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Effects of fertilisation on growth and nutrition
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ABSTRACT: We evaluated the potential of crushed amphibolite and artificial slow-release N-P-K-Mg fertiliser to
stimulate the survival, growth and nutrition of Norway spruce planted on an acidified air-polluted mountain site.
Control plots and treatments with slow-release fertiliser (SRF) and amphibolite (AMT) were installed. In the SRF,
forty grams of tabletted amendment were applied in the close vicinity of the trees. In the AMT, two kilograms of
amendment were incorporated into the soil inside the planting hole of each tree at planting. The SRF application
resulted in a significant growth stimulation of spruces. The growth stimulation by amphibolite was perceptible but

not significant; this amendment, however, significantly reduced mortality. None of the amendments induced marked

changes in foliar nutrient concentrations.
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The mountain forest ecosystems in northern
and north-western Bohemia (Czech Republic)
were heavily disrupted by air pollution during the
1970s and 1980s (FiLiPIAK, UFNALSKI 2004; VACEK
2003). The forests stands in the most exposed sum-
mit parts of the air-polluted mountains often suc-
cumbed to combined anthropogenic and environ-
mental stresses (KANDLER, INNES 1995; KRECEK,
HoRickA 2006) and large clear-felled tracts arose
as a result of damage to forests and efforts to uti-
lise timber from the affected stands. The enormous
deposition levels of S (HRKAL 2004; JEZIERSKI et al.
2006) and to also N compounds (KRECEK, HORICKA
2006) emitted by thermal power plants in the
“Black Triangle” region have been considered to be
the trigger mechanism of that large-scale disaster
disintegrating the mountain forests in the area. De-

sulphurisation of power plants and attenuation of
heavy industry in the 1990s resulted in a reduction
of S load in the region (FiLip1aAK, UFNALSKI 2004;
HRrKAL et al. 2009) and improved the prospects for
surviving forests as well as new plantations.

To avert excessive mineralisation of surface hu-
mus and soil nutrient losses (PODRAZSKY 2006)
a prompt replanting of the clear-felled tracts was
essential.

The depleted acidified soils and harsh microcli-
mate of clear-felled tracts in the mountain environ-
ment made replanting of these tracts very difficult.
To address this problem, several field experiments
were established to evaluate the potential of fer-
tilisation for promoting the growth and survival
of various tree species during the critical initial
phase after their planting on such sites (BALCAR,
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KACALEK 2008; BALCAR et al. 2011; KUNES et al.
2011; KoNasoVA et al. 2012).

Our study evaluates the effects of (a) slow-re-
lease fertiliser based on Ureaform (ALEXANDER,
HerLm 1990) and potassium-magnesium phos-
phates and (b) finely ground amphibolite powder
on vitality, growth and foliar nutritional status of a
young Norway spruce plantation in the harsh en-
vironment of an air-polluted mountain site.

The assessed hypothesis is that the application
of amendments directly to the trees might pro-
mote the survival and growth of spruce plantation
and thus expedite its canopy formation on a site
prone to losses of soil organic matter.

MATERIALS AND METHODS
Site description

The referred experiment was installed on a
clear-felled area in the Czech part of the Jizerské
hory Mts. at an altitude of 960 m a.s.l. on a south-
west-facing slope of the Stredni Jizersky hreben
ridge (50°49'39"N,15°21'16"E). The annual mean
temperature was 5.1°C (1996—2007) and the annu-
al mean precipitation was 1,093 mm (1994-2007)
on the site (BALCAR, KACALEK 2008).

The bedrock is formed of biotitic granite. The
soil was determined as a mountain humus podzol
(Umbri Placic Podzol according to the FAO termi-
nology). The soil is well-drained. Stratification: L
(0-2cm), F(2-8 cm), H (8-12cm), Ah (12-13 cm),
Ep (13-17 cm), B (17+ cm).

The average air SOZ, NOZ, 03 concentrations in
the post-air-pollution period are 4 pg-m=3 (2005 to
2008), 5 pg-m= (2006-2008) and 102 upg:m=
(2003-2008), respectively (BALCAR, KACALEK
2008).

