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Genetic control of intra-annual height growth in 6-year-old Norway 
spruce progenies in Latvia
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Coupling growth with periods of favourable weather conditions minimizes risks
of frost damage and maximizes annual height increment. The phenology of the
formation of height increment is therefore a trait related to the adaptability of
trees to annual weather fluctuations. Strong genetic control of the timing of
the onset and cessation of shoot elongation has been reported for Norway
spruce, but little is known about its fluctuations that occur during the growth
period. The strength of the genetic control of the height growth rate was as-
sessed for young (6 years old) Norway spruce progenies originating from six
open-pollinated stands from two local provenance regions. In 2010, the length
of the growing period for the studied trees was ca. 60 days. Trees from the
more continental provenance region, which had later onset and cessation of
height growth (by ca. 2.5 days), exhibited slightly lower increments (by ca.
1%).  Accordingly,  the  provenance region had  a  significant  effect  on height
growth at the beginning and end of the growing period. Nevertheless, consid-
erable genetic control of the growth rate was found throughout the entire
growing period (particularly at the beginning and cessation, ha

2 ≥ 0.20), except
for a week-long interval around mid-summer (ha

2 = 0.07). Similarly, the coeffi-
cient of additive genetic variation suggested that breeding could be applied for
the improvement of height growth intensity throughout the season. The phe-
notypic  correlations  between weekly  growth rates  and tree height  (before
growth) were mostly non-significant, suggesting varying mechanisms of con-
trol, hence possibility for simultaneous improvement of the traits by breeding.

Keywords: Height Growth Rate, Growing Period, Heritability, Picea Abies, Lo-
cal Populations

Introduction
The effect of climatic changes on forests

varies  regionally  and  locally  (Wilmking  et
al.  2004,  Lindner et al.  2010), raising chal-
lenges  for  management  systems  world-
wide (Millar  et  al.  2007).  In  Northern  Eu-
rope, warming is expected to enhance for-
est productivity via an extension of vegeta-
tion period and intensification of photosyn-
thesis (Menzel & Fabian 1999,  Kolari et al.
2007), yet the increasing effects of water
deficit  and late/early frosts might  notably
counteract  such  improvements  (Gu et  al.
2008, Lindner et al. 2010, Zeps et al. 2017).
To mitigate the negative effects of a chang-
ing climate, an application of the improved

forest regeneration material  has been ad-
vised (Lindner 2000, Bolte et al. 2009), em-
phasizing the importance of tree breeding
for future forestry (Namkoong et al. 2012).
Currently,  tree  breeders  have  focused
mainly on traits related to growth capacity
and stem quality (Ekberg et al. 1985,  Han-
nerz 1993,  Kroon et al. 2011), yet the traits
related to  adaptability  appear  particularly
topical under shifting conditions (Hannerz
1998,  Namkoong et al. 2012).  Ekberg et al.
(1985) showed  that  traits  important  for
adaptation  have  higher  within-population
variability than growth capacity does; nev-
ertheless, to include such traits in selection
programmes,  detailed  information  about

their genetic control is necessary.
Tree height is among the main traits  re-

lated to the growth capacity and productiv-
ity of stands;  hence, it  has been used for
the selection of best genotypes (Ekberg et
al. 1985,  Hannerz 1993,  Danusevičius & Ga-
brilavičius  2001,  Kroon  et  al.  2011).  The
height increment of Norway spruce (Picea
abies Karst.) is determined by the number
of growth initials formed in the preceding
year and their elongation (Cannell & John-
stone 1978). In addition, “free”,  i.e., unde-
termined lammas growth (Cannell & John-
stone 1978,  Hannerz et al. 1999), which in-
creases  the  productivity  of  stands  (Nei-
mane  et  al.  2015),  can  occur.  The  height
growth of Norway spruce is seasonal, and
most  of  the  annual  increment  is  formed
rapidly  during  the  first  part  of  summer
(Owens & Molder 1984,  Chmura 2006), al-
though additional growth can occur after-
wards, if conditions are favourable (Neima-
ne et al. 2015).

