
599

Journal of Forest Science, 71, 2025 (12): 599–613	 Original Paper

https://doi.org/10.17221/79/2025-JFS

Supported by the Ministry of Agriculture of the Czech Republic through institutional support MZE-RO0123, the National 
Agency of Agricultural Research (Project No. QL25020059), and by  the Czech University of Life Sciences Prague, Faculty 
of Forestry and Wood Sciences (Excellent Teams 2025).

© The authors. This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0).

Leaf area index and soil water content responses  
to pre-commercial thinning in Norway spruce  
plantations under climate change

Jakub Černý1,2,3* , Zdeněk Vacek4 , Jan Cukor1,4 , Dominik Báňa2,  
Stanislav Vacek4

1Forestry and Game Management Research Institute, Jíloviště-Strnady, Czech Republic
2Department of Silviculture, Faculty of Forestry and Wood Technology, Mendel University in Brno, 
Brno, Czech Republic

3Department of Genetics and Physiology of Forest Trees, Faculty of Forestry and Wood Sciences,  
Czech University of Life Sciences Prague, Prague, Czech Republic

4Department of Silviculture, Faculty of Forestry and Wood Sciences, Czech University of Life Sciences 
Prague, Prague, Czech Republic

*Corresponding author: cerny@vulhmop.cz

Citation: Černý J., Vacek Z., Cukor J., Báňa D., Vacek S. (2025): Leaf area index and soil water content responses to pre-com-
mercial thinning in Norway spruce plantations under climate change. J. For. Sci., 71: 599–613.

Abstract: Global climate change (GCC) and increasing drought frequency pose a threat to the stability of European 
forests, particularly those of Norway spruce [Picea abies (L.) Karst.] plantations. We investigated how different pre-
commercial thinning (PCT) intensities affect leaf area index (LAI) and its relationship to  soil water content (SWC) 
in young spruce stands in northeastern Czechia. Three permanent research plots in a 13-year-old monoculture were 
subjected to mild PCT, heavy PCT, or left as an unthinned control in winter 2019/2020. Thinning caused an immedi-
ate decrease in LAI, with averages of 8.3 ± 1.1 m2·m–2 (mild), 3.8 ± 0.5 m2·m–2 (heavy) and 11.1 ± 1.1 m2·m–2 (control) 
in 2020. By 2023, LAI in the mildly thinned stand had largely converged with the control, whereas the heavily thinned 
stand maintained significantly lower LAI. The strongest relationship between LAI and SWC occurred in the heavily 
thinned plot (R2 = 0.715 in 2021), while correlations were weak or transient in the mildly thinned and control plots. 
These results indicate that PCT intensity influences both the magnitude and duration of LAI reduction and is associ-
ated with differences in stand water dynamics. Appropriately adjusted thinning may therefore modestly affect water 
availability and could contribute to adaptive management of spruce forests under GCC.
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The Norway spruce [Picea abies (L.) Karst.] is one 
of  the most economically and ecologically signifi-
cant tree species in  Europe (Ge et  al.  2013) and 
dominates approximately 46% of the total forested 
area in  the Czech Republic (MoA 2023). Particu-
larly in regions where it has been planted outside 
its natural range or close to the lower limits of its 
ecological tolerance, its ecological stability has 
been increasingly challenged (Putalová et al. 2019; 
D'Andrea et al. 2023; Šimůnek et al. 2025). Global 
climate change (GCC), expressed through rising 
air temperatures, altered precipitation patterns 
and a higher frequency of extreme weather events, 
has made Norway spruce stands more vulnerable 
to drought, pest outbreaks, windthrow and dieback 
(Slodičák 2014; Hlásny et al. 2021; MoA 2023; Va-
cek et al. 2023).

Among adaptive forest management options, 
pre-commercial (PCT) and commercial thinning 
are key measures to  enhance the resistance and 
sustainability of Norway spruce stands under GCC 
(Ge et  al.  2013). Thinning is  a  fundamental silvi-
cultural intervention that reduces stand density 
and competition for resources, improves the struc-
tural stability of trees and modifies stand microcli-
mate, particularly light regime and water balance 
(Aussenac 2000; Slodičák, Novák 2006; Rambo, 
North  2009; Mihai et  al.  2020). By  selectively re-
moving individual trees, thinning can reduce the 
risk of damage from wind, snow, and pest outbreaks 
and improve access to  critical resources for the 
remaining trees (Ge et  al.  2012; Sohn et  al.  2013; 
Dušek et al. 2021). However, the effects of thinning 
on the leaf area index (LAI) and its subsequent im-
pact on soil water content (SWC) are complex and 
strongly dependent on  stand age, thinning inten-
sity and climatic conditions (Bréda 2003; Gebhardt 
et al. 2014).

