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The process of spruce monoculture disintegration has been taking place extensively in all elevated
mountainous areas in Poland since the 1980s. This process has accelerated up to a dramatic rate in
the 215 century. The aim of this study was to investigate the causes of the considerable weakening
of spruce stands in the Snieznik Massif and propose of application of fertilization. The study was
carried out in the Eastern Sudety Mountains in the upper part of the $nieznik Massif, Ladek Zdréj
Forest District where spruce stands showed symptoms of strong weakness in 2005. Soil and needles
samples were collected for basic laboratory analysis. Strongly weakened spruce stands were found
on poor Podzols developed from the Snieznik gneiss affected by a magnesium deficit. The spruce
stands that did not show clear symptoms of weakening were found on Dystric Cambisols developed
from mica schist, which were better supplied with magnesium. The study results indicate that the
weakening of spruce stands in the Snieznik massif is related to the magnesium deficit and soils of
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strongly weakened stands require fertilization with this element.

1. Introduction

The process of spruce monoculture disintegration has been
occurring over large areas in all elevated mountainous zones in
Poland since the 1980s (Modrzynski, 2003; Bruchwald and Dmyter-
ko, 2010). This process has accelerated up to a dramatic rate in the
21%* century especially since 2004. Modrzynski (2003) found that
the defoliation of the investigated spruce stands was progressing
dramatically based on studies of dynamic defoliation in 80 to
200-year-old spruce stands in the Sudetes and the Carpathian
Mountains between 1989 and 1999. According to Grodzki (1998)
the vitality reduction of the Norway spruce stands in the Western
Sudetes is the effect of hydrothermic conditions, air pollution
and damage caused by the larch bud moth larvae. Atmospheric
pollution plays a decisive role in forest degradation in the Izerskie
Mountains as it destroys the balance in forest ecosystems. Soil
properties are the only predisposing factors (Kabata, 1998). Mean-
while, pollution by SO, and NOx have been declining since 1989,
while generally forests across Poland have been showing signs of
recovery since 1995. Research performed by Zwolinski (2003), as
well as by Malek (2010) revealed that the amounts of sulfur and
nitrogen were high, while the amounts of magnesium and calcium

were too low in the soil and in the needles of spruce growing in
the Beskid Slqski mountain area. Between 1986 and 1988, it was
determined that the activity of phosphatases in the mor humus
horizon under dying-off of spruce stands in the Western Sudetes
was lower in comparison with phosphatase activity in mor humus
under spruce stands without any symptoms of dying-off in the Ta-
tra Mountains (Januszek, 1992). Although positive trends existed,
expressing themselves in the limiting of air pollutants, primarily
sulfur, since the 1980s, the effects of pollution in some areas are
still very significant (Filipiak and Ufnalski, 2004; Vacek et al., 2013).

The yellowing of tree crowns and significant defoliation of
spruce stands in the Snieznik Massif attracted the particular at-
tention of the State Forest Administration in Wroctaw in 2005. An
extraordinary spring inspection of stand condition conducted in
the Snieznik Massif area revealed that the most weakened spruce
stands were found in the “Uroczysko Nad Lejami” area. There
were signs of infestation by Argyresthia glabratella, the spruce
pest, together with the most yellowed and thinned tree crowns
and the largest amounts of dying or dead trees. The aim of this
study was to investigate the causes of the considerable weaken-
ing of spruce stands in the “Uroczysko Nad Lejami” area in the
$nieznik Massif. The further aim was also possibly to propose

© 2020 by the authors. Licensee Soil Science Society of Poland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
Attribution (CC BY NC ND 4.0) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). 55



Januszek et al.

applying fertilizer. We tested the following research hypothesis:
there is a relationship between the condition of the investigated
spruce stands and the fertility of the forest site, specifically the
trophic state of the site, and therefore the abundance of nutrients
in the soil.

2. Materials and methods
2.1 S$nieznik Massif physical geography

The $nieznik Massif create a form where the ridges of various
lengths and heights are spread from the highest, centrally locat-
ed point in all directions. The mighty dome of Snieznik (1425 m
a.s.l), rising 100-200 m above the surrounding hills, serves as
the central point. All of the Snieznik ridges are separated by deep
valleys (Kamienica, Kle$nica, Wilczki, Czarna and Morava, the
longest) with steep slopes. The Snieznik massif has an almost ex-
actly rectangular shape and is a distinct block, significantly raised
above the surrounding units (Migon, 1996). Essentially, there
are two metamorphic rock formations present in the research
area: the Stronie formation and the Gieraltéw-Snieznik formation.
The Stronie formation is primarily composed of mica schist and
paragneiss. The Gieraltéw-Snieznik formation is represented by
plagioclase and microcline gneiss rocks, known in the literature
as the Snieznik gneiss. The Stronie formation is a rock complex
of mixed lithology. Its main mass comprises mica schists and
paragneiss with lenses composed of quartzite and light-colored
quartzite schist, quartzite and graphite schist, limestone and sec-
ondarily amphibolite and erlan. The mineralogical contents of

Table 1.
Location and characteristics of strongly weakened (SWS) and least
weakened (LWS) the spruce stand study areas
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Strongly weakened stands (SWS)
1  Kamienica 243a NE 995 20 65 11-30
2 279c¢ N 1110 31 45 11-30
3 278a E 1020 22 99 1-30
4 240b NNE 975 19 104 31-60
5 277a E 1025 24 74 31-60
6 239c EES 960 22 84 31-60
Mean 1014 23 79 32.5
Least weakened stands (LWS)
7  Kletno 128i EEN 763 27 75 0
8 126b E 759 10 99 0
9 125k EES 740 18 55 0
10  Stronie 343a NNW 1065 6 89 0-11
11 342a N 1080 8 89 0-11
12 344a SW 1102 4 84 0-11
Mean 918 12 82 2.75
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mica schist, as well as paragneiss are qualitatively similar, yet
quantitatively different. The primary components are quartz
and also light and dark mica (Frackiewicz and Teisseyre, 1977).