The susceptibility of newly formed tissues
(shoots)  to  environmental  risks  varies
throughout the season, thus the coupling
of periods of cell division and tissue matu-
ration with favourable conditions is crucial
for  growth  (Dietrichson  1969,  Langvall  &
Löfvenius  2002,  Muffler  et  al.  2016).  Ac-
cordingly,  timing and intensity of growth,
which vary geographically, seasonally, and
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depending  on  genetic  and  environmental
factors (Slaney et al. 2007), can be consid-
ered  as  adaptive  traits  related  to  height
growth  and  productivity  (Hannerz  et  al.
1999).  Such  adaptive  traits  have  been
shown to have an even greater effect on
the productivity of  Norway spruce over a
longer  term  than  the  traits  related  to
growth capacity (Hannerz et al.  1999,  Da-
nusevičius  &  Gabrilavičius  2001,  Chmura
2006). In addition, traits related to the tim-
ing of growth are age-independent, hence
are crucial for long-term predictions of tree
responses (Hannerz et al. 1999).

The physiological activity and growth of
Norway spruce are controlled primarily by
photoperiod  (Aronsson  1975,  Partanen  et
al. 1998), while temperature causes certain
shifts in the date of budburst and thus the
initiation of the height increment (Hannerz
1999)  and  intensity  of  shoot  elongation
(Sarvas 1973, Danusevičius et al. 1999). In a
warming  climate,  which  also  implies  in-
creasing variability in terms of weather ex-
tremes in  springs  (Avotniece  et  al.  2012),
height growth can start earlier (Danusevi-
čius  et  al.  1999),  exposing  newly  formed
shoots to damage from late frosts (Polle et
al. 1996), particularly in the case of unshel-
tered trees,  e.g., after clear cuts (Langvall
&  Löfvenius  2002).  The  termination  of
height growth coincides with the initiation
of  cold  hardening in  response  to  the  de-
creasing photoperiod (Dormling 1973, 1993,
Beck  et  al.  2004).  Accordingly,  Danuse-
vičius & Gabrilavičius (2001) and  Kohmann
&  Johnsen  (2007) showed  that  Norway
spruce populations/clones with later onset
and cessation of growth suffered consider-
ably less frost damage, were more produc-
tive, and had better stem form. Such differ-
ences  have  been  related  to  the  require-
ments in terms of heat and day-length for
the  initiation  and  cessation  of  growth,
which  vary  among  provenances  (Sarvas

1973,  Danusevičius  &  Gabrilavičius  2001).
Considering the importance of  phenology
for the survival and adaptation of species,
strong  genetic  control  (heritability)  has
been estimated for the timing of budburst
and growth cessation (Hannerz 1998, 1999,
Hannerz  et  al.  1999),  implying  photoperi-
odic and thermal regulation. Nevertheless,
the annual height increment is a result of
continuous elongation and maturation pro-
cesses;  hence, detailed information about
the  genetic  control  of  intra-annual  shoot
elongation can be helpful for a deeper as-
sessment of the susceptibility of growth to
environmental  conditions  (Skrøppa  1982).
Ekberg  et  al.  (1985) reported  a  slight  in-
crease in the genetic variance component
of the height increment with the advance
of the growing period for Norway spruce in
populations in Sweden. Still, insufficient in-
formation is available on the genetic con-
trol of height growth during various stages
of shoot elongation for other populations
(Kroon et al. 2011).

The aim of this study was to assess the in-
tra-annual  height growth pattern and the
strength of genetic control (heritability) of
the  height  growth  rate  (GR)  of  Norway
spruce  individuals  originating  from  the
western  and  eastern  provenance  regions
of  Latvia.  We  hypothesized  that  genetic
control  fluctuated  during  the  height
growth period, being the highest at the ini-
tiation  and  cessation  of  growth.  We also
hypothesized  that  intra-annual  GRs  were
not correlated with tree height, but rather
controlled independently.