Experimental plantation and biometric
measurements

The experiment consists of 9 plots (10 x 10 m)
arranged in a Latin square design with three treat-
ments and three replications. On each plot, there
were 50 four-year-old transplants of Norway
spruce (Picea abies [L.] Karst.) planted at a spac-
ing of 1 x 2 m in the spring of 1994. The planting
stock originated from the Beskydy Mts. (north-
eastern Moravia, Czech Republic). Treatment no.
1 was control (CON) with no amendments ap-
plied, treatment no. 2 was slow-release fertiliser
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(SRF), and treatment no. 3 was amphibolite treat-
ment (AMT).

In the SREF, four tablets (40 g altogether) of the
Silvamix Forte® slow-release fertiliser (Ecolab
Znojmo Ltd., Znojmo) were applied per each tree
in the spring of 1997 (i.e. 3 years after planting).
The fertiliser contained 17.5% of P,O,, 10.5% of
K,0, 9.0% of MgO and 17.5% of N compounds
(60% of total nitrogen derived from methylene
urea, P and K present in potassium-magnesium
phosphate). The characteristics of the methy-
lene urea-based fertilisers were described e.g. by
JaHNS et al. (1999). The SRF tablets were regularly
placed in a circle around the trees, approximately
30 cm from the stem and 5-10 cm under the soil
surface.

In the AMT, 2 kg of finely ground amphibolite
powder were incorporated into the soil inside a
planting hole (35 x 35 x 25 cm) of each tree, when
the experimental plantation was established. We
received some new authentic information on the
origin, granularity and chemical composition of
the used amphibolite (Narovec 2013, personal
communication). The amphibolite originated
from a quarry in Libodfice (Central Bohemia),
nonetheless, it was pulverised in a mill in Kuncice
nad Labem (Northern Bohemia) to achieve a high-
er degree of fineness. Therefore, the granularity of
the amphibolite powder was finer than reported
in some earlier studies and the amphibolite pa-
rameters presented e.g. by KUuNES et al. (2013)
should be revised here.

As for granularity, the particles over 0.63 mm
in diameter absented and the pulverised amphib-
olite contained 1.44% of particles 0.25-0.63 mm,
7.23% of particles 0.1-0.25 mm, 22.6% of particles
0.09-0.1 mm, 6.78% of particles 0.071-0.09 mm,
16.73% of particles 0.034—0.071 mm and 45.22%
of particles below 0.35 mm.

The amphibolite from Libodfice contained
11.1% of CaO, 7.31% MgO, 0.23% K,0, 0.18% P,O..
It is probable that the amphibolite from Libodfice
was contaminated by another amphibolite from
Markovice near Caslav, which was experimental-
ly pulverised in the mill immediately before, and
also by limestone.

Measurement accuracy
The tree heights were measured to the nearest
1 cm and crown diameter to the nearest 10 cm.

The stem base diameter was measured with an ac-
curacy of £1 mm. The crown and stem base di-
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ameter were measured twice in two perpendicu-
lar directions and the mean was used for further
calculations.

Sampling of assimilatory tissues

The nutritional status of plantations was as-
sessed by means of foliar analyses of current-year
needles. The sampling was carried out in the dor-
mant (off-season) period. One annual (current-
year) shoot from the sunned part of a crown was
taken per each healthy tree in a particular treat-
ment. The shoots were then pooled in the com-
posite samples representing the compared treat-
ments, dried and their needles after shedding
were analysed. In the laboratory the needles were
dried at 70°C until constant weight and afterward
the concentrations of N, P, K, Ca, Mg and S in
dry mass were determined. The applied analytic
chemical methods were shortly summarised by
KUNES et al. (2012).

Assessment of nutritional status

For the purpose of our study the criteria defined
by ICP Forests (BOHACOVA et al. 2003) were used
for N, P, K, Ca and Mg. The limits presented by
GrRANHUS and BRAEKKE (2001) were used for S.

Macronutrient ratios were evaluated using cri-
teria summarised by DE VRIES (1998).

Statistical analysis

Mortality rates were assessed by means of a bi-
nomial test with subsequent multiple compari-
sons described e.g. by ANDEL (1998).

Height increment, stem-base diameter and
crown diameter were statistically analysed using
the Kruskal-Wallis procedure with post-hoc mul-
tiple comparison (Dunn’s test). The STATISTICA
8.0 (StatSoft, Inc., Tulsa, USA) software was used
for this statistical procedure, which was described
in detail by HiLL and LEw1cki (2006). The statisti-
cally processed files of mensurational characteris-
tics consisted only of the data relating to the trees
alive in the autumn of 2006. Data belonging to the
trees dead in 2006 were retrospectively excluded.

