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PREFACE

Population genetics of forest trees is a most
important field of research today. It is impor-
tant partly due to its contributions to popula-
tion genetics of plants generally and partly
due to its applications in forest tree breeding.

We may dissect the general subject in a
hierarchal way and thus place genecology at
the top of the classification and then proceede
down to the level of analysing differences
between populations and finally look at the
genetic variation within populations, between
individuals. We conclude that forest tree
breeding is basically applied population
genetics and may be looked upon analogous-
ly. At the top we have questions of seed
transfer, provenance research if you will, next
comes racial differences between seed stands
of a climatic zone, selection of qualitatively
superior seed sources if you will, and thirdly
the genetic variation of growth and quality
characters in populations, selection in con-
junction with thinnings or selection of plus
trees if you will.

Forest tree breeding must of course be
based upon population genetics of forest
trees. Without such a sound base breeding is
more or less a training in futility. We can
never expect to achieve maximum benefits
from breeding trees if the genetic structures of
tree populations are unknown to us. Many of
the reports in this volume have a direct effect
on tree breeding using the seed orchard
method. Also the management of cultivated
trees, which is the first step in domestication,
must be based on a thorough understanding
of the genetic structure of trees. We are actu-
ally just now in many parts of the world
wittnessing a process of domestication in the
forest. We may greatly improve the forest
crop by selecting proper seed but we may also
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embark upon an ecologically unsound path if
we do not consider population genetics of
trees and forest ecosystems.

Today we have good tools in our hands.
We have the isozyme analysing technique
whereby trees can be genetically identified
and marked. We also have other chemical
analyses of e.g. monoterpenes and enzyme
activity. Monoterpenes can now be used to
identify chemotypes of trees simply by ’snif-
fing’ the air surrounding the needles of the
tree. Measurements of enzyme activity can
now be done on a population level and we can
expect much new information from both of
last mentioned techniques.

We have also learned many new theoretical
methods from scientists working on herbace-
ous plant species, mostly wild grasses and
cultivated crop plants. Specialists in those
fields of plant population genetics have
opened a new way of thinking for forest tree
breeders and geneticists. The concept of mat-
ing-system is now a normal term for the tree
breeder. We are actually wittnessing a pro-
cess of new knowledge entering into forest
management principles. We would like to
stress that sound management of forest
ecosystems, either man made or natural, can
not live without steady inputs from basic
research on the genetics of natural forest
populations. Also the reverse is true, sound
population genetic research of trees should be
well aware of forest management practise,
particulary of the management of new man
made forests.

This meeting has been a continuation of
one held in Umed, Sweden in 1978. We think
that different aspects of research on the popu-
lation biology of trees is now moving so
quickly that a 3-year period is a proper time

interval for meetings of this kind. Only by
gathering our knowledge in this way can we
meet the challenge of the new cultivated and
domesticated forest.

The University of Helsinki has provided us
with meeting facilities and has also given us
direct economic support. We extend our
warm appreciation and thanks to the Finnish
Academy and to the Central Association of
Finnish Forest Industries for their support in

financing these proceedings. Finally the Finn-
ish Society of Forest Research has provided
us with an unusually large share of their
publication thus making the proceedings av-
ailable to a larger group of specialists.

Helsinki, April 1982

P. M. A. Tigerstedt

ALKUSANAT

Elimme aikakautta jolloin metsien puista
on tulossa viljelykasveja. Metsapuiden popu-
laatiogenetiikasta muodostuu talléin metsian-
tutkimuksen keskeinen tutkimusala. Metsi-
puiden populaatiorakenteen tunteminen vai-
kuttaa suoraan metsanjalostuksen ja metsan-
hoidon perusteisiin ja menetelmiin. Lisiksi
alan tutkimus tuo uutta perustietoa kasvien
populaatiogeneettisestd rakenteesta ja edistii
ndin geneettistd tutkimusta. Metsin puu on
sikdli edullinen tutkimuskohde, etti se pysyy
paikallaan vuosikymmenia ja tutkija voi vilil-
ld palata saman puun juurelle hakemaan li-
saa tutkimusmateriaalia.

Tutkijoita ja soveltajia kiinnostaa tietii
kuinka paljon eri ilmastoista periisin olevat
metsapopulaatiot eroavat toisistaan. Genee-
tikko mittaa nditd eroja geneettisen etiisyy-
den tai diversiteetin avulla, soveltaja prove-
nienssien vilisind eroina jotka ovat todetta-
vissa kasvurytmissd ja heijastuvat suorina
kasvueroina.

Toisaalta kaikkia osapuolia kiinnostaa
myo6s tiedot siitd, miten saman ilmastovyo-
hykkeen sisalla olevat eri populaatiot poik-
keavat toisistaan. Geneetikko kayttai jilleen
geneettisen etdisyyden tai diversiteetin mittaa
Jja vertaa saatuja tuloksia metsikoiden vilisiin
edafisiin kasvupaikkaeroihin. Soveltajat ha-
luavat tietoja metsikdiden valisista perinnolli-
sista laatu- ja/tai kasvueroista seka vastauk-
sia kysymykseen eroavatko lahelld toisiaan
mutta eri kasvualustoilla kasvavat metsikot
geneettisesti toisistaan.

Kun siirrytddn metsikon tai populaation
sisdaan geneetikkoa kiinnostaa yksiloiden vili-

set perinnolliset erot. Han voi tietojen perus-
teella tehda laskelmia ja arviointeja puulajien
risteytymisjarjestelmista sekd yleensa ominai-
suuksien valisistd riippuvaisuuksista, kytken-
noista. Soveltajat haluavat tietia miten kas-
vun ja laadun eri osa-ominaisuudet kytkeyty-
vit ja periytyvit.

Kirjassa esitetyt tutkimukset ja tarkastelut
edustavat nopeasti kehittyvan metsigeneetti-
sen tutkimusalan uusimpia tietoja. Suomessa
1981 pidetty kansainvilinen symposio on jat-
koa Ruotsissa 1978 pidetylle vastaavalle ko-
koukselle. Kolmessa vuodessa on tietomme
metsan geneettisesta rakenteesta lisaantynyt
valtavasti. Tuloksista voi paatella, etta ongel-
miin pureudutaan nyt niin perusteellisesti et-
ta 3 vuoden valiajoin tapahtuva tutkijoiden ja
soveltajain tapaaminen on valttamatonta jot-
ta siirtyminen viljelymetsien aikakauteen ta-
pahtuisi biologisesti jarkevimmalla mahdolli-
sella tavalla.

Helsingin yliopisto on tdlla kertaa toiminut
kokouksen isdntina ja osittain myds rahoitta-
jana. Kiitimme Suomen Akatemiaa seka
Suomen Metsiteollisuuden  Keskusliittoa
saamastamme julkaisuavusta. Esitetyn tutki-
musaineiston julkaiseminen on ollut mahdol-
lista Suomen Metsitieteellisen Seuran tuella
ja myoétavaikutuksella. Seura on antanut
meille poikkeuksellisen suuren tilan jul-
kaisusarjassaan.

Helsinki, huhtikuussa 1982
P. M. A. Tigerstedt
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PART I

ESTIMATION OF MATING SYSTEMS OF FOREST
TREES

HOW TO STUDY THE RATE OF INBREEDING IN POPULATIONS
OF PINUS SYLVESTRIS AND
PICEA ABIES

VEIKKO KOSKI

There are several terms connected with inbreeding: self-pollination, self-fertilization, selfing, and proportion of
offspring originating form self-fertilization, which are not synonyms. It is necessary to apply the proper term in each
connection, especially when numeric values are given. None of the above mentioned phenomena has precise and
constant values, but a range within which the actual values vary due to many factors. The rate of inbreeding in the
offspring after a partial self-pollination depends essentially on the number of embryonic lethals, less on the abundance
of pollination. Reliable estimates can be calculated only based on the results of controlled self-pollinations. Then it is
possible to calculate ratios between self-pollination and individuals originating from self-fertilization. Some examples

are given.

Inbreeding is a fundamental factor of the
population biology at any species. The gene-
tic structure of natural populations and
genotype frequencies of autogamous species
are essentially different from those of al-
logamous species. Consequently the choice of
the breeding strategy depends on the image of
the population structure and mating pattern
of the species in question. The estimates of
the proportions of self-pollination and in-
breeding at Pinus sylvestris, Picea abies, as well
at several other conifers published in earlier
reports, are, because of their diversity, quite
confusing. For stands of Pinus sylvestris Sar-
vas (1962 p. 123-142) calculated that, on an
average, 26 per cent of the pollination of the
ovules is self-pollination, but due to the embry-
onic lethals only 12 % of full seed have an
embryo from self-fertilization. Further, pro-

vided that inbreeding embryos are competi-
tively weaker during seed development their
proportion drops to 7 %. Sarvas points out
that the proportions depend on the abun-
dance of pollination. Stern (1972) reports
that self-pollination of Pinus sylvestris is 0...82
%. The present author (Koski 1973) has
concluded that, on average, the proportion of
self-fertilizations is around 10 % both for Pinus
sylvestris and Picea abies, and the proportion
of full seeds originating from self-fertilization
is only 1 %. Wright (1976 p. 39) mentions
that the share of natural selfing of some co-
nifer species is 7 % or less. Recently, isoen-
zyme analyses have yielded several estimates
of inbreeding ratios both in ordinary stands
and seed orchards.

E.g. Miller (1977) obtained self-fertiliza-
tion estimates of 7,3...17,7 % for Picea abies
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and 2,9...9,6 % for Pinus sylvestris. Shen et al.
(1981) report 2,9 %, 9,4 % and 8,5 % selfing
for the top, middle and bottom part of the
crown in three results of one clone of Pinus
sylvestris.

These few examples show that several con-
cepts have been used; self-pollination, self-
fertilization, selfing, and proportion of self-
fertilized embryos within germinable seeds.
These terms are by no means equal and
values given in one meaning cannot be con-
verted to another with any universal coeffi-
cient. Good definitions are given by Stern and
Roche (1974, pp 74-77), for example. In
some papers it even remains uncertain which
stage is dealt with. In all reports where data
from individual trees have been given the
great differences between trees can be
noticed. Hardly any results of the same trees
from different years have been published.
Obviously the influence of own pollen de-
pends on the abundance of male flowering in
the tree itself and in its surroundings and on
the meteorological conditions during the
flowering period. Thus observation from one
single year may deviate considerably from the
general case.

From the practical point of view the pro-
portion of seedlings originating from self-fer-
tilization is most interesting. Before the isoen-
zyme methods, the proportion could be esti-
mated only within offspring of such mother
trees that happen to carry a marker gene eg.
the albino-factor. Efforts have been made to
estimate the rate of inbreeding from the emp-
ty seed percentages. As the percentage of
empty seed is easy to asses from X-ray pic-
tures it would ideally be desirable to calcu-
late, for example, the proportion of self-polli-
nation and rate of inbreeding in the prog-
enies.

The reproductive system of spruce and
pine is, however, of such kind that empty seed
percentage alone does not give all the neces-
sary information. Polyembryony connected
with embryonic lethals makes up a rather
complex system where interrelations are not
linear. This system has been throughly dis-
cussed in connection of complete (=control-
led) self-pollination (Koski 1971, 1973,
Bramlett and Popham 1971, Lindgren 1975,
Bishir and Pepper 1977). The applied formu-
la has given surprisingly high numbers of
lethals per genotype, but also shows a consid-
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erable variation between individuals. By
means of controlled self-pollinations and X-
ray radiography the number of embryonic
lethals have been estimated for 135 Pinus
sylvestris and 87 Picea abies individuals from
Finnish populations. The distributions of
trees according to the number of embryonic
lethals are as follows.

Pinus sylvestris

Number of lethals per genotype
Unit -3 46 7-9 10-12 13-15 16-18 >18 Total

Trees 6 32 46 30 11 9 1 135

cent 4 24 3¢ 22 8 7 1 100

Picea abies

Number of lethals per genotype
Unit 1-3 46 7-9 10-12 13-14 16-18 >18 Total

Trees 2 20 21 27 8 7 2 87

Per
cent 2 23 25 31 9 8 2 100

The estimated number of embryonic leth-
als is obtained with the aid of the empty seed
percentage after controlled self-pollination. It
is worth noticing that this estimated value
must not be taken as a precise value. Due to
the rather small number of seeds obtained,
the confidence limits of the per cent value are
rather broad. Empty seed formation is cer-
tainly caused by other factors as well. Re-
duced pollen viability, or an environmental
stress (draught, cold) during the primary em-
bryo stage, probably results in increased
empty seed frequencies. In order to illustrate
this kind of error variation a comparison of
empty seed percentages from the very same
clones of Pinus sylvestris after a controlled self-
pollination in years 1968—69 and 1979 respec-
tively are given in the following scatter dia-
gram. (Fig. 1).

One immediately detects 3 major devia-
tions from the main series. The high values
may be caused by inferior pollen. The excep-
tionally low empty seed percentage in 1979
may even originate from cross-pollination. In
a large scale programme some mistakes oc-
cur; the tags of the ramets may be mixed, the

% EMPTY SEEDS
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100 X

901
80L ‘ X
70
60 X
50} X

40t %

30+
20}

10+

A 1 1 1 A 1 1 1 1

10 20 30 40 50 60 70 80 90 100
% EMPTY SEEDS
1968-1969

Figure 1. Pinus sylvestris. Empty seed percentages after
controlled self- pollination in the same clones.

isolated female strobili may be pollinated
with a wrong pollen syringe etc. One has to
be quite cautious regarding the unexpected
extremes.

Several efforts have been made to calculate
the proportions of self-pollination, self-fertili-
zation, and number of embryonic lethals, etc,
merely on the seed material from open polli-
nation. As long as the number of embryonic
lethals is unknown all the calculations are
quite uncertain. In other words, controlled
pollinations, including complete self-pollina-
tion, are necessary for reliable calculations.
The number of embryonic lethals, or degree
of self-sterility, influences the percentage of
empty seeds as well as the proportion of
viable individuals originating from self-polli-
nation. By means of extending the formula of
the expected proportion of empty seed after
self-pollination (Koski 1971, Bramlett &
Popham 1971) it is possible to calculate ex-
pected values for empty seed percentages and
proportions of inbred seeds in sound seed for
any proportion of self-pollination. Lindgren
(1975) has calculated expected values in a
case where a complete self-pollination yields
80 per cent empty seed. He studied different
alternatives for a partial self-pollination, pro-
viding 1 or 2 fertilizations per ovule and

different probabilities of embryo abortion af-
ter cross-fertilization.

The modifying factor is that embryo abor-
tions also take place after cross fertilization.
Sarvas (1962 p. 137) reports 10,1 per cent
empty seed in the stands. The present author
(Koski 1971) reported 12,7 per cent in young
grafts after out-crossing. If one assumes 2
fertilizations per ovule (k = 2) one can ap-
proximate that the probability of embryo
abortion after a cross fertilization is as high as
0,3.

Using the following symbols and approxi-
mations

= proportion of self-pollination
proportion of cross-pollination

expected proportion of empty seeds

—mQa®w
1

= expected proportion of germinable seed originating
from self-fertilization

n = number of embryonic lethals

k = number of fertilizations per ovule

P.(k) = probability of all self-fertilized zygotes’ abor-

tion.

For instance, if n = 4 and k = 2, when P, (2) = 0.55 and
P, (1) = 0.69,

we can write

E = 0,550 S? + 0,414 SC + 0,09 C2

_ 0,458+ 0,39 SC

! 1-F)

The numerical values of E and I are given
in the compilation using per cent units corres-
ponding values for

1) S, % E, % I, %

n=4%

k=2 0 9 0
10 12 4,0
20 15 9,4
30 18 14,9
40 22 21,2
50 26 28,4
60 31 37,0
70 36 47,2
80 42 60,4
90 48 76,8
100 55 100,0
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2) S, % E, % I, %
n =38
k=2 0 9 0
10 14 1,6
20 19 3,5
30 23 5,8
40 29 8,7
50 36 12,5
60 44 17,8
70 52 25,1
80 61 36,6
90 71 53,1
100 81 100,0
3) S, % E, % I, %
n=2_8
k=1 0 30 0
10 36 1,6
20 42 3,4
30 48 5,8
40 54 8,7
50 60 12,5
60 66 17,6
70 72 25,0
80 78 36,4
90 84 56,2
100 90 100,0
4) S, % E, % I, %
n=12
k=2 0 9 0
10 13,5 0,5
20 18,8 1,1
30 25,1 1,8
40 32,2 2,8
50 40,3 4,1
60 49,2 6,1
70 59,1 9,2
80 69,8 14,8
90 81,5 28,2
100 94,0 100,0

The same examples have also been drawn
as diagrams in order to make the comparison
easier (Fig. 2). Figure 2 should convince any-
body that the estimation of the proportion of
self-pollination or proportion of inbred ger-
minable seeds based only on empty seed per-
centage is not very reasonable.
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Figure 2. Some examples of the expected proportions of
filled seeds and germinable seeds originating from
selfing with different numbers of embryonic lethals
(n) and fertilizations per ovule (k). It is assumed that
the probability of embryo abortion after crossfertili-
zation is 0.3. The dashed line indicates percentage of
full seeds, the solid line and shaded area indicate the
proportion of germinable seeds originating from self-
fertilization.

The mechanism of embryonic lethals seems
to be an effective measure against inbreeding
for up to some 50 per cent of self-pollination
in an average case of Pinus sylvestris and Picea
abies (n > 8). At more self-fertile individuals
or species (n < 4) the rate of inbreeding is
essentially higher if the proportion of self-
pollination is 50 per cent. Surprisingly, the
effect of k on the rate of inbreeding is neglig-
ible relative to the effect of n, when compar-
ingn =8,k =2ton =8, k = 1. Lindgren’s
(1975) example is almost equal to the case n
= 8 given in this paper. The numerical re-
sults agree, even though Lindgren applied
more sophisticated calculations. However,
the differences between Lindgren’s alterna-
tive curves are so small that it is doubtful
whether they can empirically confirmed. As
long as the detailed biological knowledge con-
cerning the embryonic lethals is lacking,
rather simple mathematical models are ap-
propriate. The proportion of self-pollination
(S) varies between 0 and 1. Even though it is
rather simple to asses the abundance of male
flowering, e.g. at seed orchard clones, we do
not know yet how these figures are actually

reflected on the composition of the pollina-
tion. When pollen measurements, controlled
pollinations with different proportions of own
pollen, and progeny analyses with genetic
markers are plotted against the above men-
tioned calculations we should gradually have
a better knowledge of self-pollination and
related phenomena.
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GENETIC STRUCTURE OF OPEN-POLLINATED PROGENIES
FROM A SEED ORCHARD OF PINUS SYLVESTRIS

DAG RUDIN and INGER EKBERG

Five clones carrying isozyme marker alleles in the glutamate-oxalatetransaminase and leucine-amino-peptidase loci

were chosen in a seed orchard of Pinus sylvestris in central Sweden. In three of them, cones were collected from two

vertical sections and in the two others from three sections, one top section two meters above ground, one inner section

and one peripherial section below the two meter level. Cones from the closest four neighbouring grafts at a distance of

five meters as well as from four grafts at a distance of 14 meters from the marker grafts were also included in the
collection program. The frequencies of marker alleles found in the surrounding grafts reached one to three per cent
which agrees with the expected, following panmixis. Based on seven different estimates from heterozygous marker loci
the mean selfing frequency amounted to 16 per cent. The lower inner sectors of the crowns have a selfing frequency of

seven per cent. These selfing frequencies are surprisingly high. The relevance and significance of these results are

discussed.

Introduction

Seed orchards for forest trees are aimed at
producing superior seeds for plant produc-
tion. The seed orchards are often located on
good sites which promote regular flowering

and a good seed maturation. This generally
results in well-developed seeds which give the
plants a good start in nurseries. Eriksson and
Lindgren (1975), however, pointed out that
an inbreeding depression will not always be-
come evident under nursery conditions. The
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possibility of culling selfed plants under good
forest nursery conditions is therefore limited
if only plant height in one- or two-year-old
plants is examined. With these facts in mind,
the importance of information concerning the
pattern of pollination within seed orchards
becomes obvious. It would be worth-while to
have a test system wich leads to a certification
of the different years crops of forest seeds.
This certification should, if possible, be based
on data from individual clones in order to
present an opportunity for optimizing the
genetic gain which might be obtained from a
seed orchard. If a clone-wise field test of the
seeds is performed together with the parame-
ters mentioned below, even better seed mix-
tures for reforestation areas could be made.

Based on individual clones the following
parameters could be included in a seed cer-
tification system:

Weight of 1000 seeds.
. Germination power.
. Average heterozygosity.

1.

2

3

4. Structure of the father population.

5. Level of contamination from outside the seed orchard.
6. Selfing frequency.

7. Relative amount of seeds from the different clones in a

seed orchard.

In Sweden points 1 and 2 are regularly
checked on a seed orchard basis. For the
Langtora seed orchard, points 4, 5 and 7 were
studied by Jonsson et al. (1976). Points 3-6
are suitable for studies using biochemical
marker techniques. Points 4 and 6 will be
illustrated and discussed in the present
paper. The investigation was performed in
the seed orchard No. 48 at Langtora (lat.
59°43’, long. 17°08’, alt. 15 m).

Material and methods

By the time of cone collection, the Langtora seed
orchard was 10-12-year-old and the grafts were at a
height of 3.5-5.5 m. The grafts were originally planted in
a 5X5 m spacing. The seed orchard is comprised of 36
clones.Seeds were collected from all clones in the seed
orchard and the macrogametophytes were isozyme-anal-
ysed for gene markers. One year later, cones were col-
lected from three sectors in two marker ramets(F 2029
and W 1038). The sectors were the following: one top
section over 2 m above ground, one inner and one
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Mean 12 16
F 2029 W 1038

Figure 1. Mean selfing frequencies in per cent in different
sectors of the two main marker ramets. UP = upper
part, ILP = inner lower part and PLP = peripheral
lower part.

peripheral section below this level (see Figure 1). For
three marker ramets (C 5006, E 4006 and F 1008) only
two sections, cutting the trees in two halves from the top
to the bottom, were analysed by a simultaneous embryo/
macrogametophyte analysis.

Around each marker ramet, the four closest neigh-
bours and four more at a distance of 14 meters were
studied. These eight surrounding trees were each divided
into two sectors from wich cones were collected — a north-
west and a southwest sector (see Figures 2a—2d). About
100 embryo/macrogametophyte analyses were made for
each sector of each tree.

For the separation of the LAP and GOT isozymes,
embryos and macrogametophytes were homogenized
separately and starch gel electrophoresis in a modified
discontinuous buffer system was performed (Ashton and
Braden 1961). Patterns of inheritance were checked by
Rudin (1975, 1977) and 1:1 segregation of alleles in
endosperms was checked in this study.

The LAP-A locus contains the alleles A, and A,, the
LAP-B locus the alleles B, B, and Bs;, the GOT-A locus,
the alleles A, and A, and, as we have discovered, the
GOT-B locus the alleles B g, By, By; and Bs. It was rather
difficult to distinguish between the band positions for
Bis, B, and By, because they were very close to one
another. In this situation, rather than running the risk of
getting unreliable results and even though we thereby
lost some information, the Bg, B, and By, bands were
pooled into one group called B,.
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Figure 2b. Spatial dispersal of gene marker LAP-B; from
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ramets. The frequencies of the marker allele (%) are
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clone W 1038 to itself and to some surrounding

Figure 2d. Spatial dispersal of gene marker LAP-B, from
ramets.
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from clone W 1038 and E 4006 to themselves and to

Figure 2c. Spatial dispersal of gene marker GOT
some surrounding ramets.




Results and discussion
The father population

The father population was studied by
means of the dispersal of marker alleles to the
eight ramets surrounding the marker clones.
The dispersal of pollen from the two clones
F 1008 and W 1038 was studied. The disper-
sal of pollen in the marker clone itself is
discussed further below, together with the
analysis of the selfing frequencies. The ratio
between the general mean gene frequencies
for the closest four ramets and the peripheral
four is 2:1. This ratio varies between different
marker alleles ranging from 1.0: 1.0 to 3.9:
1.0. If the peripheral four ramets reach the
same level as the closer four, this certainly is
due to an impact from other marker ramets
carrying the same gene marker. This pattern
of distribution of markers to surrounding
ramets is quite logical.

The result from the only unique seed or-
chard allele, GOT-B,, shows the greatest dif-
ference between the two four-ramet groups.
The mean impact of the marker allele on the
four closest neighbouring ramets varies bet-
ween 0.8 and 3.0 per cent. The corresponding
figures for the peripherial four are 0.4 and 1.6
per cent. The gene frequencies for the inner
four show a tendency toward higher gene
frequencies in the directions north and west.
This result might be caused by the prevailing
winds during the pollen dispersal season. The
sectors of the inner four which are facing the
direction of the marker ramet also show high-
er marker gene frequencies than the others
with one exception only (GOT-B,g around W
1038). The expected impact of each clone on
the others is 3 per cent. Jonsson et al. (1976)
reported mean impact for three consecutive
years to be 1.3 per cent for F 2029 and 5.1 per
cent for W 1038. This difference does not very
well coincide with our results. However, diffe-
rent years could show great variation.

The recovery of marker genes in the marker ramets
themselves

The results from the three-sector ramets
show a significantly lower mean allele fre-
quency in the inner lower part of the crowns
(4.2 per cent), than in the upper part (12.5
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per cent) and the lower peripheral part (9.2
per cent) (see Figure 1 and Table 1). This
might be caused by a shading effect on the
inner lower part of the crown. The deeper
shade might delay the development of female
flowering in such a way that self-pollination
occurs less frequently here. In any case, itis a
somewhat surprising result.

The total recovery in the two-sector trees is
of the same magnitude as that of the three-
sector trees. However, it is evident that the
gene frequency of the sector facing another
marker ramet is about three times higher
than of the section opposite. The total mean
level of recovery in each sector of the two-
sector trees differs by a factor of two (20 per
cent and 9 per cent). The individual mean
value is considerably higher in the direction
west of the main marker ramet (see Figure 2a,
2c). This corresponds well with the common
pattern of pollen dispersal.

The level of selfing

If the studied gene marker is not unique to
the seed orchard, it is necessary to reduce the
above-mentioned frequencies of recovered
gene markers through pollen dispersal in or-
der to calculate the actual level of selfing in a
proper way. The only marker which is unique
to the seed orchard studied is GOT-B,. The
markers GOT-Bjg, LAP-B; and LAP-B; are
rare alleles. The corrections applied are re-
viewed in Table 1 and vary between two and
three per cent. The correction is obtained by
calculation of an average impact of the
marker ramet on the surrounding ramets al-
ready described above and shown in Figure 2.
Because the gene markers appear in a
heterozygous genotype, the selfing frequency
is calculated by reducing the original gene
marker recovery frequencies with an esti-
mated per cent of pollen coming from another
clone with the same marker and finally by
multiplying the reduced figure by two, as-
suming that the frequency of the non-detect-
able selfings are of the same magnitude as
those which are detectable. Segregation data,
however, do not show any significant devia-
tion from 1:1 segregation.

In this way, calculated selfing frequencies
show a mean level of 16 per cent. The mean
value for each tree studied varies between 12

Table 1. Selfing in different sectors of Scots pine grafts in the Léngtora seed orchard

Clone Marker Sector in Marker Embryos Marker Correction for Corrected
allele crown (see alleles from analysed allele freq. other contributing selfing freq. (%)
Figure 1) fathers (%) fathers in sector Mean
F 2029 LAP-B2/B3 UP 8 69 12 -3 18
ILP 4 60 7 -3 8 15
PLP 9 69 13 -3 20
GOT-B1/B2 UP 5 69 7 0 14
ILP 1 60 2 0 3 8
PLP 2 69 3 0
MEAN 12
W 1038 LAP-B1/B2 UP 7 65 11 -2 18
ILP 3 68 4 -2 5 14
PLP 76 12 -2 20
GOT B18/B3 UP 13 65 20 -3 34
ILP 68 6 -3 6 17
PLP 7 76 9 -3 12
Mean 16

and 30 per cent (Table 2). The highest value
is presented for one ramet of E 4006 (marker
GOT-B,g) which deviates markedly from the
other mean values. The reason for deviation
might be that the impact from the neighbour-
ing marker tree is higher than that allowed
for by the 3 per cent correction.

Results presented by Shen et al. (1981),
indicate that the impact from a neighbouring
tree could be as high as 31.4 per cent if wind
directions and flowering times are favourable.
Another possible explanation is that the
GOT-Bg bands in the gels could be some-
what difficult to profile in relation to the other
close-lying bands. The mean selfing values
for the marker trees, F 2029, W 1038, C 5006
and F 1008, vary between 12 and 16 per cent
which is a remarkably narrow variation. The
total mean selfing value for all marker trees is
16 per cent. This figure might be somewhat
high due to underestimated correction fac-
tors.

All those in Table 3 reported estimations of
selfing frequencies are based on isozyme gene

Table 2. Selfing in different clones in the Langtora seed
orchard.

Clone Marker allele Corrected mean selfing
freq. %
F 2029 LAP-B3 15
GOT-BI1 8 12
W 1038 LAP-BI 14
GOT-B18 17 16
C 5006 LAP-BI  14*
E 4006 GOT-BI18 30 (blurry bands)
F 1008 LAP-B3 12
Mean 16

* not shown in Figure 2
Mean if E 4006 is omitted: 13

Mean values (%) from F 2029 and W 1038

Upper part 22.0
Inner lower part 6.5
Peripheral lower part 15.5

91



Table 3. Selfing frequencies estimated by isozyme gene markers

Spegies Selfing Number of Remarks Author

frequency clones

in per cent
Pinus 6 51 High Shen et al.,
sylvestris mortality 1981
- 12-14 36 Muller-Starck, 1979
=’— 2-5 21-25 Rudin & Lindgren, 1977
Pinus 1.2 50 Adams & Joly,
taeda 1980
Pinus 14 30 One clone Moran & et al.,
radiata 1980
== 7-10 30 ==

markers comprising two senses of selfing —
within the single ramet and between ramets
of the same clone. A lower number of clones
and high mortality should both lead to high
selfing frequencies based on panmixi statis-
tics and wind velocity factors.

Moran et al. (1980) calculated an out-
crossing frequency in a Pinus radiata seed or-
chard based on a comparison between isozy-
me types of parents and progenies by max-
imum likelihood statistics. They found an
out-crossing rate varying between 0.90 and
0.93 for three different years.

Somewhat older studies of selfing frequen-
cies based on morphological characteristics
and chlorophyll deficiencies often present
lower levels of selfing than the studies refer-
red to above. For example, Franklin (1968)
reported an average estimate of selfing of 1.75
per cent in a natural stand of Pinus taeda. The
frequencies for single trees varied between 0
and 13 per cent. Johnsson (1972) reported
less than one per cent in a Pinus sylvestris seed
orchard.

The following factors might increase the
degree of selfing in a seed orchard.

A low genetic load (of recessive lethals).
. Male and female flowers closer to each other.
. A closer synchronization of male and female flowering
time within a clone.
. A lower proportion of cross-fertilizing pollen in the
pollen cloud due to:
4.1 A younger seed orchard.
4.2 A lower number of abundant flowering clones
(d).
4.3 A wider spacing.
5. A lower wind velocity.

- © N -

92

With knowledge from Jonsson et al. (1976)
and other unpublished information about this
studied seed orchard, some of the above-
mentioned points can be discussed.

1. The genetic load can be estimated if controlled selfing
is performed and the proportion of empty seeds from
each clone serves as a base for calculations of recessive
lethals (Koski 1973). Results from controlled selfing
are available for the seed orchard studied. The results
indicate that those studied marker trees which have
been artificially selfed are representing an average
empty seed frequency.

2. In many ramets, the male and female flowers are
situated close to each other, which promotes selfing.

3. With evenly spread ramets in a seed orchard on level
ground, the possibility of synchronization between
different ramets of the same clone is good. This is the
case in the present seed orchard. According to Jons-
son et al. (1976) there was a considerable overlap
between receptivity and pollen dispersal within each
clone. With a high self fertility this would promote
selfing.

4. If the clones involved are very early and late flowering
clones, respectively, the proportion of cross-fertilizing
pollen in the pollen-cloud in the seed orchard will be
lower. Clone W 1038 is a late female flowering clone.
But the others are not conspicuous in this respect.

This seed orchard is young. Therefore, the flower-
ing of a number of clones has been scanty. The
percentage of male strobili turned out to be as follows
for the clones studied (Jonsson et al. 1976; the ex-
pected mean value at equal frequency of male flower-
ing is 2.7 per cent):

C 5006 - 0.4 per cent
E 4006 - 7.8 ”
F 1008 - 6.4 ”
F 2029-1.3 ”
W 1038 - 5.1 ”

This variation in flowering frequencies might give
rise to variation in selfing frequencies as well. But this
was not borne out in this particular study.

5. The wind-velocity in the seed orchard during the
flowering season seems to be moderate.

The frequencies of selfing are higher than
expected based on the study of frequency of
flowering and flowering phenology by Jons-
son et al. (1976). One reason for this could be
a substantial within-ramet pollination, thus
biassing panmixis.
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SEXUALLY ASYMMETRIC FERTILITY SELECTION AND
PARTIAL SELF-FERTILIZATION

1. Population genetic impacts on the zygotic genotypic structure

MARTIN ZIEHE

Two frequently observed reproductive components for monoecious plant populations are theoretically considered:
genotypically differential ovule and pollen production (called sexually asymmetrical fertility selection) and mixed
random mating and selfing (partial self-fertilization). Sexually asymmetrical fertilities controlled by a gene locus may
be suggested if in the zygotic genotypic structure the corresponding contributions via ovules differ from those via
pollen. Asymmetrical fertility selection alone leads to a multiplicative genotypic structure in the offspring generation,
which generally presents a homozygotic disadvantage relative to corresponding Hardy-Weinberg proportions. Partial
self-fertilization as an additionally acting reproductive factor is able to counterbalance or even obscure this effect. The
resulting offspring genotypic structures under both reproductive components (under consideration) are discussed.
Some results are applied to the interpretation of the genotypic structure in a Scots pine seed orchard offspring in part 2

(Mueller-Starck 1982).

Introduction

The intensified use of biochemical gene
markers often leads to a comparison between
the genotypic structures of an adult popula-
tion and their offspring generation. When the
influence of subsequently acting viability
selection is reduced, this comparison allows a
more detailed study of those selective compo-
nents which are involved in the reproductive
system. Nevertheless, number and complexi-
ty of these components and their interactions
are too extensive to allow a sufficiently global
analytic description incorporating all repro-
ductive system effects. Fig. 1 lists (certainly
incompletely) well-known examples of breed-
ing system components.

In the subsequent analytical considera-
tions, we confine ourselves to the following
factors which are frequently observed and
accepted as main components of the repro-
ductive system in monoecious populations:
Differential ovule and pollen production, gen-
erally described as asymmetric fertility selec-
tion, and partial self-fertilization as a cumula-
tive effect of several mating system compo-
nents. Zygotic genotypic structures at a gene
locus controlling these effects shall be charac-
terized in this paper. These characterizations
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may be used to confirm hypotheses about the
main mechanisms involved in the reproduc-
tive system of plant and, in particular, tree

populations (Miiller-Starck 1982).

Some basic characterizations of each
breeding system component

Sexually asymmetric fertility selection

Sexually asymmetric fertility selection (ga-
mete production) may directly be observed
by estimating the production rate of ovules
and pollen grains for genotypes in an adult
population. Though sexually differential
flowering behavior for genotypes in forest tree
populations is not unusual, concrete data for
gametic production rates are seldom avail-
able. Nevertheless, the electrophoretic deter-
mination of embryo and endosperm genetic
information in conifers offers the possibility to
infer the existence of sexual specific patterns
within the reproductive system: The men-
tioned technique allows a comparison bet-
ween the adult allelic contributions via
female and male gametes to offspring (Miil-
ler 1976). An observed nonrandom difference
between female and male contributions rules
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Figure 1. Examples for reproductive components in diffe-
rent phases of reproduction.

out a population genetic interpretation in
terms of the classical (symmetrical) fertility
theory alone. One of the more realistic hy-
potheses to check in this case is the effect of
genotypically differential ovule and pollen
production.

Assuming that gametes fuse to zygotes at
random, the resulting zygotic structure ex-
hibits a characteristic feature. Let Py, (primes
indicate the offspring generation) denote the
relative frequency of zygotes which received
the allele A, from a female and A, from a male
parental gamete. The influence of sexual asym-
metrical selective effects must be accepted if at least
one P}, is “significantly” different from Pj. If p&’
is the proportion of the allele A; among the
female successful gametes (incorporated in
zygotes) and p{’’is the proportion of the allele
A, among successful male gametes, then ran-
dom gametic fusion leads to the following multi-
plicative structure:

Py = p¢’ p|d’ for all k, 1.

Several authors already compared this
multiplicative structure with those Hardy-
Weinberg proportions (HWP) based on the
corresponding allelic frequencies py’,

=g (pf + p).

(b)

multiplicative
genotypic
structures

Hardy - Weinberg
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Figure 2. (a) Multiplicative genotypic structures for fixed
pf = 0.4 and varying p{ relative to the correspond-
ing HWP. (b) Multiplicative genotypic structures for
fixed pf and varying pf.

Robertson (1965) proved a heterozygotic
excess and a homozygotic deficiency relative
to HWP in the diallelic case. [It is easy to
verify
pe p + pf Pl = 2ppr —%(p?’ - o) (7 - p7).

Thus the deviation from Hardy-Weinberg
proportions is proportional to the differences
between female and male allelic contribu-
tions.] Purser (1966) applied this result to
differential fertility selection. Ziehe and Gre-
gorius (1981) recently analyzed in more de-
tail the amount of these deviations as a func-
tion of newly defined asymmetric fertility
coefficients.

The concrete locations of multiplicative
genotype structures with fixed pf = 0.4 in the
diallelic case are illustrated in the de Finetti
diagrams of Fig. 2.

Equilibrium structures and the stability
properties for special diallelic cases are inves-
tigated by Bodmer (1965), the multiallelic
equilibrium deviations from HWP by Ziehe
and Gregorius (1981).

Partial self-fertilization

For many of the self-compatible monoe-
cious tree species, a self-fertilization rate is
suggested which is much higher than ex-
pected under random mating models. In this
context we will use a self-fertilization parame-
ter 0 as follows: a proportion ¢ of all those
ovules which are produced by an individual
and will be fertilized during the reproductive
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phase shall be reserved to be fertilized by
pollen from the same individual. The remain-
ing part of the ovules is assumed to merge at
random with pollen from the pollen cloud.
Assuming further that total ovule and pollen
production as well as the contribution to the
pollen cloud are the same for all individuals
and considering one multiallelic gene locus in
an effectively infinite population reproducing
in separated generations, the allelic frequen-
cies remain constant over the generations (p;
= pi) while the genotypic frequencies change
in the following manner:

P, =pi+ g (e + Pu—2pd)  and

Py = Pi =ppi—3 [4ppi— (Pu+ Py)]  fork #1

Here (p, Py - 2pf) = O for any genotypic structure.

[IfO<p < 51, we already have p, = 2p}. % sSp <1

2 (Py +

P;) = 2p, leads to 2p} — p, = P 2p-l1) < 2pkj—=(1 < P,.
Thus the assertion holds for all O < p, < 1.]

together with the inequality Py + 1 = 2P, +

Therefore offspring homozygotic frequen-
cies exhibit a homozygotic excess relative to
HWP (or in special cases exactly HWP), and
the sum of heterozygotic frequencies shows a
corresponding deficiency. Nevertheless, a
single offspring heterozygotic frequency in
the multiallelic case may be higher than
HWP.

[For examp(l’c: P+ Py =py= % implies Pj3 —pp; =
P3 - pipi = 16 which is positive for 0 > O.]

It should be noted that the deviations from
the corresponding HWP therefore have sign
opposite to that of the deviations resulting
from sexually asymmetric fertility selection
alone.

Investigating the long-term effect, we ob-
tain equilibrium frequencies

Py = PE + 2—2'0 P« (I-pi) and

Py =Pi = pp - o PP

90 for k #l,

where p,, p, are the initial allelic frequencies.
The equilibrium is approached in the follow-
ing geometric manner (assuming Py = Py,
which is valid after one generation at the
latest):

(Pu ~Py) = 2 (Pu—P})
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Resulting offspring structures

Summarizing both preceding sections
the following genotypic offspring structures
occur under models of either partial self-
fertilization or sexually asymmetric fertility
selection:

i) P4y = pup) under panmictic reproduction,
ii) Py = pi pi (Hardy-Weinberg proportions)
under symmetrical fertilities and 0 = O

iii) P = pi’ + 3 (P + Pu-2pl)  and

s

Pi = pipi~ 5 [4ppr(Put Py)] for k # 1

under 020 and no fertility selection,

. s s [ 5 5

iv) Py =p? + 5.5 P (1-pi ) and

> s o .,

Py = pipi “ %o pipi fork # 1
(equilibrium inbreeding structure) in equilibrium
under 020 and no fertility selection,

v) Py = pZ’pf” (multiplicative genotypic structure)
under sexually asymmetric fertility selection and
0=0.

The combined influence of fertility selec-
tion and partial self-fertilization on off-
spring and equilibrium genotypic struc-
tures

Sexually symmetric fertility selection and partial
self-fertilization

Several papers deal with solutions for equi-
libria in models incorporating mixed random
mating and self-fertilization and sexually
symmetrical viability or fertility selection. As
noted by Bodmer (1965), both last mentioned
selection models are analytically equivalent if
census is made of zygotes in each of the
separated generations. Nevertheless all pre-
sented equilibrium solutions are difficult to
survey with respect to characterizations of the
genotypic structure: Hayman (1953) assu-
med the diallelic case with overdominance in
viability coefficients. Workman and Jain
(1966) simplified his equilibrium solutions
and estimated selection coefficients based on
observations in some predominantly self-fer-
tilizing plant populations. Weir (1970) exten-
ded the complex rules for computation of
equilibria to the multiallelic case.
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Figure 3. Upper and lower limits for the panmictic index
under several diallelic selection models (following
Ziehe, 1982). The models are: I. Symmetrical viabili-
ty and fertility selection with heterozygote advan-
tage. II. Symmetrical viability and fertility selection
with heterozygote disadvantage. III. Selection in
pollen production. I'V. Selection in ovule production
with heterozygote advantage. V. Selection in ovule
production with heterozygote disadvantage.

Fertility selection with respect to one gametic sex only
and partial self-fertilization

Fertility selection with respect to one ga-
metic sex only is already a case of sexual
asymmetry. Analytical considerations are ge-
nerally restricted to the diallelic case. Work-
man and Jain (1966) gave equilibrium soluti-
ons for varied maternal fertility effects and
showed that these equilibria are the same as
in a model with these genotypical fertility
coefficients in the sexually symmetrical fertili-
ty case. Though the same equilibrium struc-
tures result, genotypic trajectories do not de-
velop in the same way. Ziehe (1982) determi-
ned upper and lower limits for deviations
from HWP in the offspring generation and in
equilibrium. These deviations are measured
in terms of the panmictic index I, as the
heterozygotic frequency relative to the corres-
ponding HWP [I, = (P, + P;,)/2p,p,] or the
fixation index F (introduced by Wright), F =
1-I,.. Figure 3 illustrates some of the results.

The general case

Let @, denote the number of ovules (all to
be fertilized) which are produced by an indi-
vidual with genotype A\A, or AjA,, such that
the ordering of the alleles has no influence on
ovule and pollen production (®y = ®y). ois
taken as the proportion of ovule self-fertiliza-

tion as defined on p. 95-96. The remaining
part (1-0) @y, of the genotypical amount offerti-
lized ovules is fertilized at random by pollen
from the pollen cloud which consists of all the
pollen not needed for self-fertilization.

Then the following offspring deviations
from the corresponding multiplicative geno-
typic structure hold:

s sy I _ O . D X
Py - pg pd =§(p|? - PkkT.';k - 2p¥’?)  and
b pE e = =2 [4pf pP - (PutP) 2] for ke,
[}
where ®is the mean ovule production: d = Z P.®, .
Kl

Some consequences:

i) The deviations from the corresponding multiplica-
tive genotypic structure in the offspring are proporti-
onal to 0. Ifin particular 0 = O, the zygotic genotypic
structure represents a multiplicative structure. Thus
the deviations from the multiplicative structure re-
flect the additional self-fertilization effect.

ii) The deviations from the corresponding multiplicati-

ve genotypic structure are independent from any
genotypical contribution to the pollen cloud. Diffe-
rential pollen cloud contributions are already contai-
ned in the allelic structure of male successful gametes
(pkd’, k=1, 2...) and thus involved in the multiplica-
tive genotypic offspring structure.

The heterozygotic offspring deviations are symmetri-
cal with respect to their female and male gametic
representations:

Py —Pl?’ ljlj,’ =Py —PI’Pkd’-

A significant difference between these deviations for
at least two offspring heterozygotes A A; and AjA,
requires the consideration of further or entirely other
breeding system components.

Ifovule production in adults does not vary (®y, = ® for
all k, 1), the sign and amount of deviations of the
zygotic genotypic frequencies are the same as those
from HWP under partial self-fertilization alone
(compare section 2b):

iii

=

=
~

Pi —pf’ pf" = 3 (P + Pu—2p.) and

Pu - pf" p” = - [#pp = (Pu + Pu)] for k1.

<
-

Comparing the zygotic genotypic structure with the
corresponding HWP, we get

s , s [+
P} —pi2=—%(p3 - p)? +g(p3 + Pu g
- 2p%)
. " s o3 1 5 s 5
and [Py + Pi] -2 i pl = 3 (Pl?q; p) (pF" -
pr) —g [4PS’ pt’ = (Pu + Py) E—f‘]

for k#1. Here the difference between pollen and ovule
allelic contributions to zygotes already include a self-
fertilization effect.
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Concluding remarks

Sexually symmetrical selection in repro-
duction is a dubious assumption if sexual speci-
fic selective effects are involved in fertilities and
mating system components. These sexually
asymmetric effects may be supposed if ovule
and pollen (allelic or gametic) contributions
to the offspring generation differ significantly.
For an example compare Miiller-Starck
(1982).

Assuming differential ovule and pollen pro-
duction and random gametic fusion, a mul-
tiplicative genotypic structure in zygotes re-
sults. Multiplicative genotypic structures and
their relationship to Hardy-Weinberg pro-
portions are characterized in 2nd section. If we
assume mixed random gametic fusion and
self-fertilization in addition to differential ga-
metic production, deviations of the zygotic
genotypic structure from the corresponding
multiplicative genotypic structure occur.
These deviations are investigated in section
3c. This may serve to interpret genotypic
offspring structures with respect to special
hypotheses about the influence of reproducti-
ve components. Some of the theoretical consi-
derations given here are applied to a Scots pine
seed orchard in part 2 of this series (Miller-
Starck, 1982).
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SEXUALLY ASYMMETRIC FERTILITY SELECTION AND
PARTIAL SELF-FERTILIZATION

2. Clonal gametic contributions to the offspring of
a Scots pine seed orchard

GERHARD MULLER-STARCK

Enzyme gene markers were applied to identify the gametic contributions of single clones among the open
pollinated offspring from a Scots pine (Pinus sylvestris L.) seed orchard. Seeds from two flowering periods were studied.
The genetic control of the enzyme system GOT was verified by analysis of seeds from controlled crossings. Three
clones carried unique alleles and functioned as marker clones. Their gametic contributions were monitored in all-

orchard seed probes.

The obtained deviations between the female and male contribution of each clone indicate differential ovule and
pollen production. Such occurrence of sexually asymmetric fertility selection was also reflected in the genotypic

structure of each offspring population by applying the “multiplicative structure”. Individual and clonal self-
fertilization were indicated. The obtained results stress the importance of taking into account the effects of sexually
asymmetric fertility selection in order to avoid misleading interpretations of genotypic structures among the offspring.

Introduction

The genotypic structures of parental and
offspring populations can be expected to be
identical in the case of a population in pan-
mictic equilibrium. Required conditions for
this are for instance that the fertilities and
viabilities of each individual of any given
genotype in a population and its gametes are
the same and stay the same for all subsequent
generations. Substantial deviations from this
assumption are evident in forest tree popula-
tions, including seed orchards, as a conse-
quence of the realized reproductive system
which comprises both the fertilities and the
mating system. Due to the first, differential
ovule and pollen production occurs in Scots
pine seed orchards (e.g. Jonsson et al. 1976,
Bhumibhanon 1978), and due to the latter,
non-random fusion of gametes occurs (e.g.
Shen et al. 1981,Miiller-Starck 1979 and
1981). A survey of phenomena which may
play a role in the relationship between paren-
tal and offspring genotypic structures is given
in part 1 by Ziehe (1982).

In the present paper the gametic contribu-
tion of particular clones to the open polli-
nated crop of a total seed orchard (“all-or-

chard offspring”) is studied for two flowering
periods. The gametic contribution of a clone
is described in terms of the frequency of seeds
which descend from this clone by containing
either its fermale or male contribution or
both. The last-named are necessarily descen-
dants from clonal self-fertilization and may
originate from individual self-fertilization or
from cross-fertilization between genotypically
identical individuals from the same clone.
The clones which are included in this study
are designated as “marker clones” due to the
fact that they carry unique alleles.

All results refer to viable seeds and thus to
the successful gametes which are incorpo-
rated in them. This implies that impacts of
gametic or zygotic viability selection and
possibly mating specific effects are included
in the results. Therefore, the detected gametic
contributions of the marker clones can refer
only approximately to the actual ovule and
pollen production.

It is the aim of this study to determine the
extent to which single parental clones are
represented gametically among the all-or-
chard offspring and to use the obtained re-
sults for a testing of hypotheses on predomin-
ant components of the reproductive system of
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a Scots pine seed orchard: genotypically diffe-
rential ovule and pollen production (”sexual-
ly asymmetrical fertility selection”) and indi-
vidual self-fertilization.

Material and methods

The Scots pine clonal seed orchard was established in
1959 by the Hessische Forstliche Versuchsanstalt, Hann.
Miinden. The actual number of clones is 36, the average
number of individuals per clone is 25, and the population
size is 900. The seed orchard can be expected to be
isolated sufficiently from external pine pollen (for further
details see Miiller—Starck 1981). The seed probes origi-
nate from open pollination during the flowering periods
1975 and 1976 and are part of the harvests of cones from
the total orchard in the winters of 1976/77 and 1977/78,
respectively. The seeds were supplied by the Hessische
Forstliche Versuchsanstalt.

The parental clones andf their offspring were identified
by enzyme gene markers, applying the system of leucine
aminopeptidase (LAP, EC 3.4.1.1) and of glutamate
oxalate transaminase (GOT, EC 2.6.1.1). Endosperm
and embryo tissues were homogenized with 0.13 M tris
hydrochloric acid buffer pH 7.3 and the enzymes sepa-
rated by means of starch gel zone-electrophoresis in a
discontinuous buffer system based on Poulik (1957),
modefied by Bergmann (1973): 0.07 M tris citrate gelbuf-
fer pH 8.7, and 0.3 M sodium hydroxide borate elec-
trodebuffer pH 8.2. Gel concentration 11 %, voltage
distribution 15 V/cm, bridge distance 10 cm, water
cooling temperature 8°C. Staining solution for LAP see
Bergmann (1973), for GOT see Rudin (1975). Both
enzyme systems were studied simultaneously by slicing
the starch gels horizontally.

Needle probes were harvested outside of the vegetation
period and pre-treated as follows: Crushing together with
insoluble polyvinylpyrrolidone in fluid nitrogen at
—196°C with an Ultra-Turrax equipment (Jahnke and
Kunkel, T 18/10, 18 N) and permanent storage of the
pulverized material at -60°C. Homogenization of small
portions of the cooled material with 50-100 ul tris hyd-
rochloric acid buffer pH 7.3, the following substances
being added per 100 ml buffer: 4 g soluble polyvinylpyr-
rolidone 10, 0.15 g EDTAII, 0.1 g diethyldithiocarbamic
acid, 1 ml 2-mercaptoethanol, 0.01 g cysteine, 0.5 g
sodium bisulfite 1.0 g sodium ascorbate (selected agents
from Rhodes, 1977).

To verify the genetic control of the GOT-system,
parents and the offspring from controlled crossings were
analyzed. For related studies which verify the LAP-B
gene locus and for further references see Miller—Starck
(1981). For characterization of the LAP-system by
molecular properties see Miiller-Starck and Hiittermann
(1981).

Based on these results, the genotypes of the parental
seed orchard clones were identified by endosperm analy-
sis, using at least nine seeds per clone. In addition, clonal
needle probes and the available pollen probes were
analyzed. The all-orchard offspring was studied by
analysis of endosperm and corresponding embryo of each
individual seed. By means of this, the female and the
male gametes can be identified always as ordered pairs
(Miiller 1976). The gametic contribution of each marker
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clone to the all-orchard offspring was derived by identify-
ing those seeds which carried the unique allele of the
respective marker clone in their female or male contribu-
tion or in both.

The genotypic structure among the all-orchard off-
spring at one enzyme gene locus was used as an example
to test hypotheses on components of the reproductive
system. Some of the methods presented by Ziehe (1982)
were applied.

Results and discussion
Identification of genotypes

Under the given conditions, the GOT-
polymorphism was apparent in the zymo-
grams within three zones, designated accord-
ing to their decreasing relative mobility as A,
B, and C. An overlapping of the zones A and
B was noticeable. In the case of haploid
tissue, a single isoenzyme band was obtained
in each zone, while in the case of diploid
tissue either a single band or a combination of
two single bands with an additional inter-
mediate hybrid band was observed. The lat-
ter fact indicates dimeric enzyme structures.
Individuals of the same clone always had
identical GOT-phenotypes. For any given
clone, these phenotypes coincided, indepen-
dent of whether needle tissue, endosperm
mixtures, or pollen probes were used for iden-
tification. Some results of analyses of endo-
sperm and corresponding embryo of seeds
which originate from controlled crossings are
presented in table 1.

The obtained phenotypic segregations
among the offspring do not deviate signifi-
cantly from the proportions expected under
the assumption of a simple Mendelian mode
of inheritance. Isoenzyme bands contributed
by the female and male parent are apparent
in the embryo in the form of direct combina-
tions with an additional hybrid band. In the
case of uniform parental phenotypes, a segre-
gation among the offspring is not evident. As
an example, results from a controlled self-
pollination are illustrated in figure 1. The
parental phenotype is represented by both
single endosperms and needles.

The parental clones which were involved in
the controlled crossings were uniform with
respect to GOT-A. Additional studies of open
pollinated seeds from other clones which all
carry two distinct GOT-A-phenotypes re-

Table 1. Results of analyses of seeds from controlled crossings. The given chi’-values refer to the expected Mendelian

proportions among the GOT-phenotypes

Parental clones Offspring
Crossing GOT-phenotypes Number Detected segregation x2(M
of clones Q2 x dd of seeds of GOT-phenotypes
CHI10XCHI10 AyA;XAA, 19 A,A; uniform =19
B;B;xB;B; B3B3:B;B;:B3B;:B;B; = 4:5:7:3 1.84 n.s.®
C,C;3xC,C; C,C:C3C:CC3:C5C5 = 2:5:9:3 6.05 n.s.
CHI0XCH2 AyA;XAA, 46 AyA; uniform = 46
B;B; X B,B; B;B,:B;B,:B;B;:B;B; = 9:7:14:16 4.61 n.s.
C,C3xC,Cy CCy:C3C:C C3:C4Cy = 16:7:8:15 5.65 n.s.
CH9XCH2 A;A;XAA, 40 AjA, uniform = 40
B,B;xB,B; B,B,:B;B,:B,B;:B;B; = 10:10:6:14 3.20 n.s
C;3C;3xC,C4 C3C4:C5C;5 = 17:23 0.90 n.s.
CH9XCH3 A;A;XAA, 50 A,A, uniform = 50
B,B;xB;B; B,B;:B;B; = 26:24 0.08 n.s.
C,C3xC,C, C3C:C,C4 = 25:25 0.00 n.s.

(1) ChiZ-test ”Goodness of fit”
(2) At 5 % level

sulted in the following: For each clone a 1:1
segregation was obtained among the endo-
sperms, and in the embryos all possible com-
binations of isoenzyme bands were present
independently from GOT-B and GOT-C.

It can be concluded for the present that the
GOT-polymorphism in needle tissue, endo-
sperm, embryo, and pollen is under the gene-
tic control of at least three gene loci GOT-A,
GOT-B, and GOT-C, each of which codes for
several codominant alleles. These alleles are
represented phenotypically by single isoenzy-
me bands. Classifying the offspring from each
controlled crossing according to the particu-
lar genotypes at one GOT-locus, it is then
possible to study within these classes the

- emasene
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Figure 1. GOT phenotypes of the offspring from a con-
trolled self-pollination (endosperm and corres-
ponding embryo @ of 6 seeds) and the parental
clone CH 10 (N=needle tissue). The designation
refer to GOT-B and GOT-C; GOT-A is uniform.
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segregation at the remaining two GOT-loci.
For the available material it can be stated for
the present that in each classified group of
offspring all possible genotypes at the respec-
tive other gene loci were represented.

The results of our studies in Scots pine seed
orchards and stands indicate that the gene
locus GOT-A codes for three alleles, GOT-B
for seven alleles and GOT-C for at least three
alleles. Some of the alleles were represented
by faintly stained isoenzyme bands, but a
lack of enzyme activity (’null-allele”) was
never obtained. Scaled between 0 and 100,
the relative mobilities are (synonymous de-
signation of alleles and corresponding isoen-
zyme bands):

GOT-A: A, = 72, A, = 66, A; = 59

GOT-B: B, = 61, B, = 57, B; = 55, B, = 52, B, = 44,
By = 38, B, = 33

GOT-C: C, = 27, C, = 24, C; = 18, C} = 5.

The designation Cj is preliminary because
the available material did not allow un-
equivocal exclusion of the possibility that this
band might be expressed by an additional
gene locus.

The obtained results correspond to other
studies in Scots pine as follows: The gene loci
GOT-A and GOT-B are identical to the two
loci detected by Rudin (1975) in needle tis-
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sues and endosperms and by Shen et al.
(1981) also in the embryos. All three loci
correspond to the loci I, II, and III which
were described by Krzakowa et al. (1977) for
endosperms. In a recent study Chung (1981)
describes the same loci GOT-A, GOT-B, and
GOT-C and an additional locus GOT-D for
winter buds, endosperms and embryos. The
only isozyme band at the latter locus may
correspond to the band C; in the present
study.

