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Abstract

The overall objective of the thesis was to study the functioning of a Norway
spruce seed orchard and, in more detail, to investigate the clonal balance and
synchrony of reproduction, and aspects of mating patterns and their effects on
genetic diversity and quality of the seed crop.

All the data for the thesis have been collected from Norway spruce seed
orchard no. 170 (Heindmdki), established in 1968 at Korpilahti (62°13°N,
25°24’E, 160—-190 m asl). The orchard consists of 67 clones originating from
latitudes 64°—67°N. The grafts in the orchard (13.2 ha in area) have been
planted using a clonal-row design.

The between-year variation in both female and male flowering was large,
and during the 13-year study period there were 6 abundant flowering years.
Differences among the clones were large, and correlations between the clones
in different years were usually positive and significant. The average date of
flowering varied by three weeks, and it was better predicted by effective
temperature sum than by the calendar day. The receptive period started
normally about one day earlier than anthesis, and it lasted from 5 to 8 days.
In general, the flowering periods of the clones overlapped. The differences in
receptivity were genetically determined, while pollen shedding was more
affected by environmental factors.

Temporal and spatial variation in airborne pollen were large. Pollen
densities inside and outside the orchard were about the same in the beginning
of flowering, but later on the density was higher in the orchard, and showed
strong spatial variation. The rate of pollen contamination was about 0.70 in
all the four years studied. The contamination between the different parts of
the orchard varied from 0.51 to 0.87, the lowest rate being estimated for the
middle section and the highest rate for the edges of the orchard. The rate of
self-fertilisation varied annually from 0.00 to 0.06, with no spatial variation.
Thus, cross-fertilisation within the orchard clones remained very low, varying
from 0.23 to 0.31. The paternal success among the clones, studied using
controlled crossings, was unequal.

The effective number of clones in the seed orchard of 67 clones was 56
when the variation in ramet number was taken into account. After adjusting
for the variation in both female and male flowering, in addition to ramet
variation, the effective clone number for the imaginary seed crop was 32 on
the average, with a large annual variation. The pollen contamination of 0.70
increased the number, and thus the genetic diversity, by two-fold. Cone and
seed damage lowered the effective clone number.

The most important result of the thesis was that pollen contamination in
Norway spruce seed orchards is very difficult to avoid, and thus its influence
on adaptability, genetic diversity and genetic gain has to be taken into
consideration when seed orchards are planned or utilised.

Keywords: flowering, pollination, reproductive phenology, pollen
competition, mating patterns, genetic diversity
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Seloste

Kuusen siemenviljelyksen toimivuus

Téamian véitoskirjatutkimuksen tavoitteena on ollut selvittdd, kuinka hyvin
siemenviljelyksille asetetut teoreettiset tavoitteet tasasuhtaisesta kukinnasta ja
sisdisestd pOlytyksestd tdyttyvit siementuotantovaiheen saavuttaneessa kuu-
sen siemenviljelyksessd. Tatd varten kuusen siemenviljelyksen toimivuutta
on tutkittu monipuolisesti. Tarkasteltavana on ollut kukintarunsauden vuotui-
nen ja kloonien vilinen vaihtelu sekd kukinnan ajoittuminen, siitepdlyn
maédra viljelykselld ja sen ulkopuolella sekd syntyneen siemenen geneettinen
kokoonpano. Liséksi on tutkittu siitepdlykilpailua.

Kaikki véitoskirjatutkimusta varten kerétty aineisto on perdisin kuusen
siemenviljelykseltd nro 170 (Heindméki), joka on perustettu vuonna 1968
Korpilahdelle (62°13°P, 25°24°]). Siemenviljelys koostuu 67 kloonista, jotka
ovat perdisin Pohjois-Suomesta (64°-67°). Viljelys on kooltaan 13,2 ha ja se
sijaitsee puoliksi vanhalla mékipellolla (160—190 m mpy), joka viettdd loivas-
ti etelddn ja jyrkésti itddn ja lanteen. Viljelys on perustettu istuttamalla vart-
teet 3,5 x 6,5 m:n vilein niin ettd saman kloonin vartteet ovat riveissid 6,5 m:n
péddssd toisistaan. Viljelystd on harvennettu kahdessa vaiheessa; puolet
vuonna 1987 ja loput vuonna 1994.

Emi- ettd hedekukinnan méiri arvioitiin viljelykselld vuosina 1984-1996.
Kukinnan ajoittumista mitattiin siitepdlymittareiden avulla vuosina 1984-
1995 ja sitd havainnoitiin vartteista silmévaraisesti vuosina 1989, 1992, 1993
ja 1995. Lisdksi vuonna 1995 mitattiin ilmassa olevan siitepdlyn méérén
alueellista vaihtelua viljelykselld ja sen ldhiymparistossd. Viljelykseltd kerét-
tiin siementd taustapdlytysanalyysejd varten vuosina 1989, 1992, 1993 ja
1995 sekd kloonikohtaisen siementuotannon méirdn ja laadun selvittdmistd
varten vuosina 1989 ja 1995. Viljelyksen kaikista klooneista keréttiin vuosina
1996 ja 1998 siitepSlyndytteet siiteplyn itdmistehokkuuden selvittdmistd
varten. Lisdksi vuonna 1998 tutkittiin siitepdlykilpailua valvottujen pari-
risteytysten avulla. Siemenviljelys my6s kartoitettiin, tehtiin maaperdstd
viljavuusanalyysit, havainnoitiin sddoloja fenologia- ja p6lytystutkimusten
yhteydessd sekd mitattiin vuosittain kukinnan laskennassa olleiden vartteiden
koko.

Vuosien vilinen vaihtelu kukinnan runsaudessa oli suuri: 13-vuotisen
tutkimusjakson aikana kukinta oli 6 vuotena melko runsas, 5 vuotena heikko
ja 2 vuotena ei emikukintaa ollut ollenkaan. Kloonien viliset erot kukinnan
runsaudessa olivat suuret ja vuosien vilinen korrelaatio kloonien kesken oli
yleensd positiivinen ja tilastollisesti merkitsevd. Kukinnan ajankohta vaihteli
kolme viikkoa, mutta se pystyttiin ennustamaan melko tarkasti lampo-
summan perusteella. Emikukat aukenivat keskimddrin pdivdd aikaisemmin
kuin saman vartteen hedekukista siitepoly alkoi varista. Emikukat olivat
viljelykselld auki 5-8 piivdd. Suurin osa klooneista kukki ainakin osittain
yhtdaikaisesti. Emikukinnan ajoittuminen oli voimakkaammin geneettisesti
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sdddelty kuin hedekukinnan; siitepdlyn varisemiseen vaikuttivat ympéristo-
tekijat enemman.