Trends in the nutrition of plantations were eval-
uated using the linear-regression lines smooth-
ing the macronutrient concentrations and mac-
ronutrient ratios recorded within a treatment in

308

the years of sampling. For each macronutrient
(or macronutrient ratio) and treatment, the exis-
tence of a significant divergence of the time axis
and regression line representing a development
in macronutrient concentration (or in macronu-
trient ratio) was examined. A proved divergence
between the time axis and regression line of a cer-
tain macronutrient (or macronutrient ratio) gives
a proof of a significantly increasing or decreasing
linear trend of the macronutrient (or macronutri-
ent ratio) in time. The methods were described
by ANDEL (1998) and were executed by S-Plus 6.1
(Insightful Corp., Reinach, Switzerland) software.
The confidence level of 95% was chosen in all sta-
tistical tests.

RESULTS
Mortality rates

The lowest cumulative mortality rate (2006)
was recorded in the AMT while in the CON and
SRF it was more than twice as much (Table 1). As
contrasted to the AMT, in the CON and SRF the
annual mortality rates were elevated during the
initial years after planting and indicated a post-
planting shock. During the second part of the re-
ferred period, the annual mortality rates were low
if any in all compared treatments.

Height growth

As for height growth (Table 2), the post-planting
shock was detectable the second year after plant-
ing of the young trees to the air-polluted site. In
1995, the height increment values were, regardless
of the treatment, ca by a half lower as compared
to the first vegetation period. The spruces from
the AMT began to recover from the growth de-
pression already in 1996; the growth adaptation of
the CON and SRF treatment lasted one year lon-
ger. It should be remembered at this point that the
trees in the SRF were fertilised later, in the spring
of 1997. Therefore, up to 1996 their growth was
similar to that of control trees.

The growth stimulus induced by amphibolite,
which had been applied at planting in 1994, found
a significant expression in height increment val-
ues for the first time in 1996. The slow-release
fertiliser significantly increased the height incre-
ment values in relation to the control first in 1998,
i.e. the second year after application of the tab-
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lets. Since 1997, the mean values of annual height
increment recorded in both the fertilised treat-
ments went steadily ahead of the CON, although
the difference was significant in four cases only.
No significant difference was found between the
fertilised treatments.

Markedly lower values of annual increment
recorded in 2006 in all three treatments were a
result of mechanical damage to trees (top break-
ages) inflicted by snow and ice coating during the
2005/2006 winter that was extraordinarily rich in
snow (BALCAR et al. 2012).

Although the stimulation effect seems to be van-
ishing prior to the end of the evaluated period, the
overall effect of fertilisation on height growth is
demonstrable on mean periodic annual increment
(1994—-2006) with the values of 13.6 cm, 16.1 cm
and 15.5 cm in the CON, SRF and AMT, respec-
tively. The SRF significantly exceeded the CON in
this characteristic whereas the AMT did not dif-
fer significantly either from the SRF or from the
CON.

Basal stem diameter

The trees of both fertilised treatments showed
a significantly larger basal stem diameter than the
CON up to 2004 (Table 3). Since 2005 the differ-
ence between the CON and AMT ceased to be sig-
nificant while the SRF was keeping significantly

higher values of mean stem basal diameter (as
compared to CON) until the end of the evaluated
period.

Crown diameter

As for the years in which the mean value of the
crown diameter (width of crown) was measured,
the difference between AMT and CON was sig-
nificant only in 2002 (Table 3). The mean crown
diameter in the SRF treatment had become signif-
icantly larger than in the CON first in 2004; since
that year the significant difference lasted till the
end of the evaluated period.

Nutritional status of plantations

The foliar N concentrations widely fluctuated in
time with a similar pattern for all three treatments
(Fig. 1). As far as the development of foliar N con-
centrations is concerned, no significantly decreasing
or increasing trend in time was found in any of the
treatments. In the CON and SRF, the N concentra-
tions dropped below the deficiency limit (1.2%) in
2003 and 2005, as for the AMT the deficient level in
N supply was recorded in 2003 only.

