sites. The differences in genetic diversity levels and the
genetic constitution of the Pas black spruce populations
may be related to the ecozone, which these populations
come from. The Boreal Plains and Boreal Shield eco-
zones differ in soil and several other ecological character-
istics (information on file). The Boreal Shield ecozone
most likely has more heterogeneous microsites and envi-
ronments than the Boreal Plains ecozone. It has been hy-
pothesized that heterogeneous environments promote the
maintenance of higher genetic diversity due to develop-
mental homeostasis (Lerner 1954). Genetic constitution
and diversity in black spruce may be related to the site
conditions as was the case for white spruce from dry and
wet sites (Rajora, unpublished).

It has been generally assumed that genetic diversity,
particularly heterozygosity, should increase with the age
of plants. The classical concept of developmental ho-
moeostasis (Lerner 1954) supports this assumption.
However, we did not observe a significant positive corre-
lation between genetic diversity and age, height or diam-
eter in the black spruce populations examined. This 
contrasts with higher genetic diversity observed in 
old-growth populations of red spruce, Picea rubens
(Mosseler et al. 2002), and white spruce (Rajora, unpub-
lished). However, in white spruce, with the exception of
the old-growth populations, genetic diversity was not re-
lated to the age of trees (Rajora 1999b).
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Table 5 Mean and (range) of
Nei’s (1978) unbiased esti-
mates of genetic distances
within (on the diagonal) and
among (below the diagonal)
different stand types. FNM,
post-fire natural mature; FNR,
post-fire natural young regener-
ation; HNR, post-harvest natu-
ral regeneration; PLT, post-har-
vest plantation

Stand type No. populations FNM FNR HNR PLT

FNM 4 0.085
(0.049–0.107)

FNR 4 0.091 0.120
(0.026–0.149) (0.088–0.171)

HNR 4 0.084 0.097 0.101
(0.034–0.141) (0.050–0.189) (0.048–0.150)

PLT 4 0.087 0.100 0.089 0.113
(0.019–0.149) (0.028–0.162) (0.027–0.146) (0.077–0.144)

Fig. 1 UPGMA cluster plot of black spruce populations based on
their unbiased estimates of genetic distances (Nei 1978). NR = nat-
ural regeneration



Our study clearly demonstrates that the four stand
types (post-fire natural mature, post-fire natural young,
post-harvest natural young and post-harvest planted)
have comparable and statistically similar allozyme ge-
netic diversity at each of the four study sites and in two
ecoregions. This was the case with both allelic-based
conventional (Table 2) and genotypic-based unconven-
tional (Table 3) genetic diversity parameters, as well as
latent genetic potential (Table 3). These results clearly
suggest that forest fires, and currently used clearcut har-
vesting and natural or artificial regeneration silvicultural
practices, do not adversely affect genetic diversity in
black spruce. Also, the number of allozyme loci showing
significant allele-frequency heterogeneity among four
populations within each stand type and among four stand
types at individual study sites was similar (Table 4). This
suggests that forest fires, clearcut harvesting and alterna-
tive natural and artificial regeneration practices appar-
ently did not cause any directional changes in allele fre-
quencies. Any effect on allele-frequency heterogeneity
was rather random.

Of the four stand types studied, two (FNM, FNR)
were of fire origin (post-fire regenerated) and the other
two (HNR, PLT) were of post-harvest origin (post-har-
vest regenerated). Our study demonstrates that the genet-
ic diversity of the post-fire regenerated stands was com-
parable and not significantly different from the genetic
diversity of the post-harvest regenerated stands at each
and over all study sites. These results clearly suggest that
the genetic diversity effects of currently used clearcut
harvesting followed by natural or artificial regeneration,
are not significantly different from those due to forest
fires in black spruce. Therefore, a carefully implemented
natural or artificial regeneration system should be able to
maintain genetic diversity in black spruce. This, in turn,
should ensure sustainable management of black spruce
genetic resources.

