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Abstract
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Cones were collected from 21 trees in each of four Swedish. geographically widely distributed
populations of Picea ahies (L.) Karst. during the r ~ c hcone crop year 1977. Plant height as well as
growth rhythm recorded as bud-Rushing. bud-set, attainment of 50% o r 80% growth of the leader.
and duration of the growth period were studied in a nursery at Uppsala d u r ~ n gthe years 19791982. The analysis of variance revealed strongly s~gnificantbetween- and within-population
differences with respect to most of the growth rhythm characters studied during 1981 and 1982
when the plants were well established at the test site. The withn-population variation was lower in
the northern population than in the others. The difference within populations for leader length
and plant height was in most cases non-significant. Family repeatabilities based on means for
growth rhythm characters varied between 0.5 and 0.9 in 1982 when the estimates were highest.
The family repeatabiiit~esfor plant height and leader length never exceed 0.3 but the experimental
errors were large. There were strong genetic correlations between the growth rhythm characters.
The genetic correlations for the same character between years 1981 and 1982 were strong.
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Introduction
The information on genetic variation in native Picea
abies populations in Sweden is limited. The magnitude of variation within and between populations is
of importance in choosing the breeding programme.
Both the variation in adaptive traits such as growth
rhythm, and the genetic correlation between characters of economic value, need to be estimated. Only
one report on genetic correlations of characters in
Picea abies is known to us (Dietrichson 1 9 7 1 ~ ) .
There are reports on the genetic variation within
introduced populations of Picea abies (Lindgren &
Eriksson, 1976). They studied the bud-flushing of
Polish and Slovakian populations. The variation
within populations was larger than the variation
between the population means.
From the study of the inheritance of bud-flushing
and bud-set in seedlings of Picea abies by Eriksson et
al. (1978) it is evident that there is a large withinprovenance variation. Analogous results were also
reported by Ekberg et al. (1982) in their study of tree
height and tree volume of Picea abies inter- and intraprovenance families.
The quoted papers deal all with characters of economic interest. The knowledge of variation with respect to characters of non-economic interest is scanty
except for isozymes (cf. Lundkvist, 1979).
For many of the growth rhythm characters studied
in temperate conifers, the variation between families
was larger or of the same magnitude as the variation
among populations. This was the case for Abies lasiocarpa (Dietrichson, 1971b), Picea abies (Dietrichson,
1969b), Picea glauca (Pollard & Ying, 1979a), Picea
mariana (Dietrichson, 1 9 6 9 ~ )Pseudotsuga
.
menziesii
(Rehfeldt, 19746 , 1983; Campbell, 1979) and Pinus
sylvestris (Wright. 1963). As regards Pinus contorta
significant differences between families were observed for formation of anthocyanin but not for de-

gree of lignification or dry matter content (Dietrichson, 1970). The between-population variation was
significant for all three characters.
With respect to height, the within-family variation
was larger or of the same size as the among-population variation in most of the studies cited above including Rehfeldt (19740, Pseudotsuga menziesii, twoyear height) and Pollard & Ying (1979b, Picea
glauca, seedling height at age 12, 20, and 37 weeks).
Exceptions are the four-year height and leader length
(Rehfeldt, 1983) and three-year height (Campbell,
1979) in Pseudotsuga menziesii and height at age seven
and leader length for two years in one of the Picea
abies populations studied by Dietrichson (19696).
The family heritability varied between 0.30 and 0.87
for growth rhythm characters, seven-year height and
leader length in Picea abies (Dietrichson, 196961,
between 0.18 and 0.42 for one-year and four-year
height in Picea mariana (Morgenstern, 19741,
between 0.51 and 0.82 for growth rhythm characters
and height at age two in Pinus sylvestris (Wright,
1963), between 0.61 and 0.81 for growth rhythm
characters and four-year height and leader length in
Pseudotsuga menziesii (Rehfeldt, 19831, in Picea
glauca the family heritability for tree height at age ten
was reported to be 0.39 (Dhir, 1976). The figures
given above are not directly comparable since different ways of calculation were used.
The purpose of the present study is t o throw more
light on the variation between Picea abies populations for traits of economic interest that may be of
value for tree breeding and gene conservation. To
obtain the information we collected cones on 21 trees
in four geographically widely separated (lat 56-64")
populations of Picea abies in the rich cone crop year
1977.

