A., Correrirr, P. P. and Cameron, J. N.: Genetic parameters and
gains expected from multiple trait selection of radiata pine in east-
ern Victoria. Aust. For. Res. 13: 271—278 (1983). —— FieLpinNG, J. M.:
Factors affecting the rooting and growth of Pinus radiata cuttings
in the open nursery. Forestry and Timber Bureau, Canberra. Bul-
letin No. 45, 38 pp. (1969). —— Harvey, W. R.: Least-squares analy-
sis of data with unequal subclass numbers. USDA Agric. Res. Serv.
Publ. No. ARS 20-8. 157 pp. (1960). —— Harvey, W. R.: Instructions
for the use of LSML76. Mixed model least-squares and maximum
likelihood computer program. Mimeographed paper. 76 pp. Ohio
State Uni., Columbus, Ohio (1977). —— Hazgr, L. N., Baker, M. L.
and RemwmiLLer, C. F.: Genetic and environmental correlations be-
tween the growth rates of pigs at different ages. J. Anim. Sci. 2:
118—128 (1943). —— KemprHORNE, O.: An Introduction to Genetic
Statistics. Chapter 20. JTowa State Univ. Press, Ames, Iowa (1969).
—— K-raus, J. F.: Estimates of general and specific combining
ability for height and rust resistance from single-crosses of slash
Pine. Silvae Genet. 22: 121—124 (1973). —— KRgrEMER, A.: Déterminis-
me génétique de la croissance en hauteur du Pin maritime (Pinus
pinaster Air). III. Evolution des composantes de la variance phé-

notypique et génotypique. Ann. Sci. Forest. 38: 355—375 (1981). —
Martneson, A. C. and Raymonp, C. A.: The impact of genotype X en-
vironment interactions on Australian Pinus radiata breeding pro-
grams. Aust. For. Res. 14: 11—25 (1984). —— SueLBoURNE, C. J. A. and
Low, C. B.: Multi-trait index selection and associated genetic gains
of Pinus radiata at five sites. N.Z. J. For. Sci. 10: 307—324 (1980). —
SLupker, E. R.: Three increments of gain from three stages of selec-
tion in slash and longleaf pines and heritabilities at age 21 years.
Proc. 17th Southern Forest Tree Improv. Conf., pp. 253—261. Athens,
Georgia (1983). —— Sn~yDEeR, E. B. and Namkoong, G.: Inheritance in
a diallel crossing experiment with longleaf pine. USDA Forest Serv.,
Res. Paper S0-140. 31 pp. South. For. Exp. Stn., New Orleans, Loui-
siana (1978). —— Swicer, L. A., Harvey, W. R., Everson, D. O. and
Grecory, K. E.: The variance of intraclass correlation involving
groups with one observation. Biometrics 20: 818—826 (1964). —
Tarus, G. M.: Sampling errors ®f genetic correlation coefficients
calculated from analyses of variance and covariance. Aust. J. Stat.
1: 35—43 (1959). —— WiLcox, M. D., SueLBourng, C. J. A. and FIrTH,
A.: General and specific combining ability in eight selected clones
of radiata pine. N.Z. J. For. Sci. 5: 219—225 (1975).

Genetic Differentiation among Seed Samples from Provenances
of Pinus sylvestris L.

By G. MULLER-STARCK

Institut fiir Forstgenetik und Forstpflanzenziichtung,
Forstliche Biometrie und Informatik, Universitiat Gottingen,
Biisgenweg 2, D-3400 Gottingen, Fed. Rep. of Germany

(Received 15th July 1986)

Summary

Differentiation is studied among seed samples from nine
Scots pine forest stands or seed orchards. The results are
based on the allele frequencies obtained at ten enzyme ge-
ne loci. Pairwise statistical comparisons between the samp-
les indicated significant deviations for nearly all pairs. The
genetic distances reflected similar tendencies but were
shown to allow more reliable interpretations of the genetic
differences between samples and the efficiency of single
loci in revealing such differences. A new method of sub-
population differentiation was applied to measure and il-
lustrate the genetic differentiation among the samples and
their complements instead of in pairs. The presented graphs
clearly point out loci reflecting maximum differentiation
and thus can serve as a criterion for the selection of the
best-suited single locus or multilocus combination. The
proposed methods can be utilized equally well for genotype
frequencies, which, lowever, requires larger sample sizes.
As a result of the measure of subpopulation differentiation,
the seed orchard crops were proven to show greater genetic
differentiation than the samples representing the seed of
forest stands.