The results of the present study demonstrating compa-
rable genetic diversity in four stand-types and between
post-fire and post-harvest regenerated stands, are consis-
tent with the reproductive biology and regeneration pro-
cesses in black spruce. Black spruce is an early succes-
sional pioneering species that begins producing seeds
when as young as 10 years old, and stands that are of 30
years age or older generally always have a continuous
supply of seeds (Viereck and Johnston 1990). The cones
of black spruce are semi-serotinous and trees can retain
cones from several preceding seed years, providing a ge-
netically diverse pool of seeds. The semi-serotinous
cones of black spruce remain partially closed and dis-
perse seeds over a period of several years, providing an
adequate supply of seeds to reproduce the stand after fire
or harvest (Viereck and Johnston 1990; St Pierre et al.
1992; Fleming and Mossa 1996). The seeds of black
spruce remain viable in fallen cones for over 10 years
(Schooley et al. 1979). Black spruce typically seeds
promptly, and regenerates well after both forest fires and
clearcut harvesting (Brumelis and Carleton 1988; Sirois
and Payette 1989; St Pierre et al. 1992; Fleming and

Mossa 1996). All of these features would favor mainte-
nance of high levels of genetic diversity in post-fire and
post-harvest naturally regenerated stands in black spruce.
Vegetative reproduction through layering also occurs in
black spruce, when lower branches become covered with
mosses or litter. However, this mode of reproduction is
common only in swamps, bogs, muskegs and tree line
(Viereck and Johnston 1990). In the post-fire and post-
harvest stands that we sampled, the incidence of layering
was absent or negligible. Thus, layering did not have any
impact on genetic diversity of the sampled stands.

Genetic diversity of the plantations was comparable
to the post-fire or post-harvest naturally regenerated
stands at each and over the four study sites. This sug-
gests that the plantations sampled in our study have a
broad genetic base, which is not significantly different
from the genetic base of the naturally regenerated stands.
The seed used for plantations originated from local seed
sources. These plantations also had some naturally re-
generated black spruce seedlings, which were not ex-
cluded from sampling and may have also enriched the
plantations’ gene pool. These results are in contrast with
those reported for sympatric white spruce where planta-
tions were found to have significantly reduced genetic
diversity as compared to natural old growth and young
natural regeneration (Rajora 1999b). This may be related
to the differences in the genetic base of the plantation
stocks, reproductive biology and regeneration processes
of these spruce species. In addition to a broad genetic
base of the seed used for the sampled plantations, a seed
source from semi-serotinous black spruce cones may
most likely contribute to a more diverse seed source for
plantations, as well as for the post-harvest natural regen-
eration. Nevertheless, plantations should use a local seed
source collected from a large number of diverse seed
trees in order to maintain genetic diversity and locally
adapted gene pools. Also, it would be prudent to periodi-
cally monitor the genetic diversity of new plantations to
ensure that their wide genetic base is maintained.

The results of our study for comparable genetic diver-
sity between the post-fire natural mature and post-har-
vest naturally regenerated stands are consistent with
those reported for white spruce (Rajora 1999b), Norway
spruce, Picea abies (Gomory 1992) and another early 
succesional semi-serotinous conifer lodgepole pine, 
Pinus contorta (Thomas et al. 1999).

Significant allele frequency heterogeneity at 83–93%
of the polymorphic loci among different populations
from different study areas and regions within the same
stand type, and at 69–86% of the polymorphic loci
among different stand types at individual study sites,
suggests that the genetic constitution of black spruce is
variable, and high genetic diversity is maintained in
black spruce at the landscape level in Manitoba. This is
further supported by the genetic-distance data among
populations within stand types and among stand types.
Therefore, forest fires and the currently used clearcut
harvesting and alternative-natural and artificial-regenera-
tion practices do not adversely affect the maintenance of
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high levels of genetic diversity in black spruce at the
landscape level.

The results of our study suggest that black spruce
from the four different study sites/areas sampled in 
Manitoba has a somewhat different genetic constitution,
with the populations from the Pas study site being quite
genetically differentiated from the others (Fig. 1). There-
fore, silviculture regeneration practices should take this
genetic distinctiveness into account, in order to maintain
overall as well as regional and area-specific genetic 
diversity. For plantations, this may be taken care of by
implementing existing seed-zone guidelines.

Our study presents the first published data of its own
kind, comparing the genetic effects of forest fires, clear-
cut harvesting and alternative natural and artificial silvi-
cultural regeneration practices in boreal forest trees.