The LAI represents a  critical ecological param-
eter, defined as  the total one-sided leaf area per 
unit ground area (Watson 1947). It integrates can-
opy structure and function and strongly influences 
carbon and water exchange between the stand and 
the atmosphere (Chen et al. 1997; Asner et al. 2003; 
Leuschner et al. 2006; DeRose et al. 2012). As it re-
sponds sensitively to  growth conditions through 
changes in leaf morphology, canopy structure and 
metabolism (Kull et  al.  1999; Bussotti et  al.  2000; 
Hallik et al. 2009), LAI can be regarded as an indi-
cator of  both stand productivity and the adaptive 
capacity of tree species (Bréda 2003).

From the hydrological perspective, LAI is closely 
linked to  rainfall interception, transpiration, and 
the amount of  precipitation that reaches the for-
est floor (Parker 2020; Jonckheere et  al.  2004). 
High LAI values increase canopy interception and 
transpiration, which may reduce SWC, whereas 
a  reduction in  LAI following thinning generally 
increases throughfall and can temporarily en-
hance SWC (Parker 2020). At the same time, more 
open canopies may promote soil evaporation and 
stimulate understory vegetation and transpiration, 
so that the net effect of thinning on SWC depends 
on  canopy opening, understory response and lo-
cal climatic conditions (Sohn et al. 2013; Gebhardt 
et  al.  2014; Zavadilová et  al.  2023). This dynamic 
interplay between canopy structure and hydrologi-
cal processes emphasises the importance of under-
standing how different thinning intensities modify 
LAI and, consequently, soil water dynamics, par-
ticularly in  regions where water availability limits 
tree growth and forest productivity (Grier, Run-
ning 1977; Hlásny et  al.  2014; Parker 2020; Vacek 
et al. 2023).

Given the critical role of LAI in mediating the wa-
ter balance in forest ecosystems (Zhang et al. 2020), 
this study aims to  investigate how LAI develops 
and its effects on SWC in pure Norway spruce pole 
stands managed in different ways. Specifically, the 
objectives of this study are to: (i) quantify the tem-
poral dynamics of LAI following PCT of varying in-
tensities, (ii) assess the effect of these silvicultural 
interventions on  SWC, and (iii) evaluate the im-
plications for stand management in regions prone 
to drought stress. The findings are expected to con-
tribute to  the optimisation of  thinning regimes 
in Norway spruce stands, thereby supporting both 
economic productivity and ecological resistance 
under ongoing GCC.

MATERIAL AND METHODS

Study sites. The  study was conducted on  three 
research plots in the Křivina area in northeast Bo-
hemia, Czech Republic (50°12'55''N, 16°06'51''E) 
at  402 m a.s.l., which represents a  lower limit 
of  suitable growing conditions for Norway spruce 
in the country (Černý 2023). Spruce at  this eleva-
tion is  expected to  experience increasing climatic 
stress, as it usually struggles below 650 m a.s.l. due 
to  higher air temperature and reduced precipita-
tion (Vejpustková 2022). The  stands were estab-
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Figure 1. Mean monthly air temperature and monthly precipitation in an open area at the Křivina study site in (A) 2019, 
(B) 2020, (C) 2021, (D) 2022 and (E) 2023
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lished by artificial regeneration using containerised 
planting stock on mechanically prepared soil (disk 
trenching) at  an  initial density of  3  500 seedlings 
per ha. During the measurement period (2019–
2023), mean annual air temperature was 9.8 °C and 
total annual precipitation 570.5 mm, based on data 
from an  automatic meteorological station (EMS, 
Czech Republic), which is operated by the Forest-

ry and Game Management Research Institute and 
located approximately 500 m from the site (Fig-
ure 1). This meteorological station was specifically 
installed for the experiment in  a  sufficiently large 
open area, where it  recorded air temperature and 
precipitation at 10-min intervals. For the purposes 
of  this study, these data were aggregated to  dai-
ly and then monthly means and totals. Thus, the 
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2019–2023 series characterises the actual weather 
during LAI and SWC monitoring rather than, for 
example, a  standard 30-year climate normal. Ac-
cording to  the Köppen-Geiger classification, the 
area belongs to  the temperate oceanic (Cfb) cli-
mate with a growing season of about 165–175 days 
(Peel et  al.  2007). The  terrain is  flat (slope <  2°) 
with no  pronounced aspect, and all three plots 
are located next to  each other in  the central part 
of  the stand. The  soil is  a  modal Cambisol devel-
oped on sandy marlstone and marlite, and the site 
is  classified as  a  Querceto-Fagetum illimerosim 
trophicum (Černý 2023; Viewegh et al. 2003; Gia-
gli et al. 2024). Soil conditions (horizon thickness, 
bulk density and basic chemical and nutrient prop-
erties) did not differ substantially among all three 
plots based on  sampling and laboratory analyses 
(data not shown). The herbaceous layer was practi-
cally absent throughout the study period, with only 
small, scattered moss patches occurring locally 
in  the heavily thinned plot C, and no  continuous 
herb layer developed on any of the plots.