2.2 Soil sampling and analysis

The research was conducted in the Snieznik Massif area
in August of 2005. Spruce stand health served as the criterion
for study area selection. Six experimental areas were selected
(plots 1-6, Fig. 1), where spruce stands were strongly weakened,
with needle tips clearly yellowed and an average defoliation of
32.5% (Table 1). The strongly weakened stands (SWS) were situ-
ated within 9 divisions covering a total area of 273 ha, located
on both sides of a road running on the slope called “Nad Lejami”
(“Over the Hollows”). For the purpose of comparison, 6 areas (plots
7-12, Fig. 1) situated within 6 subdivisions of spruce stands that
were not weakened or were slightly weakened (LWS), with green
tree crowns and minor defoliation, were designated (Table 1).
The soil profile were dug manually on each study plot and soil
type was determined according to FAO-WRB classification (IUSS
Working Group WRB, 2015) and Polish Soil Classification (Kabala
et al,, 2019). In total, 75 soil samples with disturbed structure
were collected. The cumulative soil samples from the Oea, AE and
E horizons were collected from 8 holes (dimensions 20 cm 20 cm
and depth 40 cm) within a radius of 5 m from the soil profile.
Additionally, soil samples from B and BC horizons were taken
from the soil profile. The soil samples were air-dried and sifted
through a sieve with the size g = 2 mm in the laboratory. The un-
disturbed samples were collected by using metal rings of known

Ladek Zdroj Forest District
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Fig.1. Localization of research plots (Ladek Zdrd6j Forest District,
southern Poland)
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volumes (250 cm?®) from O, AE, E and B horizons of soil SWS and
LWS variant. In total, 24 soil samples with an intact structure
were collected for laboratory analysis.

Selected properties were determined using methods widely
used in soil science (Ostrowska et al., 1991; Kowalik, 2007). Parti-
cle-size distribution was measured using a sieving (sand fraction)
and hydrometer method for the determination of the silt and
clay fraction (Van Reeuwijk, 2002). The soil pH was analyzed
in distilled water and 1 M KCI using the potentiometric meth-
od. The total organic carbon (TOC) content (in mineral horizon)
was determined using the Tiurin method and the total nitrogen
(TN) content by the Kjeldahl method. Organic matter content
in organic horizons was determined by loss on ignition (LOI)
after placing the dried samples in a muffle furnace at 550°C for
6 hours (the calculation of the organic matter includes a water
content of hygroscopic and the average TOC content in the organ-
ic substance was taken in the amount of 58% in the calculation
of TOC). Hydrolytic acidity (Hn) was determined by the Kappen
method, base cations content (BC) were determined in 1M am-
monium acetate extract using atomic spectral absorption (ASA)
with calculation of the sorption capacity (CEC=BC + Hy) and base
saturation (BS=BC/CEC*100). Exchangeable acidity (Hgu:a1) and
exchangeable aluminum (Hai) were determined by the Sokotow
method. Available phosphorus were determined by Bray-Kurtz
method. The content of Zn, Mn, Cu and Pb were determined using
atomic absorption spectrometer in 1M HCI extract. In samples
with an undisturbed structure, the capillary water capacity (PWK)
was determined by a drying-weight method and in samples of
soils with disturbed structure, the maximum hygroscopic water
content (MH) in the vacuum chamber over the saturated K,SO4
solution was determined. Permanent wilting moisture (PWM) was
calculated using conversion factor 1.45 in relation to MH (Kowalik,
2007) and water potential useful retention (RU) was calculated by
summing the difference between PWK and PWM for each horizon.
In the Oa horizons passed through a sieve (@ 2 mm) in the state
of natural moisture, phosphatase activity (PhA) was determined
by Kramer and Erdei (1959) method modified by Tabatabai and
Bremner (1969).

2.3 Needle sampling and analysis

Needles were collected in November 2005, from 3 cut
dominating spruce trees from all plots (Table 1). Two samples
of twigs were taken from each tree from the first and second
whorls, and from the 7th whorl with the exclusion of the northern
side. Needles were separated by hand in the laboratory. The 2005
needles were collected (marked 0.5/1+2) from branches 1 and 2
whorl and two needle samples were obtained (the current 2005 —
marked 0.5/7 and 2004 — marked 1.5/7) from branches collected
from the 7th whorl. After separation from the branches, the needle
samples were rinsed with distilled water on a nylon sieve and then
dried at 40°C. The 18 needle samples from SWS and LWS variant
were prepared for the study (36 samples in total). The needles were
ground using a stainless steel mill. Needle samples were tested
for moisture by a drying-weight method at 105°C. The content of
C, N and S was determined using the CNS 2000 Leco elemental
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analyzer. Ground needles were mineralized with a mixture of
concentrated nitric and perchloric acid (3:1) (Ostrowska et al.,
1991). The content of K, Ca, Mg, Na, Cu, Zn, Mn and Fe were
determined by atomic absorption spectrophotometry using the
Varian Spectr AA-20 Analyser. Boron content were determined
by the AES ICP method using an atomic plasma spectrometer JY
238. Phosphorus content was determined by the vanadate method
using a UV-Vis Varian Carry 300 UV spectrophotometer.

