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Abstract

Nowadays, alarge area of Norway spruce forest stands in Europe is disturbed by windstorm and, subsequently, bark
beetle outbreaks. We investigated the state of three disturbed spruce stands along an altitudinal gradient in Tatra
National Park (Slovakia) through various physiological processes. Tree-growth characteristics, the mineral nutri-
tion in the needles, and photosynthetic efficiency were assessed. Two techniques of chlorophyll a fluorescence and
analyses of assimilatory pigments were used to detect the changes in photosynthesis functioning. Also, the heat sen-
sitivity of photosystem Il was tested. Our results showed that these stands are located in nutrient-poor environments.
We recorded similar contents of nitrogen, phosphorus, potassium, sodium, zinc, and iron in all stands. Down the
vertical transect, the contents of calcium, magnesium, and manganese significantly decreased and the non-essential
aluminium increased. Based on stem circumference measurements, water deficit occurred during the vegetation
season in all stands, but with the smallest magnitude highest U-stand. We found some photosynthetic constraints:
slightly lower chlorophyll contents in all stands were recorded; however, seasonal dynamics with increasing chlo-
rophyll concentration in the highest U—stand were observed. Moreover, the photochemistry of the lowest D—stand
was the most negatively influenced by simulated heat, as the photosynthetic performance index, and the density of
the active reactions centres significantly decreased and the values of the K—step and basal fluorescence increased.
Therefore, we can conclude the different levels of physiological vitality in these naturally damaged spruce stands,
with the best physiological performance of the trees in the highest stand.
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1. Introduction lead to the mortality of whole spruce populations and can
create a major change in forest communities.
Windstorms play a crucial role as primary agents in
the Atlantic and Continental temperate zone of Europe
(Spiecker 2003; Schiitz et al. 2006; Zubrik et al. 2013).
Windstorms and bark beetles (Ips typographus and
Pityogenes chalcographus) have been the most damag-
ing agents for spruce stands in Slovakia within the last

In the context of climate and environmental change,
the growth and vitality of Norway spruce, a dominant
component of European mountains, may be called into
question. Indeed, due to the increased scale of weather
extremes and other damaging agents, the health status
of spruce stands has considerably worsened in the whole
Central Europeanregion (Uniyal & Uniyal 2009; Allenet ¢, decades. The decline of spruce stands has increased,
al. 2010; Lindner et al. 2014). Climate-induced physio- particularly after windthrows AlZbeta (on 19 Novem-
logical stress and interactions with other processes, such  per 2004) and Zofia (on 15 May 2014) (Koren 2005;
as natural disturbances and insect pest gradations, can  Flejscher & Homolova 2011; Kunca et al. 2019). The
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co-occurrence of increasing drought periods additionally
seriously weakens spruce trees, hence their shallow roots
andrelatively high sensitivity to water deficits (Jyske et al.
2014; Tuzinskyetal. 2017). Drought-weakened trees are
notable to produce enough resin or protective substances
to withstand the pressure of bark beetles (Hlasny et al.
2014; Vakula et al. 2015; Kunca et al. 2019). Moreover,
there an increasing upward shift in altitudinal outbreaks
of bark beetles has been observed (Schwarz & Morav¢ik
2009).

The physiological processes of such weakened trees
are negatively impacted. The ability to conduct water
effectively is reduced, and every change in the transpi-
ration stream also influences the transport of nutrients to
the foliage (Ditmarova et al. 2007a; Bonan & Van Cleve
1992). The disintegration of adult spruce stands is also
promoted by serious nutrient disturbances (Sramek et al.
2008) and low contents of basic cations (nutrition fac-
tors), primarily potassium and partially calcium. The
low content of potassium indicates the insufficiency
of the water regime in spruce trees (Jokela et al. 1998;
Ditmarové et al. 2007a). The nutrient concentrations
in conifer needles strongly influence their biochemical
capacity for photosynthesis and growth, particularly
the impact of N and P on changes in the structure and
function of the photosynthetic apparatus (Fredeen et al.
1990; Chen et al. 2013). Also, the interaction of Al, Mn,
and other risk elements may mirror the conditions in the
air and soil. Needle biomass productivity may decrease,
and if the defoliation is not temporary, it can bring about
strong negative effects in photosynthetic efficiency and
its related processes.

Chlorophyll a (Chl a) and b (Chl b) represent impor-
tant pigments for the primary reaction of photosynthesis
(Baker 2008). Chl a and Chl b absorb sunlight at differ-
entwavelengths, leading to the assumption that the total
leaf chlorophyll content (Chl a+b) and the allocated ratio
(Chl a/b) directly influence the photosynthetic capacity
of plants. Consistently, the anti-oxidative mechanism
of spruce needles also depends on the concentration
of carotenoids. Low values of the Chl a/b and Chl/Car
ratios manifest a weakened photo-protective function of
the photosynthetic apparatus. However, it is still unsure
how leaf Chl content varies among plant species, plant
functional groups, and communities in natural forests,
especially on a larger scale (Croft et al. 2017; Ying et al.
2018).

