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ABSTRACT: The young populations of Norway spruce (Picea abies) can be evaluated in terms of both variability in
the quantitative characteristics and share of different phenotypes according to the needle types. A set of two-years-
old seedlings produced in the nursery and several populations of natural regeneration in the Krkonose Mts. and the
Krusné hory Mts. were evaluated using the needle anatomy, size and colour. The tree height growth was measured
simultaneously. The growth was related to some needle features. Four basic anatomical types of needles were dis-
tinguished in the mountain Norway spruce seedlings: flat needles, intermediate needles, inversion type and scle-
rotized needles. The growth of natural regeneration populations is mainly correlated with the needle width and the
length/width ratio. The population variability according to growth can be related to the variability of some phenotype

characteristics. This relationship differs in natural regeneration and planting.
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The type differentiation of forms (phenotypes) of
Norway spruce (Picea abies [L.] Karst.) mature trees
has been used for a long time. It is based mainly on
the appearance of tree crowns and branching (SAMEK
1964; FANTA 1974, 1976; SCHMIDT-VOGT 1977). At-
tention has also been paid to a change in branch-
ing and to the growth of secondary and/or tertiary
crown structures in relation to the regeneration of a
tree after an air-pollution stress (CUDLIN et al. 1999,
2001). Nevertheless, methods of the type differentia-
tion of young spruce trees up to the advance growth
stage and/or small pole stage have not been known
until now. Scientific publications on the phenotype
of common tree species with high economic impor-
tance such as P, abies are scarce. For instance, Web of
Science refers to only two papers using the keyword
“phenotype” together with “Picea abies”. The first pa-
per (Porov 2013) deals with Picea abies and Picea
obovata distinguishing. The second one (DANUSEVI-
cius, LINDGREN 2002) uses the spruce phenotypes
for tree improvement (without concretization of phe-
notype features).

It is to assume that various morphological and
anatomical characteristics of Picea abies develop in
a similar way during ontogenesis, like in the other
spruce species, e.g. Picea rubens, where a change in
the needle cross-section was described in trees of dif-
ferent age (WARD 2005). Currently, research on popu-
lation variability (not only in spruce) is directed at the
investigation of genetic variability (TOLLEFSRUD et al.
2008); however, the knowledge of phenotype variabil-
ity is important particularly for its practical applica-
tions in the field of silviculture. This importance may
be accentuated e.g. by testing the relation between the
growth rate of trees and their quantitative phenotype
features as will be shown below.

The type differentiation of young spruce trees
appears to be important both in young stands, e.g.
during the cleaning of advance growths, and in the
production of planting material and its prepara-
tion in forest nurseries (JURASEK et al. 2009). Let’s
assume that different phenotypes differ in growth
parameters and so they can create different func-
tional components of a future stand. More exactly
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expressed, different trees can have a different posi-

tion within the spectrum of r- and K-growth strat-

egies (MACARTHUR, WILSON 1967; P1aNkA 1970;

RezNICK et al. 2002). The species classification on

the scale of sun demanding and shade-tolerant tree

species is also disputable as advised by KINDLMANN
et al. (2012). Therefore a discussion about spruce
trees with different growth strategy started: trees
with “ruderal” strategy that are able to fill up the
stand space thanks to their fast growth while trees
with “climax” strategy are growing slowly but they
create the stable frame of the stand that exhibits
an increased resistance to (especially mechanical)
disturbances. Different share of trees with different
growth strategy was observed when the growth of
populations from natural and artificial regeneration
was compared (MATEjKA, LEUGNER 2013). From

the aspect of the long-term stand dynamics, it is a

different selection (r- or K-selection) according to

the presence and/or absence of disturbance factors.

As the frequency of disturbances (e.g. the occur-

rence of strong winds) increases with the altitude, it

is possible to expect that a wider spectrum of trees
according to their growth strategy should be rep-

resented in the population at higher altitudes [8

(spruce) or also 7" (spruce with beech) forest/vege-

tation/altitudinal zone — FAZ] compared to the pop-

ulation at lower altitudes where disturbances are not
so frequent and the long-term dynamics of stands is
usually governed by the gap model (so called small

developmental cycle; cf. KINDLMANN et al. 2012).
Phenotype variability is a reflection of genetic vari-

ability of the population, i.e. of genetic diversity. The

spruce phenotype of extremely young plants (up to

3 years) is used for the breeding programmes (DANU-

SEVICIUS, LINDGREN 2002). The phenotype variabil-

ity is a feature related to the structure and dynamics

of whole ecosystems (WEHENKEL et al. 2010).
Phenotype variability within young populations

is also reflected in variability of the growth rate of
trees within the whole population. However, growth
rate cannot be directly compared because the evalu-
ated populations consist of trees of different size and
usually of different age. This is the reason why a new
method for the evaluation of growth variability under
these conditions is proposed below.

The objective of this paper is to analyse needle
morphology and anatomy of young spruce trees in
order to distinguish the trees with different growth
rates. Two types of populations were analysed:

— aset of seedlings grown in a forest nursery was an
example of extremely young populations (2-years-
old plants);

—advance growth (regeneration) in several localities

J. FOR. SCL, 60, 2014 (3): 96-108

in the Czech Republic - in the Krkonose Mts.

(Giant Mts.) and Kru$né hory Mts. (Ore Mts.) was

an example of young populations (about 10-years-

old trees).

