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Summary

Genetic diversity within and genetic differentiation
among six populations of black spruce (Picea mariana
[MiLL.] B.S.P.) in central New Brunswick were investigated
using allozyme frequencies at 12 loci. Average heterozy-
gosity ranged from 0.192 to 0.253 in the different popula-
tions. On the average, the percent heterozygous loci/indi-
vidual ranged from 17.08 to 22.29, the average number of
alleles/locus from 2.17 to 2.50 and the effective number of
alleles/locus from 1.24 to 1.38. These values are comparable
with those from other conifer species though they might be
biased upwards somewhat due to the limited number of
polymorphic, independently segregating loci sampled.
Other measures of genetic diversity produced similar
results.

Partitioning the observed variation into within- and
among-population components by using F-statistics led to
an estimate of within-population variation amounting to
99 per cent of total variation. These results suggest that
emphasis be placed on intra-population sampling in black
spruce for tree improvement. The relationship between
geographic distance and Nei’s genetic distance appeared
to be weak, suggesting that isolation by distance may not
be responsible for the observed differentiation.

Key words: Picea mariana, isozymes, population stiructure, gene
diversity, genetic distance, heterozygosity.

Zusammenfassung

Innerhalb und zwischen 6 Populationen von Picea ma-
riana im mittleren New Brunswick wurde die genetische

*) Present adress: Canadian Forestry Service, Petawawa Nat. for.
Inst., Chalk River, K0J 1J0 Ontario, Canada.

Silvae Genetica 36, 2 (1987)

Diversitidt durch elektrophoretische Methoden untersucht.
Es wurden die Genhiufigkeiten an 12 Loci ermittelt. Der
durchschnittliche Heterozygotiegrad lag in den verschiede-
nen Populationen zwischen 0,192 und 0,253. Die Durch-
schnittswerte lagen in folgenden Bereichen: % der hetero-
zygoten Loci pro Individuum, 17,08—22,29; Zahl der Al-
lele pro Locus, 2,17—2,50; und Zahl der effektiven Allele
pro Locus, 1,24—1,38. Diese Werte sind mit solchen anderer
Koniferen vergleichbar, kénnen allerdings etwas hoch ein-
geschitzt sein, da sie auf einer geringen Zahl von poly-
morphen, unabhiingig aufspaltenden Loci beruhen. Andere
Messungen der genetischen Diversitit ergaben &hnliche
Resultate.

Die Aufteilung der beobachteten Variation in Komponen-
ten ,innerhalb“ und ,zwischen“ Populationen durch F-
Statistiken ergab einen Beitrag von 99% der Komponente
yinnerhalb“ zur Gesamtvariation. Die Plusbaumauswahl
sollte deshalb hauptsiichlich auf Auslese innerhalb der Po-
pulationen beruhen. Die Korrelation zwischen geographi-
scher Entfernung der Populationen und Nei’s genetischer
Distanz schien schwach zu sein, sodaB Distanzisolation we-
nig EinfluB auf die beobachtete Differenzierung haben
mag.

Introduction

The population structure of a species has been defined
by Riecer et al. (1976) as: “The sum of all factors governing
the pattern by which gametes from various individuals
unite with each other during fertilization”. Brown (1978)
recognizes two groups of evolutionary forces that affect the
values which various measures of population genetic struc-
ture may assume. These are firstly, the interaction with
other aspects of the population structure affecting, for
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example, the degree of isolation and therefore the level of
genetic drift and migration and secondly, the spatial and
temporal distribution of selection intensities.

A knowledge of the population genetic structure of a spe-
cies is important for a number of reasons. In genetic con-
servation, for example, estimates of the amount of genetic
diversity within populations, and the range and distribution
of this diversity among populations, is necessary in order
to devise an optimum sampling strategy (MarsuarLL. and
Brown, 1975). Just as genetic conservation is basically a
problem of sampling efficiency, so too are genetic improve-
ment programs, since the prime objective is to maximise
genetic gain with minimum effort. Thus, the ideal samp-
ling strategy for any species will depend on its population
genetic structure (Guries and Lebig, 1977). An intensive in-
vestigation of population structure should therefore prefer-
ably precede the initiation of a tree improvement pro-
gram. This is not usually the case but flexible programs
will allow adjustments as more information becomes avail-
able (DanzmaNN and BucHERT, 1983).

In measuring genetic diversity in natural populations, it
would be advantageous to be able to identify and enumerate
genotypes coding for commercially valuable traits such as
growth and form. However, due to strong environmental
influences on these characters and their polygenic inheri-
tance, such an approach is impossible.(Brown, 1978; BrRowN
and Moran, 1981). Isozymes though, being usually codomi-
nantly expressed and independent of environmental in-
fluence, provide suitable genetic markers, especially as a
large number of loci, which may represent a random sample
of the genome, can be simultaneously evaluated on one in-
dividual (LEwoNTIN, 1974).

