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Abstract – Five spruces (Picea abies [L.] Karst.) in the Giant Mts., Czech Republic were investigated to reconstruct variations in
their foliation over the last 100 years and to establish possible coherences with growth and climate. Foliation was assessed by means
of the needle traces in the main trunk. The annual average needle production of 355 needles per shoot correlated with the annual
shoot length and was affected by the temperature prevailing in March and October of the previous year. A determination of needle
production by the length of the vegetation period is discussed. The needle retention of the trees was 6.5 needle sets on average but
there were considerable long-term variations, and maximum needle age even reached 9.8 years. Needle shed was between 0.1 and 2.3
needle sets per year and no connection was revealed between needle shed and radial increment or shoot growth. Needle retention and
annual needle shed were independent of climate.
Norway spruce / foliation / growth / needle traces / climate
Résumé – Les feuillages de sapins dans les Monts Kroknose et la relation entre croissance et climat au cours des 100 dernières
années. Les variations du feuillage de cinq sapins (Picea abies [ L. ] Karst.) provenant des Monts Kroknose en République Tchèque,
ont été étudiées sur une période couvrant les 100 dernières années afin d’établir une possible relation existant entre la croissance et le
climat. Le feuillage a été évalué d’après les traces laissées par les aiguilles dans le tronc principal. La production moyenne annuelle
d'aiguilles de 355 aiguilles par pousse, qui est corrélée avec la longueur annuelle de pousse, a été affectée par les températures prévalant en mars et octobre de l'année précédente. Le résultat d’une détermination de la production d'aiguille basée sur l’étendue de la
période de végétation est discutée. La rétention d'aiguilles sur les arbres s’élève en moyenne à 6,5 aiguilles par pousse ancienne mais
les variations à long terme sont considérables. L'âge maximum des aiguilles atteint 9,8 ans. La perte annuelle en aiguilles est comprise, par an, entre 0,1 et 2,3 aiguilles par pousse ancienne. Aucune relation n’a été établie entre la perte annuelle en aiguilles d’une part,
et l’augmentation radiale ou la croissance des pousses d’autre part. La rétention et la perte annuelle en aiguilles sont ici indépendantes du climat.
épicea / feuillage / croissance / traces d’aiguille / climat

1. INTRODUCTION
Various bioindicators such as crown transparency and
yellowing of the foliage as well as annual radial increment or annual shoot growth are used to assess a tree’s
vitality. Tree-ring width and shoot length are 'archived'
in the tree and thus allow the construction of time series

for dendroecology to reconstruct past environmental
changes (e.g. [7, 9, 23]). In contrast, the foliation of a
tree, due to its limited lifetime, allows only a snapshotlike assessment of its current status. Therefore the construction of long-term time series has not been feasible
until recently.
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However, Kurkela and Jalkanen [20] introduced a
new method – the so-called needle trace method (NTM)
– which allows the reconstruction of the foliation of
conifers. They counted the needle traces of pine (Pinus
sylvestris L.) to record past needle retention and annual
needle loss and used this information, for example, in
forest pathology [17]. Sander and Eckstein [25, 26]
applied the same method to spruce (Picea abies [L.]
Karst.) and proved that needle retention on the main
stem is an adequate representation of needle retention
within the entire crown of a tree.

into logs of 2 m in length; the branches were removed.
Air pollution impact was monitored for the mountainous
and subalpine areas in the Giant Mts. during the 1970s
and 1980s [27, 30] but it is not known whether any pollutants affected the sample site. However, there was no
damage of actual foliation visible.

2.2. Growth variables
Each shoot length was measured between two adjacent branch whorls after cutting the shoots axially along
the pith. Medial twigs – twigs between the nodii –
appear quite regularly and can in some cases be mixed
up with whorl branches, so care must be taken when
assessing shoot length. The tree-ring widths were recorded on two radii of the cross sectional area using a treering measuring table. The time series obtained were
cross-dated between trees [28]. The series of the lowermost four shoots were used for calculating an arithmetic
mean series per tree. Subsequently these series were
aggregated into a mean tree-ring width chronology of all
trees.

The present study focuses on the retrospective assessment of the past foliation of spruce and its dependence
on various growth parameters and climate. Although the
coherence between the assimilative apparatus and biomass production of trees has already been reported earlier (e.g. [29, 31, 32]), there has so far been no investigation of how annual changes in foliation affect shoot
growth and cambial activity, and no time-series approach
to this question has hitherto been undertaken.

