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Abstract

Female flowering and cone production took place in three Nor-
way spruce progeny tests at ages 17 and 20 years, each planted
with full-sib families from a half diallel. The number of cones on
individual trees were scored in five classes. More than 50 % of
the trees produced cones, and a considerable variation was
found among families for the ability to produce cones (precoci-
ty) and for the number of clones scored in classes (fruitfulness).
Both traits were strongly related to tree heights and diameters
at the individual and at the family level. In general, tall trees
produced the highest number of cones. However, some fami-
lies produced many cones even if their average heights were
low. In two of the half diallels, estimates of GCA variance com-
ponents for the number of cones produced had twice the
value of the SCA component, indicating additive genetic inhe-
ritance of cone production. Heritability estimates of cone
scores were 0.10, 0.17 and 0.23, and the genetic correlations
between cone production and tree heights were 0.40, 0.50 and
0.35 in the tree half-diallels, respectively.

Keywords: Norway spruce, half diallels, precocious flowering,
cone production, tree height, genetic parameters.

Introduction

Female flowering and cone setting in forest tree species occur
when the trees have passed the juvenile period and have attai-
ned the stage of maturity. The duration of juvenility varies
among species from a few to tens of years (Waring 1959,
Owens and Blake 1985). In Norway spruce (Picea abies), the
average length of the juvenile phase is 20-25 years under
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natural conditions (Waring 1959). However, first flowering in
this species have been observed as early as age 9-10 years
(Chalupka 1972). More abundant flowering coupled with a
substantial production of mature seeds typically occurs much
later. Chalupka (1972) reported from the Bialowieza Primeval
Forest, Poland, that cone and seed production in the spruce
forest increased with tree age and attained its maximum at
110-120 years.

Weather conditions affect the initiation of flowering buds
in Norway spruce. Warm and dry conditions during the second
half of June and early July have been shown to promote female
flowering and cone production the next summer (Lindgren et
al. 1977). The between-year variation in abundance of flowe-
ring and seed crop is large and irregular in forest stands at nort-
hern latitudes and high altitudes in the Nordic countries
(Andersson 1965). There is also a large variation in flowering
between trees within a stand (Sarvas 1968, Hacket-Pain et al.
2019). Dominant and co-dominate trees which have the grea-
test exposure to sunshine and high temperatures produce
more cones. Therefore, relationships are present between tree
heights and diameters and their ability to flower (Chalupka
and Giertych 1975). A heavy cone crop may cause loss of stem
wood production in the year of seed production and some
reduction in production the next couple of years, i. e. Holmsg-
aard and Bang (1990), Hacket-Pain et al. (2019). However, some
other studies have indicated no evidence of a possible trade-
off between growth-rate and reproductive success (Seiffert
and Miiller-Starck 2009, Avanczi et al. 2019).

Studies of flowering in Norway spruce have in most cases
been made in clonal archives and seed orchards. Several stu-
dies have demonstrated variation in flowering and cone pro-
duction at different levels: between sites, between years within
each site, between provenances and between clones within
the same provenance (e. g. Eriksson et al. 1973, Skrgppa and
Tutturen 1983, Nikkanen and Ruotsalainen 2000). The large
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variation among clones in cone production implies different
genetic contributions from the clones to the seed harvested in
the orchard. No relationship was found between the cone pro-
duction of parental clones and the height growth of their pro-
genies in six-year-old progeny tests (Skrgppa and Tutturen
1985).

When characterizing flowering of forest trees at an early
age two different factors must be distinguished (Schmidtling
1981), precocious flowering or precocity, as the early manifes-
tation of sexual maturity, and fruitfulness, defined as the num-
ber of reproductive units. The first is a qualitative trait at a given
age, while the second is quantitative.

Few results have been presented about genetic variation
in precocity and fruitfulness of forest trees. Santos-del-Blanco
et al. (2012) studied reproduction and growth in a young trial
with populations of Pinus pinaster and found genetic variation
among provenances for the age of first female flowering and a
negative correlation between early cone production and
height, most likely caused by female reproduction of less adap-
ted provenances occurring at a lower individual height.
Schmidtling (1981) showed considerable genetic variation
between families for both precocity and fruitfulness in loblolly
pine (Pinus taeda L.) and found negative correlations with
growth traits. Flowering precocity was found to be highly heri-
table for Eucalyptus globulus ssp. globulus at the age of four
years (Chamber et al. 1997). For Norway spruce, genetic studies
of precocity and fruitfulness have not yet been published. In
this paper we will present the variation and inheritance pat-
terns of cone production found for these two traits in field trials
with this species at ages between 17 and 20 years, containing
families from half diallels and discuss relationships with tree
heights and diameters.