Recently, slow and fast chlorophyll a fluorescence
(Chl a fluorescence) kinetics and the JIP test (Strasser
et al. 2000) have become popular methods for the rapid
screening of stress effects on the physiological processes
of trees. In comparison to the basic fluorescence param-
eters, these measurements provide additional informa-
tion on the photochemistry of photosystem II (PSII) and
the photosynthetic electron transport chain. Chl a fluo-
rescence techniques can also provide new insights into
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the fundamental process of photosynthesis for forestry
purposes (Kalaji et al. 2014; Bussotti et al. 2020).

In this study, we investigated the state of naturally
disturbed spruce forest stands along the vertical transect
of Lomnicky peak in Tatra Mountains, Slovakia, by ana-
lyzing their physiological traits. Using the data from three
forest stands affected by a windstorm in 2004 and sub-
sequently damaged by spruce bark beetles, we identified
the tree-growth characteristics and the mineral nutrition
in the needles, as well as explored variations in the pho-
tosynthetic efficiency through quantitative and qualita-
tive analyses of photosynthetic pigments and chlorophyll
a fluorescence. The main objectives of this study were:
(1) To evaluate the changes in the stem circumference
of spruce stands along the transect; (2) to compare the
state of the mineral nutrition and contents and ratios of
assimilatory pigments in the needles; (3) to test the PSII
performance and thermostability using two fluorescence
techniques, namely slow kinetics—rapid light curves
(RLCs)—and fast kinetics of Chl a fluorescence; and (4)
to investigate how the assimilatory pigments and Chl a
fluorescence vary during the season in spruce forests of
different vitality levels.

2. Material and methods

2.1. Transect description

The study sites are located along vertical transect on the
south-east slope below the Lomnicky peak in Tatra Mts.
(innerwestern part of the Carpathian Mountains), which
arenaturallycoveredby Norwaysprucestands (Fig. 1). The
lowestsite (D) islocatedat 1,100 ma.s.l.,themiddle (M) at
1,300 m a.s.l., and the highest (U) at 1,500 m a.s.l.; the
basic characteristics of individual sites are displayed in
Table 1.

Due to occasional downslope winds, the age and
structure of the forest differ in lower and higher alti-
tudes. Mostly old growth pure spruce stands (over 120
years) dominate above 1,300 m and successional forests
with European larch and Scots pine admixtures at lower
elevations. Shallow stony podzols are typical at higher
altitudes on steep slopes and deeper dystric cambisols
in mountain foothills formed by moraines. According
to the closest meteorological stations, the annual aver-
age air temperature ranges between 5.3 °C (Tatranska
Lomnica, 830 m a.s.l.) and 1.6 °C (Skalnate Pleso,
1,360 m a.s.l.) and the average yearly precipitation from
800 to 1,200 mm.

The health status of the forests of the Tatra Mountains
has been deteriorating for decades. In the past, the key
factor was distance and ozone pollution. Recently, strong
winds and especially bark beetle attacks stimulated by
warmer and drier conditions have caused an unprec-
edented decline in health.
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Fig. 1. Forest spruce stands along the vertical transect below the Lomnicky peak in Tatra Mountains, Slovakia.

Table 1. Description of the studied sites — three forest spruce stands along the vertical transect: the D—stand (lowest), the M—

stand (middle) and the U—stand (upper).

i Tree species composition Defoliation
Spruce - Altitude Exp. Slope Surface/vegetation Soil Ag Stocking
stand [ma.s.L] (deg.) [years] [%]
D 1,100 SE 10 stony surface Dystric Cambisol 100 0.8 spruce 65 pine 15 larch 25 43
M 1,300 SE 35 boulder §urface Dystric Cambisol 165 0.4 spruce 70 larch 30 42
U 1,500 SE boulder surface, hlgh occurrence of Podzol 165 0.4 spruce 70 larch 25 3
mosses and Vaccinium myrtillus rowan 5

2.2. Meteorological data

Environmental variables (air temperature and humid-
ity, solar radiation in 2 m above ground) were recorded
every 20 minutes by automatic meteorological stations
(Minikin, EMS Brno, CZ) on the D and U sites and pre-
cipitation by automatic ombrometer (EMS Brno, CZ) on
the Dsite. Gypsum blocks (EMS Brno, CZ) were installed
on all study plots in 15 cm depth to measure soil water
potential (SWP) once an hour.

2.3. Stem circumference measurements

To describe tree water status as an indicator of tree vital-
ity, we measured variations in stem circumference. Stem
changes were recorded with high-resolution automatic
band dendrometers (model DRL 26, EMS Brno, CZ,
accuracy of 1 pm) that were installed on 30 sample trees
(10 trees per plot). The dendrometers were installed in
April2017. Onthe U plot the tree no. 31 was attacked by
bark beetle. Visible symptoms of dieback (strong discol-
oration and defoliation) occurred in mid-August 2017.
Despite this fact dendrometer recording continued in
order to identify dead wood response to environmental
factors. To ensure the close contact of dendrometer bands
with tree stems and to reduce the influence of bark swell-
ing and shrinkage, the outermost part of the bark was

carefully removed before the installation of the dendrom-
eters. For the purpose of this study, only the period from
the 12th of April to the 6th of September 2018 was taken
into account. The circumference measurements were
recorded in 20-min intervals, which allowed to extract
water deficit (AW) asa proxy for tree water status. Water
deficit was calculated from growth-detrended dendrom-
eter records according to Ehrenberger et al. (2012).