Material and methods
Experimental design

In 1977 open-pollinated seeds were collected from 21
parent trees in each of four Norway spruce populations. located in southern. northern, eastern. and
western Sweden, respectively. Location and elevation
of each stand is shown in Table 1 .

The seedlings were grown in a greenhouse during
their first growth period. After bud maturation and
breakage of the bud dormancy. the plants were transplanted to a nursery in June 1978.
A randomized complete block design was used
with four replications. In each replication. the half-

Table 1. Location of the four Norway spruce populations included in the analysis
Population
7
6
4
5

Province
Angermanland
Uppland
Varmland
Skhe

Latitude
64" 13'
59"59'
59"42'
56"25'

Longitude
16" 1 1'
17"26'
1299'
14"27'

Table 2. The variables regenerated from the recordings
in the nursery and used in the statistical analyses

Altitude
350 m
40 m
134 n~
135 ni

sib families were randomized regardless of the population they belonged to. Eight-tree plots were used.
The spacing was 0.5 m x 0.5 m. In some plots less
than eight plants were recorded owing to plant death
o r abnormal leader growth. Only apical shoots o r
lateral shoots that grew like a leader were included in
the analysis.
No recordings were made during the first growing
season in the nursery. During the subsequent four
growing seasons, 1979- 1982, the bud-flushing and
bud-set were recorded, usually once a week. The
growth of the terminal shoots were in most cases
measured every second week during the period of
rapid growth except for 1981 when only the final
length of the terminal shoot was measured. The final
plant height was recorded at the end of each growing
season in 1979- 1982.
The different developmental stages of the terminal
buds were classified according to a scheme originally
published by Krutzsch (1973). It has been slightly
modified in the present study:
Score Stage of development
Dormant buds
Buds slightly swollen, needles below buds bent
backwards and outwards
Buds swollen. green to grey-green in colour,
bud scales still closed
Burst of bud scales, tips of needles emerging
Elongation of needles to double o r three times
the bud length
Elongation of needles to four times the bud
length o r longer
Formation of lateral buds, white-greenish, on
the leader
Appearance of terminal buds.
The variables regenerated from the recordings in
the nursery and used in the statistical analyses are
listed in Table 2.
The growth rhythm variables were regenerated
from the recordings made in the nursery. These varia-

-

Variable

1979

1980

1981

1982

D300
T300
D400
T400
DSOO
T500

T 80%-T400
Leader length
Plant height

bles have been expressed both on a D (day) scale and
on a T (temperature sum) scale. The D scale implies
that the mean number of days for reaching the various bud stages and for reaching 50% o r 80% of the
final leader length have been calculated. The technique used for these calculations was presented by
Eriksson et al. (1978, Table 3). The mean number of
days between two consecutive recordings was multiplied by the proportion of plants that had reached a
specific bud stage at the later recording but not at the
earlier one. The products thus obtained were then
summed. On the D scale, day number one equals
May 1st. The first day of recording, however, varied
in different years.
The mean temperature sums for reaching the individual bud stages, as well as 50% and 80% of the final
leader length, were calculated in a corresponding
way. The initial day for starting the calculation of the
temperature sums was the first of four consecutive
days when the daily mean temperature exceeded
+6"C (Perttu and Huszar, 1976). From that day on,
all temperatures exceeding +@C were summed. In
the years 1980-1982 this day occurred some time
during the three last weeks in April, but in 1979 it was
delayed until May I1 th.
Statistical analyses

Analysis of variance and estimation of variance
components
The linear model used was as follows:

where
an observation of one plant
grand mean
ai fixed
population effect; i = 1, 2, 3, 4
Pjm N(0,o;) = family effect within population;
j = I, 2 ... 21
= replication effect; k = 1, 2, 3, 4
rk i~(0,o:)
(ar)ik N(0,ak) = interaction between population
and replication
= plot effect
pijk - N(0,u;)
= random error within plot =
wijkl - N(0,o;)
the remainder of the genetic effect between half-sib plants
on the same plot and the environmental effect;
1 = 1, ..., nilk; 1 d nil, 6 8.

