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Abbreviations: AP – alpha-pinene; ATEol – (–)-alpha-terpineol; BP – beta-pinene; CAM – camphene; CAR – caryophyllene;  
CI – 1,8-cineole; Ci – intercellular concentration of CO2; Chl – chlorophyll; E – transpiration rate; F', F – chlorophyll a fluorescence 
measured on light-adapted (F') or dark-adapted leaf (F); F0', F0 – basal fluorescence of light-adapted (F0') or dark-adapted leaf (F0);  
Fm', Fm – maximal fluorescence in light (Fm') or dark-adapted leaf (Fm); FM – fresh mass; Fq', Fq – photochemical quenching of 
fluorescence of light-adapted (Fq') or dark-adapted leaf (Fq); Fs' – measured fluorescence of steady-state in light-adapted leaf;  
Fv', Fv – variable fluorescence of light-adapted (Fv') or dark-adapted (Fv) leaf; Fv/Fm – maximum quantum yield of photochemistry in 
dark-adapted leaf; gs – stomatal conductance to water vapour; HUM – humulene; LIM – limonene; NPQ – nonphotochemical quenching 
of fluorescence; OCI – o-cimene; PIABS – performance index of photochemical activity based on the absorption; PN – photosynthetic rate; 
qL – coefficient of photochemical quenching based on the ‘Lake’ model; qN – coefficient of nonphotochemical quenching of variable 
fluorescence; qP – coefficient of photochemical quenching based on the ‘Puddle’ model; RC/ABS – number of active reaction centres per 
antenna in PSII based on the absorption; SH – sabinene hydrate; TER – terpinolene; ΔW – tree water status; ΦPSII – the actual efficiency 
of PSII photochemistry (measured in light-adapted leaf); Ψw – soil water potential.
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A manipulative experiment with two different water regimes was established to identify the variability of physiological 
responses to environmental changes in 5-year-old Norway spruce provenances in the Western Carpathians. While 
variations in the growth responses were detected only between treatments, photosynthetic and biochemical parameters 
were also differently influenced among provenances. Following drought treatment, an obvious shrinkage of tree stems 
was observed. In most provenances, drought had a negative effect on leaf gas-exchange parameters and kinetics of 
chlorophyll a fluorescence. Secondary metabolism was not affected so much with notable differences in concentration 
of sabinene, o-cimene, and (–)-alpha-terpineol monoterpenes. The most suitable indicators of drought stress were 
abscisic acid and fluorescence parameters. Seedlings from the highest altitude (1,500 m a.s.l.) responded better to 
stress conditions than the other populations. Such provenance trials may be a valuable tool in assessing the adaptive 
potential of spruce populations under changing climate.

Highlights

● Photosynthetic processes in spruce trees were more drought-affected than monoterpenes
● ABA and chlorophyll a fluorescence were found as specific severe drought indicators
● Seedlings from the highest altitudes maintained the best photosynthetic performance
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Introduction

Norway spruce represents the most economically important 
tree species with a wide range of distribution across Europe. 
Therefore, it is important to pay considerable attention to 
research and study of the impacts of climate change on 
this species. Long-term drought, high temperatures during 
the growing season, and irregular precipitation distribution 
have an important negative impact not only on the growth 
rate of Norway spruce in the subalpine area but also at 
altitudes below 1,300 m above sea level (Hartl-Meier et al. 
2014). Water-limited spruce ecosystems are generally 
more vulnerable to other stress factors, such as pest attacks, 
fungi, pollutants, and windstorms (Čermák et al. 2019). 
Moreover, the populations growing on significantly dry 
and stony soils show a higher predisposition to pathogens 
due to carbon starvation (Rehschuh et al. 2017, Tužinský 
et al. 2017). 

One of the challenges of adaptive forest management 
is to sustain and enhance the stability of Norway's spruce 
ecosystems in all central parts of Europe (Jamnická et al. 
2019). Adaptive strategies may include acclimatization 
to local conditions and phenotypic plasticity of the 
populations or change in genotype (frequencies) within the 
same species due to environmental pressure. Adaptation to 
drought can be reflected in the variation of key functional 
traits, including PSII functioning and photosynthetic 
capacity under water shortage (Bussotti et al. 2015). 
Epron and Dreyer (1990) noted the susceptibility to 
photoinhibition is related to the lack of water, which makes 
it an important adaptation mechanism under the conditions 
of a changing climate.  

Drought is a significant factor affecting the physio
logical processes in Norway spruce trees, including  
a complex of negative effects at all levels, starting with 
the exchange of gases and ending with the suppression 
of the activity of photosynthetic enzymes (Urban et al. 
2017). It also plays an essential role in the activation of 
protective mechanisms such are stress hormones and stress 
proteins (Mukarram et al. 2021). Abscisic acid regulates 
the closing of the stomata and indicates the accumulation 
of osmotically active compounds, which are essential 
for protecting cells from further damage (Daszkowska-
Golec 2016). Free proline accumulation in leaves with 
decreasing content of available water means providing  
an effective mechanism for osmotic regulation, stabilisation 
of subcellular structures, and cellular adaptation to water 
stress (Valentovič et al. 2006, Gunes et al. 2008).