Key words: Differentiation, allele frequency, provenance, forest,
seed, Pinus sylvestris L.

Zusammenfassung

Bei Pinus sylvestris L. wurde die Differenzierung zwi-
schen Samenstichproben aus neun Bestdnden bzw. Samen-
plantagen untersucht. Die Ergebnisse basieren auf den an
zehn Enzym-Genorten ermittelten Allelhdufigkeiten. Der
paarweise statistische Vergleich zwischen den Proben zeigt
fiir nahezu alle Paare signifikante Abweichungen. Die ge-
netischen Abstédnde spiegeln dhnliche Tendenzen wider, sie
gestatten jedoch zuverlédssigere Interpretationen der ge-
netischen Unterschiede zwischen den Proben und verdeutli-
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chen die Effektivitidt einzelner Genorte fiir den Nachweis
solcher Unterschiede. Es wird eine neue Methode der Dif-
ferenzierung von Subpopulationen angewendet, um gene-
tische Differenzierung nicht paarweise sondern zwischen
Einzelproben und der jeweiligen Komplemente zu messen
und zu veranschaulichen. Die verwendeten Darstellungen
zeigen deutlich, welche Genorte groBte Differenzierung re-
flektieren und kénnen daher als Kriterium fiir die Auswahl
der am besten geeigneten Einzel-Genorte oder deren Kom-
binationen dienen. Die vorgeschlagene Methode kann glhei-
chermallen gut fiir die Haufigkeiten von Genotypen ver-
wendet werden, jedoch erfordert dies groBere Stichproben-
umfinge. Als ein Ergebnis der Messung der Differenzierung
von Subpopulationen kann festgehalten werden, dafB3 die
aus Plantagen stammenden Proben eine grifiere genetische
Differenzierung zeigen als diejenigen aus Waldbestinden.

Introduction

In this country, the marketed reproductive material of
coniferous species still originates exclusively from genera-
tive propagation. By law, this category is termed “selected
reproductive material”. In effect, such seed originates from
collections in phenotypically selected forest stands or from
particular breeding populations, i.e. seed orchards. which
are laid out to reduce pollination from the outside and are
managed to produce abundant crops of seed. At present, in
Scots pine (Pinus sylvestris L.), clonal seed orchards cover
nearly 500 ha or 0.4% of the total area of selected Scots pine
seed stands. The area devoted to clonal seed orchards, is,
however, increasing continuously, as is the productivity.
Seed stands are located in designated regions of provenance
which are supposed to be ecologically homogeneous. The
clones being used for seed orchard establishment descend
vegetatively from phenotypically selected trees in forest
stands within regions of provenance. In the present paper,
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the term provenance designates the origin of seed samples
from both forest stands and seed orchards.

Characterization of reproductive material in the strict
form of unique identification of its origin is not practicable,
because it would require that each existing provenance be
genetically inventoried and that it have distinct identifiable
characters which are obtained in the same way in the off-
spring populations. Even if seed are collected in different
parts of one and the same forest stand, the resulting ma-
terial can be expected to show genetic heterogeneity. The
same ist true between flowering periods as a result of
varying fertilities, mating system effects and also early
stage viability selection. Such heterogeneities over time
were studied in Scots pine seed orchards and found to oc-
cur in most cases (e.g. MULLER-STARCK et al. 1983, MULLER-
Starck and Ziede 1984, MULLER-STARCK 1985).