Materials and methods

Trials and measurements
Two field trials with full-sib families of Norway spruce were
established in 1976 and a third trial in 1979. The families in
each trial formed a half diallel from controlled crosses in a com-
plete diallel design, each made in 1973 in a natural population
(Skreppa and Tho 1990). The three half diallel trials will be
denoted as Diallel 1, planted in 1976, Diallel 2, planted in 1979,
and Diallel 3, planted in 1976. Two of the diallels were genera-
ted from 10 parents and one from 9 parents. In each populati-
on, trees standing more than 50 m apart were randomly cho-
sen among the trees having both female and male flowers and
were crossed in all possible combinations. The trials were plan-
ted with 2 m spacing in four-tree family plots randomly distri-
buted in 12 complete blocks. Two of the field trials were estab-
lished at sites with climatic conditions not very different from
the origins of the natural population and the third at a some-
what milder site (Table 1, Solvin et al. 2024).

All families from the full diallels were tested in short-term
trials where height and diameter were measured until age ten
years from seed (Skrgppa et al. 2023). In the field trials, heights

were measured at different intervals (Solvin et al. 2024). In this
study, height and diameter at breast height measured in 1994
in all three half diallels, and in 2001, 2003 and 2005 in Diallels 1,
2 and 3, and of diameter in 2013 in Diallels 2 and 3, respec-
tively, will be used in calculations. Measurements of shoot
elongation were made in the field trials during two growing
seasons (1980 and 1981), at dates early in the summer and at
dates closer to the end of the growing season (Solvin et al.
2024.) Proxies for growth start and growth cessation were cal-
culated as the proportion of leader shoot growth completed at
the two dates. Low values indicate late shoot growth start and
late growth cessation.

During the early summer of 1995 both female and male
flowering occurred in the trials, and cones developed during
the summer and early autumn. The age of the trials since plan-
ting was then 20, 17 and 20 years, for Diallels 1, 2 and 3, respec-
tively. In the late autumn that year trees in the three trials were
scored for the number of cones in the following classes:

0: no cones

1:1-10 cones
2:11-20 cones

3:21 -40 cones

4: more than 40 cones.

The flowering was most likely initiated by high temperatu-
res during the month of July the previous year. In 1994, the
mean temperature of July across the three sites was 18.7°C
compared to the mean temperature of 14.4°C for the same
month for the reference period 1961-1990 (MET Norway (Luss-
anaetal.2019). Mean temperatures for the months of June and
August were below or equal to the temperature for the refe-
rence period.

Cones were collected from 105 trees at Bjugstad and
Nygdrd and germination tests were made of 12 seed lots. The
germination percentage was 50 % for one seed lot and was
above 70 % for the other lots.

Calculations
Cone scoring was done on 1274, 1181 and 1396 trees in diallels
1, 2 and 3 respectively. Chi-square tests were made for testing
the homogeneity among full-sib families for precocity and
fruitfulness. For each of the five scoring classes calculations
were made of mean values of heights and diameters in 1994
and for the height and diameter increments in the period until
the next measurement. Correlation coefficients were estima-
ted between tree heights and cone score of individual trees
and between mean height and cone score of half-sib families.
The cone score of each tree was transformed to normal
scores within each block by the Blom transformation (SAS
2003). The transformed scores were analysed in a mixed model
in the software ASReml-R (Butler 2009, Gilmour et al. 2006) by
the following model:

Yiime =+ GCA; + GCA; + SCA;j + Pijic + Eijia



Table 1

144

Locations of the long-term field trials and the origin of the parents, with key climatic characteristics. Climatic values are aver-
ages across the period 1961-1990. Climatic data from MET Norway (Lussana et al. 2019).

