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Abstract 
Sajad, M.A., Húdoková, H., Jamnická, G., Fleischer, Jr., P., Ditmarová, Ľ., Razzak, A., Ježík, M.,  
2025. Relation between drought-exposed photosynthetic apparatus and tree water deficit derived from stem 
diameter variations in Norway spruce seedlings. Folia Oecologica, 52 (2): 124–138.

Ten five-year-old seedlings of Norway spruce (Picea abies L. Karst) from the Western Carpathians were 
subjected to drought (30 days without irrigation) in laboratory conditions (D trees). The control group (C 
trees) were irrigated regularly. Parameters such as stem diameter variations (SDV), soil water potential (ΨS), 
gas exchange and chlorophyll a fluorescence were measured. Stem growth of D trees was significantly re-
duced below ΨS = –0.3 MPa, and completely stopped below ΨS = –1.1 MPa. Tree water deficit (TWD, calcu-
lated from SDV) of D trees started to increase substantially below the threshold ΨS = –0.9 MPa, and closely 
correlated with ΨS. Photosynthetic traits of D trees reacted synchronously with TWD during drought, and 
recovered after rehydration. Gas exchange and most of the chlorophyll a fluorescence parameters were 
tightly positively related to TWD. Growth and TWD parameters, as well as those of gas exchange and most 
of the chlorophyll a fluorescence parameters differed against C trees during drought. Thus, the parameters 
derived from SDV may serve as indicators of the functionality of photosynthetic apparatus.
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Introduction

Due to the increasing severity of drought, the decline 
of Norway spruce forests was observed many years ago 
(Mäkinen et al., 2001). Norway spruce exhibits relatively 
high sensitivity to water stress (Ge et al., 2013; Oberhu-
ber and Mennel, 2010), and is considered to be an isohy-
dric species because the trees close their stomata imme-
diately during the start of a drought event (Klein, 2014; 
Rötzer et al., 2017). This reaction prevents the trees from 
high water losses and disruptions of the water balance but 
may lead to carbon starvation (e.g., Klein, 2014; Rötzer 
et al., 2017).

Climate models predict an increase in annual air tem-

perature for Central Europe, and a seasonal shift in the 
distribution of precipitation, principally from summer to 
late winter and spring (Christensen and Christensen, 
2007), which will lead to a higher frequency and severi-
ty of drought periods in the near future (Orlowsky and 
Seneviratne, 2012). As a consequence, it is predicted 
that there will be an overall decline in tree vitality and an 
increase in tree mortality. Such conditions may result in 
a massive dieback of spruce ecosystems (Hlásny et al., 
2021; Vanická et al., 2020), caused by the combined ef-
fects of biotic and abiotic stresses (Altmanet al., 2017; 
Schurman et al., 2018). For example, the summer of 2018 
is considered the hottest and driest in the last 500 years in 
Europe (Salomón et al., 2022; Schuldt et al., 2020), and 
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its significant negative impact on spruce growth at low-
er suboptimal altitudes has been reported (Krejza et al., 
2021; Neuwirth et al., 2021). Thus, developing a better 
understanding of Norway spruce sensitivity to drought 
stress and mechanisms governing drought response is im-
portant.
 Physiological processes reflect the damage to the indi-

vidual tree early before it is visibly distinguishable, either 
on the tree or at the ecosystem level. Therefore, studying 
physiological processes can provide reliable information 
about the vitality of the studied individuals (Konôpková  
et al., 2018). One of the most responsive processes in 
changing the environment is photosynthetic performance. 
Under drought stress, CO2 assimilation decreases, leading 

Fig. 1. (a) Average soil water potential (ΨS) of drought-treated (D, light blue) and control (C, dark blue) trees, and average tree 
water deficit (TWD) of D (red) and C (green) trees. Vertical lines represent 95% confidence intervals. Small green rectangles 
indicate dates of physiological measurements on D trees (referenced in Fig. 2, 3, and 4). Small blue triangles indicate watering 
dates for D trees. The horizontal grey line marks the period of continuous ΨS decline in D trees, from August 1 at 00:00 to 
August 17 at 22:00, for which the relationship between ΨS and TWD is shown in part (b). (b) Relationship between the average 
ΨS and average TWD of D trees during the time window indicated in part (a) (blue circles). A third-order polynomial is fitted 
to these values (red line). The dashed cyan line represents ΨS = –0.9 MPa, reached on August 9 at 10:00 am. (c) Relationship 
between time (in hours during which the average ΨS = –1.44 MPa) and the average TWD of D trees from 22:00 on August 17 
to 13:00 on August 20. A linear regression is fitted to the data (red line). R² denotes the coefficient of determination, indicating 
the goodness of fit. (d) Average growth (green) and increment (blue) values of D trees. Vertical lines represent 95% confidence 
intervals.



126

to the decline of transpiration and stomatal closure, fol-
lowed by other photosynthetic responses that are directly 
connected to the severity and length of the drought. Severe 
drought affects photosynthesis negatively from the reduc-
tion of CO2 fixation, Rubisco activity reduction, and pho-
torespiration to damages of several photosystem II (PSII) 
components, where PSII represents the most sensitive 
structure of photosynthetic apparatus. Chlorophyll a flu-
orescence kinetics reflects the performance or damage of 
PSII and its components under drought conditions (Bres-
tic et al., 2012; Tang, 2002). 
 Likewise, stem size variations monitored using 
high-resolution dendrometers, are considered to be an ef-
fective tool for providing information on tree production, 
stress status, and physiological processes in trees (Krejza 
et al., 2021; Offenthaler et al., 2001; Salomón et al., 
2022). The obtained complex signals represent tree stem 
irreversible growth and reversible fluctuations associated 
with the water balance of stem tissues. Longer-lasting con-
tractions of stem diameter, generally referred to as tree wa-
ter deficit (TWD), arise as a consequence of more severe 
and prolonged drought (Zweifel et al., 2016).
 Although several studies are focused on the relation-
ships between stem shrinkage and photosynthetic traits, 
mainly aimed at agricultural crops (Ohashi et al., 2006), 
only a few are connected to tree species widely spread in 
Europe (Lindfors et al., 2015). Here, we evaluate the ef-
fect of drought on these parameters and their mutual rela-
tions in 5-year-old spruce seedlings in a manipulative ex-
periment. We hypothesized that, concurrently, with more 
severe and more prolonged drought: (1) diameter growth 
was reduced and TWD increased, (2) drought was reflected 
in gas exchange and chlorophyll a fluorescence, and (3) 
TWD was closely linked to gas exchange and chlorophyll 
a fluorescence.

Materials and methods

Plant material and experimental design

We studied five-year-old seedlings of Norway spruce 
(Picea abies (L.) H. Karst) representing the natural dis-

Fig. 2. Average daily growth (dashed black line) and increment (solid black line) of D trees, and average daily growth (dashed 
grey line) and increment (solid grey line) of C trees. Vertical lines represent 95% confidence intervals of the increments.

tribution of Norway spruce in the Western Carpathians. 
The origin of individuals was distributed along an alti-
tudinal gradient from 650 to 1,500 m asl. The long-term 
mean annual air temperature ranged from 3.4 to 6.9 °C, 
and annual precipitation ranged from 808 to 1,155 mm. 
The seeds originated from the gene bank of the Forests of 
the Slovak Republic, State Enterprise (OZ Semenoles Lip-
tovský Hrádok, Slovakia) and were sown in an experimen-
tal research plot of the Mlyňany Arboretum of the Slovak 
Academy of Sciences (western-central Slovakia). After 2 
years, the seedlings were transplanted into containers with 
a height of 14 cm and a diameter of 10 cm, with 4.5 litres 
of soil volume with a purified substrate of Baltic peat moss 
(Sphagnum balticum, Russow). 
 Five-year-old seedlings were transported to the In-
stitute of Forest Ecology laboratory three weeks before 
the experiment to acclimate to the lab conditions. The 
experiment was performed from 21 July to 10 Septem-
ber 2022. Seedlings were equally divided by the origin 
of natural distribution into two groups, drought treated 
(D) and control (C, irrigated). The initial seedling diam-
eter and height of 10 drought-treated trees were 11.5 mm 
(standard deviation (sd) = 1.6 mm) and 70.1 cm (sd = 
7.9 cm), respectively. The same parameters of 10 control 
(irrigated) treated trees were 11.6 mm (sd = 1.3 mm) and 
74.5 cm (sd = 8.3 cm). 
 We simulated daylight using halogen lamps with 
gradually increasing light intensity from 150 to 400 µmol–
2 s–1 for 14 hours (from 06:00 to 20:00). The absence of 
light created night conditions lasting 10 hours (from 20:00 
to 06:00). The average daily air temperature was 22.8 °C 
and relative air humidity 60%. Seedlings were exposed to 
drought without watering from 21 July to 19 August. From 
20 August, seedlings were regularly irrigated until the end 
of the experiment.