Therefore, a characterization of forest provenances is
practicable only by genetic methods of differentiation
among the studied matepial. This can occur in the form of
an assigment of sexually reproduced material to parental
populations or to any other samples in question in order to
monitor genetic differences among the respective samples
(for survey of limitations and recent results of the “identi-
fication” of forest reproductive material see GreGorius 1983,
GRreGorius, HATTEMER and BERGMANN 1984, MULLER-STARCK
1983).

The aim of the present paper is to investigate differen-
tiation among seed samples from forest stands and clonal
seed orchards of Scots pine. It is self-evident that any
method of genetic differentiation requires the existence of
environmentally independent genetic markers.

Material and Methods
Seed samples
Nine seed probes from five Bavarian regions of prove-
nance were genotyped, each probe being represented by 120
seeds drawn randomly from the bulked crop of forest stands
(STAND) or single clonal seed orchards (S.0.):
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Figure 1. — Location of the sampled forest stands (hatched area)
and seed orchards (dots) in Bavaria.

1976). The data were originally used to test ways of iden-
tifying components of mixtures (MiULLER-StARCK 1984). The
genetic control of the enzyme systems leucine aminopepti-
dase, glutamate oxalacetate transaminase, malate dehydro-
genase, and shikimate dehydrogenase (LAP, EC 3.4.11.1,
GOT, EC 26.1.1, MDH EC 1.1.1.37, SKDH, EC 1.1.125) was
verified by analysing seeds from controlled crosses (MuL-
LER-STARCK 1982 a, b and unpublished; see also Rubin and
ExBerc 1978, Cuunc 1981 for GOT, and Szmipt and YAzpaNi
1984 for SKDH in Scots pine). The multilocus-genotypes
were scored simultaneously by horizontal starch gel elec-

Sample Ref. No. and design. of region of Seed Flowering
provenance/location of seed orchards category period
1 851 18 Steigerwald STAND 1979
2 851 19 Selb STAND 1977
3 851 19 Selb/Ebrach I S.0. 1979
4 851 19 Selb/Ebrach II S.0. 1979
5 851 19 Selb/WeiBlenstadt S.0. 1979
6 851 19 Falkenberg STAND 1977
7 851 20 Mid. Bavaria/Rothenburg S.0. 1979
8 851 22 Alpes/Laufen S.0. 1980
9 851 23 Schrobenhausen STAND 1979

The geographical origin of the nine seed probes is marked
in Figure 1.

The two seed orchards Ebrach I and II (probe 3 and 4)
were established by the same clones but differ with re-
spect to the actual number of replicates per clone (for de-
tails see MiULLER-StARCK 1985). These seed orchards and the
orchards Rothenburg and Laufen (probes 7 and 8) are locat-
ed outside of the provenance region.

Genotyping

Each seed was genotyped separately for its haploid endos-
perm (macro gametophyte) and the corresponding diploid
embryo, which allows the determination of the female and
male contributions as an ordered pair (MULLER(-STARCK)

trophoresis at ten enzyme gene loci: LAP-B, GOT-A, B, C,
MDH-A, B, C, D, SKDH-A, B. Like the other eight loci,
MDH-B and MDH-C also segregate independently but form
heterodimers in both endosperm and embryo tissue (see
also O’MALLEY, ALLENDORF and Brake 1979, EL-Kassapy 1981
for other species).

Genetic parameters

The allele frequencies at each gene locus were deter-
mined and used for a pairwise comparison between the
probes by G-tests of heterogeneity (log likelihood ratio test,
k X 2 table, Weser 1978, chap. 6.7.5; see also ELANDT-~ JOHN-
soN 1971, chap. 13.10, for general concepts) and for estimat-
ing genetic distances (Grecorius 1974) by means of the com-
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Figure 2. — Melative’frequencies of four alleles at the gene locus
MDH-D in nine sed samples. Data are based on the combined
female and male allele frequencies (2 X 120 alleles per sample).

puter program GSED (GiiLer et al, in preparation). The
concept of Grecorius and Roserps (1986) was applied to
measure the genetic differentiation among the seed probes.