In 2018, three rectangular plots (40 × 65 m each) 
were established within a 13-year-old pure Norway 
spruce stand. All trees were individually numbered 
and measured annually for diameter at breast height 
(DBH) and total height (H). In  winter 2019/2020, 
PCT of different intensities was applied: mild PCT 
(plot A; final stand density 2 062 trees·ha–1), heavy 
PCT (plot C; 1  369 trees·ha–1) and unthinned 
stand (plot B; 3  512 trees·ha–1). PCT was carried 
out by negative selection, primarily removing sup-
pressed trees in the lower canopy. Stand edges were 
left intact to  ensure mechanical stability, and all 
logging residues were removed (Černý 2023).

Annual inventories were conducted each Septem-
ber from 2019 to 2023. DBH was measured as the 
mean of two perpendicular readings to the nearest 
0.1 cm, and tree height was recorded for all trees. 
From 2021 onwards, the height of  the live crown 
base was also measured to 0.1 m using a Vertex IV 
hypsometer (Haglöf, Sweden). Basic stand charac-
teristics are summarised in Table 1.

Measurement of  microclimate and LAI calcu-
lation. For  this study, photosynthetically active ra-
diation (PAR) was measured between 2019 and 2023 
above and below the canopy. Above-canopy PAR was 
recorded in  a  nearby open area (Fleck et  al.  2020). 
Below the canopy, eighteen EMS 12S sensors (EMS, 
Czech Republic) with a reliable cosine-corrected re-
sponse up to a zenith angle of 85° (i.e. an effective sen-

sor field of view of about 170°) were installed in each 
plot (A, B, C) in a regular 10 × 10 m grid in the central 
part of  each plot to  provide dense spatial coverage 
and minimise edge effects. All sensors were mounted 
on vertical steel posts, with the sensor heads at 60 cm 
above the ground level between trees (not directly 
adjacent to  stems). SWC was measured with ten 
Campbell CS650 sensors (Campbell Scientific, USA) 
at a depth of 15 cm within the same central plot area. 
All PAR and SWC sensors were connected to an au-
tomatic data-logging system (EMS, Czech Republic), 
which controlled the measurements and data stor-
age. All sensors operated continuously, and data were 
logged every 10 min and stored in a cloud database. 
The daily average PAR for each sensor was calculated 
as the arithmetic mean of all the 10-minute PAR re-
cords for a given calendar day. Analogously, the daily 
mean SWC was obtained from the 10-minute SWC 
records. For this study, we used daily means for the 
growing season (April 1 – October 31). In 2019, in-
strumentation began on 19  June; therefore, the pe-
riod from 19 June to 31 October was analysed. Thus, 
we obtained one stand-level value of PAR transmit-
tance and one stand-level value of SWC for each day 
and plot, based on averaging across all sensors. Tech-
nical specifications and user manuals for all instru-
ments are available from the manufacturers' websites 
(EMS, Czech Republic; Campbell Scientific, USA).

For each plot and day, daily mean PAR values 
from the eighteen below-canopy sensors were av-
eraged to  obtain a  stand-level mean understory 
irradiance. LAI was then calculated using the mod-
ified Lambert-Beer law (Bréda 2003; Hirose 2005), 
as shown by Equation (1):

–1

0
–ln ILAI k

I
= ×  	 (1)

where: 
LAI 	 – leaf area index; 
I 	 – daily average photosynthetically active radia- 
		   tion (PAR) measured below the canopy; 
I0 	 – daily average PAR measured above the canopy; 
k 	 – extinction coefficient, set to  0.33 for pure 
		   Norway spruce stands (Bréda 2003).