Yijkl

=

P

=
=

-

ANOVA
Source

df

EMS

Analysis of variance was performed according to
the SAS, PROC. GLM and PROC. VARCOMP using the fitting constant method to estimate the variance components.
EMS was only roughly equal to the above given
formulae as the nijk varied slightly. C (the harmonic
mean) was within the interval 5.8-6.6 for 1980- 1982
and 3.4-4.0 for 1979.
Family repeatability was estimated on an individual tree basis by

Correlation analysis
Both genetic and phenotypic correlations between
different characters within each year and between the
same character two different years have been performed. Each population was treated individually.
The calculations are based on plot means.
GENETIC CORRELATIONS

For correlations between two characters. the model
used was as follows

Population

Family within
population
Replication

c- 1

o:

+ bo;, + ubuf

Population x
replication

(a- I ) (c- I)

oj

+ bo:,.

where

Plot
Error within
plot
Total

~?(a,-a)'

o: denotes

a- I

The genetic correlation is estimated by
q x , yi
Gp(x,y ) =

where

q x i . 6p(yi
6$(x+y)

6,4x, yl =

-

&$(xi - 6$y)

2
(see Kempthorne. 1973).

PHENOTYPIC CORRELATIONS

The variance component for the sum %(x+y) was
estimated by using SAS PROC. VARCOMP.
$(x) and ZS?gly) were taken from the univariate
analysis.
In some cases the absolute value of the correlation
coefficient exceeded 1. This could be attributed to the
method used and occurred when one of the variance
components-$(x)
or ifp(y)-was very small compared to the other.

For comparison interclass correlations were estimated by

7..
.I
xjk(?lk.- z . ..12 ~ , k ( ~ ] -k 7..
.l2
Xjk(Zjk.

@&,

y)

=

-

z . ..I(&

-

These correlations may be regarded as some type
of phenotypic correlations. They were tested in the
usual way.

Results
From Figures 1-2 a visual impression of the variation within and between populations with respect to
different types of characters may be obtained.

Plant height (cm)1982
75 1

Analysis of variance
The results as regards the significance of different
growth rhythm characters are illustrated for 1982 in
Table 3. In this table the significance between families within stands is shown separately. Moreover, the
family repeatabilities based on populations 4-6 and
4-7, respectively, are given.
The variance components (population. family, individual, environmental) are visualized in Figure 3
for the analysis based on populations 4-6.
-

6

5

4

7
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Fig. 2.Plant height in 1982. Mean val~iei standard deviation.
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Fig. 1. Time for attainment of bud-flushing stage D400. D50% growth. and bud-set stage D710. mean numbers of days from
May 1st in 1982 i standard deviation and the mean duratlon of the growth period in 1982 f standard deviation. The
populations are arranged from north (above) to south (below).
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Correlations

We have selected for presentation the phenotypic and
genetic correlations for the different characters based
on the assessments during 1982 for population 4 (Table 4). Correlations for the years 1979-1981 will be
commented on in the discussion.

The correlations for attainment of stages D 400
and D 710 between years are illustrated in Figure 5.
There was a good agreement between the correlations
based on mean number of days and degree days, so
we chose to illustrate correlations based on mean
number of days.

Discussion
One striking observation is that the results were more
or less the same whether they were estimated on a day
scale o r a temperature sum scale. Our explanation is
that temperature sum and number of days describe
the pattern of growth rhythm equally well. Therefore, we will only present data based on number of
days for the various growth rhythm variables.

ANOVA
The variance component for error is large. It could
have been reduced by increasing the number of plants
in the experiment o r by reducing the number of
plants within plots and increasing the number of
replicates and possibly by shorter intervals between
the assessments. Neither of these alternatives were
feasible-a larger experiment would have caused the
assessment to be extended over more than two days.
Already with assessments lasting two days we may
introduce an error during warm weather conditions
when a rapid development takes place.
There is a clear tendency for the purely genetic
components (=between-population and family-variance components) to increase with age. This could
be attributed to problems with plant establishment.
Some plants suffered from frost causing a big experimental error during the first years.
There is a slight tendency for an increase in the
purely genetic variance components towards the end
of the growing season. The later stages can be more
accurately determined during the examination than
the bud-flushing stages. Large genetic components
for attainment of 50% and 80% of the total growth
were noted for years 1981 and 1982 in the analysis
based on data from all four populations.
The interaction replications x populations was in
most cases non-significant .