Results and Discussion

Allele frequencies

In Figure 2, the allele frequencies are given exemplarily
at a gene locus which reflects pronouced deviations among
the studied seed samples. The illustrated distributions refer
to the combined frequencies among the female and the
male genetic contributions to the seeds. Two alleles appear
to be comparatively frequent in nearly all samples (MDH-
D, and D,), and one is either rare or not represented in all
probes (MDH-D,). The latter phenomenon also occurs in
most of the obtained frequency distributions of alleles and/
or genotypes at the other gene loci. It includes the appear-
ance of unique alleles/genotypes. Due to low class frequen-
cies, a reliable qualitative distinction on the basis of uni-
gue single-or multilocus types was not practicable, so that
only quantitative criteria remained for discrimination
among the seed probes. In the given example, outstandingly
high or low frequencies are indicated for the samples 5 and

8 with respect to the allele MDH-D,, for the samples 2, 5, 7
in the case of D,, and particularly for sample 5 with respect
to D,.

Other available criteria for discrimination are (1) the
allele frequencies in either the female or the male gametic
contributions to the seeds and (2) the genotype frequencies
at each of the ten gene loci. The latter can be expected to
reveal larger deviations between samples due to the much
greater number of different types per locus as compared
to the alleles. However, in many cases this would imply
overly small numbers of genotypes in single frequency
classes and thus restrict theapplicability of statistical test
procedures. Moreover, genotype frequencies among seeds
are less suitable for differentiation studies, since they may
vary heavily with the mating conditions, which, in turn,
may depend strongly on environmental fluctuations. To
achieve a maximum number of samples within each fre-
quency class, it was appropriate to pool the combined fe-
male and male allele frequencies.

Deviations between pairs of seed samples

Statistical tests

Viewing the ten gene loci, in 35 of the 36 pairs which can
be formed from nine samples, the two seed lots differed
significantly from each other in their frequency distribu-
tions of alleles at one or more loci according to the G-test.
Only the pair of samples 6 and 9 could not be discriminat-
ed statistically. Exemplarely for other loci, in Table 1 re-
sults are surveyed for two of them, MDH-B and MDH-D.
In the case of MDH-B outstandingly low frequencies of
two out of three alleles were obtained, even after pooling:
Since the G-test is not sufficiently accurate in such cases,
the exact a-values were calculated with the rare alleles
pooled according to the optimum exact test for 2 X 2
tables (KenpalL and Stuart 1961, Vol. 2, sec. 33.24).

Significant deviations are evident for 15 pairs for MDH-
B and for 24 pairs for MDH-D. Both gene loci together
already enable the statistical discrimination of 28 of the
36 pairs. Comparatively low a-values, i.e. high probabilities
that the two samples do not originate from populations.
with identical allele frequency distributions, are obtained
in the case of MDH-B for the pairs 3—5, 3—6, 3—7, 4—6,

Table 1. — Results of heterogeneity test calculated for all pairs of seed samples for two selected gene loci, MDH-D and MDH-B
(upper and lower diagonal half resp.): For MDH-D, the G-values are given. For MDH-B the exact «-values were calculated be-
cause of too small expected allele frequencies. In the case of MDH-D, the alleles 1 and 3 were pooled and for MDH-B the alleles
2 and 3. Data refer to the combined female and male allele frequencies.