2.4 Statistical analysis

All calculations and graphs were prepared using Microsoft
Excel and Statistica 10 software (StatSoft Inc., Tulsa, OK, USA).
The normality of a variable distribution was checked. The t-test
for independent trials (with respect to groups) was performed for
variables having a normal distribution. The Mann — Whitney U
test and the Kolmogorov — Smirnov test (non-parametric statistics)
were performed for variables not having a normal distribution.

3. Results
3.1 Soil properties

Soils in the SWS areas developed from the Snieznik gneiss
were classified as Skeletic Albic Podzols (WRB, 2015) and debris
podzolic soils (Kabata et al., 2019). Soils in LWS developed from
mica schist of the Stronie formation were classified as Skeletic
Cambisols (Protospodic) (WRB, 2015) and debris podzolic brown
soils (Kabala et al., 2019). The soils developed from the Snieznik
gneiss found in the remaining 2 LWS areas were classified as
Skeletic Dystric Cambisol or Skeletic Albic Podzol (WRB, 2015)
and debris acid brown soils or debris podzolic soils (Kabala et al.,
2019). The soils in the SWS and LWS areas were categorized as
deep (80-130 cm) according to Classification of Forest Soils (2000).
The soils in SWS areas were characterized by higher content of

Table 2.
Statistical differences in particle-size distribution in all SWS (n = 23)
and LWS (n = 25) (Kolmogorov-Smirnov test) mineral soil horizons

Spruce stands

SWS LWS g
@ fraction Mean SD Mean SD E‘
[mm] [%] [%] [%] [%] df A
1.0-0.5 13.1 2.1 9.6 2.2 0.593 0.001
0.5-0.25 13.6 2.7 9.8 2.1 0.550 0.005
0.25-0.1 17.3 3.6 14.6 24  0.532 0.005
0.05-0.02 10.3 3.9 13.8 3.8 0.408 0.005
0.02-0.005 7.3 2.6 12.2 3.5 0.622 0.001
0.005-0.002 2.2 1.3 4.4 1.5 0.529 0.005
2.0-0.05 74.5 6.9 61.6 7.0 0.635 0.001
0.05-0.002 19.8 6.4 30.4 6.9 0.626 0.001
<0.002 5.7 1.7 8.0 2.7 0495 0.010
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coarser fractions in comparison to the soils in LWS areas (Table 2)
and had higher water permeability calculated based on their
particle-size distribution (Waluk, 1973), including rock fragments
(> 2 mm) or comprising fine-size fraction only (< 2 mm): 4.9 times
and 2.8 times higher respectively. The soil profile 2 in the SWS
area in comparison to the soil profile 12 in the LWS area may store
25% less water that is potentially useful to plants at 198 and 265
mm respectively (Table 3).

The soils of investigated areas were very strong acidic with
pH in H,0 below 4.5 and pH in KCI 3.5 (Table 4) in the whole pro-
file. The soils of SWS variant in comparison to soils of LWS variant
were characterized by higher acidity and lower BS (Table 4). In the
B horizons of soils of SWS areas in comparison to the B horizons
of soils of LWS areas pH in H,0 was significantly lower (4.04 and
4.37 respectively) (Table 4). KCl was significantly lower in the Oea
horizons of SWS soils in comparison to the Oae horizon of LWS
soils pH at 2.59 and 2.74 respectively (Table 4). In the B horizons
of SWS soils, the exchangeable acidity (Hu-a) and the concentra-
tion of exchangeable aluminum (H,;) were 2 times higher than
in B horizons of LWS soils (8.25/4.23 and 8.14/4.14 cmol kg™ of
soil, respectively). The sum of basic cations was over 2.5 times
smaller (2.02/5.28 cmol kg of soil respectively), while BS was
4 times smaller (6.2/25.2% respectively (Table 4)). In horizons
AE of LWS soils in comparison to the AE horizons of SWS soils,
the concentration of exchangeable aluminum (Ha;) were higher
but the values were not statistically significantly differentiated
(Table 4). Smaller concentrations of exchangeable Mg were found
in soils of SWS areas in comparison to soils of LWS areas. The
share of exchangeable Mg in the mineral horizons of SWS and
LWS soils were 1.41% and 2.15% respectively. Significantly higher
concentrations of available phosphorus were found in the mineral

Table 3.
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horizons of SWS soils than in LWS soils, with average values of
44.7 and 27.1 mg kg respectively (Table 4). A smaller share of
exchangeable forms of magnesium and potassium and a greater
share of calcium and sodium were found in the absorbing com-
plex of soils of SWS areas in comparison to soils of LWS areas. The
soils of SWS areas, in comparison to the soils of LWS areas, were
characterized by higher values of the ratio of exchangeable forms
of Ca:Mg at the equivalence point, with significant differences in
the mineral horizons altogether at 5.63 and 4.16 respectively. It
was found that the concentrations of Mn, Zn and Cu, determined
in a 1M HCI solution in SWS soil horizons, were significantly
lower than in LWS soil horizons. No significant differences in
the activity of phosphatase (PhA) in the Oa horizons were found,
which would make a distinction between the researched SWS and
LWS soil groups (Table 4).