[Imassa olevan siitepdlyn miérd vaihteli sekd ajallisesti ettd paikallisesti.
Kukinnan alkuvaiheessa siemenviljelykselld ei ollut sen enempéi siitepolyd
kuin sen ulkopuolellakaan, mutta pari pdivdd myohemmin, sen jilkeen kun
siitep6lyn irtoaminen vartteista oli kunnolla alkanut, nousi siitepdlypitoisuus
viljelykselld selvidsti ympérdivid alueita suuremmaksi. Samalla siitep6lyn
madrd viljelyksen eri osissa vaihteli voimakkaasti; ensin polyd oli eniten
viljelyksen eteldrinteelld ja mydhemmin viljelyksen pohjoisosissa tuulen
suunnan vaikuttaessa eroihin. Taustapolyttyneen siemenen osuus oli noin 70
% kaikkina niind 4 vuotena kun sitd tutkittiin. Siind oli kuitenkin suuria
alueellisia eroja; vihiten (51 %) taustapolyttynyttd siementd oli viljelyksen
keskelld ja eniten (87 %) sen reunoilla. Itsepdlytyssiemenen osuus vaihteli
viljelykselld vuosittain O:sta 6 %:iin. Viljelykselld syntyneen ristipolytys-
siemenen osuus jdi hyvin alhaiseksi vaihdellen 23:sta 31 %:iin. Lisdksi
todettiin, ettd siitepolykilpailu voi vaikuttaa viljelykselld syntyneen siemenen
geneettiseen kokoonpanoon.

Siemenviljelyksen ja sen siemensadon geneettistdi monimuotoisuutta
arvioitiin tehoisan klooniluvun avulla. Tehoisa klooniluku vastaa niiden, toi-
silleen ei sukua olevien kloonien lukumiérad, jotka osallistuvat yhtd suurilla
osuuksilla siemenen tuottamiseen. Viljelyksen klooniméérin ollessa 67
tehoisa klooniluku oli 56, kun kloonien vilinen vaihtelu vartemadrédssi
otettiin huomioon. Kun tarkasteluun liséttiin emi- ja hedekukinnan vaihtelu,
aleni siemensadolle laskettu klooniluku keskimédrin 32:een, vuosien vilisen
vaihtelun ollessa suuri. Taustapolytys lisdd geneettistdi monimuotoisuutta;
viljelykseltd mitattu 70 %:n taustap0lytys kaksinkertaisti tehoisan klooni-
luvun. Képy- ja siementuhot taas néyttivédt alentavan siemensadon moni-
muotoisuutta.

Tutkimuksen kohteena ollut kuusen siemenviljelys ei tdytd kaikkia niitd
teoreettisia tavoitteita, joita siemenviljelyksille on asetettu. Kaikki kloonit
eivit kuki yhtd runsaasti; kukinnan perusteella laskettu tehoisa klooniluku jd
puoleen kloonimédrastd. Myos kloonien vilinen polytyskilpailu ja erot tuho-
alttiudessa sekéd jossain médrin kukinnan eriaikaisuus vaikuttavat siihen, ettid
kloonit eivit osallistu samalla painolla siemensadon muodostamiseen. Odo-
tettua runsaampi taustapolytys poikkesi kuitenkin kaikkein eniten niistd
tavoitteista, jotka viljelykselle oli asetettu. Sen vaikutus siemenviljelyksen
tuottaman siemenen sopeutumiskykyyn, jalostushydtyyn ja geneettiseen
monimuotoisuuteen on otettava huomioon kun nykyisid viljelyksid hyodyn-
netdin ja uusia suunnitellaan.

Avainsanat: kukinta, polytys, kukinnan fenologia, siitepolykilpailu,
pariutumistavat, geneettinen monimuotoisuus
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both the thesis and its individual studies. I would also like to thank Dr. Bo
Karlsson, Doc. Markku Nygren and Doc. Pertti Pulkkinen for their valuable
advice on the thesis. In addition, I am very grateful to Prof. Peter Tigerstedt
from the University of Helsinki, for his continuous support during my studies.

Finally, I would like to thank my wife Kaija, for being so patient and
understanding, and my children Samuli, Jenni and Sanni, for believing all the
time that it would be soon finished.

Punkaharju, May 2002 Teijo Nikkanen
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Introduction

I.1 Norway spruce as a forest tree

Norway spruce, Picea abies (L.) Karst., belongs to the genus Picea,
which includes 34 species, all distributed in the northern hemisphere
(Farjon 1990). Picea is one of the largest and most widely spread genus
in the family of Pinaceae, and the genus is the most important constituent
of the northern coniferous forests (Sarvas 1964, Farjon 1990).

Picea abies is supposed to have originated in East Asia in prehistorical
times, and to have subsequently migrated to Europe through Siberia
(Schmidt-Vogt 1977). During the last Ice Age the species is assumed to
have survived in Europe in three refugia: the Dinaric Alps, the
Carpathians and North-Central Russia (Schmidt-Vogt 1977, Lagercrantz
and Ryman 1990). Picea abies migrated from these refugia into its
present natural distribution areas; the northeast European origins migrated
from the Russian refugium. Migration into Finland and Fennoscandia
took place through Carelia, and it passed through Finland into Scandi-
navia during the period 5500-2500 BP (Moe 1970, Tolonen 1983).

The natural distribution of Picea abies, ranging from the Atlantic coast
in Norway (12°E) across Fennoscandia, North Russia and Siberia to the
Sea of Ohotsk (154°E), comprises an 8000 km long, virtually unbroken
area (Sarvas 1964). The distribution area stretches from the mouth of
Khatanga River (72°N) in the north to the Balkan Peninsula (41°N) in the
south. The Central and Southeast European distribution areas lie outside
the continuous North Eurasian area (Sarvas 1964, Schmidt-Vogt 1977),
and they are clearly found to differ both in quantitative and molecular
traits (Collignon et al. 2002). In addition, Picea abies has been cultivated
in Central Europe more than 300 years, and it has also been planted
outside its natural range (Schmidt-Vogt 1977).

In Europe, Picea abies is economically the most important coniferous
tree species (Consensus document ... 1999). It provides raw material for
both the chemical and mechanical forest industries. In Finland, Picea
abies has been considered as the second-most important species after
Scots pine, Pinus sylvestris (L.), but in many respects the importance of
spruce has recently increased; the growing stock drain (29 mill. m’ in
2000), as well as the number of seedlings planted annually (81.5 mill. in
2000), are larger than those for pine. Seeding and planting were used on
about 70% (117 000 ha) of the total forest regeneration area in Finland.
The proportion of pine out of this area was 49% (46% planted), and of
spruce 41% (97% planted) (Metsétilastollinen vuosikirja 2001).
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|.2 Genetic variability

Genetic variation is the basis of the maintenance and long-term stability
of forest ecosystems since the amount and pattern of genetic variation
determine the ability of forest tree species to adapt to variable environ-
mental conditions (Hamrick et al. 1992, Miiller-Starck et al. 1992). The
wide genetic variation found in natural forests is also the basis for forest
tree breeding, and adequate genetic diversity in forest regeneration
material is the basic requirement for guaranteeing the adaptability of
cultivated future forests. Genetic variation here means genetically deter-
mined phenotypic variation, and genetic diversity the genetic variability
at the genotypic level (Ruotsalainen 2002).