In the actual seed orchard the alleles A,
By, B, and C; are not represented. Three
clones were proven to carry unique alleles in
the heterozygous state: The two marker
clones CH 4 and CH 14 have the allele GOT-
A, and GOT-B;, respectively, while the third
marker clone, CH 2, carries two unique al-
leles, namely LAP-B; and GOT-B,.

Clonal gametic contributions

For each of the flowering periods 1975 and
1976 a sample of 640 all-orchard seeds was
studied. Because the marker clones carry the
unique alleles in the heterozygous state, the
gametic contributions can be identified only
with respect to one out of two alleles. There-
fore, the detected number of seeds which
descend from one of the marker clones was
multiplied by the factor 2 if these seeds con-
tained the female or the male contribution. In
the case of descendants from self-fertilization,
only those seeds can be positively identified
which carry the respective unique allele in the
homozygous state. This implies a multiplica-
tion by the factor 4. All subsequently given
values were estimated according to these
methods.

In table 2 the estimated numbers of seeds
descending from a particular marker clone
are presented separately according to
whether they contain the female or male con-
tribution or both. Each of these offspring
groups is contrasted with the respective
number of seeds which can be expected ac-
cording to the panmixia hypothesis. The
gametic contribution of the clone CH 2 was
estimated by means of each of the two unique
alleles separately. One of them, LAP-B;, was
also applied in a recent study (Miiller-Starck
1981) which referred to the same clone in the
flowering period 1976 but was based on
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another seed probe from the same all-orchard
crop. The resulting genotypic structures at
the LAP-B gene locus of both seed probes did
not deviate significantly.

The female and male gametic contribution
of particular clones to the all-orchard off-
spring can vary substantially: In the case of
the clone CH 4 in the flowering period 1975,
the frequency of seeds with its female con-
tribution exceeds the frequency of those with
the male contribution by a factor of 5.3. The
opposite extreme is realized by the clone CH
14 in the period 1976: Seeds with its male
contribution can be expected 6 times as fre-
quently as those with its female contribution.
Under the assumption of random fusion of
gametes, these facts clearly indicate differen-
tial ovule and pollen production and thus the
occurrence of sexually asymmetric fertility
selection. The deviation between the female
and male gametic contribution was tested for
each clone and flowering period separately:
Both frequencies and the corresponding re-
mainder to the sample size of 640 were con-
trasted in a 2 X 2 contingency table, and the
chi’-values were calculated. The results are
given in table 3.

In most cases significant deviations were
obtained within single clones between the
frequencies of seeds containing the female
and those containing the male gametic con-
tribution. These two estimations for the clone
CH 2 (ZLAP—B and GOT-B) result in deviat-
ing chi*-values, especially in 1975. As can be
seen in table 2, this is due to the different
values of the male contribution of CH 2.
Nevertheless, the two estimations for the fre-
quencies of the seeds which descend from CH
2 cannot be proven to deviate significantly.

The deviations between the flowering
periods with respect to either the female or
the male gametic contribution are not sig-
nificant, with the exception of the male con-
tributions of CH 4 and CH 14. In both cases,
a more intensive male flowering in the period
1976 is indicated. A testing with respect to
the offspring from clonal self-fertilization is
not useful, since the identified frequencies
vary only between 1 and 3.

The total gametic contribution of a clone to
the all-orchard offspring (see table 2) was
derived by adding up the expected frequency
of seeds from clonal self-fertilization and the
averaged frequency of the seeds with the
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Table 2. Estimated number of seeds with the gametic contributions of the clones CH 4, CH 14 and CH 2 in all-orchard
seed probes from two flowering periods in contrast to the expected panmixia values.

Offspring from self-fertilization.

Qord Qand & Qand & Total contribution
Marker Flower Number exp. under Q contribution @ contribution exp, under  contribution exp. under estimated
clone period of seeds panmixia (1) estimated (2) estimated (2) panmixia (3) estimated (4) panmixia
CH 4 1975 640 17,3 32 6 0,5 0 17,8 19
1976 640 32 26 4 33
CH 14 1975 640 10 28 0 19
1976 640 8 48 4 32
CH 2 1975(5) 640 26 52 4 43
1976(5) 640 34 54 8 52
1975(6) 640 26 42 4 38
1976(6) 640 32 48 12 52
(1) (N-1)/N? x 640, N = Number of clones (3) I/N? x 640 (5) LAP-B

(2) identified genotypes X 2

(4) identified genotypes X 4

(6) GOT-B

Table 3. Comparison in pairs between the frequencies of seeds with the male and those with the female gametic

contribution for each of three clones in two flowering periods. The given chi’-values result from 2X2 contingency
tables. Satistical significance at levels of 5% (*), 1% (**), 0.1% (***).

Clone CH 4 Clone CH 14 Clone CH 2
19750 19765 19758 19765 19753'(1) 1976J'(1) 19753'(2) 19763'(2)
19759 18.33%** 8.79** 9.23%* 3.98*
19769 0.65 n.s. 29.88*** 4.88* 3.41 n.s.
(1) LAP-B (2) GOT-B

Table 4. Comparison in pairs between the total gametic contribution of each of three clones and the expected value

under panmixia. For further explanation see table 3.

Clone CH ¢ Clone CH 14 Clone CH 2
1975 1976 1975 1976 1975(1) 1976(1) 1975(2) 1976(2)
Panmixia 0.04 n.s. 4.74* 0.04 n.s. 4.31* 10.97%** 17.72%%* 7.65%* 17.72%%*

(1) LAP-B (2) GOT-B

female or male contribution from the same
clone. The obtained frequencies were com-
pared statistically (chi’-test “’goodness of fit”*)
with the expected values according to the
panmixia hypothesis. As can be seen in table
4, the deviations between both are in most
cases significant. These deviations result from
the overrepresentation of each clone as com-
pared with the expected panmixia values (see
table 2). The total gametic contribution of the
marker clones is on the average 1.8 times

more frequent than expected. Specific effects
of the flowering periods are noticeable: The
panmixia value is exceeded by the factor 1.5
in 1975 and by the factor 2.2 in 1976. The
maximum deviation is valid for the clone CH
2 in 1976: The estimations by means of the
loci LAP-B and GOT-B both confirm a total
gametic contribution which exceeds that ex-
pected by the factor 2.9.

Possibly also due to its rareness, the esti-
mates for self-fertilization of the marker
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Table 5. Genotypic structures at the GOT-C gene locus of parental clones and all-orchard offspring in contrast to the

expected frequencies under panmixia and under random combination of the successful gametes (“multiplicative

structure”) for two flowering periods.

Genotype Frequency Expected frequencies offspring Detected frequencies
parental under under random combinat. offspring
°Ze) clones panmixia of successful gametes
1975 1976 1975 1976
C,G, 4 49.4 42.8 64.4 42 59
C.C, 0 0.5 0.7 0.9 2 3
CsC; 19 308.6 316.5 265.8 322 266
CiCy 4.9 5.5 10.0 9 14
C.C, } : 49 5.4 5.6 7 5
C\C; 123,5 93.6 131.6 91 133
CsC, } H 123.5 144.7 130.0 144 136
CyCs 1 12.4 11.9 11.5 9 10
C5Cy } 12.4 18.7 20.1 14 14
36 640.1 639.8 639.9 640 640

clones are on the average 7.3 times more
frequent than expected. The contribution of
the marker clones as female parent exceeds
the expected panmixia value on the average
by the factor 1.4, as male parent by the factor
2.

The substantial overrepresentation of the
marker clones among the all-orchard off-
spring necessarily implies a simultaneous
underrepresentation of parental clones other
than the studied ones.

Testing hypotheses on fertility selection and self-
Sfertilization

As an example, the genotypic structure of
the open pollinated all-orchard offspring is
studied at the GOT-C gene locus. A larger
number of different genotypes is realized at
this locus than at GOT-A, and the particular
genotype classes are better represented and
thus more suitable for statistical comparisons
than at the GOT-B or LAP-B locus. In table
5 the genotypic structures of the offspring
populations from 1975 and 1976 are given
and contrasted with the expected values
under the conditions of panmixia and of ran-
dom combination of the successful gametes.

The two offspring populations can be
proven to deviate significantly (k X 2 table
ch’-test, e.g. Sachs 1974, topic 6.1.1). With
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the same test, the deviations between the
female and male allelic frequencies among
each offspring population are significant in
1975, bot not in 1976. Comparing each of the
two female and male gamete pools with the
panmixia expectation (chi’-test “goodness of
fit”), all except the males in 1975 can be
proven to deviate significantly. .
Highly significant deviations are obtained
between each of the detected offspring struc-
tures and the panmixia expectation. The
homozygote C,C, is underrepresented in
1975 and overrepresented in 1976, While the
opposite holds for the homozygote C3C;. Of
these four values, only C3Cs3 in 1976 shows a
significant deviation from the panmixia value
(2 X 2 contingency table). More important is
the fact that significant deviations are ob-
tained between the frequencies of the recip-
rocal heterozygotes: This is the case for C,Cs
and C;C, in 1975 and for C,C; and C,C; in
1976. This asymmetry cannot be explained
by means of the panmixia standard, since this
standard is based on the assumption of ab-
sence of differences in the gamete production
and in the successful gametes in the offspring.
The Hardy-Weinberg proportions are also
not suitable in this case: The necessary av-
eraging of the female and male gametic fre-
quencies would mask the detected asymme-
tries. This is not valid for a standard which is
based on the assumption of random combina-

tion of successful gametes (”multiplicative
structure” according to Ziehe 1982). As can
be seen in table 5, the application of this
standard results in a much better approxima-
tion to the detected offspring stuctures than
was possible by the panmixia standard: The
deviations between the multiplicative struc-
ture and each offspring structure are no
longer significant. This result shows that the
occurrence of sexually asymmetric fertility
selection is clearly indicated. Nevertheless,
the involvement of other phenomena of the
reproductive system cannot be excluded.
The fact that the frequencies of some recip-
rocal heterozygotes cannot be approximated
to a similar extent by the multiplicative struc-
ture suggests the existence of individual self-
fertilization (Ziehe 1982, topic 3.c). This is
more valid for 1976 than for 1975 and may
explain the greater frequency of offspring
from self-fertilization in this period (see table
2). In particular, self-fertilization is indicated
by the slight overrepresentation of the
homozygote C;C; in 1975 and C,C, in 1976.
The small extent of this deviation and the fact
that other homozygotes are underrepresented
may be interpreted for the present as being a
consequence of the counterbalance by sexual-
ly asymmetric fertility selection, which was
proven by Ziehe and Gregorius (1981) to
reduce the proportion of homozygotes.

Concluding remarks

The parental clones in a forest seed or-
chard are usually assumed to contribute to
the subsequent generation to approximately
the same extent. This aspect was studied by
identifying all-orchard seeds which descend
from single specified clones. Due to the effec-
tive isolation of the seed orchard, interference
by external pollen can be expected to be at a
minimum. A multi-locus study on quantify-
ing such contamination is in progress.

The results of this study make it clear that
gametic contributions to the all-orchard
offspring can vary substantially between
clones and between flowering periods and can
also deviate significantly from sexual sym-
metry. The total gametic contribution of the
studied marker clones was on the average 1.8
times as frequent as expected under panmix-
ia. This overrepresentation was more pro-

nounced with respect to the male contribu-
tion than to the female. Maximum deviations
appeared in relation to descendants from
clonal self-fertilization and also between the
female and male gametic contributions of a
particular clone in a particular flowering
period. In addition, evidence for differential
ovule and pollen production, and thus for the
occurrence of sexually asymmetric fertility
selection, was obtained from the studied
genotypic structure among the offspring
populations. A testing of this hypothesis on
the basis of classical fertility models was not
possible. It could be done only by applying
the “multiplicative structure”. The same was
true for hypotheses on individual self-fertili-
zation.

Interpretations of genotypic offspring
structures should in general not be restricted
to analysis of the detected proportions of
homozygotes, since this parameter reflects
the effects of two major, counterbalanced
phenomena: Self-fertilization tends to induce
an increase in the frequency of homozygotes,
whereas sexually asymmetric fertility selec-
tion tends to have the opposite effect. Mis-
leading interpretations can only be avoided if
hypotheses are tested by means of standards
which can reveal each phenomenon separate-
ly. In this sense, the application of the "multi-
plicative structure” is essential.
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PART II

POPULATION STRUCTURE OF FOREST TREES

POTENTIAL CAUSES FOR MULTILOCUS STRUCTURE IN
PREDOMINANTLY OUTCROSSING POPULATIONS

OUTI MUONA

Multilocus theory and results are reviewed especially with reference to forest trees. Two aspects are discussed:
gametic disequilibrium and zygotic disequilibrium, i.e. correlations between loci in heterozygosity. There are sevaral
different ways of quantifying disequilibrium. Gametic disequilibrium consists of two components, between and within
individual disequilibrium. Both components of disequilibrium can be measured in conifers, which is a rare, as yet
unused opportunity. Several different causes, drift, population subdivision or migration and different patterns of
selection can give rise to disequilibrium. It is often difficult to distinguish between these non-selective and selective
causes. Even when selection is implied, it may be difficult to pinpoint the loci it is acting at. There are relatively few
studies on disequilibrium in plant populations, and very few on trees. Significant disequilibria have been found only
rarely, but the results are not yet conclusive. The rarity of disequilibria may be due to the fact that random pairs of loci
have been studied. Zygotic disequilibrium may arise due to partial selfing alone, or as a result of a combination of
initial disequilibrium and selection at only one locus, or due to epistatic selection. When zygotic disequilibrium exists,
general heterozygosity may be predicted on the basis of few marker loci, otherwise usually not.

Since disequilibria are rare, and may be due to spurious causes giving rise to unstable and variable correlations, it
seems doubtful that such correlations could generally be used for breeding purposes. Correlations due to pleiotropy
would of course be an exception. However, correlations between marker loci and polygenic, economically important
traits may be rare.

Introduction

Much of classical population genetics has
dealt with genetic change at single loci. How-
ever, natural selection acts on whole organ-
isms, not on single loci. Many evolutionists
have emphasized the role of of interactions
between loci, the integrity of the genotype,
and coadapted gene complexes (e.g. Mayr
1970, Lewontin, 1974). Recently, Wright
(1980) has discussed the importance of or-
ganismic as opposed to genic selection.

Brown (1978) has reviewed the manifold
ways in which different authors use the term
coadaptation. According to Mayr (1970), al-
leles coexisting in the same population at
different loci are coadapted by definition. In-
teractions between loci are not a prerequisite
for coadaptation. Dobzhansky (1970) used
coadaptation to describe the phenomenon
that heterokaryotypes of locally occurring
chromosomes are fitter than those between
chromosomes of disparate origin. Allard et al.

(1972) discussed gametic phase disequilib-
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rium as evidence of coadaptation between
allele combinations.

This paper deals with multilocus structure
in populations where the mating system is
one of partial selfing and random mating.
Most of the discussion will be limited to two-
locus systems, of which two aspects will be
considered: gametic disequilibrium and zygo-
tic disequilibrium. There are several reviews
on both the theoretical and experimental
findings on evolution in multilocus systems,
e.g. Allard et al. (1968), Karlin (1975) Hed-
rick et al. (1978) and Barker (1979). Brown
(1979) has reviewd experimental results on
plant populations. I will briefly deal with
findings on the effects of partial selfing, con-
sider conifers in particular, and also discuss
some implications of the results for practical
applications.

Gametic disequilibrium
Definitions and measurement

Let us consider a two locus system with
alleles A and a at locus A and alleles B and b
at locus B. The frequencies of the alleles are
pa (and 1-ps) and pg (and 1-pg). A genotype
formed by the union of gametes AB and ab
has frequency P42. The gametic frequency of
AB is P?B This notation is according to Weir
and Hill (1980). Weir (1979) has described
the system with several alleles at a locus, but
for simplicity, only two alleles per locus will
be onsidered here. The conventional measure
of gametic disequilibrium is D = P*®— p,pg.
This measure can be used for either gametic
or genotypic data. When gametic data are
available, estimation is straighforward. If
genotypic data are used, random mating has
to be assumed to estimate the proportion of
coupling and repulsion heterozygotes (Weir
1979).

Gametic disequilibrium in non-random
mating populations can be divided into two
components (Cockerham and Weir 1973,
1977, Weir and Hill 1980). These are Within
individual disequilibrium, D, and between
individual disequilibrium, D,,. The latter me-
asures departures from random mating.

D,=P¥py D,=Pj-pspg D=D,+ D,
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If it is not possible to distinguish coupling
and repulsion heterozygotes, these compo-
nents cannot be estimated independently. In
fact, when mating is not at random and only
genotypic data are available, Weir (1979)
recommends estimating a composite measure
of disequilibrium, A, first suggested by Bur-
rows (Cockerham and Weir 1977)

A =P+ P§-2paps (= D, + 2Dp).

The use of this measure does not require
any assumptions about the mating system.
Furthermore, it is easily computed and un-
biased. It has been used e.g. by Laurie-Ahl-
berg and Weir (1979) and Muona (1982).
The statistical significance of either D or A can
be tested by using x*-tests or Fisher’s transfor-
mation of the correlation coefficient. Despite
the non-normality of the data, such tests per-
form quite well (Weir 1979).

In any studies on gametic disequilibrium it
is important to use large sample sizes. Brown
(1975) has shown that the power of tests
remains small if allelic frequencies are skewed
and disequilibria are small, unless very large
samples are available.

There have been only few studies on game-
tic equilibrium in conifers. However, they
would offer a rare methodological advantage.
Usually distinguishing between coupling and
repulsion heterozygotes requires special
techniques, such as progeny testing in
Drosophila. Even then, only tightly linked
locus pairs can usually be studied. (Admit-
tedly, these are likely to be most interesting
for this kind of studies.) In conifers, the same
haploid cell gives rise to both the haploid
endosperm and the egg cell. Electrophoretic
techniques have proven suitable for identify-
ing the genotypes of both the endosperm and
the embryo. The maternal contribution to the
embryo can be obtained from the endosperm,
and the paternal contribution can then be
deduced from the genotype of the embryo
(Shaw and Allard 1981). This system has
many advantage for studying different prob-
lems about population structure, one of
which is that coupling and repulsion
heterozygotes can be easily distinguished. As
mentioned above, this allows estimation of
components of disequilibrium. As it is known
that many confers are partial selfers, there is
a potential for finding both components of

disequilibrium in conifer populations. No
such studied have been made yet.

Causes of disequilibrium

Measurement of gametic disequilibrium
involves two sampling processes: first the
sampling of gametes in the population when
successive generations of zygotes are formed,
and second, the sampling of gametes for es-
timating disequilibrium (Weir and Hill
1980). I will ignore the second sampling and
discuss the different mechanisms that give
rise to disequilibrium between loci: genetic
drift, migration and population subdivision,
selection and hitchhiking (the effect of a
selected locus on neutral loci). The general
effect of partial selfing is that disequilibrium
is generated and maintained under a wider
range of conditions than in random mating
populations.

Hill and Robertson (1966) showed that in
small populations and for tightly linked loci,
drift may cause substantial disequilibrium
between neutral loci. This disequilibrium will
be transient: in small populations the loci will
become monomorphic and there will be no
more potential for disequilibrium. Golding
and Strobeck (1980) studied the joint effects
of mutation, partial selfing and drift. Perma-
nent disequilibrium is possible under tight
linkage and high degrees of selfing, in popula-
tions with large enough effective sizes to
maintain variability. In conifers, the levels of
selfing are so low that disequilibria due to
drift, at least between unlinked loci, are not
likely to remain for many generations, aside
from those due to very severe population
bottlenecks. However, new disequilibria may
be generated each year.

Population subdivision may give rise to
excess homozygosity at the single locus level.
This is known as the Wahlund effect (see e.g.
Shaw and Allard 1982). There is an analog-
ous result at the two locus level. If allelic
frequencies at two loci differ in subpopula-
tions, there will be gametic disequilibrium
(e.g. Feldman and Christiansen 1973) Al-
though the differences in allelic frequency
could be due of differing selection in the two
subpopulations, epistatic selection is not
needed in this case. Migration from popula-
tions differing in allele frequencies would

have a similar consequence. Thus it is impor-
tant to study the populations in detail, so that
data are not inadvertently pooled to generate
artificial” disequilibria. It is also important
to distinguish between correlations among
loci due to within and between population
phenomena.

Epistatic selection has been the focus of
numerous theoretical investigations on dise-
quilibrium (e.g. Karlin 1975). Roughgarden
(1979) has summarized some of the main
results: even with simple models there exists a
plethora of stable and unstable equilibria, the
details depending on the exact constellations
of recombination and selection parameters.
For tightly linked loci, many selection models
give rise to permanent gametic disequilib-
rium. Jain and Allard (1965, 1966) were the
first to study the effects of partial selfing in
combination with selection. Their numerical
results showed that with high degrees of self-
ing, disequilibria can be maintained under a
wide range of selection models, even between
unlinked loci. In fact, the effect of partial
selfing was more pronounced for loosely than
closely linked loci. There were complex in-
teractions between parameters, but in gener-
al, the potential for disequilibrium was a
function of the degree of selfing. Holden
(1979) obtained the first analytical results on
the effects of selfing with selection. He studied
a special case, the symmetric viability matrix.
With selection, the effects of selfing and link-
age were not equivalent in their effect on the
maintenance of disequilibrium.

Most investigations have dealt with models
where only two loci are selected, and the rest
of the genome is assumed to be neutral. This
is of course an unrealistic simplification: the
loci are imbedded among other loci under
varying selection pressures. Thomson (1977)
has reviewed studies on hitchhiking, the effect
of selected loci on neutral loci. The allelic
frequencies at the neutral locus can change if
there is some initial disequilibrium. Hitchhik-
ing can also give rise to disequilibrium be-
tween neutral loci. Hedrick (1980) has com-
pared the effects of partial selfing and linkage.
High degrees of partial selfing can cause more
important effects than linkage: hitchhiking
occurs more rapidly and can cause changes in
the sign disequilibrium.

It is evident that there exists a variety of
causes for disequilibrium. In a large popula-
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tion, only disequilibrium maintained by epis-
tatic selection will remain at equilibrium. It is
of importance to consider the dynamics of
disequilibrium: how fast is equilibrium at-
tained. Weir and Cockerham (1973) have
shown that in a neutral situation disequilib-
rium changes at the rate

% {(l+;+s) L [(1+;~+s),_2)‘5]'/2}

, where A (= 1-2c) is a recombination para-
meter (c is the map distance between the
loci), and s is the proportion of selfing. This
shows that linkage and selfing are equivalent
in their effects of maintaining disequilibrium
in a neutral situation. Selfing can slow down
the decay of disequilibrium considerably. Av-
ery and Hill (1979) showed that disequilibria
generated by extreme bottlenecks can remain
in the population for long times, even if the
population size is large after the bottle neck.
Epistatic selection can of course retard the
decay, or even maintain permanent dise-
quilibria. On the other hand, some patterns
of selection can increase the rate of decay.
Clegg (1978) showed this in his computer
simulations, and found similar results in ex-
perimental populations. The reason for rapid
decay was heterotic selection, which gener-
ated excess double heterozygotes. The most
extensive studies on disequilibrium in plant
populations are those of Allard and cowor-
kers on Composite Cross populations of bar-
ley. E.g. in Composite Cross II, there are
very rapid changes in the magnitude of dise-
quilibrium over a time span of five to ten
generations, even between very closely linked
loci (see e.g. Allard 1975, Muona 1982). Such
changes cannot be due to the neutral decline
of initial disequilibrium, but must be affected
by selection. Note that selection can either
retard or speed up the decay of association.
The important point is that the changes over
time are highly unpredictable, because suffi-
cient information will probably never be av-
ailable for considering all selective and other
factors. As environmental conditions change,
it may take extremely long times to reach
equilibria in nature, if indeed they are ever
reached.
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Findings in natural populations

Epistatic selection is expected to be fairly
common in nature. Interactions on fitness
scale are generated e.g. by stabilizing selec-
tion, which is a well documented phenome-
non in natural populations. Given the above
theoretical results, disequilibria could be ex-
pected to occur frequently between loci.
However, the general result from random
mating populations is that disequilibria bet-
ween marker loci are found only rarely. Most
studies to date have dealt with animal popu-
lations. The most thorough studies on plant
populations are on predominant inbreeders
(see Allard 1975, Brown et al. 1980) The few
studies on predominantly outcrossing plant
populations are presented in Table 1. No
disequilibria were found in either Zea mays or
Silene maritima. The significant associations
found between loci Oenothera biennis are ex-
pected because of the permanent heterozy-
gosity and restriction of recombination. Five
species of trees have been studied. In general,
the number of loci has been small, no more
than seven in any study. No associations were
found between loci in the two Eucalyptus
species studied. Rasmuson (1978) gave re-
sults on four populations of Picea abies and
seven populations of Pinus sylvestris. There
were several significant associations in Nor-
way spruce, but only one of 21 possible tests
was significant in Scots pine. Mitton et al.
(1980) found several significant associations
in Pinus ponderosa. The causes of all these
disequilibria are unknown, they could be due
to either selective or non-selective factors. In
fact, it is quite difficult to exclude factors such
as bottle necks or drift and then attribute the
assiciations to selective causes. Such exclu-
sion would require information about the his-
tory of population, which in most cases will
not be available. The barley Composite Cros-
ses are again an important exception, the
initial conditions and population sizes over
time are known. Changes in disequilibria are
due to selection, but even then it is not known
what loci have been selected (Clegg et al.
1978).

Multilocus studies in natural populations
were not feasible before electrophoretic
technique became available. At first, it was
thought that multilocus studies could resolve
to what extent the loci studied are selected.

Table 1. Findings on disequilibrium in predominantly
outcrossing plant populations

Species Number Result  Reference
of loci

Zea mays 9 - Brown &

Allard 1971
Oenothera 6 +  Levy & Win-
biennis terheimer 1977
Silene maritima 4 —  Baker et al. 1975
Eucalyptus 3 —  Brown et al. 1975
obliqua
Eucalyptus 7 - Brown and
pauciflora Philips 1976
Picea abies (4) 7 9/84 Rasmuson 1978
Pinus 3 1/21 Rasmuson 1978
sylvestris (7)
Pinus 5 5/30  Mitton et. al.
ponderosa (3) 1980

However, later theoretical work has shown
that this remains a difficult problem (Avery
and Hill 1979).

Another question is the reason for lack of
disequilibrium in most populations. Why do
we not find disequilibria due to factors such
as drift or migration? And why does epistatic
selection not give rise to frequent associa-
tions? Even if few plant populations have
been studied, the results on animal popula-
tions are quite clear.

Disequilibria have usually been studied be-
tween random pairs of loci. If these are not
closely linked, chance effects do not give rise
to associations in large populations. Epistatic
selection should be effective between func-
tionally related loci, not between random
pairs. In fact, many of the cases where dise-
quilibria or fitness interactions have been
found have involved such functionally related
pairs, e.g. leucine amino peptidase and amino
peptidase in mussels (Mitton and Koen
1973), or 6PGD and G6PD in Drosophila
melanogaster (Bijlsma 1978). Another possible
explanation has been forwarded by Clark and
Feldman (1981). The selection models that
have been studied have only contained the
viability component of selection. In single
locus models, viability and fertility selection
often have opposite effects, and similar results
could hold for two locus models. It is certain-

ly true that fertility selection is an important
component in plant populations (Clegg and
Allard 1973, Clegg et al. 1978).

More studies are clearly needed on plant
populations. The results on animal popula-
tions, many of them on different species of
Dorosophila, cannot be directly generalized to,
say, forest tree populations, because of the
important differences in so many aspects of
their biology.

Zygotic associations

The other aspect of multilocus structure to
be discussed is zygotic associations, i.e. corre-
lations between genotypes at different loci.
Haldane (1949) pointed out that inbreeding
in human populations would give rise to ex-
cess multiple heterozygosity and multiple
homozygosity. Bennet and Binet (1956)
studied the effects of partial self-fertilization.
For neutral loci, there will be no gametic
associations at equilibrium, but partial self-
ing will give rise to an excess of multiple
homozygosity and multiple heterozygosity.
The biological explanation for this pheneme-
non is that outcrossing events make zygotes
heterozygous at multiple loci simultaneously.
Allard et al. (1968) gave values for excess
heterozygosity for different degrees of selfing
and linkage. Harding and Allard (1969)
studied a population of the predominantly
self-fertilizing Phaseolus lunatus, and showed
that the Bennett and Binet effect was quite
important.

Correlations between loci in levels of
heterozygosity and allelic frequency change
can also arise without any inbreeding, if there
is some disequilibrium between the loci.
Many authors have studied such associative
overdominance. When there is some initial
disequilibrium between a neutral locus and
and a locus under heterotic selection, the
neutral locus will behave as if it also display-
ed heterozygote advantage. Another consequ-
ence will be that double heterozygotes will be
more frequent than expected under inde-
pendence (Sved 1968, Cockerham and Rawl-
ings 1967, Ohta and Cockerham 1974,
Strobeck  1979).  Correlations  between
heterozygosity at different loci can also be
due to heterotic selection, e.g. with fitness
matrices where double heterozygotes are
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more fit than other genotypes (see Allard et
al. 1968).

If there are zygotic associations between
loci, one can predict levels of individual
heterozygosity on the basis of few loci. When
such correlations do not exist, heterozygosity
at a few loci should be a poor predictor of
overall heterozygosity. Mitton and Pierce
(1980) made a simulation study with 100
independent loci. When twelve loci were sam-
pled, the correlation between the sample
heterozygosity at the total 100 loci was 0.35.
As the loci were independent, there would
have been no correlation between the 12 loci
and the remaining 88 loci. As the number of
loci is very large in any genome, such small
samples do not give a picture of overall
heterozygosity. Mitton et al. (1981) have
found a relationship between heterozygosity
at a few marker loci and mean growth rate in
aspen, and a positive correlation between
heterozygosity and growth variability in as-
pen and ponderosa pine, a negative correla-
tion in lodgepole. The biological reasons for
such correlations remain poorly understood.

Implications for breeding

Karlin (1977) has suggested that dise-
quilibria between loci could be used for
breeding purposes. If there were a consistent
correlation between loci controlling quantita-
tive characters and marker loci, the easily
studied marker loci could be used for select-
ing for economically important quantitative
traits. One example of such correlations are
those found in Avena barbata by Hamrick and
Allard (1975). In this case, two different
ecotypes, “xeric” and “mesic”, are charac-
terized by different sets of quantitative
characters and alleles at electrophoretic loci.

In this connection it is important to distin-
guish within and between population correla-
tions. This has been illustrated in Fig. 1.
There is a cline in a quantitative character
and a parallel cline in allelic frequency. 1f the
data are pooled, there will be an overall
correlation between the enzyme locus and the
quantitative character. However, it does not
necessarily follow that there would be a sig-
nificant within population correlation between
the two characters. Such a correlation would
be needed for selecting within populations,
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Figure 1. Parallel clines in allelic frequency and quantita-
tive character give rise to a between population
correlation. The bars give allelic frequencies in diffe-
rent populations. The abscissa gives measures for
some quantitative trait, of which the curves give the
frequency distribution. See text for explanation.

and for selection to be successful, the correla-
tion would have to be high.

An example of changing within population
correlation is given in Table 2. The popula-
tion studied was Composite Cross II, an ex-
perimental barley population, which has
been grown annually without conscious selec-
tion in Davis, California. Seed has been
stored from many generations. I studied en-
zyme genotypes and quantitative characters
in families from four different generations
(Muona 1980). Different enzyme genotypes
were compared with respect to quantitative
characters. The esterase loci Est-1 and Est-3
and heading date have been chosen as exam-
ples. In Fg genotypes at the Est-3 locus dif-
fered significantly with respect to their head-
ing dates. However, this correlation had dis-
appeared by generation Fj3. On the other
hand, there was no correlation between
genotypes at the Est-1 locus and heading date
in the earlier generations, but a correlation

Table 2. Relation between esterase loci and heading date
in different generations of barley Composite Cross I1.
The mean heading dates (after March 23rd) are
given for different genotypes at the loci Est-1 and Est-
3. Further details in Muona (1980).

Est-1 Est-3

22 33 11 22 33

Fg 15.74 16.15 NS 18.13 13.01 16.03 ++
37 41 22 18 39

Fi; 1540 15.07 NS 15.73 15.36 15.10 NS
52 26 30 8 42

Fy3  16.59 16.06 NS 15.71 1297 16.97 +
41 33 30 15 34

Fes 1762 2229 +++ 19.12 - 17.80 NS
75 4 3 77

appeared by Fy;. This illustrates that even in
this highly self-fertilizing population, correla-
tions change rapidly over time. Obviously
such correlations would not be of much use to
a barley breeder, who would do better select-
ing directly for heading date. Transient corre-
lations, such as these, would also probably
differ from population to population due to
differences in population history. In specific
crossing schemes however, correlations be-
tween enzyme genotypes and quantitative
characters are expected, and can be used for
breeding purposes (see e.g. Tanksley et al.
1981).

It is of course possible to find useful associ-
ations in populations, but these would prob-
ably have to be of relatively simple nature,
e.g. a pleitropic association between an enzy-
me locus and disease resistance. Such cases
are likely to be rare. Despite the results of
Mitton et al. (1981) discussed previously, it
does not seem likely that very useful and
consistent correlations would be found be-
tween a few enzyme loci and such polygenic
traits as growth characteristics in forest tree
populations.
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ISOZYME HETEROZYGOSITY IN
ADULT AND OPEN-POLLINATED EMBRYO SAMPLES
OF DOUGLAS-FIR

D. V. SHAW and R. W. ALLARD

Eleven electrophoretically detectable loci were used as markers to examine patterns of heterozygosity in both
adults and open-pollinated progenies of Douglas-fir (Pseudotsuga menziesii var. menziesii). Heterozygotes were less
frequent in samples of embryos than expected under panmixia--an observation that is consistant with previously
estimated outcrossing rates. Conversely, a slight excess of heterozygotes was found in adults relative to expected
panmictic proportions. Most of the differences between the adult and the offspring genotypic distributions probably
result from viability selection favoring outcrosses i.e., by selective removal of selfed offspring prior to reproductive
maturity. However, viability difference between selfs and outcrosses cannot be responsible for the excesses of
heterozygotes observed in the adult samples. Several mechanisms that might account for the excesses are discussed.

Introduction

The genotypic arrays of reproducing adults
in populations of perennial plants and the
open-pollinated progenies produced by these
adults represent two distinct phases of the life
cycle. The distribution of embryo genotypes
depends primarily on pollen movement, on
the mating system, and on fertility compo-
nents of selection. The array of adult geno-
types may differ from the array of genotypes in
embryos as a result of forces acting through-
out the diploid phase of the life cycle. In this
paper we examine heterozygosity at 11 isozy-
mes--in both adults and their open-pollinated
progenies--from eight natural stands and a
plustree seed orchard of Douglas-fir (Pseudo-
tsuga menziesii var. menziesii).

In most forest tree species the majority of
fertilizations result from outcrossing. How-
ever, many species produce some selfed
offspring upon open-pollination, and thus
have mixed mating systems. Squillace (1974)
reviewed estimates of the proportion of selfed
offspring for 12 coniferous tree species and
reported values ranging from 0 to 20 percent.
Previous analyses of the natural stand and
seed orchard samples used in our study indi-
cated that the embryos were formed with a
mixed mating system featuring 90 percent
outcrossing, ¢, and 10 percent selffertilization,
s = 1-t (Shaw and Allard 1982).

Another common characteristic of forest

tree species is that they express moderate to
severe inbreeding depression for characters of
commercial importance, such as height and
volume growth (reviewed by Franklin 1970).
The studies of Sorensen and Miles (1974)
have shown that selfed Douglas-fir seedlings
can suffer an 18 percent reduction in first year
height growth relative to cross-fertilized
seedlings; Rehfeldt (1978) demonstrated that
this reduction in yield can be as large as 30
percent in subsequent years. Because charac-
ters such as height and volume are presumed
to be important to adaptive and competitive
ability, most selfed embryos are expected to
be at a selective disadvantage. Brown et al.
(1975) and Phillips and Brown (1977) have
reported measurable deviations from panmic-
tic genotypic proportions, due to self-fertiliza-
tion, in embryo or seedling samples, but
found no evidence for accumulated inbreed-
ing in adult populations. Such results are
consistent with the hypothesis that selection
removes most inbred offspring from the even-
tual adult populations.

We use the mating system parameters esti-
mated for our experimental populations
(from Shaw and Allard 1982) and the pat-
terns of heterozygosity observed for embryos
and adults to evaluate the long-term signifi-
cance of self-fertilization to populations of
Douglas-fir. We also assess the likely con-
tribution of other forces to the observed pat-
terns of heterozygosity.
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Table 1: Location, sample size, age and height data for the eight natural stands sampled for this study, and sample size

data for the Jefferson seed orchard.

Sample size

open- total
Location pollinated seeds Stand age Stand
Latitude Longitude families assayed (approx.) height (m)
Springfield 1 44° 18 122° 32 24 274 35 14
3 4° 5 122° 4%’ 25 299 25 16
4 44° 5 122° 40 23 232 100+ 30
5 44° 17 122° 34’ 25 288 40 18
Longview 1 46° 9 122° 32 18 167 60 26
3 46° 12° 122° 38 25 320 35 12
4 46° 13’ 122° 46 25 289 70 26
5 46° 11 122° 33’ 20 244 60 24
Jefferson 42* 727

*The Jefferson seed orchard contains several ramets of each clonal genotype. Seventy-six ramets were sampled representing 42 distinct genotypes.

Materials and Methods
Collections and electrophoretic assay

Open-pollinated progenies were collected from eight
stands of naturally regenerated trees and also from a
clonal plus-tree seed orchard. The location of stands, the
age and size of trees within stands, the number of families
sampled, and the number of seeds assayed by elec-
trophoresis, are given in Table 1. The eight natural
stands are located on sites considered ecologically central
to the distribution of coastal Douglas-fir. A variety of
environments and topographies are represented; all sites
are located between 400 and 600 meters elevation. Both
diploid embryos and haploid maternal gametophytes
were analyzed by starch-gel electrophoresis for each seed
assayed; 11 loci were revolved and scored. Adult allele
and genotypic frequencies were inferred from the haploid
genotypes of not fewer than seven gametophytes per
family, using methods given by Morris and Spieth
(1977). Embryo allele and genotypic frequencies were
calculated directly from the observed codominant iso-
zyme phenotypes. Descriptions of the experimental
populations and electrophoretic procedures are given by
Shaw and Allard (1982).

Statistical methods

Expected diploid genotypic frequencies for a neutral
marker locus can be predicted with Wrights’s equilib-
rium formulae (Wright 1931) as
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f(AA) = pi+ Fp(l-p)

(1)
f(AA) =2pp;(1 - F),

in which f(A;A;) and f(A;A;) are the frequencies of the
AJA; homozygote and the AjA; heterozygote at a locus, p;
and p; are the frequencies of the i and j™ alleles at this
locus, and F is the inbreeding coefficient (correlation
between uniting gametes, Wright, 1931; also the proba-
bility that the alleles of an individual are identical by
virtue of descent from a common ancestor, Malécot
1948). Wright (1951) derived the fixation index, F, as an
estimator of the inbreeding coefficient. F is calculated as

T & VI @)
] 2 pip;

In (2) hy is the observed frequency of the heterozygote
bearing the i and j" allele at a locus and p; and p; are the
frequencies ot the i™ and j* alleles respectively. The
denominator of the fraction in (2) is often referred to as
the expected panmictic heterozygosity (H.) because it reflects
the proportion of heterozygous genotypes expected under
random union of gametes. H, has also been referred to as
the polymorphic index (Marshall and Allard 1970), the
average heterozygosity (Nei 1975), and the genic diversity
(Brown et al. 1980); H. is a useful measure of allelic
variability. Estimates of F greater than zero indicate an
excess of homozygous genotypes and estimates of F less
than zero indicate an excess of heterozygous genotypes
relative to expected panmictic proportions. Several fac-
tors affect the precision and accuracy of the fixation
index as an estimate of the inbreeding coefficient in
predominantly outcrossing species:

1) The sampling variance of F depends on the actual
inbreeding coefficient, and on the allelic variability at the
marker locus used for estimation (Rasmusson 1964). As
noted by Brown (1979), it is unfortunate that the sampl-
ing variance of f is maximum in predominantly outcros-
sed species for marker loci with intermediate allele fre-
quencies because such loci are the most useful markers
for estimation of many other genetic parameters, as well
as in making between-population comparisons. Because
the precision of F depends on the allelic frequencies at
each marker locus we calculated average fixation indices
by weighting the estimate of F obtained for each locus by
its approximate maximum likelihood variance (Brown
1970).

2) F is biased downward when estimates are made
from small samples (Levine 1949). Fixation indices can
be corrected for this bias by multiplying the expected
panmictic heterozygosity in (2) by [1 + 1/ (2N - 1)], in
which N is the sample size. This bias is large only with
very small samples and thus we have corrected only
adult fixation indices in this report.

3) Although the fixation index was originally de-
veloped as an estimator of the inbreeding coefficient it
provides, in simplest form, a comparisons of observed
levels of heterozygosity with levels expected under pan-
mixia. Brown (1979) lists more than a dozen factors that
can affect F; several of these will be discussed later with
reference to empirical data.

An additional feature of the Douglas-fir data is that the
esterase marker locus (Est) yielded estimates of selfing

that were lower than the estimates obtained with other
marker loci (Shaw and Allard 1982). Because the level of
heterozygosity observed for this marker did not fit the
general pattern, individual fixation indices estimated
with the esterase marker were excluded when calculating
the average F for each population.

Results
Allelic variability

A summary of expected panmictic hetero-
zygosities is given in Table 2. These values
range from zero (for locally fixed loci) to 0.70.
The average allelic variability as measured
by H. was similar among all sample popula-
tions. Further, Spearman rank correlation
coefficients (Siegel 1956) between H, and F
within each population are all non-signific-
ant, indicating no association between the
degree of allelic variability and the estimated
fixation index.

Individual-locus fixation indices

Table 3 gives individual markerlocus fixa-
tion indices for both embryos and adults from
the Springfield 1 and Springfield 3 natural
stands. The results for these two stands are

Table 2: Average and range of expected panmictic heterozygosities (H,) for adult embryo samples from eight natural

stands and a plus-tree seed orchard of Douglas-fir

Embryo samples

Adult samples

H. Range He Range
Springfield 1 .200 (0.02—0.63) 215 (0—0.67)
3 .202 (0—0.63) .205 (0—0.62)
4 .200 (0—0.63) 210 (0—0.65)
5 219 (0.02—-0.68) .230 (0.04—0.64)
Longview 1 216 (0—0.66) .243 (0—0.66)
3 212 (0—0.61) 235 (0—0.59)
4 .201 (0—0.70) .207 (0—0.70)
5 214 (0—0.63) .250 (0—0.65)
Natural stand
average .209 .230
Pooled natural
stand data 219 (0.01-0.63) .225 (0.01-0.65)
Jefferson 228 (0—0.63) 237 (0.02—0.64)

117



Table 3: Fixation indices (F)for 11 isozymes in the
Springfield 1 and Springfield 3 natural stands.

Springfield 1 Springsfield 3
) f=

Locus Adults Progeny Adults Progeny
Got 1 0 136
Got 3 0 0 —.020 0
Gépd 0 —.065 12
Gdh 0 0
To —.085 —.067 .020 .091
Est .013 276 —.075 121
Lap 1 —.118 .038 —.065 .051
Lap 2 —.118 373 —.162 .091
Pgm 1 210 .039 .243 .091
Pgm 2 —.080 .181 =021 —.052
Pgi 0 .091 .021 —.110

*Fixation indices can be calculated only for variable loci.

typical of those for all sample populations. A
conspicuous feature of the results is that the
estimates of F obtained with the different
marker loci differ strikingly from each other
within the two populations. Fixation indices
are given only for marker loci with ex-
pected panmictic heterozygosities greater
than zero; allelic variability at a marker locus
is necessary for its use in estimating F.

Average fixation indices

Despite the large between-locus variability
in F for embryo samples, only one estimate in
ten is negative when all samples are consi-
dered. Average fixation indices calculated for
embryo samples in all experimental popula-
tions are positive (Table 4), indicating
an excess of homozygous genotypes over
the proportions expected under panmixia.
The grand mean for all embryo fixation indi-
ces is fr = 0.050. Values of ¢ and s for these
populations are 0.90 and 0.10 (Shaw and
Allard 1982). The inbreeding coefficient ex-
pected to result from a single generation of
mating with 10 percent selfing (Hayman
1953) is F = 0.05, which is exactly the ob-
served value. The observed value is also very
close to that expected with neutral inbreeding
equilibrium, F. = 1 -4/ 1 + ¢ = 0.053 (Fyfe
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Table 4: Fixation indices (F) estimated for embryo and
adult samples from 8 natural stands and a plus-tree
seed orchard of Douglas-fir. (Sample standard errors
for mean F in parentheses.).

Embryo fe Adult f*
Springfield 1 067 (.040)  —.020 (.034)
3 .040 (.029) —.030 (.041)
4 .025 (.046) —.005 (.052)
5 .041 (.029) 0 (.052)
Longview 1 .090 (.027) —.017 (.024)
3 027 (.027) —.058 (.024)
4 .042 (.022) —.047 (.030)
5 .015 (.024) —.038 (.042)
Natural stand
average .050 —.027
Pooled natural
stand data .236 (.069) .024 (.063)
Jefferson .029 (.017) .030 (.066)

*Avarage fixation indices were calculated excluding estimates based on the

esterase locus due to their obvious and systematic deviations.

and Bailey 1951). The comparison of ob-
served F with expected F is not very informa-
tive in this case because, when ¢ is near unity,
inbreeding equilibrium is approached rapid-
ly, and the expected inbreeding coefficients
for single-generation and equilibrium in-
breeding are nearly the same. The sample
standard errors for mean estimates of F given
in Table 4 were calculated using unweighted
individual-locus fixation indices. These stan-
dard errors are intended only as an indication
of dispersion, as it is unlikely that the criteria
necessary for valid formation of confidence
intervals from sample standard errors will be
met (e.g. homogeneity of variance for all ob-
servations). Note that the average fixation
index for the pooled natural stand data is
considerably more positive than individual
natural stand estimates (Table 4), a point
that will be discussed later.

Substantial between-locus variability in F
was also found for adults. However, unlike
the pattern observed for embryos, most adult
fixation indices are negative. Average adult
fixation indices are slightly less than zero for
seven of eight natural stands and zero for the

eighth (Table 4), indicating an excess of
heterozygotes over expectations based on
panmixia. The grand mean for all adult
natural stand fixation indices is F = —0.027.
The average F for the pooled adult natural
stand data and for the Jefferson seed orchard
adults are both positive. Standard errors are
again included in Table 4 as indicators of
within-population variation of F.

Discussion

Caution is required in making inferences
about the dynamics of population change
from comparisons of adult and progeny
genotypic distributions: the two samples do
not necessarily represent a continuum of
genetic event, i.e., the embryo pool from
which the current generation of adults was
drawn may have been formed from a gene
pool (the grandparental gene pool), and with
a mating system, that differed from those
presently observed. However, the consistency
of estimated mating system parameters and
the general similarity of gene pools among the
eight natural stands sampled suggests that
the assumption of reasonable continuity for
these factors, over at least a single generation,
may be valid for the populations of the pre-
sent study.

Comparison of embryo and adult genoty-
pic distributions indicates that considerable
genetic change occurs between the two life
cycle phases. Most of the decrease in homozy-
gosity between embryo to adult phases can be
explained by the selective removal of selfs
from the populations or, stated alternatively,
by “heterosis for outcrosses” (Brown 1979).
If all selfed offspring are removed from adult
genotypic distributions then the effective out-
crossing rate (Workman and Allard 1962) for
the adult population is * = 1.0. The hy-
pothesis of an effective outcrossing rate of t*
= 1.0 does not, howewer, account for two
observations: 1) adult fixation indices for the
pooled natural stand data and the Jefferson
seed orchard data are positive, which indi-
cates an excess of homozygous genotypes over
expectations based on * = 1.0; 2) adult
natural stand fixation indices are usually
negative, which indicates an excess of
heterozygous genotypes over expectations
based on panmixia.

Causes for excess homozygosity

Homozygosity in excess of that predicted
by the mating system, in this case * = 1.0,
can result from a variety of causes (Brown
1979). Perhaps the most likely cause for ex-
cess homozygosity found in the pooled adult
natural stand sample and the adult Jefferson
seed orchard sample is the Wahlund effect
(Wahlund 1928), or variance in allele fre-
quency among the subpopulations from
which the diploid genotypes were drawn. The
apparent excess of homozygotes in the pooled
population can be quantified for a diallelic
locus as

Fsr = 03/2p,(1 - B), (3)

in which p and of,, are the mean and variance
of the i allele frequency over subpopulations
and Fgr is Wright’s measure of population
subdivision (Wright 1951). Fsr can be substi-
tuted for F in equation (1) to obtain expected
genotypic frequencies when subdivision and
variance in allele frequency occur. Note that
the Wahlund effect can also explain the ob-
servation that F is larger for the pooled em-
bryo natural stand data than for individual
natural stand samples (Table 4).

Causes of excess heterozygosity

Several mechanisms can produce an excess
of heterozygous genotypes over expectations
based on the mating system (Brown 1979);
however, only a few of these mechanisms can
lead to significant excesses of heterozygotes
when the effective outcrossing rate, ¢*, ap-
proaches unity.

The two most commonly cited selective
mechanisms for generating heterozygote ex-
cess (with #* = 1.0) are: 1) heterozygote
advantage for chromosomal segments includ-
ing the marker locus and; 2) associative over-
dominance. The first mechanism implies
either selection favoring heterozygotes at the
marker locus itself, or heterozygous advan-
tage for a block of genes of which a particular
marker locus is an integral component. As-
sociative overdominance implies that the
marker locus itself is neutral and that the
observed excess of heterozygotes results from
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association between the marker and selected
loci. Mixed mating systems can lead to non-
random distributions of heterozygous loci
among diploid individuals (Bennett and
Binet 1956) and thus to associations between
marked and unmarked loci. Gametic dise-
quilibrium, resulting from various modes of
selection (Allard et al., 1968; Hendrick et al.,
1979; Feldman et al., 1977) as well as from
non-selective causes (Hill and Robertson
1968), can also result in such associations.

No consistent patterns of heterozygote ex-
cess associated with specific marker loci were
found in our study. There was no significant
heterogeneity among the average fixation in-
dices estimated for each marker locus (aver-
aged over populations) and there was no
correlation between populations for the rank-
ings of individual-locus fixation indices (f; =
0.04; Siegel 1956), i.e. the marker showing
the largest heterozygote excess in one popula-
tion did not necessarily show the largest ex-
cess in other populations. These results ex-
clude neither of the hypotheses involving
selection because they are consistent with
both associative overdominance (with vary-
ing degrees of between-locus association) and
also with heterozygote advantage in which
selection intensities vary among populations.

Heterozygote excess can also occur when
there are differences between male and
female gametic allele frequencies (Robertson
1965). This potential cause for heterozygote
excess is often ignored in monoecious plants
because each individual is expected to contri-
bute to both the pollen and ovule pool. How-
ever, allelic frequencies may differ in the male
and female gametic pools of monoecious
species because each parent contributes un-
equally to the two pools (Horovitz and Hard-
ing 1972). Migration of pollen between popu-
lations differing in allele frequency (Prout
1981) can also lead to such inequalities. The
change in the fixation index resulting from
differing male and female allele frequencies
can be calculated as

AF = 1/2(t)? zi(pim - p)>. (4)
In (4) pim and py are the frequencies of the i
allele at a locus for male and female gametes

respectively and ¢ is the outcrossing rate
(Brown 1979). The outcrossing rate can in
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general be replaced by the migration rate (m)
if differences within populations are neglig-
ible and the outcrossing rate is ¢t = 1.0. A
more complete solution involving both within
and between population differences is not yet
available. Note that the excess heterozygosity
generated by the above process is not the
result of selective differences among diploid
individuals. Note also that, if some inbreed-
ing occurs, the resulting negative bias in
may be masked in embryo samples; however
samples of adults drawn at random from the
outbred portion of the embryo population
will exhibit heterozygosity in excess of expec-
tations based on panmixia. The average with-
in-stand difference between male and female
gametic allele frequencies in our study was
0.05 (range 0.00 to 0.15). These differences in
gametic allelic frequencies are too small to
account for the negative fixation indices ob-
served in the adult samples. However, the
average within-stand difference may underes-
timate the actual differences in allele frequen-
cy between uniting gametes because each
natural stand sample may contain progenies
from several breeding cohorts. It is interest-
ing to note that variation in allele frequency
among subpopulations causes an excess of
heterozygotes when migration occurs during
the haploid phase of the life cycle (pollen
migration) and an excess of homozygotes
when migration occurs during the diploid life
cycle phase (seed migration).

Conclusions

The limitations of our data set, and the
unknowns of population history, do not allow
discernment among the several selective and/
or nonselective force that may be responsible
for the patterns of heterozygosity observed in
this study of Douglas-fir. However, the re-
sults suggest that the dynamics of genotypic
distributions in Douglas-fir are complex and
that they are affected by forces whose effects
tend to counterbalance, e.g. significant
amounts of self-fertilization occurred during
the formation of our sampled progenies, but
excesses of homozygotes resulting from in-
breeding in previous generations had disap-
peared in the observed adult populations.
Thus selfed offspring appear to be of little
importance in the long-term biology of the

Douglas-fir populations studied.

The variability in F was substantial and it
is interesting that this variation, as measured
by sample standard errors, was of the same
order of magnitude for the individual natural
stand samples, the larger pooled natural
stand samples, and the Jefferson seed orchard
sample. This may indicate that variability in

is not due to inefficiency of estimation or
sampling error, but rather to invalidity of
various assumptions made in formulating the
mixed mating model. It follows that experi-
ments to test specific hypotheses concerning
the mixed mating model may provide infor-
mation useful in understanding the popula-
tion structure of Douglas-fir.
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COMPETITION AND NEIGHBOURING EFFECT IN A NATUR-
ALLY REGENERATING POPULATION OF SCOTS PINE

P. M. A. TIGERSTEDT, D. RUDIN, T. NIEMELA and J. TAMMISOLA

A natural pine stand, 300—400 years old, and a progeny generation underneath, about 100 years old, were
analysed for population structure by means of isozyme analysis. The genetic structure of old growth conformed to
Hardy-Weinberg equilibrium and neighbouring trees appeared on the average to be slightly related. The genetic
structure of regeneration departed significantly from Hardy-Weinberg equilibrium and appeared more inbred with
high proportions of homozygotes. Regeneration groups around old growth trees did not appear to be particularly
related to the tree above. It is suggested that seeds in natural stands move in cohorts and land in cohorts thus mixing
up the population structure. It is also suggested, that selection against high proportions of inbreds in seedling
populations is important to avoid inbreeding depression in natural populations.

Introduction

A tree is sedentary. It is confined to live its
entire life on the location where it was born.
Seeds from a tree are mainly dispersed
around its source, very few seeds find their
way far from the mother. The dispersal is
leptocurtic and covers only a restricted area
with a radius of at the most a few tree heights.
Trees are predominantly wind-pollinated,
anemophilous. Pollen from a particular tree
can find its way far from the source of release,
but just as in seeds, the bulk of pollen is
distributed leptocurtically around the father.
These basic ideas result in a conception about
the genetic structure of tree populations, and
plant populations generally. We visualize
populations as consisting of groups of rela-
tives, suffering from inbreeding depression.
Natural forest tree populations often regen-
erate through bursts of highly dense and rela-
tively even-aged seedling formation. Such
bursts can be caused by ecological disruption,
such as a forest fire, or a storm-felling, or
sometimes just because of favourable condi-
tions for flowering, seed set and seed germi-
nation. Thus the regenerated population may
have a density of magnitudes higher than a
final mature population. A selection intensity
of 10°—107 is here normally involved. In the
intervening years selection, either stochastic
or naturally determined, must cause drastic
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reduction in population density.

Genetically plant populations must thus
depart considerably from ‘mendelian’ or ran-
dom-mating populations. In plants, random
mating seems unrealistic because individuals
are sedentary. Plants experience heterogen-
ous environments differently, they can not
actively choose their habitat. Assortative
mating is unlikely, possibly with the excep-
tion of temporal synchrony in flowering of
certain phenotypes. A forest genecologist is
aware of the often strong clinal variation in
fitness characters, such as growth initation or
cessation, flowering rhythm or vegetative and
generative dormancy.

Many of these caracters are of imminent
interest to the tree breeder looking for higher
yields or better adaptation.

But the forest population geneticist has a
vague idea about the structure of his popula-
tion. We say this being fully aware of recent
studies of tree populations using isozymes as
markers. There are still many open questions
and in this study we have deliberately chosen
a new approach to this problem. In our opin-
ion the spatial structure of tree populations
needs more careful scrutiny so that the find-
ings of genecologists can be extended to the
local population. We also believe that the
structure of natural tree populations is impor-
tant for the selection of individuals in breed-
ing work.

Example of old growth
neighbourhood groups
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Figure 1. Map of the Scots pine stand at Oulanka.

Material

The desirable features of the selected pine stand
should be as follows.

. It must be natural so that influence by man can be
proven unimportant.

. It must be ecologically as uniform as possible.

. It should be in the process of regeneration so that two
different generations, a parental and a juvenile could
be analysed simultaneously.

4. It should be dense enough so that sampling of groups

around parental trees and random samples along

grid-lines could be taken.

W N

Such a stand was found near the Oulanka biological
station in east-central Finland. It appeared to have been
untouched by man for 300—400 years with a forest fire
burning the ground some 100 years ago, after which
regeneration had taken place.

The research area is a square of about 100X 100 meters
(1 ha).

This area has a relatively uniform distribution of old
growth of which about 100 individuals (nearly all) were
genetically analysed (Fig. 1).

The area also has a ’juvenile’ generation, about 80
years old, partly very dense and grouped around paren-
tal old growth trees. There are at least 50.000 individuals
on the research area of this generation.