3.2 Concentrations of macroelements and some trace
elements in needles

The higher concentrations of N, P, K, S, Na and Cu were found
in the needles of SWS variant in comparison to needles of LWS
variant. Lower concentrations of Mg, Mn and Zn were found in
SWS than in LWS needles (Table 5). The concentrations of Mg in
older needles (1.5/7) were significantly correlated with the soil
properties of the B horizon and to a lesser extent with soil prop-
erties of AE and Oae horizons. However, no correlation was found
with soil properties of BC horizons. The concentrations of Mg in
the needles 1.5/7 were significantly positively correlated with such
properties in the B horizons as pH in H,O (r = 0.97; Fig. 2a) and the
degree of base saturation (r = 0.98; Fig. 2b). The concentrations of

The bulk density and water capacity of SWS (plot No. 2, division 279¢) and LWS (plot No. 12, division 344a) soils

Water capacity
Soil Bulk Soil Useful water
Plot  depth Horizon density moisture PWK MH PWM in horizon
no. [cm] [Mg m™] [Mg m3] [Mg m™] [kg kg™] [kg kg™] [kg kg™] RU [gdm™]
SWS
0-4 Oie 0.12 3.014 5.040 0.349 0.506 217
49 Oa 0.20 2.502 3.535 0.187 0.271 326
9-25 AEs 0.72 0.569 0.855 0.068 0.099 348
2 25-33 Bhs 0.55 0.768 1.179 0.112 0.162 179
33-69 Bs 0.87 0.542 0.685 0.099 0.144 678
69-90 BC 0.87 0.542 0.685 0.032 0.046 233
Total H,0 in profile [g dm™2] 1982
LWS
0-4 Oie 0.14 2.876 4.985 0.329 0.477 251
49 Oa 0.21 2.788 3.799 0.263 0.381 359
12 9-26 AEs 0.90 0.521 0.678 0.074 0.107 538
26-67 Bwg 1.02 0.464 0.543 0.049 0.071 1086
67-95 BwCg 1.02 0.464 0.543 0.038 0.055 418
Total H,0 in profile [g dm™2] 2652

PWK - capillary water capacity; MH — maximal higroscopic; PWM — permanent wilting moisture;

RU - potential useful water retention
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Table 4.

Soil properties and nutrition status of Norway Spruce stands in the $Snieznik Massif, SW Poland

Mean values and standard deviations of some properties of strongly (SWS) and least weakened (LWS) spruce stand investigated soils

SWS LWS SWS LWS
Properties Horizons Mean SD Mean SD Properties Horizons Mean SD Mean SD
pH in H,0 Oea 3.58 0.21 3.71 0.21 pH in KCl Oea 2.592 0.08 2.74 0.17
AE 3.74 0.09 3.81 0.22 AE 2.79 0.10 2.97 0.22
B 4.042 0.24 4.37 0.28 B 3.35 0.27 3.74 0.39
TOC Oea 354.6 111.3 4347 76.8 Hial Oea 9.29 1.55 9.15 3.20
[gkg] AE 31.0 29.3 41.2 22.6 [cmol(+) kg 1] AE 5.67 2.05 7.40 2.02
B 49.5 19.4 30.7 08.8 B 8.25% 2.68 4.23 3.06
C:N Oea 25.3 2.6 26.8 3.9 Hai Oea 8.01 2.03 7.17 3.46
AE 17.8 1.1 18.3 1.9 [cmol(+) kg 1] AE 5.49 2.04 7.17 2.08
B 214 3.6 17.8 2.1 B 8.142 2.72 4.14 3.02
ca?' Oea 678 392 938 588 BC Oea 4.62 2.37 6.46 3.41
[mg kg™ AE 64.5 12.1 64.5 21.5 [cmol(+) kg 1] AE 0.53 0.15 0.55 0.15
B 78.1 24.9 58.6 29.7 B 0.53 0.15 0.43 0.18
Mg?* Oea 83.8P 36.9 142.5 51.7 CEC Oea 13.9 1.74 15.6 1.68
[mg kg™ AE 9.42 44 15.8 6.3 [cmol(+) kg 1] AE 6.20 2.13 7.95 2.11
B 8.8 2.1 9.6 3.0 B 8.80° 2.68 4.66 3.08
Na* Oea 13.6 2.4 13.0 3.1 BS [%] Oea 32.2 14.0 41.0 20.1
[mg kg™ AE 5.2 2.6 3.8 0.9 AE 9.1 3.3 7.0 1.5
B 6.9 2.6 44 1.8 B 6.7 2.7 114 47
K* Oea 191.7 70.9 215.3 7.0 Total N Oea 13.8 3.0 16.3 2.8
[mg kg™ AE 34.0 39.4 32.9 18.1 [%] AE 1.7 1.6 2.3 1.2
B 19.2 07.3 17.7 5.9 B 2.4 0.9 1.9 0.5
Avail. P Oea 21.8 5.27 22.0 8.20 Exch. Oea 0.4 0.1 0.4 0.1
[mg kg™ AE 20.1 13.4 27.2 23.8 Na in CEC AE 0.52 0.4 0.2 0.1
B 60.8 35.1 25.7 28.6 (%] B 0.4 0.1 05 0.3
Exch. Oea 234 11.8 29.8 17.6 Exch. Mg in Oea 4.9° 1.7 7.4 24
Cain CEC[%]  AE 5.9 2.7 4.2 1.5 CEC [%] AE 1.4 0.5 1.6 0.4
B 49 24 7.2 3.9 B 0.9 0.3 1.8 0.6
Exch. Oea 3.5 1.1 35 0.9 Exch. Oea 5891  17.92 46.49 22.67
Kin CEC AE 1.3 0.9 1.0 0.4 Alin CEC [%] AE 88.03 3.78 89.66 3.31
(%] B 0.6 0.1 12 0.9 B 91.87 321 87.41 5.65
Exch. Oea 8.8 43 12.5 44 (Ca*):(K") Oea 6.9 3.6 8.4 41
Hin CEC AE 2.9 1.4 3.3 3.1 AE 6.9 3.5 5.9 4.7
(%] B 15 17 2.0 0.5 B 9.9 49 7.1 44
7n Oea 19.3 7.2 26.1 11.1 (Ca+Mg*'+K*)  Oea 0.7 0.6 1.1 0.8
[mgkg™] AE 2.3 1.8 3.5 2.7 (A AE 0.1 0.1 0.1 0.1
B 2.8 0.7 7.8 7.0 B 0.1 0.1 0.1 0.1
Mn Oea 10.9° 5.2 289 395 (Ca¥):(AI®) Oea 0.5 0.4 1.3 1.7
[mg kg™] AE 1.93° 0.9 129 175 AE 0.1 0.1 0.1 0.1
B 35.8 44.7 388 439 B 0.1 0.1 0.1 0.1
Pb Oea 106 28.8 129 67.3 Ca%: Mg® Oea 47 1.6 3.8 1.4
[mg kg™ AE 22.2 20.0 33.1 22.2 AE 45 1.9 3.2 1.7
B 495 45.6 19.3 13.6 B 5.7 1.7 4.0 2.2
Cu Oea 8.2 0.01 15.4 7.4 PhA Oa 35.9 9.7 36.0 12.2
[mgkg™] AE 0.8% 0.3 2.1 0.5
B 2.4 0.6 43 2.5