Material and methods

Field trial and measurements
A  field  trial  of  progenies  of  Norway

spruce plus-trees from six open-pollinated
stands  (Fig.  1)  representing  two  local
provenance regions (western and eastern

– Gailis 1993) from the western part of the
species range was studied. The naturally re-
generated  seedlots  (stands  where  seeds
were collected)  were growing in  lowland
conditions  (50-150  m  above sea level)  on
dry,  mesotrophic  mineral  (silty  or  sandy)
soils.  The  studied trial  was  established  in
2006;  two-year-old,  bare-rooted  seedlings
were planted in forest  land in dry,  meso-
trophic  mineral  soil  (Hylocomiosa stand
type). Ten open-pollinated half-sib families
per seedlot (20 and 40 families represent-
ing  the  western  and  eastern  provenance
regions, respectively  – Fig. 1) were tested.
Each family was represented by five (for a
few families, four) randomized replications
of plots containing 4 × 3 trees (3190 trees
planted  in  total;  48-60  trees  per  family).
The spacing of trees was 3 × 2 m.

The climate in the central part of Latvia is
moist continental (Lindner et al. 2010). Dur-
ing 2005-2015, the mean (± standard devia-
tion) annual temperature was 7.8 ± 0.6 °C;
the  mean  monthly  temperature  ranged
from -3.5 ± 3.3 to 18.9 ± 1.6 °C in January
and July,  respectively  (Harris  et  al.  2014).
The vegetation period, when mean diurnal
temperatures  exceeded  5  °C,  extended
from mid-April  to  mid-October.  The mean
annual precipitation was 656 ± 91 mm, yet
the highest monthly precipitation occurred
during the summers (June-September  pe-
riod, ca. 75 ± 30 mm per month). The cli-
mate in the central part of Latvia is warmer
(annual temperature was ca. 1.5 °C higher,
and the vegetation period is longer by ca.
10  days)  and  drier  (annual  precipitation
was ca. 150 mm lower) than both the west-
ern and eastern parts of the country (Har-
ris et al. 2014). In 2010, the daily minimum
temperature  was  constantly  above  0  °C
from  May  through  September,  although
the beginning of May was warmer than the
long-term mean for  that  period  (Fig.  2a).
The  highest  amount  of  precipitation  oc-
curred  in  July  and  August.  The  precipita-
tion-free periods were up to a week long.
During the growing period of 2010 (May 15-
Jul 31), the mean diurnal temperature and
precipitation  were  17.3  ±  4.8  °C  and  265
mm, respectively, which were similar to the
long-term means. During the July-Septem-
ber period in 2009, when the primordia of
the studied increment were formed, the di-
urnal temperature ranged 14.0-29.7 °C, with
the mean value of 16.2 ± 2.6 °C; the mean
10-day  precipitation  sum  was  17.5  ±  15.4
mm.

Within the trial, 1273 trees (430 and 843
trees  representing  the  western  and  east-
ern provenance regions, respectively) were
selected for measurements. Forked and/or
damaged trees were excluded. In 2010, at
the  age  of  six  years,  the  lengths  of  the
main  shoots  of  the  selected  trees  were
measured every 6-8 days during the period
from May 25 to July 20 (nine surveys) with
a precision of 1 mm. The measurements for
all trees were done during the same day to
reduce  errors  associated  with  growth.  In
addition, tree height after the cessation of
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Fig. 1 - The provenances of the tested Norway spruce (squares) and location of the
trial (circle). Grey line demarcate two provenance regions of Norway spruce in Latvia.
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Genetic control of height growth in Norway spruce progenies

height  growth  (September  10)  was  mea-
sured.