Seed sample

Seed

sample 1 2 3 4 5 6 7 8 9
1 - 12.74 ** 0.36 ns 2.54 ns  62.21 ***  0.42 ns  16.90 ¥*X 7,91 % 0.78 ns
2 0.751 ns - 12.40 ** 4.09 ns 24.64 ¥** g go * 1.78 ns  18.95 X** 7. g; *
3 0.108 ns 0.028 ¥ - 2.27 ns  65.05 **  0.90 ns 14.98 *¥** qq,48 ** 0.55 ns
4 0.324 ns 0.113 ns  0.682 ns - 44.69 *** 1 45 ns 6.51 % 11.25 ** 0.60 ns
5 0.122 ns 0.372 ns  0.001 *** . 006 ** - 52,77 XXX 35 3p ¥XX g o7 AKX 54 g6 XXX
6 0.030 ¥ 0.123 ns  0.001 **%* 0. 001 *** 1,000 ns - 13.08 ** 6.91 % 0.36 ns
7 0.030 ¥ 0.123 ns  0.001 *** . 001 *** 1,000 ns  1.000 ns - 29.83 **¥ 10,59 *%
8 0.447 ns 0.173 ns 0.531 ns 1.000 ns 0.011 ¥ 0.002 ** . 002 ** - 10.33 **
9 0.285 ns 0.686 ns 0.004 ** o0.021 ¥ 1.000 ns 0.500 ns 0.500 ns 0.036 * -

*005 > P > 001; *+0.01 >P = 0.001;
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Table 2. — Genetic distance between samples on the basis of allele frequency at the gene loci of Table 1.

Seed sample

seed

sample 1 2 3 4 5 6 7 8 9
1 - .162 .017 .075 .358 .042 .183 .104 .038
2 .021 - .154 .088 .196 .133 .033 .175 .133
3 .058 .046 - .067 .350 .037 L1758 .108 .042
4 .021 .029 .038 - .283 .046 <113 .104 .046
5 025 .013 .054 .042 - .317 . 204 .287 .329
6 .025 .017 .058 .046 .004 - .158 .088 .025
7 .025 .017 .058 .046 .004 . 000 - . 200 .146
8 .017 .033 .054 .017 .038 .042 .042 - 112
9 .021 .008 .054 .037 .004 .008 .008 .033 -

4—7. Analogously, in the case of MDH-D, outstanding high
G-values are apparent for all combinations which include
sample 5 and to a lesser degree also sample 8. The opposite
holds particularly for the pairs 4—8, 5—6, 5—7, 6—7 for the
first locus and for 1—3, 1—6, 4—9, and 6—9 for the second.
This indicates trends in favor of single samples (e.g. sample
3 or 5), but there is no general tendency observable within
seed samples from seed orchards, within forest stands, or
within certain provenance regions.

Summarizing results of all studied gene loci, among the
pairs of samples which can be statistically discriminated
simultaneously on the basis of six or even seven loci, the
samples 3, 5, 7, and 8 appear more often than the others.
These samples all originate from seed orchards. The
samples 2, 6, and 9 rarely appear in this category but are
included more frequently among those pairs which can be
discriminated on the basis of two or fewer loci. They all
originate from forest stands. However, these findings
merely indicate a tendency and do not yet permit general
interpretation in terms of a systematic discrimination be-
tween samples from forest stands and those from seed
orchards.

The results of statistical testing would provide more in-
formation if the ranking of the G-values could be used in
order to quantify deviations between the respective fre-
quency distributions and thus to indicate gene loci which
are particularly effective or ineffective in revealing such
deviations. Unfortunately, appropriate multivariate analy-
sis to solve this problem does not seem to exist.

Genetic distances

The genetic distance was used to quantify the hetero-
geneity between two frequency distributions of alleles on
a continuous scale: Values of zero indicate two identical
samples, while values equalling one signify the absence
of common alleles in the respective samples. In Table 2,
the genetic distances are given for the same gene loci and
the same combined allele frequencies as in Table 1.

On the average, the genetic distances obtained for the
gene locus MDH-D are much higher than those for MDH-
B. As in the case of the G-values in Table 1, comparatively
high values are obtained for the locus MDH-B in the case
of the pairs 3—6, 3—7, and for MDH-D again for all com-
binations which include sample 5. Minimum values are
evident for MDH-B for the pairs 5—6, 5—7, 5—9, 6—7, and
for MDH-D in the case of the pairs 1—3, 2—7, 6—9.