There arises a question about the relationship
between growth rate and parameters of needles as
the basic phenotype feature in young trees. These
relationships were studied by means of models (re-
gression models). The models describing the rela-
tion between age, tree size (mainly tree height) and
(height) growth, known as growth models, are cur-
rently undergoing rapid development (HASENAUER
2006; PRETZSCH 2009). Results are mostly applied
to the analysis of production potentials of forest
stands. This is the reason why these models are
hardly applicable to the analysis of the growth of
young populations of a regenerating stand. BLUIDEA
et al. (2012) wrote in this sense: “The possibility of
estimating young trees biomass is rather limited
because forest yield tables are constructed starting
from higher thresholds of proxy, such as diameter
or height, and lack of availability of allometric equa-
tions” The growth models are similar to the allome-
tric relations, which are based on growth theory (e.g.
PreTZSCH et al. 2013). This paper is a continuation
of previous study (MATEjKA, LEUGNER 2013).

MATERIAL AND METHODS

Seedlings produced in a nursery. The planted
material was collected for research on the structur-
al characteristics of needles of Norway spruce with
different growth strategy in 2012. Research mate-
rial was sampled from the Vitkovice forest nursery
(altitude 690 m a.s.l.) in the Krkono$e Mts. on May
9th 2012. These were annual shoots of two-year Pi-
cea abies seedlings of the Krkonose origin from the
8t FAZ (forest altitudinal zone) that represented
the whole growth spectrum of this section (reg-
istration number of the section source: CZ-2-2A-
SM-3044-22-8-H). The analyses were carried out
in 90 trees from the nursery. The seedlings were
planted in open beds on peat substrate with long-
term effect of fertilizer. The following parameters of
two-years-old seedlings were measured: height of
the aboveground part, height in the preceding year
(2010), root collar diameter, root length (length of
the longest root; plants with one root prevailed),
dry weight of the aboveground part and number of
branches.

Regeneration in the Krkonose Mts. The
plots were localized in the area of the 8" FAZ in
the eastern Krkono$e Mts., so that their natu-
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ral conditions were as similar as possible. Six
plots (3a, 5, 6, 7, 8, PRP 24) in total were iden-
tified for observations that were also used in
the previous study (MATEjxA, LEUGNER 2013).
A forest grew on all plots in the past; this was veri-
fied in stable cadastre maps. Plot 9 is practically
identical with the long-term permanent research
plot PRP 22, where various investigations have been
conducted since 1980 (VACEK et al. 2007; IVANEK
et al. 2009). The average tree height varies between
74 and 179 cm in natural regeneration, and be-
tween 107 and 296 cm in planted trees (Table 1).

Regeneration in the Krusné hory Mts. Five
plots (Klinovec A, B, C; Spiéék A, B) in total were
identified in the area of the 8" and close 7t FAZ
for the study of natural regeneration: three plots
in Klinovec Mt. area and two plots on Bozidarsky
Spi¢ak Mt. Artificial regeneration (planting) was
established in the closest proximity of the two plots
and was also measured.

Vegetation conditions were documented on each
plot by a phytocoenological relevé. In comparison
with similar plots in the Krkonose Mts., the Kru$né
hory Mts. localities are obviously areas with more
fertile soils. It is documented by higher species
richness and simultaneously by the recurrent pres-

ence of more demanding species (e.g. Urtica dioica,
Senecio ovatus, Oxalis acetosella, Mycelis muralis)
(MATEjKA 2012). Description and site character-
istics of the particular research plots are given in
Table 1. The average tree height was 92 to 118 cm
in natural regeneration and 78 to 130 cm in planted
trees (Table 1).

Field work. From July to September (2011 in the
Krkonos$e Mts., 2012 in the Kru$né hory Mts.) ran-
domly selected individuals in the regeneration on
the plots were measured. The measured character-
istics were total height of a tree in the given year
(H with the index of the year of measurement) and
height increment in the last six years (P with the
index of the respective year). The heights of a tree
in the particular preceding years were calculated
additionally.

Twigs for the analysis of needle size and colour
were taken from trees measured on some plots.
These twigs were put into polyethylene bags to be
transported and analysed in a laboratory.

Measurement of needle size. Needles of the last
needle age class were removed from typical twigs.
Twenty intact needles were placed on a transpar-
ent adhesive tape. This adhesive tape was placed on
a transparent foil. The needle series prepared in this

Table 1. Basic features of selected plots and their localization (JTSK coordinates). The average tree height (mean + standard

deviation) in the year of measurement

Plot Regeneration JTSK-X JTSK-Y Altitude Tempoerature Forest iite Trees Tree height
(m) (m) (m) (C) type* measured (cm)
Krkonose Mts. (Giant Mts.)
3a natural 984,759 645,598 1,192 2.5 8NO 127 168.3 £ 52.8
5 natural 986,310 644,359 1,161 3.2 8K2/8N1/8N3 132 179.0 £ 67.9
6 planting 986,893 647,355 1,209 3.0 8K2 150 296.2 + 58.6
7 natural and planting 983,740 638,618 1,295 3.0 9K1/8Z723 136 112.9 + 37.3Y
8 natural and planting 985,623 639,533 1,198 2.8 8K2/8K4 150 149.8 + 42.8%
PRP 24 natural 984,119 639,660 1,210 3.3 8K4 187 73.7 + 28.6%
Krusné hory Mts. (Ore Mts.)
Klinovec A natural 993,100 841,256 1,179 3.2 874 80 94.4 + 25.9
Klinovec B natural and planting 993,451 841,052 1,146 3.5 874 80 92.3 + 26.2%9
Klinovec C natural 994,437 840,411 1,230 3.1 874 80 96.2 £ 25.0
Spicak A natural and planting 992,502 846,012 1,083 3.8 8A1 (7**) 80 112.7 + 25.0%
Spic¢ak B natural 992,467 845,804 1,117 3.6 778 (8**) 80 118.8 £29.0