In all treatments, a significant downward trend
in P concentrations was revealed (P-values relat-
ed to the trend significance in the CON, SRF and

Table 3. Basal stem and crown diameters — mean values and results of statistics in treatments

Treatment Statistics 1999 2002 2004 2005 2006
Basal stem diameter
mean 1.62 4.0? 4.92 5.6% 5.92
CON
SD 0.56 1.22 1.54 1.76 1.80
SRE mean 1.8° 4.5> 5.6P 6.3° 6.8"
SD 0.63 1.46 1.82 2.05 2.24
mean 1.9° 4.6° 5.5P 6.0%" 6.4%°
AMT
SD 0.64 3.30 1.89 2.00 2.11
Crown diameter
mean 48?2 1042 1342 1392 1502
CON
SD 18.3 31.9 36.2 39.4 41.0
SRE mean 512 113 144> 153 161°
SD 17.8 32.7 37.5 40.9 43.3
a b ab ab ab
AMT mean 53 120 141 148 158
SD 19.1 40.2 38.9 44.1 45.9

CON - control, SRF — slow-release fertiliser, AMT — amphibolite, SD — sample standard deviation, mean values — results

of post-hoc multiple comparison, significant at a = 0.05
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AMT were 0.04; 0.01 and 0.01, respectively). The
downward trend was successively getting the fo-
liar P concentrations to the deficiency threshold
(0.10%).

The foliar concentrations of K, Ca and Mg also
showed a wide interannual variability and rela-
tively small differences among treatments.

Neither a significant downward nor upward
trend in time was registered. As contrasted to fo-
liar N and P, the concentrations of K, Ca and Mg
did not get onto the deficiency threshold (equal-
ling to 0.35%, 0.15% and 0.06% for K, Ca and Mg,
respectively) or below it, although the K concen-
trations in 2003 were close to it.

Neither increasing nor decreasing trend in fo-
liar S concentrations was revealed. The S concen-
trations fluctuated highly above the deficiency
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threshold (0.06%) and also considerably above the
lower threshold of optimal S supply (0.08%).

The N/P ratio reflected the downward trend
in foliar P and significantly rose irrespectively of
treatment during the evaluated period (Fig. 2).
The P-values related to the significance of the up-
ward trend in the CON, SRF and AMT were 0.005;
0.002 and 0.010, respectively.

Despite the increasing trend, the N/P ratio in
all three treatments remained inside the interval
between 6 and 17, which is considered normal or
adequate.

Similarly, the N/K, N/Ca and N/Mg ratios reg-
istered in all the compared treatments did not get
out of the intervals regarded as adequate, which
is 1.3-4.9; 2.0-11.3 and 8.0-28.3 for N/K, N/Ca
and N/Mg, respectively (DE VRIES et al. 1998).
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Fig. 1. Macronutrient concentrations in dry mass of current-year needles in the control, slow-release fertiliser (SRF)

and amphibolite treatments
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Fig. 2. Macronutrient ratios in the control, slow-release fertiliser (SRF) and amphibolite treatments in the course

of evaluated period

As for these ratios, no significantly increasing or
decreasing trend was found during the evaluated
period.

No significant divergence of regression lines
smoothing the macroelement concentration val-
ues and their ratios in the compared treatments was
found, i.e. the developments of macroelement con-
centrations and their ratios did not differ significantly
among treatments.

DISCUSSION

Importance of new forest stands
for sheltering the site

The clear-cutting of damaged stands and subse-
quent long-lasting absence of forest canopy mean an
increased risk of surface humus decay and losses in
soil organic matter. UssIrY and JOHNSON (2007) sug-
gested that clear-cutting resulted in the loss of humic
substances from the forest floor and upper mineral
horizons.

These substances should be replaced by less decom-
posed organic matter in the post-clear-cut soils under
the regrowing forest. The problem is that on the air-
polluted mountainous sites the regrowing forest was
missing for a relatively long period of time and the
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clear-cut sites remained exposed to the factors pro-
moting organic matter mineralisation.

Fertilising as initial support to trees

The slow growth in the initial stage of forest plan-
tation is a serious problem in forestry management
because the slow-growing seedlings are vulnerable to
wildlife damage, overtopping and matting by compet-
ing vegetation for a longer period of time (AUSTIN,
STRAND 1960). Under mountain conditions the slow-
growing plantations are also exposed to snow and
ground frost for a longer time.

On poor sites under acidifying conditions the im-
proved nutrient supply may act as a stimulus pro-
moting growth and biomass accumulation (VAN DEN
DRIESSCHE et al. 2005; PODRAZSKY, REMES 2007;
HEISKANEN et al. 2009) and also as a factor influenc-
ing the vitality and survival of young trees (VAN DEN
DRIESSCHE et al. 2005; OSKARSSON et al. 2006).