Conclusions

Black spruce in Manitoba has typical moderate to high
levels of allozyme genetic diversity, and black spruce
from each of the four study sites has a somewhat distinct
genetic constitution. Forest fires and currently used
clearcut harvesting, and alternative natural and artificial
silvicultural regeneration practices, do not adversely 
affect genetic diversity in black spruce. The genetic di-
versity effects of clearcut harvesting are not significantly
different from those due to forest fires in black spruce.
Therefore, carefully implemented natural or artificial 
regeneration systems should be able to maintain genetic
diversity in black spruce. Nevertheless, silvicultural
practices should ensure that the regional and area–specif-
ic genetic diversity and the black spruce gene pools are
maintained. This study has provided benchmarks and
framework for future monitoring of genetic diversity and
genetic effects of natural disturbance and forest manage-
ment practices in black spruce.

Acknowledgements. The research was funded through grants from
Manitoba Model Forest Incorporated, Manitoba Conservation-For-
estry Branch, Pine Falls Paper Company Ltd., Tolko Manitoba Inc.,
and Louisiana-Pacific Canada Ltd. to O.P. Rajora. Thanks are due to
John Dojack for his enthusiastic interest in the study and his advice
and assistance in planning and conducting the field work, and 
Gordon Falk and Gwen McGinsey for their assistance with the field
work and providing information on the study sites.

References

Bergmann F, Gregorius H-R, Larsen JB (1990) Levels of genetic
variation in European silver fir (Abies alba) – are they related
to the species’ decline? Genetica 82:1–10

Boyle TJB, Morgenstern EK (1987) Some aspects of the popula-
tion structure of black spruce in central New Brunswick. 
Silvae Genet 36:53–60

Brumelis G, Carlton TJ (1988) The vegetation of postlogged black
spruce lowlands in central Canada. 1. Trees and tall shrubs.
Can J For Res 18:1470–1478

Buchert GP, Rajora OP, Hood JV, Dancik BP (1997) Effect of har-
vesting on genetic diversity in old-growth stands of eastern
white pine (Pinus strobus L.). Conserv Biol 11:747–758

Chapman RR, Crow GE (1981) Application of the Raunkiaer’s
life form system to plant species survival after fire. Bull 
Torrey Bot Club 108:472–478

CSA (1996a) A sustainable forest management system: guidance
document. Z808-96

CSA (1996b) A sustainable forest management system: specifica-
tion document. Z809-96

Desponts M, Simon J-P (1987) Structure et variabilite genetique
de population d’epinette noire [Picea mariana (Mill.) B.S.P.]
dans la zone hemiarrctiique du Nouveau-Quebec. Can J For
Res 17:1006–1012

Fleming RL, Mossa DS (1996) Seed release from black spruce
cones in logging slash. Can J For Res 26:266–276

Gomory D (1992) Effects of seed origin on the genetic diversity of
Norway spruce (Picea abies Karst.) populations. For Ecol
Management 54:215–223

Hosie RC (1979) Native trees of Canada. Fitzhenry and Whiteside
Ltd., Don Mills, Ontario

Knowles P (1985) Comparison of isozyme variation among natu-
ral stands and plantations: jack pine and black spruce. Can J
For Res 15:902–908

Lerner IM (1954) Genetic homeostasis. Oliver and Boyd, Edin-
burgh

Levene H (1949) On a matching problem arising in genetics. Ann
Math Stat 20:91–94

Mosseler A, Rajora OP (1998) Monitoring population viability in
declining tree species using indicators of genetic diversity and
reproductive success. In: Sassa K (ed) Environmental forest
science. Kluwer Academic Publishers, Dordrecht, The Nether-
lands, pp 333–344

Mosseler A, Major JE, Rajora OP (2002) Old-growth red spruce
forests as reservoirs of genetic diversity and reproductive fit-
ness. Theor Appl Genet (in press)

Nei M (1978) Estimation of average heterozygosity and genetic dis-
tance from a small number of individuals. Genetics 89:583–590

Oleksyn J, Prus-Glowacki W, Giertych M, Reich PB (1994) Rela-
tion between genetic diversity and pollution impact in a 1912
experiment with east European Pinus sylvestris provenances.
Can J For Res 24:2390–2394