2. MATERIALS AND METHODS
2.1. Materials

2.3. Climate data
Five spruce trees were chosen in a forest in the Giant
Mts., Czech Republic at 800 m a.s.l. (table I). The site
was dominated by diluvial impact but was hardly sloped.
The study trees were dominant or co-dominant in a
closed canopy stand, between 28 and 37 m tall, and ca.
120 years old. They were felled and the trunks dissected

To calculate climate-growth relationships, climate
data of both monthly mean temperature and monthly precipitation sums were used (table I). Homogeneous temperature series from the stations Harrachov, Benecko
and Desna Sous l were provided by Brádzil (University

Table I. Sample site and climate stations in the study area.
Location
Sample site
Medvedi koleno
Climate stations
Harrachov
Snezka
Benecko
Desna Sous l
Jakuszyce (Poland)

Co-ordinates

Elevation (m)

Data-type

Data period

50°45' N
15°37' E

800

Growth and foliation

1877–1994

50°46' N
15°26' E
50°44' N
15°44' E
50°40' N
15°33' E
50°46' N
15°19' E
50°49' N
15°21' E

680/708

Temp. + precip.

1948–1990

1602

Precip.

1931–1990

880

Temp.

1946–1990

772

Temp.

1930–1990

871/910

Precip.

1956–1988
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Brno) [2]. The precipitation series from Harrachov,
Snezka and Jakuszyce (Poland) were provided by Dobry
(Botanical Institute Pruhonice) and checked for homogeneity following the procedure of Holmes et al. [14].
The mean annual temperature of these stations was
4.3 °C, the mean precipitation sum was 1 310 mm. Since
no single climate series supplies an adequate representation of the sample site’s climate, the series were transformed by calculating regional average departures from
the overall series means for each month and year [15].
Two regional climate series – one for precipitation, one
for temperature – were included in the analysis.

2.4. Revealing past needle retention
As long as a needle is alive, it is supported by its needle trace. After the shedding of the needle, the trace will
be sealed by further layers of wood. Thus, the longevity
of a needle can be reconstructed retrospectively by the
length of its needle trace in the wood. This mechanism
can be used to reveal needle retention. The principle of
needle trace assessment was first described by Kurkela
and Jalkanen [20] for pine. They recorded the number of
needle traces at the trunk for each shoot at its tangential
surface and produced time series – analogous to tree-ring
series. In spruce, however, the situation varies from pine.
Whereas in pine the needle traces are represented by
short shoots containing pith tissue and secondary xylem,
in spruce and most other conifers of the Pinaceae family
the needle traces consist of primary xylem tissue only
(figure 1). Therefore the diameter of needle traces is
much smaller for spruce than for pine. This anatomical
difference makes the assessment with spruce more difficult and requires a modification of the method [25, 26].
Assessment of needle traces of spruce starts with the
innermost tree ring close to the pith of each annual
shoot. Sandblasting of the surface emphasises the varying hardness of the wooden tissue and the needle traces
become visible as small “pins” (figure 2). They are
arranged in diagonal lines according to the phyllotaxis of
the needles. The innermost tree ring of a shoot represents
the complete foliation of that shoot in the year of its formation. Subsequently the shoot is planed down tree ring
by tree ring towards the bark and the needle traces are
counted until finally, say after 8 or 9 years, no traces
appear any more, i.e. the shoot in question is completely
defoliated.
The foliation degree (DEG) of a young shoot with its
complete set of needles is set as 1.0 (=100%), that of a
completely defoliated (older) shoot as 0. The intermediate degrees of foliation were recorded in steps of 0.1 (figure 3).

Figure 1. Needle trace of Picea abies in a thin tangential section (20 µm) of the secondary xylem, bar = 200 µm.

DEG can be used to calculate the
– number of needle sets (SET) in year t, whereby
n

SETt = Σ DEGt ,
a =0

– the annual needle shed (SHED) in year t, whereby
n

SHED = Σ DEGt – 1 – DEGt .
a =0

In the equations a characterises the annual shoots from 0
(current) to n (oldest) while t is the year of the tree-ring
and shoot formation. SET represents the number of needle-year classes which can be found on one axis in one
and the same year, SHED is the number of needle sets
which were shed from the previous to the current year.
The data were aggregated for all five trees by calculating arithmetic mean chronologies.
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3. CORRELATION AND RESPONSE
FUNCTION ANALYSIS
The time series of the different foliation and growth
variables were compared with each other by correlation
analysis. To ensure that these time series are stationary
in time [6], a standardisation treatment with a cubic
smoothing spline function was carried out. From the
residual series mean chronologies (arithmetic mean)
were established. The climatic impact on needle formation was studied using the response-function concept [9]
in a slightly modified manner. The monthly mean temperature and monthly precipitation sum (independent
variables) as well as the annual needle production
(PROD), SET and SHED (dependent variables) entered a
stepwise regression analysis as principle components.
The resulting response function representing the climategrowth relationship was obtained by a bootstrap process
[13] to achieve a maximum reliability of the regression.