The population structure of black spruce (Picea mariana
[MiLr.] B.S.P.) in central Ontario was investigated by Mor-
GENSTERN (1969) using genetic intra-class correlations based
on variance components of 13 characters for populations,
sub-populations, open -pollinated families and trees within
families. He found that for eight characters associated with
germination and early growth, 65 per cent of the variation
could be accounted for by variation among families. How-
ever, for total height at age two and for four characters as-
sociated with phenology, variation among populations (site
regions) accounted for 82 per cent of the observed vari-
ation. This, together with the very small amount of vari-
ation among subpopulations within site regions, led to the
conclusion that the variation in such characters is prima-
rily clinal with little evidence for ecotypes.

Table 1. — Enzyme systems assayed.

Enzyme system Enzyme Abbr., No. of
Commission No. Loci
Aldolase E.C.4.1.2.13 ALD 1
Aspartate amino-transferase E.C.2.6.1.1 AAT 1
Fumarase E.C.4.2.1.2 FUM 1
Glucose-6-phosphate dehydrogenase €.C.1.1.1.49 G6P 1
Glutamate dehydrogenase £.C.1.4.1.3 GDH 1
Isocitrate dehydrogenase E.C.1.1.1.42 IDH 1
Malate dehydrogenase E.C.1.1.1.37 MDH 3
Phosphoglucomutase €.€.2.7.5.1 PGM 1
6-Phosphogluconate dehydrogenase E.C.1.1.1.44 6PGD 2
Phosphoglucose 1isomerase £.C.5.3.1.9 PGI 1
Shikimic acid dehydrogenase £.C.1.1.1.25 SDH 1

In this paper we report on the amount and pattern of
gene diversity based on allozyme frequencies determined
for a relatively small area in central New Brunswick. This
forms part of a larger study on the mating system and
population structure of black spruce in central New Bruns-
wick (BoyLg, 1985).

Material and Methods
Sampling

The area sampled constitutes part of the Eastern Low-
lands Section of the Acadian Forest Region (Roweg, 1972).
Six natural stands (populations), part of a network of
stands reserved for seed production across the Province,
were investigated (Figure 1}).-The maximum distance be-
tween stands is 52 km (Table 6) and there are no major
gradients or differences in soils, climate or elevation
throughout the area.

Forty dominant or co-dominant trees within an area of
about 2 ha were felled in each stand and up to 200 cones
per tree collected. Twelve gametophyte-embryo pairs were
assayed per tree. The genotype of the mother tree was
inferred from the gametophytes. Since the megagameto-
phyte tissue is haploid, the probability that every mega-
gametophyte from a heterozygous mother tree carries the

same allele is given by 0.5(k—1), where k is the number of

megagametophytes assayed, assuming a 1:1 segregation ra-
tio. Thus the probability that a heterozygote is misclassi-
fied as a homozygote was 0.5!1 (< 0.0005), or in other words,
fewer than one tree in 2000 would be incorrectly genotyped.

S

A29

‘.\ Brunswick

. Maine\'

5

Figure 1. — Map showing location of six populations.
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Electrophoresis methods

Horizontal starch gel electrophoresis was used to sepa-
rate the isozymes at eleven enzyme systems. These are
listed in Table 1. Details of the procedure and staining
recipes used have been given elsewhere (BoyLe and Mogr-
GENSTERN, 1985).

Statistical analysis
Measures of gene diversity

Four methods have been used to quantify the amount
of gene diversity within populations. These included the
following.

(a) The expected heterozygosity at each locus, which is
defined as:

hy=1-2p2
where p; is the frequency of the ith allele (N1, 1975). The
average heterozygosity per population (H.) is then the
arithmetic mean of the h, values over all loci. Sampling
variances of average heterozygosity have been derived by
Ner and Roycuoupnury (1974).

(b) The percentages of heterozygous loci per individual
(Yen and O’Mavtey, 1980). It should be noted that since
only about 27 per cent of the total genetic variation is
detectable by electrophoresis (Suaw, 1965), the estimate of
the percentage of heterozygous loci per individual should
be adjusted accordingly.

(c) The average number of alleles per locus (Yeum and
O’MaLLey, 1980). However, some of these alleles will occur
at very low frequency and contribute very little to average
heterozygosity or genetic variance (Crow and Kimura, 1970).

(@ The effective number of alleles per locus (n,) is
therefore more useful than the actual number (Crow and
Kimura, 1970). It is defined as:

n, = 1/%9%

where p; is as defined abowve. The effective number of al-
leles is maximised when allele frequencies at any locus
are equal. Thus it can be considered as the number of al-
leles of equal frequency required to provide the same level
of heterozygosity as that expected from the actual allele
frequencies. The average effective number of alleles per
population is then the geometric mean of the n values for
individual loci (LunpkvisT, 1979).

Genetic differentiation

Having quantified the amount of genetic diversity within
a population, it is then of interest to examine how this di-
versity is distributed — whether there is genetic differen-
tiation among populations and, if so, whether this differen-
tiation is in an organised pattern or at random. There are
several methods of approaching this question.

(a) A contingency y2 test. This tests the null hypothesis
that the observed allele frequencies in the different popu-
lations are a random sample from a single population
(WorkMAN and Niswanbper, 1970). A significant value indi-
cates therefore that the amount of differentiation between
populations is greater than can be expected by chance
alone, but gives no information as to how this differentia-
tion is organised.