For each plot and year, we also derived the maxi-
mum leaf area index (LAImax), defined as the high-
est daily LAI value recorded during the growing 
season. In this study, both LAI and LAImax are con-
sidered as canopy metrics at the stand level.

https://jfs.agriculturejournals.cz/
https://doi.org/10.17221/79/2025-JFS


603

Journal of Forest Science, 71, 2025 (12): 599–613	 Original Paper

https://doi.org/10.17221/79/2025-JFS

Figure 2. Linear relationship between leaf area index and soil water content in young Norway spruce stands with different 
intensities of PCT in 2019: (A) before PCT application, (B) 2020, (C) 2021, (D) 2022 and (E) 2023

Each point represents one daily mean pair of LAI and SWC values for a given plot (A, B, C) during the growing season 
in the respective year, and is coloured according to its day-of-year category: green – early-season (1 April–31 May), red – 
mid-season (1 June–31 July) and blue – late-season (1 August–31 October); A – mild pre-commercial thinning (PCT); 
B – unthinned control; C – heavy PCT; SWC – soil water content (m3·m–3); LAI – leaf area index (m2·m–2); R2 – coef-
ficient of determination
LAI and SWC values are shown for the growing season (1 April–31 October), except in 2019 when measurements began 
on 19 June and continued to 31 October, only the mid- and late-season categories are present in panel a); therefore, the 2019 
relationships are not fully comparable with those for 2020–2023
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To assess the influence of LAI on SWC, we calcu-
lated daily averages from the ten SWC sensors be-
low the canopy for each plot, and these values were 
used in the subsequent regression analyses.

Statistical analyses. All data analyses were con-
ducted in  SigmaPlot® (Version 13, 2014). Data 
were first tested for normality (Shapiro-Wilk test) 
and homogeneity of variance (Bartlett test). When 
these assumptions were met, we  applied one-way 
analysis of variance (ANOVA) with Tukey's honest-
ly significant difference (HSD) for post hoc pairwise 
comparisons. When the assumptions were violat-
ed, we performed a nonparametric Kruskal-Wallis 
test (Siegel, Castellan 1988). Statistical significance 
was set at P < 0.05. To evaluate the influence of LAI 
on  SWC, linear regression models were fitted for 
each silvicultural variant (A, B, C) and year (2019–
2023). Paired daily mean LAI and SWC values were 
used for each plot, and the coefficients of determi-
nation (R2) were calculated. To visualise the poten-
tial seasonal structure of  these relationships, the 
days were also categorised by  day of  year (DOY) 

to represent successive parts of the growing season. 
These categories are indicated by different colours 
of points in Figure 2.

RESULTS

In 2019, before PCT, LAI was highest in plot A 
(mild PCT), intermediate in plot B (unthinned con-
trol), and lowest in plot C (heavy PCT), with LAImax 
occurring in  mid-October for plot A  and in  mid-
June for plots B and C (Figures  3A, 4A). In  the 
same year, the seasonal mean SWC showed the op-
posite pattern, being lowest in plot A and highest 
in plot C (0.13, 0.15 and 0.18 m3·m–3 in A, B and C, 
respectively) (Table 1, Figure 3A).

After PCT 2020, mean LAI dropped mark-
edly in  mildly and heavily thinned plots 
(8.3 ±  1.1  m2·m–2 and  3.8  ±  0.5 m2·m–2, respec-
tively), while it  slightly increased in  the un-
thinned control (11.1 ±  1.1 m2·m–2; Figures  3B, 
4B). In  contrast, the seasonal mean SWC in-
creased in  both thinned plots, with the highest 

Table 1. Basic characteristics of the studied Norway spruce stands with different tending in 2019–2023

Year Silvicultural 
variant

Age  
(year)

Stand density 
(trees·ha–1)

DBH
(cm)

BA1.3 
(m2·ha–1)

H 
(m)

LCB 
(m)

LAI
(m2·m–2)

SWC
(m3·m–3)

2019
A

14
3 569 8.5 ± 2.5 21.95 7.3 ± 1.4 – 11.9 ± 1.0 0.13 ± 0.03

B 3 527 7.9 ± 2.4 18.90 7.0 ± 1.5 – 10.7 ± 1.0 0.15 ± 0.02
C 3 685 7.7 ± 2.3 18.74 6.8 ± 1.4 – 7.5 ± 1.1 0.18 ± 0.02

2020
A

15
2 062 10.4 ± 2.2 18.26 9.0 ± 1.0 – 8.3 ± 1.1 0.20 ± 0.05

B 3 519 8.5 ± 2.5 21.52 8.7 ± 1.0 – 11.1 ± 1.1 0.19 ± 0.05
C 1 369 10.0 ± 1.8 11.40 8.8 ± 1.0 – 3.8 ± 0.5 0.24 ± 0.03

2021
A

16
2 058 11.5 ± 2.4 22.42 9.4 ± 1.1 1.8 ± 0.4 10.4 ± 1.6 0.19 ± 0.07

B 3 512 9.2 ± 2.8 25.29 8.4 ± 1.7 1.6 ± 0.5 12.7 ± 1.4 0.17 ± 0.05
C 1 365 11.4 ± 2.1 14.36 9.1 ± 1.1 1.4 ± 0.4 5.1 ± 1.0 0.23 ± 0.06