Genetic variation is affected by several, partly counteracting, evolu-
tionary factors (see Eriksson and Ekberg 2001). Natural selection, genetic
drift and mutations increase differentiation among populations, while
gene flow reduces it. The effect of these factors within a population is
differing; gene flow is now the main factor increasing the variation, while
inbreeding and genetic drift reduce it. In addition, mutations also increase
the variation and natural selection reduces it. In Picea abies, as well as in
other species with a large population size and clinal variation; genetic
drift is negligible. Gene flow, on the other hand, is an important factor in
reducing differentiation among populations while, at the same time,
bringing new gene material into a population. Mutations also tend to
increase genetic variability but, because mutation rates in trees are very
low, their immediate contribution to the variation is small.

The role of phenotypic plasticity in genetic differentiation is ambig-
uous. It is generally accepted that phenotypic plasticity may contribute to
the fitness of a genotype, and it could therefore be favoured by natural
selection. Phenotypic plasticity in Picea abies is expected to be large
(Eriksson and Ekberg 2001).

The genetic variation of forest trees can be considered at different
levels; variation within species, among populations, and among individ-
uals within a population. Because the concept of a population is often
difficult to define, particularly in wind-pollinated trees, the units of prov-
enance, stand, and tree are sometimes used instead. At the species level
genetic variation in most of the adaptive traits of forest trees is clinal, i.e.
the population means change gradually with geographic distance. This
variation is caused by effective gene flow and gradually changing
selection pressure (Eriksson and Ekberg 2001). The specific evolutionary
history of each species plays an important role in determining the patterns
of genetic variation (Lagercrantz and Ryman 1990, Hamrick et al. 1992,
Collignon et al. 2002).
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Trees maintain more variation within species and within populations
than other plants, but have less variation among populations (Hamrick et
al. 1992). It is also known that the largest proportion of genetic variation in
most forest trees within a geographically limited area is among trees within
stands (Eriksson et al. 1987, Simpson 1998, Ruotsalainen et al. 2002).

Most boreal-temperate conifer populations are highly variable at
isozyme loci, but there is little differentiation among populations due to
efficient gene flow caused by pollen dispersal (Tigerstedt 1973, Muona
1990). Instead, populations are much more differentiated in adaptive
quantitative traits, showing clinal geographic variation, due to selection
pressure, while isozyme variability indicates that isozyme loci are not
subject to the same selection pressures (Muona 1990). Picea abies and
Pinus sylvestris are good examples of species that are highly differenti-
ated between latitudes and altitudes with respect to quantitative traits
related to climatic constraints. In Picea abies the clinal variation in growth
rhythm, as well as in growth and survival, has been extensively investi-
gated (Heikinheimo 1949, Hagman 1980, Koski 1989, Beuker 1994a,
1994b, Danusevicius and Persson 1998, Hannerz 1999), and in forest
cultivation this is a widely utilised character of the species (Pitkén-
tahtdyksen metsdnjalostusohjelma... 1988, Karlsson and Rosvall 1993,
Rosvall et al. 1998).

Picea abies is morphologically one of the most variable tree species
(Schmidt-Vogt 1977). Its large genetic variation in various quantitative
and qualitative traits can be divided into variation among provenances,
and variation among individuals within a provenance or population. In
spite of the wide-ranging natural distribution of the species, Lagercrantz
and Ryman (1990) found in an isozyme study that only 5% of the total
genetic diversity was explained by differences among provenances.
Differentiation among populations was even smaller than that among
provenances, the most part of the variation being among individuals. The
great genetic variation in Picea abies forests is affected by a large number
of factors: the ancient origin and immigration history of the species,
natural selection, and an extensive gene flow caused by effective pollen
distribution and, probably to a lesser extent, by human activities and
genetic drift in small populations (Lagercrantz and Ryman 1990).

For estimating genetic diversity in natural populations (Wright 1931)
introduced the concept of effective population size. Since then the
concept has been developed and applied by many population geneticists
and plant breeders, with the main focus on two alternative aspects: the
inbreeding effective population number and the variance effective popu-
lation number (Crow and Kimura 1970, Crow and Denniston 1988,
Muona and Harju 1989, Caballero 1994, Burczyk 1996, Kjer 1996).
Because effective population size describes the rate of change in a
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population, Lindgren et al. (1996, 1997) developed the concept of status
number (effective clone number), which is a more functional measure for
the state of a non-changing population, e.g. a seed orchard crop. The
application of status number for estimating the genetic diversity of seed
orchards or seed orchard crops has been discussed by Kjaer and Wellen-
dorf (1996, 1997), Lindgren and Mullin (1998), Kang and Lindgren
(1998), Ruotsalainen et al. (2000), and it will be continued in this thesis.

|.3 Reproduction

Picea abies is a typical coniferous tree species, monoecious and wind-
pollinated. Its female flowers are generally located at the top of the shoot
in the upper part of the crown, and male flowers at the base of the
preceding year’s shoot in the lower part of the crown. In this thesis and in
the individual studies the reproductive organs are generally called flowers
although their organological status is somewhat debatable (Sedgley and
Griffin 1989).

Picea abies has a 2-year-long reproductive cycle, which is the shortest
cycle found in boreal and temperate forest trees (Owens and Blake 1985).
The other common type of cycle, found for instance in Pinus sylvestris,
takes three years. In the 2-year cycle the initiation and development of
male and female buds occur during the growing season prior to flowering
and pollination. Pollination occurs in the spring or early summer of the
second year, and fertilisation a few weeks after pollination. Following
fertilisation, embryo and seed development are rapid and continuous. The
seeds are mature and ready to be released in the late summer or autumn of
the pollination year. The different stages of the reproductive cycle are
affected and regulated by climatic factors (Owens and Blake 1985).

Reproductive buds are formed through the transition of an indetermi-
nant vegetative apex into a determinant floral apex (Owens and Blake
1985). Floral initiation and development of reproductive buds are favour-
ed by high temperatures during the growing season in many species in
different climatic conditions, as is the case for Picea abies in our condi-
tions (Lindgren et al. 1977, Pukkala 1987). The timing of bud determi-
nation has been found to be very similar for many Picea species (Owens
and Blake 1985), and it occurs at a time close to the termination of lateral
shoot elongation. Following differentiation, the development of repro-
ductive buds is completed well before winter dormancy, the male flower
buds usually terminating earlier than the female flower buds. In all
boreal-temperate conifers, pollen sacs are initiated within the male flower
buds before winter dormancy (Owens and Blake 1985).
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Male meiosis and pollen development take place in spring, and are
regulated by the day length and temperature sum (Luomajoki 1986). In
Picea abies, as in other Picea species, meiosis starts soon after the end of
winter dormancy (Sarvas 1972, 1974), which in the climate of southern
Finland means early May (Luomajoki 1982). Meiosis and pollen develop-
ment take only a few weeks, and end at anthesis. Female meiosis usually
starts just before the female strobili become receptive (Sarvas 1968).