JTSK coordinates — coordinates of the Uniform Trigonometric Cadastral Network, Temperature — average air temperatures
during 1961-1990 were modelled using the PlotOA software (MATEJKA 2009), *nomenclature of the forest site types see

e.g. VIEWEGH et al. (2003), **forest altitudinal vegetation zone according to the average temperature, Yonly natural regen-

eration, planted trees 130.2 + 55.5 cm (133 trees), 2)only natural regeneration, planted trees 106.6 + 21.7 cm (18 trees),

dheight in 2010, Yonly natural regeneration, planted trees 77.8 + 12.7 cm (60 trees), only natural regeneration, planted

trees 129.9 + 40.8 cm (60 trees)
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way were scanned at a resolution of 600 dpi. The im-
ages were stored as TIFF format files with lossless
data compression. The scans were processed us-
ing the TopoL programme (TopoL Software s.r.o.,
Prague, Czech Republic) (www.topol.eu) in which
the exact outline of each needle was manually deter-
mined using an appropriate magnification. On this
basis the perimeter (0) and area (p) of each needle
were calculated. Other software, e.g. FotoOverlay
programme (IDS, Prague, Czech Republic) (www.
infodatasys.cz/software/hlp_FotoOverlay/FotoOver-
lay.htm) (MATEJKA, LEUGNER 2013), can be used in
a similar way. Applying these data, the length (/) and
average width (rw) of a needle were calculated as if
these values corresponded to a rectangle of the iden-
tical perimeter and area — Equation 1:

rl=%(0+1[02—16p) ”W:%("_\loz_ml)) 1

If the mean error of the point position on the
needle circumference equals to one pixel size
(A = 0.0423 mm), based on the law of the mean
error accumulation, it is possible to estimate the
mean error of the needle area (g) as follows from
Equation 2:

oPY 1Y, p
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where:
n  —number of break points on the needle circumference,
A - pixel size,
| — perimeter,
P —area,
x  —the position of the circumference break point on an

axis orthogonal to the circumference line.

The result of the example calculation is mean er-
ror € = 0.072 mm? (small needles, n = 20, [ = 15 mm)
to € = 0.164 mm? (large needles, n = 15, [ = 30 mm).

Total length (/) and maximum width (w) of each
needle were also measured, in both cases as the
shortest line connecting two relevant points.

These measurements were done for a set of ran-
domly selected trees and/or for trees in which other
analysed characteristics were determined.

Mean weight of needles. At the locality of PRP
24 in the Krkonose Mts., which was analysed in
detail, twigs, or their parts with the first needle
age class were air-dried. A hundred needles were
counted off among these samples and they were
weighed (weight M, ). The whole sample of nee-
dles was also used for a chemical analysis.

Nutrient status. Dried needles of the first needle
age class from the locality of PRP 24 in the Krkonose
Mts. were subjected to a chemical analysis to deter-
mine the content of the elements N, P, K, Ca and Mg.
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The analyses were done in the Josef Tomas Labora-
tory at Opoc¢no using these methods: H,SO,/H,0,
mineralization, distillation method to determine total
N, spectrophotometric determination of P, AAS to
determine Ca and Mg, atomic emission spectropho-
tometry for K.

Needle colour. The scans were also used to read off
the needle colour. Needle colour was measured in a
set of 20 needles selected for measurement of their
size. Damaged needles or needles with distinct colour
change, mostly as a result of fungal infection, were ex-
cluded from the set. Measurements were done using
the PlotOA software (IDS, Prague, Czech Republic)
(MATEJKA 2009), where an average colour was de-
termined in the surroundings of three points on each
needle. The points were located randomly, approxi-
mately in the middle of the needle, in the upper and
lower third of the needle while places with potential
small local damage to the needle were avoided. The
colour was determined in the proximity of 5 pixels
(i.e. in a square of 11 x 11 pixels). Three colour com-
ponents (R-G-B) were read off for red, green and
blue colour.

Colour variability (var,) of needles in trees in the
population was evaluated by the expression (Eq. 3)

vary;, = STD(RGB_R)? + STD(RGB_G) + STD(RGB_B)? (3)

where:

STD(x) — standard deviation of variable x,
RGB_R, RGB_G, RGB_B - three colour components
(one average value for one tree).

Anatomic features of needles in seedlings. Seed-
ling foliage was evaluated by a number of quantita-
tive anatomic features of needles that can be deter-
mined in a needle cross-section. For these purposes
the needles sampled from fresh material were fixed in
a FAA solution: 5 ml of formaldehyde (36% aqueous
solution) + 5 ml of glacial acetic acid + 90 ml of etha-
nol (50% mixture with water). Four representative
one-year needles were taken from each seedling for
analysis. A block of standard length was cut out from
their middle part; it was processed by the method of
permanent preparations of the botanical microscopic
technique — dehydration in an ethanol series, trans-
fer to xylene and saturation with paraffin in a Shan-
don Citadel TM tissue processor — carousel type. The
examined material was embedded into BIOPLAST
EXTRA ata temperature of 58°C. Paraffin blocks were
cross-cut in three to four series in the HM 325 rotary
microtome (MICROM GmbH, Neuss, Germany). The
section thickness was 4—5 pum. After deparaffiniza-
tion, the samples were stained by the basic method of
haematoxylin-eosin, malachite green — acid fuchsin
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and alcian blue-safranin. Stained preparations were
encased into enthellan with xylene (Merck). The re-
sultant preparations were photographed using the
lens with 10- and 40-times magnification. Based on
a digital image analysis, the total area of needle sec-
tion, vascular cylinder, xylem, phloem and groups of
albuminous cells and their mutual relations were de-
termined. Total needle width and thickness were also
measured. The means of the respective values from 3 to
4 needles were processed. All seedlings were not ana-
lysed microscopically because it was not possible to
make suitable preparations from undamaged needles
for all of them. The analyses were carried out in the
laboratory of University of Ostrava by Véclav Krpes$
working group. Additional measurements and mi-
crophotos were done in IDS. Width and thickness of
the needle were measured in the microphotos using
the PhotoOverlay software (www.infodatasys.cz/soft-
ware/hlp_FotoOverlay/FotoOverlay.htm).