2022
A

17
2 058 12.2 ± 2.5 24.97 10.1 ± 1.3 2.1 ± 0.6 12.2 ± 1.3 0.13 ± 0.03

B 3 492 9.6 ± 2.9 27.49 8.9 ± 1.8 2.3 ± 0.7 13.4 ± 1.0 0.13 ± 0.03
C 1 362 12.5 ± 2.2 17.12 9.8 ± 1.2 1.6 ± 0.4 6.6 ± 0.9 0.16 ± 0.04

2023
A

18
2 023 12.6 ± 2.5 26.13 10.9 ± 3.9 2.8 ± 0.7 13.7 ± 1.6 0.14 ± 0.06

B 3 442 9.9 ± 3.0 28.88 9.4 ± 1.8 2.8 ± 0.9 14.0 ± 1.2 0.14 ± 0.05
C 1 331 13.1 ± 2.3 18.35 10.6 ± 1.2 1.9 ± 0.5 7.9 ± 1.1 0.16 ± 0.06

A  –  mild pre-commercial thinning (PCT); B  –  unthinned control; C – heavy PCT; DBH – diameter at  breast height;  
BA1.3 – stand basal area at breast height; H – tree height; LCB – height of live crown base; LAI – stand-level leaf area index; 
SWC – soil water content

Stand variables were measured during annual inventories in September; LAI and SWC values represent the seasonal aver-
ages (1 April–31 October), except in 2019 when measurements began on 19 June (19 June–31 October); therefore, LAI and 
SWC values should be interpreted with caution when making year-on-year comparisons
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Figure 3. Seasonal dynamics of stand-level LAI (m2·m–2) and SWC (m3·m–3) in young Norway spruce stands with different 
intensities of PCT at the Křivina study site in 2019: (A) the growing season before PCT application, (B) 2020, (C) 2021, 
(D) 2022, and (E) 2023

A – mild pre-commercial thinning (PCT); B – unthinned control; C – heavy PCT; DOY – day of the year; LAI – stand-level 
leaf area index; SWC – soil water content
In 2019 (A), the monitoring period was shorter (19 June–31 October) because the sensors were installed in all research plots 
after the beginning of the growing season
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SWC in heavily thinned plot C (0.24 m3·m–3) (Ta-
ble 1, Figure 3B).

In the subsequent years (2021–2023), LAI in-
creased again in all plots, but trajectories differed 
between treatments. In 2021 and 2022, plots A and B 

showed a higher mean LAI than the heavily thinned 
plot C (Figures 3C–D, 4C–D). By 2023, the mean 
LAI in plots A and B converged (13.7 ± 1.6 m2·m–2 
and 14.0 ± 1.2 m2·m–2), whereas plot C remained sig-
nificantly lower (7.9 ± 1.1 m2·m–2) (Figures 2E, 3E). 
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Figure 4. Comparison of leaf area index at the stand level in pure young Norway spruce stands with different intensities 
of PCT at the Křivina study site in (A) 2019, (B) 2020, (C) 2021, (D) 2022, and (E) 2023

A – mild pre-commercial thinning (PCT); B – unthinned control; C – heavy PCT; LAI – stand-level leaf area index; lower-
case letters – statistically significant differences between silvicultural treatments (P < 0.05)
LAI values represent seasonal averages for the growing season (1 April–31 October), except in 2019 when measurements 
began on 19 June (19 June–31 October); therefore, LAI values for 2019 should be interpreted with caution when making 
year-on-year comparisons
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During the same period, the seasonal mean SWC 
was consistently highest in  plot C (0.23, 0.16 and 
0.16 m3·m–3) (Table 1, Figure 3C–E). Overall, SWC 
was relatively high in 2020–2021, but lower in 2022 
and 2023 (Table 1, Figure 3D–E).

Across 2019–2022, LAI differed significantly 
among all three thinning variants, while in  2023, 
significant differences were found only between the 
heavily thinned plot C and both the mildly thinned 
plot A and the control plot B (Figure 4).