Variation between and within populations
The results presented from the degree of significance
(Table 3) and the variance components (Fig. 3) give

the information on the relative importance of the two
sources of variation.
There was a significant difference between the four
populations for all characters studied. In most cases a
strongly significant difference was obtained. These
differences could in many cases be attributed to the
difference between the northerly population (7) and
the other populations (see lines 1 and 2 in Table 3).
There seems to be a tendency towards a greater variation between the three southerly populations with
increasing age. This might be attributed to problems
with even establishment in the nursery during the first
years of this experiment.
Our results agree with earlier published data on the
growth rhythm of Scandinavian conifers, in which a
change from linear to exponential differentiation
around latitude 60" was obtained. Above latitude 60"
the critical night length for bud-set in Picea abies
decreases in an exponential way with latitude
(Dormling, 1979). In Pinus sylvestris a similar pattern
is obtained for plant survival above latitude 60"
(Eriksson et al., 1980; Eriksson, 1982).
Below we shall first comment on the relative importance of the between-population variation and
within-population variation when all four populations are included in the analysis. After that the same
question will be treated for the three southerly populations.
FOUR POPULATIONS

For the stages of bud-flushing (300-500) the familyvariance component was larger than the population
component for all years except 1981. In that year. the
difference between the mean values for the bud-flushing stages of the two extreme populations-Nos. 5
and 7-was largest (Fig. 4). This in turn could be
attributed to the weather conditions with the highest
temperature sums during April-May in 1981. This
temperature sum was almost twice as large in 1981 as
in 1980. That we attribute this to the weather conditions and not to an effect of age is based on our

D300

D400

D500

D510

The variance components
population ( a;
family ( uD

u-

block + plot

(a: +

random error within plot

(a,,,)

D710

D50%

~ 8 0 % D80%-400

Leader
length

Plant
height

Table 3. The results from the analyses of variance -four and three populatiorzs respectively -for all characters studied in 1982
ns = not significant, * = p < 0.05, ** = p < 0.01, *** = p < 0.001
D F D300 T300 D400 T400 D500 T500 D510 T510 D710 T710 D50% T50% D80% T80%
Populations
(4-7)
Populations
(4-6)
Families in
populations
Families in
population 4
Families in
population 5
Families in
population 6
Families in
population 7
Replications
Replications
x populations
(pop. 4-71
h2 m .
(pop. 4-6)
fum.

D80%- T80%- Leader
400
400 length

Plant
height

Days
1980

35 -

n1981

20 <

C

300

400

500

300
400
500
Bud-flushing stages

Fig. 4. Number of days from May 1st for attainment 01' budflushing stages D300. D400 and D500.

knowledge that under controlled conditions the date
for flushing occurs later with increasing age (Ununger
& Ekberg, in preparation).
At the end of the growing season (stages 510 and
710) the population component was larger than the
family component. The same was true for the attainment of 50% and 80% of the growth and particularly
for the duration of the growth period, leader length
and total plant height.
These results are of course also reflected in the
results of the ANOVA, in which there were hardly
ever any significant differences on the family level
within populations for leader length or plant height.
One striking observation is that there is less variation among the families of the northerly population
(7) than among the families of the other populations.
However, there is a tendency for a larger variation
within population 7 with increasing age. One reason
for the low variation within population 7 might be
that bud-flushing and shoot elongation is a rapid
process in this population which was transferred
southwards four degrees of latitude. Our weekly assessments might not reveal all the variation existing
within this population.
THREE POPULATIONS

Except for the results from 1979 the family variance
components for the bud-flushing stages (300-500)
were several times higher than the population components.
For bud-set and growth cessation (510 and 710) the
family variance components were larger than the population variance component, which is in contrast to
the results based on the four populations. This is a
consequence of the early bud-set of population 7. The

same was true for attainment of 50% and 80% growth.
For leader length and plant height the family component was smaller than the population component
during 1981 and 1982 whereas the opposite was the
case in three instances out of four in 1979 and 1980.