2.4. Physiological data collection

Physiological measurements and sampling for pigment
analysis were carried out on 10 individual trees per plot at
thebeginning of June and at the end of August 2018. The
needles for the mineral nutrition analyses were collected
at the end of August, according to the general recom-
mendation that foliage should be sampled for mineral
diagnostic purposes in the late summer, autumn, or
winter, thus not in the period of intensive growth. Such
sampling reduces the influence of stored carbohydrates
and improves the nutrient status after growth has ceased
(Linder 1995).

Sampling was performed with respect to minimiz-
ing the variability based on the age of the needles and
their position within the crown. The needles of 1-year-old
shoots were collected from sun-exposed branches from
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the upper part of the crown by professional climbers. The
samples were immediately packed into plastic bags and
put into a transportable refrigerator cooled to 15 °C to
avoid dehydration or overheating during the transport to
thelaboratory. The measuring was done next day; hence
the parameters of chl a fluorescence are relatively stable
and can be reliably measured up to two days after sam-
pling without significant changes in PSII photochemistry
(Hudokova et al. 2017).

2.4.1 Analysis of the mineral nutrition
in spruce needles

The contents of the individual mineral nutrients in the
needles were determined from dry mass obtained by dry-
ing ground samples at 60-70 °C for 48—72 hours in an
oven. Dried needle samples could be stored for longer
period without deterioration occurring. Nitrogen (N)
elemental analysis, which uses a thermal conductivity
detector (the EA-TCD method), wasused. The method of
atomic emission spectrometry with inductively coupled
plasma (AES-ICP) was used to determine the amounts of
phosphorus (P), calcium (Ca), magnesium (Mg), potas-
sium (K), sodium (Na), iron (Fe), manganese (Mn),
aluminum (Al), boron (B), zinc (Zn), and copper (Cu).
The analyses were performed in accredited the Central
Forestry Laboratory of National Forest Centre, Zvolen,
Slovakia.

2.4.2 Quantitative analysis of the pigments

A homogenized sample mixture (1 g) of spruce needles
from each of the 10 individual trees per studied site were
analyzed as 80% acetone extracts. The chlorophyll con-
tents (Chl a, Chl b, and Chl a+b) and total carotenoids
(Car x+c) were determined by spectrophotometry (Cin-
tra, GBS Australia) at 470, 646, and 663 nm and were
calculated according to Lichtenthaler (1987). The pig-
ment contents were related to the dry mass unit (mg.g ™).

2.4.3 Fast kinetics of chlorophyll
afluorescence

The needles were dark-adapted for 30 min using the leaf
clips, and then chlorophyll a fluorescence was excited by
asaturation pulse with an intensity of 3,500 pumol m2.s™!
for 1 s. A plant efficiency analyzer, namely, the Handy
PEA (Hansatech Ltd., UK), was used for the OJIP tran-
sient measurements, which were analyzed based on the
JIP test (Biolyzer 5 software, Laboratory of Bioenerget-
ics, University of Geneva, Switzerland). We determined
the basic fluorescence parameters: The basal fluores-
cence (F;), measured 50 ps after illumination and the
maximal quantum yield of PSII F /F , calculated as the
ratio between the variable fluorescence (F,=F,_—F,) and
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the maximal fluorescence (F ). Moreover, the photosyn-
thetic performance index on an absorption basis (PI),
the density of active reaction centers (RC/ABS), and the
value of K-step (Wk) were evaluated. Wk was calculated
as follow:

F0.3—F0
Wk =
F2-F0

(1

where F ,and F, represent the fluorescence measured at 0.3
and 2 ms, respectively, and F is the basal fluorescence (Strasser
et al. 2000; Stirbet et al. 2018; Lazar et al. 1999).

2.4.4 Rapid Light Curves

RLCs were recorded using a fluorimeter Pam-
2500 (Waltz, Germany). The measurements con-
sisted of nine levels of actinic illumination with increas-
ingintensities from5t02,018 pmolm2.s*and aduration
of 30 s. The illumination periods were separated by a 1-s
saturating flash with an intensity of 14,038 pmolm—=.s7".
RLC:s for the electron transport rate (ETR), non-photo-
chemical quenching (NPQ), and the effective quantum
yield (#,,) were measured. All curves were quantified as
the sum of the individual points of the curve.

2.4.5 PSII sensitivity to heat stress simulation

The measurements were conducted at room temperature
(25 °C) and stressing temperature (48 °C). The temper-
ature of 48 °C was chosen as a threshold temperature
in which the changes of PSII photochemistry certainly
occur (Kondpkova et al. 2018; Kurjak et al. 2019), and
it is still lower than 50 °C, which can affect the results
because of depigmentation and overall disorganization
of PSII (Yamane et al. 1997).

Heat stress was simulated usingaWNE22 water bath
(Memmert, Germany). The shoot was enclosed in a glass
Erlenmeyer flask and exposed to a temperature of 48 °C
for 30 min by immersing the flask in a water bath. All
measurements were repeated twice per individual and
the values were averaged. The severity of heat stress was
calculated for each determined parameter as the ratio
between the value measured at 48 °C and the control
value measured at room temperature (R, . ,R,,,R
R..R, . ,R R.,andR, ).