After the first event under mild drought, such as 
stomata closing, investigation of changes in chlorophyll a 
fluorescence provides a useful tool for understanding 
photosynthetic metabolism and thus identifying plant 
performance in their environment or at least reactions of 
phenotypes to water deficit (Longerberger et al. 2009, 
Kalaji et al. 2016). While mild drought can enhance 
photosynthetic processes, intense and long-term drought 
leads to the decline of photosynthesis through nonstomatal 
factors. These may result in ATP shortage, and limited 
RuBP regeneration processes which with stomatal factors 
of photosynthesis limitations contribute to the decline of 

CO2 assimilation. Reduction of photosynthesis may cause 
stressed plants to absorb more light energy, however,  
they are not able to use it in the fixation of carbon. 
Downregulation of photosynthesis can lead to many 
damages of PSII, such as injury of light-harvesting 
complexes, reaction centers including proteins, especially 
D1 which affects the activity of electron transport chain or 
oxygen-evolving complexes (Wang et al. 2018, Shevela 
et al. 2019). The insight into the functioning of PSII, as 
the sensitivity of PSII is higher than that of PSI, provides 
information about the efficiency of the photochemical 
conversion of radiant energy in PSII during photosynthesis 
and reflects the efficiency of the entire transfer including 
changes in photochemical and nonphotochemical 
quenching (Zivcak et al. 2013, Chen et al. 2018).

In spruce species, also terpenes are an essential part 
of the spruce defense system and the ability to increase 
their amounts can be considered an important indicator 
of tree resistance (e.g., Kopaczyk et al. 2020, Marešová 
et al. 2022). Synthesis of specialised compounds in  
the secondary metabolism of spruce may be significantly 
influenced by water deficit, when the synthesis of these 
secondary metabolites may change depending on 
drought intensity, duration, and individual tree genetic 
predispositions (Holopainen et al. 2018). 

The primary objective of the present study was to 
examine the effects of simulated drought on the primary 
photosynthesis processes and concerning  in Norway 
spruce (Picea abies L. H. Karst) originating from six 
different provenances of Western Carpathians, Slovakia. 
The selected provenances represent different microclimatic 
conditions with dissimilar precipitation (808–1,279 ml, 
30-years' average), altitude (650–1,500 m a.s.l.), and 
temperature (2.68–6.88°C, 30-years' average). It was 
hypothesized that provenances from various microclimatic 
conditions had developed a different adaptive response 
to ecological conditions. Further, our specific research 
questions were: (1) Are there certain intra-species differing 
responses to drought through changes in photosynthetic 
performance? (2) To what extent does drought affect 
secondary metabolism? (3) Which provenance is more 
resistant to drought in terms of the observed physiological 
traits?

Materials and methods

Plant material: The seedlings of six Norway spruce (Picea 
abies L. H. Karst) provenances (PV1–PV6) originated 
within the natural distribution of Norway spruce in Western 
Carpathians, distributed along an altitudinal gradient from 
650 to 1,500 m a.s.l. 

Seeds were taken from the gene bank of forest trees 
of Slovakia (OZ Semenoles, Liptovský Hrádok, Slovakia). 
They were sown in an experimental research plot of the 
Mlyňany Arboretum of the Slovak Academy of Sciences, 
Slovakia, and grown in one plot until the age of five years. 

Experimental design: Three weeks before the experiment, 
similarly homogenous five-year-old spruce seedlings were 
transported to the Institute of Forest Ecology laboratory to 



330

H. HÚDOKOVÁ et al.

acclimate to the lab conditions. The experiment lasted one 
month in 2022, from 21 July to 19 August. The daylight 
was simulated using halogen lamps with gradually 
increasing light intensity from 150 to 400 µmol(photon) 
m–2 s–1 for 14 h (from 6:00 to 20:00 h). The absence of 
light created night settings of 10 h (from 20:00 to 6:00 h). 
In total, 60 seedlings were randomly separated into two 
air-conditioned rooms and groups: (1) control group 
(C) in the first room under fully irrigated conditions for 
provenances PV1 C–PV6 C (the temperature of 24°C and 
70% relative humidity were set up during the day); and 
(2) drought treatment (D) in the second room without 
irrigation for provenances PV1 D–PV6 D (the temperature 
of 28°C and 50% relative humidity were set up during  
the day). Overall, 60 Norway spruce seedlings were 
analysed.

Soil water content: Soil water potential measurements 
(Ψw [MPa]) were continuously monitored in 1-h intervals 
in each pot by calibrated gypsum block (Delmhorst Inc., 
USA) installed at 10-cm depths and stored in data loggers 
(EMS Brno, Czech Republic). The soil water potential 
values were in the range of 0.0 up to –1.5 MPa, which 
were at the lower measurable limit of the equipment.

Diameter variations and extraction of tree water status 
(ΔW): Variations of stem diameters were monitored 
continuously for 20-min intervals using a high‐resolution 
PDS40 SDI sensor (EMS Brno, Czech Republic), which  
was noninvasively mounted at ca. 15 cm of the tree stem. 
We used one-hour averages of tree stem diameter to  
calculate their shrinkage. Diameter variations below the 
preceding maximum stem diameter were considered tree 
water deficit or tree water status (ΔW). Measurements 
started two days after installation. We selected 10 
Norway spruce seedlings from the drought-treated group 
across provenances and 13 from the control group across 
provenances to calculate average curves. The seedlings 
whose diameter variation curves were significantly 
damaged by handling pots and seedlings during 
measurements were excluded.

Gas exchange: Parameters of gas exchange and water-
use efficiency were measured in juvenile needles using 
a Li-6400XT open gasometric system, with an equipped 
chamber fitted with a 6400-02B LED light source  
(LI-COR Inc., Lincoln, NE, USA), for five seedlings per 
variant and provenance. Inside the chamber, the reference 

CO2 concentration was 400 µmol mol–1, photosynthetic 
active radiation was maintained at 1,500 µmol(photon)  
m–2 s–1, and the system temperature was 24°C. Values of 
the CO2 photosynthetic rate (PN), transpiration rate (E), 
and stomatal conductance to water vapour (gs) were 
recorded immediately after the adaptation of leaves inside  
the chamber (5–6 min) when the values of CO2 assimilation 
rate persisted steady (1–2 min).