Diameter variations, extraction of Tree water deficit 
(TWD), and Soil water potential (ΨS) measurements

Variations of stem diameters were monitored continuously 
for 20 min intervals using a non-invasive high-resolution 
PDS40 SDI sensor (EMS Brno, Czech Republic), which 
was mounted at ca. 15 cm height of the tree stem. We 
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Fig. 3. (a) Average tree water deficit of D trees (TWD, grey) and average photosynthetic rate (A, black), (b) average stomatal 
conductance (gS), (c) average transpiration rate (E), (d) average basal fluorescence (F0), (e) average maximum quantum yield of 
PSII photochemistry (Fv/Fm), (f) average number of active reaction centers (RC/ABS), (g) average photosynthetic performance 
index (PIABS), and (h) average relative variable fluorescence at 2 ms (VJ). Vertical lines represent 95% confidence intervals. Let-
ters a, b, etc., denote homogeneous groups at P < 0.05, sorted in descending order of mean values. Asterisks (*) indicate means 
that are statistically equal to zero (P < 0.05).
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Fig. 4. (a–h, grey points): Relationships between average tree water deficit (TWD) and (a) average photosynthetic rate (A), (b) 
average stomatal conductance (gS), (c) average transpiration rate (E), (d) average basal fluorescence (F0), (e) average maximum 
quantum yield of PSII photochemistry (Fv/Fm), (f) average number of active reaction centers (RC/ABS), (g) average photosyn-
thetic performance index (PIABS), and (h) average relative variable fluorescence at 2 ms (VJ). (a–h, black lines): Exponential 
functions representing the relationships between average TWD and the above gas exchange and fluorescence parameters. R² 
indicates the coefficient of determination, and P represents statistical significance.
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used one-hour averages of tree stem diameter for calcu-
lations. We used the zero-growth concept (e.g., Zweifel 
et al., 2016, 2021) for the calculation of water-related and 
growth components of stem radius variation. This meth-
od assumes that diameter variations below the preceding 
maximum from the dendrometer time series are consid-
ered as TWD. Growth increases when the stem diameter 
exceeds its previous maximum in the seasonal time se-
ries of stem diameters. Differences between consecutive 
values were used to create chronologies of increments. 
We used hourly growth and increment values for Fig. 1d. 
The daily values of growth and increment (Fig. 2) dis-
cussed in the text were calculated from values at 06:00 
(i.e. morning). The calculations started two days after the 
installation (21 July) when the instruments sat properly 
on the stems of the seedlings. For comparison with other 
parameters (Fig. 3, 4, S1), we use the value from 23 July 
as the first value (for 21 July). The values of TWD at 
08:00 were used for comparison with gas exchange and 
fluorescence parameters in the below-mentioned Figures 
and analyses.
 Soil water potential measurements (ΨS [MPa]) were 
continuously monitored at 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 up to –1.44 MPa, which were at the lower 
measurable limit of the equipment.

Gas exchange measurements

We used a Li-6400XT open gasometric system with a 
chamber fitted with a 6400–02B LED light source (LI-
COR Inc., Lincoln, NE, USA) for gas exchange and 
water–use efficiency measurements. The reference CO2 
concentration was 400 µmol mol–1, photosynthetic active 
radiation was maintained at 1,500 µmol m–2 s–1 and the 
system temperature was 24 °C inside the chamber. Val-
ues of the CO2 photosynthetic rate (A), transpiration rate 
(E), and stomatal conductance to water vapour (gS) were 
recorded immediately after the adaptation of leaves inside 
the chamber when the values of CO2 assimilation rate per-
sisted steady (1–2 min).

Fast kinetics of chlorophyll a fluorescence measure-
ments

We used the portable fluorimeter Handy PEA (Hansatech 
Instruments, Ltd., United Kingdom) for the measure-
ments of the PSII performance. We adapted needles to 
dark conditions using the leaf clips for 30 minutes. After 
dark adaptation, needles were illuminated by the satura-
tion pulse with high radiation intensity (3,500 µmol m–2 
s–1) to enhance chlorophyll a fluorescence for 1 s. Ev-
ery 10 µs, chlorophyll a fluorescence was detected to at-
tain a polyphasic fluorescence curve with an OJIP shape 
(Strasser et al., 2004). We determined the basic fluores-
cence parameters in dark-adapted leaves: the basal fluo-
rescence (F0), measured 50 μs after the enlightenment of 
the saturation pulse, the maximal fluorescence (Fm), the 
variable fluorescence (Fv), and the maximum quantum 
yield of the photochemistry of PSII (Fv/Fm), calculated as 
the ratio between the variable chlorophyll a fluorescence 
(Fv) and the maximum of the chlorophyll a fluorescence 
(Fm). We also quantified the performance index of pho-
tochemical activity based on the absorption (PIABS) and 
the number of active reaction centres per antenna in PSII, 
based on the absorption (RC/ABS), as well as the relative 
variable fluorescence at 2 ms (VJ, J-step of fluorescence 
OJIP curve).

Statistical analysis

Statistical analysis was performed using Statistica® sta-
tistical software (Statsoft, Tulsa, OK, USA) and Excel 
(MS Office). Homogeneous groups of individual vari-
ables (Fig. 3) were determined based on paired t-tests 
at P < 0.05. Statistical significance of their differences 
from zero (P < 0.05) was tested by t-tests. For compar-
ison between different treatments and dates (Table 1) 
we used ANOVA and post hoc comparison by Tukey 
HSD tests.
 Coefficients of determination (R2) represent the 
goodness of fit of the analysed data sets to the individ-
ual functions used (Fig. 1b – the 3rd order polynomial, 
Fig. 1c – linear function, Fig. 4 – exponential functions, 
Fig. S1 – linear functions).

Period of         A        gS        E      
the                  Variant (µmol CO2 (mol H2O (mmol H2O      F0     Fv/Fm RC/ABS    PIABS      VJ
experiment     m–2 s–1)    m–2 s–1)     m–2 s–1)
1st day of the C 7.74 ±2.9a 0.067±0.03a 1.16±0.3a 350±39ab 0.798±0.02ab 1.64±0.4a 4.5±1.7a 0.33±0.1a

experiment D 7.27±2.1a 0.065±0.02a 1.14±0.4a 353±62ab 0.783±0.05ab 1.57±0.4a 4.0±1.8a 0.36±0.0a

29 days C 5.81±2.3a 0.062±0.02a 1.19±0.4a 272±39a 0.824±0.01a 1.37±0.4a 3.7±1.7ab 0.43±0.1a 
without D 0.66±1.1c 0.004±0.01b 0.10±0.2b 390±138b 0.593±0.19c 0.67±0.6b 1.1±1.9b 0.62±0.1b

irrigation 
 
7 days of C 4.09±1.8b 0.043±0.02a 0.84±0.3a 369±53ab 0.680±0.15bc 1.31±0.5a 2.6±1.6ab 0.38±0.1a  
recovery D 5.84±2.6ab 0.061±0.03a 1.17±0.5a 346±76ab 0.716±0.06abc 1.20±0.5ab 2.4±1.8ab 0.36±0.1a

Table 1. Statistical differences in leaf gas exchange parameters and the parameters of fast kinetics of chlorophyll a fluorescence 
measured in needles of Norway spruce seedlings. The data presented are the means ± SD (n = 10). Different letters indicate 
significant differences among the variants (C – control and D – drought) and the period of the experiment after Tukey HSD 
tests (p < 0.05).
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Results