O’Reilly GJ, Parker WH, Cheliak WM (1985) Isozyme differenti-
ation of upland and lowland Picea mariana stands in northern
Ontario. Silvae Genet 34:214–221

Perry DA, Lotan JE (1979) A model of fire selection for serotiny
in lodgepole pine. Evolution 33:958–968

Raddi S, Stefanini FM, Camussi A, Giannini R (1994) Forest de-
cline index and genetic variability in Picea abies (L.) Karst.
For Genet 1:33–40

Rajora OP (1996) Effects of forestry practices on genetic diversity,
implications for sustainable forest management and gene con-
servation. Plenary presentation, IUFRO Conference, Diversity
and adaptation in forest ecosystems in a changing world, Au-
gust 5–10, 1996, University of British Columbia, Vancouver
B.C.

Rajora OP (1999a) Molecular biology in sustainable forest man-
agement. In: Espinel S, Ritter E (eds) Proc Appl of Biotech-
nology to Forest Genetics, Biofor 99 Conference, 22–25 Sep-
tember, 1999, Vitoria-Gasteiz, Spain, pp 29–40

Rajora OP (1999b) Genetic biodiversity impacts of silvicultural
practices and phenotypic selection in white spruce. Theor
Appl Genet 99:954–961

Rajora OP, Dancik BP (2000) Population genetic structure, varia-
tion and evolution of Engelmann spruce, white spruce and
their putative natural hybrid complex in Alberta. Can J Bot
78:768–780

Rajora OP, Mosseler A (2001a) Molecular markers in sustainable
management, conservation, and restoration of forest genetic
resources. In: Muller-Starck G, Schubert R (eds) Genetic re-
sponse of forest systems to changing environmental condi-
tions. Kluwer Academic Publishers, Volume 70, pp 187–201

Rajora OP, Mosseler A (2001b) Challenges and opportunities for
conservation of forest genetic resources. Euphytica 118:197–212

Rajora OP, Rahman MH, Buchert GP, Dancik BP (2000) Microsat-
ellite DNA analysis of genetic effects of harvesting in old-

1211



growth eastern white pine (Pinus strobus) in Ontario. Mol
Ecol 9:339–348

SAS (2001) The SAS system for Windows, Release 8.11. SAS In-
stitute Inc, Cary, North Carolina

Schooley HO, Hall JP, Burry W (1979) Quantity of viable seed re-
tained in old black spruce cones. Canadian Forestry Service,
Bi-monthly Research Notes 35:32

Sirois L, Payette S (1989) Postfire black spruce establishment in
subarctic and boreal Quebec. Can J For Res 19:1571–1580

St Pierre H, Gagnon R, Bellefleur P (1992) Regeneration apre feu
de l’epinette noire (Picea mariana) et du pin gris (Pinus banksi-
ana) dans la foret boreale, Quebec. Can J For Res 22:474–481

Teich AH (1970) Cone serotiny and inbreeding in natural popula-
tions Pinus banksiana and Pinus contorta. Can J Bot
48:1805–1809

Thomas BR, Macdonald SE, Hicks M, Adams DL, Hodgetts RB
(1999) Effects of reforestation methods on genetic diversity of

lodgepole pine: an assessment using microsatellite and random
amplified polymorphic DNA markers. Theor Appl Genet
98:793–801

Viereck LA, Johnston WF (1990) Picea mariana (Mill.) B.S.P. In:
Burn RM, Honkala BH (tech coordinators) Silvics of North
America, vol 1, Conifers. Agric Hand Book 654. USDA, For-
est Service, Washington, District of Columbia, pp 227–237

Workman PL, Niswander JD (1970) Population studies on south-
western Indian tribes. II. Local genetic differentiation in the
Papago. Am J Hum Genet 22:24–49

Wright S (1978) Evolution and genetics of populations, vol. 4.
Variability within and among populations. University of Chi-
cago Press, Chicago

Yeh FC, Khalil MAK, El-Kassaby YA, Trust DC (1986) Allozyme
variation in Picea mariana from Newfoundland: genetic diver-
sity, population structure, and analysis of differentiation. Can J
For Res 16:713–720

1212