Latitude Longitude Altitude Mean annual tempe-  Temperature sum Number of
rature degree days full-sib
families

Diallel 1: 10x 10

Trial (Bjugstad) 60°47' 10°36’ 370m 2.2°C 920 45

Origin 60°58' 10°56’ 500 m 1.1°C 740

Diallel 2: 10 x 10

Trial (Nygard) 60°47’ 10°39’ 240 m 29°C 1070 45

Origin 60°50 10°38’ 270 m 2.5°C 1000

Diallel 3: 9 x 9

Trial (Leten) 60°43’ 11°35’ 470 m 1.5°C 850 36

Origin 60°47' 11°50 300m 2.0°C 960

where u is the general mean, GCA, and GCA, are the general
combining ability of parentiand j respectively, SCAIJ, is the spe-
cific combining ability of the crossing of parentiand j, P and
Eijk are random effects of plot and residual, respectively. The
random effects are assumed to be independently distributed
with expectations 0 and respective variance components. Esti-
mates of variance components and their standard errors were
calculated and the narrow  sense heritability,
h=4 GECA / 6 , where O'gCA is the variance of the GCA and
O'Ig is the total phenotypic variance. BLUP estimates of the
GCA effects were also calculated. Similar analyses were earlier
made of the height, diameter and of the shoot elongation
measurements (Solvin et al. 2024). Genetic correlations bet-
ween traits were calculated in bivariate analyses of pairs of
traits in ASReml-R analyses.

Results

The percentage of trees bearing cones (mean precocity) were
57.9, 65.8 and 51.5 in the three half diallels, respectively. The
number of trees in each cone score class is shown in Table 2.
The chi-square tests for testing the homogeneity among full-
sib families of the distribution of trees with cones (precocity)
and of number of trees in each cone score class (fruitfulness)
showed significance in all three diallels (p<0.0001). Thus, there
were family differences both for the frequencies of trees having
cones and for the frequencies in the different cone score clas-
ses. The ranges of variation in precocity for half-sib families
were from 50 to 74 %, 54 to 78 % and 35 to 63 % in the three
diallels, respectively. The estimated correlation coefficients
between these percentages and the mean cone score of the
half-sib families were 0.91, 0.95 and 0.97.

The mean heights of the trees scored were 630, 495 and
399 cm in the three trials, respectively. In all three trials, trees
with no cones (class 0) had lower mean heights than those in
the other classes, and there was an increasing mean height

with the number of cones in the class (Table 2). In general, the
tallest trees in each half-sib family produced the highest num-
ber of cones. At the individual tree level, ignoring family relati-
onships, the correlation coefficients between tree height and
cone score were 0.50, 0.54 and 0.57 in the three half-diallels,
respectively.

The trend in height growth with the cone classes is illust-
rated in Figure 1 based on mean height increments in the peri-
od before flowering. In the next increment period, this trend
was not present, especially in particular in Diallel 2 and 3. Ana-
lyses of diameter increments confirm the results from the
height increments (Figure 2). However, diameter measure-
ments at ages 36 and 40 in Diallels 2 and 3 showed that the
differences in diameter means among cone classes observed
at the early age were kept.

At the half-sib family level, a close relationship between
mean cone score and mean tree height was present in Diallel 2
(Figure 3). In both Diallel 1 and 2, the half-sib family with the
lowest mean tree height had a cone class score above the
mean and thus deviated from the general relationship bet-
ween tree height and cones production. Similarly, in Diallel 3
two half-sib families with low height means had a high cone
score. In these four families the mean tree heights were bet-
ween 5 and 10 % lower than the corresponding means of the
whole trial. The trees in these families had a high ability of cone
production even if they were not among the dominant trees in
the trial.

In the mixed model analysis of transformed cone scores, the
estimates of the GCA and SCA variance components were of
similar size in Diallel 1 (Table 3). In the two other diallels the
GCA variance component estimates had twice the values of
the SCA component, indicating predominantly additive gene-
ticinheritance of cone production. The estimates of heritability
were 0.10, 0.14 and 0.20 in the three half diallels.
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Number of trees in each cone score class (N) and mean heights 1994 of the trees in each class.
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Diallel 1 Diallel 2 Diallel 3
Cone class N Height N Height N Height
cm cm cm
0 536 549 404 402 678 325
1 291 637 396 506 455 441
2 141 686 153 552 202 506
3 278 737 216 601 60 551
4 28 786 12 658 1
Total 1274 630 1181 495 1396 399
70 Diallel 1 0 Diallel 2 . Diallel 3
60 50 30
50 40 25
E 40 20
E 30 20 15
E 20 20 10
10 10 5
0 0 0
0 1 2 3 4 0 1 2 3 4 1 2 3 4
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Mean annual height increment (cm) in each cone class in the periods between measurements for Diallels 1, 2 and 3.
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Figure 3

Plot of mean cone score against mean tree height 1994 of parental half-sib family means in each of the three half diallels. The
estimated correlation coefficients in these plots are 0.21, 0.65 and 0.26, respectively.