Dynamics of Soil water potential and Tree water deficit 
(TWD), Growth

The average ΨS of D trees started to decrease continuous-
ly after 28 July (Fig. 1a) until it reached the lowest limit 
value of –1.44 MPa (this was the lowest measurable limit 
of the equipment) on 17 August at 24:00, and remained 
at this value until 20 August (13:00). Subsequently, after 
irrigation, within 1 h it returned sharply to values close to 
0 (–0.02 MPa). The average ΨS  of C trees remained during 
whole observation close to zero with low variability.
 The decrease in ΨS  of D trees was accompanied by 
an obvious contraction (decrease of TWD values) of tree 
trunks, which was especially accelerated after 9 August, 
when ΨS  at 10:00 dropped ca. below –0.9 MPa (Fig. 1a, b). 
Until this time, the contraction of the stems did not exceed 
the values of TWD = –0.036 mm, but until then contraction 
was maintained below this level, approximately from the 
beginning of August after the decrease of ΨS  approximate-
ly below the level of –0.15 MPa (Fig. 1b). Here, we have 
to take into account that this is an average value, and the 
measuring device was limited by a value of –1.44 MPa. 
After the first sensors reached this value, they remained 
there, even though the water potential probably continued 
to decrease. Also, when all of the sensors reached –1.44 
MPa on 17 August, there was probably a further decrease 
and, therefore, the values of TWD compared to the real 
values of ΨS  in Fig. 1b would not decrease so sharply. The 
average velocity of shrinkage was 0.0011 mm h–1 during 
this period. Following that, all of the sensors reached 
–1.44 MPa, TWD values correlated well and decreased lin-
early with time during which (64 hours) they were under
this level (Fig. 1c). The average velocity of shrinkage was
0.0017 mm h–1 during this period. The maximum contrac-
tion of the trunks (TWD = –0.3769 mm, which represented
3.3% of the initial diameter) was reached on 20 August
at 14:00. It was followed by a sharp expansion (swelling)
of the trunks by an average value of –0.043 mm on 21
August at 20:00. Based on confidence intervals, the value
statistically equal to zero was reached, for the first time,
on 21 August at 05:00 (16 hours after irrigation), with an
average TWD = –0.159 mm, which represented the aver-
age swelling velocity of 0.0145 mm h–1. The subsequent
course was not statistically different from zero until the
end of the monitored period on 10 September. The average
TWD of C trees remained during the whole observation
close to zero with low variability (Fig. 1a).

After 4 August, we observed significantly reduced 
growth (Fig. 1d, 2) of D trees, when daily increments de-
creased and started to be statistically non-significant af-
ter ΨS dropped below –0.3 MPa. The average daily in-
crements were zero from 12 August (ΨS  = –1.1) until 20 
August. Daily increments of D trees became statistically 
positive again on 21 August (ΨS  = –0.02 MPa). We found 
positive correlations between ΨS and stem diameter incre-
ments of D trees, on both an hourly (r = 0.253, p = 0.000) 
and a daily (r = 0.474, p = 0.000) basis. For the period 
from 4 August (6:00) to 22 August (6:00), correlations 
were higher for both hourly (r = 0.478, p = 0.000) and 

daily increments (r = 0.673, p = 0.002). Both D and C trees 
reached almost the same growth at the end of the experi-
ment but with different dynamics throughout observation 
(Fig. 2). The daily increments of C trees reached more-less 
balanced values throughout the observation. The daily in-
crements of D trees became zero during drought and then 
accelerated sharply (with high variability) after watering, 
as well as towards the end of the observation.
 In Fig. 3a we can see the values of TWD for individual 
dates of measurements of gas exchange and chlorophyll 
fluorescence of D trees. These were statistically signifi-
cantly different from zero on 9, 12, 16, and 19 August, 
with the most significant decrease against the other dates 
on 16 and 19 August.
 The relatively high variability persisted in TWD data 
following watering on 20 August. This was due to the fact, 
that two trees did not reach their initial diameter, and per-
manently stayed slightly shrunk. Also, logically, we did 
not record growth on them after drought treatment.

Dynamics of Gas exchange and Fast kinetics of chloro-
phyll a fluorescence

As we can see in Fig. 3a, b, c, values of A, gS, and E of D 
trees continually decrease after 21 July until 19 August, 
when on 19 August they were only 9.0, 6.2, and 9.0% of 
the 21 July values, respectively. Their values were not sta-
tistically different from zero on 12, 16 and 19 August.
 After the resumption of irrigation, there was a rela-
tively sharp recovery of gas exchange parameters on 24 
August to the level approximately before 12 August, and 
eventually (A, E) before 9 August. The values of A, gS, and 
E reached 80.3, 61.2, and 68.1%, respectively, of their ini-
tial values on 21 July. Subsequently, the recovery contin-
ued until, on 9 September, we recorded the highest values 
during the entire experiment, statistically identical to the 
values from 21 July.
 The values of F0 did not show such an expressive 
drought-related trend (Fig. 3d), although they were slight-
ly elevated on 12, 16, and 19 August, as well as on 24 
August, after irrigation was restored. The responses of 
other parameters (Fv/Fm, PIABS, and RC/ABS) were similar 
to those of the gas exchange parameters (Fig. 3e, f, g), al-
though decreases were observed 4–5 days later in the case 
of gas-exchange parameters. With increasing drought, 
there was a decrease in their gas-exchange parameter val-
ues to 75.8, 42.5, and 27.3% of the values from July 21. 
However, the water deficit reduced the Fv/Fm ratio close 
to the disturbance limit of 0.725. The average value of 
PIABS up to 19 August was not statistically different from 
zero. After the resumption of irrigation, we recorded the 
recovery of these parameters.
 The average value of VJ was significantly highest on 
19 August (Fig. 3h), during the most pronounced drought, 
with approximately the same and significantly lower val-
ues during measurements on the other dates. 
 Comparison with control treatment (Table 1) con-
firmed the emergence of statistically significant differenc-
es in most parameters between C and D trees during the 
drought period and subsequent recovery of the D group 
after the resumption of irrigation. During the experiment 
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a significant decrease in net photosynthesis (A) was ob-
served in the seedlings in the C group, however other gas 
exchange parameters (gS, E) and parameters of photosyn-
thetic biochemistry stayed relatively homogenous. More-
over, the D group after recovery reached slightly higher 
values of gas exchange parameters as well as chlorophyll 
fluorescence parameters compared to the C group. The 
findings indicated that photosynthetic capacity, which 
was negatively affected by drought stress enhanced after 
recovery and surpassed the values of gas exchange in the 
C group.

Links of Tree water deficit (TWD) to Gas exchange and 
Fluorescence parameters

As is shown in Fig. 4, we observed close positive relation-
ships, especially between decreasing TWD values and the 
parameters of fluorescence Fv/Fm, RC/ABS, PIABS (Fig. 4e, 
f, g), as well as photosynthetic rate A (Fig. 4a), stomatal 
conductance gS (Fig. 4b) and transpiration rate E (Fig. 4c). 
The relationships between TWD values and fluorescence 
parameters F0 and VJ were negative (Fig. 4d, h) and also 
markedly weaker in the case of F0. While the relationship 
was tight for VJ, it depended on only one value of increased 
Vj on August 19 during the most severe drought and lowest 
TWD (Fig. 3h). The relationships of TWD with A, gS , and 
E (Fig. 3a, b, c) were well described by the exponential 
function just used. The relationships principally with F0, 
Fv/Fm, RC/ABS and VJ were close to linear. 
 Since these results mainly depended on two extreme 
values during the most pronounced drought on August 16 
and 19, we also used the non-parametric Spearman rank 
correlation method (Table 2) as well as the natural loga-
rithm of the absolute values of TWD (Fig. S1). As is shown 
in Fig. S1 and Table 2, we noted close positive relationships 
(Fig. S1), especially between decreasing TWD values (be 
aware that higher values of the natural logarithm of abso-
lute values represent a higher water deficit (more negative 
TWD values), in contrast, more negative values represent 
a smaller one) and the parameters of fluorescence Fv/Fm, 
RC/ABS, PIABS (Fig. S1e, f, g), as well as photosynthetic 

Variables    Spearman R p-level
   TWD

A      0.782           0.008
gS      0.794           0.006
E      0.721           0.019
F0 –0.636           0.048
Fv/Fm 0.952           0.000
RC/ABS 0.903           0.000
PIABS 0.927           0.000
Vj –0.527           0.117

Table 2. Values of Spearman rank correlations (p-significance 
level) between TWD and average photosynthetic rate (A), av-
erage stomatal conductance (gS), average transpiration rate 
(E), average basal fluorescence (F0), the average maximum 
quantum yield of the photochemistry of PSII (Fv /Fm), average 
number of active reaction centres (RC/ABS), average photo-
synthetic performance index (PIABS), average relative variable 
fluorescence at 2 ms (VJ) of D trees

rate A (Fig. S1a), stomatal conductance gS (Fig. S1b), and 
transpiration rate E (Fig. S1c). The relationships between 
TWD values and fluorescence parameters F0 and VJ were 
negative (Fig. S1d, h), and also weaker. Spearman rank 
correlations (Table 2) gave us almost the same message.