There is once again no clear indication of trends visible
only in seed samples from forest stands as compared to

those from seed orchards. The results obtained for MDH-D
suggest the more general statement that sample 5 is gene-
tically different from the remainder.

The given genetic distances quantitatively confirm the
tendencies demonstrated by the set of G- or a-values in
Table 1. It is obvious that the distance values are much
greater for MDH-B than for MDH-D. Here and also in the
case of other loci, this trend is less apparent in the results
of the statistical tests. The reason for such a phenomenon
could be the dependency of test statistics on the manner in
which the single samples are distributed over the frequency
classes, while the applied distance measure is entirely in-
dependent of this. Both loci, MDH-B and MDH-D, reflect
a considerable numer of statistically significant deviations
(15 and 24 resp.) even though the genetic distances indicate
a much higher level of genetic heterogeneity for MDH-D
than for MDH-B.

Genetic differentiation among seed sam-
ples

The measure of Grecorius and Roserps (1986) for sub-
population. differentiation was utilized to describe genetic
differentiation among the studied samples as a whole in-
stead of in pairs. Like the calculated genetic distances, this
measure is based on the frequency distribution of alleles
or genotypes, but here the frequencies abserved in one
sample are contrasted with the weighted averages of the
frequencies among the remaining samples. Hence each seed
sample is considered to be a subpopulation, and differen-
tiation is measured by the genetic distance between it and
the other eight samples, which are combined to form the
respective complement population.

In Figure 3, the genetic differentiation among all seed
samples is based on the combined female and male allele
frequencies and plotted for all ten gene loci as well as for
the gene pool, i.e. the weighted average of these loci. In
each graph, the radius of the dotted circle is equal to the
average level of differentiation at that particular locus. The
given scale measures the average proportion of alleles in
which any sample differs from the remainder. For instance,
a radius of the value 0.2 indicates that each seed sample
differs from the lumped remainder on the average by 20%
of its alleles. Consequently, the larger the radius of the
dotted circle, the more effective the respective locus is in
reflecting genetic differentiation.

As can be seen in Figure 3, the gene locus GOT-A, and
to some extent the loci MDH-A, MDH-B, and SKDH-B,
are not suitable for revealing differentiation among the
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Figure 3. — Genetic differentiation among nine seed samples at the level of the combined female and
male allele frequencies for ten gene loci and their entire gene pool. Probes 3, 4, 5, 7, 8 originate from
seed orchards, probes 1, 2, 6, 9 from forest stands.

samples. The opposite holds particularly for MDH-D and
also for GOT-B, GOT-C, and SKDH-A. It is self-evident
that the latter category of gene loci contributes to a much
greater extent to the sample differentiation in the gene
pool graph than the others.

Analogously, for each graph the radii of the sample-spe-
cific solid sectors are equal to the proportion of alleles in
which a sample differs from the lumped remainder at the
respective gene locus. The sample with the largest radius
and thus the greatest amount of differentiation between it
and the remainder is always placed at the top of the re-
spective graph, followed by the other samples in the se-
quence of decreasing radii. Some of the loci deviate mar-
kedly in the differentiation between single samples and
the respective remainder, as is the case, for instance, with
samples 5 and 2 at GOT-C.
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The relative sizes of the samples are represented by the
angles of the sectors; they do not differ here due to the
constancy of the sample size.

The variation between the radii of the nine sectors within
each graph, which appears as steepness of the snail-like
figures, is proportional to the differentiation among the
respective samples at that particular locus. For instance,
LAP-B indicates a much greater differentiation of sample
8 as compared to samples 5 and 3 than does GOT-B or
MDH-A. Graphs which reveal an outstandingly great dif-
ferentiation, as evident especially in the case of MDH-D
with respect to sample 5, facilitate determination of those
loci which can be used for optimal differentiation of single
samples in contrast to the remainder. Generally, the closer
the sector radii approach the center, the more representa-
tive of the remainder is the genetic information of the re-



-spective samples and the smaller is the chance for a reliable
discrimination of those samples from the remaining.