n.d.: not determined; Exch. - Exchangeable; Lower case letters in

upper indices mean significantly different properties at the level of

probability: 2 0.05 > a > 0.01; ® 0.01 > a > 0.001 and < 0.001; PhA -
phosphatase activity [mg of phenol 5g of soil™ 2 hour™].
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Fig. 2. Relationship between pH in H,O values (a) and the base saturation
(Kappen method) (b) in the B horizons of the studied soils and needle
magnesium concentration 1.5/7

Mg in younger needles (0.5/7) were correlated to a lesser extent
with the soil properties of the B horizon.

4. Discussion

4.1 Assessment of soil properties under strongly (SWS)
and least weakened (LWS) spruce stands in the
Snieznik Massif

Soils of the SWS variant compared with the soils of LWS drain
rainwater faster and have a smaller water capacity, therefore
in the event of a shortage of rainfall, spruce stands growing in
soils of this kind may experience a water shortage earlier. In the
Izerskie Mountains (Western Sudetes Mts.), Kabala (1998), more
dead trees were noted on surfaces with shallow and stony soils
than on surfaces with greater depths of soils. According to Ende
and Evers (1997), in the Thuringian Forest an extreme deficit
of Mg in older needles (0.03% Mg) was detected in areas where
soil pH in KCl in the Oa horizon was 2.7 while a good supply
(0.09% Mg) was detected in areas where soil pH in KCl in the Oa
horizon was 3.2. The average concentrations of exchangeable
Mg in the first mineral horizons (AE) of SWS soils in the Snieznik
Massif were below 10 mg kg™, which was less than 50% of the
suggested threshold value (24.3 mg kg*) below which the risk
of magnesium deficit sharply increases (Ende and Evers, 1997).
Mengel and Kirkby (1983) believe there is a need for soil fertiliza-
tion with magnesium when its share in the sorption complex is
smaller than 6%. In the mineral horizons of SWS and LWS soils,
the share of exchangeable Mg were 1.41% and 2.15% respectively.
The investigated soils under both groups of tree stands showed
that they were poor in exchangeable K though concentration
diversity were not statistically significant. The investigated soils
are abundant in available P and, according to Nowosielski (1968),
do not require phosphorus fertilization even for the cultivation of
plants with high requirements. The obtained results (pH values
TN content, C/N ratio and exchangeable Mg content) in the SWS
soils are similar to those reported for soils of decay spruce forest
in the Izerskie Mountains — Western Sudetes Mts. (Kabata, 1998).
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Vavticek et al. (2005) noted a higher values of pH in KCl (in Oea,
E and B horizons 2.79-2.84; 2.89-3.00 and 3.50-3.70 respectively),
lower concentration of total nitrogen, higher C:N ratio in Oea
horizons, higher values of Mg content (but by Mehlich Method)
in mineral horizons and clearly lower concentration of Mg in
1-year and 2-year needles in declining Norway spruce forest in the
HanuS$ovickd highland mountain zone (Czech Republic) compare
to soils and needles of SWS in Snieznik Massif.