Fast kinetics of chlorophyll a fluorescence: The 
performance of the PSII was measured using the portable 
fluorimeter Handy PEA (Hansatech Instruments, Ltd., 
United Kingdom). The juvenile needles were adapted to 
dark conditions for 30 min using the leaf clips. After dark 
adaptation, they were illuminated by the saturation pulse 
with high radiation intensity [PAR of 3,500 µmol(photon) 
m–2 s–1] to enhance Chl a fluorescence for 1 s. Every 10 µs, 
Chl a fluorescence was detected to attain a polyphasic 
fluorescence curve with an OJIP shape (Strasser et al. 
2004). We determined the basic fluorescence parameters:  
the basal fluorescence (F0), measured 50 μs after 
the enlightenment of the saturation pulse, and the 
maximum quantum yield of the photochemistry of PSII  
(Fv/Fm), calculated as the ratio between the variable 
Chl a fluorescence (Fv) and the maximum of the Chl a 
fluorescence (Fm). Moreover, the photosynthetic 
performance index based on absorption (PIABS) and 
the number of active reaction centres (RC/ABS) was 
quantified. The measurements were done on five seedlings 
per provenance and variant in two repetitions.

Rapid light curves: The parameters of Chl a fluorescence 
were determined using a Mini-PAM (Heinz Walz GmbH, 
Germany). These parameters were measured on juvenile 
needles of five Norway spruce seedlings per provenance 
and variant in two repetitions. Rapid light curves (RLC) 
were automatically measured under the control of  
the program. The actinic light was applied in eight 
steps, with increasing intensities from PAR of 38 
to 616 µmol(photon) m–2 s–1 and a duration of 10 s.  
The illumination periods were divided by a 0.8-s saturating 
pulse from a white halogen lamp [PAR of 2,000–
3,000 µmol(photon) m–2 s–1]. The parameters of RLC 
measurements were determined: (1) the effective quantum 
yield in the PSII (ΦPSII); (2) coefficients of photochemical 
quenching (qL and qP) (Zivcak et al. 2013), (3) coefficients 
of nonphotochemical quenching (qN and NPQ). Mentioned 
parameters are indicators of the excess energy of the 

PV Altitude
[m a.s.l.]

Longitude Latitude Forest unit Locality Annual
precipitation
[mm]

Precipitation
May–September
[mm]

Annual
temperature
[°C]

Temperature
May–September
[°C]

1    650 48°46' 19°24' Slovenská Ľupča Pohronský Bukovec    808 441 6.88 14.52
2 1,335 49°14' 19°13' Habovka Zverovka    936 536 6.56 14.14
3    870 49°09' 19°25' Liptovská Teplá Prosečné    951 548 6.06 13.54
4 1,060 48°59' 19°48' Malužiná Tajch 1,011 588 4.58 11.82
5 1,500 48°57' 19°27' Partizánska Ľupča Pod Chabencom 1,155 641 3.42 10.48
6 1,050 49°16' 19°43' Habovka Zadná Kremenná 1,279 723 2.68   9.56
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light or heat-dissipated excitation energy in the antenna 
complexes (Zivcak et al. 2013).

The content of abscisic acid (ABA): Juvenile needles  
were collected from the five spruce seedlings per 
provenance and variant at the endpoint of the experiment 
and immediately stored in liquid nitrogen at –190°C 
(five samples per each provenance and variant).  
The concentration of ABA [pmol g–1(FM)] was detected 
using two-dimensional (2D) high-performance liquid 
chromatography (HPLC) at the Institute of Experimental 
Botany of the Czech Academy of Sciences (Prague, Czech 
Republic) (e.g., Marešová et al. 2022).

Free proline: Juvenile needles were collected from  
the five spruce seedlings per provenance and variant 
at the endpoint of the experiment and immediately 
placed in a freezer at –20°C. The content of free proline 
[µmol g–1(FM)] was detected using a ninhydrin-based 
colorimetric method according to the method of Bates 
et al. (1973). Samples of 0.5 g of frozen young needles 
(from five seedlings per variant and provenance) were 
homogenised with 10 ml of 3% sulfosalicylic acid and 
filtered. Then, a mixture of 2 ml of filtrate, 2 ml of glacial 
acetic acid, and 2 ml of acidic ninhydrin was incubated 
for one hour at 100°C in a water bath. The reaction 
was terminated on ice, and the created reagent was 
mixed with 4 ml of toluene for 20 s. The absorbance of  
the extracted chromophore at 520 nm was determined with 
the toluene as a reference using a CINTRA spectrometer 
(GBC Scientific Equipment, Braeside, Victoria, Australia). 
After all, the proline concentration was determined from  
a standard concentration curve and recalculated to the 
fresh mass (FM) of the sample.