ETR? "“NPQ’

RC/ABS?
$PSIP

2.5. Data analysis

Mean of 10 trees on each plot was used for further den-
drometric analysis. The raw dendrometer data were used
to construct a “growth line,” which represents the tree
stem volume under fully hydrated conditions (Oberhu-
ber et al. 2015). The growth line connects the maximum
daily value with the next equal or bigger value. During
the increment phases, the growth line followed the slope
of the original dendrometer records. Tree water deficit
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(AW, mm) was determined as a difference in stem size
relative to the fully hydrated conditions (AW=0).

Identification of significant periodicities in the sea-
sonal course of stem circumference variation, ranging
from hours to weeks, was performed by wavelet analysis
(Percival & Walden 2000; Torrence & Compo 1998). We
used the WaveletComp R package (Résch & Schmid-
bauer 2018) for the Morlet transformation, allowing a
distinction between random and periodic fluctuations.
The Morlet analysis in our study was based on average
stem circumference variation per species. The output was
a time scale plot, where the x- and y-axes represent the
position along the time and periodicity scales, respec-
tively, and the color contour at each x/y point represents
the magnitude of the wavelet coefficient at that point.
To detrend the stem circumference variation for growth,
we used the Weibull function. Detrended data were used
in the Morlet analysis where the lower period was set to
20-min intervals, while the upper to 28 days. To explore
the influence of climatic variables, data were detrended
according to Oberhuber et al. (2020) using fast Furrier
transform low pass filter (further termed daily detrended
stem circumference variation, DDSCV). We used Pear-
son correlation statistics to estimate relationship among
DDSCYV and environmental variables of living and dead
trees.

Variability of the mineral nutrition data among the
forest spruce stands was tested by one-way analysis of
variance (ANOVA). The data of the photosynthetic pig-
ments and Chl a fluorescence were tested by two-way
ANOVA with the factors of the seasonal period and the
forest spruce stand. Subsequently, the differences were
tested by the post-hoc HSD Tukey’s test. Prior to the
test, the normality of the data distribution was tested by
the Shapiro—Wilk test. The estimated parameters were
separated into two groups, namely, mineral nutrition
and parameters directly related to the photosynthesis
performance. These were subjected to principal com-
ponent analysis (PCA) to identify the general trends of
the multi-dimensional data sets. The statistical analyses
were performed using the Statistica 7 program (StatSoft,
Tulsa) and the R 3.6.3 software (R Core Team, Austria).

3. Results

3.1. Variation in stem circumference

The peaks in dendrometer data occurred in mid-July
on all study sites (Fig. 2A). Rapid decline of derived
AW coincided with these peaks. No changes occurred
in dead tree records (Fig. 2C). The observed increase in
the negative values of AW due to dehydration of the stor-
age pools indicates increasing tree water deficit. Water
deficit derived from band dendrometer records was low-
est in the U—stand during the study period, followed by
the M—stand and then the D—stand. The results can be
divided into two separate periods: The first lasting from

the beginning of May until mid-July with only a slight
water deficit, and the second from mid-July until the
beginning of September with a more pronounced water
deficit. In the second period, the water deficit in the D—
and M-stands was roughly twice that measured in the
U-stand.

SWP values on the M and U sites was close to zero
during the entire study period indicating favourable soil
moisture condition (Fig. 2D). The correlation between
SWPand AWwas verylow 0.23 onthe M and 0.02 on the
U site. On the lowest D site, the correlation was notably
higher (0.80). The course of water deficit was synchro-
nous on all study sites with pronounced peak in mid-July.
DDSCV data showed weak and non-significant correla-
tions to climatic variables. The exception was RH on the
plot D (r=0.27) and GR on dead tree on the U plot (r =
0.18). Correlation of DDSCV values among study plots
was high (r>0.9), contrary to negative correlations with
dead tree (r <—0.45). When comparing the DDSTCVs
of living and dead trees we observed remarkably lower
amplitude in dead tree reaching less than 10% of living
ones.

When inspecting the Morlet wavelet power spectra
(Fig. 2B), we found a few significant periodicities in the
region from 16 to 32 hours. These daily periodicities are
of particularinterest, reflecting the presence of increased
diurnal variations, leading to the typical behavior of
drought-exposed trees when the swelling phase was not
able to compensate the daily shrinkage, which led to more
long-term contractions.

3.2. Needle chemical composition

The concentrations of the individual elements are pro-
vided in Table 2, in which they were also evaluated and
compared to the values arithmetical mean for spruce foli-
age under European conditions and the limit values of
the optimal nutrition for spruce trees (Linder et al. 1995;
Vrana et al. 1997; Stefan et al. 1997; Szaro et al. 2002;
Marikovska et al. 2002; Quesnel et al. 2006).

The contents of N (12,400-14,000 mg.kg™!), P
(1,100-1,200 mg.kg™), and K (4,000-4,600 mg.kg™)
did not differ among the spruce stands along the transect
(Table 2). Although the N/P concentration ratios (10.33—
11.6) did not decrease below 10, indicating that phos-
phorus was the growth-restricting element, the contents
of these elements (mainly potassium) are still under
the limit of optimal nutrition for spruce stands (i.e., N:
14,000-18,000; P: 2,000; and K: 9,000). Also, the ratios
of K/N (D-stand: 32.7%; M—stand: 32.3%; and U—stand:
36.2%) and P/N (D-stand: 8.7%; M—stand: 9.7%; and
U-stand: 8.5%) are below the optimal values, i.e., 50%
and 14%—15%, respectively.