Areal application of amendments is not
suitable for large clear-cut tracts

One of the methods of additional amendment dis-
tribution is the areal application. The areal applica-
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tion of basic (deacidifying) amendments is, however,
highly risky on the air-polluted clear-cut tracts (Po-
DRAZSKY, ULBRICHOVA 2003) since this application
might further increase the hazard of excessive re-
duction in soil organic matter and raise N leaching
(KREUTZER 1995; PODRAZSKY, ULBRICHOVA 2003).
Moreover, the desirable positive effects of areally
applied amendments such as acidity reduction and
temporarily improved nutrient supply need to be effi-
ciently utilised by a viable forest stand with adequate-
ly developed roots.

For young newly planted cultures this is not re-
ally the case (MILLER 1981), especially when they
are stressed by the harsh environment. It is therefore
probable that competing vegetation would take a
greater advantage of the areal fertilising than the tar-
get tree plantations. However, it is the early stage of
forest development, during which the judicious fer-
tiliser application can have the best influence on the
subsequent development of the stand (MILLER 1981).

Chosen way of amendment application

The method of applying a slow-release amendment
in the planting hole or using the tablets placed in the
immediate proximity of the planting stock seems to
be an effective way (AUSTIN, STRAND 1960). This
“spot” application, i.e. the application of amendments
localised to small patches of soil, is also more “eco-
friendly” because the changes in soil chemistry are
confined to a relatively small part of soil in reach of
planting stock roots (KUNES et al. 2006). For these
reasons the spot application of slow-release amend-
ments was chosen in our experiment.

In the case of tablets applied in the proximity of
planting holes (not directly in them), the roots may
be motivated to grow actively in the direction of an
additional nutrient source. The ability of localised nu-
trient sources to influence the growth and symmetry
of roots was reported e.g. by KRasowski et al. (1999).
Although RoBINSON (1994) stated that this mecha-
nism did not always work, the presumption of root
growth oriented to a nutrient source seems legitimate
for Norway spruce growing on the site in question.
KuNES et al. (2007) referred that the roots of spruces
limed into planting holes (at planting) actively grew to
the planting holes of neighbouring limed trees.

Choice of amendments

The pulverised silicate rocks may seem outdated
at present because the dosage needed is high and so
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the application is laborious and expensive. In Cen-
tral Europe, there was, however, a long tradition
of using these materials (NEMEc 1956; MATERNA
1963; LHOTSKY et al. 1987) that were considered
to be an environment-friendly alternative to arti-
ficial (synthetic) fertilisers. Therefore the inclusion
of amphibolite in the experiment design was rea-
sonable for comparison with a slow-release fertil-
iser. A long-lasting amending effect is, moreover, in
favour of the silicate material (BALCAR, KACALEK
2008). Positive experiences with the use of noncar-
bonate basic rock materials as amendments were
reported e.g. by AARNIO et al. (2003).

A question may be raised why the N-containing
fertiliser (SRF) was used in the experiment on an
N-polluted site when the undesirable effects of an
airborne N load on forest ecosystems such as acidi-
fication, nutrient leaching, imbalances in nutri-
tion, susceptibility to parasite attacks were docu-
mented (HALLBACKEN, ZHANG 1998; DisE et al.
1998; FLUCKIGER, BRAUN 1999; BOBBINK, LAMERS
2002).

An explanation is as follows: firstly, foliar N nu-
trition of the spruce stands is deficient on the site
(KuNEe$ 2003; KUNES et al. 2007); secondly, there
was a need to promote the growth of plantations
and get trees ahead of competing weeds and their
terminal buds above the zone of ground frost. In
this regard, the slow-release N-containing amend-
ments often act as an efficient growth promoting
stimulus.

AARNIO and MARTIKAINEN (1996) reported that
the slow-release N fertiliser based on Ureaform
increases the availability of mineral N in acid for-
est soils without increasing nitrification and hence
the risk of NO, leaching is not amplified. Similarly,
JAHNS et al. (1999) suggested that fertilisers based
on methylene ureas solve problems such as nitro-
gen loss by leaching of nitrate, denitrification and
volatilization after fertilising.