Comparison with other studies on growth rhythm
Our data agree with earlier reports on within-population variation in Picea abies. Thus Skrappa (1982). in
his preliminary report on growth rhythm variation
within and between populations of Picea abies from a
limited geographic area, showed that the variation
within population exceeded the difference of population mean values. Eriksson (1982) reported a great
within-population variation in bud-flushing of Polish
and Czechoslovakian populations of Picea abies studied in nurseries. Our studies on growth rhythm in
climate chambers of full-sib families also suggest a
great within-population variation of Picea ubies populations (Eriksson et al.. 1978). This within-population difference remains at higher ages as a variation
in vigour (cf. Engsjo et al., 1978: Ekberg et al., 1982).
It is evident that the traits of high adaptive value
show a larger within-population variability than
characters such as growth capacity. For traits of high
climatic adaptive value in long-lived species such as
our conifers a large within-population variation is
expected as an adaptation to the environmental variation over time. This agrees with the model for fitness developed by Levins (1963). Moreover, this has
been confirmed by all gene-ecological studies on conifers in Sweden carried out so far (cf. Eriksson, 1982).
Recently St5h1 (1984) confirmed these results for the
variation of growth rhythm in Pinus sylvestris.

Family repeatability
Generally the repeatability estimates were low for
year 1979 and high for 1982 except for leader length
and total plant height. With increasing age it is probable that the plants become more and more adapted
to the microsites where they were planted. Therefore,
the impact of the environmental conditions on the
characters becomes less important, so that the phenotypic variance is reduced and the repeatability correspondingly increased.
The increase of the repeatability with time means
that selection ought to be postponed until a certain
stability is reached in the experiment. Therefore, we
shall mainly refer to the repeatability estimates from
1982 when comparing the repeatabilities of different
characters.
As seen from Table 3, all repeatabilities for growth

rhythm characters are above 0.7 except for the duration of the growth period. The repeatabilities for
leader length and total plant height on the other hand
were low, not exceeding 0.26. In contrast to the other
characters, there is a weak tendency to a decrease of
the repeatability with age. Franklin (1979) reported
on a drop of the heritability at the end of the phase of
establishment. This might be attributed to the individual and non-genetic adjustments of the plants to the
microsites where they are growing, as well as to a
genetically caused change due to different ratios of
free and predetermined growth of different genotypes. It cannot be determined if the slight decrease in
repeatability is of the same type as discussed for some
American conifers by Franklin (1979). However, they
might well be the same.
The only report known to us on family repeatabilities in Picea abies for the same type of characters as
studied by us is that of Dietrichson (19696). He reported on repeatabilities for growth rhythm and
growth capacity of seven-year-old plants of families
from stands in two different regions in Norway. The
family repeatabilities reported by him were of the
same magnitude as those obtained by us. As in our
material the highest repeatabilities were obtained for
flushing. It has to be mentioned that Dietrichson
used another formula for estimating the family repeatabilities.
Correlations
The characters may be grouped into two bigger o r
five smaller groups:

Growth rhythm
bud-flushing

D300, T300, D400, T400,
D500, T5OO
bud-set
D510, T510, D710, T710
percentage growth D50%, T50%, D80%, T80%
length of the
growth period
D80%-D400, T80%-T400

Plant growth
growth capacity

leader length, plant height

Between-character correlations
of the same year
The genetic correlations, which are more complicated
to estimate than the phenotypic correlations from a
statistical point of view, are presented in Table 4
without notifying any statistical significance. The
reason for this is that there is no simple way to test
the genetic correlations in the presence of environmental correlations. However, the genetic correlations showed unambiguous results.
The genetic correlations. in which one of the characters did not show any significant variance component, are uncertain. They are shown within brackets in
Table 4. In 1979 many of the genetic correlations
were uncertain. With increasing age the number of
non-significant characters declined gradually.
Two conspicuous features were noted when examining the genetic correlations. The first is the difference between the northerly population (7) on the one
hand and populations 4-6 on the other hand. The
second is the high level of genetic correlations within
type of character analysed.