Discussion

Understanding the relationships between soil water dy-
namics and tree water use seems to be essential for cur-
rent as well as future forest management (Klein et al., 
2014), due to the expectation of more frequent and severe 
droughts in many parts of Europe in the future. The stem 
size variations that were registered by dendrometers reflect 
a complex mixture of various environmental variables. 
Studying their relationship to the physiology of trees can 
help us to expand the possibilities of their interpretation 
and use in monitoring physiology, stress load, and health 
status.

Dynamics of Diameter variations and Soil water poten-
tial

The stem size variations are, generally, linked to environ-
mental factors, including drought stress. They are associat-
ed with two basic components: (i) seasonal growth of stem 
tissues (phloem and mainly xylem) via production and ex-
pansion of new cells produced by the cambium to build the 
transport system, store substances, and ensure mechanical 
support (e.g., Chan et al., 2016; Rossi et al., 2016; Steppe 
et al., 2015), and (ii) variations in the water balance of 
stem tissues. An imbalance in transpiration, transporta-
tion, and water uptake by roots of trees is connected with 
the depletion and recovery of tree water storage compart-
ments. They serve as a water reservoir that buffer fluctu-
ations in water uptake and transpiration, and are reflected 
in reversible stem size variations (e.g., Balducci et al., 
2019; Betsch et al.; 2011, Köcher et al., 2012). These 
variations are connected with sap flow rates and related 
variations of water content, water potential, and its gradi-
ents (e.g., Steppe et al., 2006; Wei et al., 1999) of xylem 
conduits (e.g., Irvine and Grace, 1997; Offenthaler et 
al., 2001; Zweifel et al., 2014) or phloem elastic tissues 
(Čermák et al., 2007; Herzog et al., 1995). Eventually, 
the stem size variations are attributed, at least partially, to 
seasonal changes in osmotic concentration (Mencuccini 
et al., 2013) or hygroscopic changes in the bark related 
to humidity (Oberhuber et al., 2020). Therefore, they 
provide a sensitive measure of tree water status (Zweifel 
and Hasler, 2001). It is highlighted during drought peri-
ods and the high transpiration demands of the atmosphere. 
Thus, they are closely connected through a chain of rela-
tionships with basic physiological processes, such as sto-
matal conductance, transpiration, photosynthesis, etc.
 Mild circadian variations of TWD, that we record-
ed (Fig. 1a), partially contrasted with other reports (e.g., 
Oberhuber et al., 2015; Zweifel et al., 2005). It could be 
the result of low daily dynamics in humidity and vapour 
pressure deficit. Trees were planted in pots and isolated 
from their surroundings. Thus they were not able to re-
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plenish water storage from the surroundings during the 
night, e.g., with the possible participation of mycorrhiza 
(Simard, 20188; Piovesan and Biondi, 2021). 
 The close relation between TWD and ΨS (Fig. 1a, b, c) 
was most probably mediated through the decrease of water 
potential of stems’ hydraulic pathways, as a consequence 
of increasing soil drought. Decreasing TWD is known to 
reflect decreasing water potential within the storage tissues 
of the stem. This can result in stem shrinkage over several 
weeks, even during the wood growth period (Zweifel et 
al., 2006; Zweifel et al., 2016). When the soil is not ful-
ly hydrated, soil and stem water potentials are lower, and 
water storage pools are no longer replenished (Steppe et 
al., 2015). Stem shrinkage is reversed only after water is 
absorbed by roots or stored in tissues with higher water 
potential, which eliminates the water deficit in the stem 
(Nalevanková et al., 2018). 
 If there is enough soil water available, trees are rehy-
drated during one night, which also occurs when more pro-
longed cumulated morning contractions (morning TWD) 
are present. We also observed similar facts in the present 
study. It took 16 hours for the stems to be saturated with 
water again to values that were statistically equal to zero 
after being watered on 20 August, and the time delay could 
potentially be affected by the laboratory conditions. The 
needles and the bark of the seedlings were not moistened, 
as in the case of precipitation events in natural conditions. 
Small rain events and fog may induce the necessary re-
laxation of low water potentials within trees, and increase 
their water status (Goldsmith et al., 2017; Simonin et al., 
2009; Zweifel et al., 2001).
 According to Čermák et al. (2007), water stored in 
the xylem and phloem tissues can meet the transpiration-
al requirements of certain trees for as long as a week. 
According to Oberhuber et al. (2015), spruce seedlings 
have been shown to use 10–65% of water reserves daily, 
depending on transpirational demands during sunny and 
cloudy days, respectively. Daily, mature sub-alpine spruce 
stems have been observed to lose between 0.2% and 0.5% 
of their volume as a result of bark dehydration, corre-
sponding to about 2 to 5 litres of water, which contributed 
directly to transpiration (Zweifel and Hasler, 2001). In 
our case, we recorded a shrinkage that represented up to 
3.3% of the initial diameter, which may result from the fact 
that we were studying seedlings. We can assume that bark, 
phloem, cambial zone, and sapwood represent a smaller 
part of the total stem diameter in mature trees than in seed-
lings. It not only represents a relatively larger water reser-
voir in seedlings than in mature trees, but also a relatively 
larger stem compartment affected by changes in water po-
tential. Ježík et al. (2015) found that morning TWD was 
correlated with ΨS in both the irrigated (R2 = 0.53) and 
to natural-drought exposed (R2 = 0.60) groups of 25-year-
old spruce trees. The sap flow rate was limited below ΨS 
= –0.3 MPa under conditions of higher potential evapo-
transpiration. In this context, (Lu et al. 1996) indicate a 
critical threshold value of the water potential for spruce 
that can cause xylem cavitation, a value close to –2.5 MPa. 
Zweifel and Hasler (2001) give a value of –2.3 ± 0.3 
MPa as the threshold for the beginning of the use of xylem 
water reserves after the previous use of needle and bark 

reserves (including phloem and cambium). Brinkmann et 
al. (2016) found an exponential relationship between TWD 
and decreasing soil moisture, which led to a decrease in 
sap flow. This suggests a threshold response of TWD to 
decreasing soil moisture.
 In our case, we noted a significant decrease in TWD 
after the average ΨS dropped below –0.9 MPa (Fig. 1a, 
b). However, Zweifel et al. (2021) give a value of ΨS= 
–0.9 MPa as the threshold for radial growth. Those au-
thors associated high growth rates with high ΨS values 
between –0.006 to –0.065 MPa. Cabon et al. (2020) re-
port a value of internal water potential of –1.1 MPa as 
the threshold for wood formation through its influence on 
turgor pressure, and strong inhibition of cambial activity 
below this threshold at all elevations along a steep eleva-
tional gradient. Peters et al. (2021) state the low proba-
bility of growth between –0.2 and –0.6 MPa and almost 
no growth below –0.6 MPa. It is less negative than the 
value limiting photosynthesis reported by Muller et al. 
(2011). In our case, we recorded reduced growth already 
after 4 August (ΨS= –0.3 MPa). Zero growth values were 
recorded after 11 August (ΨS = –1.1 MPa), which is close 
to the threshold values of Muller et al. (2011). On aver-
age, we recorded a sharp decrease in TWD already below 
a value of ΨS = –0.9 MPa, which indicates that, already at 
this value, the growth of the majority of trees was mostly 
halted. In this context, Zweifel et al. (2016) state, that 
there is very little or limited growth activity during peri-
ods of shrinkage. The turgor threshold for growth cannot 
be exceeded once a tree stem starts to shrink. Zweifel 
et al. (2021) point out that, especially during the night, 
stem growth consistently occurred even at lowered ΨS , 
suggesting that growth is possible under moderate soil 
dryness if vapour pressure deficit is low enough at the 
same time. Trees grow mainly at night (Zweifel et al., 
2021), when they are presumed to be well replenished 
with water, to exceed the turgor threshold for cell divi-
sion and expansion (Cabon et al., 2020; Peters et al., 
2021). The highest increment regarding both treatments 
was recorded in D trees after irrigation (Fig. 1d, 2). In 
this context, Hsiao and Bradford  (2015) state that cell 
growth is much more sensitive to drought than cell divi-
sion. During the duration of the water deficit, cell elon-
gation is delayed. Still, cell division does not stop com-
pletely, at least at the beginning of the drought period, 
when drought is not as severe. Growth (cell elongation) is 
realized after the increase of low pressure in the cambium.