The whole stand grows very slowly because it covers
an unfertile sandy soil of Cladonia-type.

Three different kinds of samples were taken from the
stand.

First twigs of virtually every parental tree were taken.
The trees were tagged and the twigs deepfrozen for later
needle analysis of 4 enzyme loci: 2 leucin-aminopeptidase
and 2 glutamate-oxalate-transaminase. The same enzy-
me systems were analysed in all subsequent samples.
However, only the GOT-B system was used for complete
population analysis. Rare alleles in other systems were
used to estimate the spatial distribution of alleles within
the stand.

Second transects were run through the stand in roughly
south-north direction and with 10 meters spacing be-
tween lines. Along the line, twigs were taken from the
regeneration at 10 meter intervals, thus the whole stand
was covered by a 10X10 meter grid, in all about 100
small trees were sampled.

Third groups of about 30 small trees were sampled
under 37 parental trees dispersed more or less regularly
over the area. The 30 closest trees were taken for the
sample. Thus circles with radii of 2—3 meters marked the
sampling of groups. The pine stand had a very regular
structure such that most of the old growth individuals
had clearly distinguished groups of plants or young trees
arranged more or less circularly around them (Fig. 2).
Thus one of the obvious research propositions was to
analyse old and young trees for kinship.

Methods

Electrophoresis was mainly run on needle material, in
some cases on buds. Standard gel-electrophoretic proce-
dures were used (Rudin 1975, 1977). All 4 loci analysed
had anodal bands. Most loci includeed multiple alleles
but only one system, GOT-B, appeared to carry alleles at
fairly intermediate frequencies, thus most of the analyses
were done on the 5 alleles included in the system.

Rare alleles of some systems were used to estimate the
spatial distribution of alleles within the stand.

Statistics

Non-parametric chi-square statistics was used com-
paring genotype distributions to Hardy-Weinberg expec-
tations. Observed classes with less than 5 trees were
generally lumped with the next smallest to make up
artificial classes of at least 5 trees. A 2XC contingency
test was applied to compare the population of old trees to
that of regeneration. Again, observed classes smaller
than 5 were lumped.

The genetic distribution of plants under old trees was
determined as follows. Expected genotype frequencies
were first calculated on the basis of a random old growth
gene pool. As the genotypes of the maternal trees were
known, an expected plant genotype distribution could
thus be calculated and compared to observed numbers.
In addition a heterogeneity chi-square over all 37 groups
was computed in accordance with Sokal & Rohlf 1969 p.
623.

To further verify the genetic structure of plant groups
under old trees a chi-square test of gene frequency
heterogeneity was done (Snedecor & Irwin 1933):
ngjL)
pi

X = 2N (
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where N is the total number of individuals, op, is the
variance in allele frequency and p, is the welghtcd mean
frequency. To complete subgroup comparison, Wright’s
s statics was computed (Wright 1965, Kirby 1975):

Fis = (?WiQipipxsi)/@WiQiPi)

where w; = —&,’ and Fi5; is Wright’s fixation index cor-
rected for finite population size (Kirby 1975). A negative

1s value represents an excess of heterozygotes, a positive
value indicates homozygote excess.

We define a local F-value as the probability that a
random allele from a center tree is identical by decent
with a randomly taken allele from 4—8 neighbouring
trees.

For the purpose of running such tests the adult and the
regeneration population was grouped around a center
tree taking 4—8 surrounding trees for the analysis. In
case of the adult population, groups were formed with
the help of a detailed map of the stand where each
analysed tree was positioned to the nearest meter in the
coordinate (Fig. 1). On this map a flexible rubberband
representing a diameter of 30 meters was placed so that it
encompassed an approximate center tree and its 4—6
neighbours. In this way totally 33 groups were formed as
indicated on the map. Cases where two or more old trees
were growing close together, thus having the same neigh-
bours, were excluded. A second criterion for determining
center trees and groups was that they had to be fairly
evenly distribured over the whole stand. It must be
stressed, however, that neighbour groups of this kind are
quite irregular, in some cases a number of trees in the
neighbourhood of a center tree may grow close together,
in other cases they may be widely and irregularly dis-
persed. Thus the local Fs-value (A = adult) of old trees
and on the other hand of regularly spaced regeneration
(10 or 14 meters from the center and symmetrically
arranged) may not be properly compared. This fact will
be discussed later.

In the regenerating young population sampling was
done in 3 different ways in order to compare local Fg-
values (R = regeneration). As the whole stand had been
sampled in form of a 10X 10 meter grid the composition
of groups was done on this basis. First, 4-tree groups
were formed taking the four trees within 10 meters from
the center tree and running this system of sampling down
the cruising lines taking every second tree in the row or
column as a center. Thus the neighbourhood area was a
square of approximately 14X 14 meters with a neighbour
at each corner and a tree in the center. Group size was
then increased to 8 neighbours using squares of approxi-
mately 20X 20 meters. The distance of neighbours to the
center was now 10 or 14 meters. Local Fx was then
computed using either every or every second tree in the
row or column as a center.

The model behind the computation of local F can be
described as follows: Let the center tree have the genoty-
pe AJA, or A|A;. Among the 4—8 neighbour trees we
have found a, number of alleles of A,, a, alleles of A, and
so on. Let the allele frequencies of the whole population
of the old parental tree population be p,,p, — - etc. and
let the alleles be ordered according to decreasing fre-
quency, such that p; > p, > - —— > p,.

If the neighbouring trees were totally random samples
from the population and thus virtually unrelated to the
center tree, then the expected value a,/2N = p,, a,/2N =
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p2 ——— a,/2N = p,, N being the number of neighbour
trees.

However, if the center tree is more closely related to
the neigbours than to the population at large, then the
expected values for the frequencies of A, A, etc. are

(1-F)p,+F, (1-F)py, ——— (1—=F)p, when the center
tree is homozygote AA; and (1—F)p,+%AF,
(1=F)pyt+'eF, (1—=F)ps, ———,(1—F)p, when the center

tree is heterozygote A|A; and so on. Thus F is the
probability that a random allele from the center tree is
identical by descent with a randomly taken allele from
the proximal trees. A theoretical paper on the local F will
be published elsewhere. By using the numbers of alleles
found in the neighbours F can be computed by a max-
imum likelihood method.

A list of F-values has been computed for each center
tree and its 4-8 neighbours. F-values generally vary from
about —0.7 to +1.0. For each analysis, an average F-
value has been counted. If the value of F is greater or
smaller than zero its significance can be tested by a t-test
which is then a crude measure of relatedness of neigh-
bours. The computation of F by a maximum likelihood
method is briefly as follows:

The investigated tree is homozygous A,A,

_ a, — 2Np,
2N (1-py)

The investigated tree is heterozygous A,A,

e o= = o /BT — 4AC.
case 1. py < Yoo F = 5A + ‘B 4AC

]
|

: > Y - - 2 —
case 2. p, Yoo F A \/B 4AC

4A?

2N(Ye-py) (Yo-ps), B = ((2Np,—ea)) (Yo-py) +
(2Npy-—Vaay) (Vo-p1)),

C = i(py(2Np-a;) + pi(2Npray)), p1 > p,
p; = gene frequency in the whole population
a; = number of alleles i in neighbouring trees
Results

The genetic structure of old growth

The total number of old trees was 118 and
they were fairly evenly distributed over the 1
hectare area (Fig 1). Of these 109 were anal-
ysed for 4 enzyme loci (LAP-A, LAP-B,
GOT-A and GOT-B). Only GOT-B with 5
alleles showed adequate variation for further
population genetic computations. The other
loci had gene frequencies close to fixation and
thus they were mainly used for studying the
spatial distribution of rare alleles. In fact, all
further computations have been done exclu-
sively on the locus GOT-B.

After pooling observed genotype classes
smaller than 5 observations it was found that
there was no significant departure from an

expected Hardy-Weinberg equilibrium in the
109 old trees of 300—400 years age (x*=11,27,
p < .20). It should be stressed, that this old
growth stand represents the end of a long life
cycle which was most probably started with a
population of 50.000—100.000 individuals.

To investigate possible kinships of proxi-
mal neighbour groups the ’rubberband’
method was applied. Groups of size 4—6
around the center trees were formed as indi-
cated on the map (Fig. 1). The genotype of
the center tree was recorded and gene counts
were made on the neighbours. Local F-values
were computed for each numbered center tree
and are given here as an example. The tree
number is given first and the F, value in
brackets.

2 (1.00), 3 (0.33), 4 (1.00), 7 (1.00), 10 (0.02), 11
(0.54), 12 (0.00), 14 (-0.28), 23 (0.53), 24 (0.00),
(0.43), 30 (4).03), 31 (4) 16), 32 (0.13), 33 (0.03), 3
(-0.40), 40 (-0.43), 42 (0.05),46 (0.51), 53 (0.49), 5
(-0.02), 64b (-0.16), 72 (=0.72), 74 (0.31), 80 (—0.26),85
(0.16), 88 (0.14), 93 (0.13), 96 (-0.16), 104 (0.00), 109
(0.16), 113 (0.44), 115 (1.00), 118 (=0.17).

A closer inspection of the individual values
shows that only 11 negative values appear
among 34. The mean F,- value 0.165, is
significantly positive in the T-test (ts3 =
2.269, p < .025).

The genetic structure of regeneration

From the 10X 10 meter grid of young trees
a population of N=86 was taken, excluding
only a few cases where the enzyme analysis
appeared uncertain. For GOT-B chi-square
analysis showed a highly significant depar-
ture from Hardy-Weinberg equilibrium

(%’ = 29.08, p < .001).

This is due to a much higher than expected
observation on homozygotes in two genotype
classes (ByB; and ByyBy) and a much lower
than expected observation on heterozygotes
in one class (ByBy).

Local Fg-values and average local Fg for
regeneration were computed as for old
growth. Individual local Fg-values are not
given here but 31 negative values appeared
among 51 in the most complete set of data.

Local Fg-values and average local Fy for

Table 1. The genetic structure of regeneration. t-test for
neighbour groups of 4 (every second tree used as
center).

K = —0.075

Hypothesis 0 : Expected F = 0
Hypothesis 1 : Expected F > 0
t(24) = —1.01

0.85>P>0.8 not significant

Table 2. The genetic structure of regeneration. t-test for
neighbour groups of 8 (every second tree used as
center).

K = —0.055

Hypothesis 0 : Expected F = 0
Hypothesis 1 : Expected F > 0
t(23) = —0.734

0.8>P>0.75 not significant

Table 3. The genetic structure of regeneration. t-test for
neighbour groups of 8 (every tree used as center).

K = —0.044

Hypothesis 0 : Expected I = 0
Hypothesis 1 : Expected F > 0
t(50) = —0.834

0.8>P>0.75 not significant

regeneration were computed with 3 different
sets of material as mentioned earlier. This
was done in order to observe wether the size
and spread of neighbouring groups has an
influence on the F-values. Results are given in
tables 1,2 and 3.

In all cases a few groups were abandoned
due to failing of some enzyme analysis. How-
ever, in all 3 cases the groups were well
spread over the whole stand. As can be seen
from the tables the average Fg-values did not
depart significantly from zero in any of the
cases, indicating that there was no greater
than expected relatedness of neighbouring
trees, a somewhat unexpected result that will
be discussed later.

Comparison of old growth and regeneration popula-
tions

It is apparent that local F-values of adults
are significantly larger than local Fg-values of
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Table 4. Comparison of the genetic structure of old
growth and regeneration. Mann—Whitney U-test be-
tween F-values (most complete set of data).

Hypothesis 0 : Probability (F\>Fg) = 0.5
Hypothesis 1 : Probability (Fy>Fg) > 0.5
Z = 2.36**

P<0.009 significant

regeneration (Table 4). In other words, old
growth groups are more closely related within
the group than are regenerations, regardless
of how regeneration groups were formed.
This is a most interesting finding. It may be
due to the fact the average distance of the old
growth center individuals to their 4—6 neigh-
bours is not as regular as in the regeneration
where they are spaced at either 10 or 14 meter
distance. But it may also depend on the fact,
‘that old growth neighbours are often uneven-
ly dispersed around center trees and often
grow in groups of 2—3 within a few meters
from each other. A final plausible reason may
be the fact, that a 10— 14 meter radius from a

Figure 2. Typical structure of the stand under investigation.
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young center tree is too large to represent
related neigbour individuals considering the
fact that the area under investigation totally
holds 118 adult trees and an estimated 50.000
young trees, slightly grouped around old trees
(Fig. 2).

A 2Xk chi-square test was done between
109 well identified adults and 86 regenera-
tions that represented the 10X 10 meter grid
sample (x%9 = 30.43, p < .001). The two
populations differ significantly in the dis-
tribution of genotypes. The reason for this
difference may be manyfold. First the regene-
ration appears to be more homozygotic than
expected under random mating, and second
there seem to exist decisive differences in gene
frequencies between adult and regeneration
as can be seen from table 5.

The genetic structure of regeneration groups

Around 37 old trees, groups of 30 young
individuals were analysed as described
above. Observed genotype frequencies were

5 39

o I e 4 £,

Observe the grouping of regeneration under old trees.

Table 5. Gene frequencies in the adult and the regenera-
tion population.

GOT-B; GOT-B; GOT-By; GOT-B;  Population

size N

adult 0.11 040 0.07 0.42 109
regeneration  0.02 0.33 0.22 0.43 86

tested against those expected. Expected fre-
quencies were counted on the bases of the
genotype of the old center tree and the gene
(pollen) pool of the old growth. Significant
departure from expected genotype frequen-
cies was observed in 28 groups of the 37, and
departures generally seemed to be due to a
higher than expected homozygosity in the
young groups. Combining the probabilities of
the 37 chi-square tests (Sokal & Rohlf 1969 p
621) indicates a highly significant departure
from expectation (Table 6). This suggests
that plants under old trees are significantly
more homozygous than expected under pan-
mixia.

A test of gene frequency heterogenity in the
progeny groups was then carried out using
the technique of Snedecor and Irwin (1933).
Gene frequencies were significantly different
between groups in all cases (Table 7). The
structure of the subdivided population was in

sub

9/‘ ou fﬁ

= 343.27***

P<0.001 highly significant

e = —2)In P, (Sokal & Rohlf 1969)

All 4 alleles: ¥ (36) (3) = 414.9%**
B,+By, pooled: ¥ (36) (2) = 260.0%**
Two classes: X2 (36) (1) = 74.7***

[TTT]

Table 6. The genetic distribution of regeneration under
old trees (expected genotype distribution calculated
on the basis of a random old growth paternal gene
pool).

Table 7. Gene frequency heterogeneity in subgroups
under old trees.

tion groups.

B
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Figure 3. Plotted distribution of Fis-values of regenera-

GOT B4 Lap 8,

LAP B,

Figure 4. Spatial distribution of 3 different rare alleles. Observe the tendency of allele groups under particular mother

trees.

O . heterozygote and homozygote old tree
e o heterozygote and homozygote young tree on 10X 10 m grid

@ number of rare alleles in subgroups under old trees
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addition analysed by Wright's F-statistics.
Individual Fis-values have been plotted in
Figure 3. Generally, the values appear to be
on the positive side indicating an exess of
homozygotes (or too few heterozygotes). Of
37 subgroups only 7 deviate in the direction
of excess heterozygotes. This is yet another
proof of high homozygosity in the regenera-
tion. Most groups have a high positive Fis-
value and the distribution is very skewed.

Finally some observations on the spatial
distribution of rare alleles were made. It ap-
pears as if there would be little or no large
scale clustering of rare alleles within the hec-
tare stand under investigation (Figure 4).
However, there is one peculiarity to be men-
tioned. Particulary the rare allele GOT-Bq
seems to be clustered in subgroups under old
trees and what more, often independent of
whether the old tree above has the same
allele. One is tempted to conclude from this
that seeds sail in cohorts and land in cohorts,
but not necessarily under their common
mother. Pollination may also come in cohorts
from adjacent trees.

Discussion

Allogamous anemophilous plant popula-
tions, like pine stands, have a population
structure that is influenced by (1) wind and
temperature at the time of pollination, (2)
chance at the time of seedling establishment
and (3) competition during stand develop-
ment. The outcome of such effects may vary
from case to case, populations may e.g. ex-
hibit varying degrees of inbreeding or selfing,
also varying degrees of migration from adja-
cent or distant populations. Above all, long-
living trees are subject to the effects of natural
selection during scores of vegetative cycles,
often attaining maturity-age of several
hundred years.

We have set out to clarify at least some
questions related to population structure by
making detailed observations on the spatial
(geographical) distribution of genotypes
within a stand of pine trees.
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We conclude that large differences in the
genetic structure of two successive pine gen-
erations may occur. There must be a number
of reasons for the difference in genotype dis-
tribution of the 300-400 years old popula-
tion and the 80 year old regeneration. As a
most important factor we would like to sug-
gest competition between genotypes in the
regeneration which, as time goes on, deci-
mates an initial population of say 100.000
individuals per hectare to one that involves
about 100. It appears from the analysis that a
regeneration population may for a long time
carry inbred individuals, which gradually die
off as the population approaches maturity. It
also appears that two tree generations oc-
cupying the same area may be very different
genetically. The reason may be a gradual
decline of inbred individuals, but it may also
be due to real differences in gene frequencies
in the successive populations, as can be seen
from Table 5. Several explanations to this
problem could be offered, but all explana-
tions are inconclusive. One could conclude,
however, that the genetic structure of the
regenerating population is interesting from
an evolutionary point of view as it has not yet
reached the stage of reproduction. If develop-
ment continues naturally within the stand, it
would probably take another 200 years before
the regeneration population would be ready
to shed seed and reproduce again. By then,
we believe, excess inbreeding would have
been taken care of by competition and natur-
al selection. However it is permissible to con-
clude, that inbreeding depression may be-
come problematic under conditions of artifi-
cial regeneration through sowing or particul-
ary planting of spaced individuals. We feel
that much more attention should be paid to
the question of inbreeding in cultivated
forests where competition and natural selec-
tion is almost eliminated.

Tests of neighbour kinship in subgrouped
populations have been proposed by S. Wright
(1965 and earlier). We have partly used
Wright’s F-statistics for studying population
subdivision in groups of 30 young trees under
particular old center trees. We have also de-
veloped a local F-concept to find out if neigh-
bours are more related than the population at
large.

We found that such subgroups are ex-
tremely heterogeneous, deviating from ex-

pected genotype composition, showing gene
frequency heterogeneity, showing generally a
higher than expected degree of homozygosity
and, most perplexing, showing no particular
extra kinship to the seed producing genera-
tive old mother trees above them. It is as if
nature seeks all possible means of scrambling
up a population that could otherwise, as time
goes by, succumb due to heavy inbreeding
and subsequent depression. We visualize
heavy plant competition as a decisive factor
in keeping the population well adapted and
free of genetic decay. We are forced to be-
lieve, that large and unpredictable changes,
possibly to the worse may take place in culti-
vated tree populations if competition is ex-
cluded. Equally we would like to emphasize
the importance of artificial selection in natur-
al stands of trees for improving yield and
quality. However, natural and artificial selec-
tion are not mutually exclusive but should
rather be combined in modern forestry prac-
tice.
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GENETIC VARIATION IN QUALITY CHARACTERISTICS
OF SCOTS PINE

PIRKKO VELLING

Three progeny tests of Scots pine Pinus sylvestris L. were evaluated for a number of quality or growth habitus
characters. Sib-families, either half- or full-sib, differed significantly from each other for most characters indicating
generally a high heritability of quality traits interesting for breeding of better stem quality.

Introduction

Quality characters have been of great im-
portance as selection criteria since the first
phase of forest tree breeding work, the selec-
tion of plus trees. The importance of the
characters affecting the quality of the stem
and wood was strongly revealed again about
a few years ago when the Forestry Seed and
Seedling Board made an inguiry concerning

the improvement of timber quality through
forest tree breeding activities by questioning
the different interested parties in the fields of
forestry and forest tree breeding, (the Nation-
al Board of Forestry, the Central Forestry
Boards Tapio and Skogskultur, the Finnish
Forest Research Institute, the Foundation for
Forest Tree Breeding, the Central Associa-
tion of Finnish Forest Industries and the
Finnish Pulp and Paper Research Institute).
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On the basis of the replies, proposals were
made also for Scots pine, and these are sum-
marized below.

Improvement of quality

— Most important of all is the fine-branchiness; in addition
to the small size of the branches, perpendicularity, small
number and good natural pruning of the branches are the
characters to strive for

— Other important characters are the minimum tapering of
the stem and high wood density

Maintaining quality at the present level

— Stem straightness, at least the present day level of the
pine forest naturally regenerated; presupposes retain-
ing damage resistance

Breeding for fast growth — breeding for quality

— Breeding for increased growth must under no cir-
cumstances be done at the expense of quality. On the
contrary:

— Breeding for fast growth can be reduced if this is
necessary when maintaining or improving quality,
however

— There is little advantage in reducing the present day
rate of growth, in general.

— To be able to meet any new requirements in the future,
breeding should be kept as broadly-based as possible
so that it can respond to any rapid changes.

Thus quality problems have attained grea-
ter relevance because of the increasing con-
cern being expressed by the various parties
about the bad external stem quality in future,
artifically regenerated forests. At the same
time, the oldest pine seed orchards are ap-
proaching the stage at which thinning will
have to be carried out and second generation
seed orchards will have to be established.

Material and methods

The results presented in this report are based on
measurements made in three field tests of Scots pine. The
two older tests, no. 159 in Kuorevesi (latitude 62°02" N
and longitude 24°45’ E, altitude 120 m) and no. 160 in
Savitaipale (61°10’ N and 27°31" E, 92 m), established in
1960, consist of open-pollination progenies (half-sib
families). The third test, no. 396/2 in Padasjoki (61°22' N
and 25°06" E, 125 m), is established in 1972 of control-
pollination progenies (full-sib families). In all 52 selected
trees, 49 of which real plus trees and 3 peatland pines are
represented in these three tests. Some of the trees are
represented in more than one test examined, for example
the very peculiar plus tree no. E 1101, the so called
”Kanerva pine” is in the progenies of all three tests.
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Normal stand progenies are used for comparison in the
tests studied.

The three tests measured are not altogether suited to
the study but for the present the best ones we have.
There are for example only 5 progenies for comparison in
test no. 160. Further the site within the tests varies,
especially in test no. 159; there are incomplete blocks
(no. 159 and 396/2) and so on. Test orchards, the
management of which is more intensive and the site more
homogenous than in the field tests, will possibly in future
years offer better objects of study, even if all the charac-
ters present in the long-term field tests will not be
present.

There is one additional aspect to be taken into account
when examing the wood quality characters inside the
stem, namely the more or less destructive sampling
making it difficult to get suitable material for the study.

In the present study the tests no. 159 and 160 were
measured in the autumn 1979, no. 396/2 in the spring
1981. In the test no. 160, sample discs, for the determina-
tion of wood density, were also collected. In test no. 159
the density was determined earlier and the results pub-
lished in Folia Forestalia 188.

The same characters were measured in the same way
in both of the older trials. In principle the measurements
carried out in all the three tests were similar. In addition,
in spring 1981, evaluation of quality by visual classifica-
tion was made before the measurements.

The following quality (and growth) characters were
measured:

Character Test Test Test
No. 159 No. 160  No. 396/2

Breast height diameter X X X
Diameter at 6,0 (3,5) X X

to evaluate the tapering

Tree height X X X
Length increment of the X

leader shoots, over the
last 3 years

Crown limit; the lowest X X
green branch

Crown width, at the X
widest point of the

crown

Branch thickness, the X X %, 3.
thickest branch of the and 5.
whorl, 7.-11. whorl whorl

from the top

Branch angle of the X X X
same branches as for

thickness

Number of branches/ X X X
whorl

Wood basic density (x) X

earlier

Both expected and unexpected factors disturbing the
development of the tree, and thus influencing the results
obtained, were noted during the evaluation of all the
three tests, as well as the crookness and sweep of the stem
in the tests no. 159 and 160. The characters, visually
classified into five classes beforchand in test no. 396/2,
were relative crown width, branch angle, average bran-
chiness and stem straightness. At the same time, every
tree evaluated was given a score from 1 (the best pos-
sible) to 10 (the worst possible), taking into account all
the visible quality and growth characters and weighing
the quality.

Every second three/plot more than 2 m high and
normally developed was measured in test no. 396/2. In
all, 10 trees/plot were measured. There were 6 blocks, 3
of which were complete and included into the calcula-
tions. In the older tests, dominant trees (that means, the
probable future sawtimber trees) were measured (in test
no. 159 5 trees/plot from 4 blocks, and in test no. 160 10
trees/plot, from 5 blocks). The number of sample trees
was thus quite small so that the variation within the plot
probably was insufficiently represented in the study.

About 2 cm thick discs, at two meter intervals, starting
from the stump level, were taken in test no. 160 from 20
trees/ plot and all the 5 blocks. The wood basic density
was then determined using the VP -method described by
Olesen (1971), as was earlier determined from the sam-
ple discs (5 trees/plot, 4 blocks) in test no. 159.

The results obtained from the visual classification in
test no. 396/2 and their comparison with the results
obtained by measuring are not discussed in this paper.

Results

The tests means, and coefficients of varia-
tions of family means of the characters mea-
sured and the results from the two-way analy-
sis of variance are presented in tables 1 and 2.
It can be seen that in test no. 160, the half-sib
families significantly differ from each other
with respect to nearly all the characters ex-
amined. The differences between blocks are
small. In test no. 159 the differences between
blocks are, on the contrary, mostly signifi-
cant, thereby preventing the real variation
between different families to appear. All
characters measured in test no. 396/2 gener-
ally vary very significantly between the full-
sib families concerned, between blocks the
variation is less significant.

In the three tests examined (and especially
in the test no. 160 including only 5 progenies,

and in the test no. 396/2, where more than
1/3 of all the trees are the progeny of the tree
mentioned below) the variation between
families is noticeably influenced by the
presence of the progenies of the plus tree no.
E 1101, the so called "Kanerva pine”. About
one half of the trees of its progenies has some
features very typical to the original tree: ex-
tremely narrow crown, fine branches at near-
ly right angles to the stem, minimum tapering
—and as disadventages, the greater number of
branches/whorl, very steep sinus-angle, and
most important, more or less serious crook-
ness and/or sweep of the stem. With all its
peculiarities, the ”Kanerva pine” and its
numerous progenies offer an interesting ob-
ject for study.

In general, the plus tree progenies were
better than normal stand progenies, both in
quality as well as in height growth in all the
three tests studied (table 3). The only excep-
tion to this rule was the larger number of
branches/whorl in the plus tree progenies.

The phenotypical correlations between the
characters measured were also calculated
from the three tests. The main results of these
calculations made on the individual level
were in quite good agreement which each
other (tables 4 and 5):

— the correlations between the growth characters (breast
height diameter, diameter at 6,0 m tree height and
leader shoots increment, crown limit and width) were,
as expected, positive and significant

— the correlations between the growth and branch characters
(branch thickness, angle and number/whorl) were
positive and significant, or there was no correlation.
Exceptions were as follows. In test No. 160: between
the diameter at 6,0 m and branch thickness, a very
significant negative correlation caused by the influence
of the ”"Kanerva effect” (i.e. fine branches together
with minimum tapering) and in test No. 396/2, a very
significant negative correlation between the crown
width and branch angle (i.e. narrow crown together
with right angle branches).

— the correlations between the branch characters in all three
tests were in good agreement — between branch thick-
ness and angle significantly negative, thickness and
number/whorl negative or with no correlation and
angle and number/whorl generally positive

— the correlations between the same characters for example
branch thickness measured from the different branch
whorls (from the top 7.-11.) in test No. 159 and 160
were nearly always positive and very signifacant. So in
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test No. 396/2 it was considered to be sufficient to
measure the characters from only two whorls, the 3rd
and 5th from the top, which were also in good agree-
ment.

The upper whorl was considered to represent that
part of the crown which still can develop free from the
influence of the neighbouring trees, the lower whorl
represents that part which already is susceptible to
competition.

It seems that in general it would be enough to
measure the characters from two branch whorls, differ-
ent in their relative position with regard to the influ-

ence of the neighbouring trees. In the older tests, like
no. 159 and 160 in this case, the measuring of the
upper whorl would, however, be difficult and slow.
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Table 1. Mean values of the characters measured in tests no. 159 and 160, coefficients of variation of the family means

and results from the two-way analysis of variance.

Analysis of variance, F-values

Table 2. Mean values of the characters measured in test no. 396/2 coefficients of variation of the family means and

results from the two-way analysis of variance.

Character measured

Mean values CV, % Analysis of variance F-values
Families Blocks
Diameter (d.b.h), cm 3,8 9,9 2,40%* 4,70%*
Tree height, m 2,7 6,7 2,89%** 3,89*
Length of the leader shoot,' m 1,2 9.4 4,02+ 7,07%%*
Crown width, m 1,6 7,1 2,65%* 3,97*
Branch thickness, 3. whorl fit., cm 1.4 6,6 2,38%* 16,13%**
” v 5.7 v 1,5 11,5 7,30%%* 5,90**
Branch angle, 3. whorl f.t.,, cm 60,0 7,9 6,03%** 2,17
” Boo5 W Bow 73,1 6,8 5,17%%% 5,28%*
Number of branches/ 3. whorl f.t. 5,4 8,5 3,57%ns 2,14
v whorls 5.7 v 53 11,2 2,93**# 1,83
' Sum the last 3 years
Table 3. Comparison of normal stand progeny and plus trees progenies in test No. 160
Character measured Mean values .
Normal stand  Plus tree Family
progeny progenies E 42 E637D E645D E 1101
Diameter, cm 12,8 13,1 13,1 13,3 129 12,9
Tree height, m 9,52 10,17 9,68 10,28 10,28 10,45
Crown limit, m/Tree height, m 0,38 0,40 0,39 0,40 0,39 0,40
Upper diameter (6,0 m), cm/Diameter, d.b.h., cm 0,55 0,59 0,54 0,59 0,60 0,62
Volume, dm’® 59,6 67,3 66,1 68,5 66,4 68,0
Branch thickness, 7. whorl f.t., cm/D, 3, cm 0,20 0,18 0,19 0,18 0,19 0,17
; v 1. > v 0,20 0,18 0,19 0,19 0,18 0,16
v v X711, v 0,21 0,19 0,20 0,19 0,19 0,17
Branch angle,® 7. whorl fit. 49,8 52,3 50,0 499 50,6 58,8
N " 1. 54,7 57,6 56,8 56,1 56,0 61,3
v v o7, > 52,7 54,6 53,4 52,1 53,9 59,0
Number of branches/whorl, 7. whorl f.t. 5,5 5,9 5,5 6,0 5,8 6.4
v 1. 5,7 6,3 6,2 6,2 6,1 6,5
e X711 5,8 6,3 5,9 6,4 6,0 6,8
Wood basic density, kg/m* 370 379 382 379 376 380
Number of stems crook or sweep, % 6 147 0 8 4 447

Character measured Mean values CV, % Families Blocks
159 160 159 160 159 160 159 160
Diameter (d.b.h.), cm 11,9 13,0 4,7 1,5 1,51 0,73 8,25*** 1,63
Upper ” (6.0 m), cm 6,6 7,5 5,2 5,9 0,78 2,20 9,74*** 374
Tree height, m 8,2 10,0 5,1 4,1 1,73* 471* 8,51*** 290
Crown limit, m 2,7 3,9 10,9 5,5 1,99** 1,71 14,93%** 3 32%*
Volume, dm® 549 65,7 8,8 5,4 1,54* 1,27 10,29*** 3,27*
Branch thickness, 7. whorl f.t., cm 2,5 2,4 5,8 6,3 1,79* 4,09* 1,95 1,39
i ” 8. 7 v 2,6 2,5 5,4 7,6 1,64* 9,07***  6,45*** 0,76
7 ” 9. ” v 2,6 2,6 4.4 5,8 0,99 6,10%* 5,26** 1,20
& ” 10. ” v 2,4 2,5 5,5 7,3 1,42 7;32%# 5,34** 1,54
7 ” .. ¥ S 2,2 2,4 5,4 7,2 1,14 7,20%* 4,60** 0,84
. ” X = v 2,5 2,5 4,8 6,8 1,51 7,334+ 5,73** 1,21
Branch angle,® 7. whorl fit., 485 51,8 5,2 7,6 1,73* 7.35%% 3,17* 1,03
” ” 8. 7 ” 495 52,1 39 5,3 1.17 4,36* 8,24* 1,02
= " 9. ”» ” 50,2 54,2 4,1 5,6 1,44 2,75 6,90*** 0,30
? = 10. ” ” 51,9 559 4,5 3,8 1,61* 2,76 2,54 0,43
i 7 11. » 7 54,3 57,0 4.4 4.4 1,69* 2,75 2,72* 0,58
< ” x 7 = 50,8 54,2 3,7 5,1 1,72%* 4.73* 5,18** 0,55
Numb. of branches/whorl 7. wh. f.t. 5,7 5,8 8,1 6,6 2,24*** 10,22*** 1,11 1,77
AR 2 8. 7 7 57 6,3 6,4 8,4 1,44 16,58*** 0,05 3,29+
A < 9, » > 57 6,2 5,9 5,7 1,72* 5,12%% 1,37 1,85
Sy 2 10. » ” 6,0 6,4 5,2 10,7 1,14 21,67***  3/49* 3,59*
et i 1. > »” 56 6,1 4.6 4,6 1,28 3,44* 7,50 3,34*
A = X 5,7 6,2 4,6 6,8 1,76* 17,84*** 2,51 4,33
Wood basic density, kg/m® 355 377 7,7 1,2 3,18* 3,37*
132
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Table 4. Correlations between the characters measured in tests no. 159* and 160.**
Character D1.3, D6.0 H CL 7.BT 11. 7. BA 11. 7.NB 11.
Corr. coefficient 1 2 3 4 D 6 7 8 9 10
1 D13 1.00
Breast height diam.
+++°
2. 160 . . 1.00
upper diameter +++
3 H 4 +++ & 1.00
Tree height +++ &
4 CL +++ & +++ 1.00
Crown limit, +++ +++ +++
lowest green branch
5 BT,. +++ +++ +++ ++ 1.00
Branch thickness, ® ® +++ +++
7. whorl from top
6 BT,,. +++ +++ +++ O +++ 1.00
Branch thickness, O —-—— +++ & +++
11. whorl from top
7 BA;. ® & ++ +++ --— O
Branch angle, +++ ++ O + e ——e
7. whorl from top
8 BA,. © ® ® + © ——- +++ i
Branch angle, +++ & © P ——== === +++
11. whorl from top
9 NB,. 0 ® ® @ - = +  +++ 1,00
Number of branches, +++ +++ B +++ ——— ——— D +++
7. whorl from top
10 NB,,. + ® + ® ® © LA S s SN
Number of branches, +++ +++ +  +++ - e + +  +++
11. whorl from top
+++ = significant positive correlation, 0,1 % ——— = significant negative correlation, 0,1 %
++ = significant positive correlation, 1 % —— = significant negative correlation, 1 %
+ = significant positive l?orrelarion,.i % — = significant negative correlation, 5 %
® = not significant positive correlation, © = not significant negative correlation,
Table 5. Correlations between the characters measured in test no. 396/2 (symbols same as in table 4).
Character DIL3 H LS Ccw 3. BT 5. 3. BA 5. 3. NB 5.
Corr. coefficient 1 2 3 4 5 6 7 8 9 10
1 Diameter, b.h. 1.00
2 Tree height +++ 1.00
3 Lenght incr. of the leader shoot +++ +++ 1.00
4 Crown width +++ +++ +++ 1.00
5 Branch thickness 3. whorl f.t. +++ +++ +++ +++ 1.00
6 Branch thickness 5. whorl f.t. +++ +++ + +++ +++ 1.00
7 Branch angle, 3. whorl f.t. ® ® + —== ——= —== 1.00
8 Branch angle, 5. whorl f.t. e (S) + ———= ———= ——== +++ 1.00
9 Number of branches, 3. whorl f.t. +++ +++ +++ + +++ B +++ +++ 1.00
10 Number of branches, 5. whorl f.t. +++ +++ +++ @ ® b ++ ® +++ 1.00

GENETIC VARIATION IN QUALITY CHARACTERS
OF SCOTS PINE

An evaluation by means of the heritability concept

TAPANI POYKKO

Three progeny tests of Scots pine were evaluated. A number of different quality and growth characters were used
for computing heritability values. It was found, that open pollinated half-sib analysis is very unreliable for estimates.
Also controlled mating designs give variable results depending on the structure of the analysed population of
progenies. However results indicate, that quality characters generally have heritability values of 40-50 % while

growth characters have values of less than 30 %.

Introduction

Heritability can be estimated in either of
two ways. The most direct estimates are de-
rived from the relation between parents and
offspring obtained by measuring the parents,
growing the offspring and measuring the
offspring. The other way is to establish a half-
sib or full-sib progeny test, calculate the
mean squares and variances, and compute
heritability as a function of the variances.

When forest trees are concerned, the esti-
mation of heritability with a parent — progeny
regression is seldom possible. Sufficiently old
progenies are not available and characters
measured from young progenies are not al-
ways same as those measured from parent
trees. Thus to estimate heritability one has to
use sib-progeny tests and the analysis of var-
iances.

In this report I have used two methods
based on 2-way analysis of variances and one
method based on the half-sib groups of con-
trolled crossings to estimate the values of
heritabilities of different quality and growth
characters. The progeny tests needed for
these methods are open-pollinated offsprings
or sib-progenies of F families replicated (for
blocks) B times at one site using N-tree plots.

Material

The study material is drawn from three different field
tests of the department of Forest tree breeding. Detailed
introduction of the field tests and measurements carried

out in them is given in the earlier paper by Velling. Field
test 159/1 and 160/1 are open-pollinated progeny tests of
Scots pine. Field test No. 396/2 is established with full-
sib-progenies of Scots pine. In these field tests there are
also 1-2 controls.

For the measurement, ten dominant trees per a plot
were selected in the field tests No. 160/1 and 396/2 and
five dominant trees per a plot in the field test No. 159/1.
Before calculation, the basic study material was re-
stricted to fullfill the requirements of the heritability
analysis. In field test 159/1 all those families with an
empty plot in any of four blocks measured were rejected.
After the rejection there were 34 families left with four
blocks and five trees per plot in field test 159/1. In field
test No. 160/1 no rejection was needed. In this field test
there were 5 families in five blocks with ten trees per plot.

Field test 396/2 consisted of 21 full-sib progenies and 2
open pollinated families as controls. Before analysis these
controls were rejected and the study material was then 21
full-sib families with three blocks and ten trees per plot.

As the mating design shows it was also possible to
select half-sib groups according to the father trees. The
first grouping was four fathers with three mothers. The
second grouping was three fathers with five mothers. The
heritability values were calculated for every character
measured, and also for the means of three different
branch angles, branch diameters and numbers of
branches per a whorl. (Table 2).

Methods

In all three field tests the phenotypic variance is
divided into variance components. The division is car-
ried out by means of the classical 2-way analysis of
variances (Table 1). When there are unequal number of
trees per plot the analysis of variances is usually carried
out in two stages. First the 2-way analysis is carried out
by levels of plot means. Then the analysis is made
between plots and within plot to calculate within plot
variance. Because of the orthogonality ot the study mate-
rial there was no need to divide the analysis into two
stages. It was carried out in the normal way.
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Table 1. Half-sib family.

Analysis of variances

Source DF MS  Expected MS
Blocks (r-1) R 82 + p &%
Families (p-1) A &8 + r &%
Family X

Block (r-1) (p-1) B 8?2

Trees
within rp (n-1) C
a plot

8% + 3 8% + 8%

Estimation of heritability

Johnsson (1978)  Kempthorne (Tigerstedt 1969)

COVys (A-B/r (A-B)/r Y Va

&2 no calcul. B-—n,C

81+ 82 (A-B)/r+C  (A-B)/r+C

h? 4 COVys 4 COVys
& + 9, & + 8l + 8

Table 2. Mating design of experiment 396/2.

Fathers 1 2 3 4
Mothers E 144 E 1101 E 360 E 635
1 E 108 X
2::E: 48 p
3 E 106 p 4
4 E 1002 X X
5 E 635C X X X
6 E 112 X
7 E 147 X
8- E =127 X
9 E 1007 X
10  E 622 X
11 E 719D X
12 E 1001 X X X
13 E 138 X
14 E 104 X X
15 K 44 X
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The heritability is evaluated by two different methods
(Table 1); Johnsson 1979 and Tigerstedt 1969. In table 1
the parameters needed and their estimation is introduced
separately to each of the two methods. The difference
between methods in question lies in the evaluation of the
environmental variances. The enviromental variance can
be considered to consist of two components 1) an indi-
vidual factor (f) and a common factor (e) (Tigerstedt
1969). The common factor, which is the same for all
individuals of the same plot, is calculated and included in
the phenotypic variance in Tigerstedt’s method but not
in Johnssons’s. Due to this, the heritability values calcu-
late by the former methods are smaller than those calcu-
lated by the latter method.

The evaluation of the genetic covariances is the same
in both methods. Table 1 shows the situation in field tests
159/1 and 160/2. The family variation signifies the
covariances of half-sibs equal to 1/4 of the additive genetic
variation. In field test 396/2 of full-sib progenies, the
family variance signifies covariance of the full sibs equal
to half of the additive variance and 1/4 of the dominance
variance.

Besides the two methods in question, in field test 396/2
halfsib groups were also formed, and by means of higher
ordered analysis of variances the variance components of
father trees and mother trees were derived separately.
The heritability was calculated as a function of variances
due to different parent groups (Becker 1967). In this
case, the variance of father trees is equal to the
covariance of the half-sibs and the variance of mother
trees within fathers is the covariances of full sibs minus
the covariance of half-sibs. Thus the variation between
fathers is 1/4 of the additive genetic variation and the
variation between mothers is 1/4 of the additive variation
plus 1/4 of the dominance variation. When both of
parents are involved in the heritability, their variance is
half of additive variation plus 1/4 of the dominance
variation (Becker 1967).

Results
Open pollinated progenies

The evaluation of the heritability in open-
pollinated progenies does not give reliable
results. Values of heritabilities of characters
calculated in field tests 159/1 and 160/1 do
not agree with each others. There are also
negative values and values over one, which
are not in accordance with the theory of
heritability. Values of heritability of the same
character measured at different heights on a
tree varies considerably and without any
noticeable control. Calculated values of
heritability are in such contradiction that
meaningful conclusions are difficult to draw.

However, one may find some possible ex-
planations for this confusion. First, there is
heterogenity in the growing conditions within
the field test and micro site. Also, the topog-

Table 3. Values of the heritability of the characters measured in field tests 159/1 and 160/1 (J = Johnsson, T =

Tigerstedt)
Field test
Character 159 160
. J T J T
Height .57 .32 over 1.00 0.95
Crown limit 77 49 31 21
D13 43 .25 neg. neg.
D 6.0 neg. neg. .50 .37
Branch angle 7 .20 19 68 54
- ?8 .06 .05 .25 25
) 9 12 12 .29 .26
10 17 .16 .15 15
11 .13 13 .19 .18
Diameter of branch 7 .31 .26 77 62
:: v 8 .26 .22 over 1.00 over 1.00
9 .01 .01 74 .68
10 15 13 .83 77
11 .08 .07 74 .70
Number of branches per a whorl 7 .33 .31 .36 .38
v v 8 .09 .09 .83 .84
v 9 .16 .15 31 31
) v 10 neg. neg over 1.00 over 1.00
v 11 .07 .07 .22 .22
Mean of the branch angle 0.14 0.12 0.47 0.44
Mean of the diameter of the branch 0.26 0.20 over 1.00 97
Mean of the number of
the branches per a whorl 0.24 0.22 0.84 0.84

raphy of a test field varies. These factors
cause unpredictable variations which are dif-
ficult to separate by means of test planning
and analysis of variances. Due to this varia-
tion, the genetic variation disappears or, in
some cases, becomes overestimated. For inst-
ance, when results of Johnssons’s and Tiger-
stedt’s methods are compared it will be
noticed that results differ remarkably for
some characters. This is due to the interac-
tion between family and block, which is taken
in consideration in Tigerstedt’s method but
not Johnssons’s.

Secondly, the sample of progenies in the
field test do not always represent the true
variation of a Pine stand. This is the case in
field test no. 160. There are only five families
in this test. These families are gathered from

a very large area and the variation between
them is great. For these reasons, when the
variation between the groups is large and
biased and the variation due to environment
is reduces, the value of heritability will be
high and in some cases it will be over one.
Further, the ratio of full-sibs and half-sibs in
open pollinated progenies is unknown. Ac-
cording to theory, the open-pollinated prog-
eny consists of half-sibs. This means that
variation between families is 1/4 of the addi-
tive genetic variation. According to mating
analysis, it is probable that there are also full
sibs among half sibs and the family variation
is less than 1/4 of the additive variation. If
this is taken into consideration, the covaria-
tion of half sibs, which is equal to the family
variation, has to multiple with an number
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Table 4. Values of the heritability of the characters measured in the field test 396/2.

Expectations

Character COVys B C COVys+C COVH5+B—1—C+C h? Johnsson h? Tigerstedt
Ny
Height 2,23 4,70 12,73 14,96 18,39 0,30 0,24
Growth of the terminal shoot 0,97 1,30 3,41 4,38 5,34 0,44 0,36
Diameter of the crown 0,60 1,80 6,33 6,93 8,10 0,17 0,15
Dy 8,18 2440 64,22 72,40 90,38 0,23 0,18
Branch angle, upper whorl 18,87 14,80 78,61 97,48 104,42 0,39 0,36
” ”  lower whorl 20,12 19,16 106,88 127,00 135,47 0,32 0,30
Diameter of branch, upper whorl 0,58 1,43 4,69 5,27 6,23 0,22 0,19
” ”  lower whorl 2,89 1,69 10,00 12,89 13,58 0,45 0,43
Number of branches per a
whorl, upper whorl 0,09 0,23 1,04 1,13 1,26 0,16 0,14
Number of branches per a
whorl, lower whorl 0,24 0,48 1,73 1,97 2,28 0,24 0,21
Mean of branch angle 18,70 14,80 68,12 86,82 94,81 0,43 0,39
Mean of diameter of branch 1,44 1,48 5,20 6,64 7,58 0,43 0,38
Mean of number of branches
per a whorl 0,17 0,18 0,77 0,94 1,05 0,37 0,33
Diameter of the crown/height 3055,73 443,88 6186,47 924220 9624,23 0,66 0,64
D, 5/height 33,45 82,49 258,13 291,13 348,26 0,23 0,19
Diameter of branch/D, 5 3774,48 26,47 6478,14 10252,62 - 0,74 0,71

less than four but greater than 2 in order to
obtain a more precise estimate for additive
genetic variation.

Full-sib progenies

The values of heritability of different
characters was calculated by tree different
method in field test 396/2 (control-pollinated
progenies). Table 4 shows the values evalu-
ated by both Johnsson’s and Tigerstedt’s
methods. The values of heritability of growth
characters are lower than those of quality
character. The additive variation of height is
20—30 % of the total variation. The heritabil-
ity of the terminal shoot growth is a little
higher. The heritability of the crown diame-
ter and that of the Bole diameter at breast
height is less than 20 %. Of the quality
characters the heritability of branch angle
and branch diameter is equal and almost 40
% . The heritability of number of branches
per whorl is less than branch angle but higher
than those of growth characters. Also the
heritabilities of the ratio of the crown diame-
ter and height and the ratio of the branch
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diameter and bole diameter are high.

Table 5 shows four different heritability
values of height and the branch angle. The
first three values are calculated from half-sib
groups and the fourth is based on full sib
analysis.

In the first column of the table is the case
number which shows the mating design in-
cluded in the analysis. There are 6 different
cases. Cases A to A 4 are the four father trees
mated with three mother trees. In the first
case, all four fathers are included in the
analysis. In the second case father group 1 is
rejected, in the next case father group 2 and
so on. In the case B there are three father
groups, each father mated with five mother
trees.

The heritability values of both character
studied are very similar in cases A and B. In
these cases the number of families is greatest.
In case A the number is 4X3=12 and in case
B 3x5=15. The heritability of height, calcu-
lated from father groups, is about 20 % and
that of the branch angle about 70 %. When
the heritabilities are calculted from mothers,
grouped within father trees, the values are
about 70 % and 40 %, respectively. Mothers

Table 5. Test No. 396/2. Heritabilities. Becker (1967), Johnsson (1978).

Sources of Between Between Between Trees h? h? h? h?
variation father- mothers families within Fathers Mothers Fathers + Johnsson
groups within a plot Mother full-sibs
cases fathers
A 0,56 2,71 3,17 11,71 0,14 0,72 0,43 0,43
Al 0,80 3,18 3,78 11,15 0,20 0,83 0,52 0,51
A2 - 1,23 2,77 1,85 11,06 - 0,34 0,77 0,21 0,29
Height A3 1,74 1,16 2,46 12,77 0,44 0,30 0,37 0,32
A4 0,97 3,07 4,41 11,88 0,24 0,77 0,51 0,54
B 0,80 2,79 3,50 12,04 0,20 0,71 0,46 0,45
0,30*
A 20,27 11,00 27,58 80,64 0,73 0,39 0,56 0,51
Al 30,80 8,54 31,65 91,89 0,94 0,26 0,60 0,51
Branch A2 13,04 10,12 19,90 67,31 0,58 0,45 0,52 0,46
angle A3 4,93 14,86 18,55 88,08 0,18 0,55 0,37 0,35
A4 32,29 10,47 34,69 75,27 >1,00 0,35 0,72 0,63
B 18,10 12,63 25,56 71,29 0,71 0,50 0,60 0,53
0,39*

* = total material

within fathers are mean values of those values
calculated separately from father groups or
mothers within fathers and they are equal to
those calculated from full-sibs using Johns-
son’s method.

The structure of the population has a
strong effect on heritability values. In cases A
1 to A 4 one of the father groups is rejected
from each case. Due to this rejection values of
heritability varies from negative value to 0,50
in the height character and from 0,20 to over
one in the branch angle. The fathergroups 2
and 3 deviate most from mean of the popula-
tion but in opposite directions. When both of
these are present in the data, with one of the
other father groups, the value of heritability
of the branch angle calculated from fathers is
very high but that calculated from mothers is
low, when compared with cases A and B.
When height is concerned the situation is
reversed. When one of these groups is absent,
the value of heritability of the branch angle
drops drastically.

With the height character, the absence of
father group 2 gives negative heritability and
absence of father group 3 gives a very high
heritability.

Discussion

The evaluation of the genetic variation of
forest trees by the concept of heritability has
many restrictions. The concept of heritability
seems to be sensitive to disturbances caused
by the structure of progenies, restriction of
the sample population and environmental
factors within the test areas. Particularly,
values of the heritability calculated from
open-pollinated progenies are, in many cases,
unreliable. They are also mostly very high
overestimations of the genetic variation.

However, on the basis of results of the three
experiments studied it is possible to say that
the genetic variation of the quality character
seems to be higher than that of the growth
character. The amount of the additive genetic
variation of the quality character is approxi-
mately 40—50 % of the total phenotypic vari-
ation. In some cases it may rise to 70 %.
When the growth characters are concerned,
the amount of the additive genetic variation is
mostly less than 30 %. In some character and
in some cases it can be lower than 10 %.

Due to these contradictions two questions
can be raised. These are:
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1) Are postulates of quantitative genetics concerning the
concept of the heritability valid in empirical investi-
gations of forest tree breeding particularly in open-
pollinated progenies?

2) Does heritability signify the amount of the additive
genetic variation and in broad sense the total amount
of genetic variation?

If the answers are "no”, what method is to
replace the concept of heritability in the
evaluation of the genetic variation of forest
trees?
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PART III

PATTERNS OF ADAPTATION IN FOREST TREES

GENETIC STRUCTURE IN NATURAL AND CULTIVATED
FOREST TREE POPULATIONS

KENNETH LUNDKVIST

Little is known today about the changes in genetic structure and genetic variation brought about by forest tree
breeding programs as compared to natural populations. Modern breeding methods, will increase the possibilities to
control and manipulate the genetic composition of cultivated forests. Clonal forestry, with its absence of sexual
recombination, signifies the most extreme case of genetic control. Such a control of genetic structure and variation
emphasizes the necessity to determine the importance of genetic variation on population and individual level for the
adaptability of forest trees.

In the breeding work, the potential of future genetic change will be contained in the breeding populations rather
than in the cultivated forests. However, a certain amount of genetic variability must be retained in the planted forests
to offer a buffering capacity for unexpected fluctuations in the environment. It is, though, conceivable that a
phenotypically homeostatic population needs less genetic diversity to meet with environmental heterogeneity in time
and space. One of the central questions in this context is whether such homeostasis is correlated with individual

heterozygosity.

Introduction

The adaptation of a plant population to
habitat is mainly a genetic process in which
its mean fitness is continually increased by
natural selection. In cross-breeding species,
the optimal adaptation is likely to be an act of
balance between specialization to the prevail-
ing conditions and maintenance of the genetic
flexibility necessary to meet with environ-
mental change in future generations.

Natural populations of forest trees there-
fore have a genetic homeostasis in its gene
pool as well as genotypes specialized to thei-
environment. A genetic diversity among indi-
viduals is, however, necessary to secure a

buffering capacity of the population against
temporal fluctuations in the environment. Fi-
nally, the individual’s own ability to with-
stand environmental fluctuations, i.e. its de-
velopmental homeostasis, plays a decisive
role in the process of adaptation. The genetic
structure of natural populations will thus to a
large extent be influenced by the species’
adaptive strategy.

In contrast to the situation in natural
populations, domestication of forest trees by
breeding will upset the genetic system of the
species and its gene pool will we sub-divided
to allow high genetic homeostasis in the
breeding populations, while the level of gene-
tic variability in the production populations
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may be reduced to allow specialization and
high fitness under the prevailing environmen-
tal conditions. It is thus reasonable to antici-
pate a different optimum genetic structure in
cultivated populations than in natural ones,
and improvement of the plant material will to
a higher extent be based upon the interaction
between genetic structure and the specific
requirements of the planting site.

Advanced breeding methods will enhance
the breeder’s control of the genetic structure
in cultivated forests and it is imperative that
the relationship between genetic structure
and adaptation to heterogenous environ-
ments is better understood. Research should
therefore be concentrated to the optimum
genetic structure within the limits of the
species’ genetic system in nature as well as to
the changes in genetic structure induced by
the breeding work and its effects on yield and
stability.

Adaptive strategy and genetic structure

In forest tree species, as for most organ-
isms, the degree of genetic variability is con-
trolled by their genetic system, i.e. their re-
productive, breeding and chromosomal sys-
tems, all of which are under genetic control.
Being present in the populations, either in a
free or a potential state, the variability is a
prerequisite for their evolutionary response to
natural selection. The optimum strategy of
adaptation, i.e. evolutionary response, in a
heterogenous environment will be to optimize
the mean fitness of the population, and its
genetic structure will be determined by the
species’ genetic system as well as the pattern
of environmental variation.

A method for determining the optimal
genetic structure of a species was proposed by
Levins (1962) in which the fitness in different
environments is graphically represented by
fitness-sets. For small niche differences the
fitness set will be convex, while a concave set
suggests large niche differences.

The different optimum population struc-
tures predicted by Levins’ model are sum-
marized in table 1. We observe that when
niche differences are small in comparison
with individual homeostasis, i.e.a convex fit-
ness set, the optimum strategy will be a
monomorphism for an intermediate phenoty-
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Table 1. The resulting optimal genetic structures for the

different adaptive strategies manifested in figure 2.

Convex o(X)
similar
environments

Arithmetic mean fitness

Fine-grained
variation

Geometric mean fitness

Coarse-grained
variation

Monomorphic for inter-
mediate phenotype

"jack-of-all-trade’

Monomorphic for inter-
mediate phenotype

"jack-of -all-trade”

Concave o (X)
dissimilar
environments

Monomorphic for spe-
cialists to most com-
mon type of environ—
ment

Polymorphic with
specialists to each
type of environment

(From Roughgarden 1979, slightly modified).

pe. In case of large niche differences, i.e.a
concave fitness set, the optimal genetic struc-
ture for fine-grained environmental variation
will be a monomorphism for specialists to the
most common type of environment, while a
coarse-grained variation will favour a poly-
morphism with specialists to each type of
environment.

With reference to the expectations derived
from this model, Levins (1963) predicted the
optimum phenotype, the optimum popula-
tion structure and variation patterns along
geographic gradients for natural plant popu-
lations (Table 2). Interpretation of tables 1
and 2 indicate that, in case of large niche
differences, heterogeneity in space will be ex-
perienced as fine-grained variation, while
heterogeneity in time is experienced as coarse-
grained by a plant population.

With respect to the patchiness of the envi-
ronment, it is considered that coarse-grained
species can exist in two or more niches, but
individuals spend most of, or all, their
lifetime in only one of these. Fine-grained
species, on the other hand, are such that the
individuals can explore and exploit all, or
nearly all, the patches in the environmental
mosaic (c.f. Soulé 1976 for references).

It is then conceivable that a forest tree
population will experience the environment
as coarse-grained when exposed to between-
year fluctuations on the site conditions, while
hetetrogeneity in space, i.e. the fine-grained
situation, is manifested to the population at
the time of regeneration when a large number
of zygotes explore and exploit the various
niches in a heterogenous environment (Table
3).

i

Table 2. Optimum phenotype, optimum population structure and variation pattern along geographic gradients for

natural plant populations. (From Levins 1963)

Difference small be-
tween niche optima
as compared to indi-
vidual homeostasis

Difference large between niche optima
as compared to individual homeostasis

Environment hetero-
genous in space

Environment hetero-
genous in time

Optimum phenotype Intermediate between
optima in the two

niches

Optimun popula- Monomorphic of

tion structure moderate fitness

in each niche

Pattern along geo- Continuous cline in

graphic gradient phenotype
in niche fre-

quency

Optimun phenotype Specialized to one
for more frequent or the other
niche (specialized niche

to one niche)

Monomorphic, spe- Polymorphic mix-

cialized ture of spe-

cialized types

Discrete races Cline in proportions

separated at of same poly-
some critical morphic types
value of niche

frequency

Table 3. Optimal strategies of adaptation for a plant
population subjected to spatial and temporal en-
vironmental fluctuations. Niche differences large in
comparison with individual homeostasis.

n

vironmenta Fine-grained
variation

Coarse grained

(heterogeneity in space) (heterogeneity in time)

Optimum strategy Monomorphism for

Implementation of

strategy vironment during

—span of the

lation. Buffering
capacity achieved by
polymorphisn.
Individual homeostasis
(physiological tolerance)
also plays a decisive
role in the adaptedness
of the population.