(b) F-statistics. WricHT (1965) developed a set of statistics
based on his “fixation index” (F), which measures the net
deviation of genotype frequencies from Hardy-Weinberg
expectations, in order to apportion genetic diversity to the
various levels of a hierachial population. F|g is the weighted
average fixation index over all populations. Fgp represents

the correlation among random gametes within populations
relative to the total population, and therefore provides a
measure of the extent of genetic differentiation among
populations. For multiple allelic systems, Fgy is equivalent
to Ner's (1973) Ggr. Fyp represents the overall fixation index,
and can be estimated either by the “direct” method, as the
correlation among gametes over the total population, or by
the “indirect” method as:
Fip = Fig + (-Fig) Fer

Comparison of the estimates provided by the two methods
gives information on whether the observed differentia-
tion is random (LiNuart et al., 1981). In order to obtain an
accurate estimate of the amount of differentiation among
populations, a large number of loci forming a random
sample of the genome and including both polymorphic and
monomorphic loci should be used (NE1, 1973). CHAKRABORTY
(1974) derived an expression for the sampling variance of
Ggr which can be used for tests of significance of Fgy.

(d) Genetic distance. Ne1 (1972) devised a measure of ge-
netic differentiation (D) based on the “gene identity” be-
tween populations. Again, a large random sample of both
polymorphic and monomorphic loci is desirable (N1, 1975).
Sampling variances of D were derived by Ne and Roy-
CHOUDHURY, (1974).

Results

Fourteen zones of activity were scored for the eleven en-
zyme systems. However, for two of these (SDH and MDH-1)
the genetic origin of the observed variation could not be
confirmed.

Since loci with high levels of variability are the most
useful for the estimation of mating system parameters,
there may be a slight bias in the selection of loci scored in
favour of more variable loci. Thus the sample of loci may
not be completely random (for example only MDH-2 was
monomorphic in all populations). However, since to a large
extent comparisons of the relative variability are consider-
ed, the estimates of genetic differentiation should not be
greatly affected (Snaw, 1982).

Genetic diversity

(a) Allele frequencies and heterozygosities. Table 2 shows
the observed allele frequencies at all the loci for each
population, along with the overall mean allele frequencies,
observed and expected heterozygosities and average hete-
rozygosity. Two loci (PGM and 6PGD-1) had a mean expect-
ed heterozygosity over all populations of greater than 0.5.
At both of these loci the same two alleles predominated in
all populations with a third allele present at a much lower
frequency. Two more loci (G6P and PGI) produced mean
expected heterozygosities between 0.25 and 0.5. One allele
dominated these loci in all populations. At G6P two other
alleles were present at much lower frequencies except for
populations 37 and 39 where a fourth allele was recorded.
Similarly, at PGI a total of three alleles was present in all
populations except 29 and 32 where only two were recorded.
Four loci, namely 6PGD-2, GDH, AAT and MDH-3 gave
mean heterozygosities between 0.1 and 0.25. In general all
these loci had two predominant alleles per population with
one allele at a frequency consistently greater than 0.83. A
third allele was recorded at 6PGD-2 in populations 10,37 and
39, AAT in population 32 and at MDH-3 in 29 and 39. The
final three polymorphic loci (i.e. those with the frequency
of the most common allele < 0.99) — ALD, IDH and FUM —
had mean expected heterozygosities of less than 0.1. Aldo-
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Table 2. — Allele frequencies, expected and observed heterozygo-
sities and overall population means for all 11 polymorphic loci.