Terpene sampling, extraction, and analysis: Samples 
of juvenile needles obtained at the end of the experiment 
from five Norway spruce seedlings per provenance and 
variant were stored at –20°C in a freezer for two weeks.  
The mortar and the pestle were used to ground 0.2 g of frozen 
needle samples for 15–20 s with 10 ml of liquid nitrogen. 
Then, 2.0 ml of n-hexane (99% p.a., Sigma Aldrich, 
Germany) was added to 0.15 g of sample homogenate in  
a 20-ml tare glass tube, which was immediately closed. 
The suspension was mixed for 10 min in an ultrasonic bath 
at 20°C (Tesla UC 005 AJ1, frequency 50 kHz), following 
the filtration through filter paper (Filter Discs Grade: 390; 
84 g m–2; Munktell). Obtained hexane sample extracts (1 µl 
of each eluate) were analysed using gas chromatography 
with mass spectrometry (GC-MS). The GC-MS system 
consisted of a 7890B GC and a 5977A MS instrument 
(Agilent Technologies, Palo Alto, CA, USA). The injection 
mode was splitless with a purge time of 0.35 min and  
an injector temperature of 250°C. The constant flow rate 
of a carrier gas helium (He) was 0.5 ml min–1/10 psi.  
MS system was operated using electron impact ionisation 
(70 eV) in the scan mode and a mass range of 20–350 m/z. 
The MS quadrupole temperature was 150°C, the ion source 
was 250°C, and the interface was 230°C. The used column 
was HP-INNOWax (30 m × 0.25 mm, film thickness  

0.5 µm, Agilent). The GC oven program started at 50°C  
for 3.0 min, following ramping at a rate of 3°C min–1 
to 110°C. Further ramping was continued at a rate of  
20°C min–1 to 220°C and it was stopped after 3 min  
holding at 220°C. Terpenes identification was made by 
a comparison of their mass profile and their retention 
times with authentic commercial pure standards [alpha-
pinene (AP), camphene (CAM), beta-pinene (BP), 
limonene (LIM), o-cimene (OCI), terpinolene (TER), 
sabinene (SAB); (–)-alpha-terpineol (ATEol); 99% p.a., 
Sigma Aldrich]. Agilent Mass Hunter Qualitative 
Analysis software B.07.00 and Mass Hunter GC-MS Data 
Acquisition software were used for the quantification 
of mass profiles of samples and standard spectra.  
The extracted ion chromatogram data (93.1 m/z) 
was used for obtaining the absolute amounts of 
monoterpenes expressed as a percentage of the GC-MS 
results. Quantitative data were calculated by the sample 
mass spectra comparison with the mass spectra of the 
closest standard (10 µg ml–1) from the calibration curve 
(1.0‒100.0 µg ml–1). Finally, terpene concentration data 
were recalculated on the sample fresh mass (FM).

Statistical analysis: Data from the measurements 
of photosynthetic and biochemical parameters were 
analysed using Kruskal-Wallis tests (K-W test) followed 
by pairwise Wilcoxon rank sum tests. The analysis was 
performed in the R (4.1.2) environment using the rstatix 
(0.7.0) library (R Core Team, Austria). Letters denoting 
statistically significant differences were created using the 
multcompView (0.1-8) library. Groups that do not share 
the same letter are statistically different. The average 
curves and 95% confidence intervals for Ψsoil and ΔW were 
calculated in Excel (MS Office). For statistical comparison 
of their relation, we used Spearman's rank correlation 
coefficient using Statistica® statistical software (Statsoft, 
Tulsa, OK, USA).

Results

Changes in soil- and tree-water status: The average 
soil water potential (Ψsoil, Fig. 1A) in the drought-treated 
group began to decrease continuously after 31 July until 
20 August at noon, when it reached a value of –1.40 MPa. 
This was accompanied by apparent shrinkage (decrease of 
ΔW) of tree trunks (Fig. 1B, Spearman's rank correlation 
r = 0.984). This was highlighted especially after  
10 August, during which Ψsoil dropped below –0.8 MPa 
when shrinkage (ΔW) continuously decreased synchro
nously with decreasing Ψsoil until 20 August (Spearman's 
rank correlation r = 0.998), reaching a minimum value of 
–0.359 mm at noon, which represented 3.1% of trees initial 
diameter. The values of Ψsoil and ΔW of the control group 
were around 0.1 during the entire monitoring period. 

Photosynthetic traits: The gas-exchange parameters 
were similar in the control group (C variant) in different 
provenances. The mean values fluctuated around the 
7.9 µmol m–2 s–1 for PN (Fig. 2A), 0.09 mol m–2 s–1 for 
gs (Fig. 2B), and 1.6 mmol m–2 s–1 for E (Fig. 2C) in 
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all provenances. Conditions in the drought variant  
(D variant) negatively affected these parameters.  
The net photosynthetic rate significantly decreased in PV1 
(about 60%), PV4 (about 90%), and PV6 (54%). Stomatal 
conductance was significantly lower in PV1, PV3, PV4, 
and PV6, with the highest decrease in PV4 (about 90%). 
The lowest transpiration rate was also observed in PV4, 
whereas PV2 and PV5 stood significantly unaffected. 
These results point to a different drought response of  
the examined populations, where the provenances from 
higher altitudes PV2 (1,335 m a.s.l.) and PV5 (1,500 m 
a.s.l.) appear to be less affected.

Chl a fluorescence traits: Fast kinetics of chlorophyll a 
fluorescence was affected by drought, and in several  
cases, the differences between provenances were proved 
in the D variant (Fig. 3). The basal fluorescence (F0) 
significantly increased in provenances PV1 and PV4. 
Drought-induced reduction of Fv/Fm was observed mainly 
in PV1, PV2, and PV6. The number of active reaction 
centres (RC/ABS) was not reduced by drought. Still,  
the interaction of the provenance and variant significantly 
influenced RC/ABS, where the differences between 
provenances PV5 and PV3 on one hand and PV6 on  
the other hand, were observed in the D variant. In the case 
of PIABS, provenance PV5 showed higher values, while  
the other provenances had lower values in the D variant.