Effects of initial fertilising on growth
and survival

Positive influence of artificial (synthetic) slow-re-
lease or controlled-release fertilisers on the survival
or growth of newly planted trees was documented
under various conditions (AUSTIN, STRAND 1960;
JacoBs et al. 2005; OsKARSSON et al. 2006).

A substantial improvement in the growth of
grand fir cultivated on an acidic site was reported
after application of a slow-release N-P-K-Mg fer-
tiliser of the same type as we tested (PODRAZSKY,

313



ReMES 2007). The height increment of the fertil-
ised treatments was significantly higher than in the
control (by 5-15 cm annually) in the course of the
whole study period (1997-2006) and the effect
was achieved by the same dosage as we applied.

There were also some negative experiences with
the use of slow-release fertilisers at planting (Ja-
coss et al. 2004b). These experiences were how-
ever related to drought-prone sites. Moreover, the
polymer coated fertilisers tested by Jacoss et al.
(2004b) have a different mechanism of nutrient
release from that of the Ureaform-based fertiliser
applied in our experiment.

As for amendments produced from basic rocks,
the favourable effects of amphibolite powder on
the growth and survival of silver fir (Abies alba
Mill.) under harsh mountain conditions were re-
ported by BALcArR and KAcALEK (2008). These
authors also mentioned the long duration of sup-
portive effects of amphibolite powder as com-
pared to applied limestone.

In our experiment, the amphibolite powder ap-
plied to trees at planting efficiently reduced the
mortality rate. The survival of trees treated with
amphibolite (90.1% in 2006) was significantly
higher than that recorded in the SRF (75.4%) and
CON (78.3% in 2006). It is to note that results of
mortality rates in this paper are slightly refined
and more precise than the earlier presented data
(KUuNES et al. 2004) since some corrections in
mortality database were done.

It is important to remind that the SRF tablets
were applied later, in the spring of 1997. The post-
ponement of fertiliser application to the second or
third year after planting was often recommended
to avoid fertilising of trees which were not able to
survive after transplanting on forest site. In 1997
the plantation already began to recover from the
post-planting shock that is often accompanied by
an increased mortality rate (KUNES 2003; JaACOBS
et al. 2004a). Thereafter, annual mortality rates of
all treatments were minimal, which explains why
the SRF tablets had no positive effect on the sur-
vival of plantation.

Hence, to achieve a desirable fertilisation ef-
fect on the plantation survival in a harsh environ-
ment, the slow-release fertiliser must be applied
at planting, though it means that a certain amount
of the fertiliser will be applied in vain. The as-
sumption of a need to create as favourable condi-
tions as possible in the initial stage of forest seems
to hold true regardless of the way of regeneration.
MADSEN (1997) similarly stressed the impor-
tance of favourable growth conditions during the
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early phase of seedling establishment for natural
regeneration.

In relation to the control, the fertilising induced
an increase in periodic annual increment (1994—
2006) by 14% and 16% in the AMT and SRE, re-
spectively. In the study presented by PODRAZSKY
and REMES (2007) on grand fir the differences be-
tween the control and fertilised treatments were
considerably more profound in favour of the SRF
than in our case. A different species was treated,
which naturally played a role. We can, however,
assume that the more profound effect of fertilis-
ing reported by PoprAzskY and REMES (2007)
might be explained also by a less climatically ex-
posed site on which the trees might respond to
the nutritional stimulus without being restricted
by climate.

The crown diameter values (2006) in the AMT
and SRF were higher than that in the CON by
5% and 7%, respectively. Although the difference
is not great, with regard to the initial plantation
spacing the fertilising could expedite the forma-
tion of the closed canopy approximately by one
season. Similarly, the values of basal stem diam-
eter (BSD 2006) in the AMT and SRF were higher
than that in the CON by 8% a 15%, respectively.
Hence, the ratio between the height and basal
stem diameter (BSD) remained on a comparable
level in all three treatments, which is important
from the viewpoint of mechanical resistance and
stability of the plantations.

The data on height growth, basal stem and
crown diameter in this paper slightly differ from
those presented in the earlier study on the planta-
tion (KUNES et al. 2004). It is a result of the retro-
spective exclusion of data belonging to trees that
died after 2002 from the processed data files (Ma-
terial and Methods section).

Nutritional status

The interannual variability in nutrient concen-
trations plays a much more important role than
the difference among the treatments. The climatic
conditions in the respective growth periods prob-
ably played a role. The late spring and summer of
2003, for example, were extremely dry (BALCAR,
KacALEK 2008), which was reflected in availabil-
ity and subsequently in foliar concentrations of
several elements (Fig.1).