4. RESULTS AND DISCUSSION
4.1. Shoot length and radial increment
Figure 2. Needle traces of spruce after sandblasting the tangential surface, bar = 20 mm.

An overview of the variation of all variables within
and between trees is given in figure 4. The annual axial
increment or shoot length (SHOOT) of the five trees
fluctuated between 3 and 68 cm (median: 30 cm). Treering width (RING), calculated as a mean from the lowermost four shoots, was below 2 mm on average, but varied between 0.5 and 6 mm. The mean time series of all
trees reveals an age trend of RING while SHOOT is
more stationary in time (figure 5).

4.2. Needle production and needle density

Figure 3. Needle retention on a spruce twig; numbers indicate
the foliation degree of each annual shoot summing up to 4.1
needle sets in this example.

Annual needle production (PROD) of the main axis
was 355 on average (median: 347), but fluctuated over
time between 15 and 961 needles depending on the shoot
length (figure 6). The variation between trees was 340 to
397 needles per year. Since shoot growth is controlled by
the apical dominance, shoot length and number of needles is higher on the main axis than on a branch [24].
Moreover, annual needle production is controlled by
genetic and/or ecological factors. The number of needles
per cm shoot length (DENS) was 13 on average but
ranged from 6 to 63 (figure 6). No long-term trends were
observed.

Coherence of foliation of spruce with growth and climate
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Figure 4. Variation of foliation
and growth variables. Boxes represent values between the lower
and the upper quartile including
the median, while the whiskers
show the range (min–max). Dots
(°) and asterisks (*) were used to
mark outliers which are further
from the median than 1.5× or 3×
of the quartile range.

Figure 5. Shoot length (SHOOT)
and mean tree ring width (RING)
of five spruces on the main axis.

Figure 6. Annual needle production (PROD) and needle density
(DENS) of five spruces on the
main axis.
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4.3. Needle retention
The variation in needle retention in spruce and other
conifers has already been reported by Burger [4] and
Zederbauer [34]. Ewers and Schmid [8] proved that the
variability of needle retention in pine is dependent on the
altitude of the sites. The longevity of needles is positively correlated with the specific leaf area [10]. Species
with long living needles have a favourable carbon balance. Thus, needle retention can be considered as an
adaptation strategy to extreme growth conditions.
Jalkanen and Kurkela [16] were the first to reconstruct
variations in the needle retention of pine in a retrospective analysis. The present study shows that spruce, too,
revealed changes in needle retention. The mean of the
number of needle sets (SETS) varied between 5.1 and
7.1 between the five study trees (figure 4). The average
was 6.5 years or needle sets (arithmetic mean and median). The number of needle sets reached a maximum of
8.8, but needle age (longevity of a needle) even reached
a maximum of 9.8 years. Burger [4], who studied the
variation in needle retention of spruce over a vertical
transect, found 6–7 needle sets to be normal at an elevation of 600–900 m a.s.l. The present study showed that
needle retention is not constant over the lifespan of the
tree, but variations were due more to long-term trends
than to annual fluctuations (figure 7). The number of
needle sets increased up to an age of 30 to 40 years of
the spruces and decreased slightly afterwards. This phenomenon cannot be explained yet. A correlative inhibition as described by Gruber [12] is possible. Since older
spruces replace their regular shoots more and more by
proventive shoots, competition for water and nutrients
lowers the supply of regularly formed shoots and therefore results in a lower number of needle primordia. On
the other hand, long-term trends of needle retention were
also found in Scots pine which does not produce proventive shoots [18]. The authors explain long-term variations with changes in growth rate and increasing stand
density. In the present study, impact of air pollution cannot be taken into consideration since the slow decrease