Dynamics of Gas exchange and Fast kinetics of chloro-
phyll a fluorescence, their links to Tree Water Deficit 
(TWD)

Despite the fact that fluorescence emanates from only the 
top few layers of chlorenchyma, whereas gas exchange is 
integrated across the thickness of the assimilation organ, 
simultaneous measurements have emerged as a powerful 
tool for investigating the relationship between light use 
efficiency, CO2 fixation, and photoinhibition (Brestic et 
al., 2012). Progressive drought significantly reduced sto-
matal activity, slowed down photosynthesis and so shifted 
towards carbon starvation. Stomatal closure minimizes 
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hydraulic failure during drought, causing photosynthetic 
C uptake to decline to low levels. This promotes carbon 
starvation as carbohydrate demand continues for mainte-
nance of metabolism and defence. The plant either starves 
outright or succumbs to attack by insects or pathogens, 
whichever occurs first. 
 Our results confirmed that gas-exchange parameters 
responded faster to the drought than fluorescence param-
eters of fast kinetics. Gas-exchange parameters are the 
first to react to even minor changes and fluctuations in 
the environment. Slower changing values of fluorescence 
parameters indicated the drought-reduced capacity of pri-
mary photosynthetic processes and quite a severe drought 
deficit. Although the basal fluorescence F0, for which any 
significant increase already reflects serious damage to pho-
tosystems, was not so affected, the Fv/Fm (quantum effi-
ciency) was reduced to the disturbance level. As reported 
in many other studies (Brestic et al., 2012; Bussotti et 
al., 2020), Fv/Fm values are kept high and start to decline 
below 70% of relative water content in assimilatory organs 
(Brestic et al., 2012; Bussotti et al., 2020; Strasser et 
al., 2004). We also noted significant changes at the PIABS 
level (performance parameter). The PIABS has been identi-
fied as a very reliable and sensitive parameter to indicate 
the onset and progression of drought stress (Ceusters et 
al., 2019). It is a multifactor parameter involving the densi-
ty of fully active reaction centres, the efficiency of electron 
movement by trapped excitons into the electron transport 
chain beyond the QA, and the probability that an absorbed 
photon will be trapped by reaction centres (Strasser et 
al., 2004). Moreover, it reflects the functionality of both 
photosystems II and I.  
 The fluorescence parameters, including Fv/Fm, RC/
ABS, PIABS, and TWD values, demonstrated a stronger re-
lationship. It indicates that chlorophyll fluorescence may 
be the more reliable and more detailed measurement of 
photosynthesis and its metabolism, than measurements 
of gas-exchange parameters, for the detection of types of 
stresses, such as drought. 
 Isohydric species, such as Norway spruce, use a con-
servation strategy with rapid stomata closing to maintain 
leaf water homeostasis during the drought period (Bro-
dribb and McAdam, 2013). CO2 assimilation in spruce 
species can be influenced more by stomatal closure. Sto-
matal response is the first event under mild water deficit 
to regulate transpiration, and it is more closely linked to 
soil moisture content than to leaf water status (Medra-
no, 2002; Yordanov et al., 2000). Stomata respond to 
non-hydraulic chemical signals, and part of diurnal chang-
es in stomatal function may result from metabolic process-
es with a circadian rhythm (Chaves, 2002).
 Even though the seedling represents the most vul-
nerable stage of development of forest trees, the recovery 
process of physiological processes at this stage in spruce 
seems to be faster, compared to adult spruce individuals. 
This can be used as essential information to reflect how 
resources and time demanding the recovery period can 
be (Hesse et al., 2023). It seems to be in connection with 
smaller tree sizes, their architecture – the canopy-to-root 
ratio, the anatomy of the wood and the thickness of the 
trunk (Kannenberg et al., 2019; Rosati et al., 2024) 

and overall faster growth and metabolic processes of 
young trees. Compared to the most important deciduous 
tree (beech), a limited capacity to restore internal water 
reserves was observed in spruce. This limitation may 
show pronounced legacy effects in trunk water reserves 
(Knüver et al., 2022).
 Generally, we may summarise that stem diameter 
variations were strongly linked to gas exchange (A, gs, 
E) and fast kinetics of chlorophyll a fluorescence (prin-
cipally Fv/Fm, RC/ABS, PIABS) parameters. While the first 
mild deceleration of gas exchange was noted after growth 
slowed, we recorded a significant decline after growth 
stopped and stems contracted, as reflected in TWD. In 
this context, Muller et al. (2011) and Körner (2015) 
state that growth processes are generally more sensitive 
to atmospheric drought than carbon assimilation. Under 
well-watered conditions, tight relationships linking C 
availability and growth illustrate the source limitation 
of growth in sink organs such as roots, leaves (at night), 
flowers, and fruits. Under water deficit, these relation-
ships are modified, suggesting that other mechanisms, 
possibly involving cell wall rheology or water fluxes to 
growing cells, override the role of C and take the lead on 
growth. According to Zweifel et al. (2021) stem growth, 
controlled by turgor, depends mainly on nocturnal condi-
tions, while assimilation depends on daytime conditions. 
More pronounced TWD did not lead only to suppression 
of gas exchange parameters towards zero but also sig-
nificantly affected fluorescence parameters (principally, 
Fv/Fm, RC/ABS, PIABS). After rehydration of D seedlings, 
they showed a recovery in photosynthetic capacity close 
to the level of C seedlings. They showed the enhance-
ment of photosynthetic activity in some parameters that 
can be associated with the stomata reopening and on 
photochemical biochemistry level in the synthesis of D1 
protein (as a core PSII protein). This led to the restoration 
of the electron transport chain in PSII after 7 days of the 
recovery process. However, the reversibility of impair-
ment of the photosynthetic apparatus after dehydration 
depends primarily on the drought duration, intensity, and 
rehydration period after the drought stress (Gomes et al., 
2012; Wang et al., 2018). Photosynthesis recovery af-
ter drought stress involves an intricate interplay between 
various factors. The ability to adjust and enhance this 
process is crucial for Norway spruce survival and produc-
tivity.

Conclusions

In the present study, stem diameter variations, and espe-
cially tree water deficit derived from them, were closely 
related to gas exchange and chlorophyll a fluorescence in 
young Norway spruce seedlings exposed to drought. Mon-
itored parameters reacted synchronously during drought, 
started to differ against control, and recovered after re-
hydration. It can be stated that tree water deficit has the 
potential to serve as a tool for the approximation of gas 
exchange and chlorophyll a fluorescence parameters and 
thus reflect the overall condition and stress load of photo-
synthetic apparatus.



134

Author contributions

Conceptualisation, M.J., P.F.J., H.H. and G.J., methodol-
ogy, M.J., P.F.J., H.H. and G.J., software, M.J. and P.F.J., 
formal analysis, M.A.S., A.R. and G.J., investigation, 
M.J., H.H, M.A.S., P.F.J., Ľ.D. and G.J., data curation, 
M.J., P.F.J., writing—original draft preparation, M.J., H.H. 
and G.J., visualization, M.J., P.F.J., A.R., project adminis-
tration, G.J. and Ľ.D., funding acquisition, G.J. and Ľ.D. 
All authors have read and agreed to the published version 
of the manuscript.

Funding

The work was supported by the grant of the Slovak Agen-
cy for Research and Development APVV 21-0270, APVV 
18-0390 and the grant of the Slovak Grant Agency for Sci-
ence VEGA 1/0285/23.

Data availability statement

The data presented in this study are available on request 
from the corresponding author.

Conflicts of interest

The authors declare that they have no known competing 
financial interests or personal relationships that could have 
appeared to influence the work reported in this paper.