In the latter case, the best strategy to meet
a spatially heterogenous environment will be
to have a sufficient genetic homeostasis for
production of a wide array of genotypes,
among which natural selection will favour
those which are best adapted, i.e.specialized,
to the conditions of the patch where the seed
happened to fall. In the former -case,
heterogeneity in time, the optimal strategy
will be a polymorphism where the phenoty-
pes have different fitness optima. The popula-

tion will thus be buffered against environ-
mental fluctuations between years. It is like-
ly, as well, that the individual’s physiological
tolerance plays a decisive role in the adapted-
ness of a population to both temporally and
spatially heterogenous environments.

Changes in genetic structure induced by
breeding — implications for breeding
strategy

The changes in genetic structure brought
about by the domestication of a forest tree
species is mainly due to the following factors:
disruption of the species’ genetic system and
a subdivision of its gene pool into breeding
populations and production populations.

The species’ breeding system will be upset
by introducing vegetative propagation into
breeding work, its mating system upset by
bringing plus trees together in seed orchards
and applying flowering stimulation and selec-
tive pollination control. In advanced breed-
ing generations it is conceivable that the
genetic load of the species may be reduced to
such an extent that self-fertility is increased
without any adverse effects on the vitality of
the progeny. Such a process will require a
large number of generations of mass-selec-
tion, but experiments with selfing of redwood
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(Libby et al. 1981) have shown that some
progenies from selfing perform as well as, or
better than, their outcrossed relatives. What-
ever the reason, these results suggest that
increased homozygosity is sometimes toler-
ated in forest trees.

Furthermore, if optimization of fitness in
different environments should involve ac-
cumulation of different sets of favourable
genes, these gene combinations would be dis-
rupted in the second generation following
hybridization, shifting the genetic structure of
cultivated stands still further from that of
natural ones. Intercrossing of selected plus
trees from different regions or from different
provenances might have such an effect on
population structure.

Finally, the genetic control of recombina-
tion frequencies in forest trees is virtually
unexplored, but working with a narrow gene-
tic material, e g in sub-lines of a breeding
population, may well have effects on recombi-
nation frequencies, and thus on the genetic
structure of the progeny.

However, the major effects on forest tree
population structure caused by breeding
work will be due to the sub-division of the
species’ gene pool into breeding and produc-
tion populations, respectively. The evolutio-
nary success of a population is very much
dependent on its genetic homeostasis, sub-
stantiated by its stored genetic variability.
However, the ability to evolve constitutes at
the same time a genetic load (c.f. Wallace
1970, p. 35), manifested in the multitude of
recessive deleterious genes which to some
extent will be expressed in homozygous prog-
enies. In cultivated stands, this genetic load is
no longer necessary, since the ability to
evolve will be consigned to the breeding
populations. Optimum genetic structure, no
longer involving genetic homeostasis, will
thus differ from that of natural stands in this
context as well.

With respect to forest tree breeding, Tiger-
stedt (1974) stated that ... “breeding for
. . (ecological tolerance). . means a deliberate
effort to preserve population heterogeneity

. in the future it may also involve active
breeding efforts whereby diversifying selec-
tion is applied”. This statement may be furth-
er elaborated on by taking into account the
conclusions from Levins’ theory presented
above: For Scandinavian forest trees, the en-
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vironmental variation is such that niche dif-
ferences must be considered to be large with
respect to individual homeostasis, as well for
spatial as for temporal variation (c.f. Eriksson
1982). It is thus the genetic structure con-
nected with concave fitness sets that is of the
highest interest for forest tree breeding (c.f.
Table 3). The conclusions relevant to breed-
ing strategy may then be summarized as fol-
lows:

For the heterogeneity in space, the breeder
must apply diversifying selection to meet the
specific requirements of the different planting
sites. The genetic diversity necessary for this
»evolution” is contained in the breeding
populations, while a reduction in the genetic
variation will take place in the production
populations due to “specialization”. This ef-
fect would arise e.g. from a further delinea-
tion of present breeding zones (c.f. fine-
grained variation in table 3), aiming at dis-
crete varieties of planting material.

However, population diversity must not be
reduced to such an extent that yield is ad-
versely affected or the buffering capacity
against environmental fluctuations jeopar-
dized. Breeding strategy must therefore take
genetic  polymorphism and individual
homeostasis into account as well (c.f. coarse-
grained variation in table 3).

Genetic variation and genetic structure —
its influence on yield and stability

Advanced breeding methods in forestry
will change the genetic structure of cultivated
populations as compared to natural ones, but
will as well contribute to a better control of the
genetic structure of the stands. Since op-
timum structure presumedly will differ from
natural ones, one major objective of the
breeder must be to gain information about
the causal relationship between the level of
genetic variation as well as genetic structure
and the stability and yield of the populations.

Genetic variation at the individual level

Since plant are stationary and cannot av-
oid temporary unfavourable conditions by

moving to another niche, individual homeos-
tasis is of importance mainly when temporal
variation is encountered, i.e. in coarse-
grained environments. To some extent, the
individual stability may also be significant in
adaptation to fine-grained variation, e.g. for
the ability to colonize niches differing from
that of the parental population.

It is generally considered that there is a
close relationship between the individual
genetic variation, i.e. heterozygosity, and
homeostasis. The observation that polyploids
demonstrate a higher degree of phenotypic
stability than their diploid ancestors, e.g. as
invaders of disturbed habitats, may serve as
an example to illustrate this point of view.
The increased stability may be ascribed to
the balanced hybridity of polyploids, i.e. the
preservation of a high level of heterozygosity
due to a reduced genetic recombination (Tal
1980, p. 61-62. 67).

Several examples of circumstantial evi-
dence for increased homeostasis in heterozy-
gotes have been presented for agricultural
species as well (c.f. Simmonds 1977, p. 118).
With respect to forest trees, the promising
results with species hybrids of larch, pines
and poplars are believed to be due to hetero-
tic effects (Stern and Roche 1974).

Genetic variation at the population level

Experience from the performance of ag-
ricultural species, mainly physical mixtures
of pure lines of inbreeders, suggest that as
well yield as stability is positively correlated
with the genetic heterogeneity and heterozy-
gosity of a population. Additional support for
this view is found in the experiments by
Allard and Adams (1969) showing that bulk
propagated lines of barley over several gener-
ations evolved a mutual adaptation, by
Harper (1964) called” ecological combining
ability”. The yield of such a mixture does
exceed that of randomly combined lines.

The exact nature of the interactions bet-
ween phenotypes promoting yield and stabili-
ty in heterogenous populations is not yet
identified. It is, however, conceivable that the
different constituents of a mixture may ex-
ploit the resources more efficiently, thus giv-
ing relative total yield higher than unity (c.f.
Spitters 1980 for references).

Suggested research

The considerations on genetic structure of
populations, and implications for breeding
strategy which have been treated, are of
course applicable to forest tree breeding in
general. However, the problems to be solved
are emphasized by the restraints on genetic
structure imposed by clonal forestry.

Furthermore, vegetative propagation of
selected phenotypes offers a means to focus
the experiments on specific phenomena re-
lated to genetic structure, eliminating errors
due to within-family variation, etc. Conse-
quently, suggestions on problems to be
studied and suitable experiments to be car-
ried out, will be made primarily with respect
to clonal forestry.

In this context, the critical matters at issue
appear to be:

— to what extent can genetic variability in production

populations be reduced without jeopardizing sta-
bility?

— what is the optimum genetic structure in cultivated
populations with respect to yield and survival?

— methods for early selection of clones with high adap-
tability and production.

Determination of individual homeostasis

Transferring the genetic homeostasis of the
species to the breeding populations means
that the genetic variability of the production
populations may be reduced, the lower limit
of population heterogeneity mainly being de-
termined by the homeostasis of the individual
phenotype and genetic polymorphism (c.f.
the optimum strategy for heterogeneity in
time, table 3).

Several methods for measuring individual
stability which have been used for agricultur-
al and herbaceous species are applicable to
forest trees. In the following sections are cited
a number of analytical methods which gener-
ally apply to field experiments. It is, however,
important in this context to observe the possi-
bility, in some cases even the necessity, to
make model experiments in nurseries or cli-
mate chambers (c.f. Eriksson 1980, 1981)

before large field experiments are made.
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The main advantages offered by experi-
ments in climate chambers, as pointed out by
Dormling (1980), are that the growth condi-
tions can be reproduced with a high precision
and several environmental parameters can be
kept constant while one or two parameters
are varied in different treatments. The pros-
pects of assessing the degree of stability for
individual clones are indeed promising if the
opportunities offered by climate chambers
are utilized.

Measuring adaptation by linear
regression

Finlay and Wilkinson (1963) and Eberhart
and Russell (1966) have suggested methods
for measuring variety adaptation by using
linear regression of yield on the mean yield of
all varieties for each site and the deviation
from regression. These are statistical mea-
sures designed to demonstrate and select
superior varieties or clones, with respect to
low genotype X environment interaction.

The critical issue appears to be the descrip-
tion of the environmental parameters of the
site: ... ”a good estimate of the regression
coefficients can be obtained from a few envi-
ronments if they cover the range of expected
responses” (Eberhart and Russell 1966). This
method is suitable for estimating genotype X
environment interaction of forest tree clones
on field trials, but climate chamber experi-
ments should be used as well, since the op-
portunities are then better to study only one
or a few environmental parameters, the range
of which can be determined before the experi-
ment. This is of some importance since ex-
perience from field crops have shown that
seasonal variability is a decisive factor of the
environment, i.e. the same site and varieties
will produce different mean yields in different
years. Genotype X environment interaction
will then give information about the stability
of the vareties, or clones, but little is known
about what environmental factors the
homeostasis is connected with.

Stability measure developed from statistical inference

To clarify the concept of individual stabili-
ty associated with low genotype X environ-
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ment interaction, Hanson (1970) has sug-
gested a stability measure to be constructed
by using the deviations of expected yield of a
a genotype from its yield if totally stable. The
measures integrates the information from re-
gressions and deviations from regressions
which were discussed above, and should be
valuable in attempts to quantify phenotypic
stability of clones in field trials.

Quantification of individual stability

Levins’ model of fitness may well be used
in experiments to study individual as well as
population fitness in different environments.
There is, however, one difference to be consi-
dered, namely the quantification of fitness in
experiments. The Darwinian fitness used in
Levins’ work, often defined as “the average
contribution which the carriers of a genotype,
or a class of genotypes, make to the gene pool
of the following generation, relative to the con-
tributions of other genotypes”, is a relative
measure, and there is a need to find a mea-
sure which permits quantification of the
adaptedness of a genotype or a population to
its environment.

In this context, Ayala (1969) suggests “the
ability of the population to transform the
available materials and energy into living
matter of its own kind”, i.e. dry matter pro-
duction per unit time and area, as a measure
to quantify adaptedness to a given environ-
ment.

McNaughton (1970) used this method to
study the adaptedness of different species and
populations of Typha. The results indicated
that Typha species with an adaptive strategy
of generalization were situated within the
fitness sets, while species specialized to the
environmental parameters that were studied
defined the limits of the fitness sets.

Similar experiments should be made with
forest tree clones in a series of different envi-
ronments, generated in climate chambers.
Analysis of single clones in two similar envi-
ronments would presumedly yield convex fit-
ness sets, while increasing environmental dif-
ferences is expected to create increasing con-
cavity, provided the genotypes are adapted to
the environmental parameters that are
studied. In such cases, where the environ-
mental differences create concave fitness sets,

it is decidedly of interest to compare the
adaptedness of monoclone cultures and diffe-
rent clonal mixtures.

The long generation time of forest trees
obstructs conclusive experiments on the post-
ulated relationship between heterozygosity
and individual stability. However, clones
originating from the Akersberga trial outside
Stockholm (c.f. Eriksson et al. 1973, Anders-
son et al. 1974) constitutes a suitable material
for experiments aiming at the quantification
of stability for clones with different degrees of
heterozygosity. Crossings between a number
of parental trees have been made for two
successive generations, generating progenies
with inbreeding coefficients ranging from 0
t00.75, the latter being the second generation
progeny by selfing. Presumedly, such prog-
enies are more homozygous than those from
open pollination, and should provide oppor-
tunities to study the alleged connection bet-
ween heterozygosity and stability.

Stress experiments

In connection with comparisons between
the adaptedness of different clones, informa-

Sources of Phenotypic

tion can be obtained about the range of toler-
ance for various environmental parameters.
If a correlation between tolerance-range and
genotype X environment interaction is de-
monstrated, stress experiments would be an
efficient method for early selection of clones
with high stability for different sites and bet-
ween year variation. These experiments
should include such parameters as water- and
nutrition supply, light and temperature, all of
which can be kept under control in climate
chambers.

For the purpose of early selection, it is,
furthermore, of high interest to extend the
stress experiments to include physiological
differences between clones demonstrating
high and low genotype X environment in-
teraction, respectively. The phenotypes
studied in experiments are the products of the
genotype and its reaction with its environ-
ment, with physiological processes being an
intermediary step (Figure 1). The buffering
capacity of the individual, expressed as
homeostasis, is most certainly mediated by
those processes in the plant cells. Any detect-
able physiological difference would therefore
serve as an efficient criterion for early selec-
tion of homeostatic clones. This is one further

Types of Phenotypic

Differences Differences
GENOTYPE \
Genes: DNA
RNA PLANT PROCESSES —— PHENOTYPE
Chemical reactions Age
Photosynthesis Habit

EXTERNAL ENVIRONMENT

Respiration

Growth: rate

Water and mineral periodicity
Time uptake complexity
Space Transpiration
Light Translocation Resistance to:
Heat Cell division pests
Water moisture
Soil extremes
Nutrients light extremes
Chemicals heat extremes

Other organisms

Symbiosis

Figure 1. Relationship of an individual’s phenotype to its genotype and environment. Phenotypic
differences of the individual become apparent as physiological processes occur in the internal
environment of plant cells. (From Spurr and Barnes 1980).
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incitement for climate chamber experiments
on genotype X environment interaction of
forest tree clones.

Determination of population homeostasis
and optimal population structure

Apart from the individual homeostasis,
population heterogeneity will be the main
factor promoting adaptedness in clonal
forests (c.f. table 3). Another main issue for
research must therefore be to determine the
lower limit of heterogeneity in clonal mix-
tures and the optimal genetic structure with
respect to yield and stability.

Population homeostasis

Concerning homeostasis, the experiments
outlined for single clones in climate chambers
are applicable to clonal mixtures as well. In
addition, long term field trials must be estab-
lished in which yield and stability of different
clonal mixtures are compared with monocul-
tures and seed plants. Such experiments may
be established with a general a priori hy-
pothesis that heterogenous populations are
more stable than monocultures, but it is also
important that results from experiments in
climate chambers are included in more de-
tailed hypotheses which are further de-
veloped in future field trials.

Optimum population structure

The optimum geneiic structure is not only
connected with the degree of heterogeneity,
but also with the interaction between the
different genotypes in a clonal mixture,
analogous with the findings of Allard and
Adams (1969) that interaction between
genotypes created non-additive effects on
yield. The experimental design proposed by
Spitters (1980), in which a series of mixtures
is produced by replacing plants in a monocul-
ture with different proportions of another
clone (or variety) until the other monoculture
is obtained, seems to be suitable for forest tree
clone experiments.

If the yield of each clone is plotted against
the proportion it occupies in a mixture, a
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straight line relationship indicates that the
clones have equal competitive abilities for the
shared resources. Deviations from linearity,
on the other hand, would mean that the
clones occupy in part different niches and the
mixture will thus exploit the resources more
efficiently than either monoculture. Measur-
ing the yield as biomass production per unit
time, such experiments are suitable on a short
term basis, e.g. in climate chambers.

Long-term experiments, with an explicit a
priori hypothesis, intended to study optimum
population structure and yield, are difficult to
design and should be preceded by short-term
experiments on competition and interaction
among genotypes.

Conclusions

Changes in the genetic structure, imposed
by domestication of forest tree species, will
carry significance for the breeding strategy.
The breeding populations will carry the gene-
tic variability necessary for adaptation to
heterogeneity in space, thus permitting a re-
duction of the genetic variability of the pro-
duction populations.

The lower limit of population heterogenei-
ty, being determined by individual homeos-
tasis and genetic variation among individu-
als, is of particular interest for clonal forestry.
Optimum population structure must be
studied in experiments, primarily with re-
spect to individual homeostasis, population
heterogeneity and interaction among genoty-
pes. Field experiments are necessasy, but
should be preceded by model experiments in
order to formulate more explicit hypotheses
on causal relationships.

Experiments in climate chambers are then
of high value, since single environmental fac-
tors can be studied separately and parame-
ters such as water- and nutrition supply, light
and temperature can be kept under strict
control.
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ECOLOGICAL GENETICS OF CONIFERS IN SWEDEN

GOSTA ERIKSSON

In this paper the results from studies of the ecological genetics of conifers in Sweden are compared with the
hypothesis presented by Levins (1963). This supposes that the taxonomic species responds to heterogeneity in time by
developing clinal variation along ecological gradients and polymorphisms within populations. All results supported
this expectation. More research is needed to test the existence of a heterogeneity in space.

The results were obtained both from field trials and experiments in climate chambers.

Introduction tics. The whole field will not be reviewed in

this paper, which concentrates on work car-
Gene ecological research with forest trees is  ried out over the past decade.
now a prominent part of Swedish forest gene- Mostly the research has aimed at setting
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guidelines for efficient forest tree breeding.
This means that the formulation of new con-
cepts and theories in gene ecology has not
been attempted. Some of the projects making
use of isozyme genes constitute exceptions to
this, but these investigations will not be tre-
ated in this paper.

The rules for transfer of seeds have contri-
buted greatly to the economy of Swedish
forestry. A utilization of the recently sug-
gested method to test plus tree candidates
with respect to frost hardiness is expected to
promote rapid progress in Swedish forestry
(Jonsson 1980).

Levins (1963) presented a table of the ex-
pected intra- and interpopulation structure
for large and small differences in niche op-
timum as compared to individual homeos-
tasis. By individual homeostasis is under-
stood the ability of an individual to tolerate
transitory fluctuations in the environment.

Climatic adaptation
Population level

Extensive provenance research was carried
out for all species of major interest in Swedish
forest tree breeding. These are Picea abies,
Pinus contorta and P. sylvestris. For Pinus sylves-
tris, the investigation by Langlet (1936) on
dry matter content in different provenances
soon became a classic. During the late forties
Eiche (1966) established a nation-wide series
of field trials with the purpose of elucidating
the transfer effects. Whenever possible, the
populations included at each experimental
plantation originated from northern as well
as southern localities. Transfers upwards and
downwards in altitude were also made. Plant
damage and survival were recorded every
year up to an age of 20 years.

Eriksson et al. (1980) reported on the re-
sults obtained from the northern trials as well
as on four trials established by the Institute
for Forest Improvement. The effect of trans-
fer on plant survival can easily be seen in Fig.
1. The survival increased with increasing
latitude of origin. Similarly, the lower the
altitude of origin the lower the survival. The
strong latitudinal and altitudinal influence on
the survival called for a stepwisen regression
analysis with the change in latitude and al-
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titude as well as their squares and cross pro-
duct as independent variables, plant mortali-
ty being the dependent variable. The results
of this analysis are illustrated in Fig. 2. The
latitudinal transfer exerts the greatest influ-
ence on survival. For this character there was
a good agreement of the results from all the
trials in northerly Sweden. Therefore, a para-
llel regression analysis was carried out. The
following equation was obtained:

Plant mortality = k + 10.8Alat + 3.0Aalt (R? = 0.98)

This means that the transfers in latitudinal
and altitudinal directions can be used to ob-
tain a particular degree of survival. This also
means that latitude and altitude well describe
the climatic conditions of a particular site. An
extrapolation of this conclusion to other parts
of Scandinavia not covered by the trials is
obviously not permissible. This was well re-
flected by some of the Norwegian populations
with an origin west of the Scandinavian
mountain chain. Their survival corresponds
to the survival of Swedish populations
originating 3-5 degrees of latitude further
south.

The results obtained suggest a clinal varia-
tion in Pinus sylvestris with respect to plant
mortality. A clinal variation for plant height
was also noted by Remrod (1976). Similar
results were previously reported by Johnsson
(1971). He estimated the growth reduction at
0.8 per cent per degree of latitude southward
transfer. In some south and central Swedish
trials some of the German populations
showed a promising growth up to the age of
20 years when they became severely damaged
by wet snow.

Transfers over the same latitudinal dis-
tance in northerly Sweden (>60°) affect plant
mortality more dramatically than tree height
in Pinus sylvestris.

The implication of this for the breeding of
Pinus sylvestris is that many climate zones
must be recognized. If this is not done an
intolerable variation of survival within a zone
would be the result. In each zone, breeding
for survival must be given the highest priori-
ty. Therefore a transfer southward must take
place. This will cause a minor loss of growth
at the individual tree level. This loss of yield
is more than compensated by the increase in
yield due to higher number of surviving trees.

EP 98 Bjorkvattnet

% plant mortality 1968
100

-200 0 +200 +400

Aalt, m

icalculated percentage
ifor no transfer

Figure 1. The percentage of dead plants in a provenance trial of Pinus sylvestris at
Bjorkvattnet lat 63.43, alt 460 m. The locations of the columns in the grid indicate
the altitudinal and latitudinal transfers. Thus, the columns below the horizontal line
indicate populations that were moved in a northward direction. Columns to the right
of the diagonal axis show provenances that were moved to a higher altitude. Two
types of screen are used in the columns, one for the provenances showing a lower
percentage plant mortality than that calculated for no transfer, and the other for the

remaining provenances.

Percentage plant mortality 1968
EP 98 BJORKVATTNET .

R'-0.95

50 4

A lat”

Figure 2. The effect of latitudinal transfer at constant
altitudes on the percentage of dead plants at Bjork-
vattnet. Plus signs indicate a transfer upwards or in a
northward direction. The R? =square of the multiple
correlation coefficient.

The variation in critical night length for
bud set in Picea abies depended almost exclu-
sively on the latitude and altitude of the
populations according to Dormling (1979).
Her study comprised a latitudinal range of
47-68°. The same type of regression analysis
was performed by her, the R%-value amount-
ing to 0.93 (Fig. 3). Also in this case a seem-
ingly smooth cline existed.

Similar results were also obtained for frost
hardiness of Pinus contorta studied under field
conditions (Hagner and Fahlroth 1974, Lind-
gren et al. 1980) as well as in climate cham-
bers (Jonsson et al. 1981). One example from
the latter study is illustrated in Fig 4.

To test the existence of a latitudinal influ-
ence on bud flushing in the provenances of
Picea abies at Bornsjon studied by Krutzsch
(1975), Fig. 5 was drawn. Krutzsch calcu-
lated what he called z-scores to make possible
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altitude, m

a comparison of the data from two trials, in
which

z =500 + XX

X is the value of the provenance according to
the classification system for bud flushing of
Krutzsch (1973). In Fig. 5 a clinal variation
with latitude can be excluded. For the prove-
nances in the range of latitude 46-50° the z-
scores were plotted against the longitude. As
seen from Fig. 6 a fairly good relationship was
obtained. The rest of the material did not
vary much with respect to longitude.

It is easy to understand that a northern —
southern cline as well as a western — eastern
cline may be obtained since the climate
changes in these two directions. Especially
within Sweden the northern — southern
climatic gradient is pronounced (Liljeqvist
1970). This is probably due to the absence of
an eastern — western mountain chain in Swe-
den or any features of the landscape creating
conditions, like high or low temperature val-
leys. The occurrence of such valleys seems to
be the reason for the low fitness to the regres-
sions with geographical variables observed in
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5 Figure 3. Critical night length for
bud-set in Picea abies seedlings
from different origins in Scandi-

Night length. h navia (after Dormling 1979).

the Nordic provenance trials of Picea abies
reported by Dietrichson et al. (1977). Similar
results were obtained by Persson (personal
communication) for the 1 100 provenances of
Picea abies studied in three field trials in Swe-
den. In both reports tree height was the
variable studied.

Family level

In the previously discussed Eiche series of
Pinus  sylvestris each population was rep-
resented by 20 open pollinated families. Re-
sults from one of the trials — Nordanés lat 64°
197 alt 400 m — were reported by Eriksson et
al. (1976). At this trial 16 populations were
represented by 20 open pollinated families
each planted in three replications of which
each consisted of a 15-tree row plot. Data on
survival and tree height were presented. In
spite of the low number of replications, sig-
nificant differences in plant mortality bet-
ween the families were observed in four popu-
lations. In populations with low or high per-
centages of plant mortality a significant with-
in-population difference cannot be expected.

Percentage of plants in classes 3-5 ----
Mortality, %, in field trials —
0

N, SECOND GROWTH PERIOD

b NIGHT LENGTH 13h
AN R?=0.71 ----

751

50

T T T T T T T
47 49 51 53 55 57 59 61 63

Latitude’

Figure 4. Regression of percentages of plants in classes
3-5 on latitude. Freeze testing at —10°C was per-
formed after treatment with 13 h night in second
growth period. This regression obtained in a phytot-
ron is compared to regressions of percentage mortali-
ty on latitude for field trials 18 and 19 (based on
results obtained by Lindgren et al. 1976) as well as
trials 30 and 31 (based on results placed at our
disposal by Dr. S. Hagner, Swedish Cellulose Com-
pany). The curves are drawn for an altitude of 800 m.
Trials: No 18-Kompo, Nattavaara, lat 66°44°N, alt
375 m; No 19-Lappeasuando, Svappavaara, lat
67°30°N, alt 390 m; No 30-Lapptriskberget, lat
65°55°N, alt 225 m; No 31-Volgsele, lat 64°46°N, alt
435 m.

The within-population difference in tree
height was analyzed in 13 populations. Of
these, five showed a significant within-popu-
lation difference.

An extreme example of the variation in
plant mortality is shown in Fig. 7 based on
data from a trial at lat 68° 20’ alt 440 m. In
this case each family was replicated only
twice.

In open pollinated families of Picea abies,
too, great variations were noted in this case
with respect to flushing (Fig. 8). For one

50 Flushing, z-scores (Krutzsch 1975)
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Figure 5. The relationship between flushing of Picea abies
provenances and their latitudinal origin. The study
was carried out at Bornsjén lat 59.23, long 17.77, alt
15 m by Krutzsch (1975).
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Figure 6. The relationship between flushing of Picea abies
provenances from latitudes 46-50° and their lon-
gitudinal origin. The study was carried out at Born-
sjon lat 59.23, long 17.77, alt 15 m by Krutzsch
(1975).

population from Benus, the arrival at stage
No 3 according to the classification system
introducted by Krutzsch (1973) showed an
amplitude of three weeks. This occurred with
high repeatability from year to year and trial
to trial.

Characters of high adaptive value, such as
bud flushing and bud set in Picea abies, show
polygenic inheritance (Eriksson et al. 1978)
which favours the development of clines with
the individual populations polymorphic.

In Pinus contorta a significant within-popu-
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Figure 7. The percentage plant survival of single tree
progenies of a Pinus sylvestris population originating

from Korpilombolo lat 66.88, alt 175 m studied at
Kabdalis lat 66.27, alt 440 m.

Flushing date
@-=single tree progeny #=populations |=x
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Benus 750 m, CS e o 90 oo
Benus 650 m. CS ° [ e | Smee [
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Figure 8. The date for bud flushing (stage 3 according to
the scale in Krutzsch, 1973) of single tree progenies
and provenances of Picea abies studied in a nursery at
Bogesund 59.40, alt 15 m. PL = Poland, CS =
Czechoslovakia.

Frost damage score
Fort Ware 57°20, 125°30", 763 m

1B 1 15 16 17 18 18 20 21 22 23 24
Family No.

Figure 9. Frost damage score after freezing to —10°C of

single tree progenies of the Pinus contorta population,

Fort Ware. The scoring of frost damage comprised 6

classes: 0 = no damage, 5 = dead apical bud.
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lation variation was obtained with respect to
frost hardiness of families exposed to —10°C.
Fig. 9 is based on unpublished data by Jons-
son et al. Similar results were obtained for
Pinus sylvestris cultivated in green-house and
artificially freeze tested (Andersson and Ros-
vall, personal communication).

Agreement of the empirical data with the
theory of Levins

First we have to find out if the niche op-
timum as compared to individual homeos-
tasis is large or small. With the wide area of
distribution of Norway spruce, Scots pine and
lodgepole pine, no single genotype can pos-
sess such individual homeostasis that it will
survive under all environmental conditions
occupied by the species. Heterogeneity in
time is especially pronounced. The weather
conditions certainly vary over the life time of
a tree. Moreover, the weather conditions vary
at the phase of regeneration, a phase of cru-
cial importance for the survival of a species.
Thus, for our forest tree species under study,
the difference in niche optimum as compared
to individual homeostasis must be regarded
as large.

The gene ecological investigations carried
out so far fully agree with the expectation of
the intra- and interpopulation structure with
a heterogeneity in time as presented in Table
1. All investigations in which variation along
an ecological gradient was studied have dis-
closed a clinal variation. Whenever tested a
polymorphic intrapopulation structure was
obtained in the investigations carried out.

Polymorphism may be regarded as an in-
surance of the population against changes of
the environment. Thus, there will always be
some individuals which have high fitness
values.

No studies have so far been conducted to
investigate the existence of discrete races
along an ecological gradient. Since our conif-
ers cover a wide range of site conditions there
should be possibilities for the development of
races adapted to particular site conditions.

The migration caused by pollen and seed
dispersal over considerable distances may
counteract the development of populations
genetically adapted to particular site condi-

Table 1. The expected intra- and interpopulation structure for large and small differences in niche optimum as
compared to individual homeostasis. The table is based on Table 3 in Levins (1963).

Difference in niche optimum as compared to individual homeostasis

Small = convex

large=concave

heterogeneous in space heterogeneous in time

Optimum population Monomorphic of

structure moderate fitness

Continous cline
in phenotype

Pattern along
ecological gradient
in niche frequency

Monomorphjc
specialized

Polymorphic mixture
of specialized types

Discrete races
separated at

Cline in proportions of
same polymorphic

some critical types

value of niche

frequency

tions. However, if the interpollination bet-
ween adjacent populations is largely pre-
vented by differences in time of receptivity
and pollen dispersal of the two populations,
the evolution of discrete races may be prom-
oted (cf. Gullberg 1982).

An adaptation of populations to different
site conditions is not a purely academic ques-
tion but has bearing on the strategy to be
pursued by the breeders. If such an adapta-
tion has taken place, the number of breeding
zones must probably be increased or clones
be actively selected that show little interac-
tion with site conditions.

Investigations of a possible adaptation in
space (= site conditions) are urgently
needed.

On the family level it has been shown that
genotype X site interaction exists (Jenkinson
1974, Johnstone et al. 1978). This does not
mean that an adaptation to site had taken
place but rather that the populations are
polymorphic with respect to the characters
tested.
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FRACTIONATION OF SEED ORCHARD SEEDS BY WEIGHT DOES
HAVE GENETIC IMPLICATIONS

DAG LINDGREN

Seeds from a Scots pine clonal seed orchard were weighed one by one. A partition of causes of variation gave 43 per
cent between clones, 12 per cent between ramets within clones, and 45 per cent between seeds within a ramet. In a
heavy or light seed fraction the representation of clonal progenies will be highly unequal. The genetic diversity of a
seed lot will be reduced by fractionation. It is recommended to avoid unnecessary seed fractionation of seed orchard

seeds.

Introduction

Seed fractionation is a common practice in
Sweden today. It is known that seeds from
individual trees in stands may differ consider-
able, and therefore seed grading of stand
seeds by weight may have genetic implica-
tions and reduce the genetic base (Hellum
1976; Silen and Osterhaus 1979). Use of
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seeds from clonal seed orchards become more
and more common, and the possibility of a
reduced genetic base is more severe in seed
orchard seeds, where the limited number of
clones constitute a severe restriction.

The aim of the present investigation was to
find out to what degree genetic composition
may change following weight fractionation of
seeds from a clonal seed orchard.

Material and methods

The investigation deals with seeds collected in a Scots
pine (Pinus sylvestris L.) seed orchard at Langtora (lat.
59°43’, long. 17°08’, alt. 15 m), approximately 30 km
west south west of Uppsala. The seed orchard comprised
36 clones, (9 with a Finnish origin). The flowering was
studied intensively in 1973-1975. The results (as well as
more details of the seed orchard) were published by
Jonsson et al. 1976. Seeds from open pollination were
collected in 1974. For each clone two ramets were har-
vested.

Seeds from two ramets were not available. The corres-
ponding two clones are omitted from the ANOVA. Emp-
ty seeds were removed by blowing. Twenty seeds from
cach ramet were measured individually on a balance
with a precision of approximately * 0.1 mg. Seed
weights are expressed in mg.

For the statistical analyses the following model was
used:

Yiik = ptgtntos

Yik = Seed weight

G = Contribution of clone i

T = Contribution of ramet j (within clone i)

Sy = Contribution of seed k (within ramet j and

clone i) including error

¢, r; and s, are regarded as random variables with
variances 02, 07 and 0. It is an hierarchic design (nested
design).

The effect of a (hypothetical) weight fractionation of a
seed population consisting of the 20 seeds weighed from
the 68 ramets were studied. The probability of two seeds
taken at random from a fraction (with replacement)
originating from the same mother clone was calculated.
The inverse of this value may be denoted “effective clone

Table 1. Distribution of seed weights

number”. If all clones contribute equally the probability
of two seeds having the same mother is the inverse of the
clone number. The effective clone number” divided by
the actual clone number (34) is denoted relative effec-
tive clone number” (N,). Also, the probability that one
seed taken from a light fraction has the same mother as
one from a heavy fraction was calculated. A “shared
proportion” was calculated as a measure of to what
extent the same mother gave contribution to both the
light and heavy fraction. Expressed in another way, the
smallest of the contributions to the heavy and the light
fraction were added for all clones.

It must be pointed out that the measures used to
quantify the fractionation effect do not take the random
variation of sampling into consideration, and thus inter-
ference with the real population introduces an error.

Results

Some of the seed weight distributions ob-
tained are presented in Table 1. An analysis
of variance gave the results shown in Tables 2
and 3.

There are evidently considerable differ-
ences between clones, and there is almost no
overlap between seeds from the clone giving
the lightest and the one giving the heaviest
seeds. It was noted in the field work that
clone W 1037 (giving the lightest seeds) had
an exceptional number of female strobili per
shoot.

A considerable part of the variation is
caused by clonal differences. Heritability (in
broad sense) was calculated as:

H? =02/ (02 + o?) = 0.77

Fraction (mg) 2.0-29 3.0-3.9 4.0-49 5.0-5.9 6.0-6.9 7.0-79 8.0-8.9 z

Per mille of seeds. 4 56
W 1037, the clone giving the lightest 75

seeds, per cent of seeds (40 Measured).
C 5002, the clone giving

the heaviest seeds.

No of clones with average

seed weight in this fraction

(average of two ramets).

217 313 250 125 35 1 000

22 3 100
5 35 35 25 100
6 13 11 3 34
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Table 2. Analysis of variance.

Square sum Degrees of Mean Estimates of mean square
freedom square
Between clones 984.51 33 29.83 o2+ 2002+ 2 X 2002
Within clones between ramets  149.10 34 4.39 o2 + 20 o2
Within ramets between seeds  877.10 1292 0.679 0.2
Total 2010.71 1359 1.48
F = 4.39/0.679 = 6.5 p>0.999 = 29.83/4.39 = 6.8 p>0.999

Thus, there is a highly significant difference between ramets of the same clone.

Table 3. Components of variance.

% o
Between clones, o’ = 0.636 43 0.431
Between ramets, o? =0.186 12 0.431
Between seeds, o? =0679 45  0.824

Thus, the seed weight is a factor under
strong genetic control.

A fractionation of the population of 1 360
seeds studied into 1 mg fractions would give
effects presented in Table 4.

If all clones contributed equally to all seed
weight fractions the effective clone number
would always be 34. Large deviations from
this ideal situation, in which all clones give an
equal contribution, occur following fractiona-
tion. The genetic diversity will be reduced to
a considerable extent in the extreme frac-
tions.

Two hypothetical fractions, were studied
more in detail, a light fraction with seeds
below 5 mg and a heavy with seeds above 7
mg (see Table 5).

Fifteen of the 34 clones gave rise to seeds in
only one of the fractions. The probability that
a seed drawn at random from the heavy
fraction originated from the same mother
clones as one drawn from the light fraction
was calculated to be 0.0091. If the clones
contributed equally the probability (P) ex-
pected would be 1/34 = 0.0294. The proba-
bility of getting two seeds from the same
mother in the light fraction was 0.0563 and in
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Thus, there is a highly significant difference between clones.

the heavy 0.0670. Thus there was more than
a factor of 6 difference in probabilities "with-
in” and “between” fractions. The ”shared
proportion”, calculated as described above,
was 0.2175.

It is concluded that, to a large extent, the
seed of the heavy and the light fractions have

different mother clones.

Discussion

Seed fractionation has considerable genetic
effects. The effective population number” in
the extreme fractions will be considerably
decreased. The effects add to other factors
decreasing the effective population number in
seed orchards (differences in gene contribu-
tion caused by differences in pollen and seed
production, differences in earliness etc.). The
clone number in seed orchards ought to be
increased if fractionation is intended. The
different fractions will be genetically diffe-
rent. When the seed harvest is tested, the test
will be unreliable for fractionated seeds.

Fractioning may take place unintentionally
in seed handling. It is wellknown that empty
seeds often are unequally distributed in seed
containers, and similar process may influence
weight distribution.

Unintentional seed fractionation may be
common in many stages; seed extraction,
seed cleaning or moving seed bottles (espe-
cially in seeding).

It is probable that the genetic composition
in different compartments of the same seed
lot may differ significantly. Therefore, if

Table 4. Effective population size.

Fraction (mg) 2.0-29 3.0-3.9

4049 5.0-5.9 6.0-6.9 7.0-7.9 8.0-8.9

(P=) Probability that two seeds 0.222 0.203
taken at random from the fraction

(with replacement) will have the

same clone as mother.

Effective clone number (=1/P) 45 49

Relative effective clone 0.132 0.145
number (N,=1/ (34XP)

0.054 0.038 - 0.04! 0.063 0.114

18.5 26.3 244 15.9 8.8
0.544 0.765 0.720 0.470 0.259

Table 5. Comparison of light and heavy fraction.

Fraction Below 5 mg Above or equal to 7 mg
P 0.0563 0.0670
N, 0.522 0.439

Per mille of total 377 217

plants from the same seed lot are taken from
different parts of a nursery, they may consti-
tute different populations.

There might exist considerable differences
in seed weight of Scots pine between ramets
of the same clone. Simak (1954) found con-
siderable differences (up to 2.5 mg). The
investigation was done at an early stage with
small grafts, probably not representative of a
producing seed orchard. Shen and Lindgren
(1981) got a difference of 1,5 mg. This is
compatible with the clones in this study
showing the greatest between ramet varia-
tion. Thus, earlier studies are not contradic-
tory to the present, and gives no firm support
to the possibility that within clone variation is
greater in other orchards.

The practice of using pollen donators as
“common testers” may be criticized. The
mothers not only differ genetically, but also
produce seed of different weights, and seed
weight is known to influence early growth. If
common testers are used, it is preferable to
use common mothers. Maternal effects and
clonal seed characters will then not influence
calculated values of general combining ability
for fathers.

As there are seed weight differences between
ramets, it seems advisable to replicate the

same cross on several mothers. To study clon-
al effects on seeds, collection of seeds from
several ramets per clone is recommended.

This investigation deals with seed fractio-
nation for weight, but seed weight is probably
closely correlated with e.g. size (such a close
correlation was found for Douglas fir by Silen
et al. 1979). Thus other types of seed grading
probably cause similar effects.

As pointed out by e.g. Righter (1945) selec-
tion within progenies according to seed
characteristics would probably have no ad-
verse genetic consequencies. Thus, some of
the genetic effects of seed fractionation would
be avoided if fractionation was done for seeds
harvested from different clones separately
and then mixed. Another way to avoid gene-
tic consequencies would be to mix plants
from different fractions before planting.

If selfing occurs, there is a possibility that
seeds produced are lighter than out-crossed
seeds. The effects of selfing may be propor-
tionately greater in light seed fractions.

This investigation deals with seeds col-
lected in one seed orchard a single year. The
situation may change from year to year and
from seed orchard to seed orchard. There
might be a danger in making too far reaching
generalizations.

Concluding remarks

There are often good reasons to fractionate
seeds. The removal of immature or damaged
seeds increases germinability and decreases
the probability of empty pots. Plant develop-
ment becomes more even if fractions of diffe-
rent weight are sown separate. But as the
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procedure has significant effects, especially
on seed orchard seeds, my recommendation is
that seed fractionation should be done when
there is a good reason and not become a
routine for seed orchard seeds. This is par-
ticularly important if there is only a low
number of clones in the seed orchard.
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GENETIC VARIATION IN GROWTH RHYTHM
CHARACTERISTICS WITHIN AND BETWEEN NATURAL
POPULATIONS OF NORWAY SPRUCE

A preliminary report

TORE SKROPPA

The elongation of the leading shoots was measured during the growth seasons of 1978 and 1980 in a diallel experiment
comprising three complete Norway spruce diallels, each performed within a natural stand, and in a provenance
experiment comprising 36 provenances. A considerable genetic variation was found in shoot elongation parameters,
both between different provenances and between full-sib families within the same stand. The central and eastern
European provenances generally had a longer growth season than the Nordic ones, and this was the main reason for
their better growth. Within two of the diallel stands the best-growing families had a much higher rate of elongation per
day than the poor-growing ones, while the length of the growth period was not much different. Within the third stand
the length of the growth period was the main cause of variation.

Introduction ;
different traits. In 1973, a project was started
Good information about the genetic varia- in Norway to fulfil some of these require-
tion at different levels for a large number of ments by means of diallel crosses. In this

characters is of major importance in any
breeding program. It is also important to
estimate the correlations between characters
and study the inheritance patterns of the
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preliminary rapport some results from the
project will be presented. No complete statis-
tical analyses of the diallels are attempted
here.

Materials

In the spring of 1973, a number of controlled crosses
were performed in each of three natural stands of Nor-
way spruce. In each stand ten trees standing more than
50 m apart were randomly chosen among the trees
having both female and male flowers. The ten trees were
crossed in all possible combinations including reciprocal
crosses and selfings, thus resulting in three complete
diallels. Due to sterile pollen the dimension of one of the
diallels was reduced to 9X9, the others being 10X 10.

The seed was sown in multipots in the spring of 1974,
and the seedlings were planted out two years later. All
families were planted in a short term experiment at 60
cm spacing at our experimental farm at As. Each half-
diallel (no reciprocal crosses) was also planted in a long
term experiment at a forest site. The parental clones were
grafted, and the grafts were planted at the same site as
the nursery experiment.

The three stands are all from the south-eastern part of
Norway, less than 60 km apart, and from elevations 270
m, 300 m, and 500 m. The stands are shown on Fig. 1
together with the site of the short term experiment.

The sowings in 1974 also included a provenance exper-
iment comprising 36 different provenances mostly from
Latvia and Poland (Fig. 2). The seedlings were given
approximately the same treatments as the diallel plants
and were planted in 1976 in a seperate experiment
adjecent to the short term diallel experiment. Each
provenance represents a stand and is in most cases based
upon seed from 20 to 25 parents.

\
62° v !
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¢
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\
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500 m ;

Veldre _/'J

™ 3
Braskereidsfoss
200 m

Fig. 1. Location of the three diallel stands and the short
term experiment.

Methods

The purpose of the diallel experiment is to study the
genetic variation within natural stands of Norway spruce
and estimate the inheritance patterns of important
characters. Consequently, a large number of measure-
ments have been made. Most measurements have been
done simultaneously both in the diallel and provenance
experiments, making it possible to compare the within-
stand genetic variation with the variation between stands
and provenance regions.

As the growth rhythm is an important factor in deter-
mining both adaptability and growth capacity, it was
decided to put effort into the study of growth rhythm
characters. So, in the summer of 1979, the elongation of
the annual shoot was measured seven times during the
growth season. In 1980 similar measurements were done
nine times. All plants in six replicates were measured in
the diallel and provenance experiments at the experi-
mental farm. The same measurements were also done on
the grafts of the parental clones. In two of the field
experiments the shoot elongation was measured three
times during the growth season in 1980 and 1981. Other
growth rhythm characters such as flushing time, lammas
shoot formation, and lignification have also been studied.
In this paper, however, preliminary results from only the
shoot elongation measurements will be presented.

Fig. 2. Seed sources included in the provenance experi-
ment.
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Results

The elongation curves for 1979 and 1980
are shown in Fig. 3 for five groups of prove-
nances. The Nordic provenances flush much
earlier than the more southern ones, but also
terminate the growth much earlier. By July 1
1980 the trees from these provenances had
finished 85 % of their total growth, compared
to less than 60 % for the provenances from
south-eastern Poland, which started elonga-
tion very late. The Nordic sources grew con-
siderably less than the Latvian and Polish
ones, particularly in 1980. There is some
variation between the stands within each
provenance group, but as will be shown later,
this variation is not substantial. The Finnish
provenance flushes very early in the spring
and also has a much earlier growth cessation
than the Norwegian and Swedish sources.

Fig. 4 shows the elongation curves for the
means of all diallel progenies from each of the
three Norwegian stands. The differences in
earliness between the stand means are quite
small. However, the trees from the stand
Veldre finish their elongation earlier than the

50

30

10 +
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I Y 9 16 23 30 4 10 18 25 10
May June July Auvgust

Fig. 3. Elongation curves for five groups of provenances
in the provenance experiment.

162

trees from the other two stands. The elevation
of this stand is 200 m higher than the other
two, and the climate is much more severe.

Next, the elongation curves for each of the
two years 1979 and 1980 in Figs. 5-7 show
some of the within-stand variation. The three
curves represent the best-growing full-sib
family, the poorest growing full-sib family,
and one intermediate full-sib family within
each stand. The correspondence between the
two years is very good. It seems that the best-
growing families start their growth relatively
early and continue for some more days than
the poor families. The latter ones are slow
growers already from the start of the growth
season. One exception is family 19 in the
stand Veldre. This family is relatively late in
spring, but has a steep elongation curve for a
longer period of time. It is interesting to
compare the families 19 and 9 in this stand,
which have the same pollen parent.

The growth curves can be described by
several parameters. Table 1 shows 1980 data
for total elongation, number of days between
20 % and 80 % of total elongation, and
elongation per day for the stand mean, for the

Stand means

cm
1980
304

Braskereidfoss

— - — Gjevik

10 — — — = Veldre
T T T T T T T T Al
23 30 5 12 19 26 2 9 18 31

May June July

Fig. 4. Elongation curves for the means of the three
diallel stands.

Stand GJOVIK

cm

50

30

May June July

Fig. 5. Elongation curves for the best-growing full-sib
family, the poorest-growing full-sib family, and one
intermediate full-sib family in the stand Gjevik.

best-growing, and for the poorest-growing
full-sib family within each stand. It can be
seen that in two of the stands the best families
have a much higher rate of elongation per day
than the poor-growing ones, while the length
of the growth period is not much different.
The family 2X10 from Veldre owes its
superior growth to a longer growth period,
while the rate of growth is not much different
from the stand mean.

The corresponding parameters for the
elongation curves of the provenance groups
(Table 2) show that the more southern and
eastern provenances have a much longer
period of elongation, and that this is the main
reason for their better growth.

Analyses of variance between the full-sib
families within each stand and between the
provenances all show strongly significant val-
ues both for measured elongation values and
for relative elongation, defined as the percen-
tage of elongation attained at different dates
of measurements. The differences between
the stand means within the provenance
groups, are, however, small compared to the

Stand BRASKEREIDFOSS

cm

50+

30

May June July

Fig. 6. Elongation curves for the best-growing full-sib
family, the poorest-growing full-sib family, and one
intermediate full-sib family in the stand Braskereid-
foss.
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Fig. 7. Elongation curves for the best-growing full-sib
family, the poorest-growing full-sib family, and one
intermediate full-sib family in the stand Veldre.

163



Table 1. Parameters of the elongation curves 1980. Diallel experiment.

Total Elongation Elongation
Stand/family elongation period*) per day
cm days mm

Veldre — stand mean 35.1 20 10.6

2x10 (19) 41.5 23.5 10.8

7X 8 (40) 28.3 16.5 10.3
Gjovik — stand mean 40.8 21,5 11.4

11x20 (109) 49.5 22.5 13.2

17x19 (141) 35.5 21.5 9.7
Braskereidforss — stand mean 42.7 20 12.8

21x23 (202) 49.8 21 14.2

26X%27 (231) 36.2 20 10.9
*) Number of days between 20 % and 80 % of total elongation.
Table 2. Parameters of the elongation curves 1980. Provenance experiment.

Total Elongation Elongation
Provenance group elongation period*) per day
cm days mm

Latvia 55.3 28 12.0
North-eastern Poland 56.5 27.5 12.3
Istebna, Rycerka Poland 56.2 28.5 11.8
South-eastern Poland 57.2 27.5 12.5
Nordic countries 49.1 23 12.8

*) Number of days between 20 % and 80 % of total elongation.

family variation found within the Norwegian
populations, as shown in Figs. 8 and 9.

Fig. 8 shows the range of variation in flush-
ing within three provenance groups and with-
in each of the three stands. In Fig. 9 the
percentages of total elongation attained at
certain dates are shown. (Comparisons
should only be made within the diallel experi-
ment and within the provenance experiment
as the dates are different.) It is seen that the
range of variation between the stand means is
small compared to the within-stand varia-
tion. The variation within the stand Bras-
kereidfoss seems to be smaller than the varia-
tion within the other two stands.

To study the within-stand variation more
closely the range of variation within and be-
tween the ten half-sib families in the stand
Gjevik is shown in Fig. 10 for the character
relative elongation attained on June 26 1980.
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There is a large variation between the full-sib
families within each half-sib family. Family
20 is the best-growing half-sib family with an
early flush and also terminates the elongation
early. This family has a steep growth curve
and is desireable in a tree breeding program.
It has high general combining ability (GCA)
effects both for height growth, early flushing,
and early cessation of shoot growth as shown
in Table 3, where the GCA and SCA effects
are calculated for the data in Fig. 10. Both
types of effects are highly significant.

Shoot elongation measurements in the field
experiments showed that the elongation
period is much shorter under field conditions.
However, significant correlation coefficients
were found between full-sib family means for
corresponding characters with estimated cor-
relation coefficients between 0.6 and 0.8.
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Figure 8. Range of variation in flushing within the three diallel stands and within three groups of

provenances.
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Fig. 9. Range of variation in relative elongation at certain dates within the three diallel stands and
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Table 3. Estimated GCA and SCA effects for percentage elongation on June 26 1980. Stand Gjovik.

Family 12 13 14 15 16 17 18 19 20 GCA
11 0.1 —2.2 -0.9 2.1 0.8 -3.6 0.1 0.7 0.9 -1.5
12 0.2 1.7 0.3 13 -5.8 —4.0 1.7 2.0 =2.1
13 -2.0 -2.5 1.3 4.0 1.2 -0.5 -0.6 0.4
14 -14 0.1 2.6 -1.4 3.3 1.2 24
15 3:7 L.1 1.8 1.2 -3.4 3.0
16 -1.0 -1.9 -5.8 2.7 1.0
17 0.4 0.8 -1.3 4.7
18 0.1 1.5 -2.1
19 0.4 0.7

GCA ~2.1 0.4 2.4 3.0 1.0 —4.7 -2.1 0.7 4.1

Half = sl Similar amount of genetic variation has pre-

family viously been demonstrated by Dietrichson

; (1969) and Stahl (1977). Eriksson and Gagov

. - il (1975) found variation in plant heights within

12 — It full-sib families partly caused by variation in

the duration of the growth period.

L e Genetic variation is found for several para-

14 PN B meters of the shoot elongation curve, such as

the date of initiation of the growth, the dura-

15 ——ab— tion of growth period, the date of growth

. B . cessation, and the rate of growth. Different

18 0—0——0-0-*-000——0-
19 —t
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Percentage elongation on June 26 1980
Stand GJOVIK

Fig. 10. Range of variation between and within half-sib
families in the diallel stand Gjevik for the character
relative elongation on June 26 1980.

Discussion

These results show that there is much
genetic variation in shoot elongation parame-
ters within natural stands of Norway spruce
and that this variation can be as large or
larger than the variation between populations
in the same or adjacent provenance regions.
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patterns of variation were found between
populations and within populations, and the
latter showed different expressions in diffe-
rent populations. The differences in total
growth between the provenance groups are
mostly caused by varying length of the
growth period, while intensity of growth is
nearly constant. Within the two populations
from Gjevik and Braskereidfoss the length of
the elongation period varies little, and the
large growth differences are associated with
different growth rates. Within the Veldre
population the length of the growth period is
the main cause of variation.

The shoot elongation curve describes only
one part of the total annual growth rhythm,
and the date of cessation of height growth
may not be critical for frost resistance. More
important are the physiological processes as-
sociated with hardening off and cessation of
cambial activity. Nevertheless, Stahl (1979)
found a very good correspondence between
the duration of the growth period at a south-
ern site and the number of frost damaged
terminal buds at a site 4.5 degrees latitude
further north.
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FROST RESISTANCE DURING BUD FLUSHING AND SHOOT
ELONGATION IN PICEA ABIES

INGEGERD DORMLING

Norway spruce (Picea abies (L.) Karst.) seedlings of 10 populations (47-67° N) were grown in climate chambers.
Conditions known to promote different degrees of total hardiness were applied during hardening. A low temperature
treatment to break dormancy was given to most plants but was in some cases excluded. Bud flushing was studied at
different temperatures and photoperiods. Plants were freeze tested, mostly to -7 °C, at different stages of shoot
development.

The developing shoots had little resistance from the appearance of new needles until completed shoot elongation.
The susceptibility was the same in plants of all origins if they were freeze tested at the same flushing stage and were
pretreated in a way giving the same degree of basic hardiness. Shoots on plants with a high degree of hardiness
survived better than other. The whole plant was dehardened during bud flushing and was susceptible to frost if the
basic hardiness was insufficient. Well hardened plants flushed earlier than less hardy ones.

Spruce populations moved to the north are never as hardy as the autochtonous ones. This fact might be of
importance after an autumn with unfavourable conditions.

Introduction tation. In spite of its obvious advantages

there are still doubts about using this intro-

The late bud flushing of Norway spruce duced material. One common question is:
(Picea abies (L.) Karst.) from Romania, Po- when at the same stage of bud bursting and
land and White Russia is well known to forest development of new shoots, is the introduced
owners in the parts of Scandinavia where spruce not more susceptible to frost than the
provenances from these more southern autochtonous one? To answer that question
latitudes are recommended for use in refores- was the aim of the experiments reported here.
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Material and methods

Three experimental series, here named A, B and C,
have been grown from seeds under controlled conditions
in the Stockholm phytotron.

Origin of seeds

A. Vitebsk 55°10" N
Brunskog 59°42" N
B. The same as A plus
Kalix 66° N

C. Ten populations (1-10) within

the range 47° to 67° N, see Table 1

Table 1. Origin of the seed lots in series C.

Nr Locality Latitude Longitude  Altitude, m

1 Nattavaara 66°45’ 20°55 300

2 Burtrask 64°30° 20°30° 200

3 Bilinge 59°59 17°26° 40

4 Brunsberg 59°42° 12°59’ 134

5 Ulvshult 56°25 14°27° 135

6 Vitebsk 55°10° 30°10° 200

7 Minsk 54°10° 27°30° 200

8 Spisska Nova  48°51’ 20°30° 650

9 Frasin I1 47°3%’ 25°48’  750-1000
10 Toplita 46°50° 25°25 1000

Growing conditions

The seeds were sown in a vermiculite-sand mixture at
20 °C under continuous light. Fourteen days later the
seedlings were planted in pots with mineral wool. The
pots were watered once or twice a day with a complete
nutrient solution at low concentration, 2L-6513, 100 mg
N/1 (Ingestad 1979). The number of plants in each
treatment or test is given in the figure texts. In each of
the growing conditions of series B the total number of
plants per population cultivated was 128, of series C 192
in V and 96 in VI, VI a, VII and VII a. The following
treatments were used:

a. Treatments in the first growth period
A. 11 weeks (w) of continuous light, 22 000 lux,
temperature 20 °C, followed by 8 w with 16 hour
(h) night.
B. 8 w of continuous light, 20 °C, followed by
I night prolonged by 1 h/w to 10 h night
followed by 16 h night during 6 w (Kalix,
Brunskog, Vitebsk)
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IT as I up to 13 h night followed by 16 h night
during 6 w (Brunskog, Vitebsk)

I as I including 3 w with 16 h night during
night prolongation (to imitate the “artifi-
cial hardening” of nursery practice)
(Kalix, Brunskog, Vitebsk)

IV as I (Kalix)

C. V-VII After 8 w of continuous light, 20 °C, the
scheme of Fig. 1 was followed. As a result
of a mistake in the programming of a
climate chamber, no night at all was given
during the weeks 4 to 6 (= 3 w of continu-
ous light). This influenced all the material
in treatment No. V and some material in
VI and VII.

b. Dormancy breaking treatment (= low temperature)
Low temperature treatment during 4 w (see Fig. 1)
was given to all material but VI a and VII a.

c. Treatments in the second growth period (= bud flushing)
A. 16/8 h day/night, 20/20 °C
16/8 h day/night, 20/10°C
B. I-III 18/6 h day/night, 20/10 °C
IV 18/6 h day/night, 15/10 °C
C. Continuous light, 20/10 °C during 16/8 h or
16/8 h day/night, 20/10 °C

Some plants from series B and C that survived the freeze
testing without damaged top shoots, were moved after
bud-set to long night conditions (16 h) for a period of ca 8
weeks. After a dormancy breaking treatment (see above)
they were again moved to growing conditions as in C.