4.2 Nutrition status of strongly weakened (SWS) and
least weakened (LWS) spruce stands

The average N concentration values in the needles in both
SWS as well as the LWS variant may be considered as slightly
higher than sufficient according to Zottl (1990), as a deficit level
(1.2-1.5%) according to Braekke and Salih (2002), and by Mellert
and Gottlein (2012) as the low end of the normal range (1.4-1.5%).
The smaller N concentration in the older (1.5/7) compared to the
younger needles (0.5/7) did not indicate an excess of needle N in
spruce stands in the $nieznik Massif in 2005 (Cape et al., 1990).
The average values of P content in all the researched needles may
be considered sufficient (Zottl, 1990; Mellert and Gottlein, 2012),
or slightly exceeding, according to Breekke and Salih (2002), the
critical 10% content of P with respect to N. The average content of
Kin the SWS needles 0.5/7 was in the middle of the normal range
(Mellert and Gottlein, 2012). Higher concentrations of K in SWS
needles than in LWS needles rather indicated there were imbal-
ances in the ionic equilibrium (Cape et al., 1990), in this case due
to a clear Mg deficit in SWS needles. A lower concentration of Kin
the older (1.5/7) than younger needles (0.5/7) confirm a nutrient
imbalance in the researched stands because the concentration of
Kincreases with the age of needles in balanced forest ecosystems
(Cape et al., 1990) although the differences were statistically not
significant. The concentration of Ca in the needles 1.5/7 was be-
low the accepted threshold value of 0.3% Ca dry matter, which
would qualify these stands as at risk of decline (Cape et al., 1990).
According to Braekke and Salih (2002), the concentration of Ca
in the needles 0.5/7 was much higher than the level of optimum
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Table 5.

Soil properties and nutrition status of Norway Spruce stands in the $nieznik Massif, SW Poland

The content of macro- and microelements in the needles of 0.5 annual proceeds from the branch whorl 1 and 2, and 0.5 and 1.5 annual proceeds from
the branches of the seventh whorl, the average dominant trees of strong (SWS) and least (LWS) weakened spruce stands

C N P K Ca Mg S Na Mn Zn Cu Fe B
Spruce
stands Values % dry matter mg kg™ dry matter
Needles of 0.5 year old of 1 and 2 whorl (0.5/1+2
SWS MeanSD 53.3 1.63a 0.198 0.648 0.239 0.092 0.106a 17.0 322 21.6 3.07 48.5 21.7
0.7 0.051 0.018 0.147 0.067 0.023 0.006 2.5 119.8  4.69 0.18 5.6 2.46
LWS MeanSD 52.8 1.45a 0.164 0.557 0.205 0.119 0.096a 15.2 468 23.1 3.08 51.4 22.4
0.6 0.119 0.027 0.127 0.052 0.022 0.010 3.5 2478 6.15 0.29 89.0 1.53
Needles 0.5 year old of 7 whorl (0.5/7)
SWS MeanSD 53.0 1.49 0.182A  0.636a 0.182 0.053bA 0.095A 18.0 216 17.4A 2.88A 55.8B 15.9
0.7 0.088  0.016 0.113 0.023  0.008 0.006 34 53.1 3.48 0.28 6.3 1.90
LWS MeanSD 52.6 143 0.156 0.445a  0.225  0.109b 0.091 145A 495 234 2.73 49.7B 155
0.6 0.089 0.303 0.096 0.069 0.025 0.007 1.9 410.1 7.01 0.13 4.9 2.94
Needles of 1.5 year old of 7 whorl (1.5/7)
SWS MeanSD 53.2 145 0.151A  0.565 0.207 0.033bA 0.102A 22.5 196 12.9aA 3.27aA  75.1B 13.7
0.7  0.096 0.013 0.088 0.029 0.010 0.004 4.2 41.8 1.36 0.23 7.8 1.91
LWS MeanSD 52.8 1.35 0.133 0.481 0.271 0.079b 0.097 21.7A 582 21.9a 2.69a 64.1B 14.4
0.5 0.087 0.020 0.089 0.105 0.024 0.007 6.7 493.7 10.51 0.35 6.5 3.59
All needles together (N = 18)
SWS MeanSD 53.2 1.52 0.177a 0.617b 0.209 0.059b 0.101a 21.0b 245Db 17.3 3.08a 59.8 171
0.7 0110 0.025 0.118 0.048  0.029 0.007 4.3 93.8 4.87 0.27 13.1 3.97
LWS MeanSD 52.7 141 0.151a  0.506b  0.234  0.102b 0.095a 17.1b  515b 228 2.83a 55.1 17.4
0.6 0.103 0.028 0.104 0.079 0.028 0.008 5.4 376.4 7.65 0.31 9.3 4.52

Mean - mean value from 6 plots; SD - standard deviation; lowercase
letters in upper indices represent the differentiated average values
between strong (SWS) and light weakened stands (LWS), and bigger

supply (> 0.07 % Ca of dry matter) and it exceeded the critical
value (4%) with respect to N, being at least 3 times as high as the
critical value. Vavticek et al. (2005) found the concentration of Ca
in 1-year old needles was about 0.14% in spruce in zero defoliation
category. The average concentrations of magnesium in the needles
0.5/7 of SWS indicated a deficit (Mellert and Géttlein, 2012; Cape
et al., 1990; Braekke and Salih, 2002). The average value of N:Mg
ratio in the needles 0.5/7 of SWS (28.5) significantly exceeded the
value of the upper threshold (21), and in LWS needles it placed
itself in the middle of the normal supply (Mellert and Gottlein,
2012; Ende and Evers, 1997). In the 1.5/7 SWS needles, the av-
erage value of N:Mg quotient (47.0) significantly exceeded the
threshold value (30.0) proposed by Cape et al. (1990), identifying
these stands as endangered with dying off. The concentrations of
S in the needles 0.5/7 of SWS as well as LWS may be considered
normal (Cape et al,, 1990). These concentrations do not entitle the
respondents to recognize the areas under the direct influence of
sulfur emitters. These concentrations are not the kind that would
damage the needles. However, a concentration of sulfur in the
older needles (0.102%), which was higher than in the younger
needles (0.095) of SWS, and the difference was statistically sig-
nificant, would indicate an excess of sulfur (Simonc¢i¢ and Kalan,
1996; Fiirst et al., 2003).