Population
Locus Allele 10 21 29 32 37 39 Mean
ALD 0.013 0.013 0.000 0.013 0.013 0.025 N
2 0.987 0.987 1.000 0.975 0.987 0.937 0.979
3 0.000 0.000 0.000 0.012 0.000 0.038 0.008
Expected h 0.025 0.025 0.002 0.049 0.025 0.119 0.041
Observed h 0.025 0.025 0.000 0.050 0.025 0.125 0.042
AAT 1 0.000 0.000 0.000 0.013 0.000 0.000 0.002
2 0.987 0.937 0.912 0.912 0.975 0.912 0.939
3 0.013 0.063 0.088 0.075 0.025 0.088 0.059
Expected h 0.025 0.117 0.160 0.162 0.049 0.160 0.114
Observed h 0.025 0.125 0.175 0.175 0.050 0.075 0.104
FuM i 0.038 0.013 0.050 0.025 0.025 0.038 0.032
2 0.962 0.987 0.950 0.975 0.975 0.962 0.968
Expected h 0.072 0.025 0.095 0.049 0.049 0.072 0.062
Observed h 0.075 0.025 0.100 0.050 0.050 0.075 0.063
G6P 1 0.063 0.175 0.187 0.138 0.188 0.162 0.152
2 0.100 0.013 0.088 0.100 0.050 0.088 0.073
3 0.000 0.000 0.000 0.000 0.050 0.025 0.013
4 0.837 0.812 0.725 0.762 0.712 0.725 0.762
Expected h 0.285 0.309 0.432 0.390 0.452 0.440 0.391
Observed h 0.250 0.325 0.350 0.400 0.500 0.375 0.367
GDH 1 0.013 0.025 0.163 0.050 0.150 0.138 0.090
2 0.987 0.975 0.837 0.950 0.850 0.862 0.910
Expected h 0.025 0.049 0.272 0.095 0.255 0.237 0.163
Observed h 0.025 0.050 0.325 0.050 0. 300 0.275 0.171
1DH 1 0.050 0.025 0.050 0.000 0.013 0.025 0.027
2 0.950 0.975 0.950 1.000 0.987 0.975 0.973
Expected h 0.095 0.049 0.095 0.000 0.025 0.049 0.053
Observed h 0.100 0.050 0.100 0.000 0.025 0.050 0.054
MDH-3 1 0.000 0.000 0.013 0.000 0.000 0.013 0.004
2 0.950 0.912 0.862 0.937 0.962 0.837 0.910
4 0.050 0.088 0.125 0.063 0.038 0.150 0.086
Expected h 0.095 0.160 0.240 0.117 ©° 0.072 0.276 0.164
Observed h 0.100 0.125 0.275 0.125 0.075 0.175 0.146
PGM 1 0.587 0.550 0.500 0.462 0.512 0.500 0.519
2 0.063 0.125 0.138 0.138 0.138 0.163 0.128
3 0.350 0.325 0.362 0.400 0.350 0.337 0.353
Expected h 0.528 0.576 0.600 0.607 0.596 0.610 0.590
Observed h 0.525 0.625 0.575 0.625 0.550 0.450 0.558
6PGD-1 1 0.400 0.363 0.475 0.450 0.387 0.413 0.415
2 0.562 0.637 0.487 0.537 0.600 0.587 0.563
3 0.038 0.000 0.038 0.013 0.013 0.000 0.017
Expected h 0.522 0.462 0.535 0.508 0.490 0.485 0.505
Observed h 0.475 0.475 0.575 0.525 0.550 0.475 0.513
6PGD-2 1 0.037 0.025 0.088 0.050 0.062 0.050 0.052
§ 8 gfg 8.875 8.912 9.950 0.925 0.937 0.942
Expected h 0:0% 0:038 308 8088 B3 B:913  8:098
Observed h 0.100 0.050 0.125 0.100 0.150 0.125 0.108
PGI 1 0.013 0.012 0.000 0.000 0.013 0.013 0.009
2 0.825 0.900 0.750 0.825 0.775 0.737 0.802
4 0.162 0.088 0.250 0.175 0.212 0.250 0.189
Expected h 0.293 0.182 0.375 0.289 0.354 0.393 0.321
Observed h 0.350 0.200 0.350 0.300 0.400 0.325 0.321
Average h 0.223 0.192 0.252 0.221 0.233 0.253
+0.086  +0.088 +0.095 +0,095 +0.093  +0.090

lase was monomorphic in population 29 with two alleles re-
corded in 10, 21 and 37 and three in 32 and 39. Similarly,
IDH was monomorphic in one population (32) with two al-
leles present in all the others, the more common allele hav-
ing a frequency of at least 0.95 in every case. Fumarase was
polymorphic in every population with allele frequencies
very similar to those at IDH.

Table 4. — The effective number of alleles for each locus in each

population.
10 21 29 32 37 39
ALD 1.03 1.03 1.00 1.05 1.03 1.14
AAT 1.03 1.13 1.19 1.19 1.08 1.19
FuM 1.08 1.03 1.10 1.05 1.05 1.08
G6P 1.40 1.45 1.76 1.64 1.83 1.78
GOH 1.03 1.05 1.38 1.10 1.34 1.3
IDH 1.10 1.05 1.10 1.00 1.03 1.05
MDH-3 1.10 1.19 1.32 1.33 1.08 1.38
PGM 2.12 2.36 2.50 2.55 2.48 2.56
6PGD-1 2.10 1.86 2.15 2.04 1.96 1.94
6PGD-2 1.1 1.05 1.19 1.10 1.16 1.14
PGI 1.4 1.22 1.60 1.4 1.55 1.65

Comparison of the observed and expected heterozygosi-
ties shows that in most cases there is very close agreement,
especially at the less variable loci, as would be expected.
Looking at the mean expected and observed heterozygosi-
ties over all populations, again there is very good agree-
ment at most loci. Only at four loci, namely PGM, AAT,
G6P and MDH-3, is there any apparent deficiency in ob-
served heterozygosities. Interestingly in all these cases, the
major contribution to the deficiency is from population 39.

(b) Percentage of heterozygous loci per individual. Esti-
mates of the percentage of heterozygous loci per individual
are given in Table 3. It must be remembered that because
the selection of loci for this study tended to favour variable
loci for the purposes of estimating mating system parame-
ters, the estimates are likely to be upper limits. As might
be expected, since observed and expected heterozygosities
agreed so closely, those populations with low average hete-
rozygosities also have fewer heterozygous loci per indivi-
dual.

(c) Average number of alleles per locus. Table 3 also
shows the average number of alleles per locus, for all
twelve loci. There appears to be little relationship between
the average number of alleles per locus and excepted hete-
rozygosity, reflecting the observation of Crow and KiMuRA
(1970) that often alleles may be present at very low fre-
quencies which contribute very little to the heterozygosity.