Data analysis
For  each  tree,  weekly  GRs  (mm  day-1)

were calculated. The effect of provenance
region  on  the  timing of  growth  initiation
(as a binomial variable), weekly GRs, total
height  increment,  and  tree  height  at  the
beginning and end of the observation pe-
riod was assessed using linear mixed mod-
els (Zuur et al. 2009) of the following form
(eqn. 1):

(1)

where Yijk was the response variable; μ was
the overall mean; Pi was the fixed effect of
provenance region i; (Fj(i)) was the random
effect  of  family  j,  nested  within  prove-
nance region i; (Rk) was the random effect
of replication k; Zijk1 was the value of the re-
sponse parameter in the preceding period
(numeric covariate, where applicable); and
Eijk was the residual error term. The differ-
ences in growth onset and cessation were
assessed with a generalized model using a
binomial distribution of the residuals and a
“logit”  link  function.  The analysis  of  vari-
ance of the models was used to determine

the strength of  the effect  of  provenance
throughout the growing period.

For the assessment of the strength of the
genetic control of intra-annual growth pat-
terns (genetic parameters), which is based
on the family and family × environment var-
iance components, the models were trans-
formed to (eqn. 2):

(2)

where Pi was  the  fixed  effect  of  prove-
nance region  i;  Rk was the fixed effect of
replication k; (Fj) was the random effect of
family j; (Fj(i) · Rk) was the random effect of
the family × replication interaction; Zijk1 was
the value of the response parameter from
the  preceding  period  (numeric  covariate,
where applicable); and Eijk was the residual
error term.

The  narrow  sense  (additive)  individual-
tree heritability coefficient (ha

2) for weekly
GR, shoot length, and tree height was cal-
culated based on family variance according
to Falconer & Mackay (1996 – eqn. 3)

(3)

where  σ̂f2,  σ̂fb
2 and  σ̂e2 were the estimated

variance components of family, family × re-
plication interaction,  and residual,  respec-
tively.  The mean heritability  at  the family
level  (hf

2),  which describes the represent-
ability of heritability of traits by the experi-
mental design, was calculated as (eqn. 4):

(4)

where  r was  the  number  of  replications,
and n was the harmonic mean of the num-
ber of observations per plot. The standard
errors for  ha

2 and hf
2 were estimated using

approximation  by  Dickerson  (1969).  The
coefficient  of  additive  genetic  variation
(CVa),  which indicates the amount of  vari-
ance  in  a  trait  that  could  be  altered  by
breeding  (Falconer  &  Mackay  1996),  was
calculated as follows (eqn. 5):

(5)

Phenotypic Pearson’s correlation analysis
based on individual observations as well as
on family means was used to quantify the
linkage  among  the  studied  traits.  Trees
were used as observations, and replication
was considered to  be  the  statistical  unit.
The analyses were conducted in SAS using
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Fig. 2 - Mean (black bold
line), minimum and maxi-

mum (fine grey lines) daily
temperature and precipita-

tion (bars) at the trial site
(a), mean height (b), and

height growth rate of stud-
ied Norway spruce origi-
nating from the western

and eastern regions of
Latvia, and daylength (c)

during the seventh grow-
ing period in 2010. In (b)

and (c), whiskers indicate
95% confidence intervals. In

(c), the dates correspond
to the last day of intervals,

for which growth rates
were calculated. iF
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PROC  MIXED,  PROC  LIMMIX,  and  PROC
CORR (SAS Institute Inc. 2004).

Results
During the seventh  growing period,  the

mean tree height increased from 114.5 ± 1.7
to 169.6 ± 2.0 cm (Fig. 2b). Trees from the
western  provenance  region  were  slightly
taller (ca. 1%) compared with trees from the
eastern region; yet, considering the experi-
mental  design  (random  effects,  among
which  family  and  block  had  the  highest
variance),  these differences were not sig-
nificant (p-value > 0.50). The same was ob-
served for total shoot length at the end of
the seventh growing period.