The concentrations of trace elements (Mn, Zn, Cu, Fe and B)
in the needles should be considered as normal. These neither

case letters between 0,5 and 1,5 — annual old needless respectively at the
levels: a, A <0.05 and >0.01; b, B < 0.01 and c, C >0.001

indicate a deficit nor are they toxic (Zottl, 1990; Saarsalmi and
Tamminen, 2005). It was shown that foliage nutrient quotients
and the differences in the amounts of elements, which emerge
between age categories of needles, may be as important to the
diagnosis of plant nutrient imbalance and visible symptoms as
the absolute values (Cape et al., 1990). The average values of the
mass quotients in the needles 1.5/7 of SWS exceeded the threshold
values of the N:Mg, S:Mg, K:Mg (>30, >3 and >15 respectively),
proposed for the spruce stands in Europe (Cape et al., 1990). Also,
the values of the equivalence quotient of Ca:Mg (in all the re-
searched needles) were significantly larger in SWS needles than
in LWS needles. This would indicate that the strongly weakened
stands (SWS) in the Snieznik Massif in 2005 were threatened with
dying off due to Mg deficits.

The values of the C:N ratio in SWS in comparison to LWS
needles were significantly smaller in the needles 0.5/1+2 and in
all needles (Table 6). This was due to the differences in N concen-
trations being greater than the differences in the TOC (Table 4).
It would consequently lead to an N accumulation occurring to a
greater degree in SWS needles than LWS in the Snieznik Massif
in 2005, due to a magnesium deficit (Marschner, 1995).
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4.3 Trophic conditions of the spruce stands in the
Snieznik Massif

Lack of soil water or its deficit for a longer period of time
may occur in all soils and lead to weakening or dying of the stand.
Shallow, stony soils with a coarse texture and low retention ca-
pacity are particularly vulnerable to stand weakening. Soils of
this kind should not be afforested with spruce as it is a species
with high water requirements. Therefore, what is the reason for
the worse condition of the stands growing in mountainous areas
with high rainfall? The concentrations and values of nutrient
ratio in soils and needles indicated, without a doubt, that there
is a deficit of Mg only (Oren and Schulze, 1989) in the studied
soils and SWS needles in the Snieznik Massif. The Mg deficit was
caused by both the deficit concentration of naturally poor soils
as well as the possibly of Mg exhaustion due to N oversaturation
of the researched habitats. The rate of throughfall N deposition
under the crowns of coniferous trees in the Orlickie Mountains (in
the neighborhood of the $nieznik Massif) was on average 61.4 kg
N-ha™ year™ and the average rate of nitrate nitrogen deposition
was an impressive 35.4 kg N-ha™* year™ between 1994-2000 (Vot-
tova, 2003). It was the highest measured in Europe and possibly
the highest in the world (Gundersen, 1995; Dise et al., 2009). Ni-
trogen deposition in many parts of Europe considerably exceeds
calculated critical loads (Rosén et al., 1992). Most temperate forest
ecosystems are traditionally considered as N-limited (Spiecker,
1999). Initial deposits of anthropogenic origin N lead to an increase
in forest productivity (Elfving and Tegnhammar, 1996; Spiecker,
1999). In the long run, constantly high deposits of N contribute
to an increased uptake of the remaining nutrients necessary for
plant development, thus intensifying the natural acidification of
soil, and drive the nutrients at a minimum down to their deficit
levels in the soil (Nihlgard, 1985; Thelin, 2000; Veresoglou et al.,
2014; Jonard et al.,, 2015; Novotny et al., 2018). An increased N
level and an imbalance of nutrients increase the susceptibility
of trees to attacks by pathogens and sucking insects (Fliickiger
and Braun, 1999).

A lower concentration of N observed in the Oea horizons of
SWS soils than in Oea horizons of LWS soils may serve as evidence
of greater decreases of deposited N in Oea horizons of SWS soils.
This is an effect of intensified nitrification, diminished capability
of SOM to stabilize nitrogen, steeper slopes, coarser soil texture,
greater soil permeability and decreased N retention kinetics
(Castellano et al., 2013), and consequently intensified leaching
of basic cations especially magnesium (McNulty et al., 1996). A
relatively low concentration of nitrogen in the needles of spruce
stands in, both SWS and LWS, may indicate a decreased rate of
mineralization of organic matter as an effect of long-lasting, large
N supply in the study area, which is in line with the insights of
Rennenberg and Dannenmann (2015). Very good P levels (class
3, according to Stefan et al. (1995)) and deficient Mg in the SWS
needles in the Snieznik Massif would confirm the hypothesis that
if P is available, some plants with Mg deficit increase the amount
of P they hold in their organs, most likely in order to compensate
for the lack of Mg?* (Slovik, 1997). The N:P ratio in SWS and LWS
stand needles would indicate slight loss of balance between the
concentration of N and P in the studied stand needles. Veresoglou