(d) Effective number of alleles per locus. The effective
numbers of alleles for all loci in each population are given
in Table 4, with the geometric means in Table 3. Since
both expected heterozygosity and effective number of al-
leles are functions of the square of observed allele frequen-

Table 3. — Percentage of heterozygous loci per individual, average number of
alleles per locus and effective number of alleles per locus for each population.

Population
10 21 29 32 37 39
Percent heterozygous 17.08+10.2 17.29+10.2 24.58+ 9.4 20.00+ 9.2 22.29+11.3  21.04+10.5
Toci/individual
Average number of 2.33+ 0.65 2.17+ 0.58 2.17+ 0.72 2.25+ 0.75 2.42+ 0.79  2.50+ 0.80
alleles/locus
Effective number of 1.25 1.24 1.38 1.29 1.32 1.38

alleles/locus
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calculated. Figure 2 shows the theoretical curve, together
with the plotted points from this study.

Genetic differentiation

(a) Contigency x? tests. Results of the contingency »*
tests for differences in allele frequencies are given in Ta-
ble 5. The values should be compared with a 4* distribution
with (s-1) (k-1) degrees of freedom, where s is the number
of populations and k is the total number of alleles recorded
at the locus. When considered individually, there are only
two loci at which allele frequencies differ significantly be-
tween populations. Differences in allele frequencies at
G6P are significant at the 5 per cent level, whilst at GDH
the differences are significant at the 1 per cent level. Chi-
square values can be summed and compared with a distri-
bution with degrees of freedom equal to the sum of the
individual degrees of freedom (WorkmaN and NISWANDER,
1970). The total y2 over all loci is 134.17, with 100 d.f., which
is significant at the 1% level.

Table 6. — Distance among populations. Above the diagonal — ge-

netic distance (D), with standard errors calculated by the method

of Nei and Roychoudhury (1976). Below the diagonal — geographic
distances (km).

Population
J\' 10 21 29 32 37 39
04 n 0-8 10
&/na

Figure 2. — Relationship between the actual number of alleles 10 -0023 -0038 -0031 -0021 -0036
(n)) and the ratio of effective number to actual number (n /o). +.0011 +.0018  +.0024  +.0011  +.0020
Solid line is theoretically expected relationship. Square dots mark

individual loci, circles the population average.

21 26.2 .0084 .0041 .0033 .0042
cies and both are maximised when allele frequencies are +.0049  +.0022  +.0024  +.0025
equal, there is obviously a very close relationship between
the two.

29 52.1 26.2 .0023 .0025 .0025

Kirsy and Harupay (1973) suggested that the ratio of the
. . +.0009 +.0020 +.0015
effective number of alleles:-t0 the actual number can - - -
be used to examine whether the isozyme loci involved
are selectively neutral. By using the neutral allele model 32 39.3 14.3 13.7 .0017 .0023
of Kimura and Crow (1964), the theoretical relationship be- +.0009  +.0013
twecn this ratio and the actual number of alleles can be
7 4.4 1.4 27.8 15.7 .
Table 5. — Results of the X* contingency tests and F-statistics for 3 2 5 0008
each locus. Totals are given for Xt df and F,, means for F., +.0003
. A ST 18 s
F!T (direct) and FIT (indirect).
¥2 af Frs Fir Fir Fsr 39 13.4 12.8 38.7 25.9 .2
(direct) (indirect}
Ao 13.20 o o.0m2 . (b) F-statistics. The values of Fg, Fyr (direct and indirect)
. -0. -0.024 0.004 .01 . . e .
0 0.016 and Fgp are given in Table 5 for individual loci, together
AT 12.63 0 0.045  0.088  0.060 0.006 with the mean values for all loci. The value of Fgy gives
FUM 2.27 5  -0.030 -0.006  -0.024  0.005 an indication of the relative amount of variation between
6P 28.05* Is 2.046 0.061 0.060 0.014 populations compared with the total observed variation.
oK 22.50%% 5 -0.013  -0.089 0.035  0.047 Thus between population vt'uu'latlo.n a.cc.ounts fo? or%ly 1 ;?er
Ton 6.09 s 0026 0.019 ool 0.0 cent of the total overall, whilst at individual loci this varies
. -0. -0. -0. 013
between 0.5 per cent at FUM to 4.7 per cent at GDH.
MDH-3 14.3) 0 0.046 0.110 0.068  0.023 < 4s . s gk
(c) Genetic distance. The matrix of genetic distances a-
pam 5.86 10 0.045  0.054  0.050  0.005 mong populations is given in Table 6. As explained above,
6PGD-1 10.58 0 -0.025  -0.016  -0.017  0.008 since monomorphic loci are probably under-represented,
6PGD-2 6.76 10 -0.005 0.018 0.003  0.007 these estimates of genetic distance are probably upper
PGl .92 0 -0.037 0.000 -0.016  0.020 limits. If the observed genetic distances between popula-
. isolati . P d
TOTAL/AVERAGE 134.17 100 0.003 0.019 0.019  0.010 tions are due to 1@4..'Jlatxo.n by dlstanc.e, it would be exI.Jecte
that a strong relationship should exist between genetic and
geographic distance (Ner 1975). The product-moment cor-
Significance Jevels: * 8%, ** 13, relation between genetic and geographic distances is 0.064.
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As there is no general method for specifying the degrees
of freedom for pairwise comparisons of two matrices of in-
tercorrelated populations (Jorpe, 1980), the significance
level of this correlation coefficient cannot be determined.