Regarding the concentrations of Ca and Mg in the
needles, these were found to be lower in the D—stand
much (3,900 and 590 mg.kg™!, respectively) than the
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Fig. 2. Stem circumference variation with its relations for three spruce stands: A) growth-line, water deficit (AW) and stem
circumference variation; B) Morlet wavelet power spectra; C) morning water deficit with confidence intervals for D—, M—, U—
stands and dead tree; D) course of soil water potential on D—, M—, U—stands; E) precipitation on D—stand and air temperature
on D—and U-stands.
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Table 2. Concentration of the elements in 1-year-old needles of Picea abies L. Arithmetical means (mg.kg™) with their standard
deviations. Different letters indicate statistically significant differences among spruce stands. Values in bold face are exceeded
(+) or significantly lowered (—) than the arithmetical mean for spruce foliage under European conditions. *-limit value for risk

elements.

Element D-stand (1,100 m a.s.l.) M-stand (1,300 m a.s.L.) U-stand (1,500 ma.s.l.) European arithmetical mean
N 13,950+1.436° 12,389+1,321° 12,46142,144 13,900
P 1,2184125.8° - 1,207+135.9 - 1,061+223.0° - 1,500
K 4,558+599.7 - 4,001+334.3 - 4,505£904.6° - 6,700
Ca 3,927+1,326° - 5,325+1,567® 5,952+2,003 5,000
Mg 594+230.2¢ - 9414300.1° - 7144158.8" - 1,200
Zn 15.145.9 - 21.6+10.9° - 22.7+6.4° - 45
Fe 74.448.2° 70.0+£13.6° 64.7£16.9° 50-150
Mn 312.5+108.9° 641.7+173.0° + 1,115+430.8¢ + 500
B 23.016.1° 29.3+5.8° 20.743.92 22
Cu 3.840.5 3.0£0.3 3.340.7 3-4
Na 28.6+2.7° 27.842.6° 24.7+4.8° <100*
Al 198.44+31.5° + 118.5+27.7¢ + 112.0+23.5¢ + <100*

values for the optimal nutrition of spruce, i.e., 6,000 and
1,200 mg.kg™!, respectively. Similarly, the content of
Mg in the M-stand (940 mg.kg™!) and the U-stand
(714 mg.kg ') waslower compared to the optimal values.
However, the content of Ca was quite optimal, namely,
5,950 mg.kg ! in the U-stand and 5,330 mg.kg™! in the
M-stand.

The Zn concentrations only reached about
15.1 mg.kg!in the D—stand and 22.7 mg.kg! in the U-
stand (Table 2). The optimal concentrations for spruce
needles are reported to be in the range of 40-60 mg.kg ™.
The concentrations of Fe (64.72-74.38 mg.kg™) were
found to be similar to the average level for growing
spruce in Europe (50—-150 mg.kg™!). Meanwhile, the Mn
concentrations were found to be on par with the Euro-
pean spruce average (500 mg.kg™") only in the M—stand
(642 mg.kg™). Inthe D—stand, the value was below aver-
age (313 mg.kg™), and on the contrary, it was above aver-
age in the U-stand (1,115 mg.kg™). The Fe/Mn ratios
found in all of the spruce stands indicate rather dispro-
portionate amounts of these two elements, since the ratio
shouldbe 1: 2.

MUTRIENTS

The content of B can be assessed as satisfactoryin all
spruce stands (21-29 mg.kg™), with the highest concen-
tration found in the M—stand. The value of Cuin all three
spruce stands was found to be optimal within 3 mg.kg™".
The sodium concentration (24.66-28.59 mg.kg™) in
these forest stands was found to be lower than optimal
of average value for growing spruce in Europe (30—
100 mg.kg™) (Table 2).

As the allowable limit of Al in the foliage of forest
tree species is 100 mg.kg™, it was very excessive in the
D-stand (198.4 mg.kg™) (Table 2). Also, in the M— and
U-stands, the concentrations were slightly higher (119
and 112 mg.kg™!, respectively).

The state of the mineral nutrition in the needles
of P. abies was also analyzed using PCA (Fig. 3). The
main nutritional elements — N, P, and K — formed one
group, which is not correlated with either the Zn, Mg,
Mn, and Ca group or Al. The N, P, and K group is almost
perpendicular to the clusters formed around the average
values (i.e., the central point in the figure), hence there
should be no statistically significant differences between
these groups of variables in the studied stands. The same

Ne

Dl (304}

Fig. 3. The principal component analyses showing relationships of nutritional elements to the studied spruce stands. The el-
lipse represents 95% confidence intervals around the centroid (bigger symbol) of each data cluster. The lowest D—stand of
1,100 m a.s.l. is presented by red cluster, the middle M—stand of 1,300 m a.s.l. by yellow cluster and the highest U-stand of

1,500 m a.s.l. by green cluster.
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could be stated for Fe and Na. These independent rela-
tionships were confirmed by insignificant differences
in the ANOVAs for above-mentioned elements (Table
2). Moreover, the M—stand especially follows the line of
boron, and we can see a strong affinity of the D—stand to
non-essential aluminum.