Evaluation of population growth variability.
Growth was modelled using a non-linear regression
model (Eq. 4):

P,=axp), (4)

where:

a, b — parameters,

100

h, - height in the year y,
Py — increment in the year y.

The model was fitted by the least-squares meth-
od in STATISTICA software (StatSoft, Inc., Tulsa,
USA) (nonlinear estimation, Levenberg-Marquardt
method; HiLL, LEwIck12007). Growth variability in
each studied spruce population was evaluated on the
basis of indefiniteness of the above-mentioned mod-
el, i.e. by means of the standard error of parameters
aand b (SE_ and SE,) and especially by the standard
deviation of residuals (s ) calculated as a differ-
ence between measured increment and modelled
increment.

Modelling was always performed for the year (y)
preceding the year of measurement, i.e. for 2010 in
the Krkonose Mts. and 2011 in the Kru$né hory Mts.

RESULTS AND DISCUSSION
Needle type differentiation

Spruce seedlings were analysed. The plants were
small: average diameter of the root collar d = 1.29 +
0.39 mm (mean + standard deviation), average
height of the seedling h = 7.47 + 2.43 cm, height

Fig. 1. Different types
of cross-sections through
young needles of Picea
abies: (a) W — flat nee-
dle, (b) I — intermediate
needle, (c¢) T — inversion
needle, (d) S — sclerotized
needle with surface strips
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in the preceding year h, , = 2.28 + 0.82 cm, root

length ROOT = 13.3 + 4.7 cm, number of branches

BRANCH = 1.1 £ 1.4, weight of aboveground part

M, = 0.43 + 0.30 g. For needle type differentia-

tion, only those needles were selected that showed

full development, which can be documented by the
presence of two essential oil ducts. Four basic types
of needles were distinguished using microscopic

images of the cross-sections of needles (Fig. 1).

The thickness (mt) to width (mw) ratio of a needle

was used as the basic characteristic for this differ-

entiation. Table 2 shows the percentage of the indi-
viduals according to needle-types in the analysed
material:

— type W — flat needles: the width of the needle is
distinctly larger that its thickness. Sclerotized
strips on the surface may occur along the two
lateral edges,

— type I — intermediate needles: the width and the
thickness of the needle are approximately identi-
cal; sclerotized strips on the surface are missing,

— type T — inversion type: the width of the needle
is smaller than its thickness; sclerotized strips on
the surface are missing,

— type S — sclerotized needles with surface strips:
the width and the thickness of the needle are
approximately identical, there are four sclerotized
strips. The needle has an approximately square
cross-section.

Moderate sclerotization was observed in several
needles of the preceding types.

Table 2. Counts of individuals according to the type of
needles in the set of two-year mountain spruce seedlings
grown in the Vitkovice nursery

Type of needle n  Share (%) d (mm) h (cm)
W 16 42 1.4 8.4
(W) 4 11 1.4 7.8
I 9 24 1.6 9.5
(T) 1 3 1.6 11.0
T 1 3 2.3 12.0
W (s) 3 8 1.4 6.7
I(s) 1 3 1.4 6.0
S 3 8 1.3 8.2

types of needles were determined using the ratio microscopic
thickness of needle/microscopic width of needle (m1t/mw) where:
type W (< 0.90), (W) (0.90-0.95),1(0.95-1.05), (T) (1.05-1.10)
and T (> 1.10), W(s) — moderately sclerotized (< 0.90,) I(s) —
moderately sclerotized (0.95-1.05); S — presence of sclerotized
surface strips (see Fig. 1); # — number of individuals, d — average

diameter of the root collar, h — average height of the seedling
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Fig. 2. The relation between microscopic width of nee-
dle (mw) and calculated average width of needle (rw) in
samples of seedlings from the tree nursery is significant
by the needle type — flat needle (W) (r = 0.48, P = 0.039)
but insignificant by the type — intermediate needle
() (r = 0.34, P = 0.41)

Although only a small number of needles was ana-
lysed (it was not possible to make an evaluable mi-
croscopic preparation for all needles) and the repre-
sentation of some types is low (sometimes the type is
represented by one seedling), the above-mentioned
types seem to have different growth characteristics
(Table 2). Seedlings with the inversion type of nee-
dles reach larger dimensions while seedlings with
sclerotized needles were mostly smaller.

As the seedlings were grown in a forest nursery in
uniform environmental conditions, it is to assume
that the classification of seedlings according to the
needle type is conditioned genetically. It does not
depend e.g. on the insolation of the individual and
given branch as it can be in the case of older trees,
because only small plants (approximately 10 cm in
height) from the nursery were analysed.