Estimating stages of bud flushing

To estimate the stage of top bud flushing (bursting)
the scheme of Krutzsch (1973) was used in a somewhat
modified form adjusted to the development of the phytot-
ron seedlings:
= Dormant bud
= Bud slightly swollen
Bud swollen, green to grey-green in colour

Bud scales bursting, needle tips emerging
= Needles elongated to about double bud length

B> W N - O
I

(compared with the photographs A4 and B4 in
Krutzsch’s paper, this stage is somewhat less adv-
anced in the phytotron estimations).

= First spread of needles (painter’s brush)

Shoot elongated, basal needles not yet spread

Basal needles spread

® NG
I

= All needles more or less spread, new side buds
developing
9 = Completed shoot elongation, new top bud visible

i e et
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Fig. 1. Experimental design in series C. For the origin of populations 1-10, cf. Table 1.

The flushing stage was estimated every day during the
most intense flushing period, otherwise three times a
week.

Freeze testing

Plants for freeze testing were chosen at certain de-
velopmental stages. The temperature in the freezing
room was lowered successively during a period of 16 h to
the testing temperature (which lasted for 34 h) and
successively raised. The roots of the potted plants were
protected from freezing.

Testing temperatures:

A: -3°-5°%-7°C
B and C: -7°C

After the freezing the seedlings were again given the
same conditions as before. The number of plants with
injured top buds (shoots) was counted after three days.
Ten days later the damage caused to side shoots and to
older parts of the plants was observed. The total number
of new side shoots and the damaged ones was counted
and the per cent damaged side shoots per plant calcu-
lated. The damage caused to older plant parts was
investigated according to a scale 0-5, where 0 = undam-
aged older plant parts, 5 = dead plant.

Results

Frost resistance of bursting buds and developing
shoots

In series A (cf. Dormling et al. 1977) buds
and shoots in stages 2-6 were freeze tested in
-3°,-5° and -7 °C after bud flushing in two
temperature conditions, 20/20 ° and 20/10
°C. At stage 2 even the lowest temperature
caused very little harm to the buds. Stage 3
was the first sensitive stage with up to 25 per
cent plants with damaged buds. The later the
developmental stage, the more plants with
damaged top shoots. Only a few plants at
later developmental stages were injured by —3
°C, some more by -5 °C, whereas -7 °C
seemed to be a really critical temperature,
which was chosen for all the following tests.
The different temperatures during bud flush-
ing did not influence the susceptibility and
there was no difference between the two
tested populations.

In series B (cf. Dormling and Eriksson
1979) one more population was added. Three
separate conditions, I-III, were applied dur-
ing plant hardening, see above, with the aim
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Per cent top shoots damaged at -7°C
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Fig. 2. Per cent plants with damaged top buds (shoots)
after freezing to —7 °C at different developmental
stages. I-IV = different growing conditions pre-
sented in the text. Stage 3-5: 22-30 plants/popula-
tion and stage, Stage 6: 11-15-plants/population and
stage. (From Dormling & Eriksson 1979.)

of producing plants with different total hardi-
ness, I giving the least hardy, III the most
hardy.

Figure 2 shows the results of the freeze
testing. The results from series A were con-
firmed, the susceptibility of the buds and new
shoots increased with the developmental
stage. Taking only the two southern popula-
tions into consideration, a slightly improved
survival after the treatments II and III in
early developmental stages are discernible.
The Kalix population shows the opposite
reaction, however, which might be explained
by a pretreatment that made the buds begin
to open up after the “artificial hardening”
(II1).

Hardly any top shoots survived the freez-
ing to —7 °C at the stages 5 and 6. Although
side buds usually began to flush earlier than
the top buds, the side buds mostly were dam-
aged less than the top buds. Nearly always
some side buds survived, owing to their more
protected position or to a less advanced de-
velopmental stage. Only 60 and 81 per cent,
respectively, of the side buds on plants tested
at top bud stage 5 and 6 were killed.

The only difference between I and IV was
a lower temperature during bud bursting in
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the latter case. That treatment did not influ-
ence the frost tolerance of the developing
shoots in any direction.

The ten populations of series C were divided
into four groups (Fig. 1). The treatments
V-VII were modified to suit the growth
rhythm of the material within the groups.
This intention was somewhat disturbed, how-
ever, by the mistake in the programming of
the night prolongation mentioned before. The
bud-set in treatment V came as an immediate
reaction to the change from continuous light
to 7 h night, buds visible 18 to 22 days later in
all populations. The intention of creating
plants of different origin with clearly different
total hardiness was, however, fulfilled.

Plants were tested at the stages 4, 6, 9 and
after two weeks at the stage 9. The last two
stages corresponded to the development of
plants in the height of the summer. Fig. 3
shows the results after freezing of plants from
the two northernmost populations. The new
shoots were very susceptible to frost during
their entire period of elongation but soon
became less susceptible after the development
of new top buds (after stage 9). The night
length given in the second growth period (8
h) was long enough to bring about some
hardening after bud-set in the plants of north-
ern origin, as illustrated in Fig. 3. This was
not the case in plants of more southern origin.
Their newly formed buds bursted unless the
night was prolonged. The only available pos-
sibility was to apply 16 h night as soon as the
plants reached the stage 9. A freeze test (-7
°C) made fourteen days after introduction of

- Per cent top shoots damaged at -7°C

504
.......... 66"45
—— 64°30
O-J— -_ T T T
4 6 9= 2 weeks 9

Developmental stage

Fig. 3. Per cent plants with damaged top shoots after
freezing to -7 °C at different developmental stages.
Pretreatment V, populations 1-2. cf. Fig. 1. n = 16.
(From Dormling & Eriksson 1981.)
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Fig. 4. Per cent plants of different populations with
damaged top shoots after freezing to -7 °C at stage 4.
Pretreatments V and VI, cf. Fig. 1. n = 16. (From
Dormling & Eriksson 1981.)

this long-night treatment gave at first no
visible damage at all. In the next growth
period, however, ca 20 per cent of the plants
produced no normal top shoots, damage pre-
sumably caused by the summer” frost.

Figs. 4 and 5 show the results from the
material freeze tested at stage 4. The resist-
ance of the new shoots was not influenced by
the different conditions applied during bud
flushing, 24 or 16 h light. The results from
both the photoperiods, therefore, were
counted together.

As in the earlier research series it was
difficult to see any real difference between the
populations when the plants were tested at
the same developmental stage. A somewhat
higher susceptibility of the plants of southern
origin could possibly be discerned after the
treatment giving the poorest hardiness (V,
Fig. 4).

The differences between the plants tested
after treatments giving different amount of

100

Vila
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4650 4733 4851 5310 5510 5621 5942 59'59° 6430 6645

Fig. 5. Per cent plants of different populations with
damaged top shoots after freezing to —7 °C at stage 4.
Pretreatment VII and VIIA, cf. Fig. 1. n = 16.
(From Dormling & Eriksson 1981.)

hardiness (V, VI and VII) were nevertheless
clear-cut. This is best illustrated by Fig. 6,
were the means of all the treatments are given
with their standard errors.

The t-values of the differences were the
following:

V:VI  2.249*
V:VII 6.291*%**
VI:VII 3.541**

The side shoots were damaged somewhat
less on plants tested after treatment VII than
after the treatments V and VI: 38 per cent in
VII and 46 per cent in each of the treatments
V and VI. The difference was not significant,
however. There were only small, non-signific-
ant differences between the plants given low
temperature treatment before bud flushing
and the ones taken directly from the long
night treatment to growing conditions (VI:-

VIa, VII:VIIa).
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Picea abies. Flushing stage 4.

Per cent plants with dead top buds
after freezing to -7°C

\') Vi Vlia Vil Vila

73.214.5|57.5+5.3/609%4.3/132.3+4.7|38.8%4.2

Fig. 6. Per cent plants with different pretreatments (cf.
Fig. 1), the shoots (buds) of which were damaged
after freezing to —7 °C at stage 4. 10 X 16 plants/
treatment (n = 10).
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Developmental stage
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Fig. 7. Per cent plants with damaged top buds (shoots)
after freezing to —7 °C at different developmental
stages during their second flush (= third growth
period).

At stage 6 the susceptibility was high inde-
pendently of pretreatment. 94 per cent of the
plants tested at that stage (in all, 573 indi-
viduals) had damaged top shoots. Simultane-
ously 82 per cent of their side shoots were
killed.

Some plants from all developmental stages
whose top buds (shoots) were not damaged in
the freezing test were grown for one more
growing season. Most of them were chosen
after having been tested at stage 4. After their
second flush they were tested again at the
same developmental stage as after the first
one. The results are presented in Fig. 7 and
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may be compared with the results in the first
flush illustrated in Figs. 2 and 3. The damage
caused to the plants, selected as less suscept-
ible to frost in the first flush in stages 3 to 6,
was clearly less than the damage to the non-
selected plants. 23.5 per cent of the plants
tested at stage 4 were damaged compared
with 32.3 per cent after the best treatment in
the first flush (see Fig. 6). None of the plants,
the shoots of which survived the freezing at
stages 7 to 9 in the first flush, survived the
freezing at the same stage in the second flush
without damaged top shoots, however.

The results indicate that there existed dif-
ferences between individuals rather than be-
tween populations, when the frost treatments
were applied at the same developmental
stage. Some plants that survived two freez-
ings without damaged top shoots were prop-
agated by cuttings. In a test with plants from
eight clones of that propagation, five clones
showed clearly better resistance than com-
parable non-selected seedlings.

Frost resistance of the older parts of the plants during
the development of new shoots
Fig. 8 shows the frost damage score in series

B after freeze testing of plants with different

Frost damage score

- == Brunskog

----- Vitebsk

———

o . .

Developmental stage

Fig. 8. Damage caused to the older parts of the plants
after various pretreatments and freeze testing to —7
°C. Frost damage score: 0 = undamaged, 5 = dead
plant. Pretreatments and number of plants as in Fig.
2. (From Dormling & Eriksson 1979.)

total hardiness (I-I1I). The older plant parts
of plants belonging to the northernmost
population, Kalix, were not damaged at any
of the developmental stages. Plants from Vit-
ebsk were more damaged than the ones from
Brunskog. During bud bursting and the de-
velopment of the new shoots, the older parts
of the plants successively lost hardiness and
were increasingly damaged by the frost treat-
ments.

Also in series C frost damage to older plant
parts occurred, especially after treatment V,
which gave the least hardy plants. The night
was prolonged to 10, 11, 12 or 13 h to suit the
developmental rhythm of material of different
origin. Two to three populations with some
difference in latitudinal origin were exposed
to each of the prolonged night regimes, cf.
Fig. 1 and Table 1. Within each of these
groups, plants from the southernmost popu-
lation were the most damaged after freezing
at stage 4.

Rate of bud flushing

The rate of bud flushing was followed ac-
cording to the scale presented earlier.

Fig. 9 illustrates results obtained in series B.
The most striking differences were those that

Developmental stage

Developmental stage
Population Clﬂatle

O Kalix

O Brunskog - g
&4 Vitebsk - ¥
5
0§
/8 &

.") 1'0 15 2’0 2'5 3'0
Number of days with 18 h light

Fig. 9. Bud flushing of plants from the three populations
of series B after different pretreatments, I, IIT and IV
presented in the text. n = 42-68.

(From Dormling & Eriksson 1979.)

depended on the different treatments: in I
and IV night prolongation to 10 h and in III
the same but including a 3 week period of 16
h night (artificial hardening). I and IV

Population number
1 L 2 9 10 7 6

3
2 -
Pop.
nr
1
1{ %
4
Fig. 10. Bud flushing of plants
from seven populations of 6 7
series C, pretreatment V,
cf. Fig. 1. n = 32. 0+ - -
14 15

T T T T

16 17 18 19 20 21 22 23

Number of days with 16h Light, 20/10°C
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had different temperatures during bud flush-
ing, 20/10 °C and 15/10 °C, respectively,
which fully explains the late flushing of the
latter. Treatment II (Brunskog and Vitebsk)
was excluded from the diagram because the
reactions of both the populations corres-
ponded to that of Vitebsk I.

The plants that flushed first were those
from treatment III. The Kalix-plants, the
buds of which started to open up during the
first growth period, were the earliest ones.
The Brunskog population was earlier than
Vitebsk in the first stages of development.
Later they developed more or less together,
however.

Treatment I differentiated clearly between
the populations. The southernmost popula-
tion flushed latest. Some differences between
populations were found after all the treat-
ments of series C. The development after treat-
ment V is illustrated in Fig. 10. Treatment V
corresponded to the treatments I and II in
series B and the reactions may be compared
with those from climate I in Fig. 9. Popula-
tion 6 in series C and Vitebsk in series B were
identical. Population 1 in C and Kalix in B
were not identical but of almost the same
nordic origin. Of the populations not illus-
trated in Fig. 10 the two missing Swedish

Table 2. Mean number of days until reaching bud flush-
ing stage 3. Flushing in 16/8 h day/night, 20/10°C

Population Treatment

No. Lat., °N \% VI Via VII Vila
1 66°45’ 18.0 126 21.7 121 204
2 64°30° 20.2 13.7 238 138 16.6
5 56°21 20.1 145 267 142 212
6 55°10° 23.0 162 304 149 283
10 46°50° 219 162 275 166 262

populations 3 and 5 fell within the reactions
of 2 and 4 and population 8 came very close
to population 10. The development was
slower in series C than in series B. The main
reason was probably the shorter period of
long night applied after night prolongation in
C: 1 week instead of 6 weeks in B. The longer
photoperiod applied during flushing in B, 18
h light instead of 16 h in C, might have been
of some significance, too. At stage 3 the differ-
ence between Kalix and Vitebsk was 2 days
in series B (treatment I) and 5 days in series
C (treatment V). Among the four remaining
Swedish populations (2-5) there were no real
differences after treatment V. They all
reached stage 3 about 2 days later than popu-

Bud bursting after 13(15) days in 20/10°C and long days=continuous light
Developmental stage. Pretreatment: night prolongation, 3 weeks of long night included

24 o
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Fig. 11. Bud flushing stage of plants from the ten populations of series C. Pretreatments VI and Vla,
cf. Fig. 1. Flushing in continuous light, 20/10 °C, in 13 and 15 days, respectively. n = 16.
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Bud bursting after 15 days in 20/10°C and long days
Pretreatment: 9 weeks of long nights, no low temperature treatm. VIl a
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Fig. 12. Bud flushing stage of plants from the ten populations of series C. Pretreatment VII, cf. Fig. 1.

Flushing in continuous light and 16/8 h day/night in 15 days.n = 16

lation 1. The southern populations 8 to 10
from Romania and Czechoslovakia flushed
carlier than the two White Russian popula-
tions 6 and 7.

Table 2 shows the number of days taken to
reach stage 3 in plants of five of the popula-
tions. The values were interpolated by the aid
of diagrams of the same type as the one of Fig.
10, cf. treatment V in the figure and the table.
After treatments VI and VII, which gave a
higher degree of hardiness, bud flushing oc-
curred much earlier in all the populations.
When the period of low temperature was
excluded, as in VIa and VIla, the time until
flushing was markedly prolonged. After these
treatments the differences between the popu-
lations were most pronounced, with Vitebsk
(6) as the latest one. The differences after the
treatments VI and VII were smaller and the
southernmost population was as late as or
later than Vitebsk.

Figs. 11 and 12 illustrate the development
of the plants from different origin at a certain
time after the start of “the growing season”.
After the treatments VIa and VIIa an almost
clinal variation was discernible. The period of
low temperature seems to rub out that varia-
tion to a certain amount; compare VI and
Vla in Fig. 11. The two photoperiods applied

during flushing did not change the range of
the populations. The only effect of a longer
photoperiod (continuous light) was a quicker
development (Fig. 12).

Discussion
Resistance of bursting buds and developing shoots

The freeze testing of plants of different origin
at the same developmental stage (stage 4)
gave as main result on difference between the
populations. A presupposition for the reac-
tion was that the plants had about the same
basic hardiness. In the experiment this aim
was fulfilled by varying the treatments in
accordance with the developmental rate of
the populations known from earlier studies of
their critical night length for bud-set (Dorm-
ling 1973). The plants from treatments V, VI
and VII thus had different hardiness but
there were only minor differences between the
populations within the treatment groups in
that respect. The variation in frost resistance
between the populations within the groups
was not systematic; but after the treatment
with the lowest degree of hardiness (V) the
southernmost populations seemed to have
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suffered most. Between the groups with diffe-
rent hardiness there were significant differ-
ences, however.

In his study on Douglas fir (Pseudotsuga
menziesii) Larsen (1978) found differences be-
tween populations tested at the same de-
velopmental stage. Material from the coastal
range or of southern origin had less resist-
ance. He also found that the developing
shoots of material with high resistance to
autumn frost survived better than the rest.

Plants of spruce populations cultivated at
more northern latitudes than their origin
have no possibility of reaching the same de-
gree of hardiness as the autochtonous plants,
not even the same hardiness as at their place
of origin. That implies that the developing
shoots of such plants are more susceptible to
frost than those of autochtonous plants.

In all populations some plants survived the
freeze tests without damage. Tests of these
plants during their second bud flushing
showed a better survival than that of un-
selected plants. Cuttings originating from
plants tested in that way might be an alterna-
tive in reforestation on localities with a high
frequency of late frosts.

At later developmental stages (6-9) the
susceptibility was high, independently of pre-
treatment and origin. Thus it seems imposs-
ible to find spruces that are able to survive
very late spring frost and summer frost with-
out damage.

Resistance of older plant parts

During bud flushing and shoot develop-
ment the whole plant is successively dehar-
dened. Plants that had a small basic hardi-
ness became susceptible in early flushing
stages, whereas well hardened plants could
stand frost during bud flushing and shoot
development without damage to older plant
parts. Because of varying basic hardiness of
the plants, differences between populations
occurred after the treatments I-III (Fig. 8).
The same was true after treatment V, where
the southernmost population of each group
with different night prolongation was the
most damaged one. This is in good agreement
with results obtained with Douglas fir:
Larsen (1978) found highly significant nega-
tive correlations between the rapidity of har-
dening and the hardening time on the one
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hand and the time of dehardening of the
needles on the other.

Bud flushing

Late bud flushing gives good protection
against damage by late spring frost, which is
one of the reasons for using spruce from
White Russia and other East European ter-
ritories in Swedish reforestation. The time of
bud flushing has been frequently studied, e.g.
by Krutzsch (1975), Lindgren and Eriksson
(1976) and Prescher and Persson (1981).

In order to explein differences in time of
bud flushing between years, temperature
(heat) sums were calculated by adding the
daily mean temperatures above a certain
threshold temperature, usually +6 °C, Lind-
gren and Eriksson (1976), Prescher and Pers-
son (1981). The calculated sums never gave a
total explanation of the differences. Results
presented here show that conditions given to
the plants long before the actual growing
season may be responsible for differences in
the time of bud flushing. Well hardened
plants had earlier bud flushing than less well
hardened ones. The same phenomenon was
found in Douglas fir (Larsen, 1978).

Based on his findings Larsen stated (trans-
lated from German): ”A quick and early har-
dening is connected with a late dehardening
of the needles but also with an early dehar-
dening of the buds”. He also found a highly
significant correlation between the flushing
stage ("flushing index”) and the dehardening
of the buds. In contrast to these statements
were the results reported by Krutzsch (1975).
In plants from 227 provenances of Norway
spruce he studied the lignification in the au-
tumn, which he compared with the bud
bursting. On average he found no correlation
whatsoever. Among the provenances he
found all combinations between early or late
lignification and flushing, respectively. Ek-
berg (1980) pointed out the large variation
within provenances and the good prospect of
finding families with late flushing, which may
be used as a base for further breeding.

In all studies of bud flushing it was con-
cluded that the order of the populations was
not changed between years or between mate-
rial of the same origin grown on different
localities (Lindgren and Eriksson 1976, Pre-
scher and Persson 1981). Only the total
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rapidity was different. This agrees well with
t.he results obtained under controlled condi-
tions.

In forest nurseries long night treatments
are used to produce hardier plants for au-
tumn planting and cold storage. The earlier
bud flushing of the treated plants may be a
disadvantage but is seldom critical (Ros-
vall-Ahnebrink 1980).

As pointed out earlier, spruce of southern
origin never reaches the same degree of hardi-
ness as that of the autochtonous plants. One
reason for the very late flushing of the intro-
duced spruces might be incomplete bud de-
velopment and hardening. Nevertheless, even
after good hardening conditions, treatments
VI and VII, differences existed between the
Swedish populations (1-5) and the more
southern ones (6-10), see Table 2.

Conclusions

— The flushing buds and young shoots had little resistance
from the appearance of the new needles (stage 3) until
completed shoot elongation.

= No clear difference was found between the popula-
tions if the plants (1) were freeze tested at the same
developmental stage and (2) were pretreated in a way
giving the same degree of basic hardiness.

— The resistance was greatly influenced by the harden-
ing treatments applied during the past growth period,
i.e. the degree of total hardiness and bud maturation.

— During bud flushing the whole plant was dehardened. If
the basic hardiness was not sufficient, older plant
parts were susceptible to frost.

— Spruce populations moved to the north can never
reach the same high degree of hardiness as the auto-
chtonous ones. After an autumn with unfavourable
conditions this might be of significance.

— The time of bud flushing was influenced by the degree
of bud maturation — the hardier the plants, the earlier
the bud flushing.

— One of certainly several reasons for the late bud
flushing of southern spruce may be incomplete bud
maturation. The spruce of southern origin, however,
mostly avoids spring frost damage because of its late
bud flushing.

= Further breeding with the aim of producing spruce with
resistance to late spring frost has to work along two
lines (1) selecting families within good provenances
and after controlled crossings with late bud flushing
(2) selecting the most frost tolerant individuals after
repeated freeze testing, the trees then being prop-
agated by cuttings.
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BUD-SET PHENOLOGY AS AN INDICATOR OF CLIMATIC -
ADAPTATION OF SCOTS PINE IN FINLAND

JOUNI MIKOLA

Genetic variation in the timing of bud set in first-year seedlings of Scots pine was studied in several greenhouse
experiments. A strong association between this characteristic and the geographic origin of material was demonstrated
among Finnish natural pine populations, indicating that the variation in nursery-stage growth rhythm reflects to a

great extent genetic differences in climatic hardiness and adaptation. Also in experiments consisting of full-sib or half-
sib progenies of plus trees differences in bud set proved to be closely related to the origin of parental trees, although a
large individual variation was found to exist within populations. In long-distance crosses bud set was intermediate to

the performance of respective intrapopulation crosses or natural population samples. The effects of individual mother

trees became clearly visible even in progenies born from open pollination in young seed orchards located far outside
the native habitats of the clones concerned. Furthermore, progenies born from a fixed set of maternal clones in the
same seed orchards showed progressively earlier bud set as the age of the orchards increased. The changes in growth
rhythm of progenies could be roughly explained as a consequence of improvement in internal pollination within the
respective seed orchards. These preliminary results suggest some handy applications for bud set early tests in the

breeding of Scots pine.

Introduction

A strong genetic control in bud set of young
plants has been revealed in a great number of
boreal and temperate tree species, and the
adaptive role of genetic variability in this
phenomenon has been demonstrated in many
studies. For instance, according to Holzer
(1975) the altitudinal origin of Norway
spruce (Picea abies (L.) Karst.) seedlots of
unknown provenance can be determined by
their bud set at defined photoperiodic condi-
tions in a growth chamber, even without any
comparison material of known origin and
adaptation.

In Scots pine the progress of bud set can be
easily and accurately observed only at the
free-growth stage of the first growing season
following germination. Subsequent flushes of
height growth are normally almost complete-
ly predetermined, the primordia of all new
leaves and internodes being present already
in the dormant bud, and the developing new
terminal bud is visible at the shoot apex from
the beginning of shoot elongation. Therefore,
in order to study annual growth rhytm differ-
ences in pine seedlings more than 1 year old,
other characteristics and generally more
laborious methods of observation should be
used. In phytotron experiments Scots pine
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seedlings have been found to form terminal
buds sooner or later even under continuous
light conditions, indicating that photo-
periodic responses in this species are not as
distinct as in Norway spruce (Ekberg et al.
1979).

This paper presents some results from re-
cent investigations on the bud-set phenology
of Scots pine (Pinus sylvestris L.) in Finland,
concerning the variation among indigenous
natural provenances and among progenies of
individual trees. The main objective in these
studies has been to find out practical applica-
tions for bud-set early tests carried out in
ordinary greenhouse conditions.

Materials and methods

This paper comprises some main results from several
nursery-stage experiments grown at the Maisala tree
breeding station of the Finnish Forest Research Institute
(lat. 60°22'N, long. 25°00'E) between the years 1975 and
1979. These experiments were composed of varying com-
binations of natural stand seedlots, full-sib families of
individual plus tree clones, and progenies born from
open pollination of certain plus tree clones at widely
differing localities and at the same locality in different
years. All seed slamples from natural stands comprised a
mixture of open-pollinated seeds of 30 or more individual
trees.

The experiments were carried out in a greenhouse.
The seeds were sown in May on fertilized peat in plastic
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Figure 1. The progress of bud set among first-year seedlings of 19 natural Scots pine populations, and the origins of the

seed samples.

boxes. The total number of seedlings grown per family or
provenance varied from 144 to 240 in different experi-
ments. The number of replications varied from 4 to 6 and
the plot size from 24 to 48 seedlings. Some special
arrangements were used in the greenhouse in order to
make the irrigation as homogeneous as possible and to
avoid temperatures higher than +35°C. Artificial heating
or illumination was never used. In most experiments no
extra fertilizers were given during the first growing
season.

Bud formation was monitored in all experiments by
visual observations once or twice a week from July to the
end of September. Each seedling was checked individual-
ly until a terminal bud became visible. From the observa-
tion data the dates when half of the seedlings had
reached this stage were graphically determined for each
provenance or family (Fig. 1). The duration of height
growth was calculated for each test member as the
interval between sowing and the date when 50 per cent of
the seedlings had formed visible buds.

Variation of bud set among natural
populations

In a provenance experiment consisting of
19 samples from Finnish natural stands the
%nitiation and termination of bud set almost
invariably took place the earlier the further

from north the material originated (Fig. 1).
Within provenances bud set proceeded fairly
linearly with time, so that the phenological
order of provenances remained nearly con-
stant through the whole period of develop-
ment. In late provenances the process took
progressively more time than in early ones,
perhaps suggesting an increasing genetic var-
iation within populations from north to
south. However, at the beginning of Sep-
tember the development became much faster
in all provenances in which it still was going
on, maybe as a result of new accelarating
external stimuli such as low night tempera-
tures.

The relationship between timing of bud set
and the origin of material among Finnish
natural pine populations is further illustrated
in Fig. 2. The origin of material is charac-
terized both as the geographic latitude and as
the average annual number of degree days, or
heat sum, above +5°C (Kolkki 1966), of the
localities from which the seeds were collected.
The growth rhythm of seedlings, as measured
in terms of timing of bud formation, was
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Figure 2. The relationship between the median growth period of seedlings and a geographic and a climatic
characteristic of the seed origin among Finnish pine populations.

strongly correlated with both characteristics
of seed origin. The equality of these geog-
raphic and climatic variables in explaining
the growth rhythm differences may be a spe-
cial case limited to conditions such as in
Finland. In this country the variations in
altitude and continentality are slight, and
therefore all major changes in climate follow
closely the changes in latitude.

The strong linear association between bud-
set phenology and the features of the origin of
material at the level of natural stands sug-
gests that the variation in the timing of bud
formation should almost directly reflect dif-
ferences in climatic adaptation among Finn-
ish pine populations. Although autochoton-
ous populations may not always be the best
ones as a basis of tree breeding or as a source
of regeneration material (Namkoong 1969,
Remrod 1974), they must be assumed to be
generally well-adapted to the climatic condi-
tions prevailing at their native habitats. Cor-
respondingly, it should be possible to evalu-
ate the average climatic hardiness of any pine
material, e.g., a single family or an artificial

population, on the basis of its bud set phenol-
ogy by comparing it to the respective per-
formance of a set of natural population sam-
ples grown in the same conditions.
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Inheritance of bud set and its variation at
the family level

Variation of bud set among control-polli-
nated full-sib families and wind-pollinated
progenies of individual trees was studied in
several small experiments, which cannot be
separately described in this connection. Only
some general findings will be summarized in
the following. All these experiments included
samples from natural populations as com-
parison materials.

Full-sib progenies of trees originating from
a certain area performed, on the average, in a
way similar to the natural population of their
area. However, progenies of certain trees reg-
ularly expressed deviating behaviour, indi-
cating a large individual variation within
populations, in conformity with earlier
studies on the inter- and intrapopulation var-
iation of growth rhythm characteristics in
boreal tree species (e.g., Hagner 1970, Diet-
richson 1971).

There were some hints that crosses be-
tween phenotypical plus trees from northern
Finland had a slightly later average bud set
than seedlings representing respective natur-
al populations. This may indicate that trees
selected on the basis of superior growth rate

have possessed a longer than average annual
active period of growth and development in
their original populations, as already has
been suggested by Sarvas (1970). The seeds
of family materials used in this study had
developed in grafted trees in managed seed
orchards or clone collections, and it might be
asked whether the physiological properties of
the seed could have caused some fundamen-
tal difference in the bud set of family mate-
rials and natural stand samples. Anyhow,
other studies on this particular problem point
out that at least seed weight does not affect
the bud set of Scots pine seedlings to any
appreciable extent (Mikola 1980).

In long-distance crosses between northern
and southern plus trees the timing of bud set
was, on the average, similar to the corres-
ponding performance of natural population
samples from the areas roughly halfway be-
tween the origins of the parent trees. The
same situation showed up in progenies born
from open pollination of northern trees in
seed orchards or clone collections located in
South or Central Finland, the midpoint of
bud set occuring at roughly intermediate
dates between the respective timepoints in
population samples from origin areas of
mother trees and from localities of open polli-
nation. Therefore, bud set in Scots pine, as
well as in Norway spruce (Eriksson et al.
1978, Ekberg et al. 1979), seems to be equally
determined by both parent trees over a wide
range-of interpopulation crosses, suggesting a
multifactorial inheritance with mostly addi-
tive gene effects for this characteristic.

Bud set in seed orchard progenies of
northern trees born from open
pollination in different years

On the basis of the foregoing statements
about intrapopulation variation in bud set, it
should be expected that the average climatic
adaptation of a seed orchard progeny is to a
great extent determined by the genetic
growth rhythm properties of the individual
clones included in the orchard. A special
problem concerning the adaptation of seed
orchard material of Scots pine in Finland
arises from the location of these orchards. All
seed orchards of northern plus trees have

been established in central or southern parts
of the country, in order to enhance flowering
and seed ripening (e.g., Sarvas 1970). At the
early stages of orchard development male
flowering is scant or totally missing, and all
or most of the ovules must be fertilized by
pollen coming from the surrounding forests,
giving rise to ”’provenance hybrid” seed. Al-
though within-orchard pollination conditions
are expected to become greatly improved at
later stages, it is obviously impossible to
achieve a complete isolation of pine seed or-
chards, at least in Finnish conditions (Koski
1975). Background pollen will be present
even in mature orchards, and as far as the
proportions of different sources of pollen in
fertilization cannot be directly measured, the
genetic ~origin” of the material produced will
remain partly uncertain.

The variation in midpoints of budset
among pine progenies born from open polli-
nation of the same 7 plus trees at different
times within a 9-year period is illustrated in
Fig. 3. The seeds for each of the 5 progenies of
a single maternal clone had been collected
from the same seed orchard, but not necessar-
ily from the same ramets of the maternal
clones. Within the progeny groups of different
pollination years, representing different
stages of orchard development, the mother
trees are shown in the same order from left to
right, corresponding to the overall ranking of
their progenies in the earliness of bud set.
Although absolute differences among prog-
enies were slight in this material, individual
effects of the mother trees appeared surpris-
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Figure 3. Variation in median growth periods among
progenies born from open pollination of 7 northern
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ingly constant from year to year. These effects
were not consistent with the order of mother
tree origins from north to south, and therefore
they support the previous notion that there is
a large individual variation of growth rhythm
within populations. The 7 mother trees origi-
nated from an area between latitudes 65 and
69°N. The northernmost tree ranked as sec-
ond in its effect on the earliness of bud set in
progenies, whereas the third mother was of
the southernmost origin in this material.
Mother tree No. 1, the progenies of which
were invariably the earliest in bud set, origi-
nated from an intermediate latitude, 66°25'N.
The average growth periods of progenies
born in different years became abruptly shor-
ter within the 9 years’ period (Fig. 3), obvi-
ously as a result of the initiation and rapid
increase of pollen production within the seed
orchards. An analysis of variance on plot data
of the material revealed statistically signific-
ant differences (p<<0,05) both between
mother trees and between pollination years,
and no mother tree X pollination year in-
teraction could be demonstrated.

This experiment also included material
from natural populations, as a comparison for
the seed orchard progenies. In this case (Fig.
4) the relationship between growth rhythm
and latitude of origin among the natural
stand samples was not as tight and steep as in
the provenance experiment described in the
foregoing (Fig. 2). The divergence must be
due to differences in external conditions af-
fecting bud set in the two experiments. In this
experiment (Fig. 4) many seedlings produced
secondary needles before the formation of the
first terminal bud, while in the previous ex-
periment (Fig. 2) almost all seedlings re-
mained at the primary needle stage until the
second growing season.

The initiation of secondary needle produc-
tion in first-year seedlings was generally ac-
companied by an early appearance of a termi-
nal bud. The frequency of shifts from primary
needle stage to secondary needle stage varied
greatly from one experiment to another, but
whenever they occured to a considerable ex-
tent, the genetic control of bud set became
partly obscured, as compared to the distinct
differences among provenances or families in
experiments in which all or nearly all seedl-
ings maintained the primary needle state. A
shift to the secondary needle stage during the
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for the seed-orchard materials shown in Fig. 3, as
compared to the variation of respective characteris-
tics among 10 natural population samples. The hori-
zontal lines represent seed-orchard progenies born
from open pollination of the same set of maternal
clones in 5 different years. The length of the lines
shows the potential range in the average latitude of
origin in seed orchard materials. The exact values
would settle somewhere along these lines, depending
on the proportions of external and internal pollina-
tion in the seed orchards. For further explanation, see
the text.

first growing season is evidently a quite nor-
mal phenomenon in pine seedlings in ordi-
nary nursery conditions, but in connection
with the study of genetic variation in bud set
it must be regarded as a disturbance, indicat-
ing the existence of serious environmental
sources of variation. However, even in the
provenance material shown in Fig. 4, in the
presence of considerable amounts of unde-
fined non-genetic variation, the bud set
phenology of plants proved to be strongly
connected to the geographic origin of the
seed.

The horizontal lines in Fig. 4 describe the
average position of the seed orchard materials
of different pollination years in relation to the
variation of natural stand samples. The
length of the lines shows the range in average
latitudes of origin among seed orchard prog-
enies, expected on the basis of varying de-
grees of internal pollination within the or-
chards and background pollination from ad-
jacent wild stands. The seed orchards con-
cerned were located approximately at the

latitude of 62°N. The average latitude of ori-
gin among clones included in these orchards
was 67°N. Respectively, the average origin of
the seed produced would correspond roughly
to 647N, if all fertilizing pollen had come
from surrounding natural populations, and to
67°N, if complete internal pollination had
prevailed within the orchards.

The average growth periods among seed
orchard progenies of the three earliest polli-
nations years (Fig. 4) were very similar to the
performance of natural stand material
originating from latitudes around 64°N. This
is close to the behaviour expected on the basis
of completely external pollination. The slight-
ly longer growth periods of seed orchard
material may support the idea that northern
plustrees generally possess a longer than av-
erage annual active period in their original
populations. On the other hand, among seed
orchard progenies of the two most recent
pollination years the average growth periods
correspond to the behaviour of natural popu-
lations from latitudes about 2 degrees further
north. Similarly, this would require the inter-
nal pollination among plus-tree clones to
have comprised more than half of all fertiliza-
tions in the seed orchads.

It is well known that in grafted trees of
Scots pine male flowering starts later and at
the beginning increases at a slower rate than
female flowering. According to the measure-
ments of Bhumibhamon (1978, p. 81), pollen
production in Finnish seed orchards of north-
ern clones is very scant at the early ages, but
turns to a rapid increase when the height of
the grafts is about 4 meters. As the grafts
attain a height of 7 to 9 meters, total pollen
production may reach a level of 20 kg per
hectare, which has been argued to be suffi-
cient for a complete within — orchard pollina-
tion in the presence of some isolation by
flowering time between a seed orchard and
the surrounding forests (Sarvas 1970, Koski
1975).

The pollen productivity conditions of the
orchards from which the progeny materials in
Fig. 4 were collected can be viewed against
the above figures. A field inspection in 1977
revealed that the average height of grafts had
been 4,5 to 5,0 meters in 1976 and 1977, when
the pollination of the two most recent prog-
eny samples took place. Thereby it seems
quite likely that the phase of rapid increase in

pollen production could have started just be-
fore these years, and the distinct change in
average growth periods between the samples
of the 3 earliest and the 2 latest years (Fig. 4)
really is a consequence of abrupt improve-
ment in pollination conditions within the re-
spective orchards. However, as stated before,
this change would indicate an internal polli-
nation of at least 50 per cent in 1976 and
1977, but according to the figures of
Bhumibhamon (1978, p. 81) total pollen pro-
ductivity in these orchards should still have
been at the most only 5 kg per hectare. In
more recent years 1978, 1979 and 1980, Koski
(1981) made pollen productivity measure-
ments in one of the seed orchards concerned
and found total figures of 1,0, 6,6 and 12,3 kg
per hectare, respectively. Thus the changes in
bud phenology observed in this experiment
appear to be greater than expected on the
basis of pollen productivity studies.
Nevertheless, the discrepancy may be partly
due, for instance, to yearly vatiations in the
abundance of flowering, taking place apart
from the general increase of flowering as a
consequence of increased size of the grafts.
Furthermore, the amount of pollen needed for
a satisfactory internal pollination in seed or-
chards may be below the level of 20 kg per
hectare, which Sarvas (1962) deduced to be
required in normal stand conditions.

Concluding remarks

The main conclusion from the studies re-
ported in the foregoing is that the average
climatic hardiness of any Scots pine seedlot
can be roughly predicted by comparing the
bud-set phenology of its first year seedlings to
the corresponding behaviour of a representa-
tive set of natural population samples grown
in the same conditions. For seed material of
northern plustrees born in young seed or-
chards, evidence supporting this statement is
starting to accumulate from field tests, too,
although published results are scant so far
(Kylmanen 1980; Nikkanen, manuscript in
preparation). In numerous series of experi-
ments replicated at several localities, at the
age of 5 to 10 years the survival of externally
pollinated seed orchard progenies has been
equal to the survival of material collected
from local natural stands up to latitudes ap-
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proximately halfway between the origins of
the maternal clones and the seed orchard
localities, but progressively inferior in experi-
ments located at higher latitudes. Thus both
nursery-stage bud phenology and survival
data from field tests consistently indicate that
climatic hardiness of Scots pine seedlings is
determined by the genetic properties of the
parent trees, irrespective of the locality where
the seed developed, in contrast to the findings
of Bjernstad (1981) in Norway spruce.

The revealed distinct association between
the bud set phenology of seedlings and the
average latitude of origin both in natural
stand materials and among progenies of indi-
vidual trees suggests useful applications for
bud-set early tests in Scots pine, at least for
Finnish conditions. Even slight genetic differ-
ences in bud set can be detected in materials
grown in ordinaty greenhouse conditions and
obviously they reflect to a great extent real
differences in climatic adaptation. The shar-
ply determined variation in the timing of bud
set may be revealed for a large range of seed
origins at a single locality without any artifi-
cial control on photoperiod or on other en-
vironmental factors which might act as in-
ducers of bud set in natural conditions. How-
ever, all evaluations in nursery experiments
must be based on the comparative perform-
ance of standard material, the adaptation of
which is known or can be taken for granted.

The appearance of secondary needles was
observed to somewhat confuse the genetic
growth rhythm differences among prove-
nances or progenies. This occasional change
in developmental stage in first year seedlings
of Scots pine was presumably due to some
temporary disturbance in the continuity of
height growth, caused by transient stress fac-
tors like drought or high temperature. How-
ever, in the experiments reported here the
reasons of this phenomenon remained quite
unclear. Regarding practical applications for
bud set early tests, it might be beneficial to
find out cultural treatments or growing con-
ditions in which the seedlings would definite-
ly remain at the primary needle stage until
the end of the first growing season.
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INDIVIDUAL VARIATION IN SEED MATURATION IN
MARGINAL POPULATIONS OF SCOTS PINE

MARTTI RYYNANEN

seed of Scots pine (Pinus sylvestris L.) from five natural stands in northern Finland was collected from single trees
during several years, both good and poor ones. Seed was then x-ray radiographed and seed quality was determined as

the proportion of the embryo of the embryo cavity.

The variation in seed quality between trees within some of the stands was considerable, especially in bad seed
years. It seems, that in natural stands of Scots pine it should be possible to find individuals capable to produce mature

seed also in years typical to northern Finland.

Introduction

In it’s central populations Scots pine (Pinus
sylvestris L.) produces fully ripened seed every
2-3 years. In the marginal population like in
northernmost Finland it has seedyears with
mature and fully ripened seeds less frequent-
ly. According to Renvall (1912) there are
good seedyears in the forest borderline about
once in century, according to some other
investigators every 10-15 years. In the older
papers (e.g. Renvall 1912, Heikinheimo 1921,
Kujala 1927) it has been concluded that the
temperature during the second summer,
when the pine seed ripens, is most important
for the development of the embryo and thus
for the maturation of the seed. In the cold
climate the summers are not warm and long
enough for full seed ripening. According to
Sarvas (1962) for 50 per cent ripening of pine
seed temperature sum of 845 degree days is
demanded (threshold value +5°C). For ex-
ample in Kolari and in Sodankyla (67°20’ N)
mean value of 30 years is approx. 780 d.d.

The development of pine seed from the
initiation of flower bud to the mature seed
requires as the matter of fact three summers.
The first summer, when the flower bud initi-
ates, is usually excluded, and it is said, that
the first year in seed development is the year
when the flowering or pollination takes place.
It is well known, that the pollentube and
male nucleus are wintering in the tip of nucel-
lus. The cone grows rapidly early during the
second summer. The fertilization takes place
in midsummer, approx. 13 months after polli-
nation. At that time the cone and the seed are
almost full of size (Sarvas 1962). In the mar-

ginal population it is possible that during
cold summer there is no fertilization at all.

In every ovule more than one archegon can
be fertilized and thus polyzygotic or primary
polyembryos are formed. In addition to this
archegonial polyembryony the proembryo
usually divides into four. This so-called cleav-
age or monozygotic or secondary polyembry-
ony is typical for pine (e.g. Dogra 1967).
Because of this the development of embryo
stopps at least for a week in southern Finland
and perhaps for three weeks in northern Fin-
land.

Normally only one of the embryos develops
into full size and the others disappear. If the
summer is unfavourable and fertilization
takes place later than usual, possibly in Au-
gust, the growing season is not long enough
for full seed ripening. Already Kujala (1927)
has shown that in northern Finland there are
usually several small embryos in the pine
seed after the growing season. According to
Simak (1972) frosts are harmful to the mat-
uration of seed and they cause retarded em-
bryo development. After that kind of summer
there are several small embryos i the seed,
none of these capable to germinate. After very
warm summer there is only one embryo in the
embryo cavity also in the pine seed of Lapp-
land. The development of the embryo
dapends on both temperature and time, and
there are many possibilities to disturb the
development of seed from proembryo to fully
ripened ones (Sarvas 1962).

In routine x-ray analysis of Scots pine seed
we found that the variation in seed quality
within stand is considerable. It seems to be
worth while investigating if there exist trees
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with genetical character making it possible to
produce mature seed also in cold summers.

Material and methods

The seed was collected from standing, single trees in
natural stands in different parts of northern Finland. The
cones were collected from all sides of the crown. The
wings were removed from seeds by hand.

The seed was x-ray radiographed. Every tree was
represented by 400 seeds, if possible, but from some trees
the yield was smaller even only 100 seeds. Seed quality
was calculated by embryo classes, determined as the
proportion of the embryo of the embryo cavity. Expected
germination percentage was calculated by means of con-
version factors according to Simak (1957), slightly mod-
ified. The x-ray radiographs were examined by
stereomicroscope (1971, 1972) by magnification of 9
times or on the screen of the enlarging apparatus for
microfiches (1979, 1980) by magnification of 15 or 32
times.

Results and discussion

The variation in seed quality was great
between years and stands (Table 1). In stan-
dard stand no. 6 (Kolari, Table 2) seed was
collected also in 1971. The weather condi-
tions were typical for Lapland in this year
and mean of expected germination percen-
tage was 48,4. There were three individuals,
namely trees no. 85, 144 and 208, with seed of
high quality (exp. germ. % 71, 81 and 80,
resp.) also in that year. Same trees produced
good seed also later, except tree no. 208,
which produced no cones in 1980. There were
also trees with very low seed quality, e.g. tree
no. 149. The quality of seed of this tree was
under the mean every time investigated.

In 1972 seed was matured as far as the

Table 1. Stands and seed quality for stands.

timber line, even to the tree limit. In all
stands investigated in that year there was
only insignificant variation between trees in
seed quality.

In 1979 seed was matured fairly well only
in southernmost stand, Kolari Lakkarova. In
all other stands the maturation of seed was
very low, and mean of expected germination
percentage was from 11,4 to 43,5. In that
kind of year there can be a wide range of
variation between trees also. E.g. at Inari,
Kaamanen expected germination percentage
varied from 6,4 (tree no. 61) to 50,5 (tree no.
126).

The year 1980 was fairly good for seed
maturation, so the mean value of expected
germination varied between 32,3 and 90,6 per
cent. The variation between trees was quite
small in southern stands but it came more
considerable in northern stands. E.g. at
Enonteki6 expected germination varied from
26,4 (tree no. 34) to 86,9 (tree no.73).

In every five stands investigated there were
trees which produced seed that matured bet-
ter than the average and trees with poor
matured seed. During bad seed years (cold
summers) the quality of seed of poor produc-
ers was clearly below the mean value of the
stand.

Trees that produced seed better than aver-
age during cold or medium years didn’t do
that during good years. This means that the
real value of individual as seed producer ap-
pears during bad or average seed year. This
character seems to exist nearly in the north-
ernmost stand (Inari, Kaamanen).

Trees which produced good and poor seeds
are often situated close to each other. So it
seems, that there is no edafic or microclimatic
reasons to differencies in seed quality. In all

Number Mean value of expected germ. percentage
Stand Lat. N Long. E Alt.m of trees 1971 1972 1979 1980
Kolari, Lakkarova 67°9’ 24°7' 200 41 48,4 93,8 82,7 90,6
Kolari, Yllas 67°34' 24°11' 450 11 - 76,6 13,4 63,1
Kittila, Pallasjarvi 68°0’ 24°15’ 301 14 - 90,3 249 64,1
Enontekid, Kaaresuvanto  68°29’ 22°28’ 325 27 - 81,3 11,4 56,8
Inari, Laanila 68°30’ 2997 221 5 = e 43,5 56,7
Inari, Kaamanen 69°8’ 27°1% 150 13 - - 17,6 32,2
Utsjoki 69°38’ 27°07' 190 7 - - 5,5 20,8
186

Table 2. Seed quality for extreme seed producers.

Stand and trees

Expected germination percentage

1971 1972 1979 1980
Kolari, Lakkarova St. 6
Mean of the stand 48,4 93,8 82,7 90,6
Tree no. 85 71,0 89,7 82,1 97,2
144 81,2 94.0 92,5 97,0
208 80,4 90,9 97,3 -
149 30,6 91,9 56,7 82,1
Kittila, Pallasjarvi St. 4
Mean of the stand 90.3 249 64,1
Tree no. 69 89,3 50,0 72,4
92 91,5 30,9 79,6
153 87,2 13,1 54,0
Enontekio, Kaaresuvanto
Mean of the stand 81,3 11,4 56,8
Tree no. 15 83,5 29,6 83,7
16 83,4 21,8 79,3
33 94,6 - 72,2
73 93,2 11,6 86,9
34 70,8 - 26,4
Inari, Laanila St. 3
Mean of the stand - 43,5 56,7
Tree no. 229 - 55,1 67,9
220 - 18,0 44,7
Inari, Kaamanen St. 2
Mean of the stand - 17,6 32,3
Tree no. 100 - 38,3 491
126 - 50,5 69,2
61

- 6,4 17,4

probability the ability of the tree to produce
seed is genetically controlled.

In this connection it is worth saying that
according to Linhart et al. (1979) differencies
in fertility of Pinus ponderosa Laws. as mea-
sured by cone production, have a substantial
genetic basis. But the ability of tree to pro-
duce seed has not been investigated.
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PART IV

ECOLOGICAL DIFFERENTIATION OF FOREST
TREES

VARIATION IN THE ACTIVITY OF THE CATALASE ENZYME IN
PROVENANCES OF SCOTS PINE

JUKKA VIDGREN and MAX. HAGMAN

The variation in the activity of the catalase enzyme was studied in young seedlings of Scots pine (Pinus sylvestris L.)
grown from 41 different samples from the USSR and from 10 samples of Finnish origin. The activity of the enzyme
expressed per milligram fresh weight of seedlings seems in general to decrease with decreasing latitude of origin
between latitude 67° N. and 54° N. Below the latitude 54° N. this trend is not so clear. In all samples studied there is a
considerable variation between the individual seedlings. The possibilities of using the activity of the catalase enzyme
in distinquishing between provenances of Scots pine and in the selection of northern and southern types within a

provenance are discussed.

Introduction

There is for several reasons a great need to
identify the amount and distribution of gene-
tic variability in the species of forest trees. For
the proper conservation of gene resources it is
necessary to know what amount of variation
is present within and between populations of
different geographic origin. Knowledge of
this nature will provide possibilities for esti-
mations of the amount of gene flow over
shorter or longer distances and of the effects
of isolating mechanisms of different kinds.

When seed sources are collected and seeds
or plants distributed it is necessary to have
methods for the identification of provenances
and in more advanced breeding situations to
have descriptors for each individual tree.
This identification will be more and more

reliable when the number of characters of
uncorrelated nature increases.

In addition to the classical descriptions
using anatomical, morpholocical and phe-
nological characters, biochemical factors of
different kinds have in recent times became
more and more studied. Such studies have
involved terpenes, phenolic compounds,
glucoproteins and other compounds (See e.q.
Mubhs, 1981a for a review).

Isozymes have been particularly useful in
identification of individuals and in the esti-
mation of gene flow in seed orchards and
natural stands (Muhs, 1981b). These studies
have, however, mainly concentrated on the
qualitative variation of the enzymes and the
studies of the quantitative values of enzymes
are not so many.

One exception is the enzyme catalase, for
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which quantitative studies in forest trees were
carried out already in the 1920’s and for
which differences between provenances were
shown for Scots pine and Norway spruce
(Schmidt 1930a, Schmidt 1930b, Langlet
1936, Schmidt 1966).

In these studies it was found, that in prove-
nances from more northern and from higher
sources, that is, in general from places with a
more rough climate, the activity of the cata-
lase enzyme was higher. Similar results were
later obtained for Picea abies (L.) Karst. by
Bartels (1964).

The studies of Scots pine carried out by
Schmidt and Langlet were, however, done
with rather limited sources of material and
the volumetric method used by Schmidt
somewhat complicated. For the purpose of
analyzing single seeds, single endosperms
and even single embryos of Scots pine, Miko-
la, Hongisto & Hagman developed a method
on the basis of the clinical standard method of
Aebi (1974). Results of these experiments
with three provenances of Scots pine were
reported at the meeting on Early testing in
forestry held at Riga in 1980 and will be
published elsewhere. The differences found
between provenances encouraged us to try
the same techique on a larger sample of
sources. Since the late Dr. E. P. Prokazin of
the Pushkino research institute near Moscow,
USSR, had in 1977 sent to Finland a big
collection of pine seeds we decided to take as
the object of our present study to investigate
the amount of variation in the activity of the
catalase enzyme in these provenances which,
as can be seen below, covered most of the
area of distribution of the Scots pine in the
USSR.

Material and methods
Material

The seed material obtained from the USSR consisted
of 89 provenances of which 41 were taken for study. The
origin of these samples is seen in table 1. In figure 1 the
approximate localization of the sites of origin within the
USSR can be seen.

In addition to the samples from the USSR, ten sam-
ples from eight different provenances in Finland were
investigated. The origin of these samples is seen in table

In table 1 the origin of the seed lots is given as
translated from the Russian text indicating region or
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province and forest district (ljeshos). Since no maps of
the forest districts of the USSR are available to us we
have taken the forest district to be located around the
place with the same name, found on common maps. The
geographical coordinates here given are based on the
named places and does thus not exactly show the origin
of the seed. This uncertainity has to be kept in mind
when the results are discussed. The Russian certificates
of origin did neither contain data about the altitude of
the seed source. These altitudes we have estimated from
the same maps as for the latitudes and longitudes. Par-
ticularly in the montaneous regions of Central and East-
ern Asia this estimation might be much in error.

It has been indicated by our Russian colleagues, that
the samples obtained were to a certain degree the same
as those used in the All Union Provenance Experiment
laid out in the USSR some years ago. Thus the reference
numbers C-1, C-2, etc. might help in the identification of
the provenances for those who have access to the results
of the large provenance test mentioned.

The Finnish seed lots used were collected from the
standard stands of the Forest Research Institute and are
thus precisely known. These samples consisted of a mix-
ture collected from the trees growing on a sample plot of
the size of 1 hectare. For two of the stands, Bomarsund
and Pihtipudas, samples were available from two diffe-
rent collection years but from the same stands.

Methods

The seeds were sown December 1.-2. in 1980 in the
glass house of the Forest Tree Breeding Station of the
Forest Research Institute. The substrate was ordinary
nursery peat given basic fertilizers. During the dark
season December-February additional light was given
daily betweed 8.00 and 16.00 by 3 Philips sodium light
lamps type HDK-259-C, 400 W at a height of 1.5 m from
the substrate.

Each seed lot was sown with 100 seeds and the plots
were randomized over the sowing space. The collection
of samples for the analysis started on March 9. and
continued to May 30. 1981. In order to reduce errors
caused by the fairly long sampling period the order in
which the different lots were sampled was randomized.

From each lot samples consisting of single seedlings
were taken, their roots removed and the fresh seedling
weighed immediately to give the reference fresh weight.
At the time of sampling the seedlings weighed from 5 to
70 mg. In general 10 seedlings of each lot were investi-
gated.

The extraction of the enzymatic activity was done by
homogenizing the seedling with a glass homogenizer in 4
ml 50 mM monopotassium-disodium-phosphate buffer of
pH 7.3 containing 0.1 % Triton-X-100. The homogeni-
zation time was about 60 seconds and it was carried out
at room temperature. The extract was separated by
centrifugation for 15 min at 15000 X g.

The estimation of the catalase activity was following
the assay method of Aebi (1974). We used a single beam
spectrophotometer (Carl Zeiss PMQ 2) equipped with a
recorder and quarz cuvettes (d = 1 cm). The reference
cuvette was filled with 0.9 ml enzyme extract and 0,1 ml
phosphate buffer (without Triton-X). In the measuring
cell was 0.9 ml enzyme extract. After adding and rapidly
mixing of 0.1 ml of 150 mM H,0, -solution into the

Table 1. Origin and catalase activity of the pine samples from the Soviet Union.

Sample

Seed lot

Origin

USSR Latitude Longitude Altitude Catalase
nr nr nr N E m units /mg
1 GI-77-1613 Murmansk obl. C- 1 67° 56’ 32° 55 100- 200 30,0
" — Monthergorsk I
-77- Murmansk obl. C- 2 67° 10 ¢
e 0 32°25 0- 100 28.4
3 Gl-77-1618 Karelskaja ASSR C- 12 66° 16" 33° 05’ 0- 100 234
Tsupinsk )
4 Gl-77-1685 Krasnojarsk kraj C-104 65° 50" 88° 00’ 0- 200 25.6
Turuhansk :
5 Gl-77-1622 Karelskaja ASSR C- 18 64° 58" 34° 40’ 0- 100 17.8
Kem 3
6 Gl-77-1615 Archangelsk obl. C- 3 64° 40’ 43° 25’ 0- 100 27.6
Pineschk A
7 Gl-77-1619 Komi ASSR C-13 61° 41’ 56° 00 100- 200 25.2
Kadscheromsk )
8 Gl-77-1697 Jakutskaja ASSR C-118 62° 00’ 123° 00’ 200~ 500 21.6
Kakutsk :
9 Gl-77-1620 Karelskaja ASSR C- 16 61°41’ 30° 40" 0- 100 25.2
Sortavala )
10 Gl-77-1621 Karelskaja ASSR C-17 61° 49’ 36° 40’ 0- 100 20.3
Pudosh i
11 Gl-77-1696 Jakutskaja ASSR C-117 60° 25’ 120° 30 200- 500 22.0
Olekminsk
12 Gl-77-1617 Vologod obl. C- 9 60° 00" 42° 46’ 100- 200 18.0
Totemsk )
13 Gl-77-1616 Vologod obl. C- 8 59° 10 37°5¢4' 100~ 200 20.2
Tserepovetsk
14 Gl-77-1623 Leningrad obl. C-19 59° 32" 30° 51" 0- 100 16.6
Tosnensk :
15 GI-77-1678 Krasnojarsk kraj C- 93 58° 40’ 92° 10 0- 200? 23.8
Nishne-]Jeniseisk
16 GI-77-1675 Tomsk obl. C- 88 58° 20" 82° 40’ 0- 100 14.8
Kolnaschevsk
17 GI-77-1626 Novgorod obl. C- 23 58°17" 32° 30’ 0- 100? 11,0
Krestetsk '
18 GI-77-1625 Pskov obl. C- 22 57°48' 28° 20’ 0- 100 124
Pskov
19 GI-77-1700 Habarovsk obl. C-122 56° 30" 138° 00 0- 1000 ? 19.4
Ajansk
20 Gl-77-1624 Pskov obl. C- 21 56° 20" 30° 30 200- 4002 11.6
Velikoluki
21 Gl-77-1688 Irkutsk obl. C-108 56° 00" 101° 40 500-1000 16.0
Bratsk
22 Gl-77-1629 Vitebsk obl. C- 28 55° 52" 28° 40’ 100~ 200 16.0
Rossonsk
23 Gl-77-1670 Kurgansk obl. C-79 55° 28’ 65° 18’ 0- 200 18.0
Kurgansk
24 GI1-77-1680 Krasnojarsk kraj C- 96 55° 15" 92° 05’ 200~ 500 17.8
Daursk
25 GI-77-1627 Litovskaja SSR C- 26 54° 37" 23° 55’ 0- 200? 9.4
Prenaisk
26 Gl-77-1654 Uljanovsk obl. C- 58 54° 30 46° 40’ 100~ 300 13.6
Sursk
27 GI-77-1655 Uljanovsk obl. C- 59 54° 15" 49° 40" 100- 200 15.8
Melekersh
28 Gl-77-1647 Orlovsk obl. C- 52 53° 28’ 36° 46 200~ 300 148
Turgenevsk
29 Gl-77-1628 Mogiljevsk obl. C- 27 53° 20 28° 40’ 0- 100 20.2
Osipovitsk
30 GI-77-1630 Grodnensk obl. C- 30 53°05" 25° 20 100- 2002 15.2
Slonimsk
31 Gl-77-1648 Tambov obl. C- 54 53° 05" 41°20' 100- 200 11.6
Tselnavsk
32 GI-77-1701 Kustanaisk obl. C-123 53 ? 64" ? 100~ 200°? 14.6
Ara-Karagaisk
33 GI-77-1702 Kokgetaisk obl. C-124 58% 2 69° 2 ? 14.6
Urumkaisk
34 GI-77-1665 Bashkirskaja ASSR C- 72 52°13' 57° 25 500- 700 11.0
Zalairsk
35 GI1-77-1690 Burjatskaja ASSR C-111 52°00' ? 109° 00’ ? ? 21.2
Zaudinsk
36 GI1-77-1664 Bashkirskaja ASSR C- 71A 51°50" 56° 40 200~ 300 15.0
Abzjansk
37 Gl-77-1649 Voronesh obl. C- 55 51° 40 39° 15 100- 200 ? 14.2
Voronesh
38 GI1-77-1663 Bashkirskaja ASSR C- 70 51°30'? 56° 40’ ? 200~ 300 ? 17.0
Dubansk
39 GI-77-1651 Voronesh obl. C- 56 51° 08’ 40° 20’ 100- 200 15.2
Hrenersk
40 GI-77-1657 Volgograd obl. C- 62 50° 05" 45°23' 100- 200 16.0
Kamschinsk
41 Gl-77-1656 Rostov obl. C- 60 49° 40 41° 43 0- 100 140
Veschensk
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Table 2. Origin and catalase activity of the pine samples from Finland.