References

Altman, J., Fibich, P., Santruckova, H., Dolezal, J., Ste-
 panek, P., Kopacek, J., Hunova I., Oulehle F., Tumajer 
 J., Cienciala E.,   2017. Environmental factors exert 
 strong control over the climate-growth relationships 
 of Picea abies in Central Europe. Science of The Total 
 Environment, 609: 506–516. https://doi.org/10.1016/j.
 scitotenv.2017.07.134
Balducci, L., Deslauriers, A., Rossi, S., Giovannelli, A.,  
 2019. Stem cycle analyses help decipher the nonlinear 
 response of trees to concurrent warming and drought. 
 Annals of Forest Science, 76 (3): 88. https://doi.org/
 10.1007/s13595-019-0870-7
Betsch, P., Bonal, D., Breda, N., Montpied, P., Peiffer, 
 M., Tuzet, A., Granier, A.,  2011. Drought effects on 
 water relations in beech: the contribution of exchan-
 geable water reservoirs. Agricultural and Forest Meteoro-
 logy, 151 (5): 531–543. https://doi.org/10.1016/j.agrformet.
 2010.12.008
Brestic, M., Zivcak, M., Kalaji, H.M., Carpentier, R., Alla-
 khverdiev, S.I.,  2012. Photosystem II thermostability 
 in situ: Environmentally induced acclimation and genotype-
 specific reactions in Triticum aestivum L. Plant Physiology 
 and Biochemistry, 57: 93–105. https://doi.org/10.1016/j.
 plaphy.2012.05.012
Brinkmann, N., Eugster, W., Zweifel, R., Buchmann, N., 
 Kahmen, A.,  2016. Temperate tree species show identi-

 cal response in tree water deficit but different sensitivi-
 ties in sap flow to summer soil drying. Tree Physiology, 
 36: 1508–1519. https://doi.org/10.1093/treephys/tpw062
Brodribb T.J., McAdam, S.A.M.,  2013. Abscisic acid media-
 tes a divergence in the drought response of two conifers.
 Plant Physiology, 162 (3): 1370–1377. https://doi.org/10.
 1104/pp.113.217877
Bussotti, F., Gerosa, G., Digrado, A., Pollastrini, M.,  
 2020. Selection of chlorophyll fluorescence parameters 
 as indicators of photosynthetic efficiency in large scale 
 plant ecological studies. Ecological Indicators, 108. https://
 doi.org/10.1016/j.ecolind.2019.105686 
Cabon, A., Peters, R.L., Fonti, P., Martínez‐Vilalta, J., 
 De Cáceres, M.,  2020. Temperature and water poten-
 tial co‐limit stem cambial activity along a steep eleva-
 tional gradient. New Phytologist, 226 (5): 1325–1340. 
 https://doi.org/10.1111/nph.16456
Čermák, J., Kucera, J., Bauerle, W.L., Phillips N., Hinckley, 
 T.M.,  2007. Tree water storage and its diurnal dynamics 
 related to sap flow and changes in stem volume in old-
 growth Douglas-fir trees. Tree Physiology, 27 (2): 181–198. 
 https://doi.org/10.1093/treephys/27.2.181
Ceusters, N., Valcke R., Frans, M., Claes, J.E., Van den 
 Ende, W., Ceusters J.,  2019. Performance index and 
 PSII connectivity under drought and contrasting light re-
 gimes in the CAM orchid Phalaenopsis. Frontiers in 
 Plant Science. 10. https://doi.org/10.3389/fpls.2019.01012
Chan, T., Hölttä, T., Berninger, F., Mäkinen, H., Nöjd, P., 
 Mencuccini, M., Nikinmaa, E., 2016. Separating water‐
 potential induced swelling and shrinking from measured 
 radial stem variations reveals a cambial growth and os-
 motic concentration signal. Plant, Cell and Environment, 
 39 (2): 233–244. https://doi.org/10.1111/pce.12541 
Chaves, M.M., 2002. How plants cope with water stress in the 
 field? Photosynthesis and growth. Annals of Botany, 89 
 (7): 907–916. https://doi.org/10.1093/aob/mcf105
Christensen, J.H., Christensen, O.B.,  2007. A summary of 
 the PRUDENCE model projections of changes in Euro-
 pean climate by the end of this century. Climatic Change, 
 81 (S1): 7–30. https://doi.org/10.1007/s10584-006-9210-7
Ge, Z., Kellomäki, S., Zhou, X., Wang, K., Peltola, H., Väi-
 sänen, H., Strandman, H.,  2013. Effects of climate 
 change on evapotranspiration and soil water availability 
 in Norway spruce forests in southern Finland: an eco-
 system model based approach. Ecohydrology, 6 (1): 51–
 63. https://doi.org/10.1002/eco.276
Goldsmith, G.R., Lehmann, M.M., Cernusak, L.A., Arend, 
 M., Siegwolf, R.T.W.,  2017. Inferring foliar water up-
 take using stable isotopes of water. Oecologia, 184 (4): 
 763–766. https://doi.org/10.1007/s00442-017-3917-1
Gomes, M.T.G., da Luz, A.C., dos Santos, M.R., do Carmo 
 Pimentel Batitucci, M., Silva, D. M., Falqueto, A.R.,  
 2012. Drought tolerance of passion fruit plants assessed 
 by the OJIP chlorophyll a fluorescence transient. Scientia 
 Horticulturae, 142: 49–56.  https://doi.org/10.1016/j.scienta.
 2012.04.026
Herzog, K., Häsler, R., Thum, R.,  1995. Diurnal changes in 
 the radius of a subalpine Norway spruce stem: their re-
 lation to the sap flow and their use to estimate transpira-
 tion. Trees, 10 (2): 94–101. https://doi.org/10.1007/BF00192189 
Hesse, B.D., Gebhardt, T., Hafner, B.D., Hikino, K., Reitsam, 
 A., Gigl, M., Dawid, C., Häberle, K.-H., Grams, T.E.E.,  
 2023. Physiological recovery of tree water relations upon 
 drought release—response of mature beech and spruce 



135

 after five years of recurrent summer drought. Tree Physio-
 logy, 43 (4): 522–538. https://doi.org/10.1093/treephys/
 tpac135
Hlásny, T., Zimová, S., Merganičová, K., Štěpánek, P., Mo-
 dlinger, R., Turčáni, M.,  2021. Devastating outbreak 
 of bark beetles in the Czech Republic: drivers, impacts, 
 and management implications. Forest Ecology and Mana-
 gement, 490: 119075. https://doi.org/10.1016/j.foreco.2021.
 119075
Hsiao, T.C., Bradford, K.J.,  1983. Physiological consequen-
 ces of cellular water deficits. In Taylor, H.M., Jordan, 
 W.R., Sinclair, T.R.  (eds). Limitations	to	efficient	water	
 use in crop production. Madison, Wis.: American Society 
 of Agronomy, p. 227–265. 
Irvine, J., Grace J.,  1997. Continuous measurements of wa-
 ter tensions in the xylem of trees based on the elastic pro-
 perties of wood. Planta, 202 (4): 455–461. https://doi.org/
 10.1007/s004250050149
Ježík, M., Blaženec, M., Letts, M.G., Ditmarová, Ľ., Sit-
 ková, Z., Střelcová, K.,  2015. Assessing seasonal drought 
 stress response in Norway spruce (Picea abies (L.) Karst.) 
 by monitoring stem circumference and sap flow. Ecohy-
 drology, 8 (3): 378–386. https://doi.org/10.1002/eco.1536
Kannenberg, S.A., Novick, K.A., Alexander, M.R., Max-
 well, J.T., Moore, D.J.P., Phillips, R.P., Anderegg, 
 W.R.L.,  2019. Linking drought legacy effects across scales: 
 from leaves to tree rings to ecosystems. Global Change 
 Biology, 25 (9): 2978–2992. https://doi.org/10.1111/gcb.14710
Klein, T.,  2014. The variability of stomatal sensitivity to leaf 
 water potential across tree species indicates a continuum 
 between isohydric and anisohydric behaviours. Functional 
 Ecology, 28 (6): 1313–1320. https://doi.org/10.1111/1365-
 2435.12289
Klein, T., Rotenberg, E., Cohen‐Hilaleh, E., Raz‐Yaseef, 
 N., Tatarinov, F., Preisler, Y., Ogée, J., Cohen, S., 
 Yakir, D.,  2014. Quantifying transpirable soil water and 
 its relations to tree water use dynamics in a water‐limi-
 ted pine forest. Ecohydrology, 7 (2): 409–419. https://doi.
 org/10.1002/eco.1360
Knüver, T., Bär, A., Ganthaler, A., Gebhardt, T., Grams, 
 T. E. E., Häberle, K.‐H., Hesse, B.D., Losso, A., Tomedi, 
 I., Mayr, S., Beikircher, B.,  2022. Recovery after long‐
 term summer drought: hydraulic measurements reveal 
 legacy effects in trunks of Picea abies but not in Fagus 
 sylvatica. Plant Biology, 24 (7): 1240–1253. https://doi.
 org/10.1111/plb.13444
Köcher, P., Horna, V., Leuschner, C.,  2012. Environmental 
 control of daily stem growth patterns in five temperate 
 broad-leaved tree species. Tree Physiology, 32 (8): 1021–
 1032. https://doi.org/10.1093/treephys/tps049
Konôpková, A., Kurjak, D., Kmeť, J., Klumpp, R., Longa-
 uer, R., Ditmarová, Ľ., Gömöry, D., 2018. Differences 
 in photochemistry and response to heat stress between 
 silver fir (Abies alba Mill.) provenances. Trees, 32 (1): 
 73–86. https://doi.org/10.1007/s00468-017-1612-9
Körner, C.,  2015. Paradigm shift in plant growth control. 
 Current Opinion in Plant Biology, 25: 107–114. https://
 doi.org/10.1016/j.pbi.2015.05.003
Krejza, J., Cienciala, E., Světlík, J., Bellan, M., Noyer, 
 E., Horáček, P., Štěpánek, P., Marek, M.V.,  2021. 
 Evidence of climate-induced stress of Norway spruce 
 along elevation gradient preceding the current dieback 
 in Central Europe. Trees, 35 (1): 103–119. https://doi.org/
 10.1007/s00468-020-02022-6