Genetic correlations were estimated in bivariate analyses
of pairs of traits between transformed cone score values and
height 1994 with values 0.40, 0.50 and 0.35 in the three diallels,
respectively (Table 4). The estimated genetic correlations bet-
ween cone scores and the phenology traits characterizing start
and cessation of shoot growth had low and not significant
values.

Table 3

Estimates of variance components and narrow sense heritabi-
lities for the transformed cone scores, with standard error of
estimates in parentheses.

Diallel 1 Diallel 2 Diallel 3
GCA 0.020 (0.013) 0.031(0.018) 0.040 (0.023)
SCA 0.021 (0.013) 0.014 (0.014) 0.019(0.012)
Plot 0.046 (0.022) 0.120 (0.027) 0.118 (0.023)
Error 0.708 0.667 0.571
h2 0.10 (0.06) 0.14 (0.08) 0.20 (0.11)
Table 4

Estimated genetic correlations between transformed cone
scores, height 1994 and growth start (start) and cessation
(end), with standard error of estimates in parentheses.

Trait Diallel 1 Diallel 2 Diallel 3

H94 0.42(0.34) 0.51(0.31) 0.39(0.34)
Start -0.12 (0.41) -0.18 (0.37) -0.02 (0.40)
End -0.04 (0.42) -0.37 (0.62) 0.31(0.44)

A selection of the three tallest families in Diallel 2 showed
an increase in the percentage of tree that set cones from 65.8
to 70.6 % and in mean cone score from 1.19 to 1.35. In the two
other diallels selection for tree height resulted in small respon-
ses in the cone production traits. Similarly, a selection for early

and abundant cone production resulted in a positive correla-
ted response only in Diallel 2.

Discussion

This study provides information about precocity and fruitful-
ness at a young age of Norway spruce families originating from
three diallel crosses, each made within a natural population. In
addition, estimates of genetic parameters characterizing inhe-
ritance patterns of cone production are presented. An impor-
tant factor is the relationship between tree height and diame-
ter and the number of cones produced.

More than 50 % of the trees in these trials produced cones
at this early age, but with a quite large variation among half-sib
families in each diallel. This indicates genetic control over pre-
cocious flowering which could be due to family differences in
the length of the juvenile period. However, it could also be rela-
ted to genetic differences in tree growth as both the tallest
families and the tallest individuals in each family produced
cones. The tallest trees have the greatest exposure to sunshine
and temperatures during the part of the growth season when
female flowering is induced. The tall trees may also be more
exposed to draught stress during this period, normally in late
June and early July in the boreal forest.

The two traits precocity and fruitfulness seem to be stron-
gly related at this age, as they were strongly correlated for half-
sib families in all three half diallels. Families with a high percen-
tage of trees with cones therefore had a high mean cone score.
The same was found at a very early age in loblolly pine
(Schmidtling 1981).

Additive genetic variation was found for the cone score
(fruitfulness) in two of the diallels with GCA variance compo-
nents more than twice the size of the SCA components. In Dial-
lel 1, these two variance components were of similar size and
the estimate of heritability had the lowest values. These fami-
lies had the largest transfer in climatic conditions from the ori-
gin of the parents to the progeny test site where cone



production occurred. Such changes in environmental condi-
tions most likely influenced the flowering ability of the trees
(Chalupka and Cecich (1997). The estimates of heritability
found here are lower than those found for loblolly pine by
Schmidtling (1981) who estimated high GCA variance compo-
nents and additive inheritance for both flowering traits.