From the analysis of the RLC of the ΦPSII, we found 
values about 0.78–0.81 for the C variant. The actual 
efficiency of photochemistry decreased in the D variant for 
provenances PV1, PV3, and PV4 (Table 1, Fig. 4). In the 
case of the coefficients of photochemical quenching, PV4 
exhibited the lowest values of qP and qL in the D variant 
and significantly differed from PV2, PV3, PV5, and PV6 

provenances in the qP parameter, as well as significantly 
differed from PV3 in the qL parameter.

Regarding nonphotochemical quenching, in control 
variants, the highest values of qN and NPQ were found 

Fig. 1. The average soil water potential (Ψsoil) of control (black 
trace) and drought treated (grey trace) groups (A). The average 
tree water deficit (ΔW) of control variant (black trace) and 
drought treated (grey trace) groups. Vertical lines represent 95% 
confidence intervals.

Fig. 2. Quantification of the changes in leaf gas-exchange 
parameters measured in needles of six Norway spruce 
provenances. PN – photosynthetic rate [µmol(CO2) m–2 s–1] (A);  
gs – stomatal conductance to water vapour [mol(H2O) m–2 s–1] (B); 
and E – transpiration rate [mmol(H2O) m–2 s–1] (C). C – control 
variant, D – drought variant. PV1–PV6 – the numbering of 
the provenances. Means ± SD (n = 5). Different small letters 
represent statistically significant differences among the groups at 
p<0.05 according to K-W test.
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in provenances from higher altitudes (PV2, PV5, PV6) 
(Table 1, Fig. 4G–J). In the D variant, the ability to 
dissipate excess energy by heat significantly declined in 
provenances PV3 and PV4.

Specialised biochemical compounds: In the evaluation  
of the concentrations of free proline and ABA, which 
are directly involved in defensive mechanisms against 
drought stress in spruce species, we did not observe any 
significant differences between the provenances under 
the control conditions (Fig. 5A). However, slightly 
higher concentrations of free proline were found in  
the provenances PV5 C and PV6 C from higher and  
wetter locations (Fig. 5B). In the D variant, the contents 
of free proline significantly increased in four provenances 
except for PV5 D and PV6 D. The proline concentration 
in PV3 D and PV4 D was 3.5-times higher than that in 
the C variant. Dehydration significantly affected free 
ABA accumulation in spruce needles of all provenances. 
However, the lowest concentration of the drought-
signalling phytohormone was observed in PV5 D from  
the highest altitude. 

The studied constituents contained in the spruce 
needles were: AP, BP, CAM, LIM, OCI, TER, SAB, and 
ATEol (Fig. 6). The total monoterpenes (MTs) showed 
insignificant changes in the D variant. In the case 
of individual monoterpenes, from a wide spectrum of 
evaluated MTs, the result of the Kruskal-Wallis test 
showed an increase in the concentrations of monoterpene 
OCI (all of PVs except for PV4 D) and sabinene (SAB) 
and oxygenated monoterpene ATEol (both significant in 
PV5 D) between the variants (Fig. 6E,F,H).

Discussion

Tree water status (ΔW, e.g., Zweifel et al. 2005, Oberhuber 
et al. 2015a) is associated with water storage and its  
intricate traffic with transpiration, transport, and root 
water uptake (e.g., Betsch et al. 2011, Köcher et al. 2012).  
In our case, the minimal circadian variations of ΔW 
seem somewhat in contrast with other reports (Zweifel 
et al. 2005, Oberhuber et al. 2015a). It could result from 
relatively moderate daily dynamics of evapotranspiration 
demands.

Fig. 3. Quantification of the changes in parameters of fast kinetics of chlorophyll a fluorescence measured in needles of six Norway 
spruce provenances. F0 – basal fluorescence of dark-adapted leaf (A); Fv/Fm – maximum quantum yield of photochemistry in dark-
adapted leaf (B); RC/ABS – number of active reaction centres per antenna in PSII based on the absorption (C); PIABS – performance 
index of photochemical activity based on the absorption (D). C – control variant, D – drought variant. PV1–PV6 – the numbering of 
the provenances. Means ± SD (n = 5). Different small letters represent statistically significant differences among the groups at p<0.05 
according to K-W test.
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Data from drought and irrigated groups suggest a high 
correlation between ΔW and Ψsoil. It can be a consequence 
of increasing drought that results in the decreased water 
potential of stem conducting tissues. According to 
Offenthaler et al. (2001), spruce xylem water potential 
showed a linear relation to wood diameter, and during  
a drought period of 3 weeks, the predawn xylem diameter 
shrank continuously with decreasing soil water content. 
Oberhuber et al. (2015b) reported ΔW values ca. –0.5 mm 
on the radius of mature spruce trees accompanied 
by minimum needle water potentials in predawn  
ca. –0.75 MPa and the afternoon –2.35 MPa. Oberhuber 
et al. (2015a) stated saplings showed a more tensed stem 
water status and higher sensitivity to environmental 
conditions than mature trees.