Table 4. Phenotypic correlations (above diagonal line) and genetic correlations (below diagonal line) between
different characters of growth rhythm and growth capacity for population 4 in 1982
D300
D300
D400
D500
D510
D710
DS0%
D80%
D80%-400
Leader
length
Plant
height

D400
,81

DSOO

DSlO

D710

D50%

D80%

D80%400

Leader
length

Plant
height

77***
84***

.98
.89
.86
.77
.90

1.01
.92
.73
.96

.97
.86
.94

.9 1
.76
.06

.94
.80
.02

.90
.71
-.I2

(.20)

(.20)

t.02)

*** = p < 0.001. ** = p < 0.01. * = p < 0.05. ns = not significant.
The figures in parantheses indicate that no significant variation was found at the family level for at least one of the characters.
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Since the genetic correlations are dependent on
gene frequences and the environmental conditions
under which the study was carried out, it may be
suspected that population 7 shows another pattern of
genetic correlations than the other populations.
Thus, the differences within population 7 showed a
lower degree of significance than was the case for
populations 4-6.
It is of course logical to expect a high genetic
correlation between characters belonging to the same
group of characters. It is rather hard to imagine the
reverse situation. The genes responsible for onset of
bud development, for example, all act in the same
way with respect to characters D300, D400 and D500.
In populations 4-6 the genetic correlations
between all the characters that might be described as
growth rhythm characters were found to be high.
This means e.g. that late bud-flushing is correlated
with late bud-set. This contrasts with the results reported for Pseudotsuga menziesii seedlings studied by
Rehfeldt (1983). He found no genetic correlation
between bud-flushing and bud-set. A priori one might
expect any of the two types of genetic correlations
observed.
On the population level one might expect to find a
negative correlation between bud-flushing and budset, thus causing an adaptation on the population
level to different lengths of the growth period. The
adaptation on the population level must be caused by
disruptive selection whereas a stabilising selection
may act .within a population. This may cause different strengths of the genetic correlation when the correlations are based on plants originating from a single
population or on pooled material from different populations.
The low genetic correlations between plant growth
characters and growth rhythm characters are striking. Owing to the errors in the estimates, however,
far reaching conclusions cannot be drawn. May be
that the same genes are not responsible for characters
of growth rhythm and plant growth, or that additive
gene action plays a lesser role for plant growth than
for growth rhythm.
A comparison between the phenotypic and genotypic correlations shows that the interpretation would
not be the same when using the phenotypic correlations only. This in turn calls for more studies on
genetic correlation between characters of economic
importance.

Between-year correlations of the same character
Usually these types of correlation are based on phenotypic values. We have also carried out such correlations. However, we found it worthwhile to carry out
a genetic correlation between the observations of the
four different years. The calculation was done in the
same way as for the genetic correlations between
different characters. Thus, we assumed that D300
studied in 1981 and 1982 constituted two separate
characters. This is not a nonsensical assumption since
it may very well be assumed that different genes
operate during different phases of the development.
For example, the continuous decrease of the free
growth from the first growth season to its disappearance during the sixth growth season might be explained in that way. The genetic correlations of the
same character studied over several years might therefore give us some idea about which genes operate
when.
The correlations between years are only meaningful when there is a significant genetic variation for the
character studied. Since this was not the case for
many of the characters studied during 1979 we mainly have to base our results on the three last years of
observation. This is probably too few years to detect
any trends as outlined above. However, we have
presented this technique and suggest that it may be
used in related studies especially when data have been
recorded over a longer time period than was the case
in our study.
For the bud-flushing characters the genetic correlations were mostly high for populations 4-6 suggesting that the same genes are operating during the four
years studied.
The relatively low correlations obtained for budset stage 710 for populations 6 and 7 (Fig. 5, bottom)
suggest that different genes were operating in 1980 on
the one hand and 1981-1982 on the other hand. The
correlations for the attainment of 80% growth support this observation.
Unfortunately few meaningful genetic correlations
for any of the two plant growth characters could be
obtained.
The phenotypic correlations were always lower
than the genetic ones (cf. Fig. 5). However, the difference between the two were not consistant. Thus, the
phenotypic correlations do not always reflect the genetic component of the correlation.

13 (year, year) for

D400

Population

6 (year, year)

for D 7 1 0

Population
Phenotypic
significant

Genetic

....
. .. .

..:.::

non-significant

0

Fig. 5. The genetic and phenotypic correlations for attainment of bud-flushing stage
D400 and bud-set stage D7 10.
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