Viewing the differentiation among samples within the
single locus graphs, an above-average differentiation is in-
.dicated especially for sample 5 at MDH-D and sample 8 at
LAP-B, but also for instance for sample 8 at GOT-B, sam-
ple 3 and /or 5 at GOT-B, C, MDH-B, C, SKDH-A, B, sam-
ple 9 at MDH-C.

In the ten-locus gene pool graph, samples 3, 5, and 8
show an above-average differentiation due to their predo-
minance in differentiation at several loci. These results
make it clear that, due to the pronounced differentiation
with respect to these samples, a reliable discrimination be-
tween them and the remainder can be expected. Contrary
to this, particularly the sectors of samples 1 and 6 are locat-
ed relatively close to the center of the gene pool figure, so
that these samples share the largest part of the genetic in-
formation with the remainder and thus are difficult to dis-
-criminate from the others. This concerns the 10-locus
level and not necessarily the differentiation at the single
locus level. for instance, sample 1 shows average or slightly
above-average differentiation at MDH-A, D and sample 6
at MDH-B and SKDH-A.

The gene pool graph reveals a remarkable phenomenon:
All samples from seed orchards (No. 3, 4, 5, 7, 8) are more
differentiated than the samples from stands, which means
that they contain a smaller part of the common genetic in-
formation of the respective complement of Scots pine seed
samples.

Conclusions

In this study, the difficulty lay in the fact that genetic
differentiation was considered among samples from sexual-
ly reproducing populations rather than from small, well-
defined mixtures of vegetatively propagated cultivars. The
chances of finding qualitative differences due to the exist-
ence of sample-specific unique alleles were low, since the
majority of known alleles in Scots pine is present in each
sample: At the studied ten enzyme loci, at total of 43 genes
was found in this and other studies by the author in Scots
pine populations in this country. The total number of al-
leles in the nine seed samples varied between 63 and 79%
of this value. In the rare case that a unique allele had been
present, an ad hoc discrimination could not have been
made, because the extremely small frequency of such uni-
que single or multilocus types would have required multi-
ples of the actual sample sizes.

The investigation of quantitative differences was focus-
sed on the frequency distributions of alleles instead of ge-
notypes in order to increase the frequencies of the types in
the samples to be compared. Also, allele frequencies de-
pend to a much lesser extent on characteristics of the re-
productive system than the genotypic frequencies and thus
allow a better representation of the parental population. The
alleles contributed by the seed parents depend strongly on
the mode of cone collection, i.e. on the method of selection
and the number of harvested trees, while the alleles con-
tributed by the pollen parents are better suited for a cha-
racterization of the parental populations. Moreover, pollen
contributions may also provide biased information, since
pollen may have immigrated from neighbouring populations.
In the present study both frequencies were combined; the
more sample-specific information as reflected by the fe-
male frequencies is utilized to a lesser degree in favour

of a better representation of frequencies of allelic types.
In spite of these limitations, considerable genetic differen-
ces were revealed between the seed samples. The relative-
ly small number of ten enzyme gene loci enables the
discrimination of nearly all pairs of samples by statistical
test. procedures. This also includes the pair of samples 3—4
(e.g. MDH-C), which, even though they originate from two
different seed orchards, are nevertheless genetically very
closely related, since the majority of the parental clones are
identical.

The calculated genetic distances reflect similar tenden-
cies, but in addition they clearly indicate that one of the
two gene loci under consideration reveals much greater ge-
netic differences between pairs of samples than the other.
it appears that statistical testing alone may not suffice
for a reliable interpretation of data, because of its depen-
dency on the manner of distribution of the types over the
frequency classes. Contrary to the applied test statistics,
the continuous measure of genetic distance allows a listing
of pairs of samples in a hierarchical sequence on a scale
between one and zero.