Pollination, excluding floral initiation, is probably the most decisive
part of the reproductive cycle in many forest trees (Owens and Blake
1985). In wind-pollinated conifers it can be divided into pollen shedding,
pollen distribution, and pollen capture. The timing of pollen shedding is
regulated by weather conditions, the effective temperature sum being the
main factor in Picea abies (Sarvas 1968). Pollen shedding in an individ-
ual tree usually takes place slightly later than when the female strobili
become receptive (Sarvas 1962, 1968). This feature, called metandry, is a
strategy of many wind-pollinated conifers to avoid self-pollination.
However, the rate of self-pollination in natural stands of Picea abies and
Pinus sylvestris usually ranges from 10 to 20%, and in extensive forested
areas, one half of the pollen comes from trees growing less than 50 m
away (Koski 1970). Gene flow through pollen distribution from neighbour-
ing stands or even further way is of crucial importance, and in some years
it can account for a significant proportion of the total pollination (Koski
1970, Wheeler et al. 1993). Although distribution of pollen is a widely
studied issue (Lanner 1966, Koski 1970, Sorensen 1972, Di-Giovanni and
Kevan 1991, Wheeler et al. 1993), more information is needed.

The mechanism of pollen capture and entrance of pollen into the
ovules of conifers has been investigated extensively in many species
(Doyle 1945, Sarvas 1962, Singh 1978, Owens 1980), including Picea
abies (Sarvas 1968). In Picea a pollen grain is transferred from the mouth
of the micropyle into the pollen chamber with the aid of a pollination
drop (Sarvas 1968, Owens 1993, Owens et al. 1998). Sarvas (1968) found
that the average capacity of a pollen chamber in Picea abies is 5 pollen
grains but, even after abundant pollination, the chambers are not always
full. Of the factors preventing complete pollination, Sarvas (1968)
reported that wind that frequently blows from the same direction during
flowering is the worst. The rain, if it does not continue for days, is not as
harmful. Spring frosts, which disturb the pollination drop mechanism, can
considerably decrease the success of pollination (Sarvas 1968).

Fertilisation in Picea abies occurs 3-4 weeks after pollination (Sarvas
1968, Christiansen 1972). During the stage from pollination to fertili-
sation, the pollen grains germinate and pollen tubes penetrate through the
nucellus into the ovule. The germination capacity of Picea abies pollen in
its natural environment, i.e. at the tip of the nucellus, varies from 86 to
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99% (Sarvas 1968). It is essential for the reproductive strategy of the
species that there is usually more than one archeogonium per ovule, three
being the average in natural stands in southern Finland (Sarvas 1968). In
addition, the fact that the number of pollen grains in a pollen chamber
might be larger than the number of archeogonium per ovule provides an
opportunity for male gametophyte competition already before fertili-
sation. During or soon after fertilisation, embryo abortion eliminates the
genotypes that are homozygous for lethal or sublethal genes. Koski
(1973) has estimated an individual Picea abies tree contains an average of
10 (from 2 to 20) embryonic lethals. Later on, the competition between
developing zygotes reduces the number of embryos to one per ovule.
According to Sarvas (1968), embryo abortion occurs in 20 to 40% of all
fertilisations, and competition between the vigorous embryos continues in
about 70% of the ovules. In Picea abies this pattern, called polyzygotic
polyembryony, reduces the rate of inbreeding, and in many conifers it is
equivalent to the self-incompatibility pattern common in angiosperms
(Hagman 1975). Koski (1973) has estimated, using embryonic lethals,
that nearly 90% of the inbred embryos are destroyed before the seed is
mature, thus reducing the rate of self-fertilisation by 5 to 10%.

In southern Finland fertilised ovules of Picea abies develop into ana-
tomically mature seeds within about two months (Mikkola 1969). Seed
maturation is a problem only in northern Finland, where the temperature
sum required for the complete maturation of seed is not reached every
year (Kujala 1927, Henttonen et al. 1986). A much greater problem in
southern Finland is cone and seed damage, caused by several rust and
insect pest species (Rummukainen 1960).

Seeds of Picea abies are usually shed early in the spring and, because
of the snow cover that is often still present at that time of the year, the
seeds may be dispersed by wind over long distances (Heikinheimo 1932).
However, most of the seeds remain close to the mother tree, and gene
flow through seed dispersal cannot be regarded as very efficient.
Although Picea abies is a shade-tolerant and competitive species and thus
occupies new areas rather easily, the most productive spruce forests with
dense ground vegetation pose problems for natural regeneration.

In natural forests of Picea abies the between-year variation in the
abundance of flowering and seed crop is large (Blomqvist 1876,
Heikinheimo 1932, 1948, Tirén 1935, Koski and Tallqvist 1978). The
periodicity of abundant flowering is irregular, and the occurrence of good
flowering years is the more seldom, the more northern is the region in
question (Koski and Tallqvist 1978). The variation in flowering is also
large between trees within a stand (Sarvas 1968, Koski and Tallqvist
1978).
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|.4 Production of genetically improved seed

The genetic improvement of forest trees is based on exploitation of the
genetic variation, occurring in natural forests, in economically important
traits (Wright 1976). Phenotypic selection of superior trees, so called plus
trees, has generally been the first phase of forest tree breeding, followed
at a later stage by the progeny testing of plus trees and establishment of
clonal seed orchards. In many countries the first seed orchards have been
established soon after the start of plus tree selection, while large-scale
progeny testing has started at a later stage, often on the basis of the seed
collected from the seed orchards (Zobel and Talbert 1984). Establishing
the first seed orchards soon after enough plus tree material has become
available has made it possible to produce improved seed, although not yet
genetically tested, within a reasonable time.

In Finland forest tree breeding focused during the first two decades (it
started in 1947) almost solely on the phenotypic selection of plus trees
(Oskarsson 1995). A total of 770 Norway spruce plus trees were selected
during 1947-1971; the number of Scots pine plus trees selected during the
same period was, however, 6526 (Nikkanen et al. 1999). Although the
first seed orchards were established in the early 1950’s, and have
continued on a small scale ever since, the major activities in this field did
not start until more than a decade later. In 1963 an official report
(Lausunto maamme... 1963) was issued about the total area of seed
orchards required for the production of genetically improved reforestation
seed in Finland. The large-scale realization of seed orchards started some
years later, and was completed by the mid 1970’s (Nikkanen et al. 1999).
Large-scale progeny testing started in the late 1960’s, and continued
through the 1970’s and 1980’s up until the mid 1990°’s (Haggman and
Oksa 1999, Yrjédnd et al. 2000). The number of Scots pine progeny tests
planted so far is much greater (1394 trials totalling 2100 ha) than that of
Norway spruce (246 trials, 280 ha). The spruce progeny tests are also
much younger as they were mainly planted in the 1980’s and early 1990’s.