In 2019, before PCT, relationships between 
LAI and SWC were very weak for all three plots 
(Figure 2A). In 2020, the first growing season af-
ter PCT, correlations between LAI and SWC re-
mained low in the mildly thinned plot A and the 
control plot B (Figure  2B). In  2021, the effect 
of  PCT on  the LAI-SWC relationship became 
more evident, particularly in  the heavily thinned 
plot C, where a strongly positive relationship was 
observed (R2 = 0.715; Figure 2C). In 2022, R2 val-
ues in plots A and B decreased again to very low 
levels, whereas plot C maintained higher R2 values, 
indicating a persistent influence of its more open 
canopy structure on SWC (Figure 4D–E). Overall, 
heavy PCT had the greatest and longest-lasting 
effect on the relationship between LAI and SWC, 
with the strongest influence observed  in  2021 
and a  weaker but still noticeable effect in  2023 
(Figure 2A–E).

DISCUSSION

Norway spruce is  the most widely distributed 
tree species in  the Czech Republic, accounting 
for approximately 46% of  forests (MoA 2023) and 
remains an  important component of  forest eco-
systems in  Central Europe (Bošeľa et  al.  2021). 
However, GCC already results in  irregular pre-
cipitation during the growing period, prolonged 
droughts, the spread of  insects and wood-de-
caying fungi, and a  high risk that young stands 
will not reach maturity, particularly at  low eleva-
tions and outside the natural range of  the species 
(Čermák 2014; Hlásny et al. 2014, 2021; D'Andrea 
et  al.  2023; Šimůnek  et  al.  2025). Despite these 
risks, management strategies still prioritise Nor-
way spruce, recommending a proportion of 28.3% 
compared to  22.5% for European beech (Fagus 
sylvatica L.). However, beech historically covered 
around 40.2% of the forest area, whereas spruce ac-
counted for just 11.2% (MoA 2023).

One adaptation pathway is  to  reduce drought 
risk through functionally diverse mixed stands, 
where tree species differ in resource use and inter-
act in ways that can increase resistance to climatic 
stress (Jaworski, Pach 2014; Steckel et al. 2020; Va-
cek et al. 2021, 2023; Vospernik et al. 2023). The use 
of  tree species exploiting different soil horizons 
and ecological niches, such as  combining Norway 
spruce with silver fir (Abies alba Mill.) and Euro-
pean beech, helps to  alleviate belowground com-
petition and stabilise stand structure (Vacek 2017; 
Poleno et al. 2009; Vacek et al. 2014, 2021). Histori-
cal beech-fir-spruce old-growth forests in  Central 
Europe illustrate that such mixtures can be  struc-
turally stable over long periods, although recent 
studies have reported a trend towards declining co-
nifer abundance and increasing dominance of beech 
across Europe (Diaci et  al.  2008, 2011; Vrška 
et  al.  2009; Janík et  al.  2014; Jaloviar et  al.  2017; 
Parobeková et al. 2018). Species-specific responses 
to climate and anthropogenic disturbances further 
underline the value of  structurally diverse, close-
to-nature beech-fir-spruce forests, which have 
shown high stability under appropriate manage-
ment (Bouriaud, Popa 2009; Gazol et al. 2015; Vacek 
et al. 2015). On Slovak sites, leaf area per tree, stand 
LAI and stem radial increment per unit leaf area 
were similar between beech and spruce, indicating 
near-maximal light-use efficiency, although great-
er morphological plasticity of  beech may confer 
a  competitive advantage under changing climatic 
conditions (Konôpka et al. 2016). At the stand level, 
mixed stands can also be more productive, as shown 
for Scots pine with admixed spruce and for silver fir 
mixed with spruce, where growth and  stem-wood 
production increased relative to monoculture (Val-
let, Pérot 2011; Bielak et al. 2014).

Nevertheless, species mixtures are not universal-
ly beneficial. On sandy soils with deep groundwater 
tables, mixing Scots pine and Norway spruce can 
be  problematic because spruce in  the understory 
may form a  shallow, wide-spreading root system 
and high interception surface that strongly reduces 
throughfall and induces water stress in  the over-
story pine. Following the removal of  this biologi-
cal barrier, the Scots pine significantly increased its 
radial growth (Špulák 2023). Large-scale analyses 
have also shown that tree neighbourhood diversity 
may have negligible or adverse effects on drought 
resistance, as  trees compete strongly regardless 
of species composition (Gillerot et al. 2020). Thus, 
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the main advantage of  mixtures may lie in  diver-
sifying risk and enhancing non-producing forest 
functions, while additional measures such as  tar-
geted thinning remain necessary for adapting Nor-
way spruce to GCC.