Lindfors, L., Hölttä, T., Lintunen, A., Porcar-Castell, 
 A., Nikinmaa, E., Juurola, E.,  2015. Dynamics of leaf 
 gas exchange, chlorophyll fluorescence and stem diame-
 ter changes during freezing and thawing of Scots pine 
 seedlings. Tree Physiology, 35 (12): 1314–1324. https:// 
 doi.org/10.1093/treephys/tpv095
Lu, P., Biron, P., Granier, A., Cochard, H., 1996. Water 
 relations of adult Norway spruce (Picea abies (L) Karst) 
 under soil drought in the Vosges mountains: whole-tree 
 hydraulic conductance, xylem embolism and water loss 
 regulation. Annales Des Sciences Forestières, 53 (1): 
 113–121. https://doi.org/10.1051/forest:19960108
Mäkinen, H., Nöjd, P., Mielikäinen, K.,  2001. Climatic signal 
 in annual growth variation in damaged and healthy stands 
 of Norway spruce [Picea abies (L.) Karst.] in southern 
 Finland. Trees, 15 (3): 177–185. https://doi.org/10.1007/
 s004680100089
Medrano, H.,  2002. Regulation of photosynthesis of C3 plants 
 in response to progressive drought: stomatal conductance  
  as a reference parameter. Annals of Botany, 89 (7): 895–
 905. https://doi.org/10.1093/aob/mcf079
Mencuccini, M., Hölttä, T., Sevanto, S., Nikinmaa, E.,  2013. 
 Concurrent measurements of change in the bark and 
 xylem diameters of trees reveal a phloem‐generated tur-
 gor signal. New Phytologist, 198 (4): 1143–1154. https://
 doi.org/10.1111/nph.12224
Muller, B., Pantin, F., Génard, M., Turc, O., Freixes, S., 
 Piques, M., Gibon, Y.,  2011. Water deficits uncouple 
 growth from photosynthesis, increase C content, and 
 modify the relationships between C and growth in sink 
 organs. Journal of Experimental Botany, 62 (6): 1715–
 1729. https://doi.org/10.1093/jxb/erq438
Nalevanková, P., Ježík, M., Sitková, Z., Vido, J., Leštianska, 
 A., Střelcová, K.,  2018. Drought and irrigation affect 
 transpiration rate and morning tree water status of a ma-
 ture European beech (Fagus sylvatica L.) forest in Central 
 Europe. Ecohydrology, 11 (6): e1958. https://doi.org/10.1002/
 eco.1958
Neuwirth, B., Rabbel, I., Bendix, J., Bogena, H.R., Thies, B., 
 2021. The European heat wave 2018: the dendroecologi-
 cal response of oak and spruce in Western Germany. Fore-
 sts, 12 (3): 283. https://doi.org/10.3390/f12030283
Oberhuber, W., Hammerle, A., Kofler, W.,  2015. Tree wa-
 ter status and growth of saplings and mature Norway 
 spruce (Picea abies) at a dry distribution limit. Frontiers 
 in Plant Science, 6. https://doi.org/10.3389/fpls.2015.00703
Oberhuber, W., Mennel, J.,  2010. Different radial growth 
 responses of co-occurring coniferous forest trees in 
 the Alps to drought. Geophysical Research Abstracts, 12: 
 (EGU2010-695–1).
Oberhuber, W., Sehrt, M., Kitz, F.,  2020. Hygroscopic pro-
 perties of thin dead outer bark layers strongly influence 
 stem diameter variations on short and long time scales 
 in Scots pine (Pinus sylvestris L.). Agricultural and Forest 
 Meteorology, 290: 108026. https://doi.org/10.1016/j.
 agrformet.2020.108026
Offenthaler, I., Hietz, P., Richter, H., 2001. Wood diame-
 ter indicates diurnal and long-term patterns of xylem 
 water potential in Norway spruce. Trees, 15 (4): 215–
 221. https://doi.org/10.1007/s004680100090
Ohashi, Y., Nakayama, N., Saneoka, H., Fujita, K., 2006. 
 Effects of drought stress on photosynthetic gas exchan-
 ge, chlorophyll fluorescence and stem diameter of soy-
 bean plants. Biologia Plantarum, 50 (1): 138–141. https://