Since 1967 the forest tree breeding activities have been based on 10-
year programs (Mikola 1992). In addition, a new seed orchard program
for 1990-2025 (Metsédpuiden siemenviljelysohjelma... 1989) was carried
out simultaneously with the revision of the most recent tree-breeding
program (Pitkéntdhtdyksen metsdnjalostusohjelma... 1988). The seed
orchard program was revised in 1997 (Mannyn, kuusen ja ... 1997).

The aim of an ideal seed orchard is to produce genetically superior,
frequent, abundant and easily harvested seed crops, and an orchard has to
fulfil certain requirements with respect to flowering and pollination
(Zobel et al. 1958, Sarvas 1970, Faulkner 1975, Werner 1975). These
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requirements, reproductive synchronisation, balanced flower production,
random mating, minimal selfing and isolation from non-orchard pollen
sources, are the basic factors affecting the functioning of wind-pollinated
seed orchards (Sweet 1975, Koski 1980, Blush et al. 1993). The function-
ing of seed orchards is, however, often far from ideal. There are large
clonal and annual differences in flowering abundance in several species
(Sweet 1975, Jonsson et al. 1976, Bhumibhamon 1978), including Picea
abies (Skreppa and Tutturen 1985, Ruotsalainen and Nikkanen 1989,
Kjaer and Wellendorf 1997). The variation in reproductive phenology
also has an effect on the genetic composition of the seed produced in seed
orchards (Chung 1981b, Blush et al. 1993, Harju and Nikkanen 1996).
Owing to the abundance of the same species in adjacent forests and
effective pollen distribution (Koski 1970, Lindgren et al. 1995), high
pollen contamination has proved to be a serious problem in both Scots
pine and Norway spruce seed orchards (El-Kassaby et al. 1989, Harju and
Muona 1989, Pakkanen and Pulkkinen 1991, Savolainen 1991, Paule et
al. 1993). In addition, the genetic composition of the seed-orchard crops
may be affected by competition among pollen grains.

In Finland the seed orchards have been established using clones
originating from geographically and climatically limited areas (Sarvas
1970, Koski 1980, Nikkanen et al. 1999). This was done in order to
ensure the adaptability of the seed orchard material to its utilisation area,
which was usually planned to be the same as that of the clone origins. The
aim of limiting the origin was also to ensure simultaneous flowering of
the seed orchard clones. Another measure directed at the reproductive syn-
chronisation of the seed orchards was to locate the orchards of northern
origin in the southern parts of the country. In addition to enhanced
flowering and better seed maturation, this was done in order to achieve
phenological isolation between the seed orchard clones and surrounding
forests (Sarvas 1970). The hypothesis was that the temperature sum
required for the onset of flowering in trees adapted to northern conditions
would be smaller than that in trees adapted to more southern conditions
(Sarvas 1962, 1968, 1970). However, no phenological isolation has been
found in Scots pine (Pakkanen and Pulkkinen 1991, Pulkkinen 1994b), and
no results from this have been reported for Norway spruce seed orchards.

The Norway spruce seed orchards, which are now in the seed-
producing phase in Finland, were established during 1965-1972. The
number of such orchards is 23, and their total area is 276 hectares
(Nikkanen et al. 1999). All of them have been established by grafting, and
they consist of 601 plus tree clones. The average number of clones per
seed orchard is 76 (35 to 196 clones), and the average size of the orchards
is 12 hectares (2.8 to 30 ha). The orchards have been established using
two spacing alternatives: 5 x 5 m or 3.5 x 7 m (400 grafts/ha in both

18 Functioning of a Norway spruce seed orchard



cases). The spruce seed orchards in Finland have one feature lacking from
the pine seed orchards; the grafts in two-thirds of the orchards have been
planted using a clonal-row design instead of a randomised design.

The long juvenile phase, typical for a climax species like Picea abies
(Chalupka and Cecich 1997, Almqvist 2001), has caused delays in the
onset of seed production and effective utilisation of the spruce seed
orchards. However, most of the seed used nowadays in Finland for the
artificial regeneration of spruce is produced in seed orchards. The propor-
tion of spruce seed-orchard seed used in nurseries increased rapidly
during the 1990’s; in 1991 it was only 10%, but in 2000 as much as 70%
(Metsitilastollinen vuosikirja 2001). At the same time, the proportion of
pine seed-orchard seed has remained at a level of about 60%. However,
seed-orchard seed has not been used in the same quantities in all parts of
the country; while almost all the nursery seed for southern Finland has, in
recent years, been of seed orchard origin, very little seed-orchard seed has
been available for northern Finland.

The reasons for the lack of pine seed-orchard seed in northern Finland
have been the pollination of south-transferred seed orchards by non-
orchard southern pollen (Pakkanen and Pulkkinen 1991), and the poor
adaptability of this kind of provenance hybrid seed in the locations of the
mother clones (Nikkanen 1982, Mikola 1993b, Pulkkinen et al. 1995).

The progeny test results of spruce in northern Finland, based on seed
collected from young seed orchards with a low pollen production, indi-
cate that pollination from southern sources is not as harmful to the adapta-
bility of spruce as it is for pine seedlings (Ruotsalainen and Nikkanen
1998). Only a few studies have been carried out in Norway spruce seed
orchards, in the conditions similar to ours, on flowering and pollination
(Skreppa and Tutturen 1985, Paule et al. 1993, Kjaer and Wellendorf 1997).
In Finland, the studies of this thesis provide the first results dealing with
the reproductive biology of spruce seed orchards, apart from the prelimi-
nary study on flowering (Ruotsalainen and Nikkanen 1989) performed
using the same data (from 1984 to 1988) as in the thesis. Earlier studies in
this field dealt with natural forests (Sarvas 1955, 1968, Koski 1970, 1971,
1973, Koski and Tallqvist 1978, Luomajoki 1993). In contrast, several
comprehensive studies have been carried out in Scots pine seed orchards
in Finland (Bhumibhamon 1978, Pulkkinen 1994a, Harju 1995).

The purpose of this thesis was to investigate how well the require-
ments of the functioning of an ideal seed orchard are fulfilled. In order to
investigate this, various observations and measurements were performed
in an operational seed orchard during the 15-year long study period. In
addition, the purpose of the thesis was to estimate how the expected
deviations from the ideal functioning affect the genetic composition of
the seed produced in the orchard.
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|.5 The objective of the thesis

The overall objective of the thesis was to study the functioning of a
Norway spruce seed orchard and, in more detail, to investigate the clonal
balance and synchrony of reproduction, and aspects of mating patterns
and their effects on genetic diversity and quality of the seed crop.

The aims of the individual studies were:

I To describe the annual and clonal variation in flowering abundance,
and to try to explain this variation on the basis of clonal and environ-
mental factors. An additional aim was to estimate the genetic diversity of
imaginary seed crops when clonal variation in female and male flowering
and pollen contamination were considered.