The applied measurement of subpopulation differentia-
tion permits a contrasting of any samples at any single
locus with the complement population, i.e. the respective
remaining seed probes. The graphs both illustrate and
quantify the obtained differentiation. The graphs also al-
low the systematic selection of those loci which reflect the
maximum level of differentiation with respeet to certain
seed samples of interest. The efficiency of differentiation
can be increased, if the graphs are utilized to select com-
binations of loci in order to optimally characterize sam-
ples by multilocus types with respect to alleles or geno-
types. This requires larger sample sizes than those which
were available for the present study. It is self-evident that
the graphs also clearly indicate those loci which reflect the
largest variation in the levels of differentiation among the
samples.

It was the intentation of the present paper to propose
and to apply suitable methods for studying differentiation
among seed samples. Due to the limited sample size, the
full intormation potential of the presented methods could
not be used. Nevertheless, this still resulted in a quite ef-
fective genetic characterization of the seed samples. Con-
sidering the samples originating from the two population
types, namely forest stands and breeding populations, i.e.
seed orchards, the following trend is indicated: All samples
from forest stands show a lesser level of differentiation in
the gene pool graph than any sample from seed orchards
in accordance with the expectation that those samples con-
tain more of the actual common genetic information. This
can tentatively be explained by differences in the effective
population sizes, which amount to many hundreds or more
trees in the first category and to not more than one hun-
dred different clonal genotypes in the latter, and possibly
also by the mode of selection qf the required clones.
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Narrow-Crowned Variants of Mulanje Cedar
(Widdringtonia nodiflora Powrie) in Malawi
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Summary

Narrow-crowned. thin-branched, and thin-barked vari-
ants of this indigenous fine-timber tree are reported. The
probable genetic basis of these variants is discussed and
their potential practical value in indigenous silviculture
and arboriculture is indicated.

Key words: Widdringtonia, Mulanje Cedar, Crown form.

Zusammenfassung

Es wird tiber schmalkronige, fein-astige und diinnborkige
Varianten der in Malawi einheimischen Wertholzbaumart
Widdringtonia nodiflora Powrie berichtet. Die wahrschein-
liche genetische Basis dieser Varianten wird diskutiert und
auf ihren potentiellen praktischen Wert fiir den heimischen
Waldbau und die Ziichtung hingewiesen.

Introduction

Mulanje Cedar (Widdringtonia nodiflora (L.) PowRit syn.
W. whytei Renore), the National Tree of Malawi, is one of
five species of native African Cypresses taxonomically close
to the Australian Callitris and the monotypic N. African
genus Tetraclinis (Cuapman, 1961). This species was first
reported by ArLexanper WHyTE in 1891 from Mt. Mulanje in
erstwhile Nyasaland (now Malawi) whence its common first
name. It yields a durable fragrant timber much like that of
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the true Cedars (Cedrus spp.) and hence the second name.
Departmental exploitation of natural forests of this Cedar
on Mt. Mulanje by the colonial government for timber
began around 1900 and continued for about 50 years. Simul-
tanously plantations of it were also raised first on Zomba
Mt. 70 km north of Mulanje Mt. and subsequently elsewhere
in the country.

Material

During my very first tour of the Zomba Mt. Widdring-
tonia plantations on 21st August, 1985, I noticed a few nar-
row-crowned, heavy branched typical Cedar trees in a 1907
plantation in Compt. 34F. In their crown shape, stem form
and bark colour, these offtype trees were so strikingly dif-
ferent from the even-aged typical neighbouring trees that
not till twigs bearing seed cones could be collected by tree
climbers from their crowns could I be certain that they
too were Mulanje Cedar but of a different kind.

No records exist as to the seed source used for raising
this 79-year old plantation but it is very likely that the
seed would have come from the Thuchila plateau on Mt.
Mulanje where departmental extraction in Cedar forests
was in progress at that time. As far as can be ascertained
from the compartment register one thinning was done in
this stand in 1962. At present there are approximately 300
Cedar trees standing in this 0.12 ha plot out of which about
a dozen are atypical narrow-crowned variants.
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