No similar typification has been done for trees from
measured populations in the Krkonose Mts. and the
Krusné hory Mts. Nevertheless, all above-mentioned
types were observed in the Krkonose Mts. (e.g. on
PRP 24) during the evaluation of other character-
istics of this material. The variability of types in the
Krusné hory Mts. was lower, sclerotized needles with
surface strips were practically missing. A relation be-
tween the needle type and the phenotype according
to branching (FANTA 1974; ScHMIDT-VOGT 1977) is
possible, but unknown to date.

It is to note that the macroscopically determined
width of the needle (rw) and the respective needle area
correspond to the maximum photosynthetically ac-
tive profile of the needle. However, such a width may
differ and it usually differs from the width determined
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Table 3. Modelling of the height increment of spruce populations from natural regeneration and planting based on

the regression equation P = ax hz_l(data on all analysed localities)

P (cm)
Region Regeneration  Year n a
(h =50 cm) (h=100cm) (h=150cm)
Krkonoge Mt natural 2010 731 5.030 0.2697 14.4 17.4 19.4
(ONOSE WILS. planting 2010 301  0.09451 1.131 7.9 17.3 27.3
Krugné hory Mis natural 2011 400 0.07746 1.095 5.6 12.0 18.7
Y ’ planting 2011 120 0.04376 1.292 6.9 16.8 28.4

n — number of measured trees, all regression coefficients are statistically significant on the level a < 2%, the last three col-

umns show an average modelled height increment in trees of three selected height categories

by means of the microscopic cross-section of the nee-
dle (mw). This difference is related to the type of nee-
dle. The closest relationship of both parameters was
found out in flat needles (type W) and in sclerotized
needles (type S). On the other hand, a minimum rela-
tionship can be expected in inversion type T (Fig. 2).
Both flat and inversion types are macroscopically
near-to-identical.

Growth of populations of natural
and artificial regeneration

The more distinctly exponential height growth
of young populations from artificial regeneration

was recorded both in the Krkonose Mts. and in the
Krusné hory Mts. (Table 3). The height growth of
populations from natural regeneration is slower but
they probably create more stable stands as already re-
ported (MATEJKA, LEUGNER 2013).

Lower average (modelled) height increment in pop-
ulations of natural regeneration was found out in the
Krusné hory Mts. while the most obvious differences
were in the smallest trees (model height of 50 c¢cm).
Height increment for the modelled category of the
tallest trees (150 cm) was comparable in both moun-
tain ranges. Differences between the two mountain
areas cannot be interpreted directly because mea-
surements were done in two climatically different
years.

Table 4. The growth variability in the Norway spruce populations based on the regression P, = a x h}
Regeneration Locality n a b SE, SE, S esid
Krkonose Mts.
3 127 0.4475* 0.768* 0.2008 0.0901 6.27
5 132 1.0819* 0.565* 0.5156 0.0937 7.61
Natural 7 135 3.3315* 0.418* 1.0988 0.0753 6.78
regeneration
8 147 2.4188 0.374* 1.2488 0.1067 5.65
PRP 24 186 1.6287* 0.564* 0.4411 0.0647 5.69
6 150 5.8171 0.383* 2.9626 0.0947 12.50
Planting 132 0.0045 1.677* 0.0029 0.1268 6.11
18 0.4099 0.838 0.8272 0.4609 5.20
Kru$né hory Mts.
Klinovec A 80 0.0810 1.104* 0.0591 0.1658 3.46
Klinovec B 80 0.0527 1.112*% 0.0453 0.1914 3.06
Natural Klinovec C 80 0.0648 1.097* 0.0621 0.2150 3.60
regeneration .
Spicak A 80 0.1289 0.979* 0.0912 0.1558 2.95
Spicak B 80 0.1748 0.976* 0.1258 0.1594 4.28
. Klinovec B 60 7.36 -0.026 14.521 0.4873 3.73
Planting - o,
Spicék B 60 0.2648 0.921* 0.1345 0.1097 4.49

n — number of measured trees; SE, and SE, — standard errors for parameters a and b; s

— standard deviation of residuals

resid

(measured increment — modelled increment), *parameters estimated at the level a < 5%
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Population structure

Similarly like the variability of populations is dif-
ferent when the growth of their trees is compared,
there also exist differences in the variability of fo-
liage in these populations. When the populations
from natural regeneration and the populations
from artificial regeneration are compared in the
Krusné hory Mts., the former show both lower
growth variability (Table 4) and lower variability in
the needle shape (given by the needle length/ width
ratio (rl//rw), evaluated by both standard deviation
and the total range of values (Table 6).

There exists a difference in the range of average
needle width. The average needle width (rw) was
larger or equal to 0.75 mm in one tree from natural
regeneration (1.7% of the studied trees) while it was
5 trees (17% of the studied trees) in artificial re-
generation in the Kru$né hory Mts. The standard
deviation of the needle width was higher than
in the group of planted trees compared with the
natural populations (Table 6). All these data in-
dicate different phenotype composition of both
types of populations. The variability of the evalu-

Table 5. Variability in the needle colour (varg.;) in the
analysed localities
Regeneration Locality vary s
Krkonose Mts. PRP 24 277.0
Natural Krusné hory Mts. Klinovec A 173.5
regeneration Krugné hory Mts. Klinovec B 192.6
Krusné hory Mts. Klinovec C 238.1
Planting Kru$né hory Mts. Klinovec B 316.9

ated populations can also be illustrated by vari-
ability of needle colour (Table 5) that is highest in
the man-made population (planted trees), which
can be caused by insufficient nutrition at extreme
microsites.