II To determine the annual variation in the timing of flowering, and to
describe the phenological variation in female receptivity and pollen
dispersal. The aim was also to determine the extent to which genetic and
environmental factors affect flowering phenology, and to discuss the
consequences of reproductive phenology for the seed crop.

III To determine whether there is variation in pollen-tube growth
among the seed orchard clones and, if such variation is found, whether it
is connected with the characteristics of the pollen donors or any exog-
enous factors. The effect of different pollen germination conditions was
also investigated.

IV To study pollen competition using controlled crossings with pollen
mixtures including pairs of pollen lots with fast and slowly elongating
pollen-tubes. Paternity analysis was performed in order to study whether
the in vitro pollen germination vigour corresponds to the proportion of
seeds sired by the pollen donor.

V To estimate the rate of pollen contamination and outcrossing in
three different years, and in addition, in the thinned and unthinned parts
of the orchard.

VI To investigate temporal and spatial variation in airborne pollen in
the seed orchard and its immediate surroundings, and to estimate pollen
contamination and self-fertilisation in different parts of the orchard. One
specific aim was to analyse how the variation in airborne pollen affects
mating patterns and quality characteristics of the seed.
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Material and Methods

2.1 Basic information and management
of the seed orchard

All the data for the studies of this thesis have been collected from Norway
spruce seed orchard no. 170 (Heindmaki), established in 1968 at Korpi-
lahti (62°13°N, 25°24’E). The seed orchard consists of 67 clones
originating from latitudes 64°-67° N (Fig. 1, Nikkanen et al. 1999).
Information about the seed orchard clones was obtained from the
National Register of Forest Genetics.

The seed orchard is 13.2 ha in area, and is partly located on abandoned
agricultural land (6.0 ha) and partly on forest land (7.2 ha) on a hill (160-
190 m asl) sloping gently to the south and steeply to the east and west
(Fig. 2, Fig. 2 in study I). The grafts were planted in the orchard using a
clonal-row design with ramets of each clone in two or more rows
distributed in different parts of the orchard. The spacing of the grafts was
3.5 x 6.5 m, the ramets of the same clone being located at a distance of
6.5 m from each other. In 1987 one half of the orchard was thinned
systematically by removing every third graft, and in 1994 the other half of
the orchard in the same way (Fig. 2 in I). The average number of ramets
per clone was 56 before the first thinning, 47 after it, and 39 after the
second thinning. The seed orchard was surrounded by spruce forest up
until March 1994 when the closest part of the forest was felled (Fig. 2,
Fig. in VI). Norway spruce is the predominant tree species in the region
of the orchard.

The topography of the seed orchard and its immediate surroundings,
and the position of the pollen samplers and the grafts, were mapped in
1993 by means of a tachymeter (Nikon A20) and a field computer
(Geonic 1000). The equipment was used to create a three-dimensional
coordinate system covering the whole study area (L&hde et al. 1992).

The nutrient concentrations and pH of the seed orchard soil were
determined in 1993 (Hamaéldinen 1994). In order to estimate the variation
in the nutrient status, the seed orchard was divided into 20 plots. Plant-
available phosphorus, potassium, calcium and magnesium were deter-
mined by extraction with IN ammonium acetate (pH 4.65), and pH was
measured on a soil sample/water suspension. The results of the soil
analyses grouped into agricultural and forest land are shown in Table 1 in
L
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Seed orchard 170 Heindmaki

|Species: Picea abies
Owner: Forelia Ltd
Year of establishment: 1968
Commune: Korpilahti

Location:  62°13'N, 25°24’E, 180 m

Temperature sums:

Seed orchard 1102 dad.

Origin 888 dd.

Utilization area_ 860 - 1060 d.d.
Number of clones: 67
Area: 13.2 ha
Spacing: 35x6.5 m
Number of grafts / ha: 198
Rogued: 1987, 1994

Further information:

Clonal-row design

December 31, 2000

B Seced orchard
«. Utilization area
1 plus tree
e 2-5plus trees

® More than
S plus trees

1-6 Breeding zone

Figure |. Location of the Heinimiki seed orchard and the origin of its
clones, and the basic information about the seed orchard (Nikkanen et
al. 1999).
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Figure 2.
1995.

Aerial view of the Heindmiki seed orchard. Photographed in March,

The height and diameter of the sample grafts (the same grafts used for
measuring flowering abundance, see Chapter 2.3) were measured every
year during 1984-1996 (except in 1994), and the width of the crown only
once in 1993. The average height of the grafts in 1984 when the
flowering study started was 4.9 m, the clonal means varying from 3.0 to
7.2 m. Twelve growing periods later in 1996 the average height was 10.4
m, varying from 6.5 to 13.4 m. Thus the average annual height growth of
the grafts during the study period was 42 cm.

The seed orchard in many ways represents a typical or an average
Norway spruce seed orchard in Finland. Its size and clone number are
close to the average, and it has been planted using a rectangular spacing
and clonal-row design, which is typical of two-thirds of all the orchards.
In addition, this seed orchard also represents the five orchards (22%),
with a total size of 87 ha (32%), established with northern origin and
located in central parts Finland.
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2.2 Weather data

The weather data were obtained both from the Jyvéskyld weather station
of the Finnish Meteorological Institute (62°24°N, 25°40°E, 140 m asl),
located 25 km north-east from the seed orchard, and from the weather
station (Datataker 610) set up in the orchard (Fig. 3). The weather data
from Jyvidskyld weather station consisted of annual, monthly and daily
mean temperatures (including effective temperature sum, d.d., >+5°C)
from 1982 to 1996 (Table 2 in I), as well as cloudiness and precipitation
during the flowering period in some years (Table 1 in II). The data from
our own weather station consisted of continuous temperature,
illuminance, humidity, precipitation and wind speed and direction during
the flowering period in 1995 (Table 1 in VI).

Figure 3. The observation tower with the weather station and pollen
samplers in the Heindmiki seed orchard.
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2.3 Measuring the abundance and phenology
of flowering

Both female and male flowering were studied. The number of flowers
was recorded on 66 of the 67 clones (one clone with two grafts was
omitted from all the measurements) every year during 1984-1996 (I). In
1984 when the study was started, 10 sample grafts per clone were
selected systematically to represent the whole seed orchard. After the
thinning in 1987 the number of sample grafts was 5, but in 1988 it was
returned to 10. No new sample grafts were subsequently selected.
However, the thinning in 1994 and natural mortality had decreased the
number of sample grafts to a minimum of 4 and average of 7 by 1996.
The total number of grafts on which flowering abundance was measured
varied from 650 to 478.

Pollen production was estimated on the basis of the number of male
flowers on a graft. The amount of pollen produced by one male strobilus
(0.009 g / strobilus, counted from 7041 strobili of 8 grafts in 1992) was
used to calculate the amount of pollen produced by a graft.