Discussion

An ideal measure of genetic diversity should produce a
single value which accounts for the observed allele fre-
quencies and number of alleles per locus. On these grounds,
the expected heterozygosity at each locus and average he-
terozygosity over all loci have been criticized by BercMaNN
and Grecorius (1979) since they do not take into account
the number of alleles at a locus and, in the latter case,
the number of loci used in the calculation. Nevertheless,
expected and average heterozygosities are among the most
frequently reported statistics for characterizing genetic
diversity.

Many of these analyses assume a random sample of in-
dependently segregating loci (Nei, 1973, 1975). Several of
the loci included in this study are either linked or in
linkage disequilibrium (Bovie and MORGENSTERN, 1985).
However, as a large sample of common loci is desirable,
especially for comparisons among species, it was consider-
ed that the bias involved in including some non-indepen-
dent loci would be less serious than that resulting from a
much smaller sample of independent.loci.. .

In this study average heterozygosities ranged from 0.192
to 0.253 for the six populations of black spruce with a
mean of 0.229 (Table 2). These estimates are similar to
those obtained for other conifer species. For example, in
Douglas fir (Pseudotsuga menziesii (Mirs) Franco), esti-
mates have been reported of 0.155 (Yen and O’MALLEY,
1980) and 0.388 (Yanc et al., 1977). In Sitka spruce (Picea
sitchensis (Boncg.) Cagrr.), Yen and Ei-Kassasy (1980) found
an average heterozygosity of 0.147, whilst in eleven popula-
tions of Norway spruce (P. abies Karst.) in Sweden, LuNp-
kvist and Rupin (1977) obtained estimates ranging from 0.32
to 0.41. In lodgepole pine (Pinus contorta ssp. latifolia
CrircurieLp) Yed and Layron (1979) reported a figure of
0.160 compared with an estimate of 0.146 in jack pine (P.
banksiana Lawms.) (DanzmanN and Buchert, 1983). In a
review of population genetic studies on a wide array of
plant species, Hamrick et al. (1979) list observed heterozy-
gosities for conifer species ranging from zero (for Pinus
resinosa Airr.) to 0.43 (for Norway spruce).

In most of these studies, considerable inter-locus hetero-
geneity has been noted in expected heterozygosities, though
characteristically with a modal value approaching zero
(Yen and O’Marrey, 1980). This heterogeneity results in
large standard errors of average heterozygosity, as indeed
was the case in this study, with standard errors ranging
from 36 per cent to 46 per cent of the estimates. For this
reason (Yex (1981) recommends a large sample of loci. YEn
and O’MavLey (1980) considered that the much higher esti-
mate of average heterozygosity obtained for Douglas fir
by Yanc et al. (1977) was in fact an artifact due to the much
smaller number of loci used in the latter study. This theory
would appear to be reasonable, since the high estimates
reported for Norway spruce by Lunpkvist and Rupin (1977)
were also based on a small number of loci (4). Twelve loci
were assayed in this study, which. were selected for the
estimation of mating system parameters. For this reason,
the sample was somewhat biased towards more variable
loci (Suaw, 1982). The estimates reported here are there-
fore likely to be somewhat biased upwards.
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As noted previously, the effective number of alleles per
locus (Table 4) is highly correlated with expected heterozy-
gosity (Table 2) since their response to allele frequencies
is so similar. Therefore, the same comments apply as for
expected heterozygosity. However, since the effective num-
ber of alleles does give an indication of the number of
alleles at a locus, it should be included in any description
of genetic diversity. As can be seen from Figure 2, there is
generally quite good agreement between the observed
values of n, and n./n,, implying that the isozyme loci in-
volved may be selectively neutral. The values for popu-
lation averages lie very close to the theoretical curve. All
of the extreme points to the right of the curve are ac-
counted for by two loci — PGM and 6PGD-1. There may
therefore be some indication of non-neutrality at these
loci. However, using some other approaches to examine
selective neutrality, Boyre (1985) found no evidence for se-
lection at these two loci. Methods for the detection of se-
lective neutrality among enzyme polymorphisms still re-
quire further refinement, as evidenced by the differing
results from various approaches. Kirsy and HarLipay (1973)
caution that any interpretation of the relationship between
n, and n,/n, must be tentative. Thus, the selective neu-
trality of any of these loci cannot be determined with
certainty. The other two measures of genetic diversity
used, namely the number of alleles per locus and the per-
centage of heterozygous loci per individual are comparable
to those reported in other widely distributed, predomi-
natly outcrossing conifers (e.g. Yen and O’Mariey, 1980;
Yen and Ei-KassaBy, 1980). Standard errors for both
measures were so large that no significant differences
among the populations could be detected.