of needle retention appeared long before air pollution
was reported for the Giant Mts. [30].
4.4. Annual needle shed
In contrast to pine, spruce sheds its needles throughout the year with a maximum in spring and autumn [12].
In the spruces investigated one needle set was shed each
year on average (arithmetic mean) while the median was
slightly lower due to the asymmetric distribution of the
values. The actual annual needle shed of a tree (SHED)
still varied from 0.1 to 2.3 needle sets but, in general,
fluctuated only slightly around the mean value (figure 7).
There was no indication of extreme needle loss. It must
be mentioned that the death and shedding of needles do
not coincide. Needle death is a physiological process
while needle shedding is induced by drying and mechanical abscission of the needle [12]. However, since the
needle trace is part of the needle tissue it is unlikely that
it will be prolonged if the needle supported is already
dead. It can thus be assumed that a needle trace really
represents a living needle.
4.5. Comparison of foliation and growth variables
Correlation coefficients between various standardised
variables are presented in a correlation matrix (table II).
The close positive relationship between annual needle
production and shoot length is supported by a coefficient
of 0.62 and illustrated in figure 8. Since the needle primordia are formed in the year preceding shoot elongation, shoot length is partly determined by the same factors which affect the formation of winter buds [3, 25].
This has also been reported by Roloff [23] for oak
(Quercus robur L. and Q. petraea Liebl.) and by
Clements [5] for red pine (Pinus resinosa Ait.). Needle
density was slightly dependent on ring width and shoot
length. It is thus possible to establish some impact of
growth conditions during bud break and shoot

Figure 7. Number of needle
sets (SETS) and mean annual
needle shed (SHED) of five
spruces on their main axis, from
Sander and Eckstein 1997, modified.
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Table II. Correlation between foliation and growth variables
(standardised). Significant values are emphasised by asterisks
(*: α = 0.05, **: α = 0.001).

DENS
SETS
SHED
SHOOT
RING

PROD

DENS

SETS

SHED

SHOOT

0.26
–0.06
0.17
**0.62
–0.22

–0.13
–0.03
*–0.33
*–0.46

**–0.78
0.20
0.19

0.04
–0.21

–0.02

considered a natural ageing effect probably caused by
age-related declining leaf area index and primary productivity as, for example, described by Mencuccini and
Grace [21].

4.6. Response function analysis

elongation. In contrast, the radial increment at the stem
base did not show any significant correlation with the
contemporaneous annual needle production.
Relationships between the conductive xylem tissue
and the foliation have been described in the pipe model
theory by Shinozaki et al. [29]. Several further studies
were able to prove a close relationship between foliation
– expressed as leaf area index, leaf dry weight or leaf
area, and the conductive system of a tree – expressed as
sapwood area or growth rate (e.g. [19, 22]). The relationship between foliage and growth parameters is more distinct for data assessed from individual crown zones than
for data aggregated for the whole crown [22]. This might
also explain the low correlation of foliation parameters
with the aggregated tree-ring width (within the lower
trunk) in this study. If the analysis is limited to a single
shoot, where the sites of assimilation and of the allocation of carbon are close together, the relationship
between the annual needle production and growth
becomes much stronger, too [24]. In consequence, cambial age plays a major role in this context; an older cambium “suffers” from a loss of information and of mass
transfer from the assimilative apparatus.
It should be mentioned that there was no indication of
forest decline from the data obtained. A slightly declining number of needle sets and radial increment can be

Foliation and growth of trees are affected by various
biotic and abiotic factors. Besides genetic determination,
climate and soil conditions are the most important predictors of growth processes. Recently, Aussenac [1] presented a literature review of these interactions on the forest stand level. The introduction of the time factor into
such considerations makes the statistical analysis of the
climate/foliation relationship feasible. This study constitutes an initial attempt to gain appropriate insight over a
period of several decades.
Since winter buds are formed during the vegetation
period prior to the year of shoot elongation, the period
from March to October of the previous growing period
was included in the step-by-step regression analysis. The
temperatures in March and October – the period at the
beginning and end of bud formation – had a significant
impact on annual needle production (r = 0.36, a = 0.05,
figure 9). Worral and Mergen [33] report on the control
of bud break by temperature. Gruber [11] describes the
parallel development of the shoot and its buds and found
that the final needle primordia can be initiated in
October. Thus, the number of needle primordia is possibly controlled by the duration of bud formation. Low
temperature in spring and/or autumn may shorten the
period of primordia initiation. Neither needle retention
nor needle shed revealed any coherence with climatic
variables.

Figure 8. Coherence between
annual needle production
(PROD) and shoot length
(SHOOT).
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Figure 9. Relationship between March + October temperature
and annual needle production (PROD).

5. CONCLUSION
This study was limited to the main axis of five spruce
trees. One should therefore be careful about generalising
the results. Nevertheless, it is possible to draw some conclusions. Needle retention is not necessarily a stationary
characteristic of spruce, but can reveal long-term
changes. Investigations at various ecological sites using
larger sample sizes are required for a better understanding of the controlling processes. Needle retention,
together with branching, affects crown transparency,
hence the use of needle age or number of needle sets for
forest health surveys has to take natural fluctuations of
these variables into consideration. Site conditions, as
well as age trends, can also affect needle retention. For
the spruce trees investigated annual needle production
and density along the main stem suggested a strong connection with bud formation and shoot elongation.
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