The phenological stage of the female and male flowers was observed
on seed orchard grafts in 1989, 1992, 1993 and 1995 (II). In 1989 the
observations were made on 7 randomly chosen clones, in 1992 and 1993
on 21 randomly chosen clones with sufficient flowering abundance, and
in 1995 on 65 of the 67 seed orchard clones. Observations on the
phenological stage of the flowers were made on 3 grafts per clone.

2.4 Measuring the variation in airborne pollen

Temporal variation in airborne pollen was studied during a twelve-year
period by means of a recording pollen sampler (Fig. 4, Sarvas 1962,
1968). The pollen catch was measured in the seed orchard from 1984 to
1995, and at a distance of 1 km to the southeast from the orchard from
1987 to 1995. The results obtained with the recording pollen sampler
provided information about the actual timing of flowering in different
years and about the daily fluctuation in airborne pollen during flowering
(II and VI).

Spatial variation in airborne pollen was studied in 1995 using a rotorod
type of sampler (Fig. 4, Edmonds 1972). A total of 70 samplers were
situated on 48 masts, 1-3 samplers on each mast; 48 samplers at the
height of 4.5 m, 16 at the height of 9.0 m, and 6 at the height of 13.0 m
(Fig. 2 in VI). 37 samplers were located in the seed orchard and 33
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outside it. A total of 24 ten-minute sampling periods were achieved
during a seven-day period (Table 1 in VI). The rotorod-sampler gave an
estimate of pollen density in the air. The pollen density values were
interpolated for the whole study area by applying the spatial analysis
methods described in study VI. Spatial variation in airborne pollen was
described by means of density maps.

Figure 4. The pollen samplers used in the study: a) the Sarvas-Wilska type of
recording pollen sampler, and b) rotorod type of pollen sampler.

2.5 Cone and seed sampling

Cones were collected in the seed orchard in 1989, 1992, 1993 and 1995,
and on a smaller scale in 1998. The purpose of cone collection was to
obtain material to investigate the variation in the quantity and quality of
the seed crops in 1989 (Nikkanen 1992) and in 1995 (VI), and to obtain
seed for isozyme studies on mating patterns in 1989, 1992, 1993 (V) and
1995 (VI), and for isozyme studies on pollen competition from controlled
crossings in 1998 (IV).

The cone and seed crops were determined separately for each graft.
After extracting the seeds, the weight of the seed crop, 1000-seed weight,
and the number of seeds per cone were determined for each graft. In
addition, the percentage of full seed was determined by x-ray analysis
(Simak 1980).
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2.6 Studying pollen competition in vitro and in vivo

Pollen samples were collected from 66 of the clones in the seed orchard
in 1996 and 1998 in order to estimate pollen-tube growth rate in in vitro
(III). One graft from each clone was selected as pollen donor (Fig. 1 in
III). The same grafts were used in both years. In addition to the seed
orchard clones, five trees from surrounding areas were used as pollen
donors. More details about treatment of the pollen are given in study III
and in Higgman et al. (1997). Germinated suspensions of pollen were
photographed, and pollen-tube lengths were measured from the enlarged
negatives. About 50 pollen grains were measured per replication, the total
number of measurements being about 73 800.

Five pollen mixtures, based on differences in vitro germination vigour
and with distinguishable isoentzyme genotypes (Table 1 in IV), were
used to pollinate five seed parents (Table 2 in IV) in 1998. Each of the
mixtures consisted of an equal mass of pollen from two clones, one
assumed to have poor and the other good germination vigour. The
selected pairs of pollen mixtures were used in controlled crossings to
study pollen competition and seed-siring success.

2.7 Estimation of mating patterns

Seed for the isozyme studies was collected in 1989, 1992 and 1993 (V),
and in 1995 (VI). Cones were collected from all the seed-producing
clones of grafts representing different parts of the seed orchard. The
multilocus genotypes of the embryos and haploid megagametophytes
were assessed at 11 allozyme loci. More details about these loci and the
technique used are given in studies V and VI, and in Muona et al. (1987).
The pollen contamination, and outcrossing and self-fertilisation rates
were estimated for the whole seed orchard, and separately for the
different parts of the seed orchard. In addition, the rates of cross-
fertilisation within the seed-orchard clones were estimated by summing
up the estimates of pollen contamination and self-fertilisation

Paternity analysis, described by Smith and Adams (1983), was used in
estimating pollen contamination. The multilocus genotypes of the pollen
gametes were deduced by comparing the allozyme patterns in the
megagamethophytes and in the corresponding embryos. Pollen genotypes
that could not have been produced by any of the seed orchard clones were
regarded as observed contamination (b). Because part of the contami-
nating pollen could not be distinguished from pollen produced in the
orchard, the observed contamination had to be corrected by an estimate of
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the detection probability of alien pollen (&), which was calculated using
the gene frequencies of a local spruce stand and the gametes produced by
orchard clones. The estimates of pollen contamination (m) were
calculated as m = b/d. The formula for the variance estimate of
contamination is given in Friedman and Adams (1985).

The multilocus method of Shaw et al. (1981) was used to estimate the
rates of outcrossing (), and selfing (= /-f). Pollen gametes not matching
the mother tree genotype were regarded as outcrossings. The estimated
outcrossing rate was obtained by adjusting the detected outcrossing rate
by the probability to detect the self-fertilisations, which was estimated by
means of the gene frequencies of the seed orchard.

2.8 Estimation of genetic diversity

~ Genetic diversity of the seed orchard and the seed crops was described
using the concept of effective number of clones (Kang and Lindgren
1999, Kang 2001, Kang et al. 2001), which was estimated using the
method of status (effective) number (Lindgren et al. 1996, 1997, Lindgren
and Mullin 1998). The effective number of clones (N¢) for the seed crop
was calculated according to Lindgren and Mullin (1998) using the
formula

M,

i=1

where p; can be any clonal proportion measured in the seed orchard. It is
assumed that seed orchard clones are not related and have no inbreeding.

When the effect of pollen contamination was examined, the effective
clone number was calculated according to Lindgren and Mullin (1998),
and Ruotsalainen et al. (2000)

Ne = 1 @),

| i(/; +(1-2M)m,)?

i=1

where f; is the proportion of clone i of the female contribution (seed yield
in this study) and m; is the corresponding value for male contribution
(pollen production). Both £ and m; sum up to 0.5. M is the proportion of
migrating genes in the seed crop.

The effective number of clones was estimated for the seed orchard and
for the imaginary seed crop, predicted on the basis of flowering, by
adjusting stepwise for several sources of variation as described in L. In
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addition, the effective clone numbers concerning the real seed crops of
1989 and 1995 were also estimated and presented in this thesis.

2.9 Statistical analyses

A non-parametric Kruskall-Wallis (I, II) test was used to determine the
statistical differences between the clones, and the Spearman rank
correlation procedure to calculate the strength of the linear association
between different variables. A non-parametric test and rank correlation
procedures were used, because the number of flowers had a skewed and
non-normal distribution (I), and because the day scale used in the pheno-
logical observations was coarse (II).