Positive genetic correlations were estimated between
cone scores and height, but with quite high standard errors.
Most families with a high cone score were among those with
the highest height means. However, in all three progeny tests
there were families with low mean height that had a high mean
cone score. This indicates genetic control of female flowering
in addition to those related to tree heights. Discussing the rela-
tionship between flowering and growth traits, Chalupka and
Giertych (1975) state that poorly growing trees with defects
may flower abundantly since most metabolic effects are direc-
ted into flowering. This cannot be the reason for the perfor-
mance of these families as all trees scored had normal tree
growth without any specific defects.

The inheritance patterns of cone production differed from
those found for tree height and diameter in the same trials
(Solvin et al 2024). For height, Diallel 2 had the highest value of
the SCA variance component and with low heritability estima-
tes. In two other diallels these estimates were of similar size as
those found here for cone production.

The relationship between cone production and tree size
have been studied in natural populations and in few prove-
nance and progeny tests. Positive relationships have been
found in natural stands between the size of the cone crop and
tree height and diameter for Norway spruce (Chalupka and
Cecich 1997), silver fir (Davy et al 2016) and white spruce (Bron-
son 2020). In a provenance trial with Maritime pine negative
relationships were found between mean cone production and
height due to differences in provenance transfer (Santos-del-
Blanco et al 2012). Negative relationships between flowering
traits and tree heights of families were found in very young tri-
als with families of loblolly pine (Schmidtling 1981) and euca-
lyptus (Chambers et al 1997). In our trials, the opposite relati-
onship was found, but with some families deviating from the
positive relationship between scone score and tree height
(Figure3).

Assessments made in a 20-year-old provenance trial with
Norway spruce demonstrated provenance variation in cone
production and showed that trees with an early bud flush pro-
duced the highest number of cones (Ohrn 2023). This may
depend on relationships between the timing of shoot growth
development and the temperature conditions the previous
summer when female flowers were induced. In our trials there
were no relationships between the timing of shoot growth and
cone production.

Flowering and cone production demand resources that
could be invested in vegetative growth. Different results have
been published whether abundant cone production results in
reduced (Holmsgaard and Bang 1990, Hacket-Pain et al. 2019)
or in no change in biomass production (Seiffert and Miiller-
Starck 2009, Avanzi et al. 2019). The most likely effect could
take place the first couple of years after flowering. Such
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information is not available from our trials. Height and diame-
ter growth are available for the next period which lasts for six
to eight years. Reduced growth in this period was found for the
class of trees which did not produce cones compared with the
tree in the other cone classes. The trees that produced abun-
dant numbers of cones at the early age were still the tallest at
ages 28, 26 and 32 years, respectively, and had also the largest
diameters and were the dominant trees in the stands at ages
36 and 40 years in Diallel 2 and 3. They will also most likely pro-
duce the largest number of cones in later years with abundant
cone production. At this age, and most likely at later ages, the
natural reproduction in a stand will thus be in favour of families
with superior height growth and the tallest trees within these
families. However, our results are obtained in plantations at a
very young age, and it has not yet been shown that precocious
flowering is correlated with prolific flowering (Chalupka and
Cecich 1997).

In tree breeding, strategies and breeding plans must be
based on knowledge of genetic variability and genetic correla-
tions. The positive genetic correlations between height growth
and early flowering observed indicates that selection for
growth might have positive effect on reproductivity and fit-
ness. No adverse effects of selection for growth rhythm traits,
often important for adaptation, seems profound.

In operational breeding, materials for the second and
advanced generations are selected from progeny trials and
grafted into breeding arboretums and seed orchards as early
as 10-15 years after seed (Jansson, Li and Hannrup 2003). In
Norway spruce breeding arboretums, the first attempts to pro-
mote flowering by heat and hormonal treatments (Johnsen et
al. 1994) are often made 5 - 10 years later, at a total age of 20 -
25 years, to facilitate controlled crossings for new progeny tri-
als. In seed orchards, flowering is expected to occur more
according to the natural sexual maturation of the trees. In both
situations, individuals prone to reproduce earlier will start con-
tributing to the breeding population earlier. In the breeding
arboretums, containing the selections that comprise the
breeding population, variable age of first flowering potentially
causes unbalance of the genetic representation in subsequent
generations. Particularly trees with late sexual maturity might
be difficult to include and genetic diversity might be uninten-
tionally lost. A solution might be to increase the size of the
breeding populations to allow some decay of the latest flower-
ing individuals in each generation.
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