3.3. Photosynthetic pigment contents
and ratios

The analysis of assimilatory pigments showed lower con-
centrations of chlorophylls and carotenoids, especially in
the M—stand (Fig. 4). The highest spring concentration
of photosynthetic pigments was found in D—stand from
the lowest altitude of the transect; however, the overall
highest amounts of chlorophylls and total carotenoids
were recorded in late summer at the highest located U-
stand (Fig. 4a,b). We recorded similar values of Chl a/b
(3.5-3.8) and low values of Chl/Carin plot M (4.0-4.4)
in late spring (Fig. 4c,d).

Interestingly, positive seasonal dynamics of chloro-
phyll and carotenoid contents were observed in the U-
stand. Of note is also the fact that the seasonal dynamics
of the photosynthetic pigments in the spruce needles in
the D—stand were suppressed and the values were uni-
form during the vegetation season.
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3.4. Photosystem Il performance
and thermostability

The parameters of the fast Chl a fluorescence kinetics
were relatively stable. No differences in F/F, among
the plots over the whole measuring period were found;
however, there were statistically significant differences
between the D—stand with thelowest F/F,_ratio (0.800)
in August and the U—stand with the highest one (0.834)
inJune (Fig. 5). RC/ABS and Pl were similar for all forest
stands in June, as well as in August.

The measurements of the slow Chl a fluorescence
kinetics were found to be more sensitive toward stress.
Thehighest ¢ ., and, consequently, the highest ETR and
the lowest NPQ were found in the U—stand in the spring
(Fig. 6). Moreover, in the U-stand, seasonal dynamics
were observed, with a significant decrease inthe ETR and
$ ¢, Parameters during the late summer.

We simulated heat stress (up to 48 °C) in order to
reveal differences in the response of PSII to increased
temperature. The values of R, . were slightly lower for
samples measured in June compared to August, but no
statistically significant differences between the months
or stands were confirmed (Fig. 7). The ratiosof R, R, .,
s Rerer @and RNPQ decreased to below 1, indicating a
higher level of stress. These values were the lowest in the
spring samples from the D—stand, and the highest in the
late summer samples from the U-stand. On the contrary,
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Fig. 4. Concentrations (mg. g™) of a) a+b chlorophylls, b) x+c carotenoids and their ratios: c) a/b, d) Chl (a+b)/Car (x+c) in
spruce needles on the studied stands. The graph’s bars with spruce stand’s means and standard errors. Different letters indicate
statistically significant differences among groups. Season is identified by different colors: the beginning of June (late spring) —
dark grey color, the end of August (late summer) — light grey color.
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Fig. 5. Parameters of fast kinetics of chlorophyll a fluorescence: a) F./F,_, b) RC/ABS, c) PI. The graph’s bars present spruce
stand’s mean (relative unit) with standard errors. Different letters indicate statistically significant differences among groups.

Season is identified by different colors: the beginning of June (late spring) — dark grey color, the end of August (late summer) —
light grey color.
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Fig. 6. Fluorescence parameters of Rapid Light Curves (RLCs): a) ¢, b) ETR, ) NPQ. The graph’s bars present spruce stand’s
mean (relative unit) with standard errors. Different letters indicate statistically significant differences among groups. Season is
identified by different colors: the beginning of June (late spring) — dark grey color, the end of August (late summer) — light grey
color.
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thevaluesR,, and R, describe opposite behaviour com-
pared to previously mentioned parameters. Therefore, as
expected, the lowest values of R, were detected in the
U-stand and the highest in the D—stand. Noteworthy,
the highest R, was found in the D-stand in June, and
also the lowest R, with the highest ¢, was found in the
same stand in August.

Based onthe PCA, we captured the seasonal variabil-
ity of PSII performance. In June, there were remarkable
differences among the forest stands along the Lomnicky
peak transect (Fig. 8). The D—stand (lowest) followed
mainly chlorophylls, carotenoids, R, and RW,S”after
heat simulation, but also NPQ before and after heat
simulation. Meanwhile, the M—stand (middle) followed

PSIT

JUNE

mainly R, ..and R, after heat stress, and the U-stand
(highest) showed significant ETR and ¢ . The param-
eters of Fv/Fm, RC/ABS, PI, and R, stayed uniform,
without clear inclination toward a certain forest stand.
In the late summer, the forest stands were more over-
lapped and showed more uniform functioning (Fig. 9).
The significance of the assimilatory pigment content for
the D—stand weakened, while the performance of the
photosystems under normal conditions stayed, more or
less, constant among stands, with only post-heat stress
differences being slightly noticeable. The significance of
R, and R, increased for the D—and M—stands; hence,
the significance of R, and R, , . increased for the U—
stand.

Dt CHVES)

Fig. 8. The principal component analyses showing relationships of chlorophyll pigments and chlorophyll a fluorescence param-
eters to the studied spruce stands at the beginning of June (late spring). The ellipse represents 95% confidence intervals around
the centroid (bigger symbol) of each data cluster. The lowest D—stand of 1,100 m a.s.l. is presented by red cluster, the middle
M-stand of 1,300 m a.s.1. by yellow cluster and the highest U-stand of 1,500 m a.s.l. by green cluster.
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Fig. 9. The principal component analyses showing relationships of chlorophyll pigments and chlorophyll a fluorescence param-
eters to the studied spruce stands at the end of August (late summer). The ellipse represents 95% confidence intervals around
the centroid (bigger symbol) of each data cluster. The lowest D—stand of 1,100 m a.s.l. is presented by red cluster, the middle
M-stand of 1,300 m a.s.l. by yellow cluster and the highest U-stand of 1,500 m a.s.l. by green cluster.
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4, Discussion