The onset  of  height  growth was signifi-
cantly (p-value < 0.01) earlier for trees from
the  western  provenance  as  compared  to
the  eastern  provenance  region,  because
68.7 and 51.7% of trees had initiated shoot
elongation prior to the first measurement

on May 25, respectively. A significant differ-
ence (p-value < 0.05) was also observed for
growth cessation, because 36.6% and 28.2%
of  trees  from  the  western  and  eastern
provenance regions had completed height
increment (showed zero GR) prior to the fi-
nal measurement on July 20, respectively.
Accordingly, the height growth period was
estimated to be ca. 60 days long (mean GR
=  0.92  ±  0.02  cm  day-1),  and  it  occurred
when the day-length was ≥ 16.5 h (Fig. 2c).

In 2010, shoot growth was faster during
the first part of  the season (Fig.  2c),  and
50%  of  the  height  increment  were  com-
pleted around the 17th of June (ca. 25 days
since  growth onset).  Initiation and cessa-
tion of the height growth of trees from the
western provenance region appeared ca. 2
days earlier. Accordingly, they showed sig-
nificantly higher GR at the beginning and
significantly  lower  GR at  the cessation of
the growing period. Although GR showed a

decreasing  tendency  after  June  8,  a  sud-
den  improvement  in  growth,  irrespective
of  provenance region,  was  observed dur-
ing the first week of July, which coincided
with a warmer and dryer period (Fig. 2a).

The  effect  of  provenance  region  on  GR
varied  during  the  season  (Tab.  1).  The
strongest provenance effect was observed
at  the  beginning  and  at  the  cessation  of
the growing period (before June 3 and af-
ter  July  6;  p-values  <  0.05),  while  it  was
weak around mid-summer (p-value > 0.21).
A  similar  seasonal  pattern  was  observed
for the additive heritability, as the highest
ha

2 coefficients  (>0.30)  were  observed  at
the beginning and end of the season. Nev-
ertheless, during the mid-part of the grow-
ing period,  ha

2 remained mostly intermedi-
ate (Falconer & Mackay 1996). The hf

2 was
generally higher (mean hf

2 = 0.60) and less
variable  throughout  the  season.  The  pat-
tern  of  CVa was  similar  to  the  effect  of
provenance region,  ranging  from  0.06  to
0.48 in the middle and at the end of  the
growing period, respectively. The heritabil-
ity  for  tree  height  and  shoot  length  was
high (ha

2 ≥ 0.31 and  hf
2 ≥ 0.65), yet the ge-

netic variation in these traits was low (CVa ≤
0.11).

Significant  phenotypic  correlations  were
observed  among  the  studied  traits.  The
height increment of 2010 was strongly cor-
related with the terminal  tree height (r =
0.56,  p-value < 0.001),  yet the correlation
with the initial height of trees was consid-
erably  weaker,  although  significant  (r =
0.10,  p-value  <  0.01).  Similarly,  the  GRs
throughout the season were positively cor-
related  with  the  terminal  tree  height
(mean  r = 0.35), yet the correlations with
the tree height prior to the growing period
were mostly non-significant (mean r = 0.07
– Tab.  2).  The  correlations  among  the
weekly GRs ranged from -0.14 to 0.67 and
had an explicit tendency to decrease with
an  increasing  interval  between  the  mea-
surements  due  to  the  autocorrelation  of
growth. Nevertheless, the similarity of GRs
in  consecutive  periods  was  higher  during
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Tab. 1 - The effect of provenance region on height growth rate during the growing
period,  tree  height  prior  and after  the height  measurements  in  2010,  and genetic
parameters: additive heritability coefficient (ha

2), family mean heritability coefficient
(hf

2), and coefficient of additive genetic variation (CVa) for these traits. (SE): standard
error.