::mple ::Cd lot Origin kalitudc IE.ongimdc gltiludc ‘(Jl:il(a;la/s"e‘g

42 Gl-62-001 Aland 60° 13’ 20° 13’ 20 20.0
Bomarsund

43 Gl-66-021 Aland 60° 13’ 20° 13 20 13.7
Bomarsund

S Gl1-65-500 Bromarv 60° 02' 23° 02’ 30 14.0
Solbole

45 M29-70-23 Lapinjarvi 60° 39’ 26° 10’ 30 15.6

46 M29-70-26 Padasjoki 61° 25’ 25° 00’ 115 17.2

47 Gl-65-497 Ristiina 61°29' 7PN 90 22.4

48 Gl-65-495 Pihtipudas 63° 23’ 26° 06’ 165 19.2

49 M29-70-35 Pihtipudas 63° 23’ 26° 06’ 165 19.4

50 M29-70-01 Pielisjarvi 63° 04’ 29° 49' 130 20.0

51 RI-60-125 Rovaniemi 66° 20’ 26° 45’ 100 26.4

g0°

\ b

100°

Figure 1. Geographical localization of the samples from the USSR.

cuvette the absorbance was registered at 240 nm and the
reaction followed with the recorder for about 100 sec-
onds. ;

The amount of catalase in the tissue extract is propor-
tional to the first order rate constant of the reaction and
one unit catalase is the amount of enzyme giving an
apparent rate constant of 0.01 min™.

The catalase activity was calculated as follows. The
absorbances are read for two points separated by 60
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seconds and marked as Ay and Ag, giving the contribu-
tion of HyO, to the absorbances. The reference value (the
absorbance without H,0,) is marked as Ag. The activity
in 1 ml of enzyme solution is thus:

catalase activity = 190 x |n Aa=AR ypits / ml.
0. AgrAr

All assays were carried out at room temperature.
The seedling extracts (1 seedling in 4 ml buffer) were

b R

R

diluted 1:20 before the assay. The values were then

multiplied by 80 to obtain the activity as catalase units
per seedling.

Using these figures and the weight of the seedling the

activity in the tables is expressed as catalase units / mg
fresh weight.

Results

The mean values obtained for the different
samples are tabulated in tables 1 and 2.

The highest mean values for the sources
from the USSR is 30.0 in the sample from
Murmansk and the lowest mean in the sam-
ple Nr 25 from the Lithuanian republic giving
an activity of 9.4 units.

As seen in figure 2 where the individual
values as well as the means are indicated for
each sample there is a considerable variation
within each seed lot. The highest individual
value is 34.0 units which occurs in 4 different
provenances between 1at.67° and 60° N. The
lowest value is 6.0 in the sample Nr 20 from
Pskov with very similar values from the sam-
ples Nr 36, Abzjansk and Nr 39, Hrenersk.

The largest variation within a sample oc-
curs in provenance Nr 21 from Bratsk in the

Irkutsk oblast. Unfortunately some of the
samples showed very low germination and
thus the lowest variation cannot be reliably
estimated due to lack of seedlings in some
provenances.

When the provenances are put, as in figure
2, in an order of decreasing latitude, one can
observe that between the most northern
provenance and down to the provenances
from about 54° there is an almost clinal de-
crease in the catalase activity. Further south
this picture is not so clear and the results are
variable. To what extent this latter observa-
tion can be the result ot the differences in
altitude of the sources, is difficult to estimate
due to the lack of exact figures for the height
above sea level for the provenance studied.

If results from the western and eastern
sources are compared for approximately the
same latitude, the results are of the same
magnitude. Perhaps there is an indication of
somewhat higher values for the eastern
sources but, as mentioned, this could also be
due to differences in altitude.

In the Finnish samples (table 2) the same
trend can be observed as in the samples from
the USSR. The most northern provenance,

CU/mg
30 6 - S
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Figure 2. Catalase activity in the samples from the USSR in relation to the geographical latitude of

the sample.
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Rovaniemi from lat.66° has the highest value
26.4. which is well within the range of the
values of the provenances from Eastern
Karelia. The more southern provenances
have in general lower catalase activities.

The two samples from different years in
Pihtipudas agree well with each other but the
two samples from the Bomarsund stand on
the Aland islands are exceptional in that the
difference between the years is great, the
values being 13.7 and 20.0 respectively. The
reason for this difference is at the present
unknown.

When one compares the figures for the
provenances Ristiina and Padasjoki from ap-
proximately the same latitude the more east-
ern provenance has the higher value. More
sampling is necessary in order to prove if this
is a general trend in Finland.

Discussion

The results obtained with our material of
provenances from the USSR and from Fin-
land agree well with the observations made
by Schmidt and by Langlet as reported in the
papers already mentioned. Schmidt made his
observations on seeds and Langlet on plants
grown in the nursery and measured in the
autumn. He noted that the activity of the
catalase enzyme was high during the winter
and that the activity showed a good correla-
tion with the dry substance weight of the
plants of each provenance which in turn he
showed to be closely related to the latitude of
the provenance and the lenght of the vegeta-
tion period (days above + 6° C.).

Schmidt (1966) was of the opinion that the
reason for higher catalase activity in the
northern sources was the higher respiration
activity in ecotypes from a colder climate. He
also stated that there was a good correlation
(r= -0.93) between respiration and plant
growth. Since our plants were not measured
and no respiration studies were carried out
we cannot say if this holds true for our mate-
rial. With more plants available such studies
could, however, give us valuable data for the
behaviour of provenances of interest from the
USSR.

We do not know, if the long sampling
period has induced changes in catalase con-
tent of the seedlings taken at different times
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although, as mentioned, we tried to reduce
any such effect by taking the provenances at
random. Seasonal changes in the catalase
content of conifer leaves have been reported
(Doyle & O’Connor 1930). A study of the
activity of the catalase enzyme in needles of
older plants of different provenances grown at
the tree breeding station is in progress. This
provenance trial will allow for repeated
sampling through the seasons.

The method developed for serial studies of
large samples of single seedlings will be used
to estimate the variation within populations
of different origin. Of particular interest for
the plant breeder is if in the provenance
elements of northern and southern types can
be identified and e.g. the proportion of north-
ern types can be assessed. This would be a
higly valuable tool for the early testing of
provenances to be used in rough climates.

Perhaps the method will also offer pos-
sibilities to estimate the amount of long dis-
tance pollination in seed orchards particular-
ly in the case when northern seed orchards, as
in Finland, for reason of seed maturation
have to be located in the central parts of the
country. A method for the assay of seedlings
originating from the pollination Northern X
Northern compared with the amount of seed-
lings originating from the pollination North-
ern X Central would be of great help in
desingning the area of use for the seed pro-
duced. Studies of this kind are in progress but
it seems that for a reliable estimation large
samples are needed.

As mentioned in the introduction, the iden-
tification of sources and individuals is easier if
more descriptors are available. It would be of
interest to try to combine enzyme investiga-
tions with studies of terpenes where, as shown
by Hiltunen (1976), clinal variation has been
found. With the new nondestructive techni-
que developed by Hiltunen et al. (1980) for
the terpenes, enzyme assays could then be
carried out on the same plants.

Combined studies of terpenes, enzymes
and phenology could give us more reliable
estimations of variation within and between
provenances. Perhaps this technique could
also be used in the estimation of the changes
in population structure which might be intro-
duced by the present methods of growing
nursery plants in warm greenhouses com-
pared with the cultivation out of doors in the

natural local climate.

No attempt has yet been made to find out
the causal background for the variation in
catalase activity with provenance, although
Schmidt’s suggestions are interesting.

The case with the different results from the
same stand at Bomarsund on the Aland is-
lands is so far unexplained. The Aland is-
lands are situated in the Baltic Sea and have
a fairly cold climate in the beginning of the
summer. Thus the flowering in Scots pine
occurs there later than on the mainland of
Finland. One possibility for the odd results
could be that the pollination of the stand has
taken place in one year from a distant source.
One could imagin that the high catalase val-
ue could be produced by a progeny represent-
ing the cross Aland island X some northern
pollen source. Such a cross could have hap-
pened if the prevailing winds on this isolated
island were for a long time from the north
during the flowering season. This suggestion
must remain speculative until further sam-
ples from different years have been studied.
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GENETIC VARIATION IN ISOLATED POPULATIONS
OF STONE PINE (PINUS CEMBRA)

ALFRED E. SZMIDT

Allozyme variation at 8 enzyme loci (Lap-1, Lap-2, Got-1, Got-2, APh-1, ADh-1, Cat-1 and Est-2) was
investigated by means of starch gel electrophoresis and gel isoelectric focusing in 11 populations of stone pine. Average
values of expected panmictic heterozygosity (H) were relatively lower than those recorded in populations of other
conifers and ranged between 0,165 and 0,397. Considerable differences were found between investigated populations
with regard to the frequency of occurrence of analyzed allozymes. Values of Nei’s genetic distance (D) were very high
and ranged between 0,018 and 0,650. Highest values of D were found between Asiatic population Czita in comparison
with the remaining populations. According to a dendrogram based on the calculated D values the investigated

populations could be divided into several groups corresponding to their geographic origin.

Introduction

Most of the present biochemical studies of
genetic variation in forest tree populations
concern species exhibiting a wide and conti-
nuous range of distribution including nume-
rous populations. Between such populations
a considerable gene flow moderating the pro-
cesses of genetic divergence is to be expected.
Therefore, it would be interesting to know the
amount of genetic variation in forest tree
populations inhabiting relatively small and
geographically isolated areas, where a block
to gene flow can be expected to accelerate
their genetic divergence.

Genetic variation in small and partially
isolated populations of forest trees has been
studied by Feret (1974) and Tigersted (1973).
In the former study a remarkable genetic
differentiation has been found between three
small stands of Pinus pungens. On the other
hand, the latter author concluded that small
marginal populations of Picea abies differed
only slightly from the more central popula-
tions.

In this study allozyme variation at 8 enzy-
me loci has been studied in 11 populations of
stone pine originating from isolated parts of
its natural range in Europe and Asia. In
general, it is assumed, that stone pine occur-
ring in Europe is characterized by very small
variation (Bednarz 1971). Holzer (1975) sug-
gests, that in European populations of stone
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pine clinal growth variation along altitudinal
gradient may exist.

Materials and methods

A total of 11 populations originating from Alps, Tatra
Mts., Retezat Mts. and Asinskij Khrebet have been
included in this study. Georgraphic data of investigated
populations are presented in Table 1. The population
samples were collected from 20-25 trees per population.
In the case of 3 populations namely: Czita, Retezat and
Morskie Oko seed samples from individual trees were
available.

Haploid female macrogametophyte (endosperm) tis-
sue isolated from dormant seeds was used for enzyme
analysis. Glutamic-oxaloacetic-transaminase (Got), (EC
2.6.1.1), leucine aminopeptidase (Lap), (EC 3.4.11.1),
catalase (Cat), (EC 1.11.1.6), acid phosphatase (APh),
(EC 3.1.3.2.), and alcohol dehydrogenase (ADh), (EC
1.1.1.1) isoenzymes were separated by means of starch
electrophoresis. Esterases (Est), (EC 3.1.1.1, 3.1.1.2,
3.1.1.6, 3.1.1.7, 3.1.1.8) were analysed using isoelectric
focusing on acrylamide slabs (0,2 mm thick) containing 2
% Ampholine pH 3,5-10 (LKB Produkter AB, Bromma,
Sweden). Detailed description of separation procedures
and gene identification has been presented elsewhere
(Szmidt 1979; 1981; in preparation).

The following enzyme loci have been included in this
study: Got-1, Got-2, Lap-1, Lap-2, Cat-1, APh-1, ADh-1
and Est-2. The genetic variation within populations has
been expressed as the average heterozygosity or gene
diversity (H) expected for panmictic population as pro-
posed by Nei and Roychoundry (1974). Estimates of the
genetic distance (D) between the investigated populati-
ons have been made according to Nei (1972). Using this
measure a dendrogram was produced using the unweig-
hed pair-group method of clustering (Sokal and Sneath
1963).
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Table 1. Geographic data of the 11 investigated stone pine populations.

Population name Region

and symbol Country Long Lat. Alt.
Salzburg (Al-1) iﬂ::_‘i’:g Alps °00’ 47°30’ 1600 m
Zillertal (Al-2) iﬁii::l i 12°00’ 47°00’ 1750 m
Steiermark (Al-3) :::::: Tavern 14°00' 47°15’ 1800 m
Chandolin (Al4) g:?;;l': L‘: 7°20" 46°20’ 1750 m
Avers (AL-5) g:?:zce}:fa:;ps 930’ 46°30’ 1800 m
Woloszyn (Ta-1) :2;:2 dM[s' 20°10’ 49°15’ 1500 m
Morskic Oko (Ta-2) g:]:: ths' 20°10° 49°15' 1450 m
Bukowina (Ta-3) ::l:: ths' 20°10" 49°15’ 1150 m
Biclevodska Valley (Ta—4) gz;;rl;‘akia 20°05' 49°10° 1240 m
Retezat (Ret.) I;Etr;z::i:m' 22°40 45°00" 1650 m
Czita (Czi.) :}ssi;:‘ij Rlatk. 108°20’ 49°50’ 1340 m

Results and discussion
Genetic variation within populations

Frequencies of particular allozymes the 11
investigated stone pine populations are pre-
sented in Table 2. Out of 8 analysed enzyme
loci, 3 loci (Got-2, APh-1, and Est 2) were
polymorphic in all populations. At most exa-
mined loci, all European populations shared
one and the same allozyme occurring with
considerable frequency. Most striking
example of the above patterns of allozyme
distribution was Cat-1 locus at which all
European populations were fixed for Cat-1?
allozyme.

It is assumed, that present populations of
stone pine occurring in Europe arose from
fragmentation of an ancestral preglacial po-
pulation (Szczepanek 1971). The presence of

single shared allozymes in the European sto-
ne pine populations support to some degree
the above suggestion. It appears possible,
that these allozymes were also present before
fragmentation of the ancestral population.

It must be pointed out however, that elect-
rophoretic identity of particular allozymes is
no proof of identity of alleles coding for them
and allelic identity need not be by descent.
On the other hand, the occurrence of some
other allozymes (Got-2°, Lap-2¢, ADh-1°, 1¢,
Est-2%) was restricted to only a few populati-
ons. Six allozzmcs (Lap-24, Cat-1¢, ADh-19,
Est-2%, Lap-1” and Est-2°) occurred in only
one population. Most of these allozymes were
found in the Asiatic population Czita.

No distinct geographic patterns of allozy-
me distribution were observed with the ex-
ception of Lap-2* allozyme which was the
most frequent in populations from Alps whe-
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Table 2. Allozyme frequencies in 11 stone pine populations and average heterozygosity (H)
calculated over 8 enzyme loci.

Al-1

A1-2

A1-3

Al-4

Al-5

Ta-1

Ta-2

Ta=-3

Ta-4

Ret.

Czi.

1,000
0,000

1,000
0,000

1,000
0,000

0,709
0,291

0,965
0,035

1,000
0,000

1,000
0,000

0,857
0,143

1,000
0,000

0,000
1,000

0,342
0,658

0,950
0,000
0,050

0,417
0,166
0,417

0,510
0,010
0,480

0,722
0,000
0,278

0,776
0,000
0,224

0,929
0,000
0,071

0,429
0,000
0,571

0,577
0,021
0,402

0,613
0,062
0,325

0,494
0,000
0,506

0,543
0,074
0,383

1,000
0,000
0,000

1,000
0,000
0,000

1,000
0,000
0,000

0,889
0,000
0,111

1,000
0,000
0,000

1,000
0,000
0,000

1,000
0,000
0,000

1,000
0,000
0,000

0,708
0,000
0,292

0,944
0,000
0,056

0,910
0,060
0,030

™ a o

0,750
0,000
0,250
0,000
0,000

1,000
0,000
0,000
0,000
0,000

0,668
0,166
0,166
0,000
0,000

0,704
0,000
0,049
0,000
0,247

0,977
0,000
0,023
0,000
0,000

0,429
0,000
0,571
0,000
0,000

0,429
0,000
0,571
0,000
0,000

0,272
0,687
0,014
0,000
0,027

0,000
0,137
0,201
0,338
0,324

0,000
0,667
0,333
0,000
0,000

0,000
0,820
0,030
0,000
0,150

Cat-1la

1,000
0,000

1,000
0,000

1,000
0,000

1,000
0,000

1,000
0,000

1,000
0,000

1,000
0,000

1,000
0,000

1,000
0,000

1,000
0,000

0,000
1,000

APh-1la

0,417
0,583

0,583
0,417

0,333
0,667

0,350
0,650

0,250
0,750

0,214
0,786

0,167
0,833

0,050
0,950

0,277
0,723

0,333
0,667

0,571
0,429

ADh-1a

0,917
0,000
0,083
0,000

1,000
0,000
0,000
0,000

0,917
0,000
0,083
0,000

1,000
0,000
0,000
0,000

1,000
0,000
0,000
0,000

0,571
0,429
0,000
0,000

0,857
0,000
0,143
0,000

1,000
0,000
0,000
0,000

0,920
0,080
0,000
0,000

0,055
0,389
0,556
0,000

0,500
0,000
0,000
0,500

Est-2a

® a o

0,000
0,583
0,000
0,000
0,417

0,000
0,583
0,000
0,000
0,417

0,000
0,500
0,000
0,050
0,450

0,000
0,550
0,000
0,000
0,450

0,000
0,583
0,000
0,000
0,417

0,000
0,643
0,000
0,143
0,214

0,000
0,740
0,000
0,000
0,260

0,000
0,583
0,000
0,000
0,417

0,000
0,818
0,000
0,046
0,136

0,000
0,556
0,000
0,000
0,444

0,333
0,333
0,084
0,000
0,250

0,199

0,200

0,269

0,300

0,165

0.246

0.236

0,224

0,313

0,316

0,397

reas its frequency was much lower in popula-
tions from Polish Tatras and it was absent in
the remaining populations.

Average heterozygosity (H) values of the
investigated stone pine populations were rela-
tively lower than those calculated for popula-
tions of other conifers (Lundkvist and Rudin
1977; Mejnartowicz 1979) and ranged be-
tween 0,165 and 0,397 (Table 2). Greatest
gene diversity was found in population Czita.
It appears that the paucity of genetic diversi-
ty in European stone pine populations stu-
died here can be attributed to random drift
effects, that resulted from continued lack of
gene flow after isolation of particular popula-
tions. On the other hand, however, it is cer-
tainly possible, that selection was also impor-
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tant in determining the distribution patterns
of some allozymes especially those occurring
with considerable frequencies in all investiga-
ted populations.

Genetic variation among populations

Populations which have been geographi-
cally isolated for a long tine are expected to
be less similar than adjacent populations
where a considerable gene exchange occurs.
In fact remarkable genetic divergence of the
investigated stone pine populations has been
found.

The values of genetic distance (D) ranging
between 0,018 and 0,650 (Table 3) were ge-

Table 3. Nei’s genetic distance between 11 stone pine populations based upon 8 enzyme

loci.

A1-1 Al1-2 A1-3 Al-4

Al-5

Ta-1 Ta=-2 Ta-3. TJa-4..Ret. . Czi.

Al-1 -

A1-2 0,050 -

Al1-3 0,036 0,027 -

A1-4 0,034 0,048 0,092 -

A1-5 0,018 0,033 0,045 0,024 -

0,077 0,095 0,036 0,084 0,077 -

0,111 0,140 0,058 0,087 0,092 0,086 -

0,054 0,153 0,090 0,106 0,087 0,069 0,118 &

0,119 0,167 0,102 0,105 0,136 0,079 0,094 0,109 -

Ta-1
Ta-2
Ta-3
Ta-4

Ret. 0,481 0,555 0,414 0,337 0,509 0,395 0,315 0,395 0,454 =
Czi. 0,603 0,631 0,548 0,531 0,627 0,624 0,428 0,650 0,591 0,431 =

nerally much higher than those calculated be-
tween populations of other conifers exhibiting
continuous range of distribution (Bergmann
1974; Lundkvist and Rudin 1977; Mejnarto-
wicz 1979).

A dendrogram based on D values for all
pairs of the investigated populations of stone
pine is presented in Figure 1. Most striking is
that population Czita originating from the
eastern border of stone pine distribution in
Asia, was quite distinct from any other popu-
lation examined in this study.

Romanian population Retezat originating
from an isolated occurrence of stone pine in
Southern Carpathians was the second most
outstanding population. It differed markedly
from population Czita as well as from other
European populations. Much smaller genetic
divergence was found among populations
growing in Tatra Mts. and Alps although it is
still remarkable when compared with that

among populations of other conifers.
AkS
Akt
Ala
Ak3
AL2
Te-1
Te.3
To-2

Ret.

Cai.

i — " "

[ [ a3 C¥] o
distance

Figure 1. Dendrogram derived from Nei’s genetic dis-
tance between 11 stone pine populations.

This is somewhat surprising taking into
account their ecological and morphological
similarity. The most homogeneous cluster
embraces 5 populations from Alps. On the
other hand, patterns of variation between the
populations from Tatra Mts. were more
complicated. Populations Ta-2 (Morskie
Oko) and Ta-4 (Bielovodska Valley) are rela-
tively distinct from other populations gro-
wing in Tatra Mts. and Alps, however they
also differ markedly between each another.
The two remaining populations from Tatra
Mts. (Ta-1 and Ta-3) cluster with the popu-
lations from Alps.

Assuming that the investigated regions of
stone pine occurrence in Europe represent
fragments of the original preglacial range
they derived from different and very distant
parts of the original range. Furthermore the
time elapsed after isolation of particular regi-
ons was presumably different. This could
explain the observed remarkable genetic di-
vergence of the investigated groups of popula-
tions. On the other hand, it still does not
clarify the considerable differences between
populations inhabiting one region, which was
especially evident in the case of populations
from Tatra Mts.

It should pointed out however, that present
natural populations of stone pine in Europe
occur exclusively in mountains and are sepa-
rated by high summits, which can markedly
reduce gene exchange between them. Furt-
hermore, the relative closeness of these popu-
lations does not necessarily reflect their com-
mon origin. For instance, the postglacial his-
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tory of stone pine forests in Tatra Mts. was
rather complicated and as has been pointed
out by Szafer (1966) there were at least seve-
ral sources of stone pine immigration to these
mountains. It is possible, that certain popula-
tions could persist in the southern (Slova-
kian) part of the Tatra Mts. during the last
glacial period, while the populations situated
in the northern parts have been destroyed by
glacier. The increased genetic distance be-
tween Slovakian population Bielovodska Val-
ley (Ta-4) and the remaining populations
from Tatra Mts. can support the above sug-
gestion. In addition, there is also some evi-
dence, that stone pines originating from Alps
and Siberia have been introduced in the
XIXth century to the Polish Tatras (Paryski
1971), which could also contribute to the
increased differentiation found between Po-
lish populations of this species.
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GENETIC DIFFERENTIATION OF SCOTS PINE POPULATIONS
1. Genotypes

MARIA KRZAKOWA

The early provenience investigations described the Scots pine of the North part cn Poland as a different in many
morphological and physiological characters from that of the middle part of country. Eight populations, tested
previously in provenience experiments, were used in this study as the representative samples of Polish Scots pine

forests. At last 30 trees were randomly chose from each population. Each mother tree was examined in respect of five
enzyme systems: leucine-aminopeptidase, glutamate oxalacetate-transaminase, 6-phosphogluco-dehydrogenase,
alcohol dehydrogenase and glutamate dehydrogenase. Interpopulational divergences, based on genotypic frequencies,
were described by Hedrick’ distances. Mahalanobis’ distances and Canonical Analysis.

Introduction

Description of genetic variability of Conif-
ers has been available with the application of
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isoenzyme electrophoresis for detecting and
analycing of the biochemical polymorphism.
Isozyme investigations on Scots pine were
initiated in Sweden by Rasmuson and Rudin,

at the begining on the haploid needle tissue
(Rasmuson and Rudin 1971, 1973), and later
on the haploid macrogametophytes (Rudin
1975, 1977a,b,c,d, Rudin and Lindgren 1977,
Rudin ad Ekberg 1978). Further researches
were conducted in West Germany (Mul-
ler-Starck 1976, 1977, 1979, Hattemer et al.,
1981) and Poland (Krzakowa et al., 1977,
Krzakowa and Szweykowski 1978, Krzakowa
1979, 1980a,b, Mejnartowicz 1979, Prus-
Glowacki and Szweykowski 1977, Szmidt
1979, 1980a,b,).

The regional beauty of Polish populations,
especially of the North part of country, and
their high flexibility in changed environments
with retention on genetic value, have been
noticed in the earliest provenience tests (Vil-
morin 1862). Seeds of the five stands namely
from Bolewice (No. 1), Rychtal (No. 6), Sup-
ra$l (No. 8) and Ruciane (No. 5), have been
included to the IUFRO 1907, 1938, 1939
provenience tests (Wright and Baldwin 1953,
Wright and Baldwin 1953, Wright and Bull
1963, Giertych 1979). Population from
Bolewice was represented in Czechoslovakian
experiments (Vincent 1953). Another four
populations from Milomlyn (No. 4), Spala
(No. 7), Gubin (No. 2) and Janéw
Lubelski (No. 3) were also examined in a
%rovenience test conducted in Poland

ociecki 1973).

Thus eight populations (for their dis-
tribution see Fig. 1) have been selected to
this study as representative samples of
Polish Scots pine forests.

Material and methods

Trees chosen for this study have been randomly sam-
pled in almost equal number for each population:
Bolewice-33 trees, Gubin-34, Janéw-30, Milomlyn 31,
Ruciane-33, Rychtal-34, Spal-32 and Suprasl-32. The
seeds were collected in the winter time from each tree
separately. At least 6-10 macrogametophytes were as-
sayed from every tree as an optimal number (Morris and
Spieth 1978). Each macrogametophyte was homogenised
in phosphte buffer pH=7. Crude extract was absorbed
by paper wicks (Beckman no. 319329) which were in-
serted into a cut 4 cm from the cathodal end of horizontal
starch gel.

Electrophoresis was conducted in 12 % starch gel (IE
England) in two buffer systems: 1. Lithium boric (Scan-
dalios 1969) for GOT and LAP at 300V for 3h: 2. Tris-
citric (Shaw and Prasad 1970) for GDH, —PGD and
ADH at 150V for 5h. Each tree was examined for five
enzyme systems: leucine-aminopeptidase (2 loci), gluta-

mate-oxalacetate-transaminase (3 loci), 6-phosphog-
lucodehydrogenase (3 loci), alcohol dehydrogenase
(3 loci) and glutamate dehydrogenase (3 loci).

Populations have been compared in respect to their
genotypic structure. As a consequence of the new investi-
gations, interpopulational distances have been based
here on genotype frequencies described separately. For
example, in GOT, three genotypes G,G,, H}H; and L1,
were used instead of one genotype G,G,H,H;I,I; as
referred in previous papers (Krzakowa and Szweykowski
1978, Krzakowa 1979, 1980b).

Genetic diversity has been calculated by Hedrick
(1974) method and the shortest genetic distances be-
tween populations illustrated by minimum spanning
plotted on the maps (Fig. 1). By means of synchronous
testing procedure, the hypotheses referring to differences
between populations in consideration of particular loci of
each enzyme system were verified, and, according to the
F-statistic, not any of them have been rejected on 0.05
level as well for each locus as for each genotype separate-
ly. Multivariate techniques were used to describe inter-
populational differences for each locus with calculation of
Mahalanobis’distances as the measure of distinctness
between populations (Anderson 1961, Calinski and
Kaczmarek 1973, Calinski et al., 1975, Mahalanobis
1936, Rao 1948, Sneath and Sokal 1974). Minimum
spanning, based on Mahalanobis’distances, have been
plotted on the populations situated in the two first canon-
ical axes reference system (Blackith and Reyment 1971,
Morrison 1967, Rao 1964) and also on the map (Fig. 2).

Results and discussion
Genetic interpretation

Taking into account minimal number of
6-10 macrogametophytes, it is possible to
identify genotype of the mother tree as homo-
or heterozygote for particular loci. In the
zymograms interpretation, it was assumed as
a rule, that two bands (= allozymes) belong-
ing to the same locus cannot exist together in
the same macrogametophyte and in case of
two simultaneously visible bands we deal
with separate loci.

The variability of each enzyme system
Leucine-aminopeptidase (LAP)

The band patterns form two distinct zones.
The first one is represented by four alleles
locus A: A}, Ay, Aj and a null (= silent) allele
A,. The second zone has also 4 alleles belong-
ing to locus C. The most common are alleles
C, and C,, whereas C and Cj; are rather rare.
This confirms the results described earlier by
other authors (Rudin 1978, Mejnartowicz et
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Figure 1. Dendrites of shortest connections between populations traced on the basis of the Henrick’distances
for LAP-A, GOT-B, 6-PGD-C, ADH-D, GDH-E and for all enzyme systems-F, plotted on the maps. The
full populations names are: Bolewice no. 1, Gubin no. 2, Janéw Lubelski no. 3, Milomlyn no. 4, Ruciane
no. 5, Rychtal no. 6, Spala no. 7 and Suprasl no. 8.

al., 1978). The minimum spanning (Fig. 1A)
constructed on the basis of genotypes fre-
quency shows interpopulational divergence.
Three North populations (nos. 4, 5 and 8) are
closely connected and make a separate group.
Populations in central Poland are rather dis-
perse.

Glutamate oxalacetate-transaminase (GOT)

This enzyme system shows three zones of
activity migrating anodally: the fastest one,
locus G, with two alleles, locus H with five
alleles and locus I with three alleles. This
type of migration is similar to the Finnish
Scots pine described earlier by Chung (1981).

The minimum spanning (Fig. 1B) shows
the connection between populations of a mid-
dle part of country, and the shortest distance
is between populations no. 3 and 6.

6-Phosphogluco-dehydrogenase (6-PGD)

There are three electrophoretic variants
. which migrate in anodal part of gel. All of
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them segregate as alleles of three individual
loci R, S, T. The particulars of genetic in-
terpretation were described in a previous
paper Krzakowa and Szweykowski 1978/.
That the North populations nos. 5 and 8 are
connected, can easily be seen, on the
minimum spanning (Fig. 1C). However, the
shortest connection is between populations
no. 1 and 7.

Alcohol dehydrogenase (ADH)

Three loci called by letters Y, Z and P can
be seen on the zymograms. The first two
genes Y and Z have silent alleles, whereas
locus P is represented by three alleles P, P,
and Pj;. Dendrite, plotted on the map (Fig.
1D), shows that the shortest connection is
between populations 6 and 3, and the two
North populations (nos. 4 and 8) are also
connected.

Glutamate dehydrogenase (GDH)

The zymograms show three zones of bands.
These zones comprise three loci called by

2[ e2x

Figure 2. Scatter diagram of populations in the system of
the first /V,/ and the second /V,/ canonical axes and
minimum spanning tree of shortest connections bet-
ween populations traced on the basis of Mahalanobis
distances for ADH - locus Y.

letters U, W and X. Each locus has two
alleles. The minimum spanning (Fig. 1E)
shows that the connection between popula-
tions nos. 4 and 8 is similar to that in ADH.
Interrelation of populations nos. 6 and 3 also
occurs.

The variability in respect of all enzyme systems

As we can easily read from the dendrite
plotted on the map (Fig. 1F), the populations
characterised by 65 genotypes simultaneous-
ly, confirm the existance of two groups: North
populations and populations of the middle
part of Poland. Some of inerpopulational con-
nections are of the very similar character as
the connections determind in separate enzy-
me systems. For example the connection bet-
ween two North populations no. 4 and 8 have

been observed in ADH and GDH as well as
between populations nos. 5 and 8 in LAP, 6-
PGD and GDH. It should be noted that the
connection between population from Janéw
Lubelski (no. 3) and Rychtal (no. 6) are
almost constant. It occurs in all enzyme sys-
tems except of 6-PGD. The connection be-
tween populations nos. 1 and 7 which is also
very frequent, could be seen earlier in 6-PGD,
GOT and GDH enzyme systems.

The variability in each locus

Scatter diagrams of populations in the
system of the two first canonical axes and
dendrites constructed on the basis of
Mahalanobis’distances both show popula-
tions spread in a different way. The diagrams
and dendrites are not given separately here
but the general scheme of connections is very
similar to that of Hedrick’ distances. The
most interesting combination in ADH-locus
Y (Fig. 2) indicates, that populations are
divided into two groups with visible sepa-
rateness between the North populations and
populations of the middle part of country.

Genetically distinct populations of the
same species which have differentiated gene
pool, are called races. Races, which are geog-
raphically separated, can develop some easy
to confirm discontinuities. In the case of Scots
pine, the situation is more complicated. The
continual distribution of this widespread
species results in free exchange of its genes.
Clinal variation of Scots pine, described for
the first time by Langlet (1959, 1963), has
been confirmed in the last years by investiga-
tions of terpenes (Tigerstedt et al., 1979, Hil-
tunen 1975) and isozymes (Chung 1981) var-
iability. Since racial classification in the Scots
pine probably denotes a portion of cline
(Wright 1976), the concept of race as
”Mendelian populations or arrays of genoty-
pes that inhabit parts of the distribution area
of a polytypic species” (Dobzhansky et al.,
1977), should be considered in future investi-
gations of Scots pine populations.
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GENETIC DIFFERENTIATION BETWEEN ADJACENT
POPULATIONS OF PINUS SYLVESTRIS

URBAN GULLBERG, REZA YAZDANI AND DAG RUDIN

The possibilities are considered, in terms of Wright’s theory of shifting balance, for the rapid evolution of Scots

pine populations under natural conditions in Sweden.

The study is concerned with three adjacent stands in the southernmost part of the Swedish mountain range and

with two such stands outside Stockholm.

In the mountain range a stand exposed to wind has later flowering periods than surrounding stands. Outside
Stockholm a stand in a bog also has later flowering than the dominating stand types. It is shown that these differences
cause a partial genetic isolation despite high rates of pollen entering these sites from outside.

The partial isolation and indications of diversifying selection in the adjacent stands have led us to maintain that
situations could be identified for Scots pine where the theory of shifting balance is valid.

Isozyme techniques were used to study the genetic polymorphism within and between three stands from the
mountain range. The result of this study points out that genetic differentiation has occurred between these adjacent

stands.

Introduction

Any long term breeding programme aims
both to preserve appropriate parts of existing
genetic variation and to create new variation
within the species in question. For Scots pine,
with its short period of domestication, a prop-
er knowledge of its processes of evolution can

greatly help the breeder with both these aims.

The purpose of the study is to find out
whether natural conditions of Scots pine
(Pinus sylvestris L.), in Sweden, encourage its
rapid evolution. We have examined whether
the conditions in Swedish Scots pine forests
are such that Wright’s (1977, Ch. 13) theory
of shifting balance can be applied.
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Wright (1978, p. 524) states that the pro-
cess of shifting balance in a structured species
is the principal basis for evolution of sexually
reproducing species. The shifting balance
theory assumes (Wright, 1977, Ch. 13) that
the relationship between genotype and
phenotype is governed by a large number of
segregating minor genes and by pleiotropy
and multiple fitness peaks. It also assumes
that the species consists of many randomly
breeding local populations, demes, that are
partially isolated from each other. Each
evolutionary step in the process will start
with a phase of random drift followed by a
phase of mass selection to a new fitness peak
and be completed by a phase of interdeme
selection. The above conditions are necessary
for the process but in addition the ecological
opportunity, i.e. new environmental condi-
tions, must occur to promote fast evolution.

With the present evidence from genetics of
Scots pine it seems that the condition of
partially isolated demes within which ran-
dom drift can occur is difficult to fulfil. Thus
Koski’s (1970) study on pollen dispersal sug-
gests large efficient population size (N.) since
a relatively big part of a stand’s pollen cloud
seems to be due to background pollination,
that is, come from distant sources. In addi-
tion, provenance trials show a large scale
clinal variation in northern Sweden for,
among others, characters related to the tim-
ing of the annual growth period (Eriksson,
1982). However, the provenance studies are
not designed for analysing differences bet-
ween populations from the same area and
Koski’s study has no direct observations of
the contribution to the offspring from distant
pollen sources.

In recent years there have appeared studies
indicating that relatively small demes can
occur in Scots pine. Thus Jonsson et al.
(1976) show that the timing of flowering in a
seed orchard differs on different sides of a
crown implying that site conditions can have
a great effect on flowering time. This, in turn,
can cause limited pollen migration between
adjacent stands in different micro environ-
ments, that is, limited background pollina-
tion. Even Campbell’s (1979) work on Doug-
las fir in a water-shed speaks for the existence
of rather small demes in forest trees. He has
shown that there are big differences in selec-
tive values for characters related to the timing
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of the growth period. This suggests that forest
trees, like grasses (Jain and Bradshaw, 1966),
could have isolated demes despite a great
influx of foreign pollen.

The present study has concentrated on
testing if there are adjacent populations
where the timing of flowering differs. In addi-
tion the genetic relationships between three
such stands have been studied by the isozyme
technique.

Material and methods
Stands

Stand data are summarized in Tables 1 and 2 and in
Figure 1-4. In northern Sweden, Idre, we have chosen
three stands close to the timber line, one in a valley
(400), one above the tree limit (500) and one in a north-
facing slope (600) (Figure 1). The altitudinal differences
in this region are relatively typical for the Swedish
mountain regions. The timber line, however, is on a high
altitude, for Swedish conditions, in this southernmost
part of the mountain range. Northwards it decreases and
is just around 400-500 meters above sea level in the
nothernmost part of the range. It should be noted that
the stand above the tree limit (500) consists of scattered
trees and that it is very exposed to wind. The others (400
and 600) are parts of a continous forest.

In southern Sweden two stands have been studied in
Alta, stand 700 on a hill and stand 800 on a bog (Figure
2-4). This type of site is quite common south of 60°
latitude. In spring the bog generally is warmer then the
hill in the day but colder in the night. During this period
it also has a lower soil temperature.

From each stand in Idre and Alta we have collected
cones from approximately 60 trees and the frequency of
cone-bearing trees has determined the size of the stand.

In between the Idre and Alta stands we have observed
flowering on single trees at a camping site close to Idre
and at Asen some 100 km south of Idre.

Observations on flowering

Tables 1 and 2 give the number of trees observed for
flowering. These trees have been chosen so that at least
ten male and female flowers* have been easy to observe,
that is, have been within five meters from the ground.
For the stand in the north-facing slope (600) this has
meant that the trees studied for flowering all come from
its highest part and for the stand in the valley (400) we
had to choose trees outside the cone collection area.

The female stages have been classified as in Jonsson et
al. (1976). Which of these that represent the start and
end of the female flowers’ receptive period have been
determined according to Chung (1981). On each tree at
least ten south-facing flowers have been chosen for obser-

* The term "flower” is adopted for strobili in this study.

Table 1. Background data on the observed stands. The
meteorological data comes from stations that are
representative for the stands.

Idre

75.1,,17 ] 700 800 Asen camping 400 600 500
Size (ha) B 2 4 - - 3 3 8
Domin. height 10 10 - - 14 14 8-10
Age -200 80-150 -150 -150 »200
Met. station

Stockholm- | Stockholm- | Kivdal
- o o) den I | Sarna Lofsdalen | Lofsdalen | Grivelsjon

Start’of growing
season X :s.e.’ 10115 | 101215 | 118:11 | 122.8 | 127
1979 115 115 129 1a1 134 "

Start’ of flower-
ing 1979

¢ % max. min 152: 05 | 154:05 - 164:05 | 165:05 | 165:05 | 168 :1.5
P

= 152: 0 154:0 - 164:05 | 166+ 1 166:05 | 168
Number of trees
observed 3 3 5 5 5 5 5

' Some exceptions

Too early (see text)
>=0"- 1st of January
* Perttu et al (1978) T+5C

Table 2. Observations on flowering in Idre and Alta.

ALTA year 1979 1980 1981
stand 700 800 700 800 700 800

Number of trees 3 3 3 3 | 39 41

observed

Start of growing |115 : 12 : 105 :

season

Temp. sum till" 220 270 240

start of flowering

Start of flowering
:) South-facing |151.5¢0.5 153.5+0.5 [159+1 163:0.5
North-facing |152.5¢0.5 154.5¢+0.5 | 159.5¢1 163.5:0.5

148.5¢3.5 15413

_. South-facing |152 1535 16121 164 14812  154:3
~ North-facing |152 1535 16141 164

' See notes Table 1
? Later than 700

vation. On a small fraction of the trees the flowering has
been checked on the northern side of the tree and in its
top. At each observation the frequency of flowers in
different stages have been recorded, but the flowers have
not been followed on an individual level.

Also when observing pollen dispersal we have used the
methodology described by Jonsson et al. (1976), that is,
vibration of the male flower in order to see if it sheds
pollen. Frequencies of shedding and non-shedding flow-
ers were recorded on the south-facing side of each tree.

In Alta the production of female and male flowers was
recorded 1981 by classifying each tree on a ten-graded
scale. The colour of the flowers was also observed.

Estimates of migration

No direct observations on migration have been made,
but the results in Sarvas (1962), Koski (1970), Chung
(1981) and from this study have been put in a model that
makes an estimate possible. The model estimates the
Immigration to a population. It excludes the migration of
seed and just considers those pollen grains that produce a
viable embryo.

The model requires estimates on the distribution of the
female flowers’ receptive period in the population and
the amount and composition of pollen in the pollen cloud
during this period. In addition it assumes that the fre-
quencies of different sizes of pollen chambers as well as
the distribution of pollen grains on the ovules are known.

# Cont. pine area
----- Tree limit
Il Observed stands
2 Settlement

1000 m

Figure 1. The Idre stands and the camping site.

The background pollen is assumed to have the same
viability as the pollen from the neighbours.

Estimates of the receptive period are taken from this
study. The composition of the pollen cloud over time has
been estimated by using the results of the studies on
Finnish materials mentioned above in combination with
the observations made in this study. The distribution of
sizes of pollen chambers have been taken from Sarvas
(1962). Finally, Sarvas’ (1962, Table 15) data have been
used for describing pollen grain distributions on ovules.

Isozyme analyses

Cones were collected from the stands in Idre. Seed
from each cone was extracted and kept in —20° C until
analysed. Seeds were germinated on wet Whatman paper
for five days at room temperature and macro-
gametophytes were removed. Each macro-gametophyte
was homogenized in tris-borate buffer (pH 7.4). Elec-
trophoretic separation was carried out with 12 % starch
gels according to the method described by Ashton and
Braden (1961), and Rudin and Rasmuson (1973). For
more details of isozyme sepration and staining see Rudin
and Ekberg (1978), and Yazdani and Rudin (1982).

Enzyme polymorphisms detected in endosperms are
listed in table 4. Mendelian inheritance for each of these
loci and linkage relationships among the loci have been
demonstrated by Rudin and Ekberg (1978), and Yazdani
and Rudin (unpublished data).
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ALTA MOSSE
59'13 N. 16°11" E Greenwich
of cbservation: 1981-

ALTA MOSSE

59°16"N. 16°11° E Greenwich
Date of observation: 1981-05-31

dense moss-rich

A pine forest
2+3b0g witn

Tescattered pines

59°16°N, 16’11 E Greenwich Tower part female
Date of observation: 1961-06-06 strobil

X | Analysed pine
ALTA MOSSE . upper part male
’ ‘ /

Figure 2—4. The Alta stands with the flowering for three representative days
in 1981.

208

Statistical analyses of isozyme data

Heterogeneity of allelic frequencies among the popula-
tions at Idre was tested with the Chi-square test. Average
heterozygosity (H) and genetic differentiation (Dst)
were calculated according to Nei (1973). Wright’s fixa-
tion index was computed.

Results
Flowering in Idre

The flowering periods for 1979 in the Idre
stands, at Idre camping site and at Asen, are
summarized in Fiqure 5 and Table 1.

The variation in flowering time between
the latest and earliest in the same tree, on the
southern side, is at any flowering stage
around one day for females and less than half
a day for males. It is of the same order
between trees when looking at their averages.
However, the variation between trees is just
based on five individuals per stand.

Despite the limited number of trees studied
it can be stated that the flowering periods of a
stand are related to the start of the growing
season as could be seen from comparing the
meteorological data in Table 1 with the flow-
ering periods in Figure 5. However, the differ-
ences between localities was considerably re-
duced from the start of the growing season till
the time for flowering. This is probably partly
due to the fast development during the flow-
ering period in 1979.

The flowering periods do not differ be-
tween the stand on the north-facing slope
(600) and the one in the valley (400) despite
the fact that the observed trees in the former
come from its highest part. This similarity,
and the fact that the stand above the tree
limit (500) flowers later, indicates that wind
exposure is an important factor for timing of
flowering in mountain regions.

Flowering in Alta

The flowering periods for 1979 in the Alta
stands are presented in Figure 5 and for 1981
in Figure 6 (see also Table 2). In addition we
have observations from 1980 for these stands
and for 1979 and 1980 from a stand south of
the bog. The observations in 1981 give a
representative  picture of the flowering

camping site
tand 400 and 600 in the valley
stand 500 above the tree limit

Figure 5. The flowering periods for all stands observed in
1979. Stand 400 and 600 in Idre were so similar in
timing that they have been represented as one stand.
The arrows show the times of observation. A field
represents the flowering in one stand, the left edge of
a field shows the percentage of flowers that have
started the right those that have ended their period.
No border lines indicates extrapolation. Compound
screens show overlapping.

periods for the two populations. The trees
studied in 1979 and 1980 are also among the
trees observed 1981. Those on the hill are
representative for the large sample while the
three individuals in the bog (800) are among
the earliest of those studied 1981.

The interval between the earliest and latest
flower on a tree’s southern side, at any flower-
ing stage, is one day for females and half a
day for males. The differences in flowering
time between south- and north-facing parts of
the crown, as seen from Table 2, is at max-
imum one day. By looking at the general
appearance of the male flowers and at the
occurrence of bent female flowers (cf Jonsson
et al. 1976 fig 11) it has been concluded that
the flowers in the top are simultaneous with
south-facing flowers close to the ground.

The variation in flowering between trees,

1981

stand 700 on hill

Figure 6. The flowering periods for the Alta stands in
1981. For explanations see figure 5.
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measured by the south-facing flowers in the
Alta stands, is illustrated in Figures 2—4 and
summarized in Table 2. The standard devia-
tion due to measurement error is estimated to
be less than a tenth of a day. Parts of the
variation could be explained by microsite
conditions. Neither protandry nor protogeny
has been observed. The trees keep their rela-
tive time positions for flowering during the
three years observed.

The difference in flowering time between
years is summarized in Table 2 for the two
stands and the total course of events is illus-
trated in Figures 5 and 6 for the years 1979
and 1981, respectively. The variation in start-
ing point is clearly related to the temperature
conditions during the spring. The differences
in duration of the flowering periods are main-
ly explained by differences in sampling. The
trees observed 1979 and 1980 do not repre-
sent the whole variation observed in 1981.
Partly, however, the differences are due to
variable weather conditions. Thus the dura-
tion is shorter the warmer it is but, in addi-
tion to low temperatures, windy and rainy
days extend the flowering period. After a
couple of very windy and rainy days in 1981,
the most exposed female flowers died and
many of the ripe male flowers never seemed
to shed any pollen.

The difference in flowering time between
the two stands is also summarized in Table 2
and Figures 5 and 6. The stand on a hill south
of the bog had similar flowering times as
stand 700 on the other hill. No temperature
recordings have been made on the different
sites, but our knowledge of the climatic condi-
tions in such sites makes us assume that the
late flowering in the bog is mainly due to low
soil temperatures.

The production of female flowers 1981 is
somewhat higher in the hill stand (700) than
in the bog (800). The male production is
approximately twice as big on the hill as in
the bog. The trees studied were selected since
they had at least fifty ripe cones within some
seven meters from the ground in the autumn
1980 and consequently they are a biased sam-
ple when studying flower production. In both
stands, however, they represent approximate-
ly half of all trees that are sufficently old for
flower production and the above mentioned
relations therefore give an indication of the
differences in male and female production
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between the stands. The variation within the
stands for flower production partly seems to
depend on the microsite, but parts of the
variation cannot be explained by the observ-
able differences in site conditions. The trees
studied in all three years, six only, showed the
same relationship with regard to flower pro-
duction in all years.

There is no significant correlation between
the flowering time of a tree and its flower
production.

In both stands there is a polymorphism for
colour of the male flower. Thus eight out of 51
are red, the rest yellow, in stand 700 up on
the hill. In the bog there are seven red and 50
yellow. No difference in time of anthesis has
been observed between trees with red and
yellow flowers respectively.

Migration in Idre

We have only estimated the immigration to
the stand above the tree limit (500), since this
stand is well isolated from similar stands that
flower simultaneously. The two other stands
(400 and 600) are a part of a big continuous
forest area where the flowering periods are
the same. Therefore the background pollina-
tion will be simultaneous with the receptive
period of these stands. This means that im-
migration will be equivalent to the amount of
background pollination.

Figure 5 shows how the immigration from
distant sources, i.e. background pollination
will be reduced due to differeces in flowering
periods. In Table 3 the importance of diffe-
rent timing of flowering periods is sum-
marized.

The estimates are dependent on the as-
sumptions made and on the weather condi-
tions during the year of observation and con-
sidering the few trees observed the estimates
should be used with great caution.

Migration in Alta

Table 3 gives the estimates of immigration
to the bog, stand 800, in 1979 and 1981.
Immigration to the hill stand has not been
estimated since it is predominant in this area
and therefore its immigration is equivalent to
the background pollination. The high values

Table 3. Estimated immigration of pollen in Idre
and Alta.

Immigration to: Proportion of background

pollination assumed

0.33 0.50 0.67

Stand 500 in Idre, 1979 0.10 0.15 0.20
Stand 800 in Alta, 1979 0.20 0.35 0.50
Stand 800 in Alta, 1981 0.08 0.12 0.23

Table 4. 2Gene frequencies in Idre for isozyme loci.
A x’-test shows significant  heterogeneities

(*:p<.05;**:p<.01) between populations in GOT-B
and ADH-B.

STAND| LOCUS ALLELE FREQUENCIES N

1 2
400 |GOT-A | 0.08 0.97 a9
500 0 100 48
600 0 1.00 49

1 18 2 22 3 33
400 |GOT-B 0 0.08 022 021 049 0O 38~
500 0.02 0.14 021 0.09 054 0 s
600 001 0.17 032 0.12 037 0.01 474"

08 1 2 22
400 | GDH 0 042 058 0 37
500 0.01 0.36 0.61 0.02 50
600 0 036 064 O 49

01 1 2 3
400 | F-EST 0 0.82 005 0.13 38
500 0.01 0.71 0.14 0.15 48
600 0 074 0.13 0.13 47

0 1 2 3
400 |LAP-A [ 001 0 0.97 0.01 39
500 0 0 0.97 0.03 47
600 0 0 098 0.02 49

0 01 1 b4 3 4
400 (LAP-B | 001 O 003 095 001 0 39
500 0 001 0 094 005 O a7
600 0 0 0.02 093 0.04 0.01 49

1 2
400 [MDH-A | 0.10 0.90 40
500 0.11 0.89 48
600 0.09 0.91 48

1-3  2-4  1-0
400 |MDH-B | 0.68 0.30 0.01 40
500 0.69 0.29 0.02 53
600 0.64 035 0 47

1 2 3
400 | ADH-B 0.03 0.88 0.09 38y....
500 0.17 0.70 0.13 46‘%--
600 0.11 0.72 0.16 49~

Table 5. Population genetic parameters for the stands in
Idre based on isozyme data.

Stand Relative frequency Average

Fixation index
of heterozygotes heterozygosity

400 0.26 A =0.276 F = 0.086
500 0.33 A=0.318 F = -0.036
600 0.30 A=0314 F =0.023

in 1979 are mainly due to the short flowering
period this year, causing great overlapping
between stands. However, the estimates for
1979 are also less accurate since they are
based on few trees.

Isozyme studies in Idre stands

Gene frequencies for nine polymorphic loci
from the stands in Idre are presented in
Table 4. Alleles at a certain system were
pooled so that the statistical power of the test
is maximized. The Chi-square test for
heterogeneity shows that there are significant
differences in allelic frequencies at the GOT-
B and ADH-B loci among the three popula-
tions. The stand on the north-facing
slope(600) and the population in the val-
ley(400) show differences in relative frequen-
cy for both GOT-B and ADH-B alleles. The
stand above the tree limit(500) differs from
the one in the valley with regard to ADH-B
and from the one on the north-facing slope for
GOT-B.

Population genetic parameters for the three
stands are given in table 5. They show that
the stand in the valley is different.

No significant deviations from Hardy-
Weinberg equilibrium were detected. Finally
the genetic differentiation between the stands
measured as Gst = Dgr / H is one percent.

Discussion
Sample size for flowering studies

The number of trees studied for flowering
in 1979 and 1980 are very few per stand.
However, they were chosen to be representa-
tive for their respective stands and which is
largely confirmed by the observations in Alta
1981. We have therefore found it appropriate
to use the results from these years when
discussing differences between stands.

Migration

Koski (1970), observing pollen dispersal in
Finnish Scots pine stands, with normal pollen
production, estimated that approximately
half the pollen cloud around a tree originates
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from trees within 50 meters distance. His
data indicates that the rest of the cloud, the
background pollen, to a major part originates
from stands several hundred meters away.
His data on short range dispersal are largely
supported by studies on actual migration us-
ing the isozyme technique (Miiller, 1976;
Shen et al. 1981). Stern (1972) labelling a
stand of 50 X 50 m presents results that
support Koski’s estimates of background pol-
lination. However, no studies, as far as we
know, have estimated the actual migration
from background pollination. Decreased pol-
len vitality or different timing from that in the
stand itself could cause big differences be-
tween pollen dispersal and proper migration.

The present study concentrates on estimat-
ing the effects that timing of flowering has on
migration. Assuming the same magnitude of
background pollination as Koski (1970), we
have estimated the pollen migration in sites
with microgeographic differences and found
it to be less than the rate of background
pollination. This is at least true for immigra-
tion to stand types that are relatively rare in a
region like the bog in Alta or the stand above
the tree limit in Idre. The study also indicates
that migration between stands in different
climatic regions will be occasional, although
pollen dispersal occurs, owing to differences
in timing of flowering. The effect of pollen
sources from other regions could therefore be
supposed to have effects of the same type and
magnitude as mutations.

As a conclusion of this study we maintain
that there are conditions when Scots pine
stands have low immigration rates despite the
occurrence of background pollen.

Effective population size

In several studies on Scots pine the effec-
tive population size (N.) was estimated by
observing the pollen dispersal from individu-
al trees (J. Wright, 1953; Schmidt, 1970) and
it was concluded that random drift owing to
small sample size will occur between neigh-
bourhoods. Koski (1974), among others, has
disagreed with these conclusions because of
the effects of background pollination and he
states ’Genetic differentiation of neighbour-
hoods cannot occur through random drift”.

The observations made in this study show
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that one could find clearly defined stands or
populations that are partially isolated from
background pollen. The genetic constitution
of these stands will therefore probably be
affected by random drift.

Diversifying selection

Jain and Bradshaw (1966) showed that diver-
gent selection pressure in adjacent popula-
tions can maintain differentiation between
them despite high migration. Much theoreti-
cal and experimental work regarding interac-
tions between selection and gene flow in mul-
tiniche situations (for references see Brown,
1979) has been made since then in order to
evaluate such situations from an evolutionary
standpoint. It seems, as far as we have under-
stood, that they are sufficient conditions for
the first phases in Wright’s theory of shifting
balance.