Only two loci (G6P and GDH) out of eleven showed any
significant differentiation in allele frequencies among the
six populations (Table 5). In contrast, in ponderosa pine
(Pinus ponderosa Laws.), differentiation among six clusters
within a single stand of about 2 ha was detectable at two
out of seven loci (Linuart et al. 1981). Guries and Lebic
(1977) studied four populations of pitch pine (Pinus rigida
MiiL.) in New Jersey which were separated by distances
comparable to those in this study. They found significant
differentiation at nine out of 15 loci, and considerable
variation in y2 values, which they attributed to individual
loci responding independently to different factors causing
the variation. Therefore, they concluded that environmen-
tal heterogeneity was at least partly responsible. Similar
results were obtained from a larger study of the same
species involving eleven populations from North Carolina
to Quebec (Guries and Lepig, 1981).

If the genetic differentiation among populations is ran-
dom, the direct and indirect methods of estimating Fyp
should give identical results (LinuarTt et al., 1981). Table 5
shows that at some loci for example G6P, PGM and 6PGD-
1) the agreement is quite close but for others the two
methods give very different estimates. The overall aver-
ages for the two methods are identical, suggesting that
the observed differentiation may indeed be random.

Values of Fgr in most conifer species studies have tend-
ed to be less than 0.1 (summaries in Guries and Lepic 1981
and. Yeu 1981). This is interpreted as meaning that more
than 90 per cent of the total variation observed is attribu-
table to variation within populations and less than 10%
to variation among populations. The results obtained for
black spruce (Table 6) suggest that as much as 99 per cent
of the variation is contained within populations with 1 per
cent among populations, at least within distances of up to



52 km. These figures are larger than for most species, but
comparable with balsam fir (Abies balsamea (L.) ML) in
New Hampshire (NearLe, 1978). Yen (1981) has attributed
low Fgp values to the ecological amplitude of the species
investigated, their breeding system and to the lack of ef-
fective barriers to gene flow. The obvious implications of
low Fgp values are that intensive efforts to sample a large
number of populations within a region are not worthwhile;
it would be far more efficient to concentrate on intra-
population sampling.

Comparisons of genetic distance should be made with
caution since the absolute values are affected by the num-
ber of monomorphic loci included (Linuart et al., 1981).
Also, as N1 (1972) points out, the method is not reliable
for values near zero and the large standard errors calcu-
lated indicate that many of the distances are not signifi-
cantly different from zero. Nevertheless, these results are
clearly typical of many conifer species. Lunpkvist (1979),
using only polymorphic loci, obtained distances between
four Swedish populations of Norway spruce ranging from
0.011 to 0.042. On the other hand, Yeu and O’'MaLLey (1980),
with three monomorphic loci out of 21 assayed, found ge-
netic distances among eleven populations of Douglas fir
ranging from 0.0002 to 0.0082. As noted earlier, a strong
correlation between genetic and geographic distance is
expected if isolation by distance is responsible for the ob-
served differentiation. The near-zero correlation coeffi-
cient found here suggests that some other factor may be
responsible for the differentiation. Of course, due to the
large standard errors of genetic distances, the correlation
coefficient may merely be reflecting the fact that many of
the distances are approximately zero.

Black spruce readily hybridizes with red spruce (Picea
rubens Sarc.), which forms a major component of the natu-
ral forest in New Brunswick. It might be expected there-
fore that differences in the degree of introgression of the
two species would inflate the estimates of between-popula-
tion variation. For this reason, although black spruce ap-
pears to be typical of many conifer species in terms of the
amount and distribution of genetic diversity, it is perhaps
surprising that larger values were not obtained for Ggr
and D. On the other hand, the populations sampled have
been selected as phenotypically superior stands and may
therefore be purer black spruce than the average New
Brunswick population.

Conclusions

Estimates of genetic diversity should take into account
both the number of alleles at a locus and their relative
frequency. Therefore both average heterozygosity and the
average number, are required to characterise the diversity.
Since there is a large amount of inter-locus heterogeneity,
a large, random sample of loci is required in order to pro-
vide accurate estimates. Unfortunately, since five of the
twelve loci assayed in this study were either linked to or
formed gametic associations with other loci, there were
only six independent, polymorphic loci and a single mono-
morphic locus. Standard errors of the various measures
of diversity were therefore large. Despite this, black spruce
appears to be typical of many conifer species in terms of
levels of genetic diversity, especially when the upward
bias due to the small number of loci is considered.

Similarly, although the various estimates of population
differentiation suggest that somewhat more of the total
variation in black spruce resides within populations than in

some other species, the figures obtained are not atypical.
An intense within-population sampling strategy is there-
fore recommended for black spruce tree improvement in
New Brunswick.