Param Period
Effect of 
provenance region Genetic parameters

F-value p-value ha
2 ± SE hf

2 CVa

Height 
growth 
rate

May 25-June 2 8.11 <0.01 0.73 ± 0.16 0.81 0.31

June 2-June 8 2.66 0.11 0.48 ± 0.12 0.66 0.11

June 8-June 16 0.01 0.93 0.07 ± 0.04 0.21 0.06
June 16-June 22 0.22 0.66 0.24 ± 0.08 0.61 0.15

June 22-June 30 1.35 0.26 0.28 ± 0.09 0.63 0.14
June 30-July 6 1.55 0.21 0.31 ± 0.04 0.58 0.13

July 6-July 13 4.42 0.03 0.61 ± 0.18 0.77 0.26
July 13-July 20 3.97 0.04 0.20 ± 0.07 0.50 0.48

Tree 
height

In 2009 
(before observation)

0.35 0.56 0.31 ± 0.11 0.65 0.11

In 2010 
(after observation)

0.46 0.50 0.39 ± 0.12 0.71 0.08

Increment 
(shoot length)

0.27 0.65 0.30 ± 0.10 0.60 0.08

Tab. 2 - Phenotypic Pearson’s correlation coefficients (the upper diagonal part) and their p-values (the lower diagonal part) among
the height growth rate (GR) and tree height before and after growing period of 2010.
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GR, July 6-July 13 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 - 0.42 0.16 0.45

GR, July 13-July 20 <0.001 0.14 <0.001 <0.001 <0.001 <0.001 <0.001 - 0.06 0.24

Height, before 0.58 0.01 0.34 0.17 0.13 <0.001 <0.001 0.05 - 0.88

Height, after <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 -

iF
or

es
t 

– 
B

io
ge

os
ci

en
ce

s 
an

d 
Fo

re
st

ry



Genetic control of height growth in Norway spruce progenies

the  second  part  of  the  growing  period
from June 22 to July 13.  The family mean
correlations (not shown) showed a highly
similar pattern, although family mean GRs
in the May 5-June 2 period and those later
periods were negatively correlated.

Discussion
The height increment of  Norway spruce

(Fig. 2) was similar to that in other stands
within the region (Rone 1984,  Neimane et
al. 2015). Although Gailis (1993) observed a
faster  height  growth  for  Norway  spruce
from eastern Latvia, the lack of such a dif-
ference in the studied trial might be related
to similar  transfer distances  (Fig.  1)  or  to
the  effects  of  a  drier  climate  at  the  trial
site. In addition, Norway spruce from both
provenance  regions  had  growing  periods
of similar  length (ca.  60 days),  explaining
the comparable height increments.

The  height  growth  patterns  of  Norway
spruce  from  both  provenance  regions
were similar. The highest GR was observed
at the beginning of the growing period, fol-
lowed by a gradual decrease (Fig. 2c) that
can  be  related  to  the  concentration  of
growth  hormones  after  the  onset  of
growth (Pallardy 2008). The additional lam-
mas  growth,  which  occurred  during  the
June  30-July  6  period,  irrespectively  of
provenance region, was likely triggered by
the increased temperature and solar radia-
tion  following  the  period  of  cooler  and
more humid weather (low precipitation  –
Odin 1972,  Cannell & Johnstone 1978,  Nei-
mane et al. 2015).