Another adaptation option within existing spruce 
young stands is  to  reduce canopy interception 
so that a larger fraction of precipitation reaches the 
forest floor. Under conditions of low precipitation, 
the assimilation apparatus can intercept almost all 
incoming rainfall, meaning that intercepted water 
has no  direct usable potential for trees (Šrámek 
et  al.  2023). In  spruce stands, interception losses 
can exceed 36% over the year and canopy inter-
ception capacity can reach up to 5 mm per rainfall 
event, depending on  the duration and intensity 
of precipitation (Dohnal et al. 2014). At  the same 
Křivina site as  our experiment, PCT and the as-
sociated reduction in  LAI significantly increased 
throughfall: in  the unthinned stand, the lowest 
measured throughfall was 56.5% of open-area pre-
cipitation, whereas it  reached 74.9% and 87.0% 
in  the mildly and heavily thinned stands, respec-
tively (Pavlištová 2022). Our results on  LAI and 
SWC build on these findings by demonstrating that 
reductions in canopy interception result in modest, 
yet measurable, increases in soil water availability 
in heavily thinned stands.

From a methodological perspective, we obtained 
our LAI values using an  indirect optical approach. 
In  this approach, stand-level LAI is  derived from 
the ratio of incident and transmitted photosyntheti-
cally active radiation, as measured by line quantum 
sensors, using the modified Beer-Lambert law (Bré-
da 2003; Hirose 2005; Welles, Cohen 1996). Indirect 
optical methods based on  canopy transmittance 
or gap fraction, such as LAI-2200 PCA, LaiPen, dig-
ital hemispherical photography, and line quantum 
sensors, are widely used in  forest hydrology  and 
ecophysiology because they are non-destructive 
and enable repeated LAI monitoring at  stand level 
(Jonckheere et al. 2004; Černý, Pokorný 2021; Černý 
et al. 2018, 2019; Fang et al. 2019). Unlike portable 
canopy analysers or  hemispherical photography, 
which provide LAI snapshots at  specific times and 
locations, the fixed grid of  EMS 12S sensors used 
in  this study yielded continuous, spatially aver-
aged information on canopy transmittance through-
out the growing season. This design is  particularly 
advantageous for analysing intra-annual LAI dy-
namics and its co-variation with SWC. However, 

our estimates are subject to the common limitations 
of indirect optical methods. They provide an approx-
imation of the effective leaf area index and may un-
derestimate the actual needle area in spruce stands 
due to foliage clumping and the presence of woody 
elements. Furthermore, they depend on an assumed 
species-specific extinction coefficient (Bréda 2003; 
Černý 2021; Jonckheere et  al.  2004). Neverthe-
less, comparisons between line quantum sensors, 
LAI-2200 PCA and destructive sampling in  Nor-
way spruce stands suggest that relative differences 
in LAI between treatments and years can be reliably 
captured when appropriate extinction coefficients 
and correction factors are used (Černý 2021; Černý 
et  al.  2019). We  therefore primarily interpret our 
LAI values in a relative sense among plots and years, 
while acknowledging some uncertainty in their ab-
solute magnitude.

Over the course of  the growing season, the re-
lationship between LAI and SWC showed a  clear 
seasonal structure. The  colour coding in  Figure  2 
indicates that the most variation in  SWC reflects 
progressive drying from the beginning to  the end 
of  the season. In  contrast, LAI in  these young 
spruce stands changes only slowly due to their ev-
ergreen nature (Pokorný et al. 2008). Therefore, the 
regressions in  Figure  2 should be  interpreted pri-
marily as the seasonal correlation between canopy 
density and soil water under the stand structure 
and climatic conditions of a given year, rather than 
as  universally transferable response functions. 
The  strongest and most persistent relationships 
occurred in  the heavily thinned stand C, particu-
larly in 2021, when a  lower LAI and a more open 
canopy were consistently associated with a higher 
SWC throughout much of the season. In the mildly 
thinned and control plots, by  contrast, relation-
ships were mostly weak to moderate. This suggests 
that once canopy closure is largely complete, intra-
annual variation in SWC is driven more by weather 
than by  relatively small differences in  LAI. Taken 
together, these patterns of  intra-annual variation 
support the view that heavy PCT creates a  more 
persistent coupling between canopy structure and 
soil water, but that the strength of  this coupling 
depends on both stand structure and year-specific 
climatic conditions.