136

 doi.org/10.1007/s10535-005-0089-3
Orlowsky, B., Seneviratne, S.I.,  2012. Global changes in 
 extreme events: regional and seasonal dimension. Clima-
 te Change, 110 (3–4): 669–696. https://doi.org/10.1007/
 s10584-011-0122-9
Peters, R.L., Steppe, K., Cuny, H.E., De Pauw, D.J.W., 
 Frank, D.C., Schaub. M., Rathgeber, C.B.K., Ca-
 bon, A., Fonti, P.,  2021. Turgor – a limiting factor for ra-
 dial growth in mature conifers along an elevational gra-
 dient. New Phytologist, 229 (1): 213–229. https://doi.org/
 10.1111/nph.16872
Piovesan, G., Biondi, F.,  2021. On tree longevity. New Phy-
 tologist, 231 (4): 1318–1337. https://doi.org/10.1111/nph.
 17148
Rosati, A., Paoletti, A., Lodolini, E.M., Famiani, F.,  2024. 
 Cultivar ideotype for intensive olive orchards: plant vigor, 
 biomass partitioning, tree architecture and fruiting cha-
 racteristics. Frontiers in Plant Science, 15. https://doi.org/
 10.3389/fpls.2024.1345182
Rossi, S., Anfodillo, T., Čufar, K., Cuny, H.E., Deslauriers, 
 A., Fonti, P., Frank, D., Gričar, J., Gruber, A., Huang, 
 J., Jyske, T., Kašpar, J., King, G., Krause, C., Liang, E., 
 Mäkinen, H., Morin, H., Nöjd, P., Oberhuber, W., 
 Prislan, P., Rathgeber, C.B.K., Saracino, A., Swid-
 rak, I., Treml V., 2016. Pattern of xylem phenology in 
 conifers of cold ecosystems at the Northern Hemisphere. 
 Global Change Biology, 22 (11): 3804–3813. https://doi.
 org/10.1111/gcb.13317
Rötzer, T., Biber, P., Moser, A., Schäfer, C., Pretzsch, H., 
 2017. Stem and root diameter growth of European beech 
 and Norway spruce under extreme drought. Forest Ecology 
 and Management, 406: 184–195. https://doi.org/10.1016/
 j.foreco.2017.09.070
Salomón, M.J., Watts-Williams, S.J., McLaughlin, M.J., 
 Bücking, H., Singh, B.K., Hutter, I., Schneider, C., 
 Martin, F.M., Vosatka, M., Guo, L., Ezawa, T., Saito, 
 M., Declerck, S., Zhu, Y.-G., Bowles T., Abbott L.K., 
 Smith, F.A., Cavagnaro, T.R., van der Heijden, M.G.A.,  
 2022. Establishing a quality management framework for 
 commercial inoculants containing arbuscular mycorrhi-
 zal fungi. Iscience, 25 (7): 104636. https://doi.org/10.1016/
 j.isci.2022.104636
Schuldt, B., Buras, A., Arend, M., Vitasse, Y., Beierkuhn-
 lein, C., Damm, A., Gharun, M., Grams, T.E. E., Hauck, 
 M., Hajek, P., Hartmann, H., Hiltbrunner, E., Hoch, 
 G., Holloway-Phillips, M., Körner, C., Larysch, E., 
 Lübbe, T., Nelson, D.B., Rammiig, A., Rigling, A., Rose, 
 L., Ruehr, N.K., Schumann, K., Weiser, F., Werner, 
 C., Wohlgemuth, T., Zang, C.S., Kahmen, A.,  2020. 
 A first assessment of the impact of the extreme 2018 
 summer drought on Central European forests. Basic and 
 Applied Ecology, 45: 86–103. https://doi.org/10.1016/j.
 baae.2020.04.003
Schurman, J.S., Trotsiuk, V., Bače, R., Čada, V., Fraver, 
 S., Janda, P., Kulakowski, D., Labusova, J., Mikoláš, 
 M., Nagel, T.A., Seidl, R., Synek, M., Svobodová, K., 
 Chaskovskyy, O., Teodosiu, M., Svoboda, M.,  2018. 
 Large‐scale disturbance legacies and the climate sensi-
 tivity of primary Picea abies forests. Global Change Bio-
 logy, 24 (5): 2169–2181. https://doi.org/10.1111/gcb.14041
Simard, S.W.,  2018. Mycorrhizal networks facilitate tree 
 communication, learning, and memory. In Baluska, F., 
 Gagliano, M., Witzany, G.  (eds). Memory and learning 
 in plants. Signaling and Communication in Plants. Cham: 

 Springer, p. 191–213. https://doi.org/10.1007/978-3-319-
 75596-0_10
Simonin, K.A., Santiago, L.S., Dawson, T.E.,  2009. Fog 
 interception by Sequoia sempervirens (D. Don) crowns 
 decouples physiology from soil water deficit. Plant, Cell 
 and Environment, 32 (7): 882–892. https://doi.org/10.
 1111/j.1365-3040.2009.01967.x
Steppe, K., De Pauw, D.J.W., Lemeur, R., Vanrolleghem, 
 P.A., 2006. A mathematical model linking tree sap flow 
 dynamics to daily stem diameter fluctuations and radial 
 stem growth. Tree Physiology, 26 (3): 257–273. https://doi.
 org/10.1093/treephys/26.3.257
Steppe, K., Sterck, F., Deslauriers, A.,  2015. Diel growth 
 dynamics in tree stems: linking anatomy and ecophysio-
 logy. Trends in Plant Science, 20 (6): 335–343. https://
 doi.org/10.1016/j.tplants.2015.03.015
Strasser, R.J., Tsimilli-Michael, M., Srivastava, A.,  2004. 
 Analysis of the chlorophyll a fluorescence transient. In 
 Papageorgiou, G.C., Govindjee  (eds). Chlorophyll a 
	 fluorescence. Advances in Photosynthesis and Respira-
 tion, vol. 19. Dordrecht: Springer, p. 321–362. https://doi.
 org/10.1007/978-1-4020-3218-9_12
Tang, A.C.,  2002. Photosynthetic oxygen evolution at low 
 water potential in leaf discs lacking an epidermis. An-
 nals of Botany, 89 (7): 861–870. https://doi.org/10.1093/
 aob/mcf081
Vanická, H., Holuša, J., Resnerová, K., Ferenčík, J., Pot-
 terf, M., Véle, A., Grodzki, W., 2020. Interventions 
 have limited effects on the population dynamics of Ips 
 typographus and its natural enemies in the Western 
 Carpathians (Central Europe). Forest Ecology and Mana-
 gement, 470–471: 118209. https://doi.org/10.1016/j.foreco.
 2020.118209
Wang, Z., Li, G., Sun, H., Ma, L., Guo, Y., Zhao, Z., Gao, 
 H., Mei, L., 2018. Effects of drought stress on photosyn-
 thesis and photosynthetic electron transport chain in 
 young apple tree leaves. Biology Open, 7 (11): bio035279. 
 https://doi.org/10.1242/bio.035279
Wei, C., Tyree, M.T., Steudle, E.,  1999. Direct measure-
 ment of xylem pressure in leaves of intact maize plants. A 
 test of the cohesion-tension theory taking hydraulic archi-
 tecture into consideration. Plant Physiology, 121 (4): 
 1191–1205. https://doi.org/10.1104/pp.121.4.1191
Yordanov, I., Velikova, V., Tsonev, T., 2000. Plant responses 
 to drought, acclimation, and stress tolerance. Photosyn-
 thetica, 38 (2): 171–186. https://doi.org/10.1023/A:
 1007201411474
Zweifel, R., Drew, D.M., Schweingruber, F., Downes, G.
 M., 2014. Xylem as the main origin of stem radius chan-
 ges in Eucalyptus. Functional Plant Biology, 41 (5): 520. 
 https://doi.org/10.1071/FP13240
Zweifel, R., Haeni, M., Buchmann, N., Eugster, W.,  2016. 
 Are trees able to grow in periods of stem shrinkage? New 
 Phytologist, 211 (3): 839–849. https://doi.org/10.1111/
 nph.13995
Zweifel, R., Hasler, R., 2001. Dynamics of water storage 
 in mature subalpine Picea abies: temporal and spatial 
 patterns of change in stem radius. Tree Physiology, 21 
 (9): 561–569. https://doi.org/10.1093/treephys/21.9.561
Zweifel, R., Item, H., Hasler, R.,  2001. Link between diu-
 rnal stem radius changes and tree water relations. Tree 
 Physiology, 21 (12–13): 869–877. https://doi.org/10.1093/
 treephys/21.12-13.869
Zweifel, R., Sterck, F., Braun, S., Buchmann, N., Eug-



137

 ster, W., Gessler, A., Häni, M., Peters, R.L., Walth-
 ert, L., Wilhelm, M., Ziemińska, K., Etzold S., 2021. 
 Why trees grow at night. New Phytologist, 231 (6): 
 2174–2185. https://doi.org/10.1111/nph.17552
Zweifel, R., Zimmermann, L., Newbery, D.M.,  2005. Mode-
 ling tree water deficit from microclimate: an approach to 
 quantifying drought stress. Tree Physiology, 25 (2): 147–

 156. https://doi.org/10.1093/treephys/25.2.147
Zweifel, R., Zimmermann, L., Zeugin, F., Newbery, D.M., 
 2006. Intra-annual radial growth and water relations of 
 trees: implications towards a growth mechanism. Jour-
 nal of Experimental Botany, 57 (6): 1445–1459. https://
 doi.org/10.1093/jxb/erj125

Rcceived March 24, 2025
Accepted June 6, 2025



138

Supplementary material

Fig. S1. (a–h, grey points) Relationships between a natural logarithm of absolute values of the average tree water deficit (ln abs 
TWD) and (a) average photosynthetic rate (A), (b) average stomatal conductance (gS), (c) average transpiration rate (E), (d) average 
basal fluorescence (F0), (e) average maximum quantum yield of the photochemistry of PSII (Fv/Fm), (f) average number of active 
reaction centers (RC/ABS), (g) average photosynthetic performance index (PIABS), (h) average relative variable fluorescence at 2 
ms (VJ) of D trees. (a–h, black line) Linear function expressing the relationships between a natural logarithm of absolute values of 
the average TWD and the above parameters of gas exchange and fluorescence (R2– coefficient of determination expressing the fit 
of functions to the data, P – significance level, be aware that higher values of the natural logarithm of absolute values represent a 
higher water deficit (more negative TWD values), while more negative values represent a smaller one).