Soil properties and nutrition status of Norway Spruce stands in the $nieznik Massif, SW Poland

et al. (2014) shared similar insights. Mn?* can at least partially
substitute for Mg?* in plants growing on Mg?* depleted, acidic
soils, which can supply Mn?" (Marschner, 1995; Kaupenjohann,
1997). The exhaustion of Mn available for trees naturally less well
supplied with Mg and Mn in highly permeable SWS soils under
conditions of water deficit (drought) may have occurred sooner
than in the less permeable LWS soils that were however prone
to retain water and were naturally better supplied with Mg and
Mn, making it impossible to keep using Mn instead of Mg in many
physiological processes (Marschner, 1995; Slovik, 1997). There
are no grounds to think that the cause for the spruce health con-
dition of in the Snieznik Massif was heavy metal contamination,
especially given that no differences in the activity of phosphatase
were determined in the organic horizons of SWS and LWS soils.
The activity of phosphatases is a sensitive indicator of heavy metal
soil pollution (Tyler, 1975).

The decision on applied fertilizer selection to revitalize
tree-stand soils should be preceded by a detailed examination
of habitat conditions including tree-stand nutrient status. Fertil-
ization with magnesite was recommended to improve the health
of strongly weakened spruce stands in the $nieznik Massif. It
was recognized that the studied soils are sufficiently supplied
with calcium and there is no need to apply fertilizers containing
calcium to weakened spruce stands due to the low demand of
coniferous trees for calcium (Malek et al., 2014). A relatively low
dose of magnesite was recommended based on spruce stand low
magnesium deman and the beneficial effect of low doses of mag-
nesite on soil and plant properties (Malek et al., 2014). In 2006,
fertilization with magnesite in the amount of 2000 kg-ha™ was
carried out and the positive effects of this fertilization for growth
of the SWS and soil properties were described (Szydtowska and
Socha, 2014; Januszek et al., (in press)). The effects of carried out
fertilization proved that the reason for the poor condition of SWS
is the soil magnesium deficit in the Snieznik Massif.

5. Conclusions

Weakness of spruce stands in the Snieznik Massif is associat-
ed with the fertility of the forest sites. Strongly weakened spruce
stands were found on poor Skeletic Albic Podzols, characterized
by larger grain content and higher water permeability, with lower
water retention capabilities, developed from the Snieznik gneiss
and affected by a severe magnesium deficit. The spruce stands
not showing clear symptoms of weakening were found mostly on
Skeletic Dystric Cambisols (Protospodic), characterized by finer
texture and higher water retention capabilities, which had devel-
oped from mica schist and were better supplied with magnesium.

The concentration of soil magnesium better reflects the con-
centration of magnesium in two-year needles than in annual
needles of the 7 whorl. Among the examined O, AE, B and BC soil
horizons, magnesium concentration of in two-year-old spruce
needles of the 7 whorl best reflected the B horizon.

The selection of applied fertilizer to revitalize soils under tree
stands should be preceded by a detailed examination of forest
site conditions and tree stand nutrient status. It is necessary to
revitalize soils under spruce stands with special attention to the
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ratio between calcium and magnesium in the soil as well as in
the needles, due to the low calcium requirements of coniferous
species and plants’ passive calcium uptake.

In order to improve the health of strongly weakened spruce
stands in the Snieznik Massif, a one-time magnesite fertilization
of 2000 kg-ha! was recommended.
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Wlasciwosci gleb oraz stan odzywienia oslabionych drzewostanéw

Slowa kluczowe

Deficyt magnezu
Drzewostany §wierkowe
Gleby lesne

Sudety

$wierkowych w Masywie Snieznika w Sudetach Wschodnich

Streszczenie

Proces rozpadu monokultur $wierkowych zachodzi na duzych obszarach we wszystkich strefach
wysokosciowych terenéw goérskich w Polsce od lat 80-tych. Proces ten przyspieszy! osiggajac drama-
tyczne tempo w XXI wieku. Celem niniejszej pracy bylo okreslenie przyczyn znacznego osltabienia
drzewostanow $wierkowych w Masywie Snieznika w 2005 roku oraz ewentualnie zaproponowanie
stosownego nawozenia uzupelniajacego. Badania prowadzono w Sudetach Wschodnich w gérnej cze-
$ci Masywu Snieznika, w Nadlesnictwie Ladek Zdréj gdzie drzewostany $wierkowe charakteryzowaly
sie zréznicowanym stanem oslabienia. Probki gleb i igiel zostaly pobrane do podstawowych analiz
laboratoryjnych. Silnie ostabione drzewostany Swierkowe wystepowaly na ubogich Haplic Podzols,
wyksztatconych z gnejséw, wykazujacych silny deficyt magnezu. Drzewostany $wierkowe niewyka-
zujace wyraznych objawdéw ostabienia wystepowaly gldwnie na Dystric Cambisols wyksztalconych
z lupkow tyszczykowych, ktére byly lepiej zaopatrzone w magnez. Badanie gleb i igiel wskazuja, ze
ostabienie drzewostanéw $wierkowych w Masywie Snieznika zwiazane jest z deficytem magnezu,
a gleby silnie ostabionych drzewostanéw wymagaja nawozenia magnezytem.
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