The course of the stem circumference variations and the
derived growthlinesat 1,100and 1300 ma.s.lwerealmost
identical. In both cases, water deficit was relatively low,
indicating favorable hydric conditions, despite the occur-
rence of short drought periods (AW < 0) (Fig. 2). Com-
plete rehydration occurred until mid-July, when stem
circumference size culminated. Since then, pronounced
drought conditions occurred (AW ranged from —1.5 up
to—2.0 mm.m™). The hydric conditions in the upper site
differed notably as the rehydration remained continuous.
However, water deficit occurred at the same time as in
the lower sites, but to a smaller magnitude (0.5 up to
—1.0mm.m™). Based on the results of Jezik et al. (2015),
we may estimate the presence of increased drought stress
when AW falls below —1.0 mm.m™ in young spruce
stands, while based on that of Nalevankova et al. (2018),
it seems that the values signalizing increased and more
pronounced drought were approximately three times
lower (absolute deviation from zero values) for mature
beech stands.

We interpret the peaks in dendrometer records as
representation of stem water status rather than stem
reaction to surrounding atmosphere conditions. This
is in contrast with Oberhuber et al. (2020) who found
highly synchronous course (amplitude and frequency) of
DDSTCV on both living and dead trees. He attributed it
to hygroscopic swelling and shrinkage of the outer bark
tissues. In our study the DDSTCV of dead tree showed
only partial amplitude of living trees (less than 10%). We
understand this fact because of continuously water satu-
rated bark tissue under moist mountain conditions. Low
correlationsamong DSTCV and environmental variables
on different plots and on dead tree supports the state-
ment on water saturated bark tissue conditions. Thus,
we interpret the peaks in dendrometer data as pheno-
physiological process which needs to be further investi-
gated. Despite favourable SWP and weather condition
even on the most humid U site water deficit was present.
We attribute this reaction to sensitivity of spruce to the
irregularities in precipitation (Fig. 2E) which might not
influence SWP.

The Morlet spectrarevealed almost identical patterns
of periodical change in stem circumference on a diurnal
scale (58—80 20-min intervals), confirming the same
water status and response in the D—and M—stands. Sim-
ilar periodic events also occurred in lower frequencies
(i.e., several days). The Morlet analysis of the U—stand
showed less pronounced daily periodicity, indicating less
effort tobalance the tree and environment water require-
ments. Low-frequency periodicity was also less evident
than in previous stands, especially from mid-July.

The majority of the detected elements in the spruce
foliage showed values below the average concentra-
tions for first-year needles, as documented for Carpath-
ian spruce forests (Linder et al. 1995; Bublinec 1994,
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Markovska et al. 2002) and also Canadian boreal spruce
forests (Quesnelletal. 2006). Our results show that these
spruce stands (growing mainly on podzols and rankers),
located in high mountainous regions, do have not optimal
mineral nutrition. The geographical extension of Nor-
way spruceis primarily located in nutrient-poor, infertile
environments, and spruce typically grows under acidic
soil conditions with a thick organic layer (Schmidt-Vogt
1991; Baier et al. 2006). Boreal and temperate spruce
forest stands have a naturally low availability of nitrogen
(N), which is often the primary growth-limiting nutri-
ent in these soils (Tamm 1991; Binkley & Fisher 2013).
Nowadays, there are increased polemics if the fertiliza-
tion enhances the vitality and growth of poor spruce
stands (Bergh et al. 2014), and also if it is suitable as a
measure to sequester more carbon (C) (Gundale et al.
2014). The increased biomass growth, after supplying
a growth-limiting nutrient, tends to dilute other nutri-
ents (Koricheva et al. 1998; George & Seith 1998), and
decreases the tolerance of trees against soil-borne (e.g.,
deficiency of other mineral nutrients) stress factors. Also,
nitrogen deposition has been shown to have a positive
effect on herbivorous insect populations (Throop & Ler-
dau2004; Strengbom et al. 2005). Another meta-analysis
showed that species adapted to resource-rich habitats
grow inherently faster and invest less in defences than
species adapted to less-productive habitats (Endara &
Coley 2011; Nybakken 2018).

Regarding Ca and Mg, which are common enzymatic
activators in metabolic physiological processes, optimal
concentrations were found only in case of Ca in the upper
M-and U—stands. Especially a shortage of magnesium,
asa core component of chlorophylls, maylead to damage
of the processes in chlorophyll synthesis, which is then
reflected in a reduction of chlorophyll content and pre-
mature needle yellowing. Since the equilibrium of indi-
vidual elements in trees is a precondition of their vitality
and normal growth (Markert 2003), the ratios of Ca/Mg
were limited (3.7—8; Marikovska et al. 2002) in all three
stands, and the Ca/N ratios were optimal only in the M—
and U-stands.