Despite the substantial changes in  throughfall, 
several studies, including ours, indicate that the ef-
fect of PCT on SWC is modest. Dušek et al. (2021) 
reported only about a 0.9% average increase (maxi-
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mum 1.8%) in SWC after thinning in young Norway 
spruce stands. In our study, the overall correlations 
between LAI and SWC were weak to moderate and 
were consistently strongest in  the heavily thinned 
stand. In  the stand, AI explained up  to  71.5% 
of  SWC variability in  2021 and remained more 
strongly related to SWC than in the mildly thinned 
and control stands in  subsequent years. These 
findings are consistent with Thomas and Pack-
am  (2007), who reported that stands with more 
open canopies and lower LAI intercept less rain-
fall but are more exposed to  soil evaporation due 
to increased solar radiation and wind. Heavy thin-
ning can also enhance direct soil evaporation and 
strongly stimulate understory vegetation develop-
ment and transpiration, particularly where species 
with high transpiration potential, such as  wood 
small-reed [Calamagrostis epigeios (L.) Roth], are 
abundant. In extreme cases, the herb layer may ac-
count for up  to  50% of  total stand transpiration, 
reducing water availability for trees and fine-root 
development (Gebhardt et  al.  2014). On  our site, 
however, the herbaceous layer was practically 
absent throughout the study period. Only a  few 
small moss patches occurred locally in the heavily 
thinned plot C, and no continuous herb layer de-
veloped. For this reason, we did not quantify her-
baceous vegetation and considered its direct effect 
on SWC to be negligible here. By contrast, on sites 
with a  well-developed herb layer, it  may substan-
tially contribute to evapotranspiration and soil wa-
ter dynamics (Balandier et al. 2022).

Process-based studies show that thinning gen-
erally reduces stand-level transpiration of  Nor-
way spruce by decreasing LAI, but the magnitude 
and persistence of  this reduction strongly depend 
on  thinning intensity (Zavadilová et  al.  2023). 
Chroust (1997) observed that a  61% reduc-
tion in  stand basal area, accompanied by  a  de-
crease  in  LAI to  3.1 ±  0.8 m2·m–2, caused a  34% 
reduction in  total stand transpiration. At  the 
same time, reduced competition, increased water 
availability and greater crown illumination of  re-
maining  trees led to  a  27% increase in  sap flow, 
enhancing photosynthetic uptake and promoting 
radial and height growth (Chroust 1997; Černý 
et al. 2020). A milder intervention with a 30% re-
duction in basal area and LAI of 4.0 ± 1.4 m2·m–2 
reduced stand transpiration by  only 4% and did 
not significantly increase sap flow, yet total growth 
volume was similar to  that in  the heavily thinned 

stands (Chroust 1997). It should also be noted that 
there were slight differences in  stand density and 
LAI among the three plots before the PCT treat-
ments, reflecting small-scale variability within the 
same even-aged stand. Therefore, our analysis pri-
marily focused on the relative changes in LAI and 
the LAI-SWC relationships within each plot after 
PCT application, rather than on  the absolute dif-
ferences among plots. Together with our results, 
this suggests that mildly thinned stands may use 
water and radiation more efficiently at  the stand 
level, whereas heavy thinning trades stronger in-
dividual-tree growth and somewhat improved soil 
water dynamics against higher soil evaporation 
and a  greater risk of  competitive understory pro-
liferation. Overall, our results therefore indicate 
that heavy PCT creates a  more persistent reduc-
tion in  LAI and a  clearer link to  SWC than mild 
thinning. However, the absolute gain in soil water 
is  relatively small and must be  balanced against 
the risk of higher soil evaporation and understory 
competition on some sites.

CONCLUSION

In young Norway spruce stands, PCT signifi-
cantly modified LAI but only weakly affected 
SWC. Across all observed years and treatments, 
the correlation between LAI and SWC was consist-
ently strongest in the heavily thinned stand, where 
LAI explained up  to  71.5% of  SWC variability 
in 2021; the strength of this relationship decreased 
in  2022–2023 but remained higher than in  the 
mildly thinned and control stands. Moderate rela-
tionships were present in all three stands in 2023. 
Mild PCT caused a  short-term reduction  in LAI, 
but canopy regrowth led to  LAI values converg-
ing with the unthinned control within about 
two growing seasons. Its influence on  SWC was 
relatively small and difficult to  distinguish from 
year-to-year variability in  the unthinned control. 
Heavy PCT maintained consistently lower LAI 
and a  clearer LAI-SWC relationship throughout 
the study period, yet differences in  SWC among 
treatments were small. A  key limitation of  this 
study is its focus on a single locality and stand type. 
Further research on multiple sites and age classes 
is needed to verify the persistence and magnitude 
of LAI-SWC responses to different thinning inten-
sities and to better understand their intra-annual 
dynamics.
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