The degree of differentiation among populations prov-
ed to be non-significant based on the contingency analysis.
Thus the present rangewide provenance tests probably
adequately sample the overall pattern of variation in the
species. What differentiation does exist between popula-
tions is apparently not the result of isolation by distance
since genetic and geographical distances seem to be
only weakly related. However, this interpretation can only
be tentative since the standard errors of genetic distance
were so large.
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Identifizierung von Hybridlirchen mit Hilfe chemischer Merkmale

Von G. WeissMann®) und S. Reck**)

Bundesforschungsanstalt fiir Forst- und Holzwirtschaft Hamburg, Institut fiir Holzchemie und chemische Technologie
des Holzes*) und Institut fiir Forstgenetik und Forstpflanzenziichtung**)

(Eingegangen 8. Dezember 1986)

Zusammenfassung

Eine Unterscheidung zwischen Hybriden und artreinen
Lérchen ist in der Forstwirtschaft und in der Ziichtung
auBlerordentlich wichtig, nach dem #uBeren Erscheinungs-
bild jedoch nicht immer moéglich. Ziel der Untersuchungen
war es, chemische Merkmale auf ihre Eignung zur Identi-
fizierung von Hybridlirchen zu priifen. Dazu wurden Na-
deldle und Harzbalsame aus definierten Bestinden euro-
péischer (Larix decidua) und japanischer Lirche (L. kaemp-
feri) sowie Hybridldrchen (L. decidua X L. kaempferi und
L. kaempferi X L. decidua) gewonnen und mit Hilfe von
GC und GC/MS untersucht. Die neutralen, nicht fliichtigen
Bestandteile der Harzbalsame enthalten hauptséchlich bi-
cyclische Diterpenalkohole neben Harzaldehyden. Ein mo-
nocyclischer Diterpenalkohol (Thunbergol) tritt nur im Bal-
sam von L. kaempferi und in den Hybriden auf, ist aber im
Balsam der europdischen Lirche nicht nachzuweisen und
damit fiir eine Unterscheidung zwischen reinen euro-
paischen Lirchen und Hybridliarchen geeignet.

Summary

In forestry and forest tree breeding a differentiation be-
tween hybrids and pure larches is very important but ac-
cording to the exterior appearance not always possible. The
aim of this investigation was to test chemical markers for
the identification of larch hybrides. Needle oils and oleore-
sins from authentic stands of European (Larix decidua) and
Japanese larch (L. kaempferi) as well as hybrids (L. decidua
X L. kaempferi, L. kaempferi X L. decidua) were isolated
and analyzed by GLC and GLC/MS. The neutral non-vola-
tile fractions of oleoresins contain mainly bicyclic diter-
pene alcohols aside from resin aldehydes. A monocyclic
diterpene alcohol (thunbergol) is present only in oleoresins
from L. kaempferi and hybrids but could not be identified
in L. decidua oleoresin and is therefore suitable for a dif-
ferentiation between pure European larch and hybrids.

Anschrift: *) Leuschnerstraie 91, D-2050 Hamburg 80

*+) Sieker LandstraBe 2, D-2070 Grohansdorf 2

60

Key words: Forest tree breeding, L. decidua, L. kaempferi, Iden-
tification of hybrids, Composition of needle oils,
Separation and composition of oleoresins, Gas-liquid
chromatography, Mass-spectrometry.

Einleitung

Hybriden zwischen europiischen und japanischen Lé&r-
chen (Larix eurolepis Henmry) konnen in der Natur nach
spontaner Kreuzbefruchtung zwischen beiden Arten ent-
stehen. Da beide Lirchenarten in beiden Richtungen mit-
einander leicht kreuzbar sind, ist in allen Gebieten, in de-
nen europiische und japanische Lirchen gemeinsam vor-
kommen, mit dem Auftreten zufillig entstandener Arthy-
briden zu rechnen (LANGNER 1951/52). In der Forstpflanzen-
ziichtung werden Hybridldrchen durch kiinstliche Zwischen-
artkreuzungen erzeugt oder aus ,Hybridsamenplantagen“
nach freier Befruchtung gewonnen mit dem Ziel, durch die
Hybridisierung eine erhéhte Wuchsleistung auszulésen
(,Heterosis) oder erwiinschte arttypische Eigenschaften mit-
einander zu kombinieren. In allen Fillen sind Kriterien
fiir eine sichere Identifizierung von Hybriden erforderlich.
Fiur die Beurteilung von Lirchenbestinden auf ihre Eig-
nung als Saatguterntebestinde ist von Bedeutung, ob und
mit welchem Anteil Hybriden enthalten sind. In der Hy-
bridlirchenziichtung ist die Identifizierung von Hybriden
in den Ausgangspopulationen und in den geziichteten Nach-
kommenschaften wesentlicher Teil der Ziichtungskontrolle.

Da eine sichere Unterscheidung zwischen Hybriden und
artreinen Lirchen nach dem &uBeren Erscheinungsbild
nicht immer moglich ist, sollten chemische Merkmale auf
ithre Eignung zur Identifizierung von Hybridldrchen ge-
priift werden. Als relativ leicht zugéngliches Untersu-
chungsmaterial kommen die Nadel6le und die Harzbalsame
in Betracht, die aus definierten Bestinden européiischer
(Larix decidua) und japanischer Lirchen (L. kaempferi)
sowie der Hybridldrchen (L. decidua X L. kaempferi und
L. kaempferi X L. decidua) gewonnen wurden.
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