When the restrictions mentioned above did not exist, analyses of
variance were used to determine the statistical differences (II, III and
VI), and the Pearson correlation procedure to determine the linear
association (III and VI). The Tukey (II and VI) and Student-Newman-
Keuls (III) post-hoc tests were performed for multiple comparisons of
means.

Broad-sense heritabilities (th) were estimated on the basis of a single
graft using the formula of Sokal and Rohlf (1995), as described in study I
(and used also in II).

The Pearson y’-test was used to determine the differences in pollen
contamination and outcrossing or selfing between years (V), and between
different parts of the orchard (V and VI), as well as the significance of the
paternal contribution (IV).

Linear stepwise regression analysis was used to obtain models to
explain the variation in flowering abundance (I), and non-linear
regression analysis to obtain a model to identify the parameters explain-
ing the diurnal variation in the amount of airborne pollen (VI).
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Results

3.1 Flowering abundance (I)

The between-year variation in both female and male flowering was large
(Fig. 3 and Table 3 in I). In female flowering during the 13-year study
period (from 1984 to 1996), there were 6 fairly abundant, 5 poor and 2
years with no flowering. Male flowering followed a similar pattern (Table
3 in I), and the estimates for pollen production in 1989, 1992, 1993 and
1995 were 11.2, 5.3, 4.8 and 23.4 kg/ha, respectively. Differences in
flowering abundance among the clones were large and statistically
significant. The average broad-sense heritability values for female and
male flowering were 0.37 and 0.38, respectively, but varied considerably
from year to year (Table 3 in I). The correlations between the flowering
abundance of the clones in different years were usually positive and
significant (Table 4 in I). However, there was also a strong tendency that,
in two pairs of successive good flowering years, the same clones usually
flowered well in the first year in both pairs of years, and the other clones
in the second year (Fig. 4 in I). The clonal differences in flowering could
not be explained by geographic origin, but were, excluding the second
years (1993 and 1996), dependent on the graft size (Table 5 in I).

3.2 Reproductive phenology (ll)

During the years examined (1985, 1986, 1987, 1989, 1992, 1993 and
1995), there were large differences in the onset of spring and in the
weather during flowering (Table 1 and Fig. 2 in II). The duration of the
receptive period of the seed orchard varied (in 1992, 1993 and 1995) from
5 to 8 days, and anthesis determined on the basis of airborne pollen (in
the seven years above) from 5 to 10 days. The receptive period started
normally about one day earlier than anthesis. In general, the flowering
periods of the different clones overlapped (Fig. 3 in II). The clonal
differences in the phenology of receptivity were in most cases statistically
significant, but not in pollen shedding (Table 2 in II). The broad-sense
heritability estimates were higher for female than for male phenology.
Environmental factors, conversely, had a stronger effect on male
phenology (Tables 4, 5 and 6 in II). Wide graft spacing and a graft
position that favoured solar radiation on the lower parts of the crown
promoted early pollen shedding.
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3.3 Temporal and spatial variation
in airborne pollen (Il, VI)

The between-year variation in the timing of flowering was more than
three weeks during the 7 years studied (Fig. 2 in II). The mean date of
anthesis varied from May 15 to June 6, the average being May 28. The
effective temperature sum of these dates varied from 122 to 159 d.d., the
average being 141 d.d. Temporal variation in the amount of airborne
pollen was large (Fig. 2 in II, Fig. 4 in VI).

In 1995 the duration of anthesis was 5 days (Fig. 3 in IL, Fig. 4 in VI).
The amount of airborne pollen increased during the first four days, and
then decreased rapidly. Diurnal variation was high; the lowest amounts of
pollen were measured at night and in early morning when, in general, the
air humidity was high and wind speed low. During the first two days of
anthesis, the pollen densities inside and outside the seed orchard were
approximately the same, but from the third day onwards the densities in
the orchard were higher (Fig. 5 and 6 in VI). On the third day the highest
densities were measured on the southern slope, but one day later in the
northern part of the orchard, indicating phenological differences in pollen
shedding. In addition to phenology, spatial variation was affected by the
wind; the highest pollen densities were measured on the downwind side
of the orchard. The highest pollen density measured in the orchard was
about 9000 pollen grains/m3 of air (June 1, 4 p.m.), while the highest
density outside and upwind side of the orchard was 3000 grains/m3.

3.4 Pollen competition (lll, V)

Significant variation was found among the clones in the in vitro pollen-
tube growth rate, the differences in the average pollen-tube lengths being
7- and 10- fold in different years (III). No correlation was found between
the pollen-tube length and the phenology, growth or growing site charac-
teristics of the pollen donors. However, there appeared to be pollen lots
that either benefited from a higher germination temperature or germinated
faster at lower temperatures (Fig. 2 in III).

When paternal success was studied using controlled crossings (IV), the
success was found to be unequal: 15 of 23 crossings producing progeny
differed significantly from the hypothetical ratio of 1:1 (Table 3 and 4 in
IV). The paternal contribution in the majority of the crossings was as
expected: the pollen parent with a more-vigorous in vitro germination
sired more seeds than the parent with less-vigorous pollen (Table 3 in
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IV). Despite aberrations in two of the pollen mixtures, the results support
the hypothesis that pollen-tube competition is one of the factors
contributing to male fitness in Picea abies.

3.5 Mating patterns (V, VI)

The mating patterns found in the seed orchard were far from the ideal.
The estimated rates of pollen contamination in 1989, 1992 and 1993 were
0.69, 0.69 and 0.71, respectively (Table 1 in V). The contamination rate
in the thinned parts of the orchard was significantly lower than that in the
unthinned parts in two of the three years studied (Table 2 in V). The
estimated outcrossing rate for the whole seed orchard was 0.96 in 1992
and 1.00 in 1989 and 1993 (Table 1 in V), indicating that the rate of self-
fertilised seed produced in the orchard was negligible.

In 1995 the estimated rate of pollen contamination for the whole seed
orchard was 0.71, varying from 0.60 to 0.87 for the different altitude
zones, and from 0.51 to 0.80 for the different sections of the orchard (Fig.
1 and Table 4 in VI). The differences in the rate of contamination were
significant between both the zones and the sections. The highest rate of
contamination was estimated for the lowermost altitude zone and the
lowest rate for the middle section of the orchard (Table 4 in VI). There
were no significant differences in self-fertilisation between the zones or
the sections, and the estimated rate of selfing in 1995 for the whole seed
orchard was 0.06 (Table 4 in VI), which was clearly higher than that in
1989, 1992 and 1993 (in V). Significant negative correlation was found
between the contamination and the accumulated amount of airborne
pollen (Table 3 in VI).

The rate of cross-fertilisation within the orchard clones, after the rates
of pollen contamination and self-fertilisation were summed up, was low.
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