Severe drought restricts stomatal activity and pushes 
toward carbon starvation. We also found reduced stomatal 
conductance (gs) and transpiration (E), and photosynthetic 
rate (PN) in drought-stressed PV1, PV4, and PV6.  
It could arise from a direct dehydration effect on Rubisco 
(Rubisco hydrolysis) that scars photosynthesis (Lawlor 
2002). Tang et al. (2002) have shown that a combination 
of stomatal and nonstomatal effects on photosynthesis 
exists, depending on the extent of drought stress and 
even if the plants are well hydrated. A significant decline 
in gas-exchange parameters was observed mainly in  
the provenances originating from lower elevations. Bigras 
(2005) did not observe a substantial decrease in the net 
rate of photosynthesis in two white spruce families  
till the shoot water pressure declined under –2.0 MPa. 
However, Marešová et al. (2022) observed a significant 
decrease in net photosynthetic rate after exposure of 
Norway spruce seedlings to mild drought. Moreover, in 

the perennial ryegrass, Dąbrowski et al. (2019) detected 
a significant decrease in net photosynthetic rate, stomatal 
conductance, and transpiration rate after 240 h of drought 
exposure when field water capacity decreased below 50%. 

The fast kinetics of Chl a fluorescence indicated  
the drought-reduced capacity of primary photosynthetic 
processes. Despite the Fv/Fm ratio being a quite 
stable parameter, water deficit reduced it close to the 
disturbance limit of 0.725 (Critchley 2000) in several 
provenances (PV1, PV2, PV4, and PV6). It represents 
critical photoinhibition arising from a decreased PSII 
photochemistry constant rate (caused by damaged PSII 
reaction centres) and/or augmented dissipation constant 
rate of excitation. Deteriorated PSII photochemistry 
increases F0, while improved dissipation declines F0 and 
Fm (Guidi et al. 2019). Thus, a significantly increased F0 
in PV1 and PV4 suggests a lower PSII photochemistry 
constant rate.

Bigras (2005) also depicted the higher sensitivity 
of PSII to drought (shoot ΨW ≤ –1 MPa) through 
parameters of Chl a fluorescence (F0, Fv/Fm, qN, and 
NPQ) in white spruce. A decreased Fv/Fm ratio is not 
necessarily linearly related to the number of deactivated 
reaction centres of PSII (PSII inactivation) as it can 
also come from charge separation processes such as 
NPQ (Malnoë 2018). Pukacki and Kamińska-Rożek 
(2005), in the study on Norway spruce, also observed  
a significant reduction (77%) in Fv/Fm after a severe 
drought (shoot ΨW ≤ –2.4 MPa). They also observed  
a significant decrease in other Chl fluorescence parameters 
when shoot ΨW decreased below –1.1 MPa. Surprisingly,  
RC/ABS density showed no significant differences 
between variants and provenances. This could also be 

Table 1. Statistical differences in parameters of the slow kinetics of chlorophyll a fluorescence among the provenances in different 
variants. For the quantification of RLCs, the curve values at the startpoints (ΦPSII, qL, qP) and endpoints (qN, NPQ) were used.  
The data presented are the means ± SD. Different letters indicate significant differences between provenances after Wilcoxon rank sum 
tests (p<0.05). NPQ – nonphotochemical quenching of fluorescence; qL – coefficient of photochemical quenching based on the ‘Lake’ 
model; qN – coefficient of nonphotochemical quenching of variable fluorescence; qP – coefficient of photochemical quenching based on 
the ‘Puddle’ model; ΦPSII – the actual efficiency of PSII photochemistry.

Provenance ΦPSII qL qP qN NPQ

Control
PV1 0.772a 0.165b 0.393a 0.805a 2.411ab

PV2 0.807a 0.130b 0.357a 0.846a 3.111a

PV3 0.772a 0.163b 0.410a 0.805a 2.429ab

PV4 0.742a 0.173b 0.414a 0.806a 2.221ab

PV5 0.806a 0.127b 0.355a 0.828a 2.816a

PV6 0.809a 0.159b 0.422a 0.818a 3.002a

Drought
PV1 0.632ab 0.159b 0.306ab 0.728ab 1.793ab

PV2 0.749a 0.168b 0.385a 0.770a 2.015ab

PV3 0.504b 0.271a 0.393a 0.544b 0.956b

PV4 0.641ab 0.136b 0.259b 0.615b 1.084b

PV5 0.771a 0.132b 0.344ab 0.800a 2.406ab

PV6 0.699a 0.178b 0.367a 0.814a 1.979ab
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Fig. 4. The rapid light curves of parameters derived from chlorophyll a fluorescence as a function of photosynthetically active radiation 
(PAR) [μmol(photon) m–2 s–1] measured in needles of six Norway spruce provenances. ΦPSII – the actual efficiency of PSII photochemistry 
(measured in light-adapted leaf) (A,B); qL – coefficient of photochemical quenching based on ‘Lake’ model (C,D); qP – coefficient of 
photochemical quenching based on the ‘Puddle’ model (E,F); qN – coefficient of nonphotochemical quenching of variable fluorescence 
(G,H); NPQ – nonphotochemical quenching of fluorescence (I,J). PV1–PV6 – the numbering of the provenances. Means ± SD (n = 5).
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caused by the relatively low sensitivity of parameters 
to drought stress or by relatively high variability in  
the response of PSII between tested Norway spruce 
seedlings and provenances. Moreover, Bussotti et al. 
(2020) describe RC/ABS as quite insensitive parameter 
to moderate stress conditions, however, under severe 
drought, this parameter reflects well damage of RC 
components. Thus, parameters such as Fv/Fm and PIABS 
are better markers for drought than RC/ABS (Kalaji  
et al. 2016, Sousaraei et al. 2021). Bussotti et al. (2020) 
found a strong correlation between Fv/Fm and PIABS.  
PIABS is a multifactor parameter involving RC/ABS,  
Fv/Fm, and the ability of the electron to reach the electron 
transport chain, which could better reflect the damage 
of the PSII. However, heat stress can affect it more than 
drought (Kalaji et al. 2016). Interestingly, parameters  
of the fast kinetics of fluorescence were negatively  
affected except for one provenance from the highest 
altitude (PV5).