Synergic and antagonistic relationships between
individual elements can be disturbed by different stress
factors (Markert 2003). We recorded relatively high
amounts of Mn in the upper U-stand. Although Mn
mobilization may indicate the disturbance of the equi-
librium in spruce physiology, leading to disproportion-
ate levels of iron, which was also confirmed in our case,
this phenomenon is quite common, since a few studies
have confirmed that the highest mobilization of man-
ganese appeared in higher altitudes (Kaupenjohan et
al. 1989; Mankovska et al. 2002). On the other hand,
an enormously high aluminum content recorded in the
lower D—stand can have a much greater negative effect
on the balance of the physiological processes. Based on
the decreases in exchangeable base cations (Ca?" and
Mg?") and the increases in exchangeable Al in the spruce
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needles of this stand, we can presume soil acidification
occurred. Forthe entire Carpathian Mountains range, the
highest concentrations of Al were determined for spruce
in Poland: 140 mg.kg™! (Mankovska et al. 2002). The Al
concentrations detected in the D—stand were even higher
than this value. We expect that in this case, aluminumis
deposited mainly in the form of precipitation from more
distant polluted areas, and may be leached from higher
to lower stands.

Moreover, stress factors negatively affected the state
of the photosynthetic pigments of the spruce forests
along the Lomnicky peak transect, mainly in the M-stand.
Ditmarova et al. (2007b) found that the values of total
chlorophyll pigments during the vegetation season in
the healthy trees of natural spruce stands in the Zadna
Polana National Nature Reserve (Slovakia) were in the
range of 3.26—4.81 mg.g . The average concentrationsin
our study were 2.53-4.37 mg.g ™. The values of the Chl/
Carratio (3-5) revealed the weakened photo-protective
function of the photosynthetic apparatus of all evaluated
stands. Although the percentage of defoliation was quite
high in the D— and M—stands, the assimilatory organs
were not seriously damaged with regard to the photosyn-
thetic pigment ratios, because the values did not decrease
to below 3 (Lichtenthaler 1987). Additionally, the find-
ings of the maximal pigment concentration during late
summer in the U-stand may provide useful insight into
the seasonal dynamics of pigment concentrations. Simi-
lar results were found by Kmet et al. (2010) with a natural
seasonal course for undamaged spruce trees and without
such dynamics for damaged trees with yellowing symp-
toms. Based on our results, we can presume that forest
stands with a seasonal increase in chlorophyll pigment
concentration are more vital than stands without sea-
sonal improvement.

The parameters of the fast and slow Chl a fluores-
cence measured in all spruce stands did not indicate
reduced capacity of the primary photosynthetic processes
during the vegetation season. The values of one of the
basic parameters, namely, F/F , for the whole sample
set in June and August were recorded as favorable, not
dropping close to the disturbance limit (0.725) (Critchley
2000). Measurements before and after the occurrence
of high temperatures allowed us to evaluate changes in
the performance of PSII; indeed, the Chl a fluorescence
parameters have been recognized as excellent indica-
tors of high temperature stress in PSII (Brestic & Ziv-
cak 2013; Mathur et al. 2014; Kalaji et al. 2017). The
photosynthetic performance of PSII evaluated by fluo-
rescence traits was higher at the beginning of June. Nev-
ertheless, the thermostability of PSII during June was
lower in comparison to that in August. Simulation of heat
stress led to a decrease in the efficiency of the primary
photochemistry in PSII. The most negatively influenced
were the fluorescence parameters in the D—stand. The
photosynthetic performance index (R,), as well as the

density of active reactions centers (R, , .), significantly

reduced and the values of K—step (Wk) and the basal fluo-
rescence (F;) increased. This was expected, as increasing
of the variable fluorescence in the K—step has previously
been observed, especially under thermal stress and high
levels of F, and Wk, indicating serious damages to the
PSII (Strasser et al. 2000).

After heat simulation, we also observed a high stim-
ulation of non-photochemical quenching (NPQ) in all
spruce stands, due to the increase in energy dissipation
as heat. Leaf temperatures above 35 °C cause an initial
decrease in the photochemical efficiency of most plants,
which is accompanied by an increase in NPQ in order
to reduce the energy available for photochemistry and
as a mechanism of plant defense against thermal stress
(Miiller et al. 2001; Mathur et al. 2014).

Our results also indicate that the differences in the
performance of PSII among the forest stands were well
detected at the beginning of June (late spring), aswe can
see from the PCA results. Since the fluorescence parame-
ters are closely linked to photosynthesis, we suppose that
these processes are more active during the rapid growth
(i.e.,in spring and at the start of summer) of spruce trees,
and are also more influenced by heat stress in this period.

5. Conclusion

We analysed vitality status of three spruce stands affected
by windstorms in 2004 and 2014, drought stress (annu-
ally from 2015), and consequently, disturbed by bark
beetles. Based on our research, we can conclude that
there are certain differences in the vitality of these spruce
stands, which were recorded by using an eco-physio-
logical assessment/approach. The lowest spruce stand,
i.e., the D—stand at 1,100 m a.s.l., displayed the lowest
concentrations of the basic nutrition cations and high Al
concentrations in the needles, the most affected perfor-
mance of the PSII after heat stress simulation, and no
seasonal dynamics of photosynthetic pigments. The best
physiological vitality was detected in the highest spruce
stand at 1,500 m a.s.l. However, as shown in this study,
using heat stress simulation, future increasing tempera-
tures and drought periods may lead to the rapid disinte-
gration of these spruce forest stands, which are already
seriously weakened by Ips typographus. Photosynthesis,
as the most sensitive physiological process, might be
negatively influenced by high temperature during peri-
ods of intensive tree growth, when the photosystems are
the most active, and concurrently, the highest nutrient
consumption occurs.
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