The fact that the flowering periods could
differ between adjacent stands certainly tells
us that there is diversifying selection for via-
bility like frost hardiness or the timing of the
period of growth. Campbell (1979), studying
Douglas fir, has shown that the differences in
selection pressure for such characters are con-
siderable between adjacent stands. In Scots
pine evaluations of provenance trials indicate
effects similar to those found by Campbell
(Eriksson et al., 1976). However, Scots pine
in Sweden naturally has much fewer seedl-
ings per adult than the 2 000 estimated by
Campbell and thereby less possibilities for
selection to work. Estimates from Hagner
(1965) indicate that the seedlings per adult
after natural regeneration are 70-200 in
southern Sweden and less than ten for large
areas in northern Sweden.

Isozyme polymorphisms in Idre

Recently several isozyme studies have been
performed on adjacent populations of conifer-
ous trees. Genetic differences between such
populations have been observed (Bergmann,
1978; Mitton et al. 1977 and 1980) as well as
differences within stands (Linhart et al.
1981). Parts of the between-population differ-
ences are correlated with environmental pa-
rameters and the differences within stands

seems to be associated with family structure.

We have no obvious explanation to the
differences between the stand in the valley
(400) and that on the north-facing slope
(600). On the contrary our observations on
flowering and on the period of growth speaks
in favour of genetic similarity. However,
there might be environmental differences, not
observed by us, that have caused the genetic
dissimilarity for isozymes between these
stands or it can be explained by random
effects causing differences associated with
family structure. The presence of random
effects is supported by the fact that the cold
summers in these regions mostly cause very
poor seed crops on an average and big differ-
ences in gametic contributions from different
individuals due to microclimatic differences
between the stands.

The genetic differentiation, as estimated by
Gsr, is around one percent which is lower
than generally observed for cross breeders
(Brown, 1979). This can probably be ex-
plained by the fact that the environmental
differences are relatively minor in Idre com-
pared with those in the other studies.

Polymorphisms in Alta

Stern and Roche (1974) discuss the obser-

vations made on male flower colour in Scots
pine. They find it probable that this poly-
morphism is due to a single gene and that it is
maintained by the red flowers having early
anthesis and the yellow ones late.
_ The observations on male flower colour in
Alta do not disclose any differences between
the two stands and there is no relation be-
tween flower colour and time of anthesis.

Conclusions

We have observed partial isolation be-
tween adjacent stands and have indications of
diversifying selection on such sites. This has
led us to maintain that it is possible to iden-
tify situations for Scots pine where the condi-
tions for Wright’s theory of shifting balance
can occur. We therefore consider it important
to continue research that tests this hypothesis
and to analyse how conditions for fast evolu-
tion, caused by shifting balance situations,

should be utilized in the long term breeding
programme.

The following fields are of high priority in
this context:

— The construction of models of the population structure
of Scots pine adapted to the situations in question.

— Further studies of migration between adjacent stands
in order to get better estimates and to find additional
situations where partial isolation will occur.

— Further studies of migration due to background polli-
nation in order to get direct estimates of its effect.

— Studies on natural selection for fertility components
and for viability components that have their major
effects from the zygote stage and a couple of years
ahead.

— Selection experiments on natural populations from
areas where the preconditions in the theory of shifting
balance are believed to occur.

— Generating a new breeding material by cultivating
selected material under ”shifting balance” conditions.
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FOREST GENE RESOURCES IN SWEDEN

PETER KRUTZSCH

Modern forestry either moves selected natural populations to new sites, or uses artificial, bred material in forest
cultivation thus replacing locally adapted provenances. in contrast, the objective of the Swedish Forest Gene Resource
Programme is to preserve and maintain natural genetic variation in our economically important forest tree species.
The work should mainly be carried out on samples of distinct natural populations with the aim to prevent genetic
erosion and genetic immigration for generations to come. It is believed that the future value of Forest Gene Resources

lies rather upon genetic variation among provenance-typical genotypes than in allelic multitude in unassorted
genotypes.

The major problems of the Gene Conservation Programme are:

- To find an adequate number of autochthonous stands of sufficient population size which can be preserved at
moderate costs.

— To find proper methods for in situ and perhaps even ex situ renewal of Gene Resource material with minimum
changes of its population structure.

— To start a registration of younger stands, cultivated with well defined seed sources of today. These stands will be the

future objects for studies of consequences of population transfer and domestication. In themselves they certainly
will be sources of potential breeding material.

Most urgent is the need of marker systems which allow for discrimination and identification of seed sources,
populations and individuals on biochemical, phenological or morphological grounds. Studies on the differentiation of
populations are necessary to find measures for the distance between and the satisfactory number of “Gene Resources”.
A survey of older, certainly autochthonous stands of Norway spruce and Scots pine has begun in Southern Sweden
and must be continued in order to save immediately endangered material. A system for the registration of younger
stands from well defined sources must be worked out carefully and properly introduced in order to gain the interest of

forest owners.

In figure 1, the development of Swedish
Forest Renewal, particularly for South and
Central Sweden, is shown.

Active forest renewal in todays meaning is
slightly older than 100 years. Before that,
reforestation came as spontaneous regenera-
tion or rather, was suppressed as forest land
was turned into agricultural land. Intensive
reforestation started about 1860 as a necessi-
ty, since the accessible forests at least in
Southern and Central Sweden had largely
been depleted by then. During a period of
almost 50 years large areas were restocked,
mainly by forest seeding but soon also by
planting. The material used in todays ter-
minology was provenances: Moved natural
populations in contrast to natural regenera-
tion or artificial regeneration with “local
sources”. Large proportions of the material
were imported from Central Europe, where
forest management then already was estab-

lished and where seed extractories were work-
ing on a commercial scale. With the begin-
ning of World War I, artificial reforestation
decreased and was not resumed to any great
extent until the end of World War II. In
between, mostly natural regeneration was
practiced and in artificial regeneration mostly
local provenances were used. Only about
1950 a new and very intensive period of artifi-
cial regeneration came, and it is still going on.

This first century of reforestation in South-
ern and Central Sweden is characterized by
the use of mostly rather far off provenances.
After World War II, tree breeding and seed
orchard work started and right now, after
some 30 years of intensive work about % of
our reproductive material of Scots pine is
produced in seed orchards, the rest is mostly
moved provenances, harvested in still auto-
chthonous stands. For Norway spruce % of
the material is imported from Romania and
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1900 2000 2100

natural regeneration

provenances

Figure 1. The development of forest regeneration in
Sweden.

~ 1860 Restoration of devastated forests starts. Great importations of seed
from C. Europe

~ 1910- Decline in forest planting and seeding activites.

~ 1950 New start for intensive forest cultivation. Even now importations
from C. Europe.

~ 1970 Seed Orchards of Scots Pine give commercial yield.

~ 2000 Clonal Forestry (Tissue culture, Norway spruce) has become a
reality.

for'on
reproduction

CSR, so called South East provenances and
from White Russia and Northern Poland, so
called North East provenances. The rest is
domestic autochthonous sources, moved to
the north. Only one exotic, Lodgepole pine,
Pinus contorta from British Columbia is used
in Northern Sweden, it is replacing Scots pine
on about Y of its acreage.

Clonal forestry with cuttings of Norway
spruce is about to be introduced. Clonal
Forestry with Norway spruce will possibly
dominate in Southern and Central Sweden by
the end of this century. It will certainly domi-
nate if tissue culture becomes successful and
ageing trouble can be circumvented.

A rapid change from “natural populations”
to artificial populations is going on. Firstly
the change from provenances to seed-orchard
material and secondly from seed orchards to
clonal material by the turn of the century.
Even if clonal forestry may be delayed and
perhaps too difficult for Scots pine, our breed-
ing programme and our seed orchard plan-
ning foresee clearly a 100 % artificial forest
reproductive material by the end of the cen-
tury.

The forest genetic situation in Southern
and Central Sweden may today be described
as follows:

Very few stands from “before 1860 are
left. These are certainly autochthonous mate-
rial, now more than 120 years old. Depending
on acreage and silvicultural treatment, a
natural offspring of this material must be
regarded as autochthonous.

In the age class 60-120 years, cultivated
stands are not identifiable as to origin. We
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know for sure that many of these stands are
introductions from Central Europe, others
are cultivations with moved Swedish prove-
nances. The natural regenerated stands in
this age class must be regarded as auto-
chthonous.

Stands with trees in the age of 30-60 years
in the majority are natural regenerations. It is
probably very difficult to tell whether this
material is autochthonous or not. Ever so
often the pollen source may be of foreign
origin and we also have natural regeneration
of introduced provenances. The younger the
stands of natural regeneration are, the less it
is likely that they are purely autochthonous.

Finally, we have the youngest age classes of
up to 30 years, the result of planting activities
since 1950. Mostly Norway spruce are
”provenances” either from Central Europe or
Sweden, also the latter ones moved, al-
together unfortunately with very little
documentation on origin and use.

After one more forest rotation period, say
in the year 2100, the Forest Genetic Situation
is easily predicted. For Scots pine probably
very little "moved provenances” in Northern
Sweden will be left over in old age classes.
The rest is either material from Seed Or-
chards, cuttings in young stands or natural
regeneration. Natural regeneration, however,
will be less and less frequent in practice and is
by no means any longer reliably autochthon-
ous. For Norway spruce the oldest stands in
2100 will probably be ”provenances” still —
very good provenances, carefully chosen and
moved. The younger material, which here
means ages of 100 and below, will be artifi-
cial: Either cuttings, i.e. clones or seed or-
chards offspring. Natural regeneration is
scarce already now, there will be no chance
for any autochthonous material after natural
regeneration in future.

In view of this situation a Swedish Gene
Conservation Programme is to be started.
The aims of this programme will be:

Preservation of the genetic diversity in our
commercial important tree species, if practic-
able at the population level. Preservation of
the population structure in a certain limited
number of natural populations. Preservation
of a genetic "status quo” in populations as a
reference for the future.

Gene Conservation should serve as a com-
plement to current and future tree breeding

and silvicultural management of our forests.
Built-up and maintenance of the Forest Tree
Breeders ”Breeding Populations” within the
entire National Tree Breeding Programme
must be strongly considered in Gene Conser-
vation Activities.

Ger'le'Qonservation will comprise a variety
of activities, of which the real long-term pre-
servation of populations is the most difficult
task, if long-term is understood as a number
of normal forest rotation periods. (Here it is
tempting to ask for 10 generations — 1000
years or more).

This long-term conservation of Gene pools
representing populations is probably only
possible in ”life form™ i.e. within a close to
nature system of forest management with fo-
rest removal and renewal on a relatively large
scale. Of course, there will be no chance of an
unchanged continuity as in strict copying,
however, artificial means of conservation, as
seed storage, tissue culture, repeated grafting
or cutting do not seem to be applicable with
respect to time.

It is suggested that the Gene Bank’s back-
bone should be a number of provenance re-
servations. These should represent the diffe-
rentiation of our natural adapted populations
as closely as possible. A number of 10 reser-
ves for Scots pine and Norway spruce would
be a minimum requirement, 20 reserves each
would probably be regarded as adequate.

These Provenance Reserves can still be
formed within some of our Seed Source Are-
as, which now are approved for practical seed
supply. The Seed Source Areas represent au-
tochthonous material and are of considerable
size mostly.

Provenance Reserves should have a size of
at least 500 ha (a radius of 1250 m) of which
most serve as a protection zone for the Cent-
re, which is the regeneration source. Forest
management will be performed in the whole
reservation, with the only restriction, that no
other material is used in regeneration than
such harvested within the Centre. The pro-
tection zone will serve as pollen donor to the
Centre, as well as it will absorb pollen from
outside the reserve. Thus natural regenerati-
on should be avoided especially in the protec-
tion zone, as some of the offspring will be
hybrids.

The costs for the establishment of such
reservations will not be moderate. Aside from

administration, there will be additional costs
for regeneration, there will be losses due to
the use of unbred material instead of bred
forest reproductive material, and finally in
many cases costs for the premature removal
of minor stands established with introduced
material of the same species.

Next to this long-term provenance reserva-
tion two programmes for registration of Fo-
rest Gene Resources are suggested.

One registration aims to reinforce the pro-
venance reservations. The very coarse net-
work of 20 populations should, if possible, be
complemented by the identification and re-
gistration of autochthonous stands outside
the reservations. In this activity a survey of
other reservations in the country could be
included. In National and Provincial Parks,
old and very old forests are usually preserved
and these could certainly be of interest as
Gene Resources. At the time being, no plans
for the renewal of these resources should be
discussed. They can hopefully be included in
current breeding programmes and thus be
transferred into breeding populations.

Another registration aims to identify newly
established stands from natural seed sources.

Even if an increasing proportion of our
forest reproductive material is derived from
Seed Orchards, we still use seed harvested in
autochthonous stands, and we still have some
autochthonous natural regenerations. These
stands, with a proper identification of locality
and seed source, will certainly be a great
potential as Gene Resources in future Bree-
ding Programmes. Of interest is both locally
used material as for example in natural rege-
nerations, as well as transferred material. For
Scots pine it is Northern provenances moved
to the South, for Norway spruce it is South
Swedish sources moved to the North, in Sout-
hern Sweden introduced Norway spruce from
both South East and from North East Euro-
pe. Also sources of Lodgepole pine, Pinus
contorta from British Columbia and the Yucon
Territory, now introduced to the North of
Sweden are of interest in this context.

In this registration difficulties arise from
forest management, as little control on forest
reproductive material is exercised. There is
also risk of uncontrolled replanting activities
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with different materials and the unobserved
establishment of natural regeneration of the
same species in planted sites.

In connection with the Conservation of
Forest Gene Resources many questions urge
for scientific research. In the suggested prog-
ramme the need to preserve autochthonous
populations is emphazised and one of the
dangers threatening Gene Resources is poin-
ted out to be hybridization of autochthonous
and introduced sources. Here we need discri-
minating methods for genetic information on
geographic origin. The classical methods of
provenance research as phenological studies
will be one of the Gene Bank’s tools, they are,
however, not sufficient. Biochemical marker
systems must be developed in order to inves-
tigate more closely into the genetic structure
of both individuals and populations.

Measures of genetic variation are needed to
answer questions such as the number of trees
needed to represent populations. In view of
the well known genetic heterogeneity within
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our forest tree populations, the amount of
differentiation between populations versus
the amount of overlapping are essential with
regard to the total geographic (and genetic?)
range of our species.

Also in very practical questions we meet
problems: How should seed-harvest in Prove-
nance Reservations be performed? Should
one collect a few cones from as many trees as
possible whenever possible or, should one
rather wait for a bumper crop at, say 10 years
interval? Should one plant in the Reservati-
ons with thousands of seedlings per ha and
thus challenge competition and selection or,
should one plant just enough to secure survi-
val in terms of forest management and thus
avoid competition?

So it is obvious, in our Gene Resource
Programme also activities and means should
be included to initiate and promote research.
The main questions will be: How to map
genetic variation and how to preserve genetic
variation, if possible unaltered.

SILVA FENNICA 1982, vol. 16 n:o 2

PART V

METHODS AND EQUIPMENT USED IN FOREST
POPULATION GENETICS

IMMUNOCHEMICAL METHODS IN ANALYSIS OF FOREST
TREE PROTEINS

WIESLAW PRUS-GLOWACKI

Immunochemical technique allow detection of the similarities in the amino acid sequence and configuration of
determinant groups on protein molecules. Therefore they can provide a measure of structural correspondence among
proteins of different species, different individuals of the same species and proteins from different tissues of the same
organism. Comparative analysis of the protein spectra of forest trees by immunochemical methods has proven to be a
useful procedure to obtain information about degree of genetic similarity between different species of forest trees and
their hybrids, differentiation between populations, inheritance of some antigenic proteins, checking the identity of
genes products and study of incompatibility.

The possible applications of immunochemical methods in investigations of forest trees proteins are reviewed.

Introduction

Up till now research on genetic structure of
forest trees populations has been based on
electrophoretic analysis of proteins and dis-
tribution of patterns secondary products of
trees metabolism such as monoterpens, oilre-
sins, polyphenol complexes and some others.

As far as population genetics of trees is
concerned the importance of studies on isozy-
mes, as direct products of gene activity is
unquestionable.

It seems, however, that immunochemical
investigations on proteins offer many pos-
sibilities for identification and comparison of
the properties of forest trees proteins. Untill
now the use of immunochemical techniques
has been rather limited in this field in spite of

their application in agricultural investiga-
tions.

Most of the papers published were con-
cerned chemotaxonomy and evolution in
Conifers (Saito 1968, Hagman 1977, Prager
et al. 1976, Prus-Glowacki et al. 1978, 1981)
and decidous trees (Brunner and Fair-
brothers 1978, Petersen and Fairbrothers
1978, Villamil and Fairbrothers 1974).

Some forest scientists also investigated the
problems of antigenic differentiation and
antigenic proteins variation in forest trees
populations as well as hybridization and in-
trogression (Villamil and Fairbrothers 1974,
Clarkson and Fairbrothers 1970, Prus-Glo-
wacki and Szweykowski 1980, Prus-Glowacki
and Rudin 1981).

The interesting examples illustrating the
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application of immunochemical methods in
incompatibility studies are reported in the
papers by Hagman 1967, 1971.

The serological techiques as potential indi-
cator of the ability to grafting in two
juniperus species were applied by Evans and
Rasmussen 1974.

Further development of immunochemical
technique, especially those concerning the in-
troduction of two-dimensional immunoelec-
trophoresis for qualitative and quantitative
evaluation of antigenic proteins, offer to a
larger degree, a wide range of possibilities of
the immunochemical methods application for
solving many basic problems in forest gene-
tics.

Materials and methods

Pollen is found to be most frequent source
of antigenic proteins. This material is very
suitable in immunochemical analysis. It is
the richest source of proteins characterised by
strong antigenic properties of all material
used in plant analysis, its protein spectrum is
relatively simple and it contains only slight
traces of substances which may have some
influence on formation of non-specific pre-
cipitating complexes. The disadvantage of
this type of antigens source is the fact that in
comparative studies the attention should be
paid for stage of development of pollen.

The advantage of seeds, the second source
of protein consist in large quantity of protein,
is relatively easy way of obtaining the mate-
rial for investigations and strong antigenic
character of storage proteins, especially in
certain plant groups.

The disadvantage is the presence of some
quantities of the substance causing the forma-
tion of non-specific precipitating systems and
the necessity of purification of seed proteins.

The third source for obtaining antigenic
proteins (though rarely used) are leaves.
They are used when the above-mentioned
protein sources are not available; for exam-
ples in studies of sterile hybrids or plants
flowering and fruiting seldom.

The advantage of this protein source is
usually very high specifity antisera obtained
which makes the identification of single indi-
vidual tree possible. The disadvantages in-
clude: low antigenicity of leaf proteins, their
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Figure 1. Diagrammetic representation the main
steps of immunochemical analysis.

low concentration and the necessity to ob-
serve the same stage of development of leaves
in comparative studies. In the case conifers
the lather is overcome by collecting one-year
old fully developed needles in winter period,
when the protein metabolism is established
on the minimal level.

The data obtained indicate that proteins of
pollen and seeds are found to be useful espe-
cially in chemotaxonomic and phylogenetic
studies, because of relatively small individual
specificity of those proteins. For studies on
populations, however, proteins of leaves
seems to be more suitable.

Particular main steps in the procedure of
immunochemical analysis are presented in
figure 1.

Extraction prosedures of plant proteins for
antisera production as well as for compara-
tive analysis should be chosen according to
the type of plant material under investiga-
tion. Some indications can be found in the
review by Daussant 1975, and in the original
papers listed in table 1.

Injections schedules leading to obtain suffi-
cient antisera are also reported by Daussant
1975.

Table 1. Review of literature of immunochemical studies in trees and bushes.

Species Source of Tech- Main pu
antigen niques of stud!;' oy 3:;‘11;;:62';‘3' o)
Corn
N‘;)'ss:(f::: soorly PB, ID chemotaxonomy Fairbrothers, Johnson 1964
Betula pollen IF, IEF incompatibility Hagman 1964
Magnoliaceae seeds PB, ID, IEF  chemotaxonomy Johnson, Fairbrothers 1965
Magnolia sp. seeds PB, ID, chemotaxonomy Pickering,
IEF Fairbrothers 1967
Betula, Pinus pollen ID, IEF incompatibility Hagman 1967
Pinus sp. seeds ID phylogeny Saito 1968
Caprifoliaceae seeds PB, ID chemotaxonomy Hillebrand
Fairbrothers 1970(a)
Caprifoliaceae seeds PB, ID chemotaxonomy —"— 1970(b)
Abies sp seeds PB, ID introgression Clarkson,
Fairbrothers 1970
lftxl: pm;;lzl:;[m pollen ID, IEF, IF incompatibility Hagman 1971
,:é:nu; l:;:mlalarigom pollen PB, ID chemotaxonomy, differences Villamil,
Betula populifoia among populations Fairbrothers 1974
Juniperus horizontalis leaf and IF serological techniques as indi- Evans, Rasmussen 1974
Juniperus chinensis stem tissue cator for grafting ability
Betula, Alnus, pollen IF, ID i tibili
Proa, Pinas incompatibility Hagman 1975
Pineaceae seeds ID, IEF, evolution Prager et al. 1976
MCF,
Px:mu sylvestris pollen ID incompatibility Petricevic et al. 1977
Pinus nigra
Pinus desinflora
Pinus genus pollen IEF chemotaxonomy, indentification Hagman 1977
of species, clones and prove-
nances
Cornales seeds ID, IEF chemotaxonomy Brunner,
Fairbrothers 1978
Rubiaceae seeds PB, ID, IEF chemotaxonomy Lee, Fairbrothers 1978
Pt:m sylvesteris needles QP, ID introgression Prus-Glowacki
Pinus mugo etal. 1978
Pinus uliginosa
Px"mu sylvestris needles QP, ID chemotaxonomy Prus-Glowacki,
Px_mu mugo Szweykowski 1979
Pinus uliginosa
Pinus nigra
Corylaceae pollen PB, ID chemotaxonomy Bunner,
IEF Fairbrothers 1979
juglz.mdaccac pollen PB, ID chemotaxonomy Petersen,
Mynaccac Fairbrothers 1979
Fagaceae
Anacardiaceae
ﬁm sylvestris needles ID introgression Prus-Glowacki,
Pinus mugo hybrids Szweykowski 1980
Pinus uliginosa
Pinus nigra
hybrids
- needles R IEF quantitative comparisons Prus-Glowacki
of antigens etal. 1981
Pinus sylvestris — 1D variability of antigenic proteins Prus-Glowacki,
in Swedish population Rudin 1981

5]
LI I A |

Boyden procedure (quantitative)
immunodiffusion
immunofluorescent techniques
immunoelectrophoresis

QP

MCF - micro-complement fixation

- quantitative precipitation

RIEF - rocketi lectrophoresis



Methodological principles of immunodiffu-
sion and immunoelectrophoresis as well as
quantitative immunoprecipitation and the
way of interpretation of results are reported
in numerous publications (Ouchterlony 1967,
Crowle 1961, Clausen 1971, Uriel 1971,
Smith 1976, Axelsen 1977). The more precise
methodological data can be found in original
papers presented in table 1.

The most useful statistical method in quan-
titative immunoprecipitation analysis is the
»serological correspondesce”: ratio of pre-
cipitate quantity at the so-called reference
reaction to precipitate quantity at so-called
cross reaction. The value is given in procen-
tage (Petersen and Fairhbrothers 1970).

cross reaction
S¢c = ——————— X 100
reference reation

In the studies based on identification of
individual antigenic proteins Euclidean dis-
tances are estimated according to a formula:
(Sneath and Sokal 1964)

n va
Dik = | (xij — xik)?

i=1

where Djk denotes the taxonomic distances

between ’j” and “’k” objecks, xij or xik —

characters ”i” and ”’j”” in ”’j” and ’k” objects

and also similarity coefficients between the
3939

taxa ”j” and “’k” according to formula: (Sok-
al and Michener 1967)

% gl a+d
Sk= T o Fcra

where Sjk is the similarity coefficient, and the
letters ’a” through ~’d” denote presence or
absence of particular precipitin lines accord-
ing to the scheme:

taxon k
taxon j + A b
- c d

From antigenic similarity matrix, taxonomic
distances are calculated:

Djk = Vi - Sk

In the analysis of within population varia-
tion we deal with frequencies of antigenic
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proteins and in the case we can calculate
serological similarities according to Nei 1972
formula:

- _Jxy
By

inyi
Jx = Yxi
Jy = Lyi
where Iy is serological similarity, xi and yi —

antigenic frequencies in x and y populations.
Serological distances can be calculated by

Dgly = VI -1y

As a graphic illustration of results
minimum spanning trees can be constructed
on the basis of Euclidean distances matrix
(Djk), taxonomix distances (Sjk) and also
serological distances (Dgly).

For the determination of level of poly-
morphism in the populations under study
antigenic polymorphism index according to
the formula Marshall and Jain 1969 can be
calculated:

Pi = 1/Z tz qi (1 - qi)]
i=1
number of antigens in the populations

where z
i = frequency of antigens in single population

q

Examples of the application of
immunochemical methods

On the basis of the results obtained from
our research, some examples of the applica-
tion of immunochemical methods are pre-
sented.

The investigations were concerned with
some species from the genus Pinus and their
hybrids.

Dendrite in Fig. 2. shows serological dis-
tances estimated on the basis of needles pro-
tein immunodiffusion of four pine species, i.e.
Pinus sylvestris, P. uliginosa, P. mugo and P.
nigra. Three of them, namely P. sylvestris, P.
mugo and P. uliginosa were considered as puta-
tive hybrid swarm parents. The analysis re-
vealed that P. uliginosa and P. mugo show most
close relationship. P. sylvestris is found to be in
some extend related to P. uliginosa and rather
distant from P. mugo, Thus can be assumed

—————— 4'24
R L LR R T TR :
2,91 316 :

PN (PO)—24 @
:_____-_-_- 5‘63 ! '
. = i T |
|
3 5.54 !

Figure 2. Diagram showing the serological similari
Pinus sylvestris (PS), P. nigra (PN),gP. uliginosa (tlgll}))f
anc‘i P. mugo (PM) on the basis of double immunodif-
fusion. Combined sera against proteins of P. sylvestris
P. mugo and P. uliginosa was used (mixture 1:1:1) '

that the majority of hybrid swarm individuals
studied should show intermediate character
between P. mugo and P. uliginosa and than
between P. sylvestris and P. uliginosa.
Dendrite in Fig. 3. demonstrates serologi-
cal similarities of hybrid swarm individuals to

pure species, while on three dimentional
dlagfam (Fig. 4) distribution of of pure
species used as references and hybrid swarm
individuals in the three first principal compo-
nents space is presented.

The quantitative data based on common
antigenic  proteins in investigated pine
species, obtained as a result of quantitative
immunoelectrophoresis are presented in fig.
5. Mean value for three kinds of antisera
provide evidence that P. sylvestris and P. nigra
are the most closely related species with re-
spect to antigenic properties, than P. uliginosa
and P. mugo and finally P. splvestris and P.
mugo are most distant species. These data are
in accordance with the results of immunodif-
fusion analysis.

The results of studies on differentiation of
antigenic proteins in the populations of P.

Figure 3. Dendrite showing the seroligical similarity of indivi i i
. . 3 y of individuals from the hybrid swarm ulati
to Pinus {vlz'extn.s (S), P. uliginosa (U) P. mugo (M) and P. nigra (N). Based on average rg:l}:lts m(:z
three sera: antisylvestris, antimugo and antiuliginosa.

Figure 4. Three dimensional
diagram showing the dis-
tribution of the hybrid
swarm individuals in the
three first principal com-
ponent  space.  Points
marked with letters S, M,
U, N denote the popula-
tions of pure species (P.
sylvestris, P. mugo, P. uligin-
osa and P. nigra respec-
tively).

Cd
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TZ7Z 1-10 antigenically
different
1-30 proteins mg/ml
— 31-50

-——- 50

Figure 5. Diagrams showing the antigenic similarity between Pinus sylvesteris (PS), P. mugo (PM), P.
uliginosa (PU) and P. nigra (PN) constructed on the basis of quantitative immunoelectrophoresis. A —

antisera antisylvestris, B — antimugo, C — antiuliginosa,

1:1:1), E — average results for A, B, C and D.

0
0,005 0,020 - 0010 0005 0012
a " [4a H{se|—— ]

Figure 6. Diagram showing the serological similarity of
six swedish population of P. sylvestris, constructed on
the basis of frequency of antigenic proteins (Formula
acc. to Nei 1972).

sylvestris in Sweden are presented in Table 2.
The data obtained show differences in fre-
quency of individual antigens as well as dif-
ferentiated polymorphism of antigenic pro-
teins.

The diagram presented in Fig. 6. shows
serological similarities of the populations
under study. The diagram was constructed

D — combined antisera A + B + C (mixture

on the basis of data in Table 2 with the use of
formula by Nei 1972.

Marked similarity of two populations from
the southern Sweden and an intermediate
position of the population from central part of
country as well as serological individuality of
populations in the north of Sweden can be
observed.

Final remarks

In the above mentioned examples only
very few possibilities for immunchemical
methods application in research on the
similarities of species, introgression and
population genetics are described.

Table 2. Frequency of antigenic proteins and polymorphic index in six investigated Swedish populations of Pinus

sylvestris.

No. Lat. Number
of tree 1 2 3 4

Frequency of antigens

1 56°20° 20 0.80 1.0 0.45 1.0

6 59°02’ 22 0.77 1.0 0.41 0.91
17 61°45° 22 0.86 0.95 0.73 0.95
30 63°31° 22 1.0 0.95 0.95 0.86
43 65°05 22 0.91 1.0 0.86 0.91
58 67°38’ 20 0.80 1.0 0.90 0.95

5 6 7 8 9 P;
1.0 0.55 0.15 0 0 0.11
0.95 0.59 0.23 0.09 0.05 0.12
0.77 0.27 0.23 0 0 0.14
0.82 0.05 0.23 0.23 0 0.10
1.0 0.14 0.09 0.05 0 0.07
0.95 0.10 0.10 0 0 0.08

128 0.86 0.98 0.72 0.93

0.92 0.28 0.16 0.06 0.01 0.10
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A few more instances of the application of
immunochemical methods in tree protein re-
search can be found in review (Table 1).
Most of the papers cited, deal with problems
of chemotaxonomy or phylogenesis, some of
them concentrate on incompatibility in trees
and several on introgression and problems
connected with hybridization, whereas the
methods in question are being widely used in
protein studies of other plant groups. A com-
prehensive review of problems which are sol-
ved by means of different immunochemical
techniques was reported by Daussant 1975,
1977.

Thus there is a possibility to introduce this
techiques to forestry, among others, in the
taxonomic studies on identification of species,
varieties, races, provenances and hybrids, as
well as in the genetic studies on inheritance of
proteins, genes expression on haploid (mac-
rogametophytes) and on diploid level (nee-
dles, buds and embrions).

Immunochemical techniques can offer an
irreplaceable tool for studies concerned with
qualitative and quantitative changes of pro-
tein spectrum, both in organo- and on-
togenesis, action of citokinins on the synthesis
of specific proteins and the changes intro-
duced to protein pattern in connection with
plant tumors, virus infections, woundings
caused by insects and mechanical ones.

In cytological analysis they can be used for
localization of enzyme synthesis in cells and
tissues as well as for studies on incompati-
bility.

And finally, there is a potential possibility
of their application for searching hardiness
markers and identification of clones and seed
samples. The above mentioned possibilities of
the use of immunochemical methods are far
from being complete. In spite of certain pit-
falls and limitation connected with the dis-
cussed methods they can provide a valuable
tool for solving many problems research, due
to their high sensitivity and specificity.
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COMPARISON OF STARCH AND POLYACRYLAMIDE
GEL-ELECTROPHORESIS AND ISOELECTRIC FOCUSING FOR
ISOZYME ANALYSIS IN TWO CONIFERS

E. E. McMULLAN and A. COLANGELI

Experiences at the Pacific Forest Research Centre, Canada, with the use of starch and polye.xcrylamide gcl
electrophoresis and isoelectric focusing for isozyme analysis are discussed. Results of terpene analysis, a'nd leucine
amino peptidase analysis by isoelectric focusing, indicate that the two techniques show similar populanon' groups
though there was no individual tree correlation. The possibility of computerized data recording for isozyme

separations is discussed.

Introduction

There is interest in laboratory methods for
verification of seed origin for the use of seed
inspectors, dealers and purchasers. Attention
has been drawn to the potential of isozyme
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analysis as a test of seed source (Bergmann
1971, Muhs 1974). Geographically separated
populations tend to accumulate different
genes, with the result that enzyme poly-
morphisms differ in different populations
(e.g. Yeng, Ching and Ching 1977). This

report describes trials carried out to deter-
mine whether seed from different stands
could be distinguished on the basis of isozyme
polymorphisms revealed by polyacrylamide
and starch gel electrophoresis, and isoelectric
focusing on polyacrylamide thin layers.

Methods and Materials
Douglas fir: polyacrylamide gel-electrophoresis

Two reforestation seed lots were obtained from coastal
Douglas-fir stands approximately 70 km apart in the Port
Alberni district on Vancouver island (B. C. Ministry of
Forests no. 965 and no. 1295), and from two interior
stands in the Nelson district also about 70 km apart
(B.C.M.F. no. 886 and no. 887). The coastal and interior
stands were 700 km apart. Endosperm from individual
hydrated seeds were crushed separately in 20 % sucrose
containing bromophenol blue. Proteins were separated
by electrophoresis in 7 % polyacrylamide slab-type gels
with 0.01 M tris maleate buffer, pH 7.4 (LAP and EST)
or 0.01 M sodium glycinate buffer, pH 8.8 (IDH and
MDH) by the method of Davis (1964). Gels were stained
for isocitrate dehydrogenase (IDH), malate dehydrogen-
ase (MDH), esterase (EST), and leucine amino peptid-
ase (LAP) by the methods of Shaw and Prasad (1970).
Bands were numbered in order of increasing migration
distance, and variants were labelled ”c” (common), s”
(slow) and "f" (fast). Frequencies of MDH, IDH, LAP
and EST apparent allozymes (“apparent allozymes”:
bands whose occurence showed 100 % negative correla-
tion) were scored. Only those bands which stained shar-
ply and consistently and showed polymorphisms were
used. These were: MDH, 3 of 4 bands; LAP, 2 of 3
bands; EST, 1 of several bands; IDH, 1 band. Band
frequencies were subjected to X? tests of independence.

Lodgepole pine: starch gel-electrophoresis

Seed was obtained during the course of OECD seed
inspections from 17 collection sites separated by at least
100 km in the interior of B. C. from latitude 50°-60°.
Three samples were obtained at each site, from the
dealer at the time of collection, by the seed inspector
during his check of the collection site, and from the
dealer after extraction. Frequencies of bands of MDH,
IDH, ACP (acid phosphatase) and PGI (phosphog-
lucoseisomerase) were recorded for 40 endosperms of
each sample using starch gels.

Gels were prepared with 0.002 M citrate morpholine
buffer, pH 6.1, while the electrode buffer was 0.04 M
(Clayton and Tretiak 1972). Enzymes were stained as
previously described.

Lodgepole pine: polyacrylamide gel-electrophoresis

Seed was obtained from two stands separated by 500
km in northern B. C. Seed was collected from 100 trees in
each stand and seed from individual trees was stored

separately. Endosperm were ground in 20 % sucrose
containing 0.2 % bromophenol blue and subjected to
electrophoresis on 9 %, 6 mm thick, vertical slab-type
polyacrylamide gels containing 4.5 % cross-linker. Gels
were prepared with the lithium borate/tris citrate buffer
described by Brewbaker et al. (1961), diluted 1/10 in the
gel and 1/100 in the electrode tanks. Gels were sliced into
3 layers and stained for ACP, LAP and EST as de-
scribed.

Lodgepole pine: isoelectric focusing

Seed was collected in 10 stands along an east-west
parallel across southern B. C., longitude 126° to 116°,
approximate latitude 149.1° to 149.5°. These stands in-
cluded one typical coastal (P. contorta var. contorta) stand,
interior (P. contorta var. latifolia) stands, and geographi-
cally intermediate stands. Altitude was measured at each
site at the time of collection. Cones were collected from
25 trees at each site and stored separately. Vegetative
shoots were also collected from 10 of the same trees for
terpene analysis. These results will be published else-
where by von Rudloff.

Isoelectric focusing was carried out with a Bio-Rad
horizontal flatbed focusing apparatus using 1 mm thick
polyacrylamide gels, 5 % T, 4 % C, with 2 % pH 4-9
ampholyte and 2 % glycerol. Gels were focused for 3,5 hr
at 3 watts constant power, coolant temperature 4° C.
Final pH was measured with the gel in place on the
cooling platform using an Ingold surface micro-elec-
trode. Gels were re-focused a further 10 min. and stained
by the methods described, except that gels were soaked
in staining buffer for 10 min. prior to transfer to fresh
staining solution. Endosperm of one tree from which >
1 000 seeds were obtained were used as a reference on
each gel, and were also used for ACP and MDH analysis.
LAP was analyzed in endosperm from 10 trees per stand.
Where possible these were trees which were also sampled
for terpene analysis, however occasionally cones from
such trees contained empty seed. Cones from only 5 trees
at site 9 contained filled seed.

Stained gels where photographed. For preliminary
studies, 35 mm black and white transparencies were
reduced to 1/10 and scanned using a Zeiss mechanized
platform microscope densitometer interfaced to a compu-
ter, programmed to record density at 0.5 u intervals.

Results and discussion
Douglas fir: polyacrylamide electrophoresis

Apparent allozyme frequencies in endos-
perm from the four seed-lots are shown in
Table 1. Nineteen of 28 (68 %) of the X? tests
of independence of apparent allozyme fre-
quencies in pairwise coastal/interior seed-lot
comparisons were significantly different (p <
= 0.05), while 2 of 14 coastal/coastal and 2 of
14 interior/interior comparisons (14 % in
eash case) were significantly different. These
results indicated greater differentiation bet-
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Table 1. Douglas fir. P.A.G.E. Frequency of apparent allozymes in endosperm of mixed-tree seed-lots.

MDH-2 MDH-3 MDH-4 LAP-2 LAP-3 EST-2 IDH
Provenance s f ¢ Tot s f ¢ Tot s f ¢ Tot s f ¢ Tot s f ¢ Tot s f ¢ Tot s f ¢ Tot
Coastal,
number 965 00 69 69 10 4 94 108 12 5 88 108 7 443 54 13 11 30 54 056772 8 6 94 108
Coastal
number 1295 007272 6264 72 4959 72 46 44 54 8 12 34 54 076572 1514 79 108
Interior
number 886 007272 4068 72 11160 72 05 49 54 0 4 50 54 007272 4 1103 108
Interior
number 887 2 4 66 72 3366 72 9261 72 00 54 54 0 252 54 0070 72 2 1105 108

Table 2. Lodgepole pine, starch-gel electrophoresis, frequency of apparent allozymes in endosperm of mixed-tree seed-

lots.
MDH-1 MDH-2 MDH-3 MDH4 GPI-1 MDH-1 MDH-2 MDH-3 MDH4 GPI-1
Collection Collection
area sf ¢ sf ¢ sfc sfc sfec area sf ¢ sf ¢ sf ¢ uf e sf ¢
*
i 0040 3235
Lynx Lake A 0040 6034 50350040 01 39 100 Mile A 0040 8131 0040
4 B 0040 7231 7033 0040 02 38 House B 0040 8032 02380139 0040
C 0040 4333 3037 00400337 C 0040 4036 01390040 1 3 36
040 0238 20 38
Chetwynd-1 A 0040 15025 103901391039 Lac le A 0139 4135 0
it B 0139 5134 20380040 1435 Jeune B 0040 1237 4036 0238 11 38
C 0040 8032 403 013901 39 C 1039 5134 0040 0040 0 4 36
Jackfish A 0139 0040 0040 0040 00 40 Chase A 0040 3037 00400040 1237
Lake B 0040 1237 0040 0040 00 40 Creek B 0040 5134 0040 0040 20 38
C 0040 1039 0040 0040 00 40 C 2038 2038 00400040 01 39
40 2 0 38
Wonowon A 0040 403 303700401 237 Muskeg A 2038 2038 004000
B 0040 1039 00400040 11 38 Lake B 1039 0040 0040 0040 00 40
C 0040 5035 103900401237 C 0040 313 0040 0040 00 40
Stevens A 004 1237 013901390337 Chetwynd-2 A 1039 1039 1039 0040 11 38
Meadow B 0040 2038 203801390040 B 1138 0040 1039 0040 03 37
C 0040 3037 0040004001 39 C 0040 1238 0040 11380337
Hefley A 0040 2137 0238 0040 20 38 Hudson A 0139 5134 21370040 20 38
Lake B 0139 2038 0040 0238 00 40 Hope B 0040 2335 2236 10391039
C 0040 1039 013901390040
Takysis B 0040 6232 0139 2038 11 38
Lac la A 0040 8428 0040 0040 00 40 Lake
Hache B 0040 1039 0040 0040 00 40
C 0040 4036 10390040 11 38 Upper A 004 0040 00400040 01 39
Liard B 9031 0139 0040 0040 12 37
Likely A 1039 9031 0040 0040 00 40
B 0040 11029 0040 0040 10 39 Lone Butte A 0040 3532 0040 01 39 20 38
C 3136 10030 0040 0040 01 39

* A = collection sample
B = check sample
C = post-extraction sample
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ween the more widely separated coastal and
inland populations. The possible use of this
technique was pursued on a wider scale with
lodgepole seed collections.

Lodgepole pine: starch gel-electrophoresis

Starch blocks were used as more seeds
could be screened for more enzymes using
this technique. IDH and ACP showed no
polymorpism. For the one PGI and 4 MDH
bands which did show polymorphism, appa-
rent allelic frequencies were scored. Results
are shown in Table 2. Eighty of the 680, or 12
% of the X* tests of significance of differences
of two-way comparisons between collection
areas were significantly different, while 5 of
75, (7 %) of 3-way comparisons between site,
storage and extraction samples within collec-
tion areas were significantly different. Five
per cent of such comparisons are expected to
be significantly different due to random error.
Again there was a trend to more differences
between more separated populations, though
less enzyme polymorphism was detectable
than in the previous study in which polyacry-
lamide gels were used.

Interpretation of between and within site
differences was complicated by the fact that
reforestation seed lots are not collected for the
purpose of population sampling. As pointed
out by O’Malley and Yeh (1977), such seed
lots may be biased by a few heavily-bearing
trees and not be representative samples of the
reproductive output of the stand.

Lodgepole pine: polyacrylamide gel-electrophoresis

ACP staining showed two, and EST stain-
ing three, variable bands. LAP staining re-
vealed two well resolved bands which showed
no polymorphism. .

Lodgepole pine: isoelectric focusing

ACP staining revealed bands at approxi-
mate isoelectric points (pI's) of 6.8, 6.5, 5.9,
5.0, and 4.7. Six less well resolved bands
appeared at approximate pl 4.2-4.6. The
resolution of ACP was better than with either
electrophoretic technique used.
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Figure 1. Computerized microdensitometric scan,

MDH. Absorbance at distance > 120 microns due

to electrode wick. Approximate pI of major peaks
5.4,5.6,6.7, 7.1 and 8.2.

MDH showed well resolved bands at ap-
proximate pI’s of 8.2, 7.1, and 6.7, and 2—4
poorly resolved bands with pI’s 5.3-5.8. An
example of the computer output of a mic-
rodensitometric scan of one sample stained
for MDH is given in Fig. 1. The use of
computer interfaced microdensitometry ap-
pears promising for overcoming the problem
of recording band patterns from large num-
bers of samples and storing them for easy
reference for seed source identification.
Studies are continuing at the Pacific Forest
Research Centre to develop means of stan-
dardising these records.

LAP staining revealed five patterns of
bands. The frequency of these patterns is
summarized in Table 3. Pattern A had two
bands, approximate pI's 4.3 and 4.7; B had 3
bands, 4.3, 4.4, and 4.7; C had 2 bands, 4.3
and 4.4; D had 3 bands 4.3, 4.4, and 4.8; E
had 1 band, 4.7. Different endosperm from
some trees showed two different patterns.
Some patterns were found only at one site.
Endosperm with no band at 4.7 or 4.8 (C-
type) were found only in one Tofino tree.
Some trees from this coastal stand also had
characteristic terpene patterns. However, the
tree with the unusual LAP pattern had ter-
penes similar to interior trees, while a tree
with typical coastal terpenes had the common
A and B type LAP patterns found in trees
across B. C. Thus the two techniques indi-
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Table 3. Lodgepole pine, isolectric focusing. Frequency of endosperm LAP patterns in single tree collections.

Site Elevation ~ Approximate

Numbers of Trees with Pattern

longitude A+A B+B A+B C+C B+D A+E B+E

1. Radar Hill, Tofino 10-100 m  125.7 2 2 5 1
2. Manning Park Gates 1 000 m 121.2 7 3
3. Sunday Summit 1400 m 121 6 2 2
4. Mile 1, Phoenix Road 1200 m 118.5 4 2 4 1
5. Christina Lake, Paulson Road 800 m 118.2 | 5 2 2
6. Castlegar-Salmo Road 1 000 m 117.3 4 2 4
7. Mile 5, Hawkins Creek Road, Yahk 1100 m 115.9 4 1 5
8. Pudding Burn, Perry Creek Road,
Cranbrook 1100 m 116 3 4 3
9. Thorn Lake Bridge, Christian
Valley Road, Westbridge 800 m 118.8 1 2 1 1
10. Mile 10, Brenda Mine Road 1100 m 119.7 3 | 6
Pattern A — LAP bands at 4.3, —, 4.7 Pattern D — LAP bands at 4.3, 4.4, —, 4.8
Pattern B — LAP bands at 4.3, 4.4, 4.7 Pattern E — LAP bands at —, —,4.7
Pattern C — LAP bands at 4.3, 4,4, -
cated similar population groups, but either =~ Acknowledgements

technique by itself under-estimated the dis-
tinctiveness of this population.

Greater enzyme polymorphism was re-
vealed by polycrylamide gel than starch gel
electrophoresis, and considerably more again
by isoelectric focusing. The possibility that
variation in proteins may be obscured by
overlap of bands is frequently pointed out
(e.g. Rudin and Brune 1976) and the prob-
lems such overlap creates for phylogenetic
interpretations of isozyme analysis have been
discussed (e.g. Singh, Lewontin and Felton
1976, Brown and Moran 1979). The “appa-
rent allozyme” frequency data reported in
this study represent only the limited part of
the actual enzyme polymorphism which
could be detected by the electrophoretic
techniques used. However, these elec-
trophoretically extreme protein types ap-
peared to be useful for differentiating seed-
lots. For seed source identification, a protein
separation technique which provides max-
imum resolution would probably be advan-
tageous, allowing differentiation of smaller
samples. Studies are continuing at the Swed-
ish University of Agricultural Sciences,
Umed, Sweden, to determine the biochemical
characteristics and mode of inheritance of
isozymes in lodgepole pine detectable after
isoelectric focusing.
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DETERMINATION OF VAPOURIZABLE TERPENES OF
PINUS SYLVESTRIS

R. HILTUNEN, RIITTA LOYTTYNIEMI, S. RAISANEN and P. M. A. TIGERSTEDT

The vapours in the air-space around a Scots pine seedling and a tree were analysed by gas chromatography-mass
spectrometry (GC-MS). The vapours were collected on a Tenax GC adsorbent and desorbed by n-hexane. The
reproducibility of the analysis expressed as the relative standard deviation was 6.4 %. The relative standard deviation
for repeated GC-MS analysis of a single needle oil was 4.2 %.

Introduction

Monoterpenes have been used as markers
for genetic research on inheritance and also
for problems related to population and
ecological genetics of pine trees. Monoter-
penes have also been used as a tool in studies
of general adaptation and growth of certain
genotypes of pine. In addition studies have
been carried out to investigate whether corre-
lations exist between monoterpenes of host
trees and the primary orientation of forest
injurious insects. In many connections some
pitfalls have been pointed out in terpene ana-
lyses which to some extent restrict the applica-
tion of this method to above-mentioned pur-
poses.

One of the weaknesses is steam distillation
which has been shown to give rise to certain
artefacts. A serious problem is the time of
storing, prehandling of material, distillation
and gas chromatographic analysis thus mak-
ing impossible to analyse large series of sam-
ples that are needed for purposes of be-
forementioned studies. Very often volatile oils
also contain other compounds than terpenes,
particularly when volatile oil is obtained by

11

solvent extraction. In this case the results of
terpene analyses should be checked by com-
paring them with authentic reference com-
pounds.

Many of the disadvantages, such as time-
consuming prehandling of the material,
steam distillation and identification problems
can be avoided when a gas chromatographic-
mass spectrometric technique is used. The
advantages of this method are among others a
high selectivity owing to the detection of a
characteristic ion and a high sensitivity due
to detection by electron multiplier. By this
method the constituents of the volatile oil can
be analysed directly and quickly from the air-
space around the plant (Hiltunen et al. 1980).
In the studies of the orientations of injurious
insects terpenes can be analysed by this
technique in air-space around a test tree in its
natural environment as “odours of nature”.

The aim of this work was to continue our
recent studies of utilizing mass fragmentogra-
phy in the direct analysis of the terpene com-
position of vapours in the air-space around
Scots pine. Particularly in this study the aim
was to investigate the trapping of the terpenes
in air-space on an adsorbent.
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Material and methods

A volatile oil of pine needles (Pinus sylvestris L.) ob-
tained by steam distillation (TS-1) was used as a test
solution in this study. Ten microliters of TS-1 was added
into a glass-stoppered tube (30 ml). After a 15 min
equilibrium time at room temperatre 1.2 | gas was drawn
from the head-space through an adsorption tube. Gas
was sucked by a Sipin personal sampler pump (Model
SP-15, Anatole J. Sipin Co., N.Y., U.S.A.) with the
speed of 110 ml/min. Replacing air into the head-space
tube was drawn through a similar adsorption tube in
order to prevent impurities from the laboratory air. The
gas was passed through two similar adsorption tubes in
series to secure the trapping of all the terpenes in the gas.

Six consecutive samples were drawn from the vapour
surrounding the 5-years old pine seedling in the laborat-
ory (PSV). A 20 mg needle sample was taken from the
same seedling from which terpenes were extracted by
using 1 ml of n-hexane (PSN). Again six separate gas
chromatographic-mass spectrometric (GC-MS) analyses
were carried out. The six repetitions were made to
estimate instrumental errors. For comparison vapour
and needle oil measurements were done in nature on a
15-year old pine tree (PTV and PTN).

Laboratory gas samples were of 1.2 litre, samples in
nature 3.5 litre. Laboratory air temperature was approxi-
mately +25°C but outdoor temperature was only —2°C
therefore more gas was required in the latter case. As in
above the gas was passed through two tubes in series.

Adsorption tubes were prepared by filling 300 mg of
activated (200°C, 16 h) Tenax GC (80/100 mesh, Ohio
Valley Specially Chemical, Inc., Marietta, Ohio,
U.S.A.) adsorbent into a Pasteur pipette (11 cm X 6 mm
I. D.). Tubes were secured at both ends with silanized
glass-wool plugs. Prior to GC-MS analysis the terpenes
were eluted from the tubes with 1.3 ml of n-hexane and
the eluate was concentrated to about 20 ul.

Instrumentation: Gas chromatographic separations were
carried out on a free fatty acid phase (FFAP) (62
m X 0.35 mm 1.D.) glass capillary column with follow-
ing conditions: injection port temperature 250°C, inter-
face temperature 260°C and oven temperature 55°C,
after solvent had been eluted the oven was programmed
for 4°C/min to 180°C. The samples were injected into the
GC using the split sampling technique.

Gas chromatographic-mass spectrometric analyses

‘were obtained on a Carlo Erba Fractovap 2300 gas

chromatograph coupled to a Jeol D 100 mass spectrome-
ter by means of a Pt-Ir-tube (30 cm X 0.30 mm O.D.,
0.15 mm LD.) into the ion source without a helium
separator. The MS parameters were as follows: electron
energy 26 eV, electron multiplier voltage 1.5—1.6 kV,
recorder input 0.5 v, ionisation current 300 uA and ion
source temperature 220°C. The ion monitor was adjusted
to m/z 93 and resolution to 500.

Quantitative determinations are based on peak areas
which were measured with a Hewlett-Packard 3390 A
peak integrator connected to the mass spectrometer. The
coefficient of variation values given for populations,
clones and F,-generations are published elsewhere (Hil-
tit;réelr)n 1976). So also the values for GLC analyses (Chung
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Results and discussion

The fragment ion m/z 93 was chosen for
GC-MS analyses because it is common for all
of the monoterpenes present in pine oil. In
addition this fragment is the most abundant
for most of the terpene components (Hiltunen
et al. 1980).

The coefficient of variation for repetitive
injections of needle oil (Table 2, Fig. 2) and

Table 1. Statistical data for monoterpenes in air-space
around a pine seedling (PSV).

Constituent Mean (%) S.d. cov (%)
1. Tricyclene 2.82 0.087 3.1
2. a-pinene 67.95 0.241 0.4
3. Camphene 9.01 0.116 1.3
4. B-pinene 4.38 0.069 1.6
5. Sabinene 1.05 0.041 39
6. 3-carene 10.70 0.216 2.0
7. Myrcene 1.63 0.045 2.8
8. Limonene 0.95 0.059 6.2
9. B-Phellandrene 0.87 0.061 7.0

10. trans-B-ocimene 0.24 0.085 35.2

11. Terpinolene 0.40 0.029 7.3

Mean 6.4

Table 2. Statistical data for monoterpenes in Scots pine

needle oil (PSN).

Constituent Mean (%) S.d. ov (%)
1. Tricyclene 2.77 0.087 3.1
2. a-pinene 68.40 0.082 0.1
3. Camphene 6.55 0.050 0.8
4. B-pinene 3.47 0.031 0.9
5. Sabinene 0.87 0.052 6.0
6. 3-carene 12.80 0.111 0.9
7. Myrcene 2.36 0.049 2.1
8. Limonene 0.77 0.052 6.8
9. B-phellandrene 0.61 0.080 13.2

10. trans-B-ocimene 0.61 0.045 7.3

11. Terpinolene 0.80 0.036 4.5

Mean 4.1
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Figure 1. Selected ion chromatogram (m/z 93) of terpene
vapour in air-space around a pine seedling in the
laboratory. (PSV). See Table 1 for key to com-
pounds.

trapped vapour (Table 1, Fig. 1) is as low as
4.2 % and 6.4 %, respectively, on average for
the eleven components. The results obtained
by GC-MS are approximately the same as
calculated on the basis of GC-Flame ioniza-
tion Detector (FID) analyses (3.3 %). For
comparison purpose, the corresponding val-
ues after GC-FID analyses of the samples
taken from populations, clones and F)-gener-
ation are 55 % (N = 242), 44 % (N = 143)
and 57 % (N = 163), respectively. These
hl_gh cv-values encompass the biological vari-
ation and the errors arising from the handling
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Figure 2. Selected ion chromatogram m/z 93) of needle
oil (PSN). See Table 2 for key to compounds.

of the material and GC analyses. On the basis
of this the GC-MS technique is adequate for
the purposes mentioned in the introduction
because the biological variation is close to ten
times greater than the analytical error. The
precision of vapour analyses obtained by the
method discussed here is surprisingly high
when taken into consideration that the
amounts of volatile fractions in these analys-
ses are only 1/1000 part of that in GC-FID
analyses.

The analyses of two adsorption tubes in
series indicated that all of the terpenes in the
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Figure 3. Selected ion chromatogram (m/z 93) of terpene
vapour in air-space around a pine tree in nature
(PTV). See Table 2 for key to compounds.

head-space (TS-1) can be trapped on the first
tube when 1.2 | of gas is passed through the
tubes. The more precise breaktrough values
for terpenes are not studied in this prelimi-
nary work. Figure 3 is the result of GC-MS
analysis of the terpenes in the vapours around
a tree in nature at —2°C. The needle of the
same individual is analysed by GC-MS in
figure 4. The two fragmentograms clearly
give the same information of the monoterpene
composition. The time required per analysis
in GC-MS is only 1/4 of that in GC-FID
including all sample preparations. It also
shows, that GC-MS can be applied to quick
and reliable analyses directly from vapours of
natural growing individuals.
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Figure 4. Selected ion chromatogram (m/93) of needle oil
(PTN). See Table 2 for key to compounds.
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METHODS FOR ANALYZING DATA ON THE RELATIVE
PROPORTIONS OF MONOTERPENES IN CONIFERS

D. V. SHAW, R. YAZDANI and O. MUONA

The interpretation and testing of data on the relative proportions of monoterpenes is often limited by unknown
modes of inheritance and correlations among individual monoterpene variables. Multivariate statistical methods
designed for analysis of normally distributed variables, that are to some degree correlated, are suggested as an
alternative to conventional methods of analysis. Two multivariate methods, principal component analysis and
discriminant function analysis, are demonstrated with Swedish populations of Pinus sylvestris. The assumptions
necessary for use of such multivariate methods are discussed.

Introduction and background

In a recent review article, Squillace cited
over 300 references on the topic of monoter-
pene composition in coniferous trees (Squil-
lace 1976), most of which were published
within the last 20 years. These studies de-
monstrate that the monoterpene composition
of oleoresin samples is often variable both
within and between populations of trees (To-
bolski and Hanover 1971; Wilkinson et al.
1971) and that this composition is under
strong genetic control (Squillace 1980; Squil-
lace and Fisher 1966, Hiltunen 1975). Be-
cause monoterpene composition is affected
little by environmental variation it has
proven to be a useful character for studying
similarities and differences among popula-
tions. Most recent publications aimed at as-
sessing genetic similarities or differences
among populations of trees study either al-
lelic variants at electrophoretically detectible
loci (which presumably reflect variation close
to the DNA level) or metric characters
(which result from the combined action of
many loci and the environment). Because
monoterpenes are more simply inherited than
most commonly studied metric characters,
they may reflect a kind of variation that is not
measured in conventional electrophoretic or
metric character studies.