Although the pattern of height growth of
the  studied  Norway  spruce  was  similar
(Fig. 2),  the phenology differed by prove-
nance  region  (Tab.  1),  indicating  possible
local  adaptations  to  climate,  as  the  pho-
toperiod was the same. The specifics of the
temperature-related  control  mechanisms
have been identified as the main cause of
longitudinal differences in growth phenol-
ogy  of  Norway  spruce  (Heide  1974,  Han-
nerz  1998),  even  on  a  small  geographic
scale (< 300 km  – Danusevičius & Persson
1998).  The Norway spruce from the east-
ern part of Latvia, where the climate was
harsher,  had  significantly  later  onset  and
cessation of height growth (Tab. 1), indicat-
ing better adaptation to the late frosts (Di-
etrichson 1969, Polle et al. 1996, Langvall &
Löfvenius  2002).  Accordingly,  the  prove-
nance region had a stronger effect on the
timing of growth onset than cessation, in
contrast  to  the  findings  of  Ekberg  et  al.
(1985) in  central  Sweden.  Apparently,  in
the  milder  climate  of  the  Baltic  States
(compared  with  central  Sweden),  where
summers are warmer, the late frosts main-
ly  have  had  an  effect  on  Norway  spruce
growth (particularly in the eastern part of
Latvia  – Rone  1984),  thus  determining  a
stronger  genetic  control  of  growth onset
(Tab. 1). The increasing effect of late frosts
on plant growth has been attributed to the
warming of climate (Gu et al. 2008). Never-
theless, the genetic control of GR, as illus-

trated  by  the  differences  between  the
provenance  regions  (Tab.  1),  was  signifi-
cant only during rather short periods after
the  onset  and  before  the  cessation  of
growth, likely following the probability of
frosts  (Avotniece  et  al.  2012).  During  the
period of fastest height growth in June 8-
22,  GR was controlled  mainly  by  external
factors,  as  noted previously  by  Danusevi-
čius et al. (1999), while the differences be-
tween the provenance regions were negli-
gible (Tab. 1).

The studied traits showed high heritabil-
ity,  as the  ha

2 mostly exceeded 0.20 (Tab.
1),  implying that  they might be  improved
by breeding (Falconer & Mackay 1996). The
reliability of the genetic parameters calcu-
lated based on the studied trait was good,
as  the  hf

2 (Tab.  1)  prevailingly  exceeded
0.50 (Falconer & Mackay 1996).  Consider-
ing  the  additive  genetic  variation  of  the
studied traits (CVa – Tab. 1), the highest ef-
fect of breeding might be expected for the
GR  at  the  beginning  and  cessation  of
growth, as also shown by the differences
among the provenance regions. Neverthe-
less, the heritability of GR during the mid-
dle of summer did not reach minimum val-
ues (except for the GR in the period June
8-16), suggesting that these traits might be
influenced by selection at the family level.
Tree height showed high ha

2 values, yet the
CVa was low, as observed in similar studies,
indicating  strong  genetic  control  but  lim-
ited  variability  (Hannerz  et  al.  1999).  The
GR  throughout  the  season  was  indepen-
dent of tree height (Tab. 2), allowing for se-
lection  for  productivity  and  adaptability.
The  increment  of  trees  is  autoregressive
(Cook  1985),  and such a  pattern was  ob-
served  for  the  intra-annual  GR  (Tab.  2).
Nevertheless,  stronger  correlations  be-
tween consecutive GRs during the middle
compared with the cessation of the grow-
ing period might be explained by the uti-
lization  of  current  assimilates  for  growth
(Axelsson & Axelsson 1986).

Conclusions
The  studied  provenances  of  Norway

spruce showed similar  height  increments,
intra-annual  height  growth  patterns,  and
length of growing period, yet they differed
by  growth  phenology,  indicating  adapta-
tion to slightly different climates. Consider-
ing that phenology is a trait that is highly
important for adaptation,  the intensity of
growth (GR) throughout the season show-
ed  strong  genetic  control,  particularly  at
the beginning and cessation of  the grow-
ing  period,  when  the  probability  of  frost
was the highest.  The control mechanisms
of  growth  phenology  (and  intensity  of
height  growth  during  the  season)  and
growth capacity (total annual height incre-
ment)  appeared  to  be  independent,  sug-
gesting that both traits might be simulta-
neously  improved by  tree breeding to in-
crease  the  productivity  and  sustainability
of  Norway  spruce  under  a  changing  cli-
mate.
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