The characteristics of needles on PRP 24 in
the Krkonose Mts., which were analysed in de-

tail, were different. Needle length was distinctly
larger than in the Krusné hory Mts. but needle
width was smaller, so that a markedly different
value of the shape index (r//rw) was found out. It
is also important that the value of the respective
standard deviation was lower compared to the
analysed localities in the Kru$né hory Mts., which
were described in the preceding paragraph, which
does not correspond to lower growth variability in
the Krkono$e Mts. (Table 4). Obviously, the vari-
ability of spruce populations according to growth
and phenotype features is probably directly com-
parable only within one natural area. The needle
length was one and only needle parameter mea-
sured in history. This length on PRP 24 is compa-
rable with common data from the Krkonose Mts.
(FANTA 1974, 1976).

The structure of spruce population originating
from natural regeneration depends on the struc-
ture of mature (parent) population, which can be
illustrated by an example of the Krusné hory Mts.
It was an area with distinct selection caused by the
air-pollution stress. The local forests experienced
a disastrous influence of acid deposition until the
early nineties of the 20™" century (e.g. SLODICAK,
LomsKY 2008; SRAMEK et al. 2008). The narrow-
ing of phenotype variability of spruce natural re-
generation can be explained by the narrowing of
genetic variability of parent populations due to
preceding long-term air-pollution stress. There-
fore, the phenotype variability of populations
originating from artificial regeneration (outplant-
ing) may usually be higher than in natural regen-
eration. Higher variability of growth rate is com-
patible with this finding.

The difference in variability of features of spruce
populations from the Krusné hory Mts. and the
Krkonose Mts. need not be caused by the mere
narrowing of genetic variability as a consequence
of the long-term air-pollution stress only. It may
be a natural difference in Picea abies metapopula-
tions in both mountain ranges resulting from the

Table 6. Variability in the quantitative morphological features of needles in selected populations of young Norway

spruce in the Krkonose and Kru$né hory Mts.

rl rw rl/rw
Locality Regeneration n
mean  SD mean SD mean  SD max — min
Krkonose Mts. PRP 24 natural 39 1211 196 0474 0.046 25.7  4.53 18.7
Krusné hory Mts. Klinovec C natural 30 795 114 0.637 0.048 125 1.75 6.8
Krusné hory Mts. Klinovec B natural 30 826 081 0.633 0.066 132 195 8.2
Krusné hory Mts. Klinovec B planting 30 728 1.02 0.662 0.077 111 1.85 8.8

n — number of measured trees, r/ — average length of needle, rw — average width of needle, SD — standard deviation
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spread of this species in the post-glacial period
that is reflected in the genetic characteristics of
this species. These are two geographically sepa-
rated groups of populations when one of them
was spreading from the south along the western
mountain ranges of the Czech Republic (Sumava —
Cesky les — Krusné hory) and the other group was
coming to the Krkonose Mts. across the Beskids
Mts. and the Jeseniky Mts. (TOLLEFSRUD et al.
2008). It was just in the area of the Jizerské hory
Mts. and Krkonose Mts. where both groups could
come into contact, which could result in a local
increase in the genetic diversity of P abies. The
specific position of the Jizerské hory — Krkonose
mountain range in connection with the spruce

morphology was mentioned earlier (FANTA 1974).
A study to verify such influences has to be done in
the future.

Growth and other features of trees

The height of the studied youngest subjects,
i.e. seedlings, is the most closely correlated with
needle length r/ (P < 0.001) and the correlation
with needle thickness mt and with the area of nee-
dle cross-section (P.,.) is also highly significant
(P < 0.001). Correlation coefficients with root col-
lar diameter indicate a similar group of features as
significant. The size of seedlings (i.e. height in the

Table 7. Coefficients of correlation between the variables of the two-year-old seedlings of Norway spruce

Type Variable n Mean SD d h hyo0 ROOT BRANCH M,
7l (mm) 62 12.9 1.86 0.58*  0.73* 0.23 0.34*  0.49*  0.67*
Needle rw (mm) 62 0.60 0.06 0.42* 0.21 0.30*  0.30* 0.31% 0.42*
biometry

rllrw 62 20.6 2.9 0.31*  0.58* 0.03 0.15 0.32*  0.39
RGB_R 62 85.0 72 -040* -0.20  -0.34* -0.33* -0.35* —0.37*
RGB_G 62 110.2 84  -049* -0.28* -0.37* -047* -0.40* -0.43*
RGB_B 62 66.3 67  -031* -0.32* -020 -0.13 -0.30* -0.39*
fizii’l‘r‘; GRAY 62 2616  19.6 -047*  -0.30* -0.35* -0.37* -041* -045*
R, 62 0.62 0.01 0.02 023  -0.14 -0.05 0.00 0.10

Gg; 62 0.42 0.01  -0.10 002  -006 -027* -0.03 0.02

B, 62 0.25 0.02 0.07  -0.12 0.11 0.23 0.02  -0.06

P (mm?) 34 0.239 0.062  0.58*  0.61* 0.36*  0.46*  0.42*  0.71*

VSCB (um?) 34 20,796 4,964  0.41*  0.43* 0.34*  0.44* 0.26 0.52*

XYLEM (um?) 34 1,260 400  0.03  —0.04 022 -001  -0.02 0.14

PHLOEM (um?) 34 894 205 0.42*  0.39* 0.43*  0.24 0.25 0.54*

Micro.  ALBUMIN (um?) 34 1,809 531 005  —0.01 0.02 013  -0.00 0.10
scopic VSCB/TOT 34 0.088 0.013 -0.32  -0.37* -0.08 -006 -032  —0.39*
features XYL/VSCB 34 0.062 0.019 -0.44* -0.53* -0.13  -0.48* -0.37* —0.41*
PHLOEM/VSCB 34 0.043 0.009  0.17 0.10 023  -0.12 0.03 0.22

mw (mm) 32 0.707 0.070  0.30 0.38* 0.47*  0.28 0.22 0.43*

mt (mm) 32 0.626 0.103  0.60*  0.62* 0.15 0.33 0.36*  0.67*

mt/mw 32 0.886 0129  0.53*  047* -0.13 0.21 0.28 0.50*

rl — average length of needle, rw — average width of needle, rl/rw — needle length/width ratio, RGB_R — colour components for
red, RGB_G - colour components for green, RGB_B — colour components for blue, GRAY - calculated grey grade (GRAY =
RGB_R+RGB_G+RGB_B); R, G¢}, By, — standardized colour components, Ry, = RGB_R/GRAY, etc.; P, — needle
cross-section area, VSCB — vascular bundle area, XYLEM — xylem area, FLOEM — phloem area, ALBUMIN - area of al-
buminous cells, VSCB/TOT - ratio of vascular bundle area and total needle cross-section area , XYL/VSCB — xylem area
and vascular bundle area ratio, PHLOEM/VSCB - phloem area and vascular bundle area ratio, mw — microscopic width of
needle, mt — microscopic thickness of needle, mt/mw — microscopic thickness of needle and microscopic width of needle

ratio; d — average diameter of the root collar, h — average height of the seedling, h, ., — height in the preceding year 2010,

2010

ROOT - root length, BRANCH — number of branches, M, . — weight of the aboveground part), SD — standard deviations

of the variables, n — number of evaluated pairs of values; *significant on the level a < 5 %
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preceding year h, , ) is highly associated with nee-
dle width mw (P = 0.007) and with phloem area
(P = 0.010). Obviously, growth may be influenced by
different parameters to a different extent particular-
ly in the first years of the tree life. Mainly needle co-
lour (particularly RGB_G, P < 0.001), needle section
area P (P = 0.007) and vascular bundle area VSCB
(P = 0.010) are important for the root length. The
shoot weight of a tree correlates most closely with
the needle section area (P,; P < 0.001; Table 7).

If a relationship between the studied characteristics
of recruits and their growth is sought, coefficients
of correlation between these characteristics and de-
viations of the measured increment and modelled
value of increment P, = a x h?_, (separately for each
evaluated locality) can be used. The highest absolute
value of correlation coefficient was calculated for
the needle shape coefficient r//rw for PRP 24 locality
(Fig. 3) in the Krkonose Mts.The slimmer the needle,
the faster growth of a tree was found. It is also in-
teresting that higher growth rate is related with in-
creased variability of needle width (significantly for
the standard deviation of rw values).

From the aspect of nutrition, positive correlation
coefficients were calculated with nitrogen and po-
tassium content (Table 8). It is necessary to note
that three elements show the content lower than
the limit. The limits (BOHACOVA 2004) are 1.2% for
nitrogen (49% of trees exhibited N shortage), 0.1%
for phosphorus (77% of trees exhibited P shortage)
and 0.06% for magnesium (38% of trees exhibited
Mg shortage). The contents of potassium and cal-
cium do not decrease below the limits of 0.35 and
0.15%, respectively, in all the trees analysed. This
situation is in accordance with the extreme condi-

Residualyo =—18.1638+0.7064*x
20

N N
o (9]
o
o

o

o

Residualygqo (cm)

16 18 20 22 24 26 28 30 32 34 36 38
rifrw

Fig. 3. Linear regression of a difference between measured
and modelled height increment (residual) on the shape in-
dex of needle — needle length/width ratio (r//rw) in PRP 24
locality (Krkonose Mts.) in 2010 (r = 0.5065; P = 0.0010), a
total of 39 trees were analysed
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tions of the site. The naturally regenerated trees are
frequently growing on specific microsites such as
coarse woody debris, where the availability of some
nutrients can be limited. This situation gradually
changes as the root system of the tree is expanding.

There also arises a question whether the increased
growth of some trees was caused by better availabil-
ity of the elements at the given microsite or whether
higher uptake was caused by the higher ability of fast-
er-growing trees (with more developed root system)

Table 8. Coefficients of correlation between growth in 2010
(residual,,,, — equal to a difference between measured
height increment and modelled increment P, = @ x h}
and other selected characteristics of the young Norway

spruce on PRP 24 (Krkono$e Mts.)

Type Variable mean SD Residual,,,
GRAY 236.0 18.4 -0.18
Colour ~ RGBR 1127 5.7 -0.44*
features  RGB_G 125.0 4.5 -0.33*
RGB_B 17.3 8.2 0.48*
Weight M100_G 0.244 0.081 0.25
N 1.19 0.16 0.37*
P 0.089 0.020 0.13
Content K 0.476 0.072 0.33*
(%)
Ca 0.356 0.108 0.19
Mg 0.069 0.023 -0.09
T 0.55 0.09 0.17
W 1.12 0.12 -0.23
Needle L 12.2 2.0 0.39*
biometry
™w 0.47 0.05 -0.22
(mm)
rl 12.1 1.96 0.40*
rl/rw 25.7 4.5 0.51%
STD(T) 0.02
STD(W) 0.31
STD(L) 0.08
Statistics
STD(rw) 0.33*
STD(rl) 0.08
n 39

GRAY - calculated grey grade (GRAY = RGB_R+RGB_
G+RGB_B), RGB_R - colour components for red, RGB_G
— colour components for green, RGB_B — colour components
for blue, M100_G — weight of 100 needles (g), T — macro-
scopic thickness of needle, W — macroscopic width of nee-
dle, L — directly measured length of needle, rw — calculated
average width of needle, r/ — calculated average length of
needle, rl/rw — needle length/width ratio, STD(T) — standard
deviation of T, etc.; *significant on the level a < 5 %, in total
39 trees were analysed
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to take up these elements. It is to assume that faster-
growing trees that have longer needles may exhibit
the greater elongation growth of roots at the same
time. They can take up nutrients from the larger vol-
ume of soil while the trees with shorter roots take up
fewer nutrients. After a longer time of the root system
development (at the time of the closed canopy of the
tree layer) this imbalance may be equalized and both
slow- and fast-growing trees are able to take up the
relatively identical amount of nutrients. However, this
hypothesis should be verified by further long-term in-
vestigations and/or a planting experiment with differ-
ent needle-type trees under controlled conditions.
Unlike the Krkonose Mts., where high variability
of needle shape was observed, the situation in the
Krusné hory Mts. was different (Table 9). Only at the
locality with natural regeneration there existed a rela-
tion between the deviation from the modelled height
increment and one of the studied parameters of a tree,
which was either needle width rw or needle length 7.
If the population variability in the average size of
needles is higher, then the correlation between the
size of needles and the height increment will be de-
creased. It was observed in the Klinovec B locality
by the needle width (correlation rw x residual,;,;
r = 0.07, Table 9). An artificial population can show
increased variability in the needle size, because this
population is often composed of different phenotypes

Table 9. Coefficients of correlation between growth in
2011 (residual,; ,— equal to a difference between measured
height increment and modelled increment P,,, = @ xh} |
and other selected characteristics of the young Norway

spruce from the Krusné hory Mts.)

Variable Residualy,,
Klinovec C Klinovec B Klinovec B

Regeneration  natural natural planting
RGB_R -0.18 -0.16 -0.19
RGB_G —-0.34 -0.16 -0.18
RGB_B 0.03 —-0.08 -0.14
GRAY -0.19 -0.15 -0.20
rw 0.46* 0.07 0.13

rl 0.35 0.39* 0.13
rllrw 0.11 0.18 0.03

RGB_R - colour components for red, RGB_G — colour compo-
nents for green, RGB_B — colour components for blue, GRAY
— calculated grey grade (GRAY = RGB_R+RGB_G+RGB_B),
rw — calculated average width of needle, r/ — calculated average
length of needle, rl/rw — needle length/width ratio, *significant
on the level a < 5 %, in total 30 randomly selected trees were

analysed in each locality
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(i.e. from distinct regions or different site types).
It leads to a decreased strength of the relationship be-
tween growth and needle size.

The importance of the needle length to width ra-
tio is increasing from the youngest (seedlings) to
older trees (regeneration) at the cost of the needle
length. It remains a relatively good indicator of
height increment. The situation may be different in
populations with narrowed phenotype variability
as it was probably the case in the Krusné hory Mts.

CONCLUSIONS

The structure of Picea abies populations from
natural and artificial regeneration is distinctly dif-
ferent. These differences are reflected not only in
phenotype variability of the populations but also in
the growth rate of their trees.

The evaluation of phenotype variability of young
spruce populations cannot be done without knowl-
edge of how different types (phenotypes, types ac-
cording to selection and growth strategies, etc.)
participate in forest ecosystem dynamics. The share
of these types in the populations is based on geo-
graphic and natural conditions (the spread of meta-
populations with different phenotype composition
in the post-glacial period). The influence of anthrop-
ic activities affects the structure of local populations
(direct influence — typically silvicultural practices;
indirect influence — for instance, selection as a con-
sequence of air-pollution stress). The importance of
the transfer of planting material from region to re-
gion is not negligible. In the mountainous environ-
ment it is also necessary to consider the spread of
genotypes (phenotypes) typical of a given altitudinal
zone to other zones (both upward and downward).
What variability (diversity) of phenotypes (geno-
types) should be optimal in young spruce popula-
tions cannot be recommended explicitly. There are
man-made spruce populations established by out-
planting in mountain conditions that have either
wider or narrower variability in comparison with
similar populations from spontaneous regenera-
tion. For further development of man-made spruce
stands, the representation of different types (pheno-
types, growth types) in the population is essential so
that it will have sufficient plasticity and will be re-
sistant to potential stress (e.g. climate change, inci-
dence of pests). Nevertheless, an excessive increase
in this variability will apparently imply in the future
a potential threat to or even mortality of a higher
percentage of trees. Diversity of types in man-made
(outplanted) populations should be compared with
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analogical diversity in young populations from natu-
ral regeneration that originate from the local poten-
tial of natural populations and are modified by local
natural conditions and their variability in the past.
Nevertheless, such natural populations are rare.

It has been proved that the dynamics of young
spruce growth is related with some quantitative
characteristics of needles, mainly with the needle
length to width ratio or with the separately evalu-
ated needle length that is more significant in the
youngest trees (seedlings). The importance of nee-
dle width probably increases as the tree grows older.
To maintain the stability of future forest stands, the
plants with short needles should not be discarded
from the produced planting stock although they
exhibited a smaller height. To maintain sufficient
diversity in man-made populations the specific
non-discarding of plants of some types according
to the characteristic needle section should be taken
into account.
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