The most common procedure for analyzing
monoterpene composition is the collection of
exuded oleoresin, determination of monoter-
pene composition by gas-liquid chromatogra-
phy, and expression of this composition as the

proportion of each monoterpene constitient
relative to the total. Methods are available for
determining the actual quantity of each con-
stituent per unit weight of tissue, but the
resulting measures are often quite variable, as
they are confounded with genetic and en-
vironmental factors that influence the total
yield of monoterpenes. The relative propor-
tions of monoterpenes are less affected by
these sources of variation and consequently it
is only these relative proportions that are
highly heritable.

The availability of information on only the
relative proportions of monoterpenes limits
both the interpretation and the statistical
testing of experimental results. Two impor-
tant cautions are as follows:

1) The mode of genetic control for individual monoter-
pene quantity is often unknown or untested. When
strong bimodality occurs in the distribution of indi-
vidual monoterpene proportions, sample trees can be
assigned to phenotypic classes, e.g. high or low prop-
ortions of a specific constituent. Experiments de-
signed to study the genetic control of such phenotypic
classes have been successful when large numbers of
trees were analyzed, usually indicating single-locus
inheritance with dominant and recessive alleles
(Squillace 1980), but also suggesting the action of
modifier loci (Hiltunen et al. 1975). When bimodality
is not strong in the distribution of individual monoter-
pene proportions the division into phenotypic classes
may be imprecise. Furthermore, the assumption of
simple modes of inheritance when modifier loci are
affecting classification may lead to the use of inap-
propriate statistical tests.
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2) The observed proportions of different monoterpene
constituents are usually correlated, for two different
reasons. First, when the actual quantity of a given
monoterpene produced by a single tree is large, all
others constituents must represent a smaller fraction
of the total. The use of relative proportions for de-
scribing the monoterpene composition thus results in
a set of variables that are necessarily correlated. The
expected correlation between proportions “due to
constraint” (Squillace 1976) is negative and can be
predicted as:

* MM,
MM T 0-M) (1-My)

in which M, and M, are the mean proportions of any
two monoterpenes in the total sample and ry y, is the
correlation coefficient between these two monoter-
penes (after Mosimann 1962). Because of this correla-
tion, strong bimodality in the proportion of one
monoterpene may cause an apparent, or ’’'mirror
image”’, bimodality in other nonvariant monoter-
penes (Squillace 1976). A second kind of correlation
between monoterpene proportions may arise due to
the final monoterpene constituents sharing a common
biosynthetic pathway, or because they are formed
from a common intermediate product (Hiltunen
1975). For example, if genetic variation occurs for a
precursor from which two monoterpenes are formed,
then they may both reflect this pattern of variation,
and will be positively correlated. In fact, positive
correlation between monoterpene proportions has

been taken as evidence for common biosynthesis
(Squillace 1976).

From the above discussion it is clear that
individual monoterpene proportions cannot
be treated as independent variables when
used to make comparisons either between
individuals within populations or between
populations. An alternative to conventional
methods of phenotypic classification and sub-
sequent analysis based on discrete models, is
to use statistical methods designed to analyze
normally distributed variables, which are to
some degree correlated. Such multivariate
statistical methods have been used to make
between-population comparisons for mono-
terpene composition (Flake et al. 1973; Stur-
geon 1979) and to investigate the biosynthesis
of monoterpenes (Hiltunen 1975). In this
paper we demonstrate two multivariate
methods with samples from Swedish popula-
tions of Pinus sylvestris, and outline some of the
assumptions and advantages of these
methods.
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Methods and results

Oleoresin samples were collected from an
open-pollinated provenance trial located near
Savar, Sweden (64° N latitude). The 340 trees
sampled represent ten provenances scattered
throughout Sweden (from 57° to 67°). How-
ever, much of our report concentrates on the
comparison of sample trees from two prove-
nances — 31 trees from provenance 1 and 39
trees from provenance 30 — which are located
at 57° and 60° respectively. These two prove-
nances were chosen for demonstrative pur-
poses. Oleoresin samples were analyzed by
gas-liquid choromotography and the relative
proportionsofninemonoterpenes (a-pinene, f3-
pinene, sabine, A-3-carene, myrcene, a-ter-
pinene, limonene, f-phellandrene, ter-
pinolene) and remaining fraction (consisting
of water and five trace monoterpene con-
stituents) were scored and used as variables
for our study. Table 1 given the means and
standard deviations for these ten variables in
the sample of 320 trees.

One assumption necessary for the use of
multivariate statistical methods is that the
input variables are normally distributed. A
first step in our method of analysis is the
transformation of raw proportions with an
arcsin-square root function. Such a transfor-
mation renders the variances of proportions
independent of the mean, usually improving
the fit to normality. A Chi-square test for fit
to a normal distribution indicated that 7 out
of 20 transformed distributions (from prove-
nances 1 and 30) were significantly non-nor-
mal. This non-normality may arise in part
from the previously mentioned bimodality
that can occur in the distribution of some
monoterpene proportions. Violation of the
normality assumption is not viewed as a seri-
ous threat to the validity of multivariate
methods (Morrison 1967). We should also
note that normalization of original monoter-
pene proportions by transformation does not
overcome either of the two sources of correla-
tion previously discussed.

The first multivariate method used to treat
our transformed proportions was principal
component analysis (PCA). Such an analysis
has several functions, the most important of
which for our purposes is the derivation of a
new set of independent variables (principal
components) from the original set of input

Table 1. Mean proportions and standard deviations for
nine monoterpenes and a remaining fraction.

x S.D.
a-pinene .102 .057
B-pinene 134 133
sabinene .024 .009
A-3-carene .393 225
myrcene .079 .082
a-terpinene .004 .004
limonene .085 112
B-phellandrene .126 .108
terpinolene .035 .002
remainder .023 .008

Table 2. Loadings on the original (transformed) vari-
ables for the three most important principal compo-

nents.
Loadings
Variable PC | PC 2 PC 3
a-pinene -0.75 -0.11 0.02
B-pinene -0.67 -0.51 0.10
sabinene 0.90 0.11 0.03
A-3-carene 0.94 -0.16 -0.11
myrcene -0.20 0.09 0.94
a-terpinene 0.83 -0.06 0.02
limonene -0.72 0.13 -0.46
B-phellandrene -0.14 0.94 0.00
terpinolene 0.95 -0.09 -0.01
remainder 0.76 0.00 0.02

variables (in our case, the transformed mono-
terpene proportions). Values for this new set
of variables are obtained from linear func-
tions of the input variables. This function of
PCA can be viewed as a transformation of the
original correlated variables to a set of inde-
pendent variables that contain all of the origi-
nal information. Because principal compo-
nents are independent they can be used as
variables in a range of statistical test (e.g.
ANOVA, Students’ t test, etc.) and perhaps
for relative measures of genetic similarity and
distance.

PCA may also be used to efficiently reduce
the dimensionality of the data set. If several
of the original variables are highly correlated,
then most of the total variance may be ac-

counted for with a smaller number on inde-
pendent principal components. In such a
case, very little information is lost when only
a few of the most important principal compo-
nents are used in further analyses.

As mentioned earlier, strong positive corre-
lations between monoterpene proportions
may indicate common biosynthesis. The im-
portance of several original monoterpene var-
iables to a single principal component may be
similarly interpreted. Such an interpretation
of results is a commonly used third function
of PCA, but is not necessry for the use of
principal components as variables in statisti-
cal tests.

The entire data set of 340 trees was sub-
jected to PCA. The three most important (or
first three) principal components explain 55
%, 12 % and 11 % of the variance in the
original set of 10 transformed proportions.
This result, that 78 % of the original variance
is explained with just 3 independent vari-
ables, indicates a good deal of correlation
among original monoterpenes proportions.
Table 2 gives the multiplication coefficents,
or loadings, for the linear functions that con-
vert transformed proportions into the first
three principal components. Loadings on
original variables can vary from —1.0 to 1.0,
and values that deviate from zero indicate the
importance of a variable to the principal com-
ponent score. We will not give a detailed
biological interpretation of our results but
should mention that the pattern of variation
established by the first 3 principal compo-
nents would be expected from the synthetic
pathways established for P. sylvestris by Hiltu-
nen (pers. comm.). For example, the four
constituents with high positive loadings in the
first principal component (sabinene, A-3-
carene, a-terpinene, and terpinolene) belong
to a single pathway while the three with high
negative loadings (o-pinene, P-pinene and
limonene) belong to a competing pathway. B-
phellandrene and myrcene, which are impor-
tant to the second and third principal compo-
nents respectively, each have at least one
additional independent synthetic pathway.

All of the first three principal components
differ significantly between provenances 1
and 30 (Table 3) as indicated by a t test.
When the distributions of these principal
component scores within each provenance
were tested for fit to a normal distribution 3
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Table 3. Results of a t test for differences in principal
component scores between provenances 1 and 30.

t d.f.
PC 1 2:27* 60
PC 2 —2.81%* 54
PC 3 6.66*** 59

out of 6 showed significant deviation. Princi-
pal component scores did not deviate as
strongly from normality as did transformed
monoterpene proportions. The central limit
theorem states that, under rather general
conditions, sums of several variables tend
towards a normal distribution regardless of
the original distribution of these variables
(Lindgren 1968). This theorem would predict
an improvement in fit to normality for princi-
pal components relative to the transformed
proportions. The effect of deviations from
normality on the validity of statistical test will
be discussed later.

A second multivariate method employed
was discriminant function analysis (DFA).
As with PCA, DFA can be used to treat data
consisting of a set of correlated variables. The
objective of DFA is to derive a single variable
(the discriminant function score) which al-
lows the best discrimination between sample
groups (in our case provenances 1 and 30).
This single variable is obtained from a linear
function of all input variables (the discrimin-
ant function). The importance of each input
variable to this function depeds on the differ-
ence in means between groups for each vari-
able, and the within-group variances and
covariances of all input variables. DFA thus
provides a composite measure of between-
group differences based on all input vari-
ables. Such a measure may be particularly
useful for monoterpene analysis when princi-
pal component scores do not differ signific-
antly between sample groups. Either the orig-
inal (transformed) proportions or a smaller
number of principal components can be used
as input variables for DFA. A function de-
rived using transformed proportions has the
advantage of using all available information.
However, the use of principal components as
input variables allows discrimination based
on only those factors contributing most to the
total variation. As in PCA, the DFA assumes
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that input variables are normally distributed,
but deviations from assumption may not seri-
ously affect the validity of the method (Spiel-
man and Smouse 1976).

Another useful parameter provided by
DFA is the probability of correct classifica-
tion of samples into groups, based on the
generated discriminant function. This para-
meter is in some sense a measure of the
similarity of groups.

We did DFA for samples from provenances
1 and 30 using: 1) all 10 transformed propor-
tions, 2) the first 6 principal components
(which account for 90 % of the total var-
iance), 3) the first three principal components
(which account for 78 % of the total var-
iance). Loadings for these three discriminant
functions are given in Table 4. As in PCA,
loadings that deviate from zero imply import-
ance the input variable for discrimination
between groups. Notice in the function based
on 6 principal components that PC 3 is more
heavily loaded than PC 2 or PC 1, despite the
fact that PC 3 accounts for less of total varia-
tion than do PC 1 or PC 2. This may indicate
that much of the variance accounted for by
PC 1 and PC 2 occurs within each popula-
tion.

Discriminant function scores for the analy-
sis of provenances 1 and 30 obtained from the
function based on 10 transformed monoter-
pene proportions are plotted in Figure 1.
Similar distributions were obtained for anal-
yses based on 6 and 3 principal components.
In all three analyses there are significant
differences between the two provenances for
discriminant function scores, and in no case
did the within population distribution of dis-
criminant function scores deviate significant-
ly from normality.

The probability of correctly classifying
samples can be estimated with several
methods (Giri 1977), the simplest of which is
the resubstitution and subsequent reclassifi-
cation of the samples used to generate the
discriminant function. Upon resubstitution,
80 % of the samples from provenances 1 and
30 were correctly classified when either 10
transformed proportions or 6 principal com-
ponents were used to generate the discrimin-
ant function; 77 % of the samples were cor-
rectly classified with the function generated
with 3 principal components. Reducing the
number of input variables for DFA to 6 prin-

Table 4. Loadings for discriminant functions derived
with 10 transformed proportions, 6 principal compo-
nents and 3 principal components.

Variable Loading
DF )
a-pinene -0.131
B-pinene -0.272
sabinene —-0.136
A-3-carene —0.406
myrcene —0.159
a-terpinene 0.797
limonene -0.304
B-phellandrene 0.237
tepinolene —0.245
remainder 0.193
DF
PC 1 -0.217
PC2 0.084
PC3 -0.670
PC4 -0.139
PC5 -.0159
PC6 -0.385
DF,,
PC1 —0.656
PC2 -0.545
PC3 0.092

cipal components thus has essentially no ef-
fect on the power to discriminate between
provenances 1 and 30, while reduction to just
3 principal components causes a substantial
loss of discrimination power.

While resubstitution of samples provides a
relative parameter of between-group similari-
ty, this method is somewhat circular, as the
same observations are used both to generate
the discriminant function and to evaluate its
performance. Such circularity may result in
an over-estimation ofthe power of DFA for
discriminating between untested samples
from the same groups. Another method for
estimating the probability of correct classifi-
cation derives from the statistical technique
known as jack-knifing (Miller 1974). In a
very simple version of this method we divided
the samples from provenances 1 and 30 into
two parts each, used the first part to generate
a discriminant function, and classified the
remaining samples using this function. While
83 % of the samples used to generate the

Population 1, n=31

T T I
-1.0 1.0

0

Figure 1. The distributions of discriminant function
scores, for the function generated with 10 trans-
formed monoterpene proportions.

function were correctly classified upon resub-
stitution only 73 % of the remaining samples
were correctly classified. In this case, the
proportion of samples correctly classified up-
on resubstitution provides an overly optimis-
tic estimate of the true power of correct clas-
sification, although better concordance bet-
ween the two methods would be expected for
discriminant functions generated with larger
numbers of samples. More complicated jack-
knifing procedures can be used to obtain
confidence intervals for this classification pa-
rameter.

Discussion

Our preliminary results indicate that mul-
tivariate methods can be quite useful in treat-
ing data on the relative proportions of mono-
terpenes in coniferous trees. Such methods
overcome both kinds of correlation that can
complicate monoterpene data sets. Further-
more when test statistics designed for analysis
of normally distributed characters can be
used, the need for knowledge about the gene-
tic mechanisms that determine monoterpene
composition is diminished. The deviations
from normality observed for principal compo-
nent scores are somewhat disconcerting and
caution should be used when interpreting
such test results, especially when significance
levels are borderline. However, tests for dif-
ferences of means, such as F ratio or Stu-
dent’s t test, are quite robust to deviations
from normality (Scheffé 1955).

The complexity of monoterpene data sets

239



can greatly reduced with multivariate
methods. Our original set of 10 monoterpene
proportions was reduced to a set of 6 or 3
principal components with little loss of infor-
mation, and eventually to a single discrimin-
ant function variable. The importance of the
independent variables provided by PCA for
use in statistical testing and other relative
comparisons cannot be overstated.

Although we used DFA for discrimination
between onlu two groups, it may be applied
to several groups simultaneously. Both the
discriminant function score and the propor-
tion of samples correctly reclassified to origi-
nal groups may be useful parameters for as-
sessing patterns of variation in monoterpene
composition.

Acknowledgement

This study was financially supported by a grant from
the Swedish Council for Forestry and Agricultural Re-
search.

References

FLAKE, R. H., von RULDOLPH, E. & TURNER, B.
L. 1969. Quantitative study of clinal variation in
Juniperus virginiana using terpenoid data. Proc.
Natl. Acad. Sci. (USA) 64: 487-494.

GIRI, N. C. 1977. Multivariate Statistical Inference.
Academic Press, New York.

HILTUNEN, R. 1975. Variation and inheritance of
some monoterpenes in Pinus sylvestris. Planta
Medica 3: 315-323.

240

— , TIGERSTEDT, P. M. A,, JUVONEN, S. &
POHJOLA, J. 1975. Inheritance of 3-carene
quantity in Pinus sylvestris L. Farmeceutistt
Notisbland 84: 69-72.

LIDGREN, B. W. 1968. Statistical Theory. Second Edi-
tion, Macmillan Co., New York.

MILLER, R. G. 1974. The jack-knife — a review. Biomet-
rika 61: 1-15.

MORRISON, D. S. 1967. Multivariate Statistical
Methods. MacGraw-Hill, New York.

MOSIMANN, ]J. E. 1962. On the compound multino-
mial distribution, the multivariate distribution,
and corrolations among proportions. Biom. 49:
65-82.

SCHEFFE, H. 1959. The Analysis of Variance. John
Wiley and Sons, New York.

SPIELMAN, R. E. & SMOUSE, P. E. 1976. Multivari-
ate classification of human populations. I. Allo-
cation of Yanomama indians to village. Am. J.
Hum. Gent. 28: 317-331.

SQUILLACE, A. E. 1976. Analysis of monoterpenes of
conifers by gasliquid chromotography. Modern
Methods in Forest Genetics. Springer-Verlag,
New York.

— & FISHER, G. S. 1966. Evidence of the inheri-
tance of terpentine composition in slash pine.
U.S.D.A. Forest Serv. Res. Paper NC-6: 53-62.
No. Central Forest Exp. Sta., St. Paul, Minn.

— ,WELLS, O. O. & ROCKWIID, D. L. 1980.
Inheritance of Monoterpene composition in corti-
cal oleoresin of Loblolly pine. Silvae Genet. 29:
141-151.

STURGEON, K. 1979. Monoterpene variation in Pon-
derosa Pine zylem resin related to Western Pine
Beetle predation. Evolution 33: 803-814.

TOBOLSKI, J. J. & HANOVER, J. W. 1971. Genetic
variation in the monoterpenes of Scots Pine.
Forest Sci. 17: 293-299.

WILKINSON, R. C., HANOVER, J. W, WRIGHT, J.
W. & FLAKE, R. H. 1971. Genetic variation in
the monoterpene composition of White Spruce.
Forest Sci. 17: 83-90.

SILVA FENNICA 1982, vol. 16 n:o 2

YHTEENVETO

METSAPUIDEN POPULAATIOGENETIIKKA

Helsingissa 1981 pidetyn sympoosion tutkimusraportit

OSA L.
Metsapuiden risteytymisjarjestelmit

Kaikki 4 raporttia kasittelevat paiasialli-
sesti polytyksen koostumusta ja erityisesti it-
sepolytyksen osuutta. Kokeellinen aineisto on
padasiallisesti mannysta. Ensimmaisessi ra-
portissa (Koski) kiinnitetaan aluksi huomiota
sithen, ettd havupuilla itsepolytys, itsehedel-
moitys ja itsehedelmoityksestda syntyneiden
Jjalkeldisten osuus eivat merkitse samaa. Var-
sinkin lukuarvoja kédytettaessd on tasmallises-
ti ilmaistava mita asiaa tarkoitetaan. Lukuar-
voja kéytettdessa niita helposti pidetaan tark-
koina ja varmoina, vaikka tihan on harvoin
edellytyksia. Pienistd ndytteista johtuen to-
dettuja arvojen tilastolliset luotettavuusrajat
ovat yleensa valjat. Biologisista syisté johtuen
vuotuiset erot polytyksen kokoonpanossa ja
itsepolytyksen osuudessa voivat olla suuria.
Vapaapolytyksesta syntyvat osittaisen itsepo-
lytyksen todellista suuruutta ja siita aiheutu-
vaa sisasiitosdepressiota ei voida tasmallisesti
selvittdd ilman valvottuja itsepolytyksia. Ha-
vupuiden monialkiojarjestelma ja geneettinen
taakka muuttavat lukusuhteita merkitsevasti.
Téaté ei yleensa oteta huomioon erilaisia ge-
neettisia merkkiominaisuuksia kuten isoent-
syymeja kiytettdessa. Kirjoituksen lopussa
on laskelmia itsehedelmaitysalkioiden osuu-
desta siemensadossa eri asteisen itsepolytyk-
sen jalkeen. Laskelmat osoittavat, etta yleen-
sa 20 % itsepolytysosuus johtaa viela hyvin
alhaiseen sisasiitososuuteen, mutta itsepoly-
tyksen osuuden noustessa yli 50 %, sisasiitok-
sen osuus nousee jyrkasti.

Toinen raportti (Rudin ja Ekberg) kasittelee
eraassa mannyn siemenviljelyksessa vapaa-

polytyksestd syntyneen siemensadon geneet-
tista rakennetta. Aineisto on periisin Ruotsin
Léangtorassa sijaitsevasta siemenviljelyksesta
N:o 48. Vartteet olivat tutkimuksen aikana
10-12 vuotiaita ja 3,5-5,5 m pitkid. Isoent-
syymitekniikan avulla tutkittiin pélytyssuh-
teita 5 kloonin siemensadossa. Siemenvilje-
lyssiemenen virallista hyviksymistd varten
ehdotetaan kloonikohtaisen selvityksen poh-
jalta maaritettavaksi: 1. tuhatjyvapaino, 2.
itamistarmo, 3. heterotsygotia-aste, 4. isdpo-
pulaation koostumus, 5. taustapolytyksen
osuus, 6. itsesiitoksen osuus ja 7. eri kloonien
suhteelliset osuudet siemensadossa. Tulokset
osoittavat itsesiitoksen osuudessa eroja seka
kloonien ettéd latvuksen eri osien vililli. Kes-
kimaaraiseksi itsesiitososuudeksi todettiin 16
% . Kloonien vialista risteytymista voitiin tut-
kia vain yhden, harvinaisen alleelin omaa-
van, kloonin avulla. Taman osuudeksi 14hi-
naapurien polytyksessa todettiin 0,8-3,0 %.
Lopuksi pohditaan tekijoita, jotka voivat lisa-
ta itsesiitoksen osuutta. Téllaisina luetellaan:

1. alhainen geneettinen taakka,

2. hede- ja emikukintojen ldhekkiinen sijainti,

3. hede- ja emikukinnan samanaikaisuus kyseisessi
kloonissa,

4. vieraspolytyksen pieni maara ja

5. alhainen tuulen nopeus kukinnan aikana.

Kaksi muuta raporttia (Ziehe ja Miiller-
Stark) kasittelevit yksiloiden valisen emi- ja
hedekukinnan runsauden vaihtelun seki osit-
taisen itsehedelmoityksen vaikutusta. Ziehen
tyOssd asiaa on tarkasteltu yleisesti laskemal-
la algebrallisesti teoreettiset poikkeamat Har-
dy-Weinberg tasapainosta. Puiden viliset
erot hede- ja emikukinnan maarissa pyrkivit
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lisidmaan heterotsygoottien osuutta, kun
taas osittainen itsesiitos pyrkii lisidmaan ho-
motsygoottien osuutta. Mainittujen kahden
tekijan yhteisvaikutuksen suhteen viitataan
eraisiin aikaisemmin julkaistuihin raporttei-
hin, joissa laskelmat on todettu monimutkai-
siksi. Miiller-Stark on isoentsyymitekniikan
avulla selvittanyt erddn mannyn siemenvilje-
lyksen siemensadon geneettista rakennetta ja
verrannut sitten tuloksia Ziehen kehittamiin
lausekkeisiin. Kohteena oleva siemenviljelys
koostuu 36:sta kloonista, joista kustakin on 25
vartetta. Kukkimisvuonna (1975-1976) sie-
menviljelys oli 16 ja 17 vuotias. Tuloksista
voitiin todeta, ettd eri vuosien suhteelliset
osuudet itdvien siementen emoina ja isind
erosivat merkitsevasti panmiktisen populaa-
tion runsaussuhteista. Kahden tutkitun vuo-
den siemensatojen valilld todettiin my6s mer-
kitsevid eroja eri kloonien osuuksissa.

OSA II.
Metsipuiden populaatiorakenne

Vasta 1980-luvulla on julkaistu tutkimuk-
sia, jotka pyrkivat selvittimaan metsikdiden
sisdistd geneettista rakennetta. Voidaankin
syylla kysya, minka takia ei aikaisemmin ole
suoritettu mainitunlaatuista tutkimusta, silla
tallaiset tyot antavat metsagenetiikkaa sovel-
tavalle metsanjalostukselle mahdollisuuksia
tarkempaan jalostuksen hyodyntimiseen.

Metsanjalostajat ovat kylla olleet melko
hyvin perilld erilaisten ominaisuuksien peri-
ytyvyydestd, mutta esimerkiksi kysymykset
luonnonmetsien sukurasituksesta ja metsikon
sisilldi olevien yksiloiden sukulaisuudesta
ovat olleet spekuloinnin varassa. Vibhitellen
on nyt syntyméssa kuva luonnonmetsan po-
pulaatiorakenteesta. Voidaan jopa vaittaa,
etta metsikon sisaiset populaatiogeneettiset
tutkimukset ovat johtamassa parempaan
yleiskasitykseen kasvipopulaatioiden geneet-
tisestd rakenteesta. Suurin osa aikaisemmista
tutkimuksista on tehty heinédkasveilla, lahin-
na kauralla, ohralla ja maissilla. Metsapuut
ovat edellisid kiitollisempia tutkimuskohteita
siksi, ettd samoja puita, tai jopa kahta eri
sukupolvea voidaan tutkia samanaikaisesti ja
toistuvasti samasta metsikosta. Lisaksi havu-
puiden siemenen haploidi siemenvalkuainen
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tai naarasgametofyytti antaa mahdollisuuden
hyvin tarkkaan geneettiseen analyysiin eri
entsyymien geneettisestd periytymisesta.
Metsdpuut, varsinkin havupuut, ovat risti-
polyttdjia. Itse- tai sukulaispdlytysten jalkeen
syntyy yleensa jalkeldisto, joka karsii sisdsii-
tosdepressiosta, kasvu on hidasta ja kilpailu-
kyky heikkoa. Lisaksi metsapuut ovat useim-
miten tuulipolyttdjia ja siitepoly voi lentaa
pitkidkin matkoja tuulen mukana. Nama
kukkimiseen liittyvat seikat muodostavat
taustan koko populaatiotutkimukselle.
Ennenkaikkea tulisi metsapuilla selvittaa
miten populaatiot poikkeavat Hardyn ja
Weinbergin populaatiotasapainosta ja miten
voimakkaasti populaatiossa syntyy epatasa-
painoja, jotka johtuvat esimerkiksi geneetti-
sestd ajautumisesta, populaation osittumises-
ta, geenivirrasta tai valinnasta. Naiden seik-
kojen teoreettiseen analyysiin paneudutaan
Muonan tyossa. Luontaisen metsan uudistu-
minen tapahtuu tavallisesti siten, ettd vanho-
jen siemenpuiden alle syntyy hyvina siemen-
vuonna ja edullisten ilmasto-olosuhteiden
vallitessa hyvin tihead taimisto. Vuosien mit-
taan taimisto harvenee, rehevin ja nopeakas-
vuisin yksil6 valtaa ankarassa kilpailussa kas-
vualustan ja voi syrjayttaa kymmenia kituvia,
kuolemaan tuomittuja yksil6itd. Luonnonva-
linta muokkaa ndin metsiapuiden populaatio-
rakennetta. Tarkat populaatioanalyysit jotka
toisaalta on suoritettu Douglaskuusella (Shaw
y.m.) toisaalta mannylld (7Tigerstedt y.m.) viit-
taavat siithen, ettd taimikilpailu on todella
ratkaiseva tekija metsipuiden populaatiora-
kenteen muodostuksessa. Kilpailussa hdviaa
nahtavasti suurin osa sukusiitoksen kautta
syntyneistd yksilistd. Viimeksimainitussa
mantya koskevassa tyossa on myds kartoitet-
tu vanhan mannikén ja sen alla olevan tai-
miston maantieteellista rakennetta. Analyy-
sein on mm. voitu todeta, ettd siemenpuiden
alla kasvava taimisto ei nayta koostuvan yla-
puolella olevien puiden sisar- tai puolisisar-
perheista kuten voisi olettaa. Nahtavasti sie-
menet kulkeutuvat tuulen mukana jonkun
matkaa emopuista. Luonto huolehtii talla ta-
valla metsikon sisalla mahdollisimman tehok-
kaasti ristipolytyksestd jotta sukurasituksen
maara pysyisi pienend. Toisaalta tutkimukset
osoittavat, etta taimistossa geenit jakautuvat
epatasaisesti tai ryhmittdin mikd puolestaan
voisi johtua siementen parvimaisesta lennos-
ta ja laskeutumisesta. Populaatiotutkimukset

johtavat todella arvokkaisiin tietoihin met-
sanviljelyn kannalta. Erikoisesti kun metsia
viljelladn istuttamalla poistetaan metsikon
kehityksestd jokseenkin kokonaan luontainen
valintapaine. Metsinjalostajan olisi erityisen
tarkasti huolehdittava taimiaineiston geneet-
tisesta laadusta, ennenkaikkea on taimiainek-
sesta pyrittivd poistamaan heikkoja taimia
jotka todennékoéisesti ovat perimaltadn poik-
keuksellisen homotsygoottisia. Kilpailun kan-
nalta kylv6a on pidettava istutusta parempa-
na toimenpiteena.

Vellingin ja Piykon julkaisuissa on tarkastel-
tu 10-20 vuotta vanhojen ménnyn jalkelais-
kokeiden antama tieto emo- eli pluspuiden
jalostusarvoista. On myos laskettu kasvu- ja
laatuominaisuuksien periytyvyysarvoja seka
ominaisuuksien vilisid korrelaatioita. Téassa
todetaan mm, ettd pituus- ja paksuuskasvun
periytyvyys on yleensa alle 30 %. Laatuomi-
naisuuksien, kuten oksien maaran seka oksa-
kulman, periytyvyysarvot ovat korkeampia,
noin 40-50 %. Tutkimukset osoittavat, etta
mantypopulaatioissa esiintyy runsaasti kvan-
titatiivista geneettista vaihtelua sekd kasvun
ettd laadun suhteen. Osa tdstd vaihtelusta on
additiivisten geenien aiheuttamaa ja sita voi-
daan nainollen hyodyntaa siemenviljelysten
avulla. Velling tarkastelee erasta 20-vuotiasta
mannyn jalkeldiskoetta ja hdanen tuloksistaan
on mm. laskettavissa, etta kuutiokasvun ja-
lostushydty on 12.9 %. Kaikissa laatuominai-
suuksissa on todettavissa jalostushy6tya noin
2-10 %. Tulokset antavat aihetta suureen
optimismiin arvioitaessa metsanjalostuksen
mahdollisuuksia lisita puun arvokasvua.
Luontaiset metsapopulaatiot ja niissd oleva
geneettinen vaihtelu on paras mahdollinen
lahtokohta metsanjalostukselle. Huolehtimi-
nen riittavan geneettisen vaihtelun sdilytta-
misesta populaatioissa kuuluu metsagenetii-
kan tarkeimpiin tehtaviin.

OSA III.

Metsidpuiden sopeutuminen ymparisto-
olosuhteisiin

Elién sopeutuneisuus ymparistoonsa koos-
tuu kaikista niistd geneettisesti saadellyista
ominaisuuksista ja elintoiminnoista, jotka te-
kevit mahdolliseksi sen olemassaolon tietyis-

sa ekologisissa olosuhteissa. Yksilén tasolla
sopeutuneisuuden voidaan katsoa kuvasta-
van geneettista erikoistumista tarkoin rajatta-
viin ympiristéoloihin. Populaation tasolla
optimaalinen sopeutuneisuus merkitsee myos
geneettistd valmiutta menestya vaihtelevissa
olosuhteissa. Ajallisesti tai paikallisesti sattu-
manvaraisesti vaihtelevassa kasvuymparis-
tossi eldville populaatiolle edullisin sopeutu-
misstrategia on ilmeisesti erilaisten, eri olo-
suhteisiin erikoistuneiden yksiléiden tuotta-
minen, eikd niinkdan pyrkimys johonkin yk-
sittaiseen, kaikissa mahdollisissa olosuhteissa
toimeentulevaan joustavaan yksilotyyppiin.
Lisdksi geneettisesti vaihtelevan populaation
kokoonpano voi luonnonvalinnan seuraukse-
na muuttua sukupolvesta toiseen: keskimaa-
rainen sopeutuneisuus vallitseviin olosuhtei-
siin voi parantua ja olosuhteiden muuttuessa
se voi kehittya tarvittavaan suuntaan.
Symposion tdssa osassa pidetyt esitelmit
kasittelivat laajalti metsapuiden ekologista
genetiikkaa, niiden luontaisten populaatioi-
den sopeutumisstrategioiden ja geneettisten
rakenteiden teoreettisesta tarkastelusta so-
peutuneisuuteen vaikuttavien erillisten fysio-
logisten ilmibiden vaihteluun ja hyvaksikayt-
toon metsinjalostustyossd. Ensimmaisissa
kolmessa kirjoituksessa tarkastellaan puupo-
pulaatioiden geneettista rakennetta kokonai-
suutena sekd jalostuksen ja metsanviljelyn
sitd mahdollisesti muuttavia vaikutuksia.
Lundkvist tarkastelee metsapuille edullisim-
pia populaatiorakenteita ekologisen genetii-
kan yleisten hypoteesien kannalta. Koska
puiden kasvuympirist vaihtelee suuresti jo
lyhyilla etaisyyksilla ja vuodesta toiseen, opti-
maalinen sopeutuneisuus niiden ristisiittoisis-
sa luonnonpopulaatioissa edellyttaa tiettyi
tasapainoa ekologisen erikoistumisen ja jous-
tavuuden vililld. Joustavuus voi perustua
osaksi populaation geneettiseen monimuotoi-
suuteen (geneettiseen homeostasiaan) ja
osaksi puuyksildiden tai genotyyppien fysi-
ologiseen mukautuvuuteen (yksil6lliseen ho-
meostasiaan), ts. kykyyn toimia ja kehittya
samantapaisesti  erilaisissa ymparistoissa.
Viljelymetsit voivat muodostua geneettiselti
rakenteeltaan suuresti luonnonmetsista poik-
keaviksi. Tahan ei valttamatta sisally epavar-
muutta tai haittaa sopeutuneisuuden kannal-
ta, silla viljellyiltd metsikoilta ei tarvitse edel-
lyttaa valmiutta evoluutioon. Puun tuotan-
non kannalta edullisin geneettinen rakenne
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onkin ilmeisesti aivan erilainen kuin luonnon-
metsissa vallitseva, populaatioiden sailymi-
sen kannalta optimaalinen rakenne. Metsin-
jalostuksen kannalta olisi tarkeatd selvittia,
miten paljon geneettistd vaihtelua voidaan
kaventaa ekologisen joustavuuden kustan-
nuksella viljelyvarmuutta vaarantamatta ja
millainen geneettinen vaihtelevuus olisi
puuntuotannon kannalta optimaalinen. Tar-
kedksi tutkimustehtavaksi todetaan myos
varhaistestimenetelmien kehittdminen, joilla
eri genotyyppien sopeutuneisuus ja tuotosky-
ky voitaisiin arvioda lyhytaikaisen kasvatuk-
sen perusteella.

Eriksson esittelee Ruotsissa tehtyja metsi-
puiden ekologis-geneettisid tutkimuksia. Niis-
sa kaikissa on havaittu vahittaista klinaalista
erilaistumista eri alueiden populaatioiden va-
lilld seka laajaa geneettistd yksilovaihtelua
populaatioiden sisilla. Nama piirteet vastaa-
vat populaatiorakennetta, jonka teoreettisesti
voidaan odottaa kehittyvan vuodesta toiseen
ilmastollisesti vaihtelevissa kasvuolosuhteis-
sa. Kasvualustan heterogeenisuuden merki-
tys puupopulaatioiden geneettisen rakenteen
ja optimaalisen sopeutuneisuuden kannalta
on tarked tutkimuskohde, jota toistaiseksi on
vasta hyvin vdhan selvitetty.

Lindgren tarkastelee painon perusteella ta-
pahtuvan siemenen lajittelun vaikutuksia
syntyvan taimiaineksen geneettiseen kokoon-
panoon. Lajittelun todetaan vahentavan tai-
miaineiston geneettisti monimuotoisuutta,
koska raskaat ja kevyet siemenet ovat suurel-
ta osin perdisin eri emopuuyksﬂonsta Geneet-
tisen vaihtelun kaventuminen voi rajoittaa
syntyvan viljelymateriaalin sopeutuneisuutta
vaihteleviin kasvuolosuhteisiin, ja siten sie-
menen lajittelua esim. taimitarhakylvojen yh-
teydessé ei voida pitdd suotavana.

Seuraavat nelja esitysta ksittelevit metsi-
puiden vuotuisen kehityksen fysiologisia
osailmiditd, jotka ovat tarkeita ilmastoonso-
peutuneisuuden kannalta.

Skrappan kirjoitus kasittelee kuusen latva-
kasvainten pituuskehityksen ajoittumisen ge-
neettistd vaihtelua ja sen merkitystid vuotui-
sen kokonaiskasvun kannalta. Geneettisii
eroja todetaan esiintyvan niin maantieteellis-
ten alkuperien vililla kuin yksittiisista metsi-
kéista alkunsa saaneiden jalkelaistojenkin vi-
lilla. Ita- ja keskieurooppalaisten kuusiprove-
nienssien suuremman pituuskasvun norjalai-
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siin alkuperiin niahden todetaan johtuvan
yleensa niiden pitemmasta vuotuisesta kasvu-
periodista, mutta metsikdiden sisilla esiinty-
vat kasvuerot johtuvat usein enemmainkin
vaihtelusta paivittdisessa kehitysnopeudessa
kasvujakson aikana.

Dormling esittelee kasvukammiokokeissa
tehtyjd havaintoja kuusen hallankestiavyydes-
ta kasvainsilmujen aukeamis- ja pitenemis-
vaiheessa. Eteldsta siirretyt kuusialkuperit
aloittavat kasvunsa yleensd paikallisia alku-
perid myShemmin ja sddstyvat siksi usein
paremmin kevithalloilta. Samassa kehitys-
vaihessa olevissa taimissa paleltumisalttius
on kuitenkin sitd suurempi mitd heikommin
ne ovat talveentuneet edellisen kasvukauden
lopulla. Eteldiset alkuperit ovat siten Skandi-
naviassa itseasiassa herkempia hallatuhoille
kuin paikallinen kuusi, silld pitemmasta vuo-
tuisesta kehitysjaksosta johtuen niiden tal-
veentuminen jaa aina heikommaksi.

Mikolan esityksessa todetaan mannyntai-
mien latvasilmun muodostuksen ajallisen
vaihtelun niiden ensimmadisena elinvuotena
maaraytyvan tarkoin siemenen alkuperin
maantieteellisen sijainnin ja silla vallitsevien
lampéolojen mukaan. Tulosten perusteella
paatellaan, ettd silmunmuodostuksen ajoittu-
mista voitaisiin yleisesti kayttaa ilmastollisen
sopeutuneisuuden indikaattorina seka var-
haistestiperusteena alkuperiltian ja kesta-
vyydeltiin puutteellisesti tunnetulle mate-
riaalille sopivien viljelyalueiden maarittami-
sessa.

Ryyndnen kasittelee siemenen tuleentumisen
vaihtelua Pohjois-Suomen miantymetsissi.
Yksilollisia eroja todetaan esiintyvian saman
metsikon puiden vililld, erityisesti huonoina
siemenvuosina, jolloin tuleentuminen jaa
yleisesti vajavaiseksi.

OSA IV.
Metsiapuiden ekologinen erilaistuminen

Langlet kirjoitti vuonna 1971 perinpohjai-
sen katsauksen nimeltdan 200 vuotta geenie-
kologiaa”. Siind hén toteaa, ettd varsinainen
provenienssitutkimus alkoi jo 1700-luvun lop-
pupuolella. Maailman metsdammattikunta
on ollut hyvin perilla puulajien rotueroista,
joskin niiden geneettinen perusta on ollut

aivan meidian paiviimme saakka hidmérian
peitossa. Provenienssitutkimus on jokseenkin
sama asia kuin geeniekologia ja molemmat
kasitteet sopivat ekologisen genetiikan piiriin.
Voidaan ylpeydella todeta, etti metsdamiehet
ovat olleet maailman Johtawa alan tuntijoita
ja soveltajia jo pitkdan ennenkuin perinndlli-
syystiede ryhtyi selvittimiin niita asioita.
Tyypillista talle tutkimukselle oli se, ettd vuo-
sisatamme parhaat geneetikot eivit yleensi
tunteneet metsamiesten provenienssitutki-
muksia.

Tissé esitetyt nelja ensimmaista kirjoitusta
paneutuvat metsipuiden ekologiseen erilais-
tumiseen uusin menetelmin, joissa tarkastel-
laan entsyymien aktiviteettia ja vaihtelua.
Entsyymien avulla paistiin mahdollisim-
man lihelle geenien toimintaa ja entsyymie-
rot, isoentsyymit ja allotsyymit, ovat-useim-
miten todellisia perimassa olevia DNA:n aak-
koseroja.

Voidaan todeta, ettd Vidgren ym. tutkimuk-
sessaan tavallaan seuraavat Langletin jalkia.
He kayttavit tutkimuksissaan katalaasi-ent-
syymin aktiviteettia mannylla kuten Langlet,
mutta aineisto on laajempi ja mittausmene-
telmit parempia kuin vuonna 1936. Katalaa-
si-entsyymin aktiviteetti osoittaa selvai eko-
logista vaihtelua, joka on korrelaatiossa le-
veysasteen kanssa. Kuitenkin aivan etelassa
45.-49. leveysasteen valilld korrelaatio
loppuu.

Szmidt kayttaa tutkimusaineistonaan semb-
ramantyd. Han analysoi kahdeksaa eri ent-
syymilokusta elektroforeesin ja isoelektrisen
fokusoinnin avulla. Analyysit tehdaan sieme-
nen haploidisesta endospermistd, minka an-
siosta on helppo paitella, mitka isoentsyymit
kuuluvat samaan allotsyymisysteemiin. Tu-
loksia analysoidaan Nei:n geneettista etii-
syysmittaa (D) kdyttaen. Analyysit osoittavat
selvisti, ettd sembraménnyn siperialaiset po-
pulaatiot eroavat eniten geneettisesti euroop-
palaisista populaatioista, mutta viimeksimai-
nitutkin eroavat merkittavisti toisistaan. Ge-
neettinen etdisyys naytda mm. johtuvan po-
pulaatioiden eristaytymisesti ei niinkdadn
suoranaisesta maantieteellisesta etdisyydesta.

Samantapaisiin tuloksiin paadytdan myos
Krzakowan mantya koskevassa tutkimuksessa,
jossa analysoidaan Puolassa kasvavia man-
nyn populaatioita. Metsantutkijat, erityisesti
metsageneetikot, ovat jo kauan eri tavoin pyr-

kineet selvittiméain eroavatko hyvin lahella
toisiaan, mutta eri biotoopeissa kasvavat sa-
man puulajin metsikot geneettisesti toisistaan.
Pohjois-Amerikassa on tutkittu mm. Ponde-
rosa-mantyi ja tuijaa, meilld taas lahinna
mantya. Aikaisemmissa kokeissa on voitu to-
deta, ettd ilman tarkkoja geneettisia merkki-
aineita, kuten entsyymit, on jokseenkin mah-
dotonta erottaa toisistaan geneettiset ja fysio-
logiset erot, jotka voivat johtua ns. fysiologi-
sesta sopeutumisesta. Tutkijat Gullberg ym.
ovat hakemassa asiaan selvityksid analysoi-
malla ruotsalaisia méannyn populaatioita, jot-
ka kasvavat lahella toisiaan suolla ja kankaal-
la tai vuoren laella ja sen rinteilld. He totea-
vat, ettd eri biotoopeissa, mutta ldhelld toi-
siaan kasvavat mantymetsikGt eroavat jon-
kinverran toisistaan kukkimisaikojen suh-
teen. He paittelevit, etta erot kukkimisessa
ovat siksi selvid, ettd ilmio voisi aiheuttaa
myo6s metsikoiden vilistd geneettista erilais-
tumista, vaikka geenivirta niiden valilla olisi
huomattavaa. He analysoivat myos ko. popu-
laatioita siementen endospermeissd olevien
entsyymien suhteen ja toteavat, ettd metsikdi-
den vililld esiintyy geenitaajuuseroja. He to-
teavat tulostensa perusteella, etta luontaisissa
metsissad ilmenee eri biotooppien vililla jatku-
vaa erottavaa valintapainetta. Tama valinta-
paine on heididn mukaansa johtanut mannyl-
12 biotooppien mukaiseen ekologiseen erilais-
tumiseen. Tulos on erittdin huomionarvoinen
ja ansaitsee lahempaa tarkastelua ja viela
laajempaa tutkimusta ldhitulevaisuudessa.
Vastaavia tuloksia on saatu 1960- ja 1970-
luvulla eri heindpopulaatioissa suoritetuilla
morfologisilla ja fenologisilla vertailuilla.

Taman osaston viimeisessa tydssa Krutzsch
tarkastelee metsanviljelyn vaikutuksia met-
sien geenivarantoon Ruotsissa. Han toteaa,
ettd on pikaisesti ryhdyttava toimenpiteisiin
riittdvan laajojen luontaisten metsikdiden sai-
lyttamiseksi, jotta niiss@ oleva geneettinen so-
peutuminen sailyisi tulevaisuudessa. Han ko-
rostaa myos, ettda viljelymetsit olisi aina re-
kisteroitava alkuperaltdan, jotta tulevaisuu-
dessa olisi mahdollista kdyttaa niitd metsan-
jalostuksessa.

Yhteenvetona on todettava, etta uudet tut-
kimukset metsien sisdisestd geneettisesti
vaihtelusta antavat aihetta yha suurempaan
tarkkuuteen tulevien viljelymetsien siementa
valittaessa.
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OSA V.

Metsidpuiden populaatiotutkimuksissa
kiytetyt menetelmit ja laitteet

Metsipuiden populaatiogeneettinen tutki-
mus on viime vuosien aikana edistynyt huo-
mattavasti sen jilkeen kun on otettu kdyttoon
erilaisten biokemiallisten aineiden analyysit.
Vield 1960-luvulla puuttuivat melkein koko-
naan sellaiset menetelmat, joilla olisi voitu
maarata eri yksildiden ns. kemotyypit. Tésta
syysti ei metsdpuiden populaatiorakenteesta
tiedetty juuri mitdan, kaikki teoriat olivat
enemminkin spekulaation varassa. Talla het-
kelld metsigeneettinen tutkimus kayttaad hy-
vikseen uusimpia tutkimusmenetelmia, jois-
sa keskeisini biokemiallisina merkkiaineina
ovat erilaiset entsyymit, proteiinit ja niiden
immunireaktiot sekd monoterpeenit. Puut
ovat itse asiassa tina paivana kiitollisimpia
tutkimuskohteita kasvien populaatiotutki-
muksessa. Seuraavat nelja sympoosiojulkai-
sua edustavat hyvin tutkimuksen ongelma-
kenttaa.

Prus-Glowackin esittimat immuunikemialli-
set menetelmit perustuvat antigeeni-antibo-
dy analyyseihin joiden avulla puiden proteii-
nimolekyyleissa esiintyvit erot voidaan tutkia
aminohappojen ja molekyylirakenteen tark-
kuudella. Tillaisten analyysien avulla pysty-
taan lahemmin selvittimaan puulajien valisia
sukulaisuuksia sekd saman puulajin sisdista
vaihtelua populaatiotasolla. Myoés eri lajien
valisia risteytymisesteitd voidaan selvittaa la-
hemmin. Kirjoittaja luettelee useita eri sovel-
lutuksia, joista tdssa voi mainita siemenfysio-
logiset tutkirnukset, joissa seurataan proteii-
nin muutoksia itimisen aikana, kasvuhor-
moonien vaikutukset erilaisten proteiinien
synteesiin, eri kasvinosien erilaiset geenitoi-
minnat esimerkiksi siemenvalkuaisessa, alki-
ossa ja havupuun neulasessa, analyysit joilla
pyritddn tunnistamaan klooneja, proveniens-
seja, lajeja ja niiden vilisia hybriideja seka
analyysit joilla pyritaan l6ytamaéan korrelaa-
tioita puiden kestavyyteen pakkasta ja tauteja
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vastaan.

Entsyymit ovat myoskin proteiinejd, mutta
niiden toiminta on spesifista ja jokainen ent-
syymi voidaan tunnistaa omalla vérjaysme-
netelmillaan. Erilaiset elektroforeettiset ana-
lyysimenetelmit pystyvit erottamaan entsyy-
mien rakenne-eroja siten, ettd niistd muodos-
tuu selvisti eri geenilokusten alleeleja eli al-
lotsyymeja. Néin on paasty mahdollisimman
lihelle geenien toimintaa ja alleelien erotta-
minen antaa mahdollisuuden tutkia metsa-
puiden populaatioiden geneettistd rakennet-
ta. McMullan ja Colangeli esittavat tyossaan
vertailuja erilaisten analyysimenetelmien te-
hokkuudesta, koemateriaalina Douglaskuusi
ja Kontortaméinty. He toteavat ettd lajien
proveniensseja on helppo erottaa entsyymi-
analyysin. He toteavat myos, ettd ns. isoelekt-
rinen fokusointi on tehokkain erotusmenetel-
mi ja esittavat lopuksi ajatuksia analyysien
tietokonekasittelysta.

Havupuiden monoterpeenit ovat aineita,
joiden avulla voidaan selvasti todeta rodullis-
ta vaihtelua puilla.

Monoterpeenit ovat kasvin tuotteita, jotka
ovat synteesiketjussa askeleen kauempana
geeneistd kuin entsyymit. Nayttaa myos siltd,
etti eri terpeenikemotyypit kestdvit sieni- ja
hyonteistuholaisia eri tavalla, joten niilld voi
olla merkitysta paitsi puiden sopeutumisessa
ympisitdonsa myo6s suoraan resistenssijalos-
tuksessa. Analyysimenetelmat ovat viime ai-
koina kehittyneet siten, etti kaasukromato-
grafian ja massaspektrometrian avulla voidan
puiden kemotyypit méarittad suoraan havu-
puun neulasten niiti ympardivian ilmaan
erittimista haihtuvasta terpeenisti. Tekniik-
kaa on lihemmin esitetty Hiltusen tutkimus-
ryhmién raportissa. Monoterpeenikemotyyp-
pien analysoimisessa on kuitenkin jouduttu
vaikeuksiin koska monet terpeenikomponen-
tit ovat toisistaan riippuvaisia ja lisaksi nii-
den periytyminen on osittain tuntematonta.
Tulosten matemaattisessa tulkinnassa ehdot-
tavat Shaw ja muut monimuuttujamenetel-
mii, liahinndz paakomponentti- tai dis-
kriminanttifunktioanalyysia.
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Kirjoitusten laadinnassa rioudatetaan Silva Fennica 4 (3):ssa (1970) annettuja seka xoimi(lajankeriksccn
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Kirjoitusten alkuun tulee julkaisun kielelld lyhyt tiivistelma tutkimuksen tuloksista (ladottuna korkeintaan
20, rivid). Samoin laaditaan lyhyt mutta riittivé ‘englanninkielinen summary ja mybs cnglanninkiclincﬁ
kirjastokortti, joka pituudeltaan on korkeintaan 18 konekirjoitusrivia. Sisillysluetteloa ei kayteta. Mahdolliset
kiitokset esitetaan johdannon lopussa ja ne ladotaan normaalia pienemmalld kirjasimella. - ;

Kuvat on laadittava mieluiten yhdelle palstalle sopiviksi (lev. n. 6,5 cm). Kuvien sisills olevat tekstit on
kirjoitettava siirtokirjaimin, tekstityslaitteella tai muuten siististi. Useita osakuvia sisaltivit kuvat tai monen
kuvan sarjat on suunnitéltava siten, ettei taitto vaikeudu. Kuvaoriginaalien tulee olta korkeintaan kokoa A4.
Mikéli isompia kuvia joudutaan Kiyttimain, on asiasta sovittava toimittajan kanssa. Valol:(uvicn‘ on oltava
teknisesti moitteettomia, kiiltaville paperille vcdos(cttuja. Virikuvia ei yleensd hyvaksyta. Kuvien otsikko-
tekstejd ei missdan tapauksessa saa kirjoittaa kuvaoriginaéleihin, vaan ne kirjoitetaan erilliselle ‘liuskalle.

Taulukkotekstit kirjoitetaan kuitenkin ao. taulukon ylaosaan, eika niisti erillista luetteloa tarvita. v

Taulukot laaditaan mahdollisimman paljon lopullista painatusasuaan muistuttaviksi. Taulukoiden viivoi-
tuksen on oltava yhdenmukainen ja harkittu, yleensi pari johtoviivaa riittda. Vain pienet, yhdelle palstalle
sopivat asetelmat ovat sallittuja, suuremmista tulee tehdi taulukko. Taulukot Jja kuvat numeroidaan juokse-
vasti ja sijoitetaan tekstiosasta erilleen kukin' omalle liuskalleen. Kuvien ja taulukoiden toivotut paikat.
merkitddn kasikirjoituksen marginaaleihin. Jos vieraskielisessi summaryssa viitataan kuviin ja taulukoihin,
tulee Viitatuissa kuvissa ja taulukoissaolla vieraskieliset otsikot ja selitykset. Muut kuvat ja taulukot saavat
olla yksikieliset. % : ;

Matemaattiset kaavat, yli- ja alaindeksit seki erikoismerkit on kirjoitettava selkedsti, niin ettd jokainen
merkki on yksiselitteinen. Matemaattiset kaavat ont muokattava sellaisiksi, etti ne mahtuvat palstan leveydelle
(n. 6,5 cm). Leveammat kaavat on katkaistava soveltuvasta kohdasta ja jatkettava seuraavalle riville.

Tekstin lihdeviittaukset kirjoitetaan aikaisemmasta poiketen pienin kirjaimin. Milloin tekijoita on kolme
tai useampia, mainitaan tekstissi vain ensimmiinen (esim. Heikurainen Vym.‘]96l)'. Jos julkaisulla on'kaksi
tekijaa, pannaan nimien viliin ja-sana painatuskielelld. Sulkeiden sisissa olevat viittaukset erotetaan toisis-
taan ‘pilkulla (esim. Aho 1976, Elo ja Virtanen 1979, Suk ym. 1980).

Kirjallisuusluettelossa  julkaisujen- tekijit ‘kirjoitetaan ' isoin kirjaimin, ‘milloin tekijana on henkild. Jos
tekijéitd on 'useita, nimet erotetaan pilkulla, ‘paitsi Kaksi viimeistd, jotka erotetaan &-merkilla. Tekijain’
etunimista kiytetadn vain alkukirjaimia. Mikili sama ensimmainen tekija on kirjoittanut useampia julkaisuja,
nimed ei toisteta vaan se korvataan yhtéldisyysmerkilld. Toisen tekijan suhteen ei ndin kuitenkaan tehda.
Tutkimusten nimet kirjoitetaan thcn‘timéittﬁ. Tavallisista julkaisusar_joisia kdytetadn lyhenteiti, jotka on
painettu Silva Fennica 5(2):ssa (1971). Harvinaisia tai poikkeuksellisia sarjoja ei’ 1yhcnncti.\‘]ulkais:in
numeron yhteydessi ei mainita vol.- tai n:o -sangja. Sivunumerot erotetaan kaksoispisteelld volyymisti tai
julkaisun n‘umc‘rosta.-Esimcrfkkcjiz ¥ / ‘

N

GUSTAVSEN, H. G. 1976. Miten puut reagoivat lannoitukseen varttuneissa metsikéissa? Metsi ja Puu 4:
B=18.1,)\ } i 4 "

— & LIPAS, E. 1975. Lannoituksella saatavan kasvunlisayksen, riippuvuus annetusta typpimairasti.
Summary: Effect of nitrogen dosage on fertilizer response. Folia For. 246: 1—20.

SMOLANDER, H., RASANEN, P. K. & KOSTAMO, J. 1981. Maan tiiviyden vaikutus mannyntaimien
haihduntaan ja pituuskasvuun istutuksen jalkeen. Summary: Effect of soil compaction on transpiration -
and height increment on planted Scots pine seedlings. Silva Fenn. 15(3): 256—266. vy

Saasahkeohjeet 1982, IImatieteen laitos. Helsinki.

Englanninkielisten tekstien kaantimisesti ja patevan kicliasiantdmijan tekemasta tarkastamisesta huoleh-
tii kirjoittaja. Seura voi maksaa tarkastamiskustannukset valtionvarainministerian antamien ohjeiden mukai-

sesti. N
Lahempia tietoja antaa seuran julkaisujen toimittaja. 3 ; ‘ a

)



KANNATTAJAJASENET — SUPPORTING MEMBERS

CENTRALSKOGSNAMNDEN SKOGSKULTUR

 SUOMEN METSATEOLLISUUDEN
KESKUSLIITTO
“ OSUUSKUNTA METSALIITTO
KESKUSOSUUSLIIKE HANKKIJA
SUNILA OSAKEYHTIO
OY WILH. SCHAUMAN AB
OY KAUKAS AB
KEMIRA OY
G. A. SERLACHIUS OY
KYMI KYMMENE
KESKUSMETSALAUTAKUNTA TAPIO
KOIVUKESKUS’
A. AHLSTROM OSAKEYHTIO
TEOLLISUUDEN PUUYHDISTYS
OY TAMPELLA AB
JOUTSENO-PULP OSAKEYHTIO
KAJAANI OY
KEMIOY A
'~ MAATALOUSTUOTTAJAIN KESKUSLIITTO
VAKUUTUSOSAKEYHTIO POHJOLA

VEITSILUOTO OSAKEYHTIO
OSUUSPANKKIEN KESKUSPANKKI OY
SUOMEN SAHA'\IOMISTA_]AYHDISTYS

OY HACKMAN AB

YHTYNEET PAPERITEHTAAT OSAKEYHTIO
RAUMA REPOLA OY

OY NOKIA AB, PUUNJALOSTUS

JAAKKO POYRY CONSULTING OY

KANSALLIS-OSAKE-PANKKI
SOTKA OY

THOMESTO OY

SAASTAMOINEN YHTYMA OY

OY KESKUSLABORATORIO
METSANJALOSTUSSAATIO
SUOMEN METSANHOITAJALIITTO
OY KYRO'AB |

SUOMEN 4H-LIITTO

SUOMEN PUULEVYTEOLLISUUSLIITTO R.Y.
OULU OY

OY W. ROSENLEW AB
METSAMIESTEN SAATIO

2

Himeenlinna 1982, Arvi A. Karisto Oy:n kirjapaino