By maintaining higher ΦPSII and qP values during water 
stress, provenances from higher altitudes (PV2, PV5, PV6) 
exhibited a higher efficiency in electron transport and 
disposed of a higher proportion of opened reaction centres. 
Moreover, these provenances showed the higher capacity 
of heat dissipation of chlorophyll excessive energy (NPQ, 
qN), which may be related to better photoprotective 
reaction resulting from the long-term adaptation to 
extreme mountain conditions and high radiation. NPQ 
is composed of energy-dependent quenching induced 
by changes in the proton gradient across the thylakoid 
membrane, state transition quenching impressed by 
reversible phosphorylation of the LHC of PSII, and 
quenching of photoinhibition (Stefanov et al. 2022). This 

photoprotective mechanism removes excitation energy 
within chlorophyll complexes and prevents the likelihood 
of free radicals' formation (Demmig‐Adams and Adams 
2006).

Conversely, a pronounced decrease of ΦPSII and qP 
in PV4 suggested that the capability of photochemical 
conversion and the linear electron flux were the most 
sensitive to drought in this provenance. Consequently, 
the decrease of heat dissipation indicated a limiting factor 
for generating the trans-thylakoid proton gradient in  
the chloroplast (Ruban and Murchie 2012) and regulating 
protein PsbS and the modification of violaxanthin to 
zeaxanthin in the xanthophyll cycle (Murchie and Niyogi 
2011). This phenomenon can relate to defective PSI  
activity (Zivcak et al. 2013). In provenance PV3 from 
the middle altitudinal range (similarly to PV4), the high 
number of opened and active reaction centres per antenna 
in PSII (qP, qL, RC/ABS) was achieved under drought. 
Nevertheless, a significant decline in heat dissipation 
ability was also observed, which can damage photosystems 
during prolonged drought.

Tomášková et al. (2021) traced the PIABS and ΦPSII and 
revealed higher adaptability for high-mountain Norway 
spruce ecotypes over their lower-elevation counterparts. 
This illustrates the photosynthetic apparatus's phenotypic 
plasticity and the spruce ecotypes' stress resilience.  
The location of the studied Norway spruce provenances 
might explain its plasticity to water deficit, and thus,  
a potential genetic adaptation to drought in higher altitudes 
with shallow stony soil (e.g., Kmeť et al. 2010, Hlásny  
et al. 2014, Jamnická et al. 2019, Zlobin et al. 2019).

Zlobin et al. (2019) observed the adaptive mechanisms 
of white spruce to water deficit, which could be analogous 

Fig. 5. The concentrations of ABA phytohormone 
[pmol g–1(FM)] (A) and free proline [mg l–1(FM)] (B) 
in the spruce needles of six different provenances. 
PV1–PV6 – the numbering of the provenances.  
Means ± SD (n = 5). Statistically significant differences 
between the variants and among the provenances are 
presented by the small letters (Wilcoxon rank sum 
tests after K-W test, p<0.05).
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Fig. 6. The fluctuation of individual monoterpenes (MTs) concentration [µg ml–1(FM)] in the needles of seedlings of six Norway 
spruce provenances. AP – alpha-pinene (A); BP – beta-pinene (B); CAM – camphene (C); LIM – limonene (D); OCI – o-cimene (E); 
SAB – sabinene (F); TER – terpinolene (G);  ATEol – (–)-alpha-terpineol (H). C – control variant, D – drought variant. PV1–PV6 – 
the numbering of the provenances. Means ± SD (n = 5). Different small letters represent statistically significant differences between  
the groups at p<0.05 according to K-W test.
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to the well-studied adaptive mechanisms to winter stress 
indicating the complex protective mechanisms under 
various stresses in gymnosperms. It is possible that  
frequent exposure to adverse scenarios inculcates ‘stress 
memory’ in Picea abies. A similar suggestion was made by 
Petrik et al. (2022) in Fagus sylvatica. The stress memory 
could be driven by accrued signalling molecules and 
transcription factors (Bruce et al. 2007, Avramova 2015). 
Nonetheless, the modus operandi of stress memory-
driven drought tolerance in trees is still poorly understood  
(Fleta-Soriano and Munné-Bosch 2016, Godwin and 
Farrona 2020). 

Proline is considered one of the most reliable drought 
biomarkers in Norway spruce (Schiop et al. 2017).  
The drought-stressed Norway spruce ecotypes generally 
accumulated more proline than their control counterparts. 
However, the proline spike was not regular in provenances 
PV5 and PV6. The same provenances belonged to  
the wettest and coldest conditions, which can counteract 
drought. Conversely, proline accumulation was magnified 
in the drought ecotypes of more moderate environments 
(average altitude mixed with average precipitation and 
temperature). Thus, the highest proline content was 
amassed in PV3 and PV4. It is expected that drought 
variants of Norway spruce would experience higher 
osmotic imbalance and proline contents (Wohlfahrt et al. 
1998). It seems PV3 and PV4 were the most drought-
sensitive among all provenances, given that elevated 
proline contents suggest maximised ‘osmotic emergency’ 
and maneuvers for osmotic adjustments to maintain  
cellular homeostasis (Mukarram et al. 2021, 2023). Proline 
assists plants in stabilising proteins and membranes, 
maintaining cytoplasmic pH, and tolerating low water 
potential during stress (Hayat et al. 2012, Krasensky and 
Jonak 2012, Mukarram et al. 2022). Proline also serves 
as an alternative electron donor for PSII if the oxygen-
releasing complex is inhibited or dissociated by various 
stress factors. Its increased accumulation protects against 
photoinhibition and improves the energy status of plant 
cells during their regeneration after the end of stress  
(De Ronde et al. 2004). Although proline biosynthesis 
was upregulated in PV3 and PV4, it was short to mask the 
drought-induced damage to the fast (F0, Fv/Fm, PIABS) and 
slow (ΦPSII, qP, qL, qN, NPQ) kinetics of Chl a fluorescence. 
Our understanding of the proline-photosynthesis interplay 
is shared by several other studies with Picea abies during 
drought stress (Miron and Sumalan 2015, Schiop et al. 
2017). 