The principal information elicited from the
chemical analyses is that there is a decreasing
trend of foliar P concentrations in all three treat-
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ments, which is documented also by the rising
N/P ratio. The demand for nutrients is highest in
young stands, in which the nutrient-rich foliage is
being built up (MILLER 1981). The demand for nu-
trients decreases when the canopy starts to close
and the crown expansion ceases.

The absence of a marked rise in macroelement
concentrations in needles of fertilised trees can
be explained by a “dilution effect”. The amend-
ments stimulated the growth of trees and a limited
amount of added nutrients had to be distributed
into a higher amount of biomass that was accu-
mulated in the fertilised trees as compared to the
control. The dilution effect was described un-
der various circumstances also by other authors
(TIMMER, STONE 1978; STOCKFORS et al. 1997;
OsKARSSON et al. 2006).

The high foliar S concentrations indicate persist-
ing S load in the mountain environment of north-
ern Bohemia and are in accordance with conclu-
sions of older studies (FOTTOVA, SKOREPOVA
1998).

Because our experimental plantation is situated
on a climatically exposed site, the issue of N nutri-
tion and frost sensitivity should also be discussed.
Some works suggest that an additional (luxuri-
ous) nitrogen supply may really predispose some
woody species to a greater risk of frost damage
(BENZIAN et al. 1974; JoNssON et al. 2004; ViL-
LAR-SALVADOR et al. 2005). Though, the luxuri-
ous N is often viewed rather as a secondary factor
than the decisive one. For instance THoMAs and
AHLERS (2007) admitted that N excess might play
arole in the increased frost sensitivity of oaks, but
these authors considered the water supply prior
to frost stress onset and the course of winter tem-
perature much more important than N excess.

On the other hand, there are studies implying
that sufficient or luxurious N supply enhances
frost hardiness. SHEPPARD (1994) and SHEP-
PARD et al. (1998) pointed out that a low to de-
ficient N status in red and Norway spruce nutri-
tion increases the likelihood of injury by winter
acid mist because carbon acquisition is restricted.
DE HAYES et al. (1989) concluded that N fertili-
sation enhanced the cold tolerance of red spruce
seedlings. Analogously, RIKALA and ReEpro (1997)
found that the frost hardiness of Scots pine seed-
lings increased with an increase in foliar N con-
centration. LUORANEN et al. (2008) recommend a
combination of “short-day” treatment and subse-
quent luxurious nutrient supply (rising the foliar
N content to 15-25 g per kg of dry mass) in order
to accelerate the autumn frost hardening of Nor-
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way spruce seedlings. In general, the issue seems
to be more complex depending on the species and
the environmental factors.

In our case, no marked visual differences in frost
damage among treatments were observed. Simi-
larly, as far as the frequency of serious mechanical
damage caused by snow and ice coating is in con-
cern, no significant differences among treatments
were found (data not shown).

CONCLUSIONS

The application of SRF tablets resulted in a sig-
nificant growth stimulation of the spruce planta-
tion in terms of mean height, basal stem diame-
ter and crown diameter. The growth stimulation
by amphibolite incorporated into soil inside the
planting holes was perceptible but not significant;
this amendment, however, significantly reduced
mortality. To achieve a desirable effect on the
plantation survival in a harsh environment, fer-
tilisation must be applied at planting.

The interannual variability in nutrient concen-
trations played a much more important role than
the difference among the treatments. No marked
changes in the chemical composition of foliage as
a result of fertilising were observed. This can be
ascribed to a “dilution effect”.

The significantly decreasing trend of foliar P
concentrations and also significantly rising values
of the N/P ratio in all three treatments indicate
that phosphorus is the most deprived macroele-
ment in spruce nutrition on this site.

As far as the growth stimulation in a short- to
medium-term horizon is concerned, the SRF
seems to be a more efficient amendment than
AMT because the macroelements are more con-
centrated and a substantially lower amount of ma-
terial is needed to achieve the growth stimulation
(less laborious application). The presence of slow-
release nitrogen in SRF tablets, which is absent in
amphibolite, seems to be beneficial. On the other
hand, a longer lasting effect of amphibolite on the
growth of spruce culture as compared to SRF can
be expected.
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