Ψw, gs, and ABA make the perfect triangle in deciding 
plant tolerance to drought (Hsu et al. 2021, Mukarram 
et al. 2021). Since stomatal responses are more closely 
linked to soil moisture content than to leaf water status, 
they are responding to ‘nonhydraulic’ chemical signals 
(Yordanov et al. 2000). Drought-induced low Ψw 
instigates guard cell ABA signalling for stomatal closure 
to restrict transpiration loss (Schroeder et al. 2001, Chater 
et al. 2014). Drought-induced ABA concentrations were 
high in all spruce provenances irrespective of altitude, 
precipitation, and temperature. It could have resulted 
from the de novo biosynthesis of ABA in spruce ecotypes 

(Pashkovskiy et al. 2019). Similar to proline, ABA showed 
the highest sensitivity in PV3 and PV4 and was negligible 
in control. This suggests that lower Ψw could be critical 
in instigating ABA-mediated stomatal closure in Picea 
abies. The gs was further intensified with the moderate 
environment that could be ascribed to upregulated 
ABA signalling (Jamnická et al. 2019, Marešová et al. 
2022). This might have reduced the net photosynthetic 
and transpiration rate, as we observed in PV4 drought 
ecotypes. It is possible that drought-induced ABA 
activated SnRK2 (sucrose nonfermenting 1 related protein 
kinase 2) in spruce provenances (Munemasa et al. 2015, 
Wu et al. 2019). The SnRK2 might have induced stomatal 
closure in PV4 through regulating K+ and Ca2+ channels, 
SnRK2 protein kinase OST1 (OPEN STOMATA 1), and 
slow anion channels SLAS1 in guard cells (Golldack et al. 
2014, Yu et al. 2019, Haas et al. 2021).

The trade-offs between monoterpenes and the physio
logical fitness of Norway spruce have been earlier 
correlated with climatic settings and altitude (Huang 
et al. 2019, Večeřová et al. 2021, Hrivnák et al. 2022). 
A harsh climate also regulates several other secondary 
metabolites in other forest trees (Holopainen et al. 2018).  
In particular, a few studies have reported drought  
influencing monoterpene biosynthesis and concentration 
in several spruce species (Madmony et al. 2018, Perreca 
et al. 2022). As our results showed, the concentrations  
of monoterpenes were not influenced by water deficit to 
such an extent. Individual monoterpenes dominated the 
moderate PV4 except for SAB, OCI, and ATEol. These 
monoterpenes (SAB, OCI, and ATEol) were maximally 
expressed in the highest altitude PV5 drought variant. 
Mullin et al. (2021) found that elevation strongly 
influences the expression of tree monoterpenes, while 
others suggested temperature and higher CO2 content 
as the potential driving force for secondary metabolites 
alteration (Kivimäenpää et al. 2013). However, we did 
not notice such a correlation. PV4 and PV6 shared almost 
similar altitudes but monoterpenes response was the 
opposite. Additionally, reduced content of monoterpenes 
was observed only in PV6, however, no trend was found 
along the altitudinal gradient, e.g., PV1 and PV5 had the 
contrast origin with altitudinal difference of 850 m and 
their monoterpene concentrations were almost similar. 
Thus, although there was variability in monoterpenes 
accumulation among provenances, no clear pattern was 
found. Virjamo and Julkunen-Tiitto (2016) suggested 
that changes in metabolite chemistry could result from 
the different origins of Norway spruce. Another study 
(Marešová et al. 2022) suggested monoterpenes are not 
definite biochemical markers of drought stress, and they 
probably serve other defensive purposes, primarily.

Conclusion: Our study helps determine the physio
logical responses of Norway spruce to drought.  
The most pronounced effect was found in parameters 
related to photosynthesis and ABA increase. Drought 
restricted tree physiology, but the intensity was not the 
same for all spruce provenances, and different intra-
species provenance-related responses were observed. 
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Data indicated that the highest altitude provenance (PV5;  
1,500 m a.s.l.) was the most drought-tolerant.  
The provenances originated from the highest altitudes 
have developed better adaptation mechanisms to adjust 
to dry conditions during the vegetation season. It may 
be in connection with harsher marginal mountain/alpine 
conditions in which they are frequently exposed to high 
irradiance and physiological drought. Higher temperatures 
and strong sunlight stimulate transpiration even when 
the soil is still frozen and the roots do not have access to 
water. Moreover, assimilatory organs can dispose of more 
effective protection against damage of PSII, the resistance 
of photoinhibition, and over-reduction. Thus, future 
studies would be needed to know more about its molecular 
mechanism and to what extent stress memory controls 
drought-induced responses in Norway spruce. Overall, 
our results highlight Norway spruce seedlings from high 
elevations as suitable candidates for the development of 
‘